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Abstract. Hydrological characteristics such as topographic
parameters, drainage attributes, and land use/land cover pat-
terns are essential to evaluate the water resource management
of a watershed area. In the current study, delineation of a wa-
tershed and calculation of morphometric characteristics were
undertaken using the ASTER global digital elevation model
(GDEM). The drainage density of the basin was estimated to
be very high, which indicates that the watershed possesses
highly permeable soils and low to medium relief. The stream
order of the area ranges from first to sixth order, showing
a semi-dendritic and radial drainage pattern that indicates
heterogeneity in textural characteristics, and it is influenced
by structural characteristics in the study area. The bifurca-
tion ratio (Rb) of the basin ranges from 2.0 to 4.42, and the
mean bifurcation ratio is 3.84 in the entire study area, which
signifies that the drainage pattern of the entire basin is con-
trolled much more by the lithological and geological struc-
ture. The elongation ratio is 0.14, which indicates that the
shape of the basin has a narrow and elongated shape. A land
use/land cover map was generated by using a Landsat-8 im-
age acquired on 10 August 2015 and classified to distinguish
mainly the alluvial deposit from the mountainous rock.

1 Introduction

Soil studies that include interpolation techniques focus
mainly on either inverse distance weighting (IDW) or Krig-
ing methods, followed by accuracy assessment. Gotway et
al. (1996) found that the IDW method generated more ac-

curate results for mapping soil organic matter and soil NO3
levels. Wollenhaupt et al. (1994) compared these two inter-
polation techniques and concluded that IDW was more accu-
rate for mapping P and K levels soil. Mueller et al. (2004)
observed that for the optimal parameters of the method, the
accuracy of IDW interpolation generally equaled or exceeded
the accuracy of Kriging at each scale of measurement. How-
ever, other scholarly works observed Kriging to be more
accurate for the interpolation of soil attributes. Leenaers et
al. (1990) found the Kriging interpolation method to be more
accurate in comparison to IDW for mapping soil Zn content.

Further studies have compared Kriging, IDW and ra-
dial basis function interpolation techniques in soil science.
Schloeder et al. (2001) observed that ordinary Kriging and
inverse distance weighting were similarly accurate and effec-
tive methods, while thin-plate smoothing splines with ten-
sion were not. Weller et al. (2007) concluded not only that
the predications for Kriging were not satisfied by the Krig-
ing method but also that it was as good as any other radial
base function interpolation.

Hydrological parameters are essential for adequate wa-
ter resource management plans. Morphometric characteris-
tics are used to investigate watershed delineation, site selec-
tion in water recharge and discharge, runoff modelling and
other geomorphological studies (Sreedevi et al., 2013; El-
hag, 2015). GIS helps with a wide variety of basin charac-
terization and evaluation applications under different terrain
conditions (Pankaj and Kumar, 2009; Magesh et al., 2011).

Digital elevation model (DEMs), such as the ASTER
global digital elevation model (GDEM) (USGS, USA), are
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of key importance in various extractions of geohydrologi-
cal parameters of a watershed. Several parameters including
slope, aspect, stream network, and upstream flow areas can
be retrieved from the DEM characterization (Grohmann et
al., 2007; Elhag, 2015). Reliable results of implementing re-
mote sensing and GIS-based morphometric evaluation using
ASTER GDEM data have been reported in numerous schol-
arly works on watershed characterization (Farr and Kobrick,
2000; Panhalkar, 2014; Elhag, 2015).

The main aim of the present study is to identify and inves-
tigate various drainage attributes for geometrical evaluation
of the Yalamlam Basin for sustainable rainwater harvesting
management and conservation of water resources.

