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1. lNTRODUCTION

1.1

1.1.1

|.t.2

PROJECT SETTING

Study area and catchment location

The Terns of Reference indicate thaÈ the study area is
that part of the left bank of Wadí Bana dor,rnstream of tsateis
which may be spate irrigated frorn liadi Bana, plus the sma11
rlght bank command of the charaib weir (also irri.gable from
Wadi Bana), The study area is part oF the Abyan Del ta, a
segmented alluvial fan which lies approxirnately 55 kur
north-east of Aden, capital of the Peoplets Dernocratic Republic
of Yenen (PDRY). Its location ís shown in Figure 2.1. The
apex of the delta is at the point \,Jhere Wadí Bana and l,Jadi
I{assan, the two main sources of surface runoff, energe from the
mountaínous hinterland. From the apex of the delta to the sea
ls approximately 30 krn, while the base of the delta is about
20 km 1ong. The small town of Giar is roughly aÈ the cencre of
the delta and lies at 13'l4rN and 45'18'E.

The delta rises gently from sea level to 180 rn at
Batei.s, but is punctuated in the central and northern parts by
a number of rock ouÈcrops whlch typicalLy rise 50-200 rn above
tfie surrounding land (see sectíon 1.1.3 below).

The Wadi Bana catchment is also shown in Figure 2.I.
Approxinately 66"1 oÍ íts total area of 7 200 kn2 lies in the
Yemen Arab Republic (YAR) and extends to 14'24rN. Maximum
caÈchment altitude is 3 400 m.

\:sv,uu r P Lru!vËl

Formation of an alluvlal fan at Abyan has been
encourage by local topographical and clímatic fealures:

(i) a high ratlo of rDountainous catchment area to
depositional lowland area.

(aaJ long dry periods in Èhe catchnent when weathered
material can accunulate, to be evacuated in large
anounts during storm rainfall.

PosiÈions of drainage channels are probably less
mobl1e than is usual in an arld alluvial fan, being to some
extent constrained by the various rock outcrops and the
establíshment of snal1 riparian bushes and trees.



Although Wadi Bana is by far the most important sourceof runoff and sedirnent, fan development tras ,1"o 
-;;;n

influenced by wadi Hassan, the western wadis Maharia andsuhaybiyah, and occasional spates from the large number of tin.-mountain-front catchments. There is no sign of any drainagepattern arising from storm rainfall on the alluvium itserf.
Wadi Bana and Wadí Hassan currently flow within about3 km of each other. From the shape of the delta and the widthof I^,Iad i Hassan it appears 1ikely that Wadi Hassan ut or,. tir"took sorne or al.1 of the Bana discharge. Lttadi Bana,s sfrarp U"l,ato the south-west at Bateis may ..",.r1t f.orn a"po"ition 

-á,.rring
an earlier sta€ie of fan development, or nay be à result of thàunderlying synclinal geology (see below).

An ínhet:ent feature of fan development is thecontinuousr,y changing channel pattern: these shiits ensure t;;tmaterial is distrlbuted over a wide area (a f,.r.,.ttor, ,,o"largely served by the irrigation syscem). It is thereforesurprising that channel shífts during the rnajor March 1gg2flood (see chapter 4) were relatively minor. The main etr"ct"\^7ere generally to straighten the wadi channel and to makeredundant the left hand branch of the wadi downstream of lheAden-Zlngibar road bridse.

!. r. J ue olosv

_--Geological conditions can be summarized very brieflyas ro1_Lows:

(i) the laladi Bana catchment is dominated by precarnbrian
netamorphics and basaltic lavas of Miocene_Recentoris in.

\ 111 the study area is a delta of fluviatile sedinents,interbedded with wind blor^m deposits and mainly siltysoil deposited by the irrigation \,/ater.

The precarnbrian metaÍnorphics in the Bana catchrnent arethought. 
-t-o be mainly gneísses and schísts, and are of 1owpermeabillty. These basement cornplex rocks are strikinglydissected by pínkish-red pegmatite'dykes aná si1ts. BasalticIavas are significant only in the uppàr catchment. They belongto the Aden volcanic series.

At the southern edge of the catchment Jurassicformations are encountered, lying ,rr,.o.,f o,*rtiy on the basementcomplex. They have been dated as Upper JurasÉic and at Bateisare composed of limestone ínterbedded with marfs. Muchfaulting and folding has occurred in the southern part of thecatchment.
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The study area alluvium ls broken by rock outcrops!
chiefly ín the Al llusn and Gíar area. The outcrops appear
either to be of limestone (eg Jebel Khanfar at Giar and Jebel
Ár Ravrwa) or of metanoïphics (eg at A1 Husn). lt is possible
that they are evidence of a synclinal valley, in effect a
contínuation of the Wadl Hassan valley line stretching fronr
east-north-east Èo rnrest-south-\íest.

STUDY OBJECTIVES

The scope of the hydrological studies is contained in
paragraph 1(a) of the Terms of Reference, which states thát the
consultants are required to "study, aualyse and evaluate aIl
existing hydroTogTcal data, reports and studies of Wadi Banat'.

In addition, paragraphs I (f) and 1(d , which are
principally of concern to the engineering and agrícu1tural
studies, have impllcations for the hydrologíca1 work:

1(f) "study the behaviour of r.{adi flows under peak floods
and normal floods between Bateis and Gharaib and to
recommend on the necessary traíning works reqr.rired to
keep the \íadi in a steady course commanding the weirs
at all tlmes and protecting the area of the project
from future scour or damage by floods".

"study the existing traditional irrigation system of
phase Il consisting of the lands now commanded by the
Bateis, Makhzan and Gharaib system and recoromend
reasonable rehabilitation and improvements aiming at
efflciency of irrigation, \,íater economy and increased
vleros.

1(e)

In order to meet these project tasks the following
nain hydrological objectives were set:

íi)

( aa,

( 11r J

deríve study area climatic means and estimate
potential reference crop evapo transp írat ion rates.

obtain flood frequency curves at all potential weir
sites on Wadi Bana below Bateis.

estimate the areas of land which may be irrigated from
flood flows in lladi Bana, and quantify the reliabillty
of such irrlgation. For these studies ít rnra s of
course necessary to ínclude all land commanded by I{adi
Bana (ie rlght bank land as well as study area land
which ls chiefly on the left bank).
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t') STUDY TIMING AND INPUTS

The Binnle & Partners tean hydrologist, Mr T. Yates'
was in PDRY for three months frorn 20 May to 18 August 1983.
This was followed by a period of apProxinately two months in
London. A Hewlett-Packard 9825A desktop computer was taken to
PDRY and was used extensively to rework basic f1or.' data. There
Lrere no counterpart hydrology staff.

The períod in PDRY spanned the gap between the Seif
and Kharif flood seasons. Wadí flows are low during this
period and 1ittle irrigation takes place. The Kharif flood
season in 1983 began later than is usual: the first sPate of
any size did not arrjve until l7 August (whereas a majority oÍ
years enjoy high wadi flows frorn the beginning of AugusÈ - see
Figure 3.6). The timing of chis part of the sLudy was less
than idea1, therefore, as flows were not especially low nor
were there sufficient floods to observe the Progress of Kharif
irrigatíon down the wadi or to collect sedinent samples at high
flows.

I
t

t

A full bib liography
important reports seen \^Iere:

appears in chapter 8. The rno st

Àhwrn nplrá Prrriê.r .lÊfínite
c1ímate and hydrology.

Dar Al-Handasah (1973):
plan report, annex III '

a

I

!

;

,-

( 1980-l) : Wadi

íi)

íiii) Sogreah (1981): CreaLer Aden Water SuPply Project,
Wadi Bana hydrogeological survey and study.

Groundwater Developnent Consultants
Tuban Water Manasement Studv.

The f o11owí.ng mapping was available:

(a) 0Nc
l:1

series sheet K-6,
000 000 ( 1975)

edí t ion

TPC ser:ies sheet K-6AG, editíon 2-GSGS' scale
1:500 000 (1975)

South Arabia serles K669, sheet 1345C, edition
1-cScS, scaLe l:i00 000 (1967)

South Arabia series K667, Sheets 13448-D, 13454,
1345C and 1445C, edition 4-DOS (1964)

Aerial photography of the delta (but not the catchment
north of Lígma) aE 1:10 000 scale was available, flown ín May
1971 by Aero-Precisa, Beirut and November 1982 by Middle East
Aerial Photogrammetric Surveys Ltd (MAPS). Limited coverage of
the northern part of the delta, flown by llunting Aerial Surveys
in the late 1950s, was also available.
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2.r GENERAL DESCRTPTlON

The study area climate is hot and arid, becoming
semi-arid further inland over the Bana catchmenÈ. Rainfall
amounts are low and are highly variable, both areally and
temporally. Both study area and catchment lie south of the
n^rlhêrn rr^ni ^ end nonSoOnal andL!ulirL

mediterranean weather influences. As will be seen 1ater.
most study area and catchment rainfall occurs from l"larch to
M.y, and in larger arnounts from July to Septenber. The
underlying weather systems are djfferent during each of these
EWO SeaSOnS.

Spring rainfall is thought to arise from the
convergence over the Red Sea of cool air (generally of
mediterranean origín) with warmer aír. The warmer air may be
northern monsoon air flow (eg. frorn the Tndian subcontinent) or
rnay be polar air warmed and/or moistened by passage over the
Arabian area. This convergence is known as the Red Sea
Convergence Zone (RSCZ). on occasion the convergence nay
produce sufficient lifting of the air mass for it to spill over
on to the Arabian plateau. In spring the díurnally different
heating of land and sea surfaces can give rise to thunderstorns
in the Yeneni mountains.

Summer raínfall is caused by warm, moist south\^testerly
monsoon air. It is diverted al,ong the Red Sea trough where it
is lifted and converges rrith northerly air streams. The linjt
of this Intertropical Convergence Zone (ITCZ) activlty lies to
the north of Jeddah. lts greatest irnpact is felt along the
southern coast of the peninsular and in the western part of Èhe
Yemeni mountaíns.

Tropical cyclones, originating off the west coast of
India betlreen l0' and 15'N, are said to penetrate as far as the
Gulf of Aden (see Watts, reference 17), but only rarely. There
ís no suggestion that the sÈudy area has ever been affected by
cyclone-related rainf a1l,



2.2 RÀINFALI

2.2.1 SÈation network and available data

Figure 2.1 shows the network of rainfall statíons
relevant to the present studies. They are also listed in Table
2,I. Station locatíons have been checked as far as possible
r^7ith the available mapplng (see chapter l). Many locations are
not certain. Particular doubt surrounds Khalla, which has been
provisionally placed on the Bana near the YAR/PDRY border
following Sogreaht s (ref 24) reference to a setÈlement of this
name .

With few exceptions the statíons are concentrated near
the naj-n centres of population or along the Principal lines of
communication. APart froro Khalla, only one statíon' YariÍn'
lies (just) within the Bana catchnent' El Kod lies just Èo the
south-west of the study area. Three stations (Sarar, Alirgah
and Sha'b a1 Baari) have recently been established in the upper
Hassan catchnent and have been rePorting lntermittently since
August 1981. 1f conÈinued, they should ultimately provide
invaluable ínformatíon. Although a clirnate station is known to
have existed at Giar, centrally located Ln the study area' no
rai.nfall data are apparently available for it.

Sources of rainfall data are quoted in Table 2.I'
DirecÈ access to YAR data ttas noÈ possible. For the stations
in PDRY most monthly data came from MAAR files and o1d UK

Meteorological Offíce rainfall surnmaries. GDC (ref 4) have
provided a useful sunmary table of annual rainfall.

Data quality is probably not high. Discrepancies
betr^reen different sources of the same record were Íroted on
several occasions. A frequent source of confusíon arose
beÈween nonths of no record and months of no rainfall. Given a

choice the oldest data source was always Èaken. Study area
rainfalL ís insignlficant in water resources terms (see sêction
2,2.2) artd there are, to áll íntents and purposes, no catchment
ralnfall records. It was therefore not considered worthrthile
to undercake any formal quality checks.

2.2.2 Annual rainfall

Annual rainfall in aríd and semi-arid climates tends
to be highly variable. IÈ rntas noted that coefficíents of
variation of "long" records r4/ere typically 30-40% for htgh
rainfall stations (eg Dhala) to 100-1202 at low rainfall
stations (eg Aden, E1 Kcd). This exacerbates the samPlíng
error problem inherent in the use of short records. CouPled
with the inadequacies of the statíon netltork, construction of a

useful isohyetal nap in this area 1s made extremely difficult.

Recognizíng this, Griffiths and Hemming (ref 18) made

extenslve use of vegetatlon information ríhen dra\a7ing theír
isohyetal map. Ralnfall data collected in the 20 years since
their pioneering work have not filled the gaps in Èhe netl4rork



to any great extent. Accordingly, the isohyets plotted on
Figure 2.1 stí11 follow the pattern napped by Griffiths and
Henming. The main changes are shífts to the north and west,
respectively, of the 100 mrn and 300 mn isohyets. The 1760 mm
average rainfall quoted for 1bb was ígnored for isohyetal
purposes: the town is surrounded by high mountains and the
rainfall figure, if true, probabty only applies to a very small
area. GDC (ref 4) attempted to relate ralnfall to altitude but
the results r4rere not encouragíng and we have not tried to
follow suit.

SÈation rainfalls shown in Figure 2.1 are averages of
record. ConsÍderation was given to adjusting them by comparing
means of record periods with 1on€! tern neans at index stations.
El Kod and Dhala suggested thernselves as suitable index
sÈations in low and high rainfall areaa ïespectively. However,
comparisíon of individual years' totals at individual stations
indicated that even annual rainfall shows such spatialvarj.ation that attenpts at adjustment were abandoned.

Any catchment rainfall estiÍnates nust
very crude but, equally, must be attenpted. Use
gave Ëhe following values:

CatchÍnent

inevitably be
of Figure 2.1

Rainfall input
M''n" / Yt

Area
km2

Rainfall
nm
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Bana

Tuban

Suhaybiyah

Hassan

200

090

400

300

360

530

200

200

5 90

700

290

660

Figure 2. I suggests that study area raínfa1l lies
betlTeen 50 and 100 mm. If we take average point study arearainfall as 80 mm and assume that its percentiles can beinferred from Ehe frequency distribution of T,ahei annualrainfall (average 63 run), then we obtain:

Non-exceedance
probabiliry, U

Study area point
rainfall, rnm

4020

50 70

10580



)1,

Total median rainfall (no reduction for effectiveness)
represents only about one-tenth of the Kharif gross seasonal
irrigation applícation, and does not actually affect the
Ínagnitude of the latter. In water resources terrns, then, study
area raínfall is insigníficant.

