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Abstract

The objective of this research is to estimate the annual and seasonal rainfall
erosivity over Jordan based on three different regression models. Readily
available annual and seasonal precipitation data with long records (40 - 53
years) pertaining to 40 weather stations were utilized to estimate rainfall ero-
sivity. The spatial distribution of rainfall erosivity over Jordan is controlled
largely by morphological (relief) and climatic factors. The lowest R-values (28
MJ mm-ha-h™"yr") are found in the arid zone, where the average annual
rainfall is below 100 mm, whereas the highest R-values are found in the
northern highlands (505 MJ mm-ha™":h™"-yr™') where the average annual rain-
fall approaches 650 mm. The correlation between annual and seasonal preci-
pitation (mm) and annual erosivity exhibits a very strong relationship (R va-
ries from 0.964 to 1.0, and all correlations are significant at 0.01 level [2-tailed
test]). Moderate positive correlations were achieved between latitude (N) and
the mean annual/seasonal precipitation (R ranges from 0.407 to 0.642, and all
correlations are significant at 0.01 level [2-tailed test]). Spatial differences ob-
served in erosivity, afforded a substantial source of information and maps for
predicting erosion in Jordan. According to the present analysis, two parame-
ters proved to be useful to predict rainfall erosivity on a national level. These
parameters are the average annual precipitation, and latitude.

Keywords
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1. Introduction

Soil erosion in dry-Mediterranean, semi-arid, and arid zones of Jordan is attri-
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buted mainly to recurrent intense rainstorms. The rainfed agricultural region
has experienced severe and widespread soil erosion including sheet, splash, rill
and gully erosion, and landslide activity. Erosion of top soil leads to declining
soil fertility and productivity, hence restricting the area of potential future agri-
culture. Soil erosion is not a recent problem in the country; it was active prehis-
torically and historically in the rainfed highlands of Jordan. It is stated that acce-
lerated soil erosion, intense agriculture, and agricultural terraces were predomi-
nant over the denudational slopes of the Levantine highlands including Jordan
since the Iron Age [1]. Cordova [2] also concluded that the destruction of vege-
tation cover caused high soil loss rates since the Neolithic and Chalcolithic pe-
riods. Indicators of soil erosion and the existence of agricultural terraces re-
vealed that the highlands of Jordan experienced severe soil erosion at least since
the Nabatean period 3000 years ago, and intensive exploitation of land resources,
continuous land use/land cover changes, and rapid population growth (2.7% per
year) since the 1950’s maximized soil degradation.

Several investigations and reports have been carried out on soil erosion in
Jordan since the 1960’s. The Natural Resources Authority (NRA) [3] reported
that heavy rainstorms initiated severe erosion and the resultant sediments filled
the East Ghor canal (King Abdullah canal) completely. McDonald Partners and
Hunting Technical Services LTD [4] estimated soil erosion loss for all water-
sheds in Jordan at 1.328 million tons-yr™', which indicates that top productive
soil is eroded at a rate of 0.14 cm annually. The soil erosion map of the FAO et
al. [5] classifies most of the country within 10 - 50 tons-ha '-yr™'. Repetitive
heavy rainstorms were reported since the 1940’s, and it was concluded that rain-
fall intensity ranges from 2 to 6.6 mm-yr ' [6] [7] [8]. Further, exceptional heavy
rainstorms were also reported in southern Jordan by the Central Water Author-
ity [9], and Schick [10] [11] [12], Murphy [13], Al-Qudah [14], Farhan and An-
bar [15]. Schick [10], for example, estimated that the average 4 hr rainfall storm
yielded an intensity of 16 mm/hr. According to Murphy [13], rainfall intensities
were predicted to reach up 120 mm-hr™". Such high rainfall intensities caused se-
rious soil erosion loss and high sediment yield in streams/wadis draining to the
Jordan Rift. Using the AGNPS erosion model, Al-Sheriadeh ef al. [16] estimated
that the annual sediment yielded at King Talal Reservoir (Zerqa River) at 2.9
Mm’.yr~'. Moreover, Al-ansari and Knutsson [17] reported that W. Alarab Dam
(northern Jordan) would be filled with sediments within 38 years. Additionally,
the predicted average annual sediment yield for W. Wala, based on a SWAT
model, was 140.78 tons-yr™' (2000-2007) and 123.1 tons-yr™' (2008-2020) respec-
tively [18]. Likewise, the predicted annual sediment yield for W. Mujib was
341.887 tons-yr~' for the period 2007-2020 [19]. The estimated soil erosion loss
for Wadi Kufranja [20] and W. Kerak [21] using the RUSLE model, denoted that
continuous deterioration of top productive soil, and high soil erosion rates se-
riously endangered W. Kufranja Dam (northern Jordan), and the proposed dam
of W. Kerak (southern Jordan).
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In situ field measurements of soil erosion were carried out in the
dry-Mediterranean (Salt, W. Kufranja, and Jerash areas), semi-arid (the Muwa-
qar area), and arid (Azraq area) climate zones of Jordan. Measuring instruments
were installed on small plots of varied environmental conditions, 7e., farming
practice and the existence or absence of conservation measures Ze, tillage fields,
fallow land, terraced fields, gradient, slope form and aspect [22]. The measured
splash erosion for the dry-Mediterranean plots ranges from 3 ton-ha™.yr™ to
21.5 ton-ha™"yr™' [23] [24] [25]. Likewise, the measured splash erosion for the
semi-arid plots varies from 2.59 to 16.3 ton-ha™".yr ™' [26], and for the arid sites, it
ranges from 2.8 to 7.39 ton-ha™".yr™' [27]. By contrast, the measured runoff ero-
sion ranges from 0.581 to 2.282 ton-ha™".yr™' for the dry-Mediterranean plots,
1.05 ton-ha™".yr™" for the semi-arid sites, and 0.14 ton-ha™'-yr™" for arid plots [23]
[26] [27]. In the Shawbak-Wadi Musa area (southern Jordan), field measure-
ments of soil erosion were performed using pegs and field splash cups. Soil ero-
sion rates based on pegs range from 0.873 and 1.24 mm-yr', whereas the meas-
ured splash erosion for the same sites varies from 1.39 to 30.15 ton-ha™.yr™' [28].
Continuous human interventions, including the expansion of agriculture on
steep slopes, woodland cutting and continuous over grazing, progressive land
fragmentation, rapid urbanization, and agricultural intensification are the main
triggering factors underlying soil degradation in the rainfed highlands of Jordan
[29]. It is obvious that serious soil erosion loss and high sediment yield rates are
predominant in Jordan, and since soil loss data is inadequate for soil conserva-
tion planning, an estimation of rainfall erosivity (R-factor) from available rain-
fall data is of high priority, and can be used as an indicator of potential erosion
risk, water resources planning, and watershed management. The R-factor in this
context is considered a major input parameter for assessing soil erosion model-
ing using the universal soil loss equation (USLE) and the revised USLE (RUSLE)
models. Information on rainfall erosivity can be calculated and employed as an
indicator of the potential erosion risk in the country.