2 Materials and methods
2.1 Study area

The Wadi Yalamlam Basin is located about 125 km south-
east of the city of Jeddah and is bounded by latitudes 20°26’
and 21°8’ N and longitudes 39°45" and 40°29’ E (Fig. 1). The
Wadi Yalamlam Basin drains a large catchment area of about
180000 ha. The boundary of the lower part of the basin is
enlarged to include nearly all of the flat area in the down-
stream part. The Wadi Yalamlam Basin is initiated from the
high-elevation Hijaz escarpment, with a mean annual rainfall
of about 140 mm. The basin elevations varies greatly from
upstream and downstream parts and range between 2850 and
25m (a.s.l.) respectively. The main course of Wadi Yalam-
lam crosscuts highly fractured granitoids and gabbroic and
metamorphic rocks until the coastal plain of the Red Sea.
The upper and middle parts of the Wadi Yalamlam Basin
are covered by dense natural vegetation. The lower part is
covered mainly by Quaternary deposits and sand dunes with
sparsely scattered, highly altered granitoids and metamor-
phosed basaltic hills. Several basic dykes are recorded in the
lower part of the Wadi Yalamlam Basin. The thickness of
Quaternary wadi deposits increases in the lower part (Elhag
and Bahrawi, 2017). Regional groundwater flow drains to-
ward the south and southwest, following the general trend of
the main wadi channel. The mean monthly maximum tem-
perature is 38 °C and the mean monthly minimum temper-
ature is 20 °C. The annual rainfall is about 120 mm, falling
mainly in the winter season (Elhag, 2016). The thickness of
the saturated zone within the aquifer varies from less than
1 m upstream of Yalamlam to about 30 m in the Sa’diyah
area. The aquifer is generally unconfined, especially in the
upper parts of the wadi. Semi-confining conditions may ex-
ist in the lower parts, where layers of clay exist. There are
about 31 wells in the basin of Wadi Yalamlam, of which 23
are hand-dug wells and the others are drilled.
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2.2 Soil sampling

Map accuracy and quality depend on the sampling method
scale, analytical laboratory errors and prediction errors. Sam-
pling approaches depend on the objectives of the study,
which are highly correlated with scale. Random stratified
sampling was the adopted sampling design. First, the land-
scape was divided into smaller areas, named strata, and after-
wards 150 random samples were taken from the designated
study area (Johnson and Riess, 1982).

2.3 Physical and chemical soil analysis

Each individual sample was analyzed separately, and each
measurement was repeated three times for the same extract.
Thus, the final values of the measured attributes are repre-
sented by the mean value of three measurements. Soil sam-
ples were analyzed in order to estimate physical analyses
(clay, silt and sand).

For standard particle size measurement, the soil fraction
that passes through a 2 mm sieve is considered. Laboratory
procedures normally estimate the percentage of sand (0.05-
2.0mm), silt (0.002-0.05 mm) and clay (<0.002 mm) frac-
tions in soils. Soil particles are usually cemented together by
organic matter; this has to be removed with HyO, treatment.
However, if substantial amounts of CaCOj3 are present, ac-
tual percentages of sand, silt or clay can only be determined
by prior dissolution of the CaCOs3.

2.4 Interpolation techniques

Geostatistical interpolations are based on the assumption that
all values of a variable that is measured are the result of a
random process. The phrase “random process” does not indi-
cate that all events are independent. More specifically, geo-
statistical techniques are based on random processes with de-
pendence, otherwise called autocorrelation, and rely on some
notion of replication. Repeated observations in nature can re-
sult in understanding the variation and uncertainty of natural
phenomena, and furthermore in estimating their sequence in
space and time. Three interpolation techniques were used for
the generation of the prediction maps (interpolation). Inverse
distance weighting (IDW), radial basis function (RBF) and
ordinary Kriging (OK) methods were compared according to
the accuracy of the results (Bahrawi et al., 2016). The fol-
lowing equations were used:

— Spatial distribution (Weibel, 1997):

Y= st » i 202X 1P M

where n(k) is the number of pairs of observation and

Z (x;) the soil property measured in point x and in point
x+k.
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Figure 1. Location of the study area (Elhag, 2016).

— Interpolation (Stoer and Bulirsch, 1980):
n
Ze (Xo)= D dixZ(xi), )
i=1

where Z, (x,) is the interpolated value of variable Z at
location X,, Z(x;) are values measured at location Xx;,
and Ai are weighed coefficients calculated based on the
semivariogram.