2.2.3 Monthlv rainfall

Figure 2.2 shows the seasonal distribution of average
nonthly rainfall at Dhala, Mukeiras, Lahej and El Kod. The trro
peaks, in spring and summer, are clearly visible at the high
altitude stations, rather less so at Lahej and El Kod. The
second, ITCZ related, peak is the Ínore pronounced. The use of
averages for 1ow rainfall statíons has a definite drawback j.n
that (as to a lesser extent .rith annual rainfall) one or two
heavy raínfa11 events can impart a large positive skew and
consequently increase the average consíderably. Thus the
February and october El Kod averages are ín both cases strongly
influenced by single historic days of heavy rainfall.

Under these circunstances, nedians are better
indicators of "average expected conditions". Estlmated median
monthl,y study area rainfalls are therefore shor^rn in Table 2.3
and Figure 2.3. They LTere estimated from nedian monthLy
rajnfalls at E1 Kod, Lahej and JoL Madram. Median raínfa11 is
insignificant in alL months and is therefore considered
jneffective in satisfying crop water requirements. As the
nearest statíon to the study area, the entire E1 Kod record is
oirran ín Áh^ón,liv 

^

STUDY AREA CLIMATE

Although the srudy area has a hot, arid c1ímate,
diurnal and seasonal variations are moderated bv the DroxiÍnitv
of the sea. The clirnate is characterized bv:

Low and highly unreliable rainfall (see previous
section)

high sunshine and incident radiation

gusty \íind conditions in June, July and August
leadÍng to dust sLorms and generally poor
visibility
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Adopted cLimaÈic means

All stations in PDRY kno\,7n to have recorded some
climate data other than rnerely rainfall are shown in Figure
2.I. 0n1y Giar and El Kod 1íe close to or wlthin the study
area. Gíar was apparently operated for 3! years, from 1965 to
1968. The exact site of the station is not known but is
thought to have been at Giar Experimental Farm, just north of
Jebel Khanfar. Both shortness of record and general lack of
information regarding exposure, times of observation, etc,
ruled out use of the Gíar data to describe mean study area
clina t e ,

The E1 Kod station has been operated since 1958.
"labLe 2.2 lists station details. In general the station is run
well under difficult circumstances. Current problerns with
Ínstruments are:

(i) the evaporation pan is very corroded

(ii) a the rmohygrog raph, recently suppLied by FAO,
can only be accommodated by leaving the
S tevenson screen open.

(iij) the sunshine recorder needs resettins.

The statioo site is fair, being between irrigated
fields and low trees. It has bare sandy soil cover. Àlthough
not ideally situated to represent study area conditions, lack
of a suitable alternative led to its adoption. I,iith the
excepÈion of rainfal1, then, all study area climatic values
have been taken from the E1 Kod record. Rainfall values were
derived as explained ín 2.2.

Records were obtained fron three sources:

(i) El Kod files for 1961-82

(ií) Empire Cotton Growing Corporation publications
(ref 19) Íor 1961-5.

(iii) Dar Al-Handasah (ref 1) for I958-60 and 1966.

The record was scrutinized Íor obvious errors and
inconsistencies. Where possible the original daily records
were used to correct them. In genêral the quality appears
fair: certainly good enough for a number of detaí1ed crop
q'ater requirement experiments in the 1950s and 1960s. The flain
problem arose with relatlve humidity values. Quoted nonthly
means appeared to increase suddenly and become more variable
around 1967/8. Subsequent investigaÈion suggested a likely
cause: originally, observations were at 0630h and 1300h and
were averaged, but currently the practice is to make only a
single observation, at about 0700h. Only records up to 1967
were used, therefore. I4here later values were needed for
evapotransp irat ion estinates, 1958-67 monthly neans were used.



2.4

The complete records oÍ Èemperature' relative
humidlty, sunshine and run of wínd are given in Appendix A'
The adopted rnonthly means are surnrnarized in Table 2'3'
Although six years of Gunn-Bellani inconing radiation data are
available beÈween 1959 and 1966 Èhe values presented by Dar
Al-Handasah (ref 1), their principal source' aPPeal: susPect and

have not been shor^m.

Seasonal variaEions show through quite clearly ín
!'igure 2.3, TemPeratures and evaPo transp irat íon rates peak'
and are nearly constant, over the summer period from May to
August, and reach their lowest values in December and January.
s ome\^rhat surprisingly, sunshine hours are greátest ín May'
during the latter part of the Seif flood season. I-ow values in
July are probably attributable to dusÈy atmospheric conditions'

Absolute highest and lowest air tenperatures recorded
either at Giar or E1 Kod are:

Absolute max irnum 41.7'C (IÍay 1965 at Giar)

Absolute minimum 10.0'C (Novemb et I912 at E1 Kod)

EVAPOTRANSPIRATION ESTIMATES

Estimates of reference potential croP
evapot ransp irat ion (ETo) were required for írrigation agronomy
studies. The Penman formula is widely recognízed as a

satisfactory method of esÈinating ETo and it was used here'

The formuLa may use eíther neasured incoming radlatíon
directly, or a regression equation enabling radiation to be
estimaÈed from sunshine measurements' About three years of
nonthly radiation values were avaílab1e but ' after some

consideration, 1È was decided that this was too short a períod
either to establish a loca1 sunshine-radiat íon relationshiP
with any confidence or to be used as a basis for ETo estimates'
Regíona1 sunshine-radiaÈ ion relations were therefore used.

Ë

Ë

i

The

ETo

where Hi

Hb

Ea

B

Penman formula can be Ítritten

B (Hi - I{b ) + (l - B) Ea

nett incoming short-wave radlatíon, mn/day

nett long-wave outgoing radiation, nrn/day

aerodynamic term, rnrn/ daY

D/ (DlG) (D = slope of saturated vapour
pressure curve in rnb/"c' and G =
psychrometríc constant in mb/'C)

>

IO
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The weighting factor B (a funcËlon of air temperaÈure
and altitudê) can be read from tables (eg McCulloch, reference
2l). The radíation and aerodynamic terms are estlmated from
meteorological data as follows:

Hi I{1

where r

Ra

n/N

"l'
I{b Hb

where s

where

= (t - r) Ra (a. + a^n/N)tz

= albedo (0.25 for crops, 0.05 for open water)

= solar radiation at outer edge of atmosphere
in rnrn/day (from McCullochrs tables)

= no of bright sunshlne hours/rnax possible
hours of bright sunshine (fron Eables)

a^ = regressi on constants

= sTa (a- -a,./he) (a-+a. n/N)J 4- a ) b

-g= 2.01 x l0 - ( S te fan-Bo lznann constant
relating black-body radiation to
i êfrnêrr f rr rê \

= air tpmnêráttrip. "abs

= relative humidity (as a fraction)

= saturated vapour pressure, rnb (Íunction of
air tenperature, from Eables).

^3-^6 = constant.s

Ea = 
^.1"^ 

(l -h) (ar+ an ur)

uZ = nind run in km/day at 2n height

^7-ug = cons canEs

Values of the constants ar to a,,' are shown in Tabl.e
2.4. They were raken from equatiori (5) df faulkner and Evans
(ref 20), This form of the equation is the sarne as penmants
original but incorporates Glover and McCullochr s
sunsh ine-radiat ion relation (ref 22). Faulkner and Evans found
in Èhe course of experiments in Saudi Arabia that Èhis equation
(used in conjunctLon with crop factors from ref 23) agreed well
wíth observed crop evapotransp irat ion rates. The widely used
Doorenbos ánd Pruitt procedure (ref 23) was found by Faulkner
and Evans to give substantial overestimates.

11



Annual ETo = 1960 rnm (5'37 mm/daY)

Other annual ETo estimates seen \^/ere;

ETo values \tere estimated for each- month of record

with values of "t""ni'it ' 

--"i"d t"tt' relative hurnidity and

temperature. naity mean values were used in each case' This

grï'"-rppt.-ttat ely 2l yt"t" ot ETo estimatesi they are sho\tn in

ADDendix A. Monthly *tut" upp"u' in Tab-le 2'.3 ,ar'd 
Figure 2'3'

;í:ï;;;"ï'..i"i (tá'-'"a'a to'ihree slsniricant rigures) is

E

E
E

t
E
E
E

t

f
=

È

Í

É=

E

F
E

In each of the above cases period climatic means ÍIere

usedratherthanthe'o'.'"",,'"t"approach,adoptedhere,of
calculating ETo for each historic month of record' In Dar

Ài-tturrau"ufrt s case' incorrect values of saturated vapour

pressure were also used'

No frequency analyses of monthly ETo values \^/ere

carried out, for two reasons:

(a) the variability of ETo is smalL beside

inaccuracies itt estímates of irrigatÍon
efficiency and readily available soil molsture'

(b) each field receives' generally' only one water

aPplication Per growing season and so no

resPonse ís 'pos"iblt to subsequent weather

conditions '

AnnuaI open water evaporation (Eo) was estimated

(putÈing t-=-o'o:'""a "t-= 
0'5) for three years whose annual

ETos were close to anu isrrg term mean, from which was obtained:

Dar A1-Handasah (ref 2) :

CDC (ref 4) :

CDC (ref 5) :

annual Eo = 2380 rnrn (6,52 Ím/daY)

190 2 mm (E1 Kod)
1980 mm (El Kod )

1970 mrn (Tuban delta)
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EL KOD CLIMATE STATION DETAILS

Location:
Altitude:
0b server :

0bservations:

First observations:
Exposure:
Ground cover:

l3'05 ' N 45'22tI' (grid reference
15 m

Hasson Hadi Hamada

currently once dailY at 0700 h
originally twíce daily at 0630 h

September 19 58

open country to wesE and north'
bare sandY soi I

NK392474)

and 1300 h

low trees to east.

ConditionInstrumeÍrt

1. Campbell-Stokes sunshine recorder
(Negretti & Zambra model)

2. Standard raingauge
(N & Z 200 rnrn dia. )

3. Psychrometer (non-asP irated )

4, Max and min thermomeEers

5. Píche evaPoriÍneter
(N & Z)

6. Evaporation Pan

1. Anemometer
(N & Z, 3 cuP Pattern)

8. ThermohYgrograPh
(Seíkj model, suPPlíed recentlY
by I'A0 ) '

Table needs reP lacernent
and re levelling

Satisfactory ' Ríu aPProx.
300 mm above ground '

Sat is factorY

Minimurn not working in
May 198 3.

Satísfactory. Mounted in
screen.

Very corroded and dirty

Mounted approx 2.3 rn above
ground. CuPS are b at tered
but turn freely.

HygrograPh Pen not working '
May 1983. Instrument too
big for screen which is
theref ore ProPPed oPen.

-
-;
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TASLE 2.4 ADOPTED PENMAN CONSTANTS

Te rro Constant

-

-

-

.-

-

ó
ó

Value

Ín 
^^Éi 

nè

radiation, 11.

Back
radlatlon, 1l

Aerodynamic, Ea

"l
-2

a^
J

à,.

"5
o

u7
a

ó̂
a

9̂

0. 28
0.52

0.56
0. 08
0. 10
0. 90

0 .26
1.0/0.s
0.0062

Notes

Units: pressures in mb' wind run in km/day,

2. a, derived from 0.29 cos (latitude)

=lOfnrarnnc.
= 0.5 for open waÈer evaporation.

-
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Record:1955-63
| 97 3-82

Dhala: av aan rainfall 397 u
alt 1500 o

EL Xod: av ano rainfal.l 49 m
a1t 13 o

Record: 1954-9,
1977 -8r
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Èá,rkeirag: av ann rainfall 214 u
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Lahej: av ann rainfall 63 m
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Median roonthly rainfall,
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SURFACE RUNOFF
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1l INTRODUCTlON

3.1.I Available surface water resources

Two major wadis discharge regularly inÈo the Abyan
delta: Wadi Bana and Wadi Hassan (see Figure 2.1). Based on
the adopted l95l-65 record (see below) the mean annual runoff
(MAR) of l,,ladi Bana at Batels is approximat ely 162 M.rn3, or
about 6Z of the estiÍnated catchnent rainfall (sectíon 2.2) .
There are no records of l,tradl Hassan flow. Assuming that
percentages of rainfall emerging as surface runoff are similar
f or both wadis, I,Jadi Hassan I s I,ÍAR at Ad Dirj a j nay be of rhe
order of 40 M.m3, assuning no subsÈantial upstream diversions,
These figures may be sumnarized as follows:

Wadi Area
km2

Rainfall input
M' tt /Y'

MAR

M. m3

Bana (at Bateis )

Hassan (at Ad Dirja-i)

7 200

3 300

2 590

660

r62

40

-<

-<

-it

"z
-:

-z
-ea

(Catchment areas planimetered on l:100 000 1-GSGS sheets and
I:500 000 TPC sheet K-6AG).

Wadis Suhaybiyah and Maharía approach the delta from
the west (Figure 2.1). Surface flow in these wadí probably
only reaches the delta during rare floods, beÍng otherwíse
entirely diverfed for irïigation or lost as wadi bed
infiltration upstream. Their signíficance for Abyan delta
water resources 1íes chieflv in thêi r contribution to
groundwater recharge.

The irrigation area conmanded by líadi Hassan amounts
to about 4 400 ha wíthin rhe Abyan delta (Dar Al-Handasah, ref
2), GDC (ref 3) report a further I 200 ha being cropped in
1978 at Èhe Yeramis cooperative, well upstrean of Ad Dirjaj.
Assurning a Kharif season gross irrigation deprh of 0.7 rn,
approxirnately 40 M.rn3 v/ould be needed to irrigate this area.

There is thus no scope for transfers of r^rater to
suppleruent l,Jadi Bana f1ows, and to the best of our knowledge no
such transfers have been made. Additional evidence to support
this comes from the practice of transferring \,/ater ín the other
direc.tíon, i.e, from the Bana to the Hassan (see below).
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3.I.2 Nature of l.iadi Bana runoff
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APproximately 90% of tlne nean annual runoff occurs
during t\to rnain flooá seasons from March to May and frorn July
to Ociober' The catchment is steep and largely covererl by bare

rock of 1ow permeability: storm rainfall thus emerges as

sudden spates in the wadi. (HydrograPh shape is discussed in
more detail in chapter 4). Numbers of indivldual flood peaks
(regardless of magnltude) are avaiLable for 1951 and 1953-5

iauïfi.a and recoràed ín the Abyan Board ltater books) and have

been counted for 1958 and 1963 (driest and ríettest years
respectively of the adoPted 1951-65 record)-' The six year

"lr.tng" "t" 
tt5 floocls/year. The number of floods counted ín

this iay and the total annual runoff appear to bê unreLated'

Reports and records indicate that some surface flow is
available throughout most years at Bateis' This appears to be

groundwater which emerges as surface r^'ater just upstream of
Bateis; at Ligna' some 3 kn upstream of Bateis (see Figure
3.1), the wadi bed is sald Èo be dry for most of the dry

".."orr. 
GDC (ref 3) estimated the flo\a7 at Bateis to be about

io il" (4 000 rn3/day) at some time during Ehe 1979180 dry
season. (The timing of the present study precluded any such

measurements).