Rainfall erosivity is a numerical depiction of the potential that soil can be
eroded by rainfall. It represents a key parameter for USLE and RUSLE modeling
in soil erosion [30]. Several attempts have been carried out to estimate rainfall
erosivity on a national scale. In this regard, India [31] [32] and Korea [33] [34]
are the best examples. Recent applications of the rainfall erosivity parameter
were extended beyond soil erosion modeling, sediment yield prediction, and
water quality modeling. It was concluded recently that the accurate estimation of
rainfall erosivity may supplement better modeling results [35]. According to the
RUSLE model, soil loss from a cultivated field is directly proportional to a
rainstorm parameter, if other factors remain constant. R-factor (or E7 30) in
RUSLE is described as the “long-term average of the product of total storm ki-
netic energy (E) and the maximum intensity (/ 30) for storm events” [35] [36]
[37]. Such relationships help to quantify the impact of rain drops over a culti-
vated field and the rate of runoff associated with a storm event. Consequently, it

is essential to employ rainfall data (Pluviograph data) to estimate the maximum
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30 min rainfall intensities for individual storms and heavy rainstorm events. It is
recommended that rainfall data for at least 20 years are required to calculate
rainfall erosivity for a given watershed, region, or on a national scale using the
developed annual regression models, which proved to be sufficient to estimate
long-term annual mean rainfall erosivity for RUSLE modeling. Annual rainfall
data are available in Jordan at a reasonable spatial and temporal coverage with
long records (>40 years). The estimated rainfall erosivity values coupled with the
iso-erodent maps are considered a first approximation of rainfall erosivity in
Jordan, and it can be utilized as an efficient tool for future soil conservation. Re-
gression-based models were developed to estimate the mean annual rainfall ero-
sivity; Z.e., [32] [38]-[46]. Most of these simplified models are similar in that they
utilized annual rainfall data, and each model was calibrated and optimized for
aspecific area or region and included site specific coefficients [36]. Although
these annual regression models are apparently oversimplified for the actual vari-
ation of rainfall erosivity, the estimated R-values are also generally rough esti-
mates [46]. In the present investigation, three regression models were employed
to estimate R-values in Jordan. Such estimation techniques showed a high and
significant correlation between rainfall erosivity and mean annual rainfall at wa-
tershed, regional, and national levels (Ze. [36] [38] [39] [40] [47]-[55]. Lo et al.
[39], for example, reported a high correlation between mean annual rainfall and
rainfall erosivity in Hawaii. Similarly, Jung et al [38] concluded that a strong
correlation was found between rainfall erosivity and annual rainfall over Korea.
Goovaerts [40] also stated that the annual erosivity was positively correlated
with altitude; he then included this parameter by utilizing DEMs in mapping
rainfall erosivity in the Algarve region (southern Portugal). Furthermore, several
studies carried out worldwide reported a high correlation between R-values and
soil loss (Z.e., [49] [54] [55] [56] [57] [58].

The objectives of the present study are:

1) Estimate rainfall erosivity using three different linear equations, and to as-
sess the spatial distribution of annual and seasonal rainfall erosivity over the
bio-climatic zones of Jordan.

2) Analyze the relationship between annual precipitation, rainfall erosivity
data generated based on the three different models, and other site (weather sta-
tions) parameters (e, altitude [m], latitude and longitude).

3) Compare the resultant maps which illustrate the spatial distribution of an-

nual and seasonal rainfall erosivity based on the three regression equation.

2. Study Area

The study area comprised all land areas of Jordan (hereafter Jordan). The target
area lies between 29°11'N and 33°22'N and 18°39'E and 19°34'E, covering 88,778
km?. It is located 80 km east of the Mediterranean (Figure 1). Elevations in the
country range from 1750 (m) a.s.1 (Jebel Rum, southern Jordan) to —431 (m) b.s.1
opposite the outlet of W. Mujib at the Dead Sea. Jordan is rather homogeneous
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Figure 1. The study area—Jordan.

