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Abstract
Recently the Agaba Region Authority (2003) propoedsouthern coast of Agaba to be a major coesstalkt
town.The site extends between the container pad the industrial zone just to the north of thedan—Saudi
international borders. The proposed master plarwstioa remarkable lack of understanding regardhng
geomorphic characteristics of the area and thecasd environmental hazards. Geomorphologicaluatan
has been conducted for an extremely rugged andgasitite mountains and alluvial piedmont overlogkthe
Gulf of Agaba using air photos, SPOT images, fiefokk, remote sensing and GIS. Different terraintsni
surface materials, abundant ephemeral wadi chanaedsgeomorphic problems/hazards were recogniteel.
presence of high density gullies and ravines, apitslied granite boulders suggests that fluvial ieross a
significant agent both past and present. Sharpllebend elongated ridges are the dominant morpdiod
pattern in the area. The lower parts of the dragnagtworks are characterized by braided and chgngadi
channels which indicate fluvial activity in sucthgper-arid environment. In the light of heavy diggen and
active gullying, flat and semi-flat land suitabler furban development and infrastructure constractice not
abundant. Available flat and undulating terrain eestricted to a narrow strip (2.5-5 km) of landsd to the
beach, and are occasionally occupied by large beds with changing channels. 80% of the areapssed to
flood hazards, sediments supply, direct talus aodider supply from the piedmont and granite mounstai
watersheds. Following the geomorphological suradtgrnative solutions to existing problems are necended.
Keywords. Jordan, Coastal Agaba, Alluvial Piedmont, Geomolgdioal Evaluation, Urban Development.

1. Introduction

On highly dissected alluvial piedmont of hyperdagnvironment, urban development is intending paee the
natural setting. Up to the late 1990s, the areaundnsideration wathe domain of changing wadi channels,
intensive gully erosion, and sediment transport degosition. Due to the long intervals between dl@vents
and thelack of field hydrological data, planners and latelvelopers paid little attention to these natural
processes, thus ignoring the vulnerability of tovamsl small coastal resorts to hazardous eventslisadters.
Past experience from Agaba ( Fartetnal. 1989 ; Farhan 1999) and other similar urban areash as Eilat
southern wadi Araba (Grode&t al. 2000), indicate that optimal planning for floodofaction became
increasingly difficult, since continuous urban deypenent has often resulted in destruction of natdrainage
associated with dack of adequate and efficient passage (naturalriificial) of flood water and sediments.
Coral and sand mining during the construction & tloastal road, south of Agaba, destroyed the 311 t&f
raised coral beaches. The future urban developrassbciated with tourism pressures, commercial shell
collection, sedimentation, and pollution will causdirect anthropogenic stresses, which contriboteoral reef
degradation along the southern coast. Recent astdrical earthquakes have been investigated byatddi
(2000) and Al-Tarazi & Koijenkov (2007). It can leencluded that the Agaba area is exposed to tmeeti
seismic hazasiwhich must be taken into consideration to maintatare urban development,present and future
infrastructure construction, and public safety. Hydgic analysis of a severe flash flood thaturred in Agaba
city on 2 February 2006 was carried out. The floeas combined with sediments and debris flow (Myrph
2010). Boulders of 6.5 fwere recorded, and rainfall intensities predicteddach up to 120 mm/hrfor 10
minutes. The flood caused extensive property danaageloss of life.The combination of high ruggetefe
steep and long slopes, wide and narrow wadi charar&d extremearidity resulted @nflash flood that caused
five fatalities and extensive damage to infrastitefThe flood water disrupted power and water sappblnd
damaged the wastewater treatment plant, causingisant environmental degradation and substahtatiship

for the people of Agaba city, Jordan’s only shigpjort (Murphy 2010).Following the flood, a disastisk
management plan was prepared (including floodiog)tfie Aqaba Special Economic Zone Authority of the
Agaba Area (ASEZA 2010).Spatially, the port is ¢alito the Jordanian economy and protection ofcihgport
from flood damage is important to maintain futurdan and economic development. Flood volumes and
sediment loads were estimated for storm eventaonbws return periods. The discharge of wadi Yutdagba

for a single flood is predicted to be 562 MCM/satdor a 50-year return period, and 900 MCM/second for a
100-year return period (Nassar & Bany Mustafa 2)h an event is comparable with the severe fafdl
February 1966, where the peak discharge of wadirviueached 500 MCM/second, and weéassified as a 50-
year return period (Centran Water Authority 196B)e 2006 flood event is of the same magnitude ed 866
flood, and occurred after almost 50 years. Betw&@danuary and 6 February 2013, Agaba area waalso
exposed to intense rainfall which resulted in fiogg and hence disruption in transport betweensthehern
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coast and the northern neighborhoods of Agaba.iWiaidim and the wadis of the alluvial Piedmont watso
flooded, andhe bridge installed by the Jordanian army on sewidurse on the alluvial fan of wadi Yutum was
swept away by the flood water (Alghad daily newsppa@6 Jan. and 6 Feb. 2013). The yearly totahseuat
yield from Wadi Mubarak (terminated to the contaimpmrt) and wadi (9), southern coast of Agaba, was
estimated during the period 1980-2009 using SWAGIil (@d Water Assessment Tool) model (Thneibat 2011
It was found that maximum sediment yield value owedi in 1994, where it reached 0.14 tofftia wadi
Mubrak, while it approached 2.5 tonthéor wadi(9) at the middle of the proposed areaufidran development.

It is recommended that any future development madt must bebased on geomorphological indicators
illustrated by geomorphological maps. The presemestigation highlights the geomorphological peshs
existing along the southern coast of Agaba (Figbich are typical of those dominating dryland amlareas in
the region (Cooke 1982; Cooke al. 1985 and Mohameseit al. 2002). Geomorphological survey in this context
is considered an important, rapid, and low coast to evaluate the site for urban development land use
potential. In light of repetitive geomorphic hazsirit is therefore essential to identify areas ergoto flooding,
and terrain constraints against urban expansioit.eBasion by water and wind, intensive gullyindyraping
and mudflow processes have dominated the alluvédrpont to the east of the southern Agaba coasal{io
called the Teeba area). The changes in wadi chamfeslerved in SPOT images of 1990 and 2003 and, 2006
demonstrate that fluvial processes are active @sgmt in such a hyper-arid environment. Subsequetti
present survey intends to:
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Figure 1. Location of the study area
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« delimit the geomorphic units,

* map the dense gullies and drainage networks desizing the alluvial piedmont.