A number of other springs in this area may have an

origin similar to that of the Bateis dry season flow' Flow
(meásurecl as 300 1/s in June 1983) ernerges in the hítherto dry
Wadl llurub bed about 400 m above the Bana/l{urub confluence' At

this polnt the Hurub follows what rnay be an o1d Bana channel
an<t ii is probable that water stl11 noves through the alluvium
betlteen the Present and the former watercourse' Similarly a

sma11 perennial spring flow emerges just south of a narshy area
near Shakat ba Omer and is used locally for irrigation' The

locations of these Points are shown in Figure 3'I'

More deep-seaÈed springs also exist in the area'
Spring flow was seen in a limestone gorge in the Hurub

.àt"hr..rt, about 5 kÍn upsÈream of the Bana confluence' and two

springs, one of which Í,Ías hot and very sa1íne, ltere noted on the
right bank of the l,Jadi Bana about l0 km upstream of Bateis'

3. 1.3 Other water users

Considerable areas are known to be Írrigated fron
small-scale diversion works in the upPer Bana catchment' both
in the YAR and in PDRY. Unfortunately, informaÈion on the
quantities of water involved is not readíly available and we

have had to assune that runoff characteristics at Bateis !tí11
remal-n substantially the same as during the adoPted runoff
recorcl from 1951 to 1965. The El Gebla irrigaÈion inmediately
above Bateis (Flgure 3.1) has an area of only 130 ha and its
requirements are negligible by comparison with offtakes further
downstream.
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There are no other existing, or, to our knowledge,
potential users of Wadl Bana surface ríater between Bateis and
the sea. Transfers to Wadi Hassan must be mentionecl, horqever.
Up to the flood of March 1982 transfers could be made by two
canal s:

(i) Shakat ba Omer (SBO) canal

(ií) Bani-Hassan canal

The arrangenent is sketched in Figure 3. I . Both
canafs have sna11 irrigation comrnands ín their o\^7n right: the
gross seasonal requirement of Shakat ba Omerr s comrnand is about
I M.m3. Of the two canals only Bani-Hassan is currently
serviceable, but Shakat ba omer wiLL be reinstated once the nev
Bateis weir is complete. There is also a possibility that a
new 40 rn'/s link canal r^rill be built, also to be supplied from
the new Bateis headworks.

Values for Baní-Hassan flows are not available: they
are included in Main Canal totals. However, when Main Canal
diversions are compared \,/ith estimated irrigation demands of
its coÍunand area, it is clear that transferred volurnes must be
very sna1l. Shakat ba Oner, however, has a significant nominal
capacity of 10 rn3/s (Dar Al-Handasah, reference 2). For seven
years for which data were readily available, Shakat ba OÍner
volumes were compared \.rlth total Sê1f and Kharif seasonal
runoffs (see secEiou 3.4 for díscussion of Írrigation seasons):

Year be 1r volumes (n. m- J

IaI Bana SB0
Knarlr vo _Lume s (uL.Ín-J
lt Bana SB0

-

<

-l

-l

=I

=I
3
3
3
3

1952

195 3

1954

r955

1960

1961

r962

19 .2

28 .5

23 .2

r3.9

70.8

i2

10.6

3.2

0

3.0

4.8

0

0

c? o

108.5

163.8

118.8

4t,7

71 .6

131.0

8.3

10.8

4.5

2.2

0.2

0.3

2.r

Shakat ba Omer volurnes
irrigaÈion season runof f s.
understand to be the operatíng
llassan are only made when there
area eomnand by tíadi Bana.

are small compared \,/ith total
This accords with whaE we
policy: that transfers to Wadi
is no demand for water in the

t9



a') INADI FLOI^J RECOR.DS

3,2,1 Records available

Published Wadi Bana runoff data are available from two
main sources: Dar A1-Handasah (reference 1) and Sogreah(reference 24). Dar Al-Handasah cornpiled and reproduced Àbyan
Board and MAAR monthly runoff volumes for the perlod 194g_71,
and daily volumes for March 1951 to Septernber 1971. Sogreah
extended the record, agaín using MAAR ancl Abyan Board data, to1917. For 1978 and I979 only annual totals are available.
Published monthly data are sunrnarized in Table 3.1.

_ For this study estínates of fLovrs averaged over much
shorter periods than one day were needed (because of the
extremely flashy nature of runoff - see section 3.1). It Í,ras
fortunate, then, that we were able to acquire the original
Abyan Board water books for l95l-65, rdhich contain complete
sets of Bateis staff gauge readings. (No routine staff gauge
readings have been made at any of the welrs below Bateis).

In addition, a number of miscel.laneous l,Jadi Bana
g1l]gilC" have been reporred by Dar Al-Handasah (1971), Sogreah(1970) and GDC (t919). They are lisred Ín Appendix B.Significant amounts of runoff data for compárab1e catchments in
PDRY are, to our knowledge, línited to Wadi Tuban (see Figure
2.I for catchment location). For this catchment GDC(references 4 and 5) have worked up daily flows for 1973-g0 and
have also estimated annual totals for 1955-61 and 196g_72.
Monthly totals fron I980 ro June 1983 are available in MAAR
files in Aden.

3.2.2 Gauging arrangementsi data qualíty

The bulk of the avaílable Wadi Bana runoff estimates
are based on staff gauge readings ín four canals at tsateis andin the wadi below the o1d Bateis headr^rorks as follows:

E
F
t

:

.=

=

i=

-

=

I. Bateis Canal

2. Maincanal

3.

4,

Shakat ba OÍner Canal

Massani Canal

5. I,Jadi Bana

Added together, the flor^rs at these gauges reprêsentthe total runoff available at the old Bateis welr.

The sketch in Figure 3, I shows the gauging
arrangements as they are thought to have existed for most of
the períod of record. There was evidently no means ofrecording water' leve1 at the o1d Bateís Í^reir, presurnably
because the procedure began before any permanent weir existed,In September 1981 flood waters removed the Wadi Bana staff
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gauÊe, uhÍ1e in March 1982 the upper reaches of Shakar ba Oner
:ana1 were destroyed, also by Í1oods. The Massani canal
:.eaci',,-orks have also been destroyed in recent years. Thus, only
'rateis and Maincanal staff gauges are read at present, I.iad j
Eana stages being estimated by the gauge reader. Despite
rumouÍs to the contrary we have seen no evidence that a water
level recorder aÈ Ligna has ever existed.

At least for the early part of the record gauges were
read several times a day, generally at 6h intervals during 1ow
flow periods and increaslng to typically l0-20 tímes per dêy
(lncluding the night) during periods of high Ílow. Gauge
plates appear to have been narked only at 50 mm intervals.
Nevertheless, the very frequency of observations is
encouraging,

The same rating curves have been in use since at least
1951. In the case of the canal drop structures these !,/ere
theoretical weir ratíngs and, despite Dar AL-Handsasahrs
findings in 1971, were probably satisfactory for the structures
in existence during the early part of rhe the recorcl,

The origin of the lrradi Bana rating is unknown: there
are no records of any early f1o',r rneasurements, and ít may
therefore have been based on slope-area estinates. There is no
stable control anywhere in this reach of the wadi, although lt
is said that earthmoving equipment was used to reestabllsh the
section following a f1ood. Records of flows passing the old
Bateis weir are therefore of quite unknovrn re1Íability. In
practice this neans any flows above the combined Bateis and
Maíncanal capaci ty of about l0 m3 /s, and I ater j n the
irrigaÈion season, al1 f1ow. Despite tbis, nar Al-Handasahrs
review (in ref 1) of flow measurement lndicated only an l8%
overestimate, using the Abyan Board ratings, of a measured
Ligma discharge of 112 n3/s (although their rnethod of measuring
this f 1or^' ls unknown).

The only improvement whÍch could be rnade to the Wadi
Bana rating during this study was to realign the high flow
secÈion above 500 rn3/s to pass through the l7 September 1981
estimated peak stage (4m) and discharge (2 450 rn3/s). Other
inprovements are now impossible (Although Sogreah (ref 24)
produced a new rating in 1978, it would not necessarily be any
nore applicable to the bulk of the record than the Abyan Board
ratíng). For want of a practicable alternative, then, it lras
decided to adopt the Abyan Board ratings, the high flow Wadi
Bana rating having been adjusted as described above. They are
tabulated in Appendix B.

3.2.3 Adopted record; reworked flows

Many of Èhe recessions belween the main flood seasons
appeared highly suspect. Daily flows from the water books (and
published by Dar AI-Handasah in reference 1) were apparently
constant for weeks and even months. They also appeared far too
high in the light of dry season flornr observations (section
3.1) : flows at Bateis at the ends of dry seasons \^/ere
frequently recorded as 5 to 10 tímes GDCI s value of 50 l/s.
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Although unimportant beside flood season runoffs'
recessions t.tà fittud to rePlace Particularly suspecÈ dry

season flows in order to obtain a more realistic picture of the

seasonal runofí Pattern. The very láck of nore than a fe&t

credible recessions made this a rather crude oPeratíon' The

recession equation can be wrítten

o = 0 Kt.'t 'o

where Q is the initial flow' Q* the flow after t days and K is
itr" a"ffv recession constant.' After plotting a number of
recessions on semilogarithmíc paper, the foll or'/ing set of K

values was adoPted:

Range of Q^
(r 000 m3 /áay)

É.

É

Ë:

Ê

Ë

È

ts

ts

ts

ts

Ê

Ë

Ê

Ë

E10

150 to 100

100 to 30

0.70

0.73

0.75

0.90

0.96

30 to

10 to

less than 3

Adopted dáily flows for 1951-65 uslng the above

correctlon for recessions and the adjusted rating curve are

shown in Appendix B. Values reworked duríng this study or
replaied by a fitted recession are clearly lndicated' The

remainder àre Abyan Board water book values and are in nearly
a1l cases ldentical r,7íth those tabulated by Dar 'Al-Handasah'

Ààopa"A monthly and half-rnonthly values apPear in Tables 3'2
and 3.3 respectively. For reasons already discussed above it
will be appàrent why the vaLues are on average slightly lower
(57. for iire tSSt-6S period) than the previously pubf ished
estimates shown in Table 3.1.

Short duration flow data

f'or this srudy iÈ ltas necessary to have hourly (or

sirnílar) flows for ilow-duration work and the oPeration
studies, as well as estimates of Seif and Kharif flood volumes'

i".,rti.ry of the published and unpublished data led us to the
conclusion that the record frorn 1951 to 1965 r'ras by far the
rnost reliable, as it has f er.r gaps and a well documented stage

record, and is the period to whlch the Abyan Board ratings are

most likely to apply. This Period \'7as therefore adoPted for
all flow-iluration and seasonal runoff frequency studies' The

question of rePresentat ivenes s is discussed below'

t
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To get the hourly flows referled to above and to stud].
hydrograph shape in any detail, considerable !tne r,.as sDent
reworking basic stage data. A program was written for the
HP9825A to handle up to 15 stage rcadings per day on each c,f 5
staff gauges. Six entire flood seasons were reprocessed in
this way: these seasons r^rere selected after fïequency studies
of seasonal runoffs (see below). 1n addition, many individual
high flow periods were reprocessed, for two reasons:

??

in order to study hydrograph shape;

because the original Abyan Board calculations
frequently appear to have overestimated the time
to peak of a spate. This arose because stases
iÍunediare ly before a flood were often not not;d.
In this study a tine to peak of th (based on
hydrographs reproduced by Sogreah (ref 24)) was
assuned if no better figure could be inferred
fron the water book records,

WADI BANA RL\iOFF CHARACTERISTICS

(a)

(b)

Non-exceedance
probability, Z

Annual runoff
M, m3

3.3.1 Annual runoff

Annual runoffs for 1951-65 are shown in Tabl.e 3.4,
\,thíl.e esÈímated values f or: other years bet\,/een I94g and 1979,
and htadi Tuban values, are shown in Table 3.5. Annual runoffs
for varlous non-exceeciance probabillties were estimated on the
basis of the 1951-65 data only, The annual totals were rarlked
and plotted on log normal probabilíty paper and the following
estimates ob tained:

110

r55

2\A

Mean annual runoff (lÍAR) for Ehe adopted 1951_65
record is 162 M.rn3, or 6"Á oÍ the estimated catchnent rainfall.
MARs as percentages of rainfall for two comparable wadis are 4%
for Wacti Tuban (1973-80 record) and T% tor Wadi Najran (L967-j4
recordl see reference 25). I{trilst provídinÉ! some reassurance
for the Wadi Bana value, it should be rernembered that each of
these percentages compounds errors in both rainfall and runoff
est ima t es .

20

50

80
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Comparison of the adopted 1951-65 period \^7ith the
longer record froro 1948 to 1979 in Table 3.5 does not suggest
that it ís unrep resent at ive of long-term conditions, either in
tenns of Ínean or spread. In vie\t of the poor quality of the
data, no firmer conclusions can be drawn. Long records of
rainfall or of runoff from other wadis, which night have
helped, are not availab 1e.

Figure 3.2 shows plots of cumulative departures from
the mean of Wadí Bana and Lladl Tuban annual runoffs, and of
annual rainfall averaged for varÍous combinatlons of stations'
The only sign of persistence is the four year run of lo!íer than
average Wadi Tuban annual runoffs from 1972 to 1976' There is
no indicatj-on that the Sahel drought of the late 1960s and

early 1970s affected conditions here. The apparent lack of
correlation between runoffs from the lwo !íadis (Fígure 3.2)
probably arises from the fact that the overlapping period is
drawn from the least reliable Part of each record.

Years of noÈably low Wadi Bana runoff were 1976 and
1958: the latter ís remembered locally. Unfortunately data for
the very recent years are not available. If we nay assume that
Tuban and Bana annual runoffs are correlated' then the Tuban
data suggest that, relative to average conditions, 1977-8 was
Í,ret, 1979-80 was dry and 1981 was around average. The March
i982 floods place that year in Èhe "wet" category.

3,3.2 Monthly and half-monthly runoff

Adopted monthly and half-monthly runoffs for 1951-65
are shor.m in Tables 3.2 and 3.3. Half-monthly neans are
plotted in Fígure 3.3. This figure shows clearly the two flood
seasons the predominance of the later, July to october, season.
The l^tradi Tuban seasonal pattern (Tab1e 3.1 in reference 5)
díffers somer,Jhat in that the t\to flood seasons merge and mean

monthly runoffs build up steadily from Apr11 to SePteÍnber.
This may be attributable to more permeable rock EyPes in the
Tuban catchments, or of course to dlfferences ín seasonal
rainfall patterns.