— Trend and random error (Johnson and Riess, 1982):
Z(S) = pn(S)+e(S) (3)

where § stands for the location of the prediction lo-
cation, Z(S) is the variable being predicted (total ex-
tractable heavy metal concentration), ;£ (S) is the deter-
ministic trend, and £(S) is the spatially autocorrelated
random error.

2.5 Morphometric parameters

Based on the scholarly works of Horton (1945), Schumm
(1963), Strahler (1964) and others, several morphometric
parameters were used and computed utilizing the ASTER
GDEM in a GIS environment. Consequently, watershed de-
lineation, stream network identification, drainage frequency,
drainage density, shape, elongation ratio, circularity ratio
and form factor were computed and evaluated using the
ASTER GDEM at 30 m spatial resolution. The methodolo-
gies adopted for the evaluation and computation of morpho-
metric features are given in Table 1.
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295

A M
FAHEAIN

2.6 Supervised classification

Remote sensing data, acquired on 10 June 2013, were ob-
tained from Landsat Operational Land Imager (OLI-8). Typ-
ical atmospheric and radiometric corrections and spatial res-
olution enhancement were implemented for each band indi-
vidually. Furthermore, supervised classification was imple-
mented using a support vector machine (SVM) classifier for
better classification of results (Psilovikos and Elhag, 2013).
The final step in the digital image analysis was the evaluation
of the accuracy of the computer-derived classification results.
These results are often expressed in tabular form, known as a
confusion matrix (Elhag et al., 2013). The SVM classifier is
implemented as

K (x;,x;) = tanh (gxl-ij +r), 4)

where g is the gamma term in the kernel function for all ker-
nel types except linear and r is the bias term in the kernel
function for the polynomial and sigmoid kernels.

3 Results and discussion

Quantitative evaluation of the watershed through the analy-
sis of morphometric parameter can provide significant infor-
mation about the hydrological characteristics of rocks which
are exposed within the basin. The nature of drainage of a
basin reveals reliable information about the permeability of
the rocks and the yield of the basin.

Evaluation of drainage characteristics and other morpho-
metric parameters of the Yalamlam Basin has been under-
taken to calculate the parameters and construct the topology
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Table 1. Summary of the implemented morphometric features.

M. Elhag et al.: Realization of morphometrics

Item  Morphometric feature Equation Citation

1 Stream length (L) Length of the stream Horton (1945)
2 Stream length ratio (Ry ) Ry=Ly,/(Ly+1) Horton (1945)
3 Form factor (Ff) Fr=A/ L? Horton (1945)
4 Drainage frequency (Fy) Fg=Nyu/A Horton (1945)
5 Drainage density (Dy) Dyg=Ly/A Horton (1945)
6 Drainage texture (7) T = Dg * Fy Smith (1950)

7 Bifurcation ratio (Ry,) (Rp) = Ny /(Ny+1) Schumm (1956)
8 Elongation ratio (Re) Re=D/L Schumm (1956)
9 Mean bifurcation ratio (Rpy,)  Rpm = average of bifurcation ratios  Strahler (1957)
10 Relief (R) R=H—-h Hadley and Schumm (1961)
11 Relief ratio (R;) Rr=R/L Schumm (1963)
12 Stream order (Sg) Hierarchical rank Strahler (1964)
13 Stream number Order-wise no. of streams Strahler (1964)
14 Mean stream length (L) Lsm=Ly/Ny Strahler (1964)
15 Circularity ratio (R¢) R.=4mA/ p2 Strahler (1964)

Abbreviations: A, the area of the basin (kmz); Dy, drainage density; Fy, form factor; Fs, stream frequency; L, basin length (km); Lgm, mean
stream length; L, + 1, the total stream length of its next higher order u; L, the total stream length of order u; N, + 1, number of stream
segments of the next higher order; N,,, the number of stream segments of order u; P, perimeter (km); Ry, bifurcation ratio; R, circularity ratio;
Re, elongation ratio; RL, stream length ratio; and T, drainage texture; = = 3.14

of the basin. Different types of areal and linear aspects and
their characteristics have been calculated, such as basin area
(A), basin length (L), basin perimeter (P), bifurcation ratio
(Rp), elongation ratio (R.), circularity ratio (R;), drainage
frequency (Fy) and drainage density (Dq).

