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Abstract

The present study attempts to examine the morphometric characteristics and relationships of 43
fourth-order sub-basins over the Zerga River watershed, using ASTER DEM, GIS and multivariate
statistics. To achieve these objectives, Principal Component Analysis was utilized to reduce the 26
parameters into six major components which accounted for 79.3% of the total variance explained
by the original morphometric variables. Hierarchical Cluster Analysis (CA) (Ward’s method) has
been applied to classify the 43 sub-basins based on different types of morphometric parameters.
Four groups of sub-watersheds were identified and characterized by different morphometric
properties. The patterns of spatial distribution of cluster groups were determined based on litho-
logical, structure and tectonics, uplifting, and rejuvenation processes.
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1. Introduction

The Zerqa River watershed, locates in northern Jordan, and covers an area of 4031 km? At the lower catchment,
the King Talal Reservoir (KTR) was constructed with a capacity of 56 MCM. Generally, the catchment area is
highly vulnerable to soil erosion. The estimated sediment concentration for the Zerga River ranges between
0.1% - 2.0%, and figures exceeding 3.0% were reported by the Natural Resources Authority [1]. Further, Battik-
hi and Arabiat [2] estimated the total sediment inflow to KTR at about 1.7 MCM yr *, while Lara [3] concluded
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that the total annual sediment volume is of 3.83 MCM yr *. Furthermore, the measured sediment inflow at King

Talal reservoir (1980/1-1967/7), applying the AGNPS erosion model was found to be 2.9 and 2.456 MCM with

and without landslides respectively [4] [5]. Watershed characteristics provided the basis for quantitative analysis

of morphometric properties of drainage basins as developed by Horton [6] and elaborated by Strahler [7]-[9].

Multivariate analysis of morphometric parameters and drainage basins of different orders, have been applied

worldwide in geomorphic research [10]-[16]. However, little emphasis has been devoted to investigating the in-
ternal structure and geomorphometric characterization of drainage networks in relation to the entire watershed
through analysis of fourth-order sub-basins using multivariate statistics. A wide range of morphometric va-
riables can be measured and computed for drainage basins, and often it is inconvenient to assure which are the
most successful parameters for geomorphic inference. Statistical analysis in this context helps in simplifying this
complexity in drainage basin studies [15] through multivariate statistical techniques such as Cluster Analysis
and Principal Component Analysis. The major function of these techniques is to simplify and organize large
amounts of morphometric data pertaining to a large number of drainage basins. Among the pioneer morphome-
tric studies which employed multivariate statistics are: a case study, where 18 morphometric variables were
measured and analyzed for 130 third-order drainage basins in southern Uganda [16] to assess the morphometric
properties of these drainage basins. Further, a case study discusses the areal classification in geomorphology us-
ing Cluster Analysis [17]. Similarly, a study utilized morphometric analysis, multivariate statistics, and a SRTM
(v.2) digital elevation model to describe the morphology, structures, hydrologic potential, and geologic evalua-
tion of the watershed. Q and R modes of Cluster Analysis (CA), and Principal Component Analysis (PCA) were
employed. Ten watersheds were analyzed in western Saudi Arabia, utilizing 18 geomorphometric parameters.
The first three components of PCA contributed 86% of the total of variance in the original data and revealed
more details regarding the variable loadings and the degree of parameter significance [18]. Yunus et al. [15]
performed a morphometric analysis study of 36 drainage basins in the Western Arabian Peninsula, using a digi-
tal elevation model (DEM), Principal Component Analysis, and hierarchical Cluster Analysis. Likewise, 21
morphometric variables for 3833 first-order basins in the Siwaliks (Nepal) were investigated using PCA. The
study recognizes different basin types based on morphometric properties, and the association of first-order ba-
sins with lithology, structure, and uplift rates was assessed [19]. A classification procedure of worldwide drai-
nage basins was carried out through multivariate analysis of variables controlling their hydrosedimentary re-
sponse [20]. Morphometric assessment of lithologic controls on drainage basin evolution was also examined us-
ing multivariate statistics [21]. Recently, PCA applied in grouping geomorphic parameters of a watershed for
hydrological modeling was carried out [22]. The perception of farmers towards soil erosion in northern Jordan
was assessed using factor analysis and stepwise regression [23]. In the present research, 26 morphometric para-
meters were computed for 43 fourth-order sub-basins related to the Zerga River watershed and were analyzed
using Principal Component Analysis (PCA) and Cluster Analysis (CA) techniques. The objectives of the present
research are to:

1) Explore the relationships and correlations among morphometric variables which characterize the 43 forth-
order sub-basins.

2) Describe the relationship of major components resulting from PCA to the morphometric variables, and to the
individual sub-basing, and then to explain their contribution to the morphology of fourth-order sub-basins in
the Zerqga River watershed.

3) Achieve a grouping scheme for the 43 sub-basins through Cluster Analysis (CA) by reference to their indi-
vidual relationships to the components, and to the original morphometric parameters. The patterns of spatial
distribution of cluster groups were analyzed in relation to lithology, tectonics and uplifting, and rejuvenation
processes.

2. Study Area

The study area (35°32'42"E - 36°48'9"E and 31°51'37"N - 32°35'4"N) comprises the Zerga River watershed,
northern Jordan. The catchment extends from the western highlands/the Ghor to the eastern desert, crossing the
Jordanian-Syrian border until the piedmonts of Jebel el Druz northeast. The watershed is drained by two major
tributaries: W. Dhulil and W. Zerga which drain the eastern and western parts of the catchment respectively.
Both wadis are joined at Shkhna town to form what is known as the “Zerga River” (Figure 1). The elevation of
the watershed ranges from —367 m (b.s.l) to 1589 m (a.s.l) (Figure 2(a) and Figure 2(b)).