3.3.3 Daily and hourly fLows

Daily flow hydrographs for the Íepresentatíve l{harif
years, 1961 and 1962, (section 3.4) are shown in Figures 3'4a
and 3.4b. The frequent flood peaks and steeP recesslons are
clearly shown. The same features are evident in Figures 3.5a
and 3,5b, which show hourly flows for a selection of Self and

Kharlf seasons used in the operation studies.
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IRRICATION SEASON RUNOFFS

The tining of the Seif and Kharif irrigation seasons
are determined both by expectations of high wadi flows and by
agricultural practices. The Kharif season ís the more
important, both agriculturally and in terTns of available
runoff, and the tining is laid down in an irrigation prograrnme
issued in late June or early July. The Seif season appears to
be less rigidly <ief ined and the perlod adopted here r,'as derived
fron hydrological con s id erat ions.

duuP e ru

Khe-if ce:cnn : I 'rrlv to 15 October

The

( i)
t

iI

3

í

=
!
t

t
i
t
I
3

3

(ii) Seif season . lÁ Marn]' r^ ?l M.-

The hydrological sense behind these seasons is shown
clearly in Figure 3,3, which shows the seasonal distribution of
average half-rnonthly runoffs, and in Fígure 3.6, which shows
the frequencies of high runoff pentads (1e 5 day periods \,/ith a
total runoff exceeding 5 M.n3). During the period 1951-65 the
tqTo irrigation seasons accounted fot 90"Á of the annual runoff.
66"Á was accounted for by the Kharif season a1one.

Table 3.4 lists annual and irrigation season runoff
volumes. Although the serles are short, a number of siÍnple
statistical tests \rere carried out to assist in understanding
the nature of seasonal runoff, The following results, all
quoted at the 5% level of sígnifícance, lrere obtained:

(i) positíve correlations obtained between SeÍf and
annual volumes, and between Kharif and annual
!,^r,,-^^ .,^ ^{ d- ! ficant.érs r rór, r.

signifícant correlation between Se if
volumes occurring in the same year.

I

(ii) there ís no
and Kharif

r'lJ,\ .,^ l+ ^-\r!r./ wELLcr

randomly,
drier than average seasons occur

These resul ts lend support to the argument in
chapter 2 that quite separate weather systems are responsíble
for the two flood seasons.

For Èhe operatíon studies and flow-duration work Ít
was necessary to carry out frequency analyses of írrigation
season runoffs, The ultimate objectíve of this was to assess
the reljability with which a given area might be irrigated by
Wadi Bana. Seasonal volunes froru Table 3.4 were therefore
ranked and plotted, using unbiased plotting probabilíties, on
normal probability paper. Arithnetic probability paper r^ra s
satisfactory for the Kharif values, but even a Èhree paraÍneter
log norrnal distribution was not entirely suited to the Seif
seasonal runoffs.

3
t
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Values with 20"Á, 5O7" and 80ll non-exceedance
probabilltíes \.íere estimated fron the pLots, and historic years
with seasonal runoffs close to these values were identífied for
further analysis:

Non-exceedance probability (%)
20 50 80

I!e4! runoff , M.m3
Closest recorded season
Kecorded volurDe, m. m-

Corresponding non-exceedance
proDaDlrrcy ( /..)

71
r961

77.6

2l

L 08
1953

108.5

50

140
r962

131.0

73

e
Ê

É
5-,

t
=
É

Seif rrrnoff , M.ru3
Closest recorded sea son
Recorded volume, M,m3
Corresponding non-exceedanee

probability (Z)

13*
r962

10.6

l2

22
t954

23 .2

55

52
r960

70.1

85

3.5

(1< 196? L'.,? q noi rhê {.l-osest recorded season but was chosen
because it contalned fewer infilled recession values).

FLOI,J DUMT]ON STUDIES

A flow duration curve shows the relationship bet\teen a
given flow and Èhe proportíon of tirne that this flow is
exceeded. It Ínay be used to estimate the proportion of total
flow in a river which can be díverted by a canal intake of
known capacity. In this study one of the objectlves was to
estimate volunes whích could be diverted from l,Jadi Bana at
Bateis (Ehe only point at r^thich flows are knorn), and the flow
duration curve approach was ideally suited to this. The time
step over which flows are averaged is important: too long a
step wi1.1 give an ove r-opt iÍlis t ic impression of the efficiency
of dlversion. An hourly time interval was used here.

In the tine available for the study ít Lras not
possible to derive hourly flows for the entire 1951-65 perlod.
Instead, hourly flows vere derived on1.y for the three Kharif
and three Seif seasons identified for further study in
sectíon 3.4, í.e a total period of 18 months. Discharges were
expressed as proportions of the average daily flow (ADF) for
the season concerned: this enabled comparisons to be made
between seasons of hígher or lower than average f1ow.

Flor^r duratíon curves
seasons (Figure 3.7) and fron
were drawn:

were drawn for each of the slx
theÍn the followins conclusions

no consistent pattern dlstinguishes between the
flow duration characteristics of the dry,
averase or !íet Kharif or Seif seasons chosen.

(i)
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(li) Kharíf and Seif seasons do have different florr
duration characterístics, -the Seíf season flows
showing greater varlabllíty.

For general use, then, it was decíded to pool hourly
flows for each season. The resul t is Figure 3.8, plotted on
log normal probability paper. ]t can be seen that the
logarithms of hourly flow ratios are approxinately normally
distributed,

The final stage \{as to use the flow duration curves to
estimate proportions of ADFs whlch could be diverted for given
intake capacities, also expressed as proportions of the ÀDF.
Flgure 3.9 shows the diversion curves for each of the síx
seasons and Figure 3.10 the two curves uslng the pooled Seif
and Kharif season data. Use of these curves is descrlbed in
chapter 5.

The flow duration charactistics of the selected
seasons were compared with those of other seasons with sj.niLar
total runoffs. The results were used to aid intêrpretation of
operation study results. In the absence of hourly flows for
all seasons, daily data were used to nake the comparison.
Figure 3. 11 shows the results, graphically, for the nore
inportant Kharíf season. Daily flow duration data for the
selected season are in each case plotEed alongside those for
three other seasons r,/ith similar total runoffs.

The differences in variabilit-v of Kharif daily flows
erê not' erêár. áq Fi orrr_ 1 ive results areYuor a Ld L-

surnmarized below.

Selected Kharif
season

Non-exceedance
prob of total
runoff (Z)

Comparison with
,,^- ; ^LJ 1.1 1,, ^fv dr rdu!!r Ll v!

other Kharif seasons

-

-

-

.

196 I

I953

t962

A sirnilar exercise for

Selected Se if
season

less variable

more variable73

Seif s easons

2l

50

Simí1ar

Stightly

S light ly

Non-exceedance
prob of total

gave the following result s:

uu uP4 r rèuu wrL,,
,,--i -l^.i 1.i F,, ^Fv 4 r rau rrr Lj/ u!

other Seif seasons

-

-

-

t962

1954

1960

55

I2 Slightly less varíable

Slightly less variable

Similar85

I
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TABLE 3,1 PREVIOUSLY ?UBLISHED I,IADÏ BÀNA MONTHLY RUNOFI ESTII'TÀTES

All values in mttlÍon cubic metrês (M.m3)

Feb JulJunllayApr Aug s"p 0ct Nov Dec Total

a9q8
r949
1950

1951
19 52

195 3

1954
1955

L956
7957

1958

1959

1960

1961

1962
1963
1964
1965

1966

1968
1969

197 0

TOTI

t97 2

197 3

I914
4915
197 6

r97 7

1978

t919

0.1
0.6 0.4

1.5 0,8
c.2 0. 1
L.4 2.4

t4 ,6 2.6

f.3 4.8
5.7 3.8
1.8 I.6

0 ,4 0,4
2.2 t-. 0

2.O 1.5
2.9 0. 6

2.2 7 .6

(0,3) ( 6.1)
3. 1 4.8

(3.e) (o. e)
(a.D

0. 9 0.4
2.5 18.7

(14,0) 10.4
10,7 n.2
0.2 33.3

13.5 10,6
6. I 4.5
0.6 12.9
6.1 56.0
2.5 10.3
1.0 0, 5

13,5 2t.2
1. 0 5.4
3.1 5. 8

0,6 7't.O
0.5 37.3
o.2 25.A

(1.2) (4,6)
(3,8) (18.2)
(7.8) (24.7)
72.8 (6.7 )

(30.5) (rs.6)
(5.2) 5.1

2.8 3.'l
20 .9 2.9
16.0 7,8
r0.9 1.6

2.4 3. 3

8.8 14.6
6.0 8.6
1.1 2.O

88. 2 18.1
0.3 2.1
8. 8 3.0

30.3 2.0
1.1 4.8
2.8 11.6

49.3 8.8

0.6 0.1
- (3.1)

(5a.7) -
(u.O (7. o)
(8.7 ) -
(5, 3) -

(27,6) LL,O

15.1 3\.6 'j .6 3.0 0.3 0.6
28.6 17.6 9.0 - 2.6 4,9
48.9 88.4 2A.4 2.2 1.6 1.6 209
13. B 115.4 14.6 3,7 1.5 2,0
11.7 54.3 32.6 0.5 0.4 1.0 131
50.1 38.5 32.4 3.8 3.9 10.8 I1s
66.6 88.1 43,2 16.3 7.3 6.1 27g
20.2 37.5 54.8 4.3 2.8 4.2 166
14.8 51.3 18.4 20.5 1.5 1.2 t2B
18.1 62.4 13.8 5.7 .t.3 5.2 2a7
r7.3 31,s 6,4 2.2 2.I 1.8 86
12.8 52.0 39.8 4.2 2.4 2.g 131
10.0 11.7 17.8 1.4 1.1 2.3 115
\2.1 39.7 18.2 2.t 2.4 1.3 sr
8.0 67.8 46.7 2.). 1.4 1.2 151

37.4 57.0 17.A 6.7 5.6 2.1 265
50.6 62.3 33.6 r2.5 2.5 3.9 2L5
20.9 46.1 15.5 3.4 7.4 1.4 125
11.7 29.5 32.3 2,7 t-,9 (0.2)

(4i.4\ (20.9) ( 1i.6) -
44.4 40.7 27 , 5 4.9 6. O 4. A
(4.2) 57.7 31.6 (O.7) (a.6) 4.s

(22.3) 39.a (I2.3) 6.7 (o.J,) (o.3)
9.4 13.5 10.4

-

0.2
2.0 0.2

0.8 0.7 0.8
5.9 6.2 10.3

8.7 20.0 64,2 0.2
11 - 1')

0. 6 1.7
r.0 L9.1 13.3
o.7 19.4 2.3

6.8 0.95.6
6.0

8.8 5,4 3.3 2.0
5.6 36.0 I7 .3

2t9
97

Notes: 1) Brackets signify a month whose data are kno\,rn to be incomDlete
2) - = no data, or data not aveilable
3) Sources : 1948-71 Abyan Board records and Dar AI-Handasah (ref.1).

1973-9 Sogreah (ref .24)
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TABLE 3.4 ADOPTED WADI BANA ANNUAL AND IRRIGATION SEASON
RUNOI'FS 1951-65

Year Annual runoff
M. m3

Seif season
(16 Mar-31

M. m3

KharÍf season
(1 July- 15

M. n3

runof f
MaY)

runoff
0ct )

-

=

=

=.t

=
-

J

=

=
{

=
3
-

=
-

-

-

-

r95I

t952

r953

1954

1955

1956

1957

1958

1959

l9 60

196 I

1962

r963

L964

1965

111

r55

226

r6l

r34

261

84

L43

120

95

158

274

2r4

127

36.8

19.2

28 .5

23.2

13.9

14.4

r39.9

12.0

12.5

70.8

'74

r0,6

t32,r

28 .4

27.3

r29 .4

83.9

108.5

163.8

118.8

II2 .I

93.3

58. 1

ï21 .4

4r,7

11 .6

13r.0

t26 .5

t62,3

84.6

Average r62 38.5 107.5

-

-

-
i

-

=
-

-

-

{

Note 1. I95I Seif season Èotal 1s for
not available).

19 March-3l May (earlier data
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TABLE 3.5 -

Year
W. Bana

at Bateis
M. m"

trJ. Tuban
at Dukeim

M. m3

1^I . Bana
at Bat eis

Pl. m'

W. Tuban
at Dukein

M. m3

ANNUA1 VTADI BANA AND I,íADI TUBAN RUNOFFS t.948-82

Year

1948

r949

1950

195 I

1952

1953

7954

1955

1956

1951

1958

1959

1960

196 I

1962

196 3

1964

1965

(es)

(e5)

209

(r73)

111

155

226

r67

r34

267

84

r43

120

95

158

214

2t4

r27

r 03

t 38

120

14

183

206

i50

1966

t967

1968

r969

1970

r97 L

r91 2

1911

r97 4

r97 5

197 6

197 7

r97 8

1979

1980

1981

1982

(135)

(188)

(166)

(149)

(e] )

(r23)

(7 e)

(121)

2t9

97

t28

90

126

r 45

140

63

81

116

46

222

170

92

86

118

322

No tes

I.

2.

Brackets signify

Sources: W Bana
Ií Tuban

incomplete

- see Table
- 1955-80,

198r-2,

years infilled by monthly means

?l
GDC (reference 5)

MAAR files, Aden
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4. FLOOD STUDIES
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4.1

4.2

INTRODUCTION

Design flood esEimates were required for:

(a) the design of new \íeirs on triadi Bana below
Bateis and any associated river training works,
and

(b) the design of a cross-draínage structure on trladí
Mahari.a.

The terms of reference required the Consultant to take
into consideration the design adopted by Soviet engineers for
the new Bateis r,7eir. For this desígn the following floods have
been used:

(i) a weir design flood of 2 500 n3/s, estimated by
the designers to have a return period (T) of 20
years (ref 7)

(ii) an eBergency fuseplug spilh^?ay allowíng passage
of a total flood of 5 000 m3/s, estlmated by the
designers to have a return period of 100 years.

AVAILABLE DATA

Peak discharge data are available for three wadís in
PDRY :

Wadi Catchment
area, km2

Period of
record

No of y ears

Bana

Ha: t

Tuban

7

9

200

300

090

z)

7

I4

r949-82

1959-65

t95l -7 9

(* with gaps)
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The locaEions of the Bana and Tuban catchments are
shown in Figure 2.1. l,radi Hajr lies further east and entersthe culf of Aden at 4g.40rE. The Hajr data were obtained from
Camacho (ref 6) and the Tuban dara fron cDC (ref 4). Orher.
minor data sources for pDRy flood values were Sogreah (ref 24j
and Camacho (ibíd). Alrhough rnajor floods occurred on l^Iadi
Tuban in March 1982, at the same time as the Bana floods, noauthoritative estinates of their nagnitude are yet availablL.

4.3 DATA QUALTTY

4,3. I Wadi Bana

The l98l and l9g2 peak discharges were estinated usingthe slope-area method, by Soviet personnel (ref 7). fo 
"""f,case the work was carried out a f e\,/ days after the event, anJthe values obtained are considered fairly re1iab1e.