» record the engineering activities associated vétent urban development following the
approval of the development plan in 2003200

e generate a map which illustrates the area liabftaling, and

« evaluate the development plan in tigt of thegeomorphic setting of the southern coastal
area of Agaba and flooding.

2. M ethodology

A geomorphological survey was conducted to rechedgeomorphological characteristics and potentialré
hazards in the area under consideration.The resuttiormation is intended to help the plannerd davelopers
to respond effectively to floods and other enviremtal hazarslin appropriate time ( Cooket al1985; Kesseli
& Beaty 1959; Schick 1971; 1974; 1988; Grodkal. 2000 and Jacobgt al. 2008). Geomorphic appraisal
during and after urban developmentsisnilar to appraisals adopted prior to developmént, their relative
importance changes. Such procedures are occasiamatbmplished by establishing long-term observatio
stations along small arid watersheds. Due to l#fol of observation stations in the Agaba area, ator
employed geomorphic mapping and classification rofcess activity rather than the process itself ribento
overcome these difficulties. Such indices were v@etithrough visual interpretation of remote sengilaga
(aerial photograph and SPOT image) and fieldwortiol@ et al. 1985; Runzi & Banghan 1987; Baket al.
1988 ).The qualitative flood hazard susceptibifitgpping of Suez city, Egypt (Doornkangi al. 1979; Bustet
al. 1980; Cooke 1982 ; Coolet al. 1985), and of thé\gaba area (Farhan, et al., 1989) exemplify thigragch.
The present investigation aleonployed the results of long-term urban flooding aediment yield monitoring
of the Eilat area (Schick 1971; 1974; 1988; 1998kdch 1993; Grode#t al. 2000;Khanaet al. 2002) to predict
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arid fluvial behavior and changes on the basispattial analogy.The final maps were digitized usiegiote
sensing (ENVI 4.1 and ERDAS Imagine 8.5) and GI®&(G&edia 6 and Arc GIS 10.1)techniques and the
associated packages. ASTER Image of was utilineestablish the Digital Elevation Model(DEM) of 3@
resolution (Fig.2) , and to generate the drainagesnGeomorphological mapping and field survey eased
out to recognize and record the geomorphic/ternaiits, drainage network and gully system,fluvial
geomorphic features, areas liable to flooding, v geomorphic limitations facing urban developmantl
potential land use.
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Figure 2. Digital Elevation Model for the southewast of Agaba

3. The Study Area

The study area lies on the northern edge of thebian shield, overlooking the Gulf of Agaba.Crylatal
basement (the Agaba granite complex), and theiallygiedmont dominate most of the area east osthghern
coast (Bender 1974; Burdon 1959).The granite mansitaere are stripped completely of sandstonespxor

a few remnants of Kurnukandstones and Cambriaandstones exposed in the northeastern part ofttity s
area (close to Wadi Mubarak) and to the southdas$ieocontainer port, respectively (Fig. 3).Thergi@ terrain

is highly weathered , and extensively intruded dykes of different types, density and rate of tivedng
(Abed 1985; Osborn & Duford 1981).Thus, rugged ntaumous terrain is the persisting topographic
expression.The alluvial piedmont consists mainlyeafent channel sediments and Pleistocene fanlgrstvihe
eastern part, lagonal marl and sand are exposestbauded with clay. Three major trends for faute
dominant: north-south, east-west, and northeasthsest (Natural Resources Authority 1987 a & e Thost
significant of the north-south fault set is the @ina fault, which runs parallel to Wadi Araba aftd existed at
least from Precambrian — Paleozoic times (Lloyd99&he north-south and northeast-southwest faystiesns
intersect near the spur interchange (east of Wadidvhk). Consequently, the area is considered @ &leear
zone sub-parallel to the Quweira fault, and seisactivity is arepetitive phenomenon (i.e. the Gulf of Agaba
earthquake swarms of 1983 and 1995 are one exangsid) may therefore affect the safety of engingerin
projects in the proposed development area (Al-Ta2000; Al-Tarazi & Koijenkov 2007). Following thE995
earthquake swarm, cracks were observed in theibgddof Agaba city and the uplifted coral reefseexting
along the southern coast of Agaba.

Interpretation of SPOT images (1991,2003&2006)jaaghotographs (scale 1:7000, 1992) and a fieldesu
led to the identification of four major geomorphikaits:
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Figure 3. Geology

3.1 The faulted-denudation granite mountains.

Steep and long slopes of 10-20°, 20-30°, and 35at6°common on granite slopes.The lower slopes are
occasionally covered by scree or small recent @luians. Torsand cavernous weathering pits areirmtgm
(Osborn & Duford 1981). The tors are corestonekied by chemical weathering along orthogonal seeting
joints.Rounded joint blocks become completely detacfrom the underlying rock, and rest until rembve
downslope by rainstorms. Boulders are found inpst@adis and ravine courses. Considering the stesgh w
gradients, small boulders can easily be transpattethg flooding, as evident from the 1991, 1993894 and
2006 floods, which caused severe damage to theaABabk Road (Farhan 1999).

Alluvial ~ B, _ZGranite’

Piedmont

Figure 4. Air photo (stereo model) of thltuvial piedmont( scale: 1:7000,1992,source:RJGC

3.2 Dissected alluvial piedmont slopes:

Urban development along the southern coast of Adggp#anned so as to occupy most of this geomorphit
(Fig.4). This area covers a triangular embaymerh \ai base about 65 km along the coast of Agqab& It
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postulated that the proto Wadi  Yutum - Wadi Mapr drainage system eroded most of the sandstones
overlying the granite during late Tertiary, wheteposition took place in the embayment mentiorzave.
Sand interbedded with clay and marl predominatébeabase of fan materials; while sand and geagiavel
dominate the upper part (Hayward 1985; Farhetnal. 1989; Osborn 1985). Uplifted fossil coral reefs8(7
distinct terraces) are present along the coash keights of 3-45 m. An age of 3,800 years is gif@rthe 3m
level, and 70-80,000 years for the 40-45m levetRAVariet al. 1984 ; Al-Rifaiy &Cherif 1988; Farharet al.
1989; Vita—Finzi 1987). Here rejuvenation produtguical badland topography, with elongated r&jgeteep
slopes, fine drainage texture (Fig.5), large waatishin master channels, and recent embryoniciallufans at
the base of the granite. Severe gully erosion mdiwates unstable conditions during the constounctiof the
Agaba—-Back Road (Section B along the alluvial piedthand present developmsrihitiate slumping and
maximize sedimentation problems at the lower slpped the coastal zone of the southern coast.
Geomorphology