in terms of Koppen climatic zones [59]. BW class (arid) comprises 95% of the
entire area, with a hot arid climate and winter precipitation, Whereas the
semi-arid zone constitutes 4.7% of the country with a hot steppe climate and
winter precipitation. The dry-Mediterranean climate accommodates only 0.3%
of the total area. It is characterized by warm temperatures, a rainy winter cli-
mate, and dry and hot summers. Mean annual rainfall ranges from 638 mm-yr™"
in the Ajlune area in the northern highlands, to 37 mm-yr™' at Aqaba in the
south. 95% of the precipitation falls from November to March (70% in Decem-
ber-February). Winter monthly temperatures of 2°C - 5°C are recorded in the
northern highlands, and 2°C - 7°C for the arid south, east, and the Ghor. Sum-
mer months average 18°C - 25°C in the highlands, with summer month temper-
atures reaching 40°C in the Badia. Frost-days number 5 - 15 per year [60]. Esti-
mation of rainfall erosivity is of paramount importance for soil erosion assess-
ment. R-values represent an indicator of rainfall aggression, and depend on both
rainfall energy, raindrop size distribution, and kinetic energy (E), and the inten-
sity of rainstorm event [50]. Rainfall in Jordan is characterized by a great spatial
and temporal variability and often marked by high intensity. Thus, high intense
rainstorms are common in both the northern and southern highlands, and in the
eastern and southern arid zones. High rainfall intensity occasionally has caused
severe flash-flooding and landslides with a large sediment load [15]. Most of the
highland areas in central and northern Jordan have 20 to 50 rainy days/year. The
amount of rainfall on any rainy day varies from 0.1 mm to a maximum of 150
mm. Several days can receive precipitation ranging between 20 - 80 mm [60].
The characteristics of rainstorm events affect rainfall erosivity, which increases
with a greater occurrence of a few high intensity rainstorms.

With reference to geological characteristics, Jordan lies across the northern
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rim of the great African-Arabian Pre-Cambrian shield [61]. In southwestern
Jordan, part of the Nubo-Arabian shield was exposed, and is characterized by
Pre-Cambrian granite, metamorphic rocks, and some occurrences of upper Pro-
terzoic sedimentary rocks. Cambrian, Ordovician, and Silurian Sandstone of
continental and marine origin with a maximum thickness of 1800 m conforma-
bly overlie the Precambrian basement complex. Most of southeastern and central
Jordan is considered a zone of inter-fingering sedimentary rocks of continental,
littoral, and neritic origin. Many stratigraphic unconformities persist. The total
thickness of sedimentary strata is 2000 - 3000 m, but it exceeds 4000 m in Al-Jafr
basin (south-central Jordan), and 5000 m in the Azraq-W. Sirhan basin [62]. In
northwestern Jordan, the total thickness of the sedimentary rocks above the
Pre-Cambrian basement is about 7000 m. In the Dead Sea area of the W. Ara-
ba-Jordan Rift, continuing structural subsidence resulted in accumulation of se-
dimentary rocks as much as 10,000 m thick. The crustal movements affecting
Jordan since the Cambrian were gentle regional tilting, and a combination of
faulting, block folding, and subsidence. From early Miocene to historical times,
six basaltic flows occurred and were separated from each other by 5 m of fossil
soils, red clay beds, and fossil weathered basalt surfaces [62].

The terrain in Jordan is morphologically varied. Thus, distinctive major
geomorphological units can be recognized: the southern inselberg landscape is
associated with large structural depressions. Here, the Pre-Cambrian granites
are exposed, and overlain by Paleozoic and Mesozoic sandstone. The
faulted-denudational block east of the rift is the second unit. It extends for 370
km from the Gulf of Aqaba to Lake Tiberias. The terrain slopes gently towards
the central plateau in the east, while slopes are steep to very steep towards the
Rift. Due to repeated subsidence of the Dead Sea, the westward drainage of the
faulted block has been rejuvenated frequently. Thus, streams have cut further
eastward into the central plateau, capturing additional areas of drainage to the
Rift [61]. The central plateau of Jordan falls to flat, wide southeast-striking ba-
sins, namely Al-Jafr, Azraq, W. Al-Sirhan basins. Gently dipping limestone,
marl, and chert beds (Upper Cretaceous and Lower Tertiary) are partly covered
by weathered scree/debris. The elevations of the central plateau range from 850
m (Al-Jafr basin), to 1000 m to the north, and >1500 m to the south at the es-
carpment of Ras en Naqgb. The central part of Al-Jafr basin is an extensive mud-
flat (240 km?). Hundreds of square kilometers of the central plateau are covered
by desert pavement consisting of wind-eroded chert residue, the flint-strewn
“Hamada” desert. Extensive western drainage areas have been captured for the
Rift by headward erosion of the W. Mujib, W. Kerak, W. Hasa, and W. Dana
drainage systems. The basalt of several flows occupied what is termed “the
northern plateau basalt”. This major geomorphological unit has been cracked by
insolation and broken into boulder/block fields of different sizes. The basalt
shield is gradually lowered from 1100 m of elevation at the Syrian-Jordanian

border in the north, to 550 m close to W. Al-Sirhan. The northeastern plateau
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represents a monotonous peneplained landscape extending eastward across the
Iraqi border. Here, the drainage pattern follows zones of structural weak-
ness—mainly north-northwest and east-northeast [62]. The Jordan River—Dead
Sea—W. Araba Rift constitutes a narrow depression that extends 370 km from
the Gulf of Aqaba in the south, to Lake Tiberias in the north. Unconsolidated
sediments (Miocene, Pliocene, and of Quaternary age) occupy most of the Rift
floor along with extensive alluvial fans at the eastern and western borders of the

Rift. Minor sand forms cover limited parts of W. Araba.