Sogreah's 1979 and 1979 values (reÍ 24) are based onstage readings at Bateis, Their Bateis rating curve \,rra sevidently not Èhe same as the Abyan Board rating, U',.rt tt,"y gl1r"no detaíls of its derivation. Estinated side wadi and'cIna1flows were added by Sogreah to get the totals shown in Table4.1.

Values for 195I_66 are based on peak stages extractedfrom the original rrrater books and the Abyan Board ratings,modified (as described in chapter 3) 1n the case of wadí sánáto pass through the estínated l9g1 peak stage and <lischarge.Stages at Bateis and on the various canals were read "t uZryfrequent lntervals duríng spates (sonetírnes every q,]rat.ahour). Recorded peak stagês are therefore probably close totrue peaks. The validíty of the Wadi Bana rating curve,howêver, remains extreÍne1y doubtful.

:-

È

;

;

The
1975-6) were
work, dated
(2 120 rn3/s)
not confirm a

4.3.2 Wadi

Wadi
(ref 4). The

remalning five annual rnaxima (1949-50, l9jO,
taken froÍn ref 7 r,rhich in turn quotes Bulgarian
1976, which was not seen. The 1949 value

stands out. Unfortunately, local questionlng díd
major flood in that year.

Tuban and Wadi Haj r

Tuban data (Table 4.2) were taken fron cDC
sources used by GDC were:

1957-60 : Barraud (ref f1), apparently based on the
number of irrigation offtakes which could
be supplíed by the wadi.

1968-72 : Italconsulr (ref lZ) ,
conputation not knoïTl,

34
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1973-79: GDC values Íor I913-7 estinated frorn daily
mean flows using a peak/daity voluue
relationshlp for 1979. Details of
estimate of I977 "flood of record'r not
known.

Wadi Hajr data were taken from Camacho (ref 6).
Camacho gives no details of methods used in their estimation.
1n addition to the annual max ína listed in Table 4.3, Carnacho
tabulates all Lladi Hajr discharges greater than 1g0 m3/s.

I 98 2 I,JADI BANA I'LOOD

The Bana flood of 29 and 30 March 1982 was a maior
event. In terms of its effects on Wadi shape it was clearly
the single most important event since at latest the 1940s.

Peak discharge has been estimated as 3 810 rn3/s (ref
7), and íts return period (see calculations presented below) as
lyÍng in the range 50 to 70 years. Horíever, not only the peak
but also the duration and hence the volume of the f looci was
remarkable. Stages during the flood could only be estinated as
the I,Jadi Bana staff gauge had already been àestroyed by the
flood of 17 Seprenber 1981, but the fo11ow1ng gives an idea of
the sequence of events:

Date Events

29 March

30 March

31 March

Wadi starts rising late norning and
reaches peak at 1400h (est. stage
2.7 n), follorred by a sllght drop.

Est, stage 4.5 n ar 0900h, rising to
second peak, est at 6.5 m at 1900h.

Stage fa1ls to 1.5 n ar 2400h.

stage falls to 0.4 n at 2400h.

(1oca1 questioning suggested that stages were substantially
over-estimated and that the peak stage \ras not in fact greatly
in excess of 4 rn),

Table 4.4 shows daily rainfall anounts associated r^/íth
the flooding. The inpression gained is of storn cells moving
slowly south or south-east over several days. Amounts received
dropped sharply on the coastal plain. The second, higher, flood
peak may have been the result of a translatory flood wave
produced by runoff in the eastern part of the catchmênt on the
29th-30th March and superimposed on the already swollen river,
but nay equally be connected with the breach of an alluvial
blockage 18 km upstream of Bateis (see section 4,5 below).
Major flood damage was apparently confined to the area around
Dhala (see reference 8) and to the Abyan Delta.
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4.5

The Dhala point raínfall is the largest shown 1n Table
4.4. It is 3.9 tímes the mean of l0 yearsr annual maximum
daily falls at this station (68 mn) and about twice the 50 year
value estimated using I.lan's proeedure (reference 9). It is
possible that it approaches a point PMP for areas rn'íth average
annual raínfal1s between 125 and 500 nrn and not subject to
tïopical cyclones. (see note by Mansell-Moullin on ltadi Najran
design floods (ref l0) ).

IJADI BANA FLOOD FREQUENCY ESTIMATES

4.5 . I Introduction

Wadi Bana has a main stream length of 180 km from the
catchment divide in the YAR to Bateis, and an average slope of
17 m/km. Catchnent geology is doninated by Precambrian
metamorphics of low perrneabilíty as far as Bateis, below which
the wadi flows in a11uvíal delÈaic deposits,

At a point approxinately 18 km upstream of Bateís
(grid reference NK205860) the river currently flows around both
sides of a rock lsland. Formerly only the gorge-like right
hand branch (with a bed width of about 20 m) was open, the
other branch being blocked by alluvium whích was breached by
flood waters in March 1982. llow this feature affects Bateis
flood peaks ts difficulE to say. Probably 1ow to mediurn return
period floods are attenuated once the alLuvial bank is
reestablished, whlle its collapse may increase peak flows duríng
rnajor floods. Unfortunately neither effect was apparent in the
1ow quality data avaílable to this study and the analyses could
not take them into account.

The tLTo flood seasons have already been descrlbed in
chapter 3. Major floods have occurred in both seasons, but of
the 20 annual maxima listed in Table 4.1whose dates are known,
13 have occurred in the July to October (Kharíf) season.

Some details of the history of earlier l,Iadi Bana
structures are avallable. The original Bateis weir dated from
about I953 and survived untí1 the September 1981 f1ood. The
lower weírs are said to have been buílt between 1961 and 1966.
Hayja, Makhzan and Gharaíb survived unÈil the 1982 flood
without major damage, but Díyyu (the earliest weir after
Barels) had to be completely rebuilÈ in 1968 and again
partially in I974 or 1975. The 1982 flood also destroyed the
t\ro narïow brídges (span approximately 120 m) built side by
side to carry the Aden-Zingibar road across the \À'adl. The
earlier of these brldges dated from the I950s and the later
from the 1970s. That a need was (and is) perceived for a high
level bridge is sone evidence of a significant flood rísk at
this poinÈ, despiÈe the irrigation diversions and conveyance
losses over the 34 km from Bateis.
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4.5.2 Approaches

Three approaches were tríed:

(a) frequency analysis of Batels annual maxínun
discharges

frequency analyses of values of annual ruaxlma
divíded by mean annual floods (Q/Qbar) for l,tradis
Bana, Tuban and Haj r

(c) comparison vith flood estimates and envelope
curves Íor conParable areas.

Unit hydrograph approaches were ruled out by the lack
of rainfall and storm loss dala.

Approach (a) - frequency analysis of Bateis maxima

Table 4. I rnaxima were ranked and plotted ' using
unbiased plotting probabilities, on EV1 (Gumbel) paper. An
eye-fit to the points plotted on I'igure 4.1 was adopted, using
as a guide Èo its alignment those points considered most
reliable; the mean annual flood (940 m3/s) and the 1981 and
1982 rnaxina. Estimates obtained using thÍs approach appear in
Table 4.5 .

Approach (b) - frequency analyses oÍ pooled Q/Qbar values.

In order to make the best use of the three, relatlvely
short, records on l,ladi Bana, Wadi Tuban and wadl Hajr' it r^'as

decided to pool the values of Q/Qbar from each series.
Inherent in Èhe use of thÍs sÈation-year approach are the
assumptions that the catchments are homogeneous (i.e' that
values of Q/Qbar are drawn fron the same population) and that
Èhe flood events are índependent.

ltean annual floods were estimated frorn the annual
maxlma in the cases of Wadi Tuban and l,Jadi Bana. In the case
of Wadi Hajr the record was so short (7 years) that the partial
duration series of all peaks over 284 m3/s was analysed
instead, using the UK Flood Studies Report Model (ref l3).
values obtained were:

I"Iadi Bana I,ladi Tuban I,iadl Haj r

Area, km2

Mean ann flood,
m-/s

7 200

940

5 090

560

9 300

I 1103
3
3
3
3
3
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The resulting series of 46 values of Q/Qbar were
ranked and plotted on EVI (Gurnbel) paper. As with the BaÈeis
peaks, an eye-fit line gulded by the mean annual flood and the
1981 and 1982 l,Jadi Bana roaxina was adoDted.

In a revised calculation the data of flood peaks
(where known) were scrutinized and where annual maxina frorn
dlfferent wadís occurred on the sane day a single, avetage,
value of Q/Qbar was used ín theír p1ace. This reduced the
series to 44 values. These values were ranked and plotted on
1og normal probability paper (Figure 4.2). The line shown was
fítted using the mean and standard devlation of the transformed
series. The 1íne fitted the plotted points we11, and indeed
the 1og normal distribution provided a nore convincing
descriptíon of the recorded floods than did the EVI
distribution described above, A danger with a logged observed
varlable, however, is that extrapolation to large return
periods may yield unrealistically large predicted floods. Growth
factors (Q(T)/Qbar) obtained from the two frequency analyses
are sunmarized ín Table 4.5.

Approach (c) - regional comparisons

Figure 4.3 shoÍts various envelope curves and observed
or estirnated floods frorn comparable clinatlc zones plotted
against catchment area. The Creager C=100 curve formed an
envelope for (chiefly United States) maxlmum reeorded flows
when it was conceived over 40 years ago. It ignores all
caEchmenE characterístics except area. Despite these
linitations, Creager C values are still \tidely quoted and
provide a useful frarne of reference for conparing flood
e stÍmaÈes .

The Creager C=20 curve shordn in Fígure 4.3 has been
quoted elsewhere (Mansell-Moullin, ref 14) as an envelope curve
for various Middle Eastern data and for data from arld regions
oI SouÈh Africa (ref l5). Tn both cases records are likely Eo
be very short, however. The 1982 l{adi Bana estimated flood
Deak corresDonds to C=23.

other points shorrn in Figure 4.3 are:

(i) Ínaximum recorded floods from l^ladis Tuban, tlajr
and Hassan (Camacho, ref 6) in PDRY, and fron a
number of Saudl Arabian catchments with
comparable rainfall quoted in reference 25. The
Saudi Arabian records are of only 5-7 years
duration.

(ii) mean annual floods from PDRY and Saudi Arabían
records as in (i) above.

(iii) low return period floods estimated by Sogreah
(ref 24) for small catchments in the Bana and
Hassan basins.
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(iv) a curve representing rare floods, possibly of
^l.^..* I rlnaDour !uu years return period, derived by Maslov
(ref 16) for small Syrian catchments. The curve
corresponds to Creager C=20 for an area of
160 km2.

a major flood on 3 May l98I frorn Wadi Adai
(catchnent area 370 km2) in Oman, r^rith an
estinated peak í1ow of I 150 m3/s (Wheater and
Bell, ref 27). The storm which Droduced this
flood contaíned rainfa.l'l anounts for cerEain
durations with return periods estimated at
100-300 years. The flood peak has a Creager C

of 27.

Although the quantlty of information contained in
Figure 4.3 is not great, it does suggest that:

(v)

J
--l

-t

<

=
i

-a

=-q

=

=
-t
--i

-il

3
3
3

3
3
=3
3
J
--l

=J
{

(i) Although a Creager C=20 curve forms an envelope
to all but two of the historic maxima, the
records used are short and a 100 year flood
could reasonably be expected to correspond to a
rather grea Ler C value,

(ií) A line through the Wadi Bana rnean annual flood
forms an envelope to the other plotted values.
The Tuban value is noticeably lower and may
aríse fron its nore perneable rock types.

Adopted flood frequencies at Bateis, Hayja and Gahaisa
\íeir siÈes

+.).J

Hayja and Gahaisa weir sites are, respectively, 6 and
8.5 km downstream of the new Bateis weir. For Ínuch of the main
July-October flood and irrigation season the erater table is near
the wadí bed over this reach and the opDortunities for
infiltration limited. Contributions from small interveninp
side wadis can be ignored. Flattening of the peak woulà
probably also be neglígíb1e at the high Froude numbers
occurring. It was therefore decided to adopt flood discharges
at Èhe three sites identical with those at Bateis,

1t was decided to adopt growth facÈors from the log
normal plot on Fígure 4.2, as the most convincing of the three
frequency plots dra\rn, \.rith the Wadi Bana rnean annual flood of
940 rn3/s. Thts gave a 100 year flood of 4 890 m3/s,
corresponding Èo a Creager C of 30. This appeared a reasonable
value in the light of other values plotted on Figure 4.3. The
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adopted flood frequencies,
remain rough approximat i ons,
qualíty of the basic data.

shown below and in Figure 4.1 ,
however, in view of the poor

Return period, T
(years)

Q (T)
!o' / s

Mean ann. f lood
5

10
20
50

100

I
I
2

3

940
320
950
680
840
890

;

a

-(In vien of the logarithmic scale of Figure 4.2, extrapolation
beyond T=100 years is noE recommended)

Using
return periods

(i)

the dlfferent approaches in Table 4.5, the
of various key floods are:

Bateís fuseplug design f lood
I00-300 years

Bateis weir design f lood
10-20 years

(5 000 rn3/s):

(2 500 rn3/s):( ii)

( ral, flood of March 1982: 50-70 years

4,5,4 Flood estimates at Díyyu and Makhzan welr sites

Diyyu and Makhzan sites are 19 kn and 23.5 krn.
respectively, belo!í the new Bateis weir. Under the usual
irrigation reginê the water table wou1d, prior to a major flood
be well below the wadi bed over much of the reach dorrnstreaÍn of
Hayja or Gahalsa. Average bed slopes also slacken
considerably, averaging 7.1 m/km from Bateis to Gahaisa, but
only 4,0 m/km from Gahaisa to Makhzan. Flood peaks will
therefore be significantly reduced by routing effects and
conveyance losses. In additíon, differences in catchaent
response time and aspect mean that for all practícal purposes
contributions from the Maharia catchment (whtch joins the Bana
2 krn above Diyyu) can be ignored,

civen the imprecision of both the Bateis flood peak
estimaÈes and the adopted hydrograph shape (see section 4.7
below) and the complete absence of any observed hydrographs
below Bateis, it was decided not to attempt any routíng
caiculations. An allowance for ínflltraÈion losses was made.
however. The nethod adopted was that used for the operaÈion
studles (section 5,5.2). Infiltration was considered to take
place from the wetted perimeter at a rate of 75 mrn/h (ie a
rather lower, and hence conservatíve, value than that used 1n
the operation studiês of 200 rnm/h), and to take place over a
13 km reach below Gahaisa.
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The adopted procedure for relating vetted gerraeter tc
overall bed wldth and discharge (see chapter 5) ea,ve an a1-ost
constant inflow rate for any flows above the nean annuel :-ccd.
This amounted to about 110 m3/s (or 8,5 rn3/s/k:-). lnis
díscharge was therefore subtracted from the Bateis floods,
giving the values shown belor^'.