[ Dissected alluvial piedmont
Dissected granite
I Dissected sandstone
I Dissected flat terrain
| Dissected sloping terrain
[l Undissected sloping terrain
7] Main wadi bed
B Water body
Cultural
-~ Highway / road
[ Container port
[ ] Build up area
I Green area

(Based on SPOT 10m Res., 1990)

25 50 75 100 12.5 km

Figure 5. Major geomorphic units
3.3 Dissected Cambrian and Kurnub Sandstones.
Talus slopes and Kurnub sandstone exposure aréeoed a major sediment source for sand, gravebles,
and boulders which threaten the hydraulic engingestructures. Severe gully erosion on sandstonalso
presently active during rainstorms.
3.4 The narrow beach / coastal plain.
In the late Pleistocene, relative lowering of siea level, possibly associated with further tectombvement, led
to the rejuvenation of wadi systems characterizhgalluvial pedmont. Drainage incision was associated by
deposition of alluvial and wadi sediments, and fienation of fans and mudflats, along with localable
deposits (Natural Resources Authority 1987 a).

4. The Alluvial Piedmont Water shed

Twelve small and large watersheds cross the allpiggmont area and acharacterized by relatively wide
stream and changing channels. The proposed plameads located between Wadi 2 (drainage areal®®)
close to the industrial area in the south, and Wadharak (drainage area 65.1 %mlose to the container port
in the north (Fig. 6). These wadis are named officiaom south to north: Wadi 3, Wadi 4, Wadi 5, W&,
Wadi 7, Wadi 8, Wadi 9, Wadi 10, Wadi 11, Wadi ¥2adi 13 and Wadi 14, which are located just safttne
container port.The smallest catchment is Wadi B adrainage area of 0.5 Km
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iglre 7. The alluvial piedmont watersheds

The upper divide of these wadis extends to théaasg the granite sharp ridges at a height rangetween
1300m and 1350m a.s.l for Wadi 2 and Wadi Mubah&anwhile, the water divide for other wadis ranges
between 770m and 1900m a.s.l. None of these wadisstrumented for hydrological purposes, and thiy o
hydrological study available (Agaba Region Authori1987) concluded that the expected peak diselsarg
(MCM/S) are high for such hyper-arid catchmentsb({&al). Consequentlythe only alternative approach is to
utilize directly the results obtained from instrurted watersheds in tHeilat area (Grodelet al. 2000; Schick
1971; Schick & Sharon 1974; Lekach 1993) to evaldilatod hazard in the area under considerationd Ferk
investigation indicates that hydraulic structunestalled along the present highway are not efficiertransmit
the flow and sediments generated through flooding.

Table 1. Expected peacldarge for the piedmont wadis (MCM/S)

Recurrence Interval i
Wat'\?;) shed A?é:j(nlflgﬁ) ) Cul\'/Ae\rﬁtha:;chity

) 2 10 50 100 500 (MCM/S)
Wadi 2 62.2 110 223 418 455 584 62
Wadi 3 0.9 43 8.8 125 14.2 18.9 0.0
Wadi 4 1.3 3.9 7.8 11.3 12.8 16.9 13.7
Wadi 5 1.5 3.1 6.8 9.9 11.3 15 15
Wadi 6 1.7 3.7 8.2 12.2 13.6 18.4 0.0
Wadi 7 6.2 11.2 26.1 385 43.4 57 61.8
Wadi 8 6.5 124 30.2 43.9 49.4 65.9 0.0
Wadi 9 374 6.2 19.6 34.9 41.9 59.8 0.0
Wadi 10 1.0 2.6 5.6 8.1 9 121 6.3
Wadi 11 5.0 9.5 211 31.7 35.9 48.6 43.7
Wadi 12 3.5 8.6 8.5 26.5 304 39.7 17.3
Wadi 13 0.5 1.6 3.4 4.9 5.6 7.4 0.0
Wadi 14 6.1 13.4 37.8 42.7 48.8 65.9 0.0

Source: Agaba Region Authority (1987), 2-30&2-3
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Hence, the coastal highway presents a seriousbaaorithe natural runoff from the piedmont catchteen the
Gulf. Thus, the future urban development of thetlsen coast of Agaba must consider this fact, aleiily the
inefficient capacities of present drainage strigguconstructed along the coastal highway includimg
industrial area (Aqaba Region Authority 1987). fanty,the future expansion of the urban/industaata will
increase the peak runoff and sediments associathcexpected flooding following urbanization. Thedirstrial
area extends 3 km along the coast line and 2 kfland, and is located close to the north of tleedanian—
Saudi Arabian borders. It is planned to enlargeastward in the future.The principal industriessprely
occupying the area are the thermal power planimber products industry, and a potash company.Thhge
berthshave also been established on the coast to daewgl ttimber, fertilizer and potash industries.Tiogver
part of Wadi 2 has been designed and constructadnagjor artificial channel to convey runoff, in attempt to
protect the industrial area against flooding. Eifteoncrete box culverts (typically a twin box:18.51.5m) and
three pipe culverts are installed along the codsigthway to convey runoff from the industrial areathe
Gulf.The capacity of these culverts is only 62 M@MITherefore, the industrial area and other fututean
development projects are exposed to anticipatédusefiooding.