3. Materials and Methods

The most popular regression model employed to estimate the annual rainfall
erosivity is the equation developed by Renard and Freimund [48], which is as

follows:

R=385+035P (1)

where R is rainfall erosivity (MJ] mm-ha™-h™"yr') and P is the mean annual
rainfall (mm-yr™). This equation is known in Asia as the El-Swaify equation [36]
[41]. This equation is considered an appropriate estimator of rainfall erosivity in
tropical and subtropical climate regions [63]. Several researchers adopted this
equation to estimate rainfall erosivity in countries including Thailand, Indone-
sis, Myanmar, and Philippines [64] [65] [66] [67]. Similarly, Singh et al [32]
elaborated an annual and seasonal rainfall erosivity equation to predict soil loss
in India, which was widely used in estimating annual and seasonal rainfall ero-
sivity on national, regional, and watershed levels in India; Ze., [68]. Thus, Equa-
tions (2) and (3) have been used for estimating annual and seasonal R factors in

the Indian context:
Ra=79+0.363P (2)
Rs =50+0.389SP (3)

where:

Ra: mean annual rainfall erosivity (M] mm-ha™"h™".yr™");

P average annual precipitation (mm-yr);

Rs: the seasonal R factor;

SP. the average seasonal precipitation (mm-yr™).

Recently, Eltaif ef al [42] investigated the spatial distribution of annual rain-
fall erosivity in part of northern Jordan. They adopted a simplified procedure to
correlate erosivity factor R values in both the universal soil loss equation (USLE)
and revised universal soil loss equation (RUSLE) with the annual rainfall
amount or modified Fournier Index (£,.,). Rainfall data pertaining to 18 weath-
er stations covering part of northern Jordan was utilized to predict R values. A

good fit was achieved between R values and the mean annual precipitation 2
R — 23 61 x e0.0048P+0.3SP (4)

where: R is the annual mean rainfall erosivity (M] mm-ha-h™"-yr™') and, Pis av-

erage annual precipitation (mm-yr™).
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Eltaif et al. [42] attributed the differences in R values between the weather sta-
tions in western and eastern parts of northern Jordan, to the differences in pre-
cipitation, rainfall intensity, and the monthly distribution of rainfall. Moreover,
they suggested that although the pattern of rain distribution was almost the same
regardless of rainfall amount, which implied that rainfall amount and intensity
were more important rainfall parameters than the monthly distribution in con-
tributing to erosivity. More crucially, the equations elaborated by Renard and
Fremund [48] can be comfortably accommodated with rainfall erosivity data of
northern Jordan. Thus, the proposed equation of Eltaif er al [42] shows suffi-
cient reliability, and it could be more applicable for prevailing rainfall conditions
in Jordan with respect to other equations developed elsewhere. In the present
investigation, the authors applied the three regression equations mentioned ear-
lier to estimate rainfall erosivity.

Three regression models were used to estimate annual and seasonal rainfall
erosivity (MJ] mm-ha™-h™".yr™') over Jordan using mean annual (mm-yr ")and
mean seasonal precipitation (mm) [32] [41] [42]. The database consists of 40 se-
lected rainfall stations which reasonably cover the Koppen climatic zones of
Jordan (Figure 2). The length of rainfall record ranges between 41 to 53 conti-
nuous years. The data represent the official reliable records of the Ministry of
Water and Irrigation (MWI) [69]. Other information obtained from the MWI
for each weather station is: mean annual and monthly precipitation (mm), alti-
tude (m), Latitude (N), Longitude (E), and length of record (Years) (Table 1). Re-
gression analysis was performed to evaluate the interactive relationship between
annual precipitation and erosivity (calculated based on the three regression equa-
tions), annual and seasonal precipitation (mm), and R-values against elevation

(m). The extent to which site parameters (Ze., altitude (m), longitude (E),

33N

32N

e Raingauge stations
® Main cities
[ ] water bodies

31N

%,Q Koppen Zones

[ |BSwh
[ BSwk
[ |BWwh
[ | BWwk
[ |Csa

30N

100 150 Kilometers
ey

36E 37E 38E 39E

Figure 2. Climate Zones in Jordan (according to Képpen).
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Table 1. Annual and seasonal rainfall, and climatic zone, of the selected rainfall stations.

Mean
Climate Autumn Winter Sprin,
Station Longitude Latitude Elevation Years of Annual _ . . P 8
Zone . Rainfall Rainfall Rainfall
Name (E) (N) (m) Record Rainfall
(Koppen) (mm) (mm) (mm)
(mm)
Kufr Saum 35.81524 32.68787 455 BSwh 51 518 60 326 132

Kharja 35.90670 32.66142 455 BWwh 46 457 52 298 107
Um Qeis  35.69679 32.65386 360 BSwh 46 474 65 318 104
Baqura AGR 35.63059 32.62692 -200 BWwh 46 390 57 245 88
Ramtha  36.01725 32.56787 520 BWwk 51 281 34 185 73

Irbid 35.86394 32.55909 585 BSwk 44 414 55 253 105

Rwaished 38.19678 32.52694 755 BWwh 47 75 14 37 28
Gumaim  35.69078 32.51163 375 BSwh 41 460 65 336 125
Deir Abi

Said 35.69939 32.49749 330 BSwh 51 459 56 297 113

Husn 35.89530 32.48956 680 BSwk 44 402 42 259 96

Khanasira 36.06110 32.39829 860 BSwk 51 223 34 183 75

Wadi EL
. 35.61996 32.38046 —200 BWwh 41 326 44 209 73

Yabis

Ibbin 35.83042 32.36245 1105 Csa 44 590 71 370 149
Mafraq 36.22202 32.35032 695 BWwk 44 163 23 104 44
Ajloun 35.76329 32.33342 760 Csa 51 638 74 407 156
Um-Quttein 36.62618 32.32299 986  BWwk 47 176 25 108 56

Kufrenja 3571463 32.29516 640 BSwk 41 617 74 404 145

Jarash 35.91051 32.28005 585 BSwk 46 352 41 228 92
Deir Alla
35.63111 32.19021 -180 BWwh 46 294 36 185 73
NRA
Safawi 37.10541 32.19004 715 BWwk 47 68 13 45 20
Sukhna 36.08509 32.12623 500 BWwh 46 182 24 113 45