Slope elements and segments of a watershed are often controlled by climato-morphogenetic processes [24].
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Figure 1. The Zerga River watershed.
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Figure 2. The study area: (a) DEM and (b) location of the Zerga River.

Slope categories exhibited by the Zerga River catchment vary from 0° to 20°- 45°. The slope categories map is
illustrated in Figure 3. Higher slope categories (10° - 15°, 15°- 20°, and 20°- 45°) dominate the western part of
the watershed, which are seriously affected by rejuvenation processes, the presence of old landslide complexes,
active landslide movements caused by heavy rainstorms, and high rates of soil erosion loess [4] [25] [26]. Slope
categories of categories of 0° - 5°, 5° - 10°, and 10° - 15° characterize the eastern part of the watershed.

The aspect of a land unit is the direction to which it faces. Aspect has a great impact on precipitation patterns,
exposure to sun, wind, and hence evaporation rate, and vegetation type and density. Slopes facing the north,
southeast, south, and southwest are predominant in the western part of the watershed (Figure 4). It is thus cha-
racterized by a higher moisture content and lower evaporation rate. Rainfed cultivation is practiced here, whe-
reas irrigated agriculture dominates in the upper part of the watershed and the lower Zerga River floodplain.

2.1. Geology and Geomorphology

The watershed is occupied by a sequence of rocks ranging from Triassic to recent sediments, whereas the nor



Y. Farhan et al.

32°20'N

Slope Categories
(degrees)
CJo-5
E=15-10
10-15

I
—i 010 20 40 KM

32°0'N

35°20'E 35°40'E 36°0'E 36°20'E 36°40'E

Figure 3. Slope categories.
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theastern part of the catchment is covered by basalt rocks ranging in age from Oligocene to Pleistocene. The
geological succession in the watershed is illustrated in Table 1, while, the geological units and structure are dis-
played in Figure 5. The older rock units are exposed at the lower reaches of the Zerga River. It is locally called
the Zerga Group. It consists of sandstones, dolomites shales and marlstones. This rock unit is overlain by Kur-
nub sandstone (Lower Cretaceous age) which is exposed along the middle and lower course of the river. Silty
and clayey sandstones are dominant in the upper part, while varicolored shaley sandstones characterize the low-
er part [27] [28]. The sandstones are overlain by the Cenomanian-Turonian Group (Upper Cretaceous age),
which consists of two lithological units: the Nodular limestone unit (the Marl-Clay unit). Marls and clays inter-
calated with marly limestones, limestones, nodular limestones, and dolomites prevail. Rockfalls and other rock
instability are attributed to erosion operating on intensively jointed and weathered marls and clays [26]. The
Echinoidal Limestone unit (the Limestone-Marl unit) consists of limestones, dolomitic limestones, marl, sandy
limestones, marly limestones and chert nodules. This unit is restricted to the summit surfaces and is exposed at
the crest of landslide complexes and rock bluffs at the lower course of the river close and to the west of the Zer-
ga River bridge. The Massive Limestone unit consists of thick limestone beds which are highly jointed and
fractured, and the limestone is intercalated with layers of marl. The Chert-Limestone unit is comprises of mas-
sive chalky limestone, alternating thin-bedded limestone and chert layers, that range in age from Early Paleo-
cene to Middle Eocene [28]. During the Oligocene and Pleistocene, basiltic volcanism was widespread in Jordan
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including the Zerga River watershed. Basalt covers the eastern part of the study area. From early Miocene to
historical time (4000 years old in Syria, and 760 years old in the Arabian Peninsula), six basaltic flows occurred
and separated from each other by 5 m of fossil soils, red clay beds, and fossil weathered basalt surfaces [32].
The older and younger flows constitute normal plateau basalt. The recent sediments composed mainly of coarse
and fine clastic materials washed down along the slopes to wadi bottoms and depressions in the western high-
lands of the catchment. The thickness of these sediments between Zerga city and Sukhna town approach 50 m,
and the width is 500 m to 600 m. West of KTR, the Zerqga River built a wide floodplain, bounded near its outlet
by the badlands terrain unit (locally named the Katar) which is composed of Lisan marl of the Late Pleistocene.
Structurally, the western part of the Zerga River catchment exhibits three major compressional structures lo-
cally termed: Wadi Shueib Structure, Biren Structure, and the Amman-Hallabat Structure (Figure 5). Each of
these consists of several highly folded synclines, anticlines, partially overturned to the west. In several localities
it is heavily deformed by jointing and faulting [33] [34]. The presence of old large landslide complexes at the
front or flanks of this structure indicate the role of tectonics as a controlling factor in their initiation and distri-
bution. Continuous rejuvenation and incision of the Zerga River draining to the Rift associated with lowering of
the base level (the Jordan River and Dead Sea), and uplifting of the eastern shoulder of the Rift during late Ter-
tiary and Pleistocene tectonics produced irregular longitudinal profiles and interrupted valley-side slopes. These
irregularities and discontinuities represent some forms of rejuvenation points. Four or five rejuvenation phases
can be recognized and have resulted in severe topographic dissection, dense incised “poly-cyclic” drainage, and
oversteepened slopes. The existence of arcuate scars of large dimensions, prominent reverse slopes, and hum-
mocky topography are indicative of huge old landslide activity along the lower and middle Zerga River course.