5. Climate, Hydrology and Flooding Experience

The study area is located 8 km south of Aqaba erettstern coast of the Gulf of Agaba. The climath® area

is hyper-arid, with low mean annual rainfall and damtely high temperature. The mean annual raiifall
Aqgaba is 37mm, while the mean annual rainfall i& thiddle and upper catchment of wadi Yutum esrfgom
100 to 150 mm. Seventy percent of rainfall evertsuo between December and February, and origimate i
southerly trajectories of Mediterranean depressidresspring and autumn rainfall originates in looahvective
cells associated with an incursion of the Red Baugh (Grodelet al. 2000; Khanzet al. 2002). The area is
characterized by intense rainfall of short duratigthin limited areas (localized type), where 600%the total
rainfall come from spotty rain (Sharon 1972). Spottiness isrfjegaronounced in the fall and late spring. The
storms of March 1991,December 1993 and Januar, M8ich caused heavy damage to the Aqaba Back,Road
are an example (Farhan 1999). Although arid waeslstare dormant for 98 % of the time, when it bezom
active, it transports large quantities of sedimeiith as bed load and suspension load, far oytstgpthe
performance of comparable perennial rivers (Reidl1998).Similarly, the high relief of the bare ruggganite
facilitates the occurrence of extremely destrucfiie®ds in the downstream terrain zone chosen fiwam
development along the coast. Adequate hydraulioctires do not exist to convey the expected high-
magnitude,low-frequency flash floods. During thé"2@ntury, the lower Wadi Araba witnessed a numifer o
large rainstorm floods which affected the inhakigamf the region. In 1940, one half of the modeawn of
Aqgaba (built on the alluvial fan of Wadi Shallalatas flooded and destroyed, as reported by Glueck
(1941).Again in 1953, Agaba town suffered a semred. The1960s witnessed a disproportionate numolber
floods. Three examples are (1) the event of A@83, in which Agaba town was flooded and 25 Frewocinists
lost their lives in Petra, southern Jordan. (2Mirch 1966, Agaba was flooded again, and 70 perastsgheir
lives in Ma’an, withover 250 injured, while hundreds became homelesst(@l Water Authority 1966; Schick
1971).(3) In 2006,Agaba area flooded again, andebsgms lost their lives, and extensive damage to
infrastructure occurred.

Over the last four decades, the Agaba aresablean exposed to events of maximum rainfall interssiin 24
hours. Examples are: 34mm (1953), 27mm (1955),&31963), 32.8mm (1966), 65mm (1975), 42.5mm
(1980).Such figures indicate that high intensitinstorms are common and frequent in the Agaba @kgaba
Region Authority 1987, 2-13).The rainstorms of 2&rkh 1991, 20 December 1993 and January 1994 edsult
in 17mm, 19.2mm, and 21 mm of rainfall respecti@grdan Consulting Engineering Co. 1993;Thneilf4n2.

It is concluded elsewhere that 40 % of the rairifallimilar environments is of intensities excegdi 20mm/hr,
and 19 % in excess of 65mm/hr (Schick 1995). @nhgi Wadi Yutum, Agaba area was exposed to adfloba
19-year return period on 12 February 2006 (MurpBg@.The rainfall intensity was estimated at 9.2 /hmn
Such events affected the industrial zone, theewvastter treatment plant and the Airport road. Diesthie low
annual rainfall average, the spatial and tempasdfidution of rainfall in the Agaba areacluding the costal
area, is such that flooding may cause serious enah)l even from very small catchments (i.e. Nahall ¥ad
Nahal Roded, Eilat area, Israel (Grodetkal. 2000). In March 1966, a severe storm was recomddgias En
Nagab area (70km north—northeast of Aqaba).Tlezage four-hour rainfall was 60mm, which yieldad a
average intensity of 15mm/hr.The estimated peathdigie of Wadi Yutum during the storm was 500 MCM/s
identified as a 50-year return period (Central Watethority 1966 ).

The Agaba Region Authority (1987) reported thabdls having a recurrence interval of 50 years ogédorare
capable of damaging the Ras En Nagab highway, dasguthat surface water will rise to 0.3m above the
highway surface, with relative high velocities. 8l examples of inappropriate drainage design Heeen
reported in the Agaba area in general, and in Wadiarak and Wadi 2 (the industrial area, just ®gbuthern
part of the coast) in particular, which contain afsthe Agaba Back Road (or the alluvial piedmoA§suming
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a storm center over Wadi 9, the point rainfall &adirly rainfall are expected to be high (Table 2)ha center

of the development area, and will cause severeadanto the future urban area and any other engigeer
projects.

Table 2. Point rainfall and basin houdinfall for Wadi 9 (Drainage area 37.4 m

f nd
Recurrence | oMt M ax. 2 3 4h 5 6"
rainfall (mm)

Intervals ( mm) hr. (mm) (mm) (mm) (mm)
5yrs 18.1 13.6 3.4 1.8 1.1 0.9 0.7
10yrs 26.1 19.6 5.0 2.6 1.6 1.3 1.0
50yrs 46.5 34.9 8.8 4.6 2.6 2.3 1.9
100yrs 56.0 41.9 10.6 5.6 3.4 2.8 2.2

Source:Agaba Region Authority (1987), 2-27.

Engineering problems resulting from expected flogdare also posed through the dominance of stepgsion
highly dissected alluvial piedmont, and by high débdity of materials from which this terrain unis
composed.These conditions promote severe erooientation and extreme channel instability inetiamd
space.Infiltration rates of selected geologicahfations (Table 3) indicate that runoff was gengraiitiated
after the first few minutes of rainfall (Schick )9

Table 3. Infiltration rates farlscted geological formations in the lower W. Araba

Material Infiltratior_llrate Timeto initiate Ru_noff
(mm/hr™=) Runoff ( min) Coefficient (% )
Granite/gneiss 0.5-2 1-4 52-86
Colluvial surface 20-30 5-10 26-43
Old alluvial surface 10-20 5-8 40-60
Recent alluvial surface 5-15 15-20 40-60

Source: Schick (1995)

Typical concentration of suspended sediments tatespp by floods generally range between 1500040800
mg L, occasionally exceeding 100 000 mg.Sediment yield in the Agaba-Teeba area is expecték high
for arid wadis draining the alluvial piedmont suahWadi 7, Wadi 8,Wadi 9, Wadi 11, and Wadi 14 (trajor
wadis of the alluvial piedmont).Assuming a disctearg 75m*/s for Wadi Mubarak, the estimated average of
transport rates ranges between 7.26 kg/snand 28kg mVs (Jordan Consulting Engineering C0.1993). More
consistent figures may be provided by utilizingufesfrom a fully instrumented arid watershed jissthe north

of Eilat. Here, Lekach (1993) provided a decadalireent yield record for Nahal Yael, which has been
monitored since 1977 at its outlet with the aidadf00 % of trap efficiency dam. For the decade @1BP&90),
135 n? of fines and 228 fhof sand and gravel were deposited in the resellr largest event during the
decade is that of 26 December 1980, caused bystoan of 45mm (in part low intensity), which dejped 57