Jubeiha  35.86056 32.03704 980 BSwk 44 473 49 301 123

Salt 35.74030 32.03228 796 BSwk 52 623 63 401 152
Ministry of
3594788 31.92874 680 BSwk 50 548 55 352 143
Water
Sahab 36.01989 31.86479 830 BSwk 53 492 25 175 73

Na'ur 35.84267 31.86290 800 BSwk 47 486 62 328 139

Mufvl;ggar 36.10970 31.80881 910 BWwk 53 254 19 138 52
Madaba  35.80697 31.70669 785 BSwk 53 333 39 221 92
Jiza 35.96575 31.68886 705 BWwk 53 211 23 129 59
Wadi Wala 35.77626 31.54667 350 BWwh 53 246 28 164 80

Rabba 35.74983 31.25825 970 BSwk 53 337 35 214 88
Karak 35.70852 31.17075 1000 BSwk 43 357 34 222 93

Mazar 35.70766 31.05183 1140 BSwk 48 318 32 210 91
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Continued

Ghores-Safi 35.47846 31.02402 -285 BWwh 50 40 9 43 15
Tafeile 35.61365 30.82535 1000 BSwk 52 267 18 184 75
Busaira 35.61639 30.73628 1100 BSwk 51 268 19 187 71

Wadi Mousa 35.48456 30.31189 1100  BWwk 51 180 15 121 39
Ma’an  35.74516 30.18851 1080  BWwk 47 42 6 24 15

Ras En-Nagb 35.49465 29.99524 1570  BWwk 50 129 14 95 34
Agqaba 35.00406 29.51438 40 BWwh 50 34 5 24 8

and latitude (N) control rainfall erosivity, and to explain the pattern of rainfall
erosivity was examined. Correlation analysis between average annual precipita-
tion (mm), seasonal precipitation (mm), altitude (m), latitude and longitude
against R-values were investigated to identify the degree of relationship between
rainfall erosivity and annual precipitation, and between R-values and other site
parameters. Such procedures are necessary to evaluate average annual precipita-
tion and site parameters for the prediction of long-term annual erosivity over
Jordan.

An Excel sheet of the annual and monthly precipitation (mm) pertaining to
the 40 rainfall stations, parallel with the coordinates of each station according to
the Geography WGS 1984, was installed. Then rainfall erosivity was calculated
based on the selected three regression equations. Afterwards, the Excel docu-
ment was imported to the Arc GIS 10.3 software, along with the transformation
of point data to spatial data based on their coordinates (x, y) of each rainfall sta-
tion. Using 3D Analyst available in the Arc tool box, a shape file was established
and subjected to Raster interpretation (Spline method) to generate an areal Ras-
ter layer through the application of the spatial Analyst tool. Then a contour iso-
line layer (with contour interval of 10 m) was executed and kept as a shape file.
Through geoprocessing (Clip function), the contours which cover the entire area
of Jordan were extracted, and finally the annual and seasonal rainfall erosivity

maps were compiled.

4. Results and Discussion
4.1. Spatial Distribution of Rainfall Erosivity

The spatial distribution of estimated annual rainfall erosivity over Jordan is illu-
strated in Figures 3(a)-(d); Figures 4(a)-(d); and Figures 5(a)-(d). Overall, the
spatial distribution of annual rainfall erosivity can be interpreted based on mor-
phological (relief), annual rainfall distribution, and climatic zones according to
Képpen (Figure 2). The estimated rainfall erosivity values range from 91 - 311
[32] [41] [42] MJ] mm-ha™“h™".yr™". The average computed erosivity is 200.1,
15707, and 153.97 MJ mmha "-h '-yr™' respectively. The standard deviation of
annual rainfall erosivity values is 63.85, 128.08, and 60 for the three regression

equations. The coefficient of variation for the estimated R-values is 31.9, 81.2
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Figure 3. Spatial distribution of rainfall erosivity [32] model (a) Annual; (b) Autumn; (c) Winter; and (d) Spring.

and 39 respectively (Table 3). A remarkable variation is observed between the
estimated rainfall erosivity values according to Eltaif et al [42], while the least
variation is observed in R-values computed in terms of Singh et al [32]. The in-
fluence of climate on annual rainfall erosivity can be observed in Figure 2. As
the country is dominated by an arid climate with low annual rainfall, the lower
values are found in arid regions (BW), where the average annual rainfall is below
100 mm. Aqaba, Ma’an, Safawi, and Rwaished (Figure 2, Table 1) are typical
examples. The mean annual R-values for these weather stations (BW climate)
are: 91, 94, 104, and 106 MJ mm-ha™"h™".yr™" according to the Singh et al [32]
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Figure 4. Spatial distribution of rainfall erosivity [42] model (a) Annual; (b) Autumn; (c) Winter; and (d) Spring.

equation, and 28, 29, 33, and 34 MJ mm-ha™" h™".yr™' with reference to the Eltaif
et al. [42] model. According to the El-Swaify et al [41] equation, the R-values
are: 50, 53, 62, and 65 MJ mm-ha™ h™.yr' respectively. Although the four
weather stations are categorized under arid (BW) climate, the calculated annual
rainfall erosivity is varied, and prominent differences are found among these
values. Additionally, the differences of R-values computed based on the equation
of Singh ef al. [32] and Eltaif ef al [42] equations are greater compared with the
differences of R-values derived based on the equation of Eltaif ef a/ [42] and
El-Swaify et al. [41].
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Figure 5. Spatial distribution of rainfall erosivity [41] model (a) Annual; (b) Autumn; (c) Winter; and (d) Spring.