Table 1. Lithological sequence of the Zerga River watershed.
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Figure 5. Lithology and compressional structures (based on [28]).
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The old landslide complex close to the Zerga River bridge, and the Bassa landslide west of KTR are the best
examples. The lower slopes of landslide complexes are considered an active landslide zone due to river incision,
lateral erosion, recent tectonic activity [35], and peak flooding. The old landslide complexes are tentatively from
the Pliocene and Quaternary age [25]. Severe bank erosion and repetitive slipping during the pluvial periods of
the Pleistocene prevented the development of an accumulation zone at the ultimate angle of stability. Large
amounts of the slipped materials for many old large landslides have been swept away by stream erosion during
peak flooding and heavy rain storms. At present seasonal flooding along the lower and middle courses of the
Zerga River constitutes an equally intrinsic factor in triggering landslides.

2.2. Climate Hydrology and Land Cover

The climate is of sub-humid Mediterranean in Suweileh and Jubba areas, then it shifts to semi-arid in the Bag’a
depression and Jerash area, and dominated by arid conditions along the eastern part of the watershed. The cli-
mate is generally characterized by long, hot and dry summers, and relatively short and wet winters [36]. The av-
erage annual rainfall ranges from 541 mm at Suweileh (1050 m a.s.l) to 365 mm at Jerash (550 m a.s.l). The
mean annual rainfall at the Zerqga climatic station is 132 mm (510 m a.s.l), in Mafraq at the northern border of
the catchment it is 155 mm (695 m a.s.l). Some years snow becomes the dominant source of precipitation in the
Sweileh and Jerash areas. 95% of the precipitation falls in the winter season (November-March). December,
January and February account for about 70% of the total rainfall. Much of rainfall, particularly in January, Feb-
ruary and March is associated with storms of high intensity which may induce serious soil erosion and landslide
activity. A heavy rainstorm that occurred on March 4™ 1983 caused dozens of shallow landslides in Su-
weilh-Jerash area. The average annual stream flow of the Zerga River is 70.3 MCM at KTR. Of that amount,
storm runoff contributes 50.1 MCM, and the base flow represents 20.2 MCM [30]. Abnormally heavy rains-
torms may occur in winter and have a considerable influence on annual and monthly discharge variations. The
mean maximum discharge at the Zerga River bridge, for the 1960-1984 was 250 m®/s and many severe floods
were recorded, during which peak flows occasionally approximated 400% of the mean maximum discharge.
Examples of severe floods are those that occurred in 1935/1936, 1973/1974, 1979/1980 and 1983/1984 [37].
The slopes often have a poor vegetation cover. Trees on bare slope have been deforested in the past, and are se-
verely overgrazed at present. Rainfed cultivation (mainly cereals, fruit trees, and olive trees) is practiced in the
western part of the watershed but with poor conservation measures (Figure 6), whereas, irrigated farming occu-
pies the flood plain of the Zerga River, the fluvial terraces, the alluvial fan of Wadi Jerash, and scattered areas in
north and east arid part of the catchment. Native forest exists in the northwestern part (Jerash area) of the wa-
tershed. Pinus halepensis was also planted in the mid-1950s and 1960s to provide protective measures against
soil erosion and landslide processes [38]. Furthermore, conservation practice (i.e., stone terraces) under the aus-
pices of the High Land Development Project was initiated in the later 1980s [4].
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Figure 6. Land use and land cover.
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3. Methodology

Topographic maps of scale 1:50,000 (20 m contour interval) were purchased from the Royal Jordanian National
Geographic Centre (RINGC), Amman. They were then scanned, geo-referenced, and converted to WGS-1984,
zone 36°N projection system using Arc GIS tool (v. 10.1) and the accompanying packages. The entire Zerga
River watershed and the 43 sub-basins were delineated initially using topo sheets. ASTER DEM (30 m spatial
resolution) was employed to delineate the final boundaries of the Zerga River watershed and the 43 sub-basins
(Figure 7). The drainage networks were also demarcated using the Arc Hydro tool provided by Arc GIS soft-
ware. Twenty-six morphometric parameters for the entire watershed and the 43 sub-basins were derived and
computed using ASTER DEM, Arc GIS software, and the mathematical equations developed by Horton [6];
Strahler [7]-[9]; Miller [39] [40] (Table 2). These include: stream length (L), mean bifurcation ratio (Ryy,), area
(A), perimeter (P), basin length (L), elongation ration (R.), drainage texture (D), texture ratio (T,), circularity
ratio (R.), compactness coefficient (C.), shape index (B;), lemniscates ratio (k), stream frequency (Fs), drainage
density (Dg), form factor (Rs),drainage intensity (D;), constant of channel maintenance (C), length of overland
flow (L), basin relief (By,), relief ratio (R,), ruggedness number (R,), dissection index( D;s), time of concentra-
tion (T,).