% of this decadal sediment yield.It is evident thigth-magnitude low-frequency rainstorms, when emd on
the granite mountains east or northeast of theysdueh, not only yield substantial runoff, but algo capable of
transporting a large amount of sediment. In thigard, the alluvial piedmont is considered an extens
sediment source in the proposed development areseQaently, urban development and the associated
engineering structures/hydraulic design must ensater and sediment transmission. The rainstorns9efL,
1993, 1994,and 2006 showed that almost all of thendge structures provided for the Agaba Back Reac:
blocked by sediment at their entrances(Farhan 1999)

6. Results and Discussion

The geomorphological survey reveals that geomorpbanditions posed serious problems for futureanrb
development. Geomophologically, the site is consideas highly dissected alluvial piedmont, and
topographically, it is a typical badlands (Fig.T4je area is generally composed of parallel-clos# wadis,
named Wadi 3 to Wadi 14, separated by parallelgzgited ridges rarely terminated by flat or semit tbarain at
their summits. The drainage area for these catctsmamges from 0.5 KmWadi 13) to 37.9 kin(Wadi 9).
Wadi 2 (62.2 krf),the largest, separates the southern coastalajfeweht area from the industrial zone to the
south. From the north, Wadi Mubarak (65.1°%kseparates the urban development area from thainen port.
The characteristic local relief of the piedmontaar ranges from 0.0 (the sea level ) to 400-506erse.s.| over
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6-7 km of distance inland.The general gradientttier wadi courses approaches 5°. Such gradientsiginefor
small and short wadis, which indeed maximize theabdities for producing flash floods during heavy
rainstorms.The surface geometry of the terrainb@Eaummarized as follows:

a - on the plan level, the surface geometry isalinend parallel narrow ridges in the lower and radd
catchments of the alluvial piedmont, and non liqeanallel in the upper reaches.

b - on the profile level, flat to semi-flat, or urddting summits comprise 40-60% of the upper reaamdy, but
most of these areas are located exterior to theosex development area. The slop¢hefground surface here
is less than 6°, but the wadi side slopes apprdlaehl4-20° slope category or greater.Thus, genertie
topographic site of the proposed development asezharacterizethy a remarkable shortage of flat-semi-flat
terrain as a result of dissection by active gullesd the dominance of sharp elongated ridges(Fif.¢an be
concluded that 80% of the area to the east of dlastcis not suitable for urban development afré$tructure
construction, except for a narrow strip of landseld@o the beach, and occupied by large wadi bettisclvanging
channels. The development plan of the southernt @ea suggested a layout of coastal resort, lighistry,
heavy industry (already existing directly

Por

Figure 8. Higllissected topography ( badlands ) by denseegulli
south of the present study area, close to Wadb®fer, port, recreational, open spaces, developmeserve,
and wilderness reserve(Fig. 8). Land use detallte® to the coastal development plan have notbgen
formulated. Table (4) illustrates major economigfiem activities existing along the southern ca#sAqaba
between the container port and the Jordanian—Sawdiers. Adding to the activities illustrated abotiee
southern coast accommodates eleven sites for dagsix coral gardens. The famous one is the &span
garden, located off the beach. Several other sesai@ provided on the beacdhmong these are:

Table 4 . Economic/tourism activities existing ajdhe southern coast of Aqaba

Distance from the container port
( km) towards south-theindustrial Economic / tourism activity
area
0.1 Coral reserve
1 Public tourist complex
1.7 Ras Al-Yamaniya beach/camping site
2 Telecommunications building (East)
3 Aqgaba marine science station/visitor center
3.4 Qabos City project - under construction
3.7 Bedouin tourist village (East)
5 Tala Bay: Jordan’s first integrated resort argidential community
7.7 Royal diving club
7.8 Telecommunications monitoring tower
8.1 Public security officers’ club
9.2 Marine personnel housing
9.5 Security housing resort
11.4 Three ship births (for olil, timber, fertilizemd potash industries)
Industrial area ( East).
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camping, car parking, visitor center, boating/jetgstaurants, sun shades, diving and swimmingsgar
addition to the geomorphic constraints illustraddve, the implementation of urban development @daced
with other geomorphic constrag) such as:
e Steep denudational slopes, steep ravine and wades
» Intensely jointed and faulted geological outcrdps,abundant weathering products, and
high sediment supply from arid waters
» High rate of erosion during heavy rainstorms, axmeeted recurrent flooding events.

» Dense network of gullies and highly dissected piedinmake road crossing and
accessibility very difficult.

Light industry
Heavy industry
Coastal resort

[] Recreational spaces
Wilderness reserve

[] Development reserve
Buffer

[] Container port

[ Build up area

[ Green area

~ Highway / road

.-~ Road under construction

Dissected granite

Dissected sandstone
I Watcr body

12.5km

o0 25 50 15 100 N
L I I |

N4

i

Figure 8 . Proposed development plan(2003/2004)

High magnitude floods in deserts are generatedgiiynby combination of rainfall characteristicsmaunt,
intensity, duration, and distribution over the demie basin).Extreme flood events are considerebetdhe
products of the entire basin and tend to be adwutiwith thepreferred rainfall pattern. Maximum flood
discharge is produced by an optimal combinationvafershed morphology/morphometry and storm intgnsit
(Costa 1987).Flooding in the area arises from stlow along wadi channels descending from the geani
mountains. Storm runoff generated by rainfall othex granite mountains reaches the narrow coasial phd
the highway through main wadis/channels extendcrgss the alluvial piedmont (Fig. 9).Steep and lbage
rocky slopes of 10-20°, 20-30° and 35-40° are datterstic of the granite mountains. Alternativelye Kurnub
sandstone shows a subdued topography with loweahsbope angles. Steep slopes are characterized|dy
rate of infiltration (0.5-2 mm/ht") andgenerate storm runoff immediately during the st¢8ohick 1995).High
velocities are capable of moving weathering proslactd materials off the alluvial piedmont down sldiprough
wadi channels toward the narrow coastal plain. éngarphic survey reveals that boulders of 30-40camditers
were found on the Agaba Back Road surface andsinieseveral culverts following the 1991 and 19@8ds,
which were classified a&f 6-7 years return period (Farhan 1999).