The highest R-values are found in the northern highlands, while moderate
annual erosivity values dominate a narrow strip of semi-arid climate (BS) where
average annual rainfall is 150 - 250 mm. Likewise, the lowest values are observed
in the southern, eastern, and northern deserts of the country (Table 2, Figure 2).
The highest annual rainfall erosivity values are found over the dry-Mediterranean
climate (Csa) zone, with average annual rainfall ranging from 300 to 650 mm.
This zone is restricted to the northern highlands of Jordan and represented by

the following rainfall stations: Kufr Saum, Deir Abi Said, Ajlune Kufranja and
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Table 2. R-values for the 40 rainfall stations used in the study.

R-value (M] mm-ha™'-h™'.year™)

Singh ef al. Model [32] Eltaif ef al. Model [32] El-Swaify et al. Model [32]
Weather station Mean Autumn Winter  Spring Mean Autumn  Winter spring Mean annual Autumn Winter  Spring
annual annual
Kufr Saum 267 101 197 127 284 31 113 44 220 60 153 85
Kharja 245 98 187 118 212 30 99 39 198 57 143 76
Um Qeis 251 103 194 117 230 32 109 39 204 61 150 75
Baqura AGR 221 100 168 111 153 31 77 36 175 58 124 69
Ramtha 181 91 146 105 91 28 57 34 137 50 103 64
Irbid 229 99 171 117 172 31 80 39 183 58 127 75
Rwaished 106 84 92 89 34 25 28 27 65 43 51 48
Gumaim 246 103 201 124 215 32 118 43 200 61 156 82
Deir Abi Said 299 99 187 120 214 31 98 41 199 58 142 78
Husn 225 94 173 114 163 29 82 37 179 53 129 72
Khanasira 160 91 145 106 69 28 57 34 117 50 103 65
Wadi EL Yabis 197 95 155 105 113 29 64 34 153 54 112 64
Ibbin 293 105 213 133 401 33 139 48 245 63 168 91
Mafraq 138 87 117 95 52 26 39 29 96 47 75 54
Ajloun 311 106 227 136 505 34 167 50 262 64 181 93
Um-Quttein 143 88 118 99 55 27 40 31 100 47 76 58
Kufrenja 303 106 226 132 456 34 164 47 254 64 180 89
Jarash 207 94 162 112 128 29 71 37 162 53 118 71
Deir Alla NRA 186 92 146 105 97 28 57 34 141 51 103 64
Safawi 104 84 95 86 33 25 29 26 62 43 54 46
Sukhna 145 88 120 95 57 26 41 29 102 47 78 54
Jubeiha 251 97 188 124 229 30 100 43 204 56 144 82
Salt 305 102 225 134 470 32 162 49 257 61 179 92
Ministry of

Water 278 99 207 131 328 31 128 47 230 58 162 89
Sahab 258 88 143 105 250 27 55 34 211 47 100 64
Na’ur 255 102 198 129 243 32 114 46 209 60 153 87
EL -Muwaggar 171 86 129 98 80 26 46 30 127 45 87 57
Madaba 200 93 159 112 117 28 68 37 155 52 116 71
Jiza 156 87 126 100 65 26 44 31 112 47 84 59
Wadi Wala 168 89 139 108 77 27 52 35 125 48 96 67
Rabba 201 92 157 111 119 28 66 36 156 51 113 69
Karak 209 91 160 113 131 28 69 37 163 50 116 71
Mazar 194 91 155 112 109 28 65 37 150 50 112 70
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Continued
Ghores-Safi 94 82 95 84 29 25 29 25 53 42 54 44
Tafeile 176 86 146 106 85 26 57 34 132 45 103 65
Busaira 176 86 147 105 85 26 58 33 132 45 104 63
Wadi Mousa 144 84 123 93 56 25 42 28 102 44 81 52
Ma’an 94 81 88 84 29 24 26 25 53 41 47 44
Ras En-Nagb 126 84 113 91 44 25 37 28 84 43 72 50
Aqaba 91 81 88 82 28 24 26 25 50 40 47 41

Salt which are classified as Csa “dry Mediterranean” climate, where the highest
annual rainfall in the country (mean annual rainfall ranges from 325 mm to 638
mm) occurs. Thus, the highest annual rainfall erosivity is attained over the
northern highlands. The annual R-values according to the Singh et al [32] equa-
tion vary from 267 to 305 MJ] mm-ha-h~".yr™' (Table 2). In contrast, the annual
R-values vary from 204 to 505 according to the equation of Eltaif et al [42].
Higher erosivity values here are highly inconsistent with the Eltaif et al [42]
model. This is not unexpected since the model has been elaborated and tested
specifically on the northwestern highlands of Jordan including the weather sta-
tions mentioned above. Furthermore, the annual rainfall erosivity decreases no-
ticeably with reference to the equation of El-Swaify et al [41], ranging from 199
to 262 MJ mm-ha™"-h™'-yr™". High annual rainfall erosivity values over the north-
ern highland are not only in accordance with R-values estimated using the Eltaif
et al [42] equation, but are also inconsistent with the results reported by Farhan
et al. [20], and Farhan and Nawaiseh [21] regarding soil loss prediction using the
RUSLE approach in the highlands (Wadi Kufranja and Wadi Kerak watersheds
respectively). Noticeable differences are affirmed between the annual R-value
produced by the three equations. However, high erosivity values occur in Ajlune,
Kufranja, Irbid, and Salt areas (northern Jordan); they are caused by a relatively
high amount of precipitation, intensity and kinetic energy of rain, and also due
to the predominance of high slope categories. A pronounced gradient in the an-
nual rainfall erosivity is recognized to the east and south of the northern high-
lands, e, towards the eastern and southern desert. Analysis of winter rainfall
erosivity confirms this observation, where the pattern of winter rainfall erosivity
resembles the patterns of annual rainfall erosivity generated based on the three
regression equations. Some 70% of the total precipitation occurs in winter (De-
cember-February), where the average winter rainfall varies from 209 mm to 407
mm in the Csa climate zone. Severe rainstorms are common, and associated with
a maximum daily intensity of 2.1 - 6.6 mm-hr™ [6] [8]. Severe soil erosion is
therefore predictable. Also, two peaks of rainfall erosivity are observed in winter
and spring (March-April). The three maps (Figure 3(c), Figure 4(c) and Figure
5(c)) clearly reveal that the spatial distribution of rainfall erosivity in winter