Multivariate statistical techniques were also employed in the present study. Principal Component Analysis
(PCA), and Cluster Analysis (CA) have been utilized since the early 1970s in drainage morphometric research
[16] [49]. The PCA technique can analyze a large data set (data matrix) illustrating the morphometric parameters,
and the drainage basins (the spatial unit or taxonomic individuals). PCA is also used to reduce the original data
or large number of variables to a few principal components which correlate with the morphometric parameters,
and can be employed to describe the morphometric characteristics of drainage basins. Furthermore, the tech-
nique is designed to initially calculate the correlation matrix to illustrate the highly loaded parameters on each
principal component, and how much the variability in the original parameters is explained by each PC. Eigen
value denotes how well each of the recognized components fits the data from all the morphometric attributes on
all the principal components. In practice, the analysis of principal components can be restricted to all those
components that have an eigen value greater than one. Cluster Analysis is employed to classify the 43
fourth-order sub-basins into different clusters of sub-basins based on the similarity coefficient. The results of
CA are normally represented by a linkage tree or dendrogram. With the aid of Arc GIS, spatial distribution maps
for the groups of sub-basins can be generated. Both techniques (PCA and CA) make it possible to recognize the
structural relationships of the 26 morphometric variables including the principal components [15]; and to iden-
tify clusters of drainage sub-basins using the achieved component values along with their morphometric proper-
ties.

4. Morphometric Analysis of the Zerqa River Watershed

Quantitative analysis was performed for the entire Zerga River watershed and the 43 sub-basins in order to
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Figure 7. The 43 sub-basins of the Zerga River watershed.
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Table 2. Morphomertric parameters and their mathematical formula.

Morphometric parameters Formula/Definition References
|. Drainage network
1. Stream order (u) Hierarchical rank [8]
2. No. of streams (Ny) N=N, +N, +---+ N, [6]
3. Stream length (L) km L, =L +L,+--+L, (km) [9]
4. Mean stream length (Lsn) km Lgm = Ly/Ny (km) [9]
R = Ly/Ly-1, where L, = the total
5. Stream length ratio (R) stream length of order u Ly-1=the [6]
total stream length of its next lower
order.
Ry = Nu/Ny . 1, where N, = total no. of
6. Bifurcation ratio (Rp) tream segment of order “u”, N1 = no. [40]
of segments of the next higher order.
. . . Rom = average of bifurcation ratio of
7. Mean bifurcation ratio (Rpm) [8]
Strahler all orders.
11. Basin geometry
8. Basin length (L) km Length of the basin (km) [6]
9. Basin area (A) km? Plan area of the watershed (km?) [6]
10. Mean basin width (W) W, = A/L [41]
11. Basin perimeter (P) km Perimeter of the watershed (km) [6]
12. Form factor (ratio) (Ry) R¢ = ALy’ [6]
13. Elongation ratio (Rs) R.= 1.128VA/L, [40]
14. Compactness coefficient (C.) C.=0.2841* P/A%® [42]
15. Texture ratio (T;) Tr=Ny/P [40]
16. Shape index (Bs) Bs = LyYA [6]
17. Lemniscate ratio (k) k = L/4A [43] [44]
18. Circularity ratio (Rc) R.= 4*n*A/P? [91 [39]
19. Drainage teture (D) Dt = N/P, where Nu = Totfil no. of [6]
streams ofall orders, P = perimeter (k)
I11. Drainage texture analysis
20. Stream frequency (Fs) Fs=NJ/A [6]
21. Drainage density (D) km/km? Dy = LJA [6]
22. Drainage intensity (D;) D;i = F/Dy [45]
23. Constant channel maintenance
(C) km?km C =1/Dy [40]
24. Length of okvrirland flow (Lo) L, = 1/2D, [6]
1V. Relief characteristics
25. Basin relief (By) or total Bu= h ~hy Where,
relief (H) m h= ma-X|-mum hel-ght (m) [46]
h; = minimum height (m)
R, = H/L,, Where
26. Relief ratio (Ry) H = total relief [9]
L, = basin length
27. Ruggedness number (Ry) R, = Dg * (B1/1000) [9]
28. Dissection index (Dis) Dis = Bi/R,, Where R, = absolute relief [47]
29. Time of concentration (T.) T, = 6.95 (L"3/B35) [48]

where L = length of main stream

468
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assess the characteristics and properties of the drainage networks. Twenty-six morphometric parameters which
representing drainage network, basin geometry, drainage texture analysis, and relief characteristics were consi-
dered to characterize the catchment and to enhance our understanding of drainage basin development in relation
to intrinsic controlling factors, such as lithology, tectonic and structure, geomorphic processes and rejuvenation
phases. Table 3 summarizes the computed morphometric parameters of the Zerqa River watershed. The total
drainage area of the catchment is 4895.110, and the drainage pattern is dendritic to sub-dendritic in the upper cat-
chment, and trellis type in the southern and western parts. Based on drainage order, the catchment is classified as a
seventh basin-order (Figure 8) with a length of 143.8 km, and perimeter of 464.7 km. The total number of streams
(Ny) is 5806, and the first-order streams account for 79.6% of the total number of streams in the watershed. It is
noticeable that the total number of streams gradually decreases as the stream order increases (Table 3).

Generally, the higher the order is, the longer the length of stream in nature is. The total stream length (L) of
the Zerga River is 7148.25 km, and the first-order streams represent 48.5% of the total stream length. A varia-
tion exists in (R.) values between the streams for different order of the Zerga River watershed (0.376 - 3.4), and
the 43 sub-basins. This variation might be attributed to geomorphic changes in relief and slope along the Zerga
Rive, the influence of the compressional structures, the stage of geomorphic development, and rejuvenation
along the catchment.