3.1 Stream order (S,) and stream number

The lower Yalamlam Basin encompasses the basin mega-fan,
which is formed by ancient and modern radial drainage pat-
terns in the study area. The channel of this area is charac-
terized by higher sinuosity, decreased widths and lesser dis-
charge capacity than numerous traverse paleo-alluvial chan-
nels (Bahrawi et al., 2016). Therefore, the stream ordering of
the study area has been ranked based on the Strahler (1964)
method and demonstrated in Table 2.

3.2 Bifurcation ratio

The bifurcation ratio was calculated as the number of streams
of an order to the number of the streams of the next higher
order. The values vary from 2.0 to 4.42 for the Yalamlam
stream basin, which also indicates the maximum structural
influences (Strahler, 1964). After the calculation of the bifur-
cation ratio, the average value is calculated; the mean bifur-
cation ratio is 3.84 for the basins. The value also indicates
that the drainage pattern has been affected by structural dis-
turbances within the basin. The obtained number for the bi-
furcation ratio varies from one order to another. Such varia-
tion is interpreted as the result of irregularities in the litholog-
ical and geological development within the watershed. The
values of the bifurcation ratio and mean bifurcation ratio are
shown in Table 3.
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3.3 Drainage texture and drainage density

Drainage density is an expression of spacing and the distri-
bution of channels as proposed by Horton (1932), measuring
the total length of the streams of all orders as calculated per
unit area. The relative relief and slope gradient of the river
basin primarily control the stream density. The stream den-
sity of the watershed has been calculated and is shown in Ta-
ble 3. The drainage density value is 0.92 in the study basin.
The drainage density has been classified into five kinds of
drainage texture as proposed by Smith (1950).

Drainage density values are classified as follows: more
than 8, very fine drainage texture; 8—6, fine; between 6 and
4, moderate; 4-2, coarse; and less than 2, very coarse. The
observer drainage texture is 0.138, which indicates resistant
permeable rock with a moderate infiltration rate and moder-
ate relief (Bahrawi et al., 2016). The value of the variation
of drainage texture depends on different types of natural fac-
tors, i.e., rainfall and other climatic characteristics, rock type,
soil type, vegetation characteristics, permeability, relief, and
infiltration capacity within the watershed. The relationship
between the hydrological features and the geological struc-
tures is estimated to be with a high drainage density caused
by the mountainous relief in the basin. The lower drainage
density value reveals that the region is composed of perme-
able subsurface material and low-relief, dense vegetal cover,
which results in an increase in infiltration capacity in the
basin. The high drainage density value indicates mountain-
ous relief, thin vegetation and impermeable subsurface ma-
terial, and highly resistant rock types in the river basin.

www.geosci-instrum-method-data-syst.net/6/293/2017/
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Table 2. Stream network order based on the Strahler method.

297

Strahler  Cnt_Strahler Ry, Nu-r Rp- Nu-r  Sum_Length
1 598 872.847
2 135 442963 733 3246.919 452.488
3 22 6.13636 157 963.409 237.306
4 6 3.66667 28 102.667 112.047
5 2 3.00000 8 24.000 54.635
6 1 2.00000 3 6.000 58.259
Sum 764 19.232659932 929  4342.99427609428  1787.582302
Mean 3.847 4.675
Table 3. Wadi Yalamlam morphometric features.