T
(years )

Q (T)
(m3 / s)

Mean ann. f lood
5

i0
20
50

100

830
1 210
r 840
2 s70
3 7 30
4 780

n

=
q

-

-<

-a

q

4,6 WADI MAHARIA FLOOD ESTIMATES

Wadi Maharia is shown in Iigure 2.I. Àt its
confluence \^ríth the Bana it has a catchrnent area of
approximately 260 krn2. Of this, 150 kru2 is made up of small
steep limestone catchments, which drain in a souLherly
direàtion and are picked up b) the nain west-east Maharia
drainage 1ine. The lower ll0 krn' of the catchment, lyíng belo\,J
about 250 m contour, is in Èhe alluviurn of the coastal plain
and l ike1y ro be highly perneable. ït rnay be, as reported
tocally, that l^Iadi Suaybiyah sometimes captures Maharla runoff
and diverts it towards the sea before reachins the Bana.

For flood estiDation it is reasonable to assune that
only the upper 150 kmz of the catchÍnent ís sígníficant in
producing fLoods. Losses sustained in the lower reaches must
prevent rnany floods ever reachi-ng the Bana. There are no
dlscharge daÈa for this wadi, nor, to our knowledge, for any
cornparable wadis. A rnajor historic flood, possible of 300 m3/s
peak flow, is menÈioned in reference 17.

For a catchnent area of 150 kmz, Figure 4.3 indicates
a nean annual flood of 150 m3/s. This may be cornbined with
Wadi Bana gro\íth factors from Table 4.5. Loss rates are
hÍgh1y uncertaín: ín order to be on the conservative side a
flow rate loss of 75 rn3/s has been assuÍned, representing
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5 rn3/s/krn over the 15 krn reach below the
Resultíng flood frequencies are listed below:

250 m contour.

Return period, T
(years )

Mean annual f lood
10
20
50

I00

HYDROGMPH SHAPE

To assist the weir and
knowledge of hydrograph shape was
can be clairned for the results of
the three reasons:

wadi trainiug studies some
necessary. No llreat accuracy
the \,Jork described be1ow, for

75
240
350
540
710

È

E

F

F'

l-

F

=
E

?-

F

Ë

Ë

Ë

(í) catchment rainfall is unknown

(íj) tímes to peak were frequently not recorded (see
chapter 3)

(iii) to nake the problen tracrable only single peaked
events \4'ere considered, whereas in reality
events are frequently nult i-peaked.

21 l^Iadi Bana hydrographs recorded at Bateis \rere
chosen from the adopted 1951-65 record. Their rnore imporÈant
features are sunmarized ín Table 4,6. Fourteen had single
peaks. The reraainder had minor secondary peaks which were
easily replaced by recessions from síngle-peaked hydrographs.
A fixed base time of 20 hours was chosen as a compromise
between a base time long enough for the díscharge to drop to an
inslgnificant proportion of the peak flow yet short enough to
contain just one flood peak.

A procedure was sought whereby hydrograph shape could
be predicted frorn peak discharge (Qp) a1one. The first step
was to plot total runoff volume (V) over the 20h base tíme
against Qp (Figure 4.4). The line shown in Flgure 4.4 díffers
slightly from the 1Íne oríglnally deternined by least squares
regression and was decided by the need for slrnple expressions
for recession constants. The relation bet\n/een V and Q_ is

v = 0.076 Q- 
0'i32 (M.m3 for Q- in rn3/si'p 'p

Comparable peak-volume relations are also shor^,n ín
Figure 4.4 for lladí Tuban (GDC, reference 4) and Wadi Najran on
the YAR/Saudi Arablan border (BinnÍe & partners, ref 25). The
latter uses the entire recession volume dor.m to I rn3/s and so.
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qulte apa]:t frorn different catchment response characteristics.
understandably gives higher volunes for given peak flows. The
Wadi Tuban relation was intended to relate peak to daily nean
f1ows. The fact that it is very close to the Bana relationship
is probably because fixed calendar days include both
multi-peaked events and late afternoon or evenlng events whose
recessions are largely excluded, and these two effects tend to
cancel each other out. Both the Najran and Tuban relations
help to confirm the present work, however.

It should be stressed that Figure 4.4 cannot be usedto estimate runoff volune frorn peak flow values. Although no
figures are available for Wadi Bana, prelirninary MAAR estimates
for Wadi Tuban suggest that around 200 M.m3 was discharsed bv
that \aradi during the March 1982 floods. Assuming simila"r peal
flows for both wadis, ie 3 000-4 000 m3/s, it can be seen that
Figure 4.4 would underestimate the runoff volurne by between 5
and 7 t imes,

Having fíxed a peak-volurne rel,ation, the second step\ras to define a shape which would satisfy it. As already
stated, times to peak (Tp) are not kno\,Tr with anv reliabilitv.
Excluding the value of 10,25h for hydrograph C, tfre .,.,.rrg" áf
Table 4.6 Tp values is 1.3h, and it was therefore decided to
adopt a constant Tp of th.

The falling l irnb was divided into tvio parts, Above
Qp/2 ttre díscharge r,,ra s assumed to drop in direct proportion to
time, while below Qp/2 a recession curve defined bv

Q = 0.5 0 Kt-r 'p

was- adopted, where Q. is the flo\,r t hours after dropping to
Qp/2 and K ís an hotïr1y recesslon constant. In effect, thedivision is between the end of surface inflow into streams andthe start of flow resulting froÍn withdra\,,ial of !íater fron
storage.

Use of Qp/2 as the dividing point arose frorn the factthat W, the rine raken for the flow ro drop from Qp to ep/Z,appeared prourising as a hydrograph characteristic which couldbe predicted fron Qp alone. plotting Li against Qp gave the
relation

1,,1 = l + 8.93e 
(- o.ol44 Qo) hours

Given the adopted siroplifícation of just one recession constant
between tine Tp + W and 20 hours ít seened reasonable to
suppose that K would decrease with increasing Qp. After nuch
Èrial and error, t\,Jo relations were found which enabled
hydrograph shapes to be defined which would satisfv the
peak-volume relation of Fisure 4.4:

Qo ) 4oo m3/s K = I.68 Qp -o'l15

=
3
3

3
-

3

e

3
a

{

Q ( 400 m3/sp

The compleÈe procedure is

K=1.066Q -0'039
'p

sho\,/n in Flgure 4 .5
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TABLE 4.I ANNUAL MAXIMIJM WADI BANA DISCHARGES AT BATEIS L949-82

Year Peak flow
m-/s

Peak sÈage at
W Bana RGS

Tíme and date Source

1949
1950
1951
t952
i953
1954
1955
t956
1957
19s8
195 9
1960
19 61
t962
1963
t964
1965
r966

l9t 0

t97 5
r97 6

1978
L97 9

1981
1982

120
660
280
110
460
470
980
900
750
250
010
540
2LO
t 90
590
000
340
200

110

000
600

195
240

2 450
3 810

F
F
E
E
E

e
tí

t

=

=

=
=

=

Ê

=
-

ï. ro
| .25
z.t0
2 .IO
2.80
3.60
J. ]U
l.o)
2.80
2 ,20
r.55
3.00
2.28
2 ,80
1 .85
3.00

2300h, 13 Aug
1000h, I Sep
1345h, 19 Apr
I5l.5h, 17 Oct
0600h, 17 Sep
1645h, 2 Oct
2315h, 27 l4ay
1830h, I Apr
0430h,2 Sep
1545h,22 Sep
0600h, 9 Sep
2230h, I Sep
1045h, 26 Aug
1300h, 4 Apr
0730h, 25 Apr
1430h,8 Sep

b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b

a

c

d
d

4m approx

0845h, 16 Feb
1020h, 11 Sep

1800h, l1 Sep
1900h, 30 Mar

Notes 1.

2.

Stages are
book value

Sources:

on W Bana "old gauge". Value for
+0.2rn, in line hriÈh note 1n r{ater

Bulgarian r,rork, quoted in
Water book pêak stagês and
rating curve (see chapter
include canal flows,

1959 ls rrater
book.

reference 7.
Bana

3). Discharges

(a)
(b)

(e)

(d)

1981 and 1982 values are sloDe-area
estlnates (reÍ 7).
sogreah (ref 24).

3. Values for 1952 and 1979 oav not be annual maxima.
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TABLE 4. 2

Year Date Year DateDischarge
n-/s

Discharge
n-/s

r951

1958

r959

1960

1968

1969

197 0

AnÍi l

July

sep

sep

24 Aug

29 JuLy

250

320

I 000

750

200

500

r50

t97 |

197 2

197 3

r915

197 6

19l7

197 9

350

450

350

962

206

2 150

233

14 Sep

15 Aug

ll Sep

1Apri1

25 Anri l

24 May

8 Sep

-<
-<
<
-t
t
-t

-t
t
F-

--t

-a
{

-
-.,t

<
{

=
-{

-.i

--l

-t

-t

-
€

-
--

=--

-

=
-

=
-

No tes

]. Source: GDC

2. Measurement
reroainder a!

(reference 4).
sites: 1972 and
Dukeim gauging

earljer at Ras al Wadi weir site,
station.

TABLE 4.3 ANNUAL MAXIMIJM WADT HAJR DISCHARGES 1959-65

Year Date Dlscharge
m-/s

1959

1960

r96I

1962

r963

1964

1965

3r0

390

610

2t0

450

400

360

2 Sep

24 JuLy

2 June

28 Sep

8 May

4 Anri 1

23 April

3

I

No tes
1 Source: Camacho (referenee 6)



Statlon Lat/Loírg Alt Rainfáll (Itun) on Total
n 27-28th 2a-29th 29-30th 30-31st mm

13o42'N 15oo o 265 15 o 2Bo

44o 44,8

* sha'b a1 Baari 13o46'N ca 17oo o 50 150 o 2oo

45o17'E

o* Alirgah I3-47'N ca 1400 0 17 L20 42 179

45- 2LtE

* Sara! 13o41'N ca 1500 29 68 78 81 256

45o19'N

otáhej 13-03'N r29 0 28 I 36 6s

44-53iE

El Kod 13005'N 15 0 0 7 29 36

45o 22'E

oFiwsh 12 58!N 65 0 38 0 29 67

.l:I-.l
É--
:f:I-t
-I
-t
-I
-
-__l

:-r:r:IT:I:I:I:I
=

=

=

=ï:I:I:I:I:I
:I:I
:Ï:I
=

Dhala

1400h 1900h

on 29th on 30th
(nax

I IOlJ ,,

TABLE 4.4 MINFALL ASSOCIATED WIIH MARCH 1982 WÀDI BANA FLOODS

Flood peaks at Batê1s

No tes

1. Station locations appear 1n ligure 2.1. Locations of uppei Hassan catchnent
stations (narked *) not certaln.

2. Ralnfall thought to be êntered in llrigation Dept records against day of
observatlon. In table above, ralnfall êppears below pÍesumed day of occurrence t
eg 29 mm fell at Sarar between morníng of 27th and moinlng of 28th.

3. Sources: E1 Kod from stalrlon records, remalnder from Irrigation Dept Íecords'
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TASLE 4.5 SUMMARY OF WADI BANA FLOOD FREQUENCIES AT BATEIS

Return pe!íod
T (years)

Growth factors Q(T) /Q bar

Pooled Data
Adopted values

of q (T)

n3 /s
Bateis data

EV1 EVI_

Mean ann, flood

5

10

20

1,0

2.43

3.06

3. 85

4.4s

1.0

3.13

4.55

1,0

1.40

2.07

4.09

5 .20

1.0

L.27

2,09

3,12

4.01

6.23

940

1320

1950

2 680

3 840

4 890

50

100

3
;l

È

3
a

3
-

t
3
a

-

-
-t

3
-
t
-l

-l

t

3

=3

=-a

3
3
3

3
-

3
3

1.

2.

4,

Q(T) = annual peak of return period T. Qbar = nean annual flood.

EVI = Gubel (extreme value) type l. LN = 1og nonnál.

Adopted values are Qbêr = S+Om3/s multlplled by LN growth factors.

Reference 7 ls Sovlet hydrologlcál note. Estlmates obtátned qy eye-flt curve to
BatelÊ naxlma on EV1 paper. Sovlet hydrologlst used Q = 802m-/s.
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IASLE 4.6 DETAILS OF SELECTED HYDROGRAPHS

Ref Dête ap

(m- /s) (tr) (ll.^3)

T
p

(h)

Ref Date

('3 /")

I,J

1r'r. m3 )

QTpp

(h) (h)

Á

B

c

D

M

N

E

T'

60 2.O 5.0

289 1.25 0.6

130 10.25 3,2

r52 0,25 1,6

410 0,5 0.7

997 0.25 1.6

140 2.o L.2

1 900 1.25 1.4

133 1,25 2.r

46 1.5 7.0

2].0 2.0 r,2

13 2.O 10.0

0.75 5.0 0.61

1.5 1.0 3,l4

1.5 1.0 5.44

2,25 1,6 4.74

o.25 )..2 12.24

2,75 3.8 2,94

1.5 2,O 1,IO

0.5 - 6.04

2.02

2, a6

3. 35

2.23

3.33

8.38

2.6r

15.57

2.7 3

3.7 4

0,57

t7 .8 .62

19.8. 62

2r,8,62

31.8. 62

7,9.62

11.5. 63

18.8.63

5,4.64

25.4.6s

19

160

245

234

1190

185

101

341

314

G

lt

I

J

K

L

?

a

R

s

T

U

v

q = peak dlschaige,
P

T = tlne fron flrst sustalned rlse to peak dlschatge.
9

W = tlne for dlschaige to drop from Q- to Q-/2.-pp

V = toÈal runoff volume from tine of rlse to 20h later'
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5.I INTRODUCTION

The objective of thís chapter is to assess the areas
which can be irrigated by the available wadi f1ows, under
various proposed \.reiï and canal systems. To achieve this lt
has been necessary to estimate all dernands on lJadi Bana f1ows,
ií^lt'áin^ rh^-- fy^m ^,,f ci,lê rhê êr,,;vrlrcruqrnB Lnose -. _..- --__r area.

Flgure 5, I is a schematic layout of the areas
irrigable frorn l,Iadi Bana, and these are summarised in Table
5.I. Areas quoted in this annexe are \,/etted areas (equívalent
to 951l of planímetered gross areas, which ínclude roads, bunds
and canals but exclude vilJages and other najor
non*agricu ltur a1 features). The extent of the o1d right bank
tradiÈional areas (RBTA) ís very approximate, sínce they have
not been studied to feasibility 1evel .

Having established the required irrigation depths,
irrigable areas have been relaÈed to available r{/ater resources
in three stases:

simple estimates of irrigable areas assuming no wadi
or diversion losses. This gives an upper bound
solution which might in reallty be approached if the
entire area were irrigated from one very large
díversion at Batels.