Analysis of 28 floods generated by a drainage systethe Negev Desert over the last 60 years inelscthat
desert floods are characterized by high flow magies (Greenbaurmt al. 2000). An investigation of 52 major
floods (for the period 1965-1994) in the same hygrét environment concluded that such floods arethe
outcome of purely local weather conditiobut are rather the result of distinct synopticksaavents: (a) an
active Red Sea trough extending from East Africaugh the Red Sea toward the eastern Mediterraaaan(b)
a Syrian low, defined as a well-developed Meditegem cyclone accompanied by a pronounced uppelr-leve
trough, both located over Syria (Khasta al. 2002).These synoptic conditions and the associteds are
repetitive phenomena in the region.
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Table 5. Extreme events in the Ma'an-Agaba areat(®on Jordan) and Eilat area (Southern Israel)

Drainage Rainfall Storm Peak Volume
Date Catchment Area Amount Duration Discharge (10°m?)
(km? (mm) (hours) (MCM/S)
8 April 1963 Wadi Yutum (Agaba) 1300 36.6 - 250 -
Wadi Wuheida (Ma’an, . )
northeast of Aqaba) 170 50-70 4-6 540 !
Wadi Yutum (Agaba) 500 30 4 500 4
Wadi Dilagha (southern
Wadi Araba, north of 70 50 4 200 1.3
Agaba)
11 March 1966 Wadi Qilkah. (southern
Wadi Araba) 200 55 4 325 15
Wadi Jurdhan (Ma“an) 260 20 4 120 0.7
Nahal Yael (Eilat) 0.6 22 4 2.2 0.001
Nahal Roded (Eilat) 38 30 4 100 0.7
1 February 1964 Wadi Yutum (Agaba) 1300 33.5 - 336 -
Wadi Taba
February 1972 Wadi Morah 18-94 20 - 150 -
18 October 1997 Nahal Yael (Eilat) 0.6 25-42 2 374 260 -680
Wadi Mubarak
21 March 1991 (close to the container port 65.1 17 4-12 75 -
Agaba)
20 December 1993 Wadi Mubarak(Agaba) 65.1 19.2 - - )
12 February 2006 Wadi Yutum ( Agaba) 1300 38 6 562 4.25

Based on: (Central Water Authority, 1966; Schick71; Agaba Region Authority, 1987; Greenbaum et al.
1998; Farhan, 1999; Grodek et al., 2000; Jordars@ting Engineering Co, 1993; Agaba Special Ecogomi
Zone Authority, 2010 and Murphy, 2010).

Table (5) is an example of extreme flood eventemged in the Ma'an-Agaba areathern Jordan) and Eilat
area gouthern Israel), along with their hydrological cheteristics. It is clear that destructive flashofloevents
from small wadis are repetitive phenomena in souterdan generally and tigjaba area specifically. Ninety
percent othe Teeba area is located within the drainage aed&di 7, Wadi 8, Wadi 9, Wadi 11, and Wadi 14.
According to the flash flood analysis study relatedhe Agaba area (Agaba Region Authority 1987),dre
present geomorphological mapping, the existing psed development plan is totally exposed to seflash
floods (Fig. 9) of 10, 50, and 100 year return @dsi (Table 1 & Table 5), and it is impossible tmidv
hazardous flooded wadis without comprehensiveiefficemedial measures anfl@d protection plan.
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FiguBe Areas liable to flooding

The only flash flood protection measures existintha proposed development area are:

a- The light industrial area northeast of the ameder consideration. It is an area of oné kexcavated on an
alluvial/scree fan at the base of the granite mminst The yard was lowered 1-3m below tleine and
tributaries draining the mountain towards Wadi 8.d¥ainage facilities were provided in this areliefatively,
an earthbarrier has been built to protect this against flash flood-runoff descending from the nife
mountains to the east.

b- The intensive tourist activities (northeast bé tRoyal Diving Center).Here an earth barrier wast to
protect this cluster from expected flooding of Wa&diNot only that the major wadi channels had ne¢rb
accounted for in that area, but a significant nundfemajor and minor tributary wadis were not caolesed in
the planning stage for this area (Fig.10).It setimasthe cut-and-fill procedure was the only measadoptedn
the lower channels to provide level land for thesent infrastructure (i.e.Qabous city, 2 km southhe
container port).Such procedure is expected to maximize sediment depaosith these flat areas; since natural
drainage has been destroyed by engineering aetivilhe extensive sediment supply revealed ggamorphic
survey reinforces the need for an appropriate dggndesign to ensure unimpeded sediment trandpottte
light of large areas exposed to future floodingy(ED), it is not feasible to construct earth basri® protect the
developed sites from flooding. Alternatively, thesh appropriate solution to flood problems is ttegmate a
flood management and urban development plan. Lessported elsewhere (French 1987) concludedaitiat
the increase in urban development on alluvial faedmonts in arid regi@ urban areas have become
increasingly exposed to unpredictable floods. Quartcertain flow passages and sedimentation owiallfans,
total protection is both costly and, being basediocertain areal differentiation of flood frequessi may lead
to great losses of live and properties (Nationald@ech Council 1996).
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Figure 10. The propodesielopment plan and areas liable to flooding

Studies in the western Wadi Araba (Schick 1974819995; Grodelet al. 2000) and other comparable areas
in the U.S. and Australia (Baket al. 1988),are highly relevant to the understandinthefdesert flood behavior
in southern Jordan and its implications.The presgperience from analyzing the southern coast afbagarea
reveals that proper planning is achieved througioriporating the results of analyzing existing gegrhic
units,their characteristics, sediment types and veadirses along with flooding behavior.