Parameters Descriptions ~ Remarks

Basin area (kmz) 1940.3  The basin area is too large

Basin length (km) 60.56  Basin length is very high

Basin perimeter (km) 417  High basin perimeter

Elongation ratio 0.14  Elongated

Form factor 0.06 Elongated shape and flatter peak flow

Circularity ratio 0.08  Strongly elongated and heterogeneous geological structure

Drainage frequency 0.34  Low stream frequency

Drainage density 0.92  Drainage density is considerably high

Drainage texture 0.138  Highly resistant permeable rock with moderate infiltration rate

3.4 Drainage frequency

Drainage frequency, or stream frequency, is calculated as the
total number of streams per unit area of all stream orders pro-
posed by Horton (1932). The correlation value of drainage
density and stream frequency plays a positive role in the
basin, which suggests that the number of streams and pop-
ulation increase with the increase in drainage density. The
observed value of stream frequency is about 0.34 for the wa-
tershed, showing a highly positive connection with stream
density; see Table 3.

3.5 Elongation ratio

The elongation ratio is calculated as the ratio between the
maximum length of the basin and the diameter of a cir-
cle which is fitted in the same basin area, as proposed by
Schumm (1956). The elongation ratio value generally varies
between 0.6 and 1.0, with a wide variety of geological con-
ditions and climatic characteristics. According to Strahlar
(1964), values close to 1.0 represent a region of very low
relief with few structural influences, and values ranging from
0.8 to 0.6 are generally associated with a much steeper slope
and high relief. The values of the elongation ratio can be cate-
gorized into three groups: less than 0.7 indicates an elongated
basin shape, values of 0.8 to 0.9 represent an oval shape, and
values more than 0.9 represent a circular shape. Thus, the
elongated ratio of the study area is 0.14, which suggests that

www.geosci-instrum-method-data-syst.net/6/293/2017/

the basin shape is a much more elongated type (Table 3) of
basin over which there is a considerable structural influence.

3.6 Circularity ratio

According to Miller (1953), the circularity ratio is the ra-
tio between the area of a circle which is fitted in the basin
perimeter and the total basin area. The circularity ratio is
much more influenced by geological structure, relief, slope,
climate, frequency and length of stream, and land use/land
cover within the basin. The basin circularity ratio is 0.08,
which shows that the basin is strongly elongated and has het-
erogeneous geological structure and materials. The observed
values also indicate high runoff capacity and low permeabil-
ity capacity of subsoil and subsurface soil along the basin
area (Table 3).

3.7 Form factor

Horton (1932) defines the form factor as the ratio between
the square of the basin length and basin area. The values
of form factor represent the flow intensity of the study area.
Generally, the elongation shape and the values of form fac-
tor have a negative relationship, which means that a smaller
value indicates a more elongated shape of the basin. The val-
ues should always be lower than 0.7854; a higher value of
form factor represents higher peak flows of a higher period.
The observed value of form factor is 0.06 for the Yalamlam

Geosci. Instrum. Method. Data Syst., 6, 293-300, 2017
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Table 4. Wadi Yalamlam land cover classifications.

Land cover category  Area (kmz) Percentage (%)

Vegetation 82.7 4.26
Alluvial deposit 803.3 414
Bare rocks 1054.3 54.3
Total 1940.3 100

watersheds, which indicates an elongated shape of the basin
(Table 3). Therefore, the lower values and elongated basin
shape indicate that the watershed has a flatter peak flow of
shorter duration.

3.8 Relief and relief ratio of the watershed

Relative relief is the difference between the highest and low-
est elevation of the watershed. The relief ratio is the ratio
between relative relief and the maximum length of the basin
as proposed by Schumm (1956). It can analyze the steepness
of the basin and evaluate the intensity of the erosion process
in the study area. Here the relief ratio is 4.17, which indicates
that most of the designated basin is situated along the rough,
mountainous slope and is much narrower in the lower areas.

3.9 Slope map

Slope is the ratio between horizontal and vertical surface of a
region, which can be expressed by the percentage and degree.
It was found that the most of the area (i.e., the upper middle
part) of Yalamlam watershed is classified as steep, very steep
and very high steep slopes, which indicates that the area has
very mountainous topography. The main channel slope of the
basin has a gentle slope (0.042), meaning flat topography that
is excellent for groundwater management through favoring
infiltration.