( ii) diversions at Bateis. These can be studied in
isolation as Bateis diversions have first call on Wadi
Bana resources and are linited onlv bv canal and
headworks capacities.

the opêratlon study approach. So far as is possible
r^rith the serious lack of data, the operation study
aims to account for intake and canal capacities and
r^radi and dlversion losses, thereby rnodifying and
making more realistic the upper bound sol-ution in (i)
above.

( 1ra,

5.2 WATER REQUIREMENïS

5 .2.I Field requirement

Experimental work at El liod indicates that the depth
of water needed in fhe fíeld for a cotton crop is 50 cm, see
Annexe D. Hor,rever, since crop growth depends entirely upon
soí1 moisture retained in the plant root zone before sowing,
the capacity of the soíl profile to retain water is crucíal.

(i)

I

it
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Combining these capacitles (from Annexe C) r'lth the expected
rooting depths of the principal crops rr'e get the following
totals, as maxíma for potential evapotransp irat ion, Up to 5%

will probably be lost by surface evaporatlon between irrigation
tn.{ nlantino!-

So11 Water
type holdlng

cn per m

Cotton
root êvallab1e
deptb erater
cm cn

Wáter Melon
loot êvallable
depth water

root avalláble
dêpttl water

15 or more

39

è

È

È

È

-

È

Ê

-
E

Mêdl\nn 11-15

Coarse 1l o! less

It can be seen that the deslrable moisture requirement
of 50 crn for cotton is only approached 1n the flne textured
soi1s, It is furthermore apparent that to apply 50 cm oï more
for crops other than cotton, or for any crop on the medium or
coaÍse textured soil, is wasteful ln that \rater will not be
used for evapotranspirat ion. However the recharge of the
groundríater body which results from over-írrígatlon will form a
valuable part of the overall r{rater resources cycle, provided it
doe6 not lead to an excessively high water table. ltre therefore
assume a net field requlrement of 45 crn for all soils and
crops.

Dlversion requirement

(a) Diversion dep th

In the past it has not been considered feasible to
resÈrict írrigation quantities to correspond to the lesser
water holding capaeities of medium and coarse textured soils,
as compared with the fine textured ("heavy") soi1s. However,
níth an improved distribution system conÈrolled water
appllcatíon becomes possible: depths should be calculated
accordlng to both soil noisture capacity and Ínflltration rate
of the solls in any field. The effect of infiltratlon during
the tine needed to flood a fteld is considered 1n Chapter 14 of
Annexe B: for typical flelds it amounts to an average
additlonal applicatíon of sorne 3 cm, giving a gross fleld
application of 48 cm.

In the tradítional Írrigation areas, that Ís the
entire left bank area and the RBTA, we consíder that an
additional applicatíon depth of 20% rnust be allowed for the
effects of poor water control: i.e. 57 cm f iel-d application is
assumed. This compares wlth an average applicatlon depth of
68 crn recorded ín our fíeld trial at Mtyuh, in the northern
part of Maincanal area: the latter figure includes conveyance
losses dor^rnstream of the maln canal.

300 È200

20

\7150

5.2.2
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Conveyance efficiencies aÍe always difficult to
estlma!e, but the high velocitles and short total times of
canal flows must mean that infiltratlon losses are less than in
conventional slow-moving systems where canals are fu11 for much

of the year. Conventional systems having efficíencies of 50%

to 657. lose water also from discharges to waste occurring
through negligence and/or the inability of sub-areas to accept
the whole flow delivered; such operating losses are most

un1íkely to occuï \tith a spate system. We therefore consider
an overall conveyance efficíency of 80% to be reasonable'

The diversíon requirenent for irrigating the Phase I
ares (with irnproved dístribution system) ls therefore taken as

60 cm (48 cm at 802 efficiency). Í-ikewise the diversion
requirenent for the tradítional areas is 20% higl]..er at 72 cm'

Available data on actual diversion depths is extremely
sparse ' but the selected vaLues are consistent 'ntith those
appearing in early DePartnent of Àgriculture and E1 Kod

research station rePorts, which range frorn 59 to 91 crn'

Listed belor.r are gross irrigation depths taken fron
Departrnent of Agriculture and El Kod reports:

t

t

i

Í

-t

(i) 1957 (Dept of Agriculture)

Kharif season: total of 13 000 ha lrriSated by
83 M.m3 diverted (0.64 m dePth)

(ii) 1959160 (81 Kod)

Seif season: 11.8 M.rn3 diverted to irrigate
1 300 ha (0.91 m dePth)

Kharif season: average applícation 0.82 n
("compared wíth 0.60 m in the previous season
with more restricted suPPlY") '

(iií) 1960 / I (Er Kod)

Kharif season: average application 0'59 m

( rv) r961/2 (81 Kod)

Kharif season: average application 0.66 rn

-

-
'-

l
-a
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(b) Diversion volumes

Thê layout of the Wadi Bana cornmand ls shown
schematÍcally in Figure 5.1, and the cornmand areas are glven in
Table 5.1, The command area progressively inereased during the
1950rs and 1,960's, !,rith the constructl"on of pernanent diverslon
welrs. With a díversion requlrement of 72 cm depth the
requíred volumes would have been as follows:

Year of
constructlon lleir

Ê.

é

É

t;
5:

E-

Ë-

=

=

=

=

1953
L96l
1964
r965
1966

Bateis
Ili vvrr
Makhz an
Uayj a
Gharaib

62.9
26 .3
23.8
23.5
23 .2

62.9
89 .2

113.0
136.5
t59.7

Re-developnent of parts of the right bank (the Phase I
areas) took place during the 1970rs, r.7iÈh the rernaining RBTA

being exluded from the project. This work has never been
commissíoned but l{ould have created a reduced project diverslon
requlrement as follows:

We ír
Irrlgable
area, ha

Requlred
depth, cm

Diversion
requirmenÈ, M.m3

Irrigable area, ha

Cornmand Cunulative

87 40 8140
3650 12390
3300 15690
3260 18950
3220 2217 0

Comrnand Cumulative

Batels
Hayj a
Dlyyu
Makhzan

8740
2030
2t30
3300

62.9
t2.2
t2.8
23.8

l2
60
60
72

TOTAI 16200

1RRIGABLE AREAS IGNORING I^IADI AND DIVERSION LOSSES

If wadi and dlversíon losses are ignored, then the
diverslon requirenents calculated ín the prevlous section can
be compared directly wíth the seasonal runoffs quoted ln Table
3.4. It is apparent that after construction of Hayja weir
there would very rarely have been sufficient water to complete
Makhzan irrlgatlon, let alone to lrrigate fron Gharaib weir.
This ts borne out by the annual reports from El Kod Research
Station (which l1es lrithln Gharaib comnand) and by the fact
that all of Gharaib and Parts of Makhzan conrnand have been
converted Èo borehole irrigatlon.

111.7
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Table 5.2 shows the areas that could have been
irrigated each year, íollowing the Phase T re-developroent. IE
can be seen that even if wadi and diversion losses are ignored,
and if no peak flood water \ras 1ost, the whole 16200 ha project
could only have been írrigated in 8 of the l5 years, 0n
average less than 14000 ha could be irrigated in the kharif
season.

BATEIS DIVERSIONS

The diversion curves in Figures 3.9 and 3.10 (based on
hourly f 1.ows) were used to estimate the Kharíf and Seif season
volumes which could have been diverted i-nto Bateis canal and
Maincanal betlreen 1951-65, assuning the current approxlmate
combined canal capacity of 28 m3/s. The values obtained are
shown in Tables 5.3 and 5.4, and are compared in each case with
volumes (found from Abyan Board water book records) actually
diverted. Shakat ba Omer was deliberately excluded as its
capacity is d ísproport íon ate ly large for the area \^,hich lt
commands.

Volumes diverted cannot be directly related to areas
actually írrigated, since these are unknown in a1l but one case
(1957, when a Kharif total of 5 300 ha was irrigated). They are
also affected by diversion arrangenents at Bateís, which are
known to have been improved during the course of the adopted
record, at least up untí1 the late 1950s.

Actual diverted Kharif volumes average 48 1,1.m3 and
range from 29 to 68 M.n3, These nay be compared with Batels
and Maincanal command requirements used in this study of
62 M.n3. The adopted requirements thus appear realístíc.

Examination of diverted and divercible volumes in
Table 5.3 suggests that only in 1960 (the dríest Kharif season
of the adopted record) and 1958 (second driest) were diversions
llmlted by available runoff and, possibly, by diversion
capacity. Even so, some 8 - 9 M,n3 were apparently "wasted"
(le could have been diverted but were not) in both vears and
explanations were sought in the Abyan Board water books.

In 1960 irrigation from Maincanal díd not start until
3 August and approxíurately 6 M,m3 vrere ttrus "wasted" during
July. Shakat ba Orner diversions r^rere negligible (see values
tabulated ín section 3.1.3). For 1958 the explanation 11es ln
excessive Shakat ba Oner diversíons: 3.6 M.m3 were díverted in
July and August 1958 (and halted on 31 August). Tn addition
1.4 M.n3 were diverted by the Massani canal (not accounted for
in Tables 5.3 and 5.4), The discrepancies bet\reen diverted and
dlvertible volumes durins the 1958 and 1960 Kharif seasons are
thus largely explaíned.

--t

--'t

-1

--í
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Divertêd Self volumes (Table 5 ' 4) average only
9,5 M.n3 and range from I to 21 M.m3' 0n1y in 1961 (thê driest
Seif season of the adopted record) did lack of runoff or
dlversion capaeity appear to 1irn1t diverslons. In all other
years diverted volumes ltere far less than those which could
have been dlverted, evídently for reasons not connected wlth
water availability.

From the foregoing díscussion it nay be concluded that
fu1l requirements of the tvo maln, canals supplied from Batêis
can be met in 80 - 90% of Kharlf seasons and that therê is
little direct beneflt in increasing the diversion caPacity at
Batêis. (However, the operation runs show that there is an
indirect benefit to dortnstream areas, whlch thereby receive a
ful1 supply earlier).

OPERATION STUDY PROCEDURES

0ucline descrlption

The operation study progran was written for a
Hewlett-Packard 9825A desk-top computer. An hourly time step
was used, Hourly Bateis ínflows were available for three
Kharif and three Seif irrigation seasons' as descrlbed in
chapteï 3, Each hourly flow was treated as a dlscrete volune
of water, 1e no routlng (other than inflltration loss) was
assurned. With the quality of flow data available thls I'as
considered an acceptable símplification' the result of r,rhich ls
to underestimate s1íghtly the divertible volumes at lorTer
intakes.

The system handled by Èhe prograrn is shovn in Figure
5.1. Each hourly volume ls moved dovrr the wadi from weir to
weir, reduced en route by infiltration and evaporatíon losses.
A distance lncrement of 0.5 km ls used. The procedure for
estimatlng losses is descrlbed in more detail in sectlon 5.5.2
below. In accordance with current practice, consldered
unltkely to change, abstractlon priorities are flxed in an
upstreêm to downstream ordeï, although the Program user may

"renove" any specifled weir (s) .

The program allows up to four canals to be supplted by
one welr. Their prioríty order ls that in which they are
speclfied. Supply lnto an individual canal is thus determined
by:

(ra,

( a1r-.)

the houïly flow arrivl,ng at the weir'

the headworks capaciÈy of the weir.

the pïiority of the canal relative to others supplied
by the sane \íelr.
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(iv) the canal capacity

(v) the remalning volurne of irrlgation Ííater required by
the canal r s commanded area'

Table 5.5 LisÈs the weirs and canals in the order ln
whlch they are specified for use by che basic program.
Variatlons associated with particular options are described in
Section 5.5. 3.

I,íadi los ses

I
i

!
i

t
-

j

l

l

3

3

I
3

3

3

(ii) infi ltrátion rate

(ili) volune to be recharged below the wadl bed

(iv) rate of subsurface movement away from the wadi bed.

In order to estimaÈe the infiltrating surface area a
relationship r{'as sought between discharge, Q, and wetted
perlmeter, P. A number of current wadi bed cross-sections
Èetween BaÈeis and Makhzan were plotted. Using nean bed slopes
and a Manningrs n of 0.03, relatlonships between Q and P r"7ere

established. Although thêre r{tas considerable variation foï
differênt sections, the followtng expression gave reasonable
resul t s :

In this formula Q is in n3/s and P and B (wadi bed
width) are ln metrês.

Dar Al-Handasah (reference 1) carried out five wadi bed
infiltration tests, 1n each case about 200 m below a dlversion
weir. In the last hour of each test (ie after about 4h) they
obtained the following Íates:

Wadi losses
former being by far
affect infiltration

trt area of the

Bateis

Hayj a

Diyyu

Makhzan

Gharaib

comprise infiltration and evaporatlon, the
the most important. The following factors
loss:

ínfiltrating surface

0.36 n/h

0. 12 rn/h

I.13 n/h

0. 13 m/h

0, 18 rn/h

t\,

3
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Dar Al-Handasah themselves dismissed these results as "too
high". If Ëhe Diyyu result is excluded as being possíbly the
result of cobblestones immediately below the infiltroneter, an
average of 0,20 m/h is obÈained. Thís is sti1l a hígh value:
Binnle & Partners (ref 25) quote equilibrium rates of between
0.06 and 0.07 m/h rneasured in Wadi Najran and l^Iadi Jizan, and
an lnitial rate of 0.15 n/h in Wadi Najran. llowever,
equilibriurn rates of over 0.1rn/h have been accepted (see
Ànnêyê R íS.li I c) of rhis rpnorr) for coarse textured
agricultural soils in the study area, and a wadi bed value of
0.20 m/h nay therefore be reasonable, During operation study
runs both 0.10 m/h and 0.20 m/h were tried: run results proved
fairly insensitive to which of the two values was used and
0,20 m/h was used for all deflnitíve runs.

Thp nr"nnadrrrp fnr êetimetinp lhc volume to be
recharged was of necessity extremely approximate. I-ong
sections of wadi bed levels before and after the 1982 flood
were plotted. These long sêctions \^rere compared with the Í/ater
table elevation along the wadi bed estinated from Sogreahrs
l'igure Z,TILI (ref 24) . Sogreah's water levels are
representative of pre-kharif flood season conditions ín 1980.
To estinate recharge volumes the wadi was divided ínto 0.5 km
lengths, The gross volume per 0.5 km length hTas estimated as
the product of the length, current (1983) bed r^,idth ' and the
depth ftom a mean wadi bed (average of bed levels before and
after the 1982 flood) to the \rater tab1e. Recharge is thus
envlsaged as fllling a prísm below the r,radi bed: any
subsurface flow away frorn the prisrn during a flood season has
been neglected,

tr'or Kharif season recharge a fairly hígh specific
yield of 20% was used to convert the gross volume belo\^t the
wadi bed to a rechargable water volume. Potential recharge at
the start of the Seif season would clearly be greater and a
speclfic yield of 307" (íe close to the likely poroslty) was
assumed. tr\tater level data known to refer to pre-Seif conditions
were not avallable.