season resembles the pattern of spatial distribution of annual rainfall erosivity,
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but with lower values. By contrast, the autumn rainfall erosivity (Septem-
ber-October) is at a minimum. The average autumn rainfall varies from 41 to 74
mm over the northern highlands (Csa climate class), and ranges from 5 to 36
mm over the arid and semi-arid zones. With respect to the Eltaif et al. [42] equa-
tion, R-values for the 40 weather stations (or sites)range in autumn from 24 to
34 (MJ] mm-ha™"h™".yr™'), Whereas, the computed R-vales based on Singh et al.
[32] yielded higher values and varied from 81 to 106 (M] mm-ha"-h.yr™)
(Table 2). Over the northern highlands, R-values calculated with reference to
El-Swaify et al. [41] were close to moderate erosivity values ranging from 40 to
64 (MJ mm-ha"-h~".yr™"). It is obvious that the Singh et al [32] model overesti-
mates autumn rainfall erosivity, whereas Eltief et a/. [42] underestimates autumn
rainfall erosivity. The higher R-values obtained for the BS and BW climatic
zones through utilizing the equations of Singh et al [32] and El-Swaify et al [41]
vary from 81 - <100 and 40 - <50 MJ mm-ha "-h~".yr™' respectively. In this re-
gard, the spatial distribution of rainfall erosivity in autumn is determined by the
spotty character of the rainfall [70] and convective thunder storms with some
effect of orography (Schick [10] [71]). These types of rainfall are pronounced in
autumn (October-November) and spring (March-May) thunderstorms and are
influenced by the effect of the Red Sea trough [72]. In the eastern and southern
desert of Jordan, heavy rainstorms normally occur at an annual average of four
events [73]. By examining the spatial distribution of spring rainfall erosivity, two
patterns can be identified regardless of the variation presents among R-values
derived based on the three models (Table 2). However, the equations of
El-Swaify et al. [41], and Eltaif et al. [42] showed the northern and central high-
lands as distinctive patterns, where the average spring rainfall range from 73 mm
to 156 mm. In the recent past, Farhan [8] stated that rainfall seasonality and in-
tensity were important factors not only in the occurrence of landslides, but also
in maximizing rainfall erosivity in winter and spring [21] over the central and
northern highlands of Jordan. Landslides as recorded (1956-1993) indicate that
shallow and deep-seated landslides are disrupted, or reactivated whenever the
maximum rainfall in 24 hours approaches or exceeds 100 mm, and the total
monthly rainfall exceeds 200 mm. Such conditions are repetitive phenomena in
winter and spring. Another noteworthy result is that the estimated rainfall ero-
sivity using the equation of Singh et al [32] shows that the southern and nor-
theastern desert appear as a perceptible pattern emerging in the rainfall erosivity
map of spring (the average spring rainfall varies from 8 mm to only 80 mm).
Here, the impact of exceptionally heavy rainstorms, and the spotty and convec-
tive thunderstorms of spring explain the presence of such a rainfall erosivity

pattern.

4.2. Relationship between Annual Precipitation and Rainfall
Erosivity

The relationship between annual precipitation and annual rainfall erosivity for

the 40 weather stations was examined. Table 3 exhibits the mean, minimum,
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maximum, and CV of average annual precipitation and annual rainfall erosivity.
The mean annual rainfall for all the stations is 329.92 mm; the minimum annual
rainfall is 37 mm recorded at Aqaba; while the maximum annual rainfall is 638
mm, recorded at Ajlune. The mean annual rainfall erosivity for all stations was
200.1 (based on [32]), 157.7 (based on [42]), 153.97 (based on [41]) M] mm M]
mm-ha*h™yr’. The minimum rainfall erosivity achieved is 28 M]
mm-ha-h™.yr}, and a maximum rainfall erosivity of 505 MJ mm-ha™"h™".yr™
was estimated for Ajlune station (based on [42]). The CV of annual precipitation
is 51.9 for all the stations, whereas the CV of annual rainfall erosivity is 31.9
(based on [32]), 81.2 (based on [42]), and 39 (based on [41]).

Regression analysis between R-values and annual precipitation (mm) with re-
spect to three regression equation, reveals that the relationship between R-values
and annual rainfall (mm) are positive and strong (Figure 6). R value is 0.98 for
R-values estimated according to Singh et al [32], and B = 1 for R-values
achieved based on Eltaif et al. [42] and El-Swaify et al. [41]. Such a strong rela-
tionship has been verified by other researchers [36] [38] [39]. Table 4 illustrates
Pearson’s correlation matrix of annual/seasonal rainfall erosivity with reference
to the three regression equations and other site parameters. The correlation be-

tween mean annual precipitation (mm) and annual erosivity exhibits a very

Table 3. Descriptive statistics of annual and seasonal rainfall (mm), and annual erosivity (MJ mm-ha™"-h " -yr™).