4 Geohydrological inferences from morphometric
evaluation

The classification of remote sensing data was to quantify the
area of all alluvial deposits in the bare rock area within the
designated study area as illustrated in Fig. 2. Table 4 indi-
cates that the area of the alluvial deposits is roughly equal to
the bare rock area, which means that the watershed is likely
to be used for rainwater harvesting (Elhag, 2014 and Elhag
and Bahrawi, 2014a).

The quantitative morphometric evaluation has consider-
able utility for watershed delineation, water and soil conser-
vation, and their management for future sustainability. The
morphometric analysis of the Yalamlam Basin shows that
the watershed has a narrow, elongated shape and very high
mountainous relief. The planning for runoff and artificial
recharge of the area has been chosen based on small-scale
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Figure 2. Supervised classification of the Yalamlam Basin.

topographical maps and low relief (gentle slope) in the lower
area of the basin. Also, drainage morphometry plays a pos-
itive role in GIS and remote sensing techniques by select-
ing artificial recharge sites and creating a demand storage
point in the mountainous region with the basin. In addition,
if the morphometric information is integrated with other hy-
drological parameters of the river basin, the strategy for wa-
ter harvesting and recharging measures gives a better plan for
groundwater management and development for the future.

The drainage pattern of the basin is sub-dendritic and ra-
dial in nature. The pattern was affected by more or less het-
erogeneous structural and lithological characteristics. In ad-
dition, high drainage density is observed all over the water-
shed along with very high relief and impermeable subsoils
and land rock substratum, as well as mountainous terrain
slope. Nevertheless, lower riparian areas have low drainage
density, which is favorable for the identification of water stor-
age areas and potential groundwater zones. However, slope
plays a significant role in determining the relationship be-
tween infiltration rate and runoff velocity, where infiltration
rate is inversely controlled by regional slope. Therefore, all
evaluated parameters are more important for the analysis of
future water availability in the study region.
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Results obtained from previous scholarly work of
Sen (1995) showed that the average transmissivity val-
ues calculated within the study area range from 91 to
147 m? day—!. However, the transmissivity values increase
sharply in the downstream area, ranging between 267 and
731 m? day~! (average of 500 m* day~'). Such findings sup-
port the hypothesis that the aquifer is of high potential
therein. Nonetheless, the hydraulic conductivity values cal-
culated for the Yalamlam Basin attain high hydraulic conduc-
tivity (16 mday~') due to more permeable alluvial deposits
(Sen, 1995; Elhag and Bahrawi, 2014b, c).

5 Conclusions

Our evaluation of hydrological characteristics of the Yalam-
lam watershed confirms that the area has high relief and its
shape is elongated in nature. The stream network of the wa-
tershed is essentially of dendritic type in the lower portion,
which indicates a lack of structural influences and homo-
geneity of textural characteristics, but the upper portion of
the watershed is highly influenced by tectonic and structural
activity due to the parallel pattern of the drainage network.
The drainage characteristics of the basin help to understand
the different types of terrain parameters, i.e., runoff, infiltra-
tion capacity and the nature of the bedrock etc. The drainage
density and frequency of the drainage basin are low, which
indicates a high permeability rate and well-drained capacity
of the subsurface formation. A variety of basic and derived
parameters reveal the importance of the water recharge ar-
eas, and measures can be undertaken for the soil conserva-
tion structures and water resource management. Therefore,
watershed analysis using remote sensing data, GDEM data
and GIS techniques is an efficient, precise tool for the un-
derstanding of any terrain attributes such as surface runoff,
the nature of bedrock, and infiltration capacity; this helps
in better understanding drainage evolution and management
of groundwater potential, the status of landforms, and their
characteristics for watershed management and planning. The
study should be useful for water as well as natural resource
management of any terrain at the watershed level. For sus-
tainable water resource management and watershed develop-
ment, decision makers and planners can use these kinds of
hydrological analyses.

Data availability. Data are available for free from the USGS web-
site (https://earthexplorer.usgs.gov/).
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