Account had also to be taken of the Aden water supply
well fleld abstractions. Construction of thís wellfield is
currently (october 1983) under way. It is intended ultinaÈe1y
to supply 10 M,rn3/year. Its location, on the left bank of l,lad i
Bana and close to Hayja weir slte, ls shown in Flgure 3.I.
Recharge to rneet abstractions will come fron Wadi Bana runoff
and lrrigation water. Sone reducÈion ln evaporation losses by
phreatophytes ls also envisaged (Sogreah, ref 24).

=
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( ii)

(11r,,

( iv)

there is normally insufficíent water
of Makhzan and/or the RBTA.

reducing the Makhzan intake capacity
15 rn3/s only increases the shortfall

i'^ i rïi o,f a .l1

tron J/ m-/s to

seif season f lor,rs are taken almost entirely within
Bateis cormand, and therefore do not affecÈ the choice
of alternative development options.

A new series of operation runs was carríed out in
April 1984, to study the effect of various supply options, and
using the water application depths glven in Section 5.2.2.
Followlns the earlier studies lt rdas clear that:

(r)

( rr)

it is not economic to reconstruct Hayja weir to supply
only its Phase I cornrnand area of 2030 ha.

1f Diyyu weir is replaced, it is cheaper to provlde a
left bank supply to Makhzan at Díyyu than to
reconstruct Makhz an weir,

The new optíons studled fall jnto three main groups,
each excluding one or rnore conunand areas.

option A

New weirs at Hayja and Diyyu (see Figure 5.2). Hayja
command area 1s increased by includíng 1050 ha at Ha\,/ashib.
This leaves insufficient water to justify a double crested
Diyyu weir to supply Makhzan, therefore the rernainíng water is
supplied to Nusheera. (Note: the 180 ha at Malaha could also
be included in thls option, but, with the general uncertainty
of the RBTA area figures, its omission is not signiflcant).

Option B

One new weir at Diyyu serving both banksl Hayja
command excluded (see Figure 5,3). Under Option Br Makhzan is
supplied fron Bateis weir instead of Diyyu weír; diversÍons for
Makhzan therefore take priority over Diyyu diverslons.

opÈions C-H

One ner.' lreir at Hayja (see Figure 5.4) to supply all
the rlght bank Phase I areas. Makhzan supplied fron Bateis
weir via Maincanal and Bateis maín canal. The optíons
investigate the effect of various permutations of canal size,
whlch are given in Table 5.7.

Under the traditional system Makhzan was supplied from
the rnreir furthest downstream and had lowest pri-ority, so the
opeïation runs for options C-H have been modelled to reflect
the tradítional \,Íater rlghts so far as practicable.
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It has been assurned that after the Bateis and
Maincanal comnan<ls have been satisfled the Bateis intake would
be closed to a11ohr diversions from Hayja weir; only the excess
above Hayja intake capacity would be diverted for Makhzan until
al1 the Hayja denands were satísfied. This method of operation
raould be difficult to control and if adhered to would
inevitably lead to higher diversion losses. It has been
modelled in the operation study program using a duurny Makhzan
intake 0.5 km downstream of Hayja weir: since Makhzan cannot be
irrígated simultaneously with Bate is /Maincanal cornmands, al1
volumes recorded by the program as having been diverted before
Bate is /Maincanal irrigatlon is completed have been re-allocated
to losses.

option I

This option Í^7as not analysed using the operation study
progran. It ís a 1ow cost scheme with no ner,r headr,rorks, but
Makhzan is supplied via Maincanal, as in Options G & H.
I4aximum divertible volumes at Bateis have been taken from Table
q 1 r--,,-j-^ - ^.i-^1^ ,R m3/< .inraLê 

^.6.^irr,. 
l-hic ic n^id Èr'rtsrE -y; LtL-rs rs nol

strictly correct because there is a 16 m3/s supply to Bateis,
until that is satísifed, in addition to the MaincanaL capacity
(costed at 25 n3/s), but the figures can be used for
approximation purposes. Oqma diversions at Diyyu are assumecl
to írrigate 400 ha in favourable years, as at present.

Option 0

0ptíon O is included as the base (without project)
case agaínst which other options can be compared. IÈ assumes
completion of the new Bateis headworks, buÈ no other
construction work. It ls assumed that the Diyyu main canal
ríi1l be breached by wadÍ bank erosion so that no land can be
irrigated there, even with oqma diversions.

OPERATION STUDY RESULTS

Table 5.8 summarizes the operation 6tudy resulÈs: the
program deals with volumetríc dernands, rather than areas, thus
the table lists results in terms of volunes diverted at each
headworks. Tables 5,9 to 5.lI present the results in terms of
irrígable areas for each option, broken down into the separate
conmands. Table 5.12 sununarizes the areas to be developed
under each option, with the expected average cultivated areas.
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f.o.r Signlficance of result s

It can be seen in Table 5.8 that the total volume
diverted (supply) Ís not directly related to seasonal runoff
(inflow). The following table sunrnarlses some of the data:

Kharlf season

Total runoff M. rn3

1953

108.5

r962

131.0

1961

17 .6

Option lntake
capacity
(rn3 / ")

Diveïted
Vol 7"

Diverted
Vo1 Z

Diverted
Vol "Á

100.5

98.0

4). )

28.0

tOl .4

99,0

96 .4

89. 1

( d ernand )

104.3

100.1

83.7

7 7 .0

73,3

7 2.8

69 .4

6t.7

94

94

89

80

80

76

64

59

93

9I

89

82

Clearly as the total intake capacíty is reduced the
amount whlch can be díverted is more susceptible to the
variability of the seasonal f low. Figure 3.5a shows that 1962
kharif flows rdere more variable than the others. Although
seasonal runoffs have been asslgned a given probability (Sects
3.4 and 3.5), the same probabillties cannot be applied to the
divertible volume whlch is dependent on lntake capacities and
hydrograph forms. Therefore we have assumed that the three
years selected for hourly flow analysis may be consídered
reprêsentative, in terms of dlvertible volumes, as foLlows:

t953, 1962 rnedian and high divertible volumes
(depending on intake capaclty)

1961 - low divertible volume

It 1s not econonic to provlde englneering
lnfrastructure and carry out annual ploughing on land that \rll1
only rarely be irïigated, therefore the area to be developed ls
taken as the lesser of the areas irrigable in 1953 ot 1962.
The averase area that will be irrisated ls taken as:

x ( 1961 area) + x (developed area)L
4

_t
4

E-

=
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5.6.2

5.6.4

5.6.3

Optíon A

option A uses the existing canal capacities (including
the nehrly constïucted Hawashib and Nusheera canals) and assumes
new weirs at Hayja and Diyyu. The nodel lras actually run with
a 15 rn3/s intake at Diyyu weir to serve Makhzan, but since this
would supply less than 100 ha on average, the supply ís clearly
unecoÍromic and the dlverted volumes have been re-a11oca.ted as
losses. As it is, less than half the Nusheera cornmand is
normally irrigated. Progress of the irrigation throughout the
season is shown on Figures 5.5a and 5.5b for runs El and E2
re spec t ive1y.

Option B

For Option B the I7.5 m3/s intake at Hayja is replaced
by a l5 rn'/s supply to Makhzan at Divyu \,,eir. The total
volumes diverted aïe only slightly reduced. Progress of
irriElation is shown on Figures 5.6a and 5.6b, with a 1itt1e
over half of Makhzan beine irrieated bv the end of the wetÈer
kharif seasons.

Under option B' diversions for Makhzan are increased,
largely at the expense of Nusheera. Although divertible
volumes are increased, the average cultivated area is 1ess,
because flows to individual commands are particularly varíable.

Options C-H

Option C uses the exlsting Ahbush-Jabalein canal
capacities to supply a1l the right bank Phase I areas from a
new weir at Hayja. Makhzan is supplied at 8.1m3/s from Bateis
via Maincanal. Under Ehis arrangenent less than half the Diyyu
area ls normally irrigated, and only about 200 ha at Makhzan.

option D doubles the capacity to Makhzan by extending
Bateis maln canal at 8.3 m3/s, but this only adds 100 ha to the
irrigable area.

Option E increases the Ahbush-Jabalein canal capacity
to 17.5 rn3/s throughout. This results in a much inproved
supply to Diyyu, but means that less water can be diverted for
Makhzan, Option F further increases the Ahbush-Jabaleín canal
capacity: this effects a small ímprovement ín the Diyyu supply,
but also a much larger lmprovement in the supply to Makhzan.
This is brought about because the increased AJC capacity allo\rs
the Hayja demands to be satisfied earlier in the season, so
that dlversions for Makhzan can beqin earlier.

Under Options G and H Makhzan is supplied by
Maincanal, uprated to 25 m3/s Èhroughout. For Option G the AJC
is at 17.5 m3/s, as in Optíon E, but the Diyyu supply is
improved because Maincanal has been satisfied earlier ln the
sêason; the increased Maincanal capacity perrnÍts significantly
more irrigatíon at Makhzan. For option H the AJC ís also
uprated: thÍs irnproves Makhzan supply because of the tining
effect noted above, but the improvement is relatively srna11.
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f.o.)

5.6.6

Option I

Option I assumes no right bank weirs and a 25 m3/s
supply to Makhzan vlá Maincanal. As noted in Sectíon 5.5,3,
the resulËs for Èhis optlon are appïoximate, since they are not
from the operation study program. Hor^rever, as expected 1n the
absence of competing rtght bank dernands, the resulÈs
demonstrate the highest area ircrigáted at Makhzan.

Concludine remarks

From the results presented in thls Chapter relating to
Kharíf season irrisation we mav conclude that:

(1) the requirements of Bateis, Maincanal and Shakat ba
Oner commands can be satisfied lrith a high degree of
reliability.

(ii) Mdkhzan cornnand cannot ïellably be satisfied using any
of the opcions consídered. If a substantlal part of
Makhzan ís to be developed, then major portions of the
right bank nust be excluded frorn the project ln order
to make adequate \rater available.

(11a, Diyyu conmand cannot adequately
wei,r at Hayja uslng the existing
caDacitv,

be irrigated fron a
Ahbush-Jabalein canal

tav) reliability of diverting a given volume is reduced
with reduced total intake caDacitv.
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TASLE 5.1 COMMAND AREAS

Command Gross
r00%

Irrigable Agricultural
9s%

(!íetted area)
807,

Bateis

Hayj a

Malaha
Ilawashib

Sub-total

Gahalsa Island (Ph 1)

Diyyu

4900
3660

180
81 40

840
1190

180
1050

3260

120

2r30
1520

(3220)
3650

3300

4t25
3011

150
7 352

7t2
1000

150
880

27 42

Bateis canal 5158
Maincanal 3847
Sbakat ba Omer 187

Sub-total 9182

Ahbush (Ph I) 890
Jabalein (Ph 1) 1250

Nusheera
Gharaíb

sub-ÈotaI

Makhzan

Diyyu (Ph I) 2240

100

r7 92
i 280

(2710)
3012

217 6

190
1r00

1600
(3390)

3430

130

3840

3410

:

:

:

:

:

:
:

a

j

;
_'.í

-

1

-

-r

-

'-Í

a

't

f
'1

1

TOTAL 20062 19070 16042

NOTES:

l. Massani (350 ha gross) was supplied by a right bank intake at
the old Báteis weir. Much of the land was destroyed by the
1982 flood, and the remainder will not be coÍmanded by the new

weir.

2, Figures for the RBTA (Malaha, l{awashib and Nusheera) areas are
very approxiÍnate. Malaha has been excluded fron the Option A

operation runs' but may be considered as Part of Hawashib.

3. Gahalsa island, originally 190 ha' rvas served by an oqma.

Following desÈruction durÍng the 1982 flood' the reduced area
has been excluded.

4. Gharaib was originally cornrnanded by its or.'n weir but the laÍld
is now irrlgated fron groundwater. It is shown here under
Diyyu to a1low for the possibilíty of leaching flows Lthen Íntater

is available in very wet years' but its area is not included in
the totals.
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TABLE 5.2 - TOTA1 IRRIGABLE AREAS TF VTADI AND DIVERSÍON LOSSES

Year

Se 1f

Runo f f
M, m3

season

Irrigable area
ha

Kharlf season

D,,-^tfKuno! r J rrt gaole area
ll, n- ha

1951

1952

1953

1954

1955

1956

t9 57

1958

t959

1960

t96l

t962

1963

L964

1965

36. 8

19 .2

28 .5

23 .2

13.9

t4 .4

r39. 9

t2.o

12 .5

70.8

10,6

t32,r

28 ,4

27.3

t29 .4

83.9

i08.5

163.8

118.8

112.I

93.3

58. 1

t2L .4

4r.7

77.6

131.0

126.5

162,3

84.6

5 110

2 610

3 960

3 220

I 930

2 000

l6 200

r 670

r 740

10 050

t 010

r 470

t 6 200

3 940

3 790

t6 200

12 240

t5 760

16 200

r6 200

l6 200

13 650

8 070

l6 200

5 790

1t 190

16 200

16 200

16 200

L2 350

AVERAGE 5 000 13 900

NOTE : Irrigable areas aïe
depths given 1n the
maxlmum.

calculated assuming the
table ln Sectlon 5.2.2

priorlty and water
(b), up to 16 200 ha
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TABLE 5.3 - VOLI]MES DIVERTED INTO BATEIS AND MAIN CANALS, L95I-64

Year
Kharif runof f

(1 July-l5 Oct)
M. m3

Max. volume
divertlble

M. rn3

Actual
volume

diverted
M. rn3

j
j

t
t
i

{

i

{
..r-

{

i

-f

i

i
i
'l-

t
j
j
{

j
i

i

{
.r

{

-i

i
.-t-

{

--t-

..!-

'a

"-t

1951

L952

1953

t954

1955

1956

r957

1958

r959

1960

196 r

1962

1963

t964

t965

t29 .4

83.9

108.5

163.8

1i8.8

tt2.L

93.3

58.1

t2t .4

4t.7

71 .6

131.0

t26 .5

162.3

84.6

91.6

68,0

95.2

106.6

88. l

84.0

73.5

49.9

88.3

37.8

66.2

80.0

91 .4

106. I

38 .2

JO. J

48 .3

67 .8

51 .5

39.8

42.3

4t.7

60. I

28.9

)J.O

63. 0

NOTES
t.
2.

Diversion capaclty
Years marked * used
divertible volumes
Flgure 3.10 used.

of 28 m3/s assumed
in operation studies. For

estimated from Figure 3.9.
these years
For other years

65



TABLE 5.4 - VOLUMES DIVERTED INTO BATEIS AND MAIN CANALS, i951-64
(SETF SEASON)

Year
Seif runoff

(