The value of bifurcation ratios for the Zerga River watershed and the 43 sub basins are typical for catchments
in which structural disturbances distort the drainage system (R varied from 2.7 to 5.002, with a mean of 4.9).
The main morphological factors controlling drainage density (Dgy) are relative relief and slope steepness. Low
drainage density is realized where the catchment relief is high [9]. However, other factors determining Dy are:
the resistance of surface materials against erosion, and the infiltration-capacity of the soil. The Dy value for the
Zerga River watershed is 1.46 which indicates a moderate to well-drained basin. The presence of dissected and
steep slopes with relatively impervious underlying bedrock, i.e., the nodular limestone (marly-clay unit), and the
Echinoidal limestone (limestone-marly unit) exposed at the middle part of the watershed resulted in a series of
springs out flowing to the major courses of the river. According to Smith [50], the Zerga River watershed exhi-
bits a fine drainage texture (Dy), where the D, value is 15.383. High drainage texture values denote the presence
of fragile slope materials and soft rocks where high sediment yield has been recorded [4]. With reference to the
ratio between the catchment area (A) and perimeter (P) (10.5:1), the borderline of the Zerga River watershed is
considered as an irregular water divide. The F, value for the Zerga River watershed is 1.186, and for the 43
sub-basins range from 0.979 to 6.133. Low F values indicate that a relatively low infiltration rate of surface
water is assumed, therefore, the groundwater potential is relatively low. Strahler [9] argued that values of elon-
gation ratio (R.) vary between 0.6 to 1.0 over a wide range of geological and climatic conditions. The elongation
ratio (R) for the Zerga River catchment is 0.548, where the values related to the 43 sub-basins range from 0.170
to 1.234. Such values are indicative of elongated shape, and are associated with high relief and steep valley-side
slopes. According to Miller [39], drainage basins with a range of circularity ratios (R;) of 0.4 to 0.5 are de-
scribed as strongly elongated and at the youth stage of geomorphic development. The R, value of the Zerga Riv-
er basin is 0.284, and the form factor (Rs) value is 0.236. Low Ry value denotes that low peak flows of long du-
ration are expected for the Zerga River watershed [51].

The basin relief (By) of the Zerga River watershed is 1949 m. High B, value indicates a high potential ero-
sional energy of the drainage system. Due to repetitive sinking and changes in the base level of the Dead Sea
and the Ghor (along the Jordan River), and tectonic activity, the Zerga River retained rapid downcutting and in-
cision through its geomorphic history, giving, rise to the present dissected and rough terrain. High rates of an-
nual soil loss and landslide movements are noticeable geomorphic processes at present. The dissection index
(D;) value for the Zerga River basin is 0.812 which clearly shows that the watershed is extremely dissected as a
result of recurrent phases of rejuvenation, and youth-age stage of geomorphic evolution, where the hypsometric
integral is found to be 0.834 (Table 3 and Figure 9). The catchment is also prone to severe soil erosion loss,
shallow and deep seated landslides, and is of high susceptibility to attain peak discharge. Based on D; value and
the classification of drainage basins in terms of dissection, the Zerga River watershed is considered highly dis-
sected (0.7 - 1.0) [23].The ruggedness number (R,) f or the Zerga River basin is 2.845 which affirms an extreme
morphological appearance. High R, value is indicative of active geomorphic processes due to rejuvenation. Fur-
thermore, the lemniscates (k) value for the Zerga River watershed is 1.056 which illustrates that the basin is
elongated and flows for a longer duration. The related hypsometric curve is a convex upward one, and the hyp-
sometric integral is 0.834, denoting that the Zerga River is in the youth-age stage of geomorphic development,
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and subjected to tectonic activity and rejuvenation. Therefore, dissected and rugged landscape, and landslide ac-
tivity are characteristic of the western part of the watershed.

Table 3. Morphometric characteristics of the Zerga River watershed.

Morphometric
parameters

|. Drainage network

1.Stream order (u)

2. No. of streams (N,)
4001
3. Stream length (L,) km
59314
4. Mean stream length
(Lsm) km 0.998
5. Stream length ratio
(R0
6. Bifurcation ratio (Rp)

7. Mean bifurcation ratio
(Rbm)
11. Basin geometry

8. Basin length (Lp) km

9. Basin area (A) km?

10. Basin perimeter (P)
km
11. Form factor (ratio)
(Rf)
12. Elongation ratio (Re)

13. Compactness
coefficient (C)

14. Texture ratio (Tr)
15. Shape factor (Bs)
16. Lemniscate ratio (k)
17. Circularity ratio (Rc)

18. Drainage texture (Dy)
I11. Drainage texture
analysis
19. Stream frequency (Fs)

20. Drainage density (Dg)
21. Drainage intensity
(D)

22. Constant channel
maintenance (C)

23. Length of overland
flow (Lo) km

1V. Relief characteristics
24. Basin relief (By) m

25. Relief ratio (R;)
26. Ruggedness number
(Ro)

27. Dissection index (Dis)
28. Time of concentration
(Te)

29. Hypsometric integral

H;

Stream

4623 919

3468.7 1885.9

0.750 2.1

11

0.503
11
5.0

4.897

143.834
4895.112

464.68

0.236
0.530
1.87

1.463
4.52
1.06

0.284

9.9

1.186
1.477

0.812
0.73

0.730

1949
0.013

2.845
1.231
13.4

0.834

11
198
980.3
4.95

1/
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/1
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50
467.1
9.34
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Figure 8. Stream order of the Zerga River watershed.
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Figure 9. Hypsometric curve of the Zerga River watershed.