8.0 Conclusion

The geomorphological survey carried out revealembmsiderable lack of understanding of the geomiorph
climatic, and hydrological characteristics of theaunder consideration. Geomorphological mappidicates
first, that the topographic site proposed for depaient is characterized by a remarkable shortagiatesemi-
flat terrain as a result of active gullying and ogimg wadi channels; alternatively, sharp elongatddes are
dominant. Second, the existing development plaexisosed to severe flash floods caused by the alluvi
piedmont wadis. Due to the curreabsence of efficient drainage measures, it is isiptes to avoid such
hazardous floods and sediment supply.Third, thedulat structures installed along the present ebdmghway
are not efficient to transmit the flow and sedinseg¢nerated through flooding.Similarly, the futaxpansion of
the urban-industrial area, and the resultant sarfaanditions(i.e impervious surfaces)will increadbe peak
runoff and sediments associated with the expedsesh fflooding following urbanization. Based on tigove
findings, the most appropriate solution for floosblplems in the area, is (i) to integrate flood ngeraent and
morphologic assessment plans with urban developmlamning at an early stage of urbanization; (itts
plans/mapping will enable the construction of propgdrologic structure capable of accommodatingdiag
water and ensuring the passage of sediment diseltangng flooding; (iii) afforestation and terragiactivities
could be carried out in middle and upper catchnwntvadi Yutum (Ras En Nagb and north of Quweira)
supported with water harvesting construction téples developed in similar environments elsewher@ a
proved to be successful (Yair 1982: 1994; Yair &tG2994; Yair 1996).The afforestation conditiorféeat the
infiltration—runoff process in the catchment, amtluce the flood peak flow by 24-50% (Al-Weshah & El
Khoury 1999); () the construction of check dams across the ravia@r wadi courses at the upper part of the
alluvial piedmont is recommended. This will deceedbe sensitivity of the piedmont watersheds tortsho
duration, high-intensity storms, making it lessnarible to more frequent flood events and delathiegime to
peak (Al-Weshah & EI-Khoury 1999); and)(the installation of upstream sediment control sogees is
recommended to reduce sediment supply towards ¢élsegribd drainage system, and to dampen the erosive
energy of the flood water. Previous investigati¢Bshick 1974; Farhan 1999) reported that sedimettlirgy
basins (2,560 fin size) are inefficient to control sediment inpatscoastal highwayand other road crossings
on alluvial piedmont.They tend to fill with sedinmsruring the first fewninutes or even seconds of a flood. To
be efficient, they must attain a capacity of asteme tenth of the total volume of some typicabél event. For

a 50-year return period flood, large settling basim the order of 15000°m 50000 mimay be needed.
However, large holes of such a size are difficaltdig, have to be maintained periodically, and wilstthe
attractive scenic value of the desert landscape.

116



Journal of Environment and Earth Science www.iiste.org

ISSN 2224-3216 (Paper) ISSN 2225-0948 (Online) iy
Vol. 4, No.5, 2014 ||STE
Acknowledgement : | would like to thank Eng. Bahjat Gafreh for helgiin the final preparation of some

figures included in this research paper.

References

Abed, A. M. (1985). "On the supposed Precambizateostructure along the Dead Sea Rift, Jordantpal of
the Geological Society of Londoi42, 527-531.

Al-Rifaly, A., & Cherif,0.(1988)." The fossil corakefs of al-Agaba, JordarFacies,18, 219-229.

Al- Sayari, S., Dullo,C., Hotzl,H., Jado,A., & Zal( 1984). "The Quaternary along the Gulf of
Aqgaba,In:Jado,A.,&Zotl,J. (eds.), "Quaternary petrilo Saudi Arabia", Vienna, Springer, 32-47.

Aqgaba Region Authority, ( 2003). "Master plan aidause in Agaba", Agaba, Jordan.

Agaba Region Authority, ( 1987). "Flood analysispag for the Aqaba Basin: Wadi flood control
study" ,Amman, Jordan.

Aqgaba Special Economic Zone Authority, (2010)isd3ter risk Management profile for thgaba Special
Economic Zone", Amman, Jordan.

Al-Tarazi, E.( 2000)." The major Gulf of Agaba #wuake, 22 November 1995-maximum intensity
distribution",Natural Hazard, 22 , 17-26.

Al-Tarazi, E., & A. M. Koijenkov,A.M.(2007).“Archagseismological investigation of the ancient Aylathe
city of Agaba, Jordan'Natural Hazards 42, 47-66.

Al-Weshah, R., & EI-Khoury,F.(1999).“Flood analysandmitigation for Petra area in Jordaddurnal of
Water ResourceBlanning and Managementl25, 170-177.

Baker, V., Kochel, R., &Patton, P. (eds.),(198&)obd geomorphology”, Wiley, New York.

Bender,F.(1974).”Explanatory notes on the Geoldgibtap of Wadi Araba,Jordan(scale 1:100 000,3
sheets)'GGeologischeslahrbuch,Reihe B, Heft,VVol.10,Hannover,62p.

Burdon, D. (1959).“Handbook of the geology of Jori@enham & Co., Colchester,UK.

Bush, P., Cooke, R. U., Brunsden, D., Doornkam(.& Jones,D. (1980)."Geology and geomorphologyhef
Sues city region, EgyptJournal of Arid Environment3, 265-281.

Central Water Authority, (1966). “Floods in Southdordan on 11 March 1966”, Amman,Jordan.

Cooke, R. U.(1982). “The assessment of geomorphedbgroblems in dryland urban areagkitschrift fiir
Geomorphologie44, 119-128.

Cooke, R. U., Brunsden, D., Doorkam, J. C.& Jonegl@85),“Urban geomorphology in drylands”. Oxford
University Press,New York.

Costa, J.E.(1987). “A comparison of the largeshfedi- runoff floods in the United States with tReople’s
Republic of China and the WorldJpurnal of Hydrology, 96, 101-115.

Doornkamp, J. C., Brunsden, D., Jones, D., CookeUR &Bush, P. R.(1979). “Rapid geomorphological
assessment for engineerin@uarterly Journal of Engineering Geologh?, 189-204.

Farhan Y., Behiery, S. & Abu Safat,M.(1989). “Geaptwlogical studies on Southern Jordan”, University
Jordan Press, Amman,Jordan.

Farhan, Y.(1999).“Geomorphic impacts of highway staimction,their causes and remedies: A case stuhy f
Aqaba, Southern JordanThe Arab World Geographeg, 1-25.

French, R. H.(1987).” Hydraulic processes on allstendam”, Elsevier.

Glueck, N.(1941).“The third season of excavatiomelk EI- Kheleifeh”,Bulletin of the American School of
Oriental Research?9, 2-18.