R-value and Rainfall

Coefficient of

Rainfall Mini Maxi M Std. Deviati
ainfall (mm) inimum aximum can eviation v, riation (CV %)

Mean Annual

34 638 329.92 171.49 51.9
Rainfall (mm)
Autumn 5 74 37.72 20.27 53.7
Rainfall (mm)
Winter 24 407 211.07 109.53 51.9
Spring 8 156 83.52 41.08 49.2
Mean Annual Rain
. 91 311 200.10 63.85 31.9
Erosivity
Autumn 81 106 92.72 7.45 8.0
Winter 88 227 155.65 39.77 25.6
Spring 82 136 109.20 15.02 13.8
Mean Annual Rain
. 28 505 157.70 128.08 81.2
Erosivity
R-value Eltaif et al, [42] Autumn 24 34 28.42 2.83 10.0
MJ mm-hat.hl.year™!
(M Y ) Winter 26 167 74.32 39.48 53.1
Spring 25 50 35.95 7.08 19.7
Mean Annual Rain
. 50 262 153.97 60.00 39.0
Erosivity
El-swaify et al Autumn 40 64 51.67 7.06 13.7
Winter 47 181 112.40 38.34 34.1
Spring 41 93 67.75 14.41 21.3
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Figure 6. Scatter plot of annual R-Values vs. annual rainfall erosivity according to Singh
et al. [32], Eltaif et al [42], and El-Swaify et al. [41] models.

strong relationship. Calculated correlations are: 0.991, 0.922, and 1.00 based on
the equation of Singh et al [32]; Eltaif et al. [42]; and El-Swaify et al. [41] respec-
tively (Table 4). Regression analysis was also conducted to evaluate the rela-
tionship between R-values and elevation (m) with reference to the three models
employed. It was found that the relationship between R-values and elevation (m)
is negligible (Figure 7), which means that no relationship exists between the two
parameters (K values = 0.0001; 0.006; and 0.001 respectively). In contrast, the
correlation between annual erosivity and seasonal precipitation is very strong for

all three regression equations. Correlation values are: 0.921, 0.973, and 0.964
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Figure 7. Scatter plot of annual R-Values vs. Elevation(m), according to Singh et al [32],
Eltaif et al. [42], and El-Swaify et al [41] models.

respectively (Table 4). All correlations are significant at 0.01 level (2-tailed test).
Moreover, moderate positive correlations exist between latitude (N) and the
mean annual/seasonal rainfall, and annual/seasonal erosivity. Correlation values
vary from 0.407 to 0.642, and all correlations are significant at 0.01 level (2-tailed
test). Moreover, the correlation between elevation (m) and annual rainfall ero-

sivity is negative and weak with respect to the three regression equations
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(Table 4), where correlation values range from —0.011 to —0.157. Similarly, the
correlation between longitude (E), and annual/seasonal rainfall and erosivity
with reference to the three regression equations is very weak and negative as
well. Generally, erosivity in Jordan decreases from the western highlands to the
east towards the semi-arid and arid zones. In parallel, a sharp gradient is ob-
served where erosivity decreases west of the high lands towards the Rift. Thus,
no significant correlation is found between longitude (E) and annual erosivity (R
values vary from —0.173 to —0.236) (Table 4). To conclude, the annual precipita-
tion (mm), and latitude parameters have a significant control over rainfall ero-
sivity, whereas, other parameters (i.e, longitude and elevation (m)) show a weak,

and/or negative correlation with respect to rainfall erosivity over Jordan.

5. Conclusion

Rainfall erosivity is a major parameter for USLE and RUSLE models, environ-
mental processes, and climate change modeling. Simple linear regression models
were developed and adopted in several countries to predict rainfall erosivity
based on available annual precipitation data. In the present study, one regression
equation (proposed particularly for northern Jordan) and two other models de-
veloped abroad (India, tropical and subtropical countries) were employed to es-
timate annual and seasonal rainfall erosivity in Jordan, based on available annual
and seasonal precipitation. The database comprises 40 weather stations which
provide reasonable spatial and temporal coverage of the country. The length of
the rainfall record ranges from 41 to 53 continuous years. Annual and seasonal
rainfall erosivity is strongly correlated with annual and seasonal precipitation
rather than other parameters. R varies from 0.838 to 0.999 for the three regres-
sion models. Likewise, the latitude parameter had a lower relationship with the
annual and seasonal rainfall erosivity, but all correlations are significant at 0.01
level (2-tailed test). By contrast, the correlation observed between elevation (m)
and annual/seasonal rainfall, and annual/seasonal erosivity is negative and weak
(R varies from —0.11 to —0.157), whereas the correlation between annual preci-
pitation and annual erosivity over the northern highlands of Jordan is positive
and strong (R ranges from 0.838 to 0.999 for the three regression equations). No
significant correlation was demonstrated between longitude (E) and annual ero-
sivity. The present investigation confirms that two parameters can be useful to
estimate erosivity over Jordan. The first parameter is the annual and seasonal
precipitation, while the second parameter is latitude. Alternatively, elevation (m)
accounts negligibly as rainfall erosivity. In the present study, the influence of
land slope on rainfall erosivity has not been examined. Nevertheless, recent stu-
dies reported that in Wadi Kerak, 88% of soil erosion by area occurred on three
slope categories (0° - 6°, 6" - 15" and 15° - 25%), and 11% of soil loss area domi-
nated slopes > 25° of inclination. About 6% slope areas (15° - 25°) suffer from
extreme erosion. Areas of slope categories 0° - 6°, 6° - 15° and 15° - 25° are af-

fected by moderate to high soil erosion rates (Farhan and Nawaishe 2015). Simi-
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lar results were achieved for Wadi Kufranja in northern Jordan (Farhan et al
2014). Thus, land with slopes ranging from 6° to 25° are the major contributor
to soil loss in the highlands of Jordan, where the mean annual rainfall is >250
mm. Accordingly, annual precipitation is still the most valid parameter to pre-
dict long-term annual rainfall erosivity for the entire country. To conclude, the
simple regression equation which was proposed recently to estimate rainfall ero-
sivity in northern Jordan, is proved to be trustworthy. All three regression equa-
tions employed were found effective in illustrating spatial changes of an-
nual/seasonal rainfall erosivity with reference to corresponding variation in an-
nual/seasonal precipitation. Regionally, the spatial variations in erosivity values

afford substantial information/maps for predicting erosion in Jordan.
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