5. Results and Discussions
5.1. Product-Moment Correlation between the Parameters

Table 4 illustrates the means and standard deviations of the 26 morphometric variables for each of the 43
sub-basins. Further, the correlation matrix of 26 morphometric parameters is displayed in Table 5. The results of
correlation analysis demonstrate that most of the morphometric parameters of the Zerga River sub-basins exem-
plify a positive correlation with each other, which denotes that these parameters are interdependent. In reality,
all geomorphic parameters are considered dependent variables in the genetic sense of the term. For example,
stream length with a drainage basin may depend on the area of the basin, but it is possible that the area of the
basin may be dependent upon the lengths of its streams. It also stated that within the correlation matrices calcu-
lated in drainage morphometric studies, there is no one dependent parameter, but all the parameters are depen-
dent on each other, are closely internetted and have strong influence one over the other [52], except in the few
cases where physical factors play a prominent role in rendering them independent [53]. Relatively high correla-
tion exists between basin area (A), and parameters related to stream length which indicate that an increase in ba-
sin area is associated with an increase in the number and lengths of streams. Furthermore, different levels of
negative correlations are also displayed. Moderate negative correlation is present between basin area (A), stream
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frequency (Fs) and drainage density (Dg), elongation ratio (R.) and stream length ratio (R.); and constant chan-
nel maintenance (C) and mean stream length (Lgy,). Table 5 also reveals that strong correlations (R = 0.8 — 0.9)
are present between certain variables that represent similar geomorphic characteristics: (A and Ry; Re and R; L,
and Ry’ (C and Di). Good correlations (R = 0.7 — 0.8) exist mainly between (P) and (A); (R.) and (T,); (Dg) and
(Fs); (R and By). Moderately well correlated parameters (R = 0.5 — 0.7) include (R, and L,); (P and R); (R, and
Lsn); (Trand Ry); (Ly and Ry); (k and C.). Principal Component Analysis was carried out considering these cor-
relation levels, because the correlation of the significant components takes into account the level and directions
(negative or positive) of correlation [16].

5.2. Principal Component Analysis

Principal Component Analysis resulted in six major components that accounted for 79.3% of the total variance
explained by the original 26 morphometric variables (Table 6). Variable loadings show that four components
are an expression of drainage network and geometry (R., Ry, A, P, Ly, T;, R, Re, Bs, C. and k), and drainage
texture (Dg4 and L,) morphometric parameters. These components together explain 64.5% of the total variance,
whereas the fifth and sixth components represent basin geometry (T, and R;) and relief characteristics (By, and
R;) morphometric parameters. However, the contributions of PC4 and PC5 are noticeably smaller than those of

Table 4. Mean and standard deviation of 26 morphometric variables of 43 sub-basins.

Para. Mean Std. Deviation
Ly 7.924 2.529
Lsm 1.565 0.659
Ru 0.154 0.083
Ry 3.057 1.741
A 1.782 13.201
P 4515 18.957
Lp 1.507 6.857
W, 5.213 18.436
Bs 1.644 9.749
Rs 0.103 0.175
R. 0.325 0.161
D 1.229 0.687
T 0.636 0.293
R. 0.120 0.125
C. 6.626 1.854
K 4112 2.436
Fs 2.069 1.122
Dy 2.513 1.696
D; 1.162 0.822
C. 0.748 0.717
Lo 0.594 0.462
Bh 2.291 171.034
R, 1.616 11.987
Rn 4.054 288.454
Dis 0.7950 2.284
Te 1.543 0.538
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Table 6. Loading of each morphometric parameter on the first six components of the PCA.

Component loadings

Parameter PC1 pC2 PC3 PC4 PC5 PC6
Ly 0.427 0.360 0.178 0.319 0.624 —-0.110
Lsm 0.458 -0.011 -0.155 0.028 0.027 0.328
RL 0.737 0.489 0.226 -0.064 0.033 -0.089
Ro 0.879 -0.143 0.211 -0.123 0.224 -0.032
A 0.862 -0.277 0.112 —-0.109 0.185 0.076
P 0.858 -0.071 0.052 0.298 -0.328 -0.006
Ly 0.611 -0.237 —0.308 0.545 0.200 0.056
W, -0.075 0.074 0.007 -0.103 0.016 0.002
B, -0.025 -0.070 -0.328 0.907 —0.058 -0.002
R¢ 0.027 —-0.015 0.961 —0.147 0.040 0.047
Re 0.066 -0.043 0.908 -0.374 0.047 0.034
Dt 0.009 —0.879 —0.069 0.027 —-0.115 —0.105
T 0.196 -0.247 0.116 -0.205 0.834 0.043
R —0.048 -0.211 —0.036 —0.005 0.913 0.033
Ce 0.059 -0.125 -0.058 0.600 —0.638 -0.163
k —-0.025 -0.071 —-0.328 0.907 —0.059 -0.003
Fs -0.399 0.088 -0.035 -0.028 -0.026 -0.114
Dqg -0.282 0.606 -0.088 -0.012 —0.062 -0.184
D; 0.085 -0.930 -0.083 0.056 0.156 0.029
C 0.216 -0.818 -0.075 -0.076 0.184 0.064
Lo 0.481 —0.106 0.781 —0.282 0.088 0.075
Bn 0.226 -0.048 -0.022 0.166 0.142 0.859
R: —0.085 0.134 0.360 —0.108 0.080 0.863
Rn 0.035 0.683 -0.080 -0.054 0.129 0.413
Dis 0.097 0.113 —0.080 0.292 —0.046 —0.203
T. 0.131 0.295 0.168 0.219 0.417 -0.701
Eigen value 6.198 4.767 3.723 2.736 2.248 1.728
% Total 22.994 17.657 13.788 10.133 8.326 6.400
Cumulative % 22.954 40.611 54.399 64.532 72.858 79.259