Greenbaum, N., Schick, A., & Baker,V.(2000). “Thalgeoflood record of a hyperarid catchment, Natia)
Negev Desert, IsraelEarth Surfaces Processes and Landfor2s,, 951-971.

Grodek, T., Lekach, J., & Schick,A.P.(2000)."Urbang alluvial fans as flood-conveying and flood-nethg
systems: lessons of the October 1997 Eilat fload”; Hassan, M.gt al. (2000). “The hydrology,
geomorphology interface: rainfall, floods, sedinatian, land use” , IAHS Publication, No. 261, 22832

Hayward, A. B.(1985).” Coastal alluvial fans (faelts) of the Gulf of Agaba (Gulf of Eilat), Rea&,
Sedimentary Geology#3 ,241-261.

Jacoby, Y., T. Grodek, Y. Enzel, N. Porat, E.V.DMoald , & Dahan, O. (2008).“Late Holocene uppeurimts
of flood magnitudes and twentieth century larg®ds in the ungauged, hyperarid alluvial Nahalvara
Israel”, Geomorphology 95, 274-294.

Jordan Consulting Engineering Co0.(1993).”Additioflabd protection of the Agaba Black Road”, Finaport,
Amman.

Khana, R., B. Ziv, Y. Enzel & Dayan,U.( 2002)."i®yptic climatology of major flood in Negev Desdstael”,
International Journal of Climatology22, 867-882.

Kesseli, J. E. & Beaty,C.B.( 1959).” Desert floazhditions in the White Mountains of California aNdvada”,
US Army Quartermaster Research and Engineeringe€erech. Rep., EP-108.

117



Journal of Environment and Earth Science www.iiste.org
ISSN 2224-3216 (Paper) ISSN 2225-0948 (Online) J LN |
Vol. 4, No.5, 2014 IISTE

Lloyd, J. W. (1969). “The hydrology of the South&lesert of Jordan”, UNDP/FAQO, Tech. Rept. NO. I.

Lekach, J.(1993). “Bedload movement in a small ntakn watershed in an extremely arid environmeRtiD
Thesis. The Hebrew University of Jerusalem, Jeeusal

Mohamed, Ali ; Degenhardt, J. Jr.,& Giardino, J2R02).” An engineering geomorphology assessmeneof
Minia city, Egypt,usingGIS”. [Online] Available:
http//gsa.confex.com/gsa/2002AM/finalprogram/alustrd5623 (2002) htm.

Murphy, B.(2010)."Hydrologic analysis for a hypeiearegion in the Middle East”, In: Potter, K. W. &
Frevert,D.K. (eds.),"Watershed management 2018oMations in watershed management under land
use and climate change”, ASCE, 1238-1247.

Nassar, A., & Bany-Mustafa,M.(2010). “Extreme floedents and their prevention in Jord4h Regional
Workshop on Dam in the Mediterranean™™& 13" December 2010.

National Research Council,(1999).”Alluvial for fldimg”, National Academy Press, Washington D.CS.U

National Resources Authority,(1987a)."Geologicalpmd Al-Yamaniyya-Jabal Al-Mubarak, Scale 1:50 000"
Amman,Jordan.

National Resources Authority,(1987b). “Geologinap of Wadi Araba—Al- Agaba, Scale 1:50 000", Amma

Osborn, G., & Duford,J.M.(1981), “Geomorphologigabcesses in the Inselberg of South-Western Jordan”
PalestineExploration Quarterly, 113, 1-17.

Osborn, G.(1985).”"Evaluation of the late Cenozaiselberg landscape of Southern Jord&dleogeography,
Paleoclimatology, Paleoecolog®9, 1-23.

Reid, I., Laronne,J.B. & Powell,D.M.(1998). “Flafibed and bedload dynamics of desert gravel — bedms”,
Hydrological Processed,2, 543-557.

Runzi, X.& Banghan,Y.(1987). “Eatimating rare fleody geomorphological MethodsJpurnal of Hydrology,
96, 117-124.

Schick, A.(1971). “A desert flood: physical chamdstics, effect on man, geomorphic significanceman
adaptation - a case study in the Southern Aravarala¢d” Jerusalem Studies in Geograpf2y 91-155.

Schick, A.(1974).”Alluvial fans and desert roadspdoblem in applied geomorphologyAbhandlungen,
Akademie deWissenschaften in Géttingen, Mathematisch-Physigladi Klasse 111, 29, 418-425.

Schick, A. ,and D. Sharon.(1974.,"Geomorphology a&limatology of Arid Watersheds”, Department of
Geography, Hebrew University of Jerusalem, Israel.

Schick, A.(1988)."Hydrologic aspects of floods irteme environments”, In; Baker, \ét al. (ed.), “Flood
geomorphology”, Wiley, New York, 189-203.

Schick, A.(1995).”Fluvial processes on an urbamjzailuvial fan, Eilat, Israel”, In: Costa, J. C. &t (eds.),
“Anthropogenic influences in Fluvial Geomorphologmerican Geophysical Unior89, 209-219.

Sharon, D. (1972). “The spottiness of rainfall idesert area’Journal of Hydrology 17, 161-175.

Thneibat,A. A. (2011). “Modelling of sediment trgast in the Agaba Road Back are®evue Scientifique et
Technique 19, 100-115.

Vita Finzi, C.(1987). “C** deformation chronology in costal Iran, Greece, almidan”, Journal of the
Geological Society dfondon, 144, 553-560.

Yair, A.(1982)."Hillslope hydrology,water harvesgimnd areal distribution of some ancient agriceltsystems
in the northern Negev deserfgurnal of Arid Environmentg, 283-301.

Yair, A.(1994)."The ambiguous impact of climate nba at a desert fringe: northern Negev, Israel?, In
Millington A.& Pye, K. (eds.), “Environmental chaagn drylands : Biographical and geographical
perspective”, Wiley, 199-227.

Yair,A. (1996)."Spatial variability in the runoffegerated in small arid watersheds: Implications Viater
harvesting”, Institute of Earth Sciences, The l@bbniversity of Jerusalem, Jerusalem, Israel. 48p.

Yair, A. & Garti, R. (1994).” Water supply to thadent city of Arad”, Institute of Earth Sciencd$e Hebrew
University , Jerusalem &Soil Erosion Research 8tatMinistry of Agriculture, Kfar Ruppin, Israg2p.

118