PC1-PC4, although several parameters exhibit loading values between 7 and 9. The cumulative explanation is
found to be 14.8%. Principal Component 1 accounts for 22.954% of the variance of the 26 morphometric para-
meters. The component loadings reveal that PC1 describes the variables related to sub-basins geometry (A, P,
and L), drainage network (U, R, and Ry,), and drainage texture parameters as recognized by Fs and L, (Table 6).
Accordingly, PC1 is labeled as a “sub-basin dimension” component. The second component is predominantly
related positively to drainage texture (Dy), ruggedness number (R,), and drainage density (Dgy). Strong negative
correlation exists with drainage intensity (Dg). Strong negative correlation exists with drainage intensity (D;) and
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compactness coefficient (C.). It explains 17.7% of the total variance. This component reflects the “intensity of
dissection”.

Principal Component 2 is predominantly related positively to drainage texture (Dy), ruggedness number (R,),
and drainage density (Dg). Strong negative correlation exists with drainage intensity (D;) and compactness coef-
ficient (C,). It explains 17% of the total variance. This component reflects the “intensity of dissection”. Principal
Component 3 corresponds to the form factor (Rf), elongation ratio (Re), and length of overland flow (Lo), and
has a negative association with drainage density (Dd) and drainage intensity (Di). It explains 13.8% of the total
variance, and it represents the sub-basin “form component”. The fourth component has a positive association
with the shape factor (B;), lemniscates ration (k), basin length (L), and compactness coefficient ratio (C,). It ex-
plains 10.133% of the total variance, and it represents the sub-basin “general shape component”. Principal
Component 5 is strongly correlated to texture ratio (T,), circularity ratio (R.), and stream length (L,), it therefore,
represents the sub-basin “geometry components”. It explains 8.326% of the variance. Principal Component 6 is
positively and highly loaded on basin relief (By,), and relief ratio (R;), and negatively correlated with time of
concentration (T.) parameters. It explains 6.4% of variance. It is appropriate to label it as the sub—basin “slope or
steepness component”.

5.3. Cluster Analysis

Cluster Analysis (Ward’s method)was applied to the 43 sub-basins (the spatial units) based on 26 morphometric
parameters, the achieved components values, drainage network parameters, basin geometry variables, drainage
texture analysis, and relief characteristics parameters. Relatively, similar results were obtained from Cluster
Analysis with reference to:

1) Dendrograms generated based on rotated component values, and the 26 morphometric parameters.

2) The spatial pattern of the distribution of 43 sub-basin cluster groups along the Zerga River watershed.

3) All sub-basins examined in the analysis were classified.

Cluster Analysis was successful in classifying sub-basins into four different groups: sub-basins developed in
the basalt geomorphological unit, sub-basins which are heavily influenced by rejuvenation processes and
landslide activity, where dissected terrain and steep slopes are dominant. CA was also effective in grouping
sub-basins influenced by major compressional structures characterizing the southeast part of the watershed. The
results of cluster analysis are illustrate in Figure 10, which shows four different cluster groups below a fusion
point of 6 of similarity coefficient. The spatial distribution of these cluster groups (Figure 11) is determined by
tectonic, geomorphic, lithological, and structural controls. Variations in lithology (i.e., carbonate rocks and vol-
canic rocks) are responsible for creating a consistent sub-basins group conform with volcanic rocks. Here, suc-
cessive flows are characterized by less erosion in terms of hypsometry, although barranco drainage lines in-
itiated in old volcanic flows. The influence of geology (tectonic, structure and lithology) and geomorphic de-
velopment (rejuvenation and landslide movements) on clustering was noticeable on each sub-basin group.
Group | (Figure 11) correlates significantly with the Berin Structure, whereas, Groups Il and 111 are associated
with Wadi Shueib Structure, rejuvenation belt and carbonate rocks mainly the Nodular limestone and the Echi-
noidal limestone (Figure 5). Sub-basins accommodated in this category are characterized by incised drainage,
dissected terrain, and steep slopes. Group 11 of the sub-basins is clustered within the western and northwestern
part of the watershed. The Wadi Shueib Structure is terminated and flanked by old landslide activity, and reju-
venation processes. The longitudinal profile of the Zerga River, reveals that the river is far from approaching
grade since several breaks/interruptions can be seen along the course of the river. These interruption may be at-
tributed to local variation in rock resistance, whereas, five major breaks could be regarded as rejuvenation points
(=250 m, 100 m, 150 m, 550 - 600 m, 675 m) [54] since they coincide in at least 3 - 4 longitudinal profiles per-
taining to wadis along the Jordan River-Dead Sea Rift. This fact is supported by the major breaks recognized for
the projected profiles for W. Kerak [55], and the presence of incised meanders (intrenched and ingrown meand-
ers) in the middle and upper reaches of the wadi. Such features denote that rejuvenation processes occurred
when the river was in the mature stage of its development, probably at the middle of Pleistocene. It seems that
the upper three breaks along the profile (675 m, 550 - 600 m, and 450 m) are nickpoints truncating the Upper
Miocene-Pliocene surface, and may have developed during the early stage of Pleistocene tectonics. By contrast,
the lower two breaks (100 m and —250 m) are attributed to the Upper Pleistocene tectonics [23] [54]. Further-
more, Group 1V is restricted to the Amman-Hallabat Structure, remnants of the Arabia surface (east of Amman)
with subdued morphology, and dissected basalt rocks in the north east of the watershed.
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6. Conclusions

Morphometric analysis and classification of 43 sub-basins related to the Zerga River catchment were imple-
mented using DEM, GIS and multivariate statistical techniques. 26 morphometric variables were extracted using
ASTER DEM, and subjected to Principal Component Analysis and Cluster Analysis. PCA which accounts for
79.3 of the total variation in the original data has been summed up in six major components. Of these, the “di-
mension” component contributes nearly 23% of the total variance of the 26 morphometric parameters, whereas,
the second component accounts for nearly 18% of the total variance. Positive correlations exist between drai-
nage texture, ruggedness number, and drainage density. By contrast, negative correlation is present between
drainage intensity and compactness coefficients. Thus, this component is considered as the “intensity of dissec-
tion component”. The third component is positively correlated with the form factor, elongation ratio, and length
of overland flow, therefore, it is designated as the “from” component, and accounts for about 14% of the total
variance. The remaining components explain nearly 25% of the total variance, and represent sub-basin “shape”,
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“geometry”, and “slope” or “steepness” components. Cluster Analysis allows the 43 sub-basins to be classified
into four different clusters, were the spatial distribution of these groups is determined significantly by tectonic,
geomorphic, lithological, and structural factors. The four sub-basin groups established through CA are varied in
terms of their morphometric properties.

To conclude the morphometric properties of the cluster groups (I-1V) of sub-basins can be seen with reference
to Table 7. The morphometric properties of sub-basin groups can be explained thoroughly in terms of the evolu-
tion of drainage networks through fluvial erosion and hillslope processes, tectonic and structural deformation,
uplifting, rejuvenation processes, and the influence of lithological variation (i.e., the presence of soft carbonate
nocks, the Eocene sediment, and the older and younger basalts). Basin relief (By,) or “total relief” is high within
Groups Il and IV. Group 1V of the sub-basins is strongly affected by the Amman-Hallabat Structure (figure),
basalt rocks, and the Eocene sediments in which the subdue remnants of the Arabia erosion surface has been
developed.

Members of the Group Il of sub-basins, located further west, are influenced mainly be rejuvenation stages of
the Zerga River watershed, and partially by the western and eastern flanks of the W. Shueib Structure. Drainage
density (Dg) and stream frequency (Fs) values are higher for Groups | and Il compared with Groups 111 and IV.
Here, Group | is distributed mainly on younger and older basalt flows characterized by pronounced dissected
hummocky to hilly (occasionally mountainous) topography (Figure 5), and bare rock is often exposed and
showing weathered surfaces. Erosion has been active in the older basalts thus, initiating a dense network of ra-
vines and barranco in the upper catchment of the Zerga River. By contrast, group Il is affected heavily by reju-
venation processes. Sub-basin area (A) values are higher for Group 111 and Group 1V, and the total stream length
(Lu) values are again higher for Group | and Group IV. The sub-basins (1, 2, 14, and 24) were developed on the
rejuvenated belt, and the Amman-Hallabat Structure, and the widespread exposure of soft rocks of low shearing
resistance. In this regard, weak structures, lithology, and rejuvenation accelerate erosion rates, thus, area (A)
values are higher for Groups 111 and 1V compared to the values related to Group | and Group II. Similarly, the
total stream length (L,) is found to be higher for sub-basins belonging to Groups | and V. Once more, in com-
parative terms, the ruggedness number (R,) values for the sub-basins accommodated in Groups | and Il are
higher than those for Groups Il and IV. Group Il in this context is situated in the core of the rejuvenation belt
and Wadi Shueib and Berin Structures, and Group | represents the transitional zone between the rejuvenation
belt and the dry eastern sector. The land here is highly dissected, associated with poly-cyclic topography, breaks
of slopes, and steep slopes. Stream frequency (Fs) values are higher for sub-basins related to Group | and Il in
comparison with those values characterizing Groups 1l and VI. Hilly to mountainous landscape are notable for
the basalt fields, consequently erosion processes are also active in this part of the watershed.

It is obvious how useful the Principal Component Analysis in isolating out the morphometric variables of
least important, and grouping the remaining into significant components. With the help of multivariate statistical
techniques, available morphometric data can be employed in modeling the hydrological responses, i.e., surface
runoff and sediment yield from the Zerga River watershed and the 43 sub-watersheds. Cluster Analysis helped
to recognize sub-watersheds according to similarities based on the most effective components or morphometric
parameters with high correlations. Morphometric analysis and GIS can be utilized effectively in prioritizing
sub-watersheds for soil and water conservation measures. Furthermore, morphometric analysis can be employed

Table 7. Morphometric characteristics for each of the CA groups (I-1V).

Group A (km?) L, (km) Ny RL B R. Dy Fs R
I 10.72 1997 1002 0.153 97.61 0.066 4.26 2.97 394.89

[ 10.12 1677 934 0.163 252.16 0.138 3.60 2.41 855
n 22.74 1597.5 1835 0.192 178.48 0.128 1.72 1.41 436.30
v 25.71 1877 2035 0.119 316.70 0.138 0.93 1.56 179.78
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in flash floods risk and floods hazard assessment for the Zerga River watershed and other catchments draining to
the Jordan valley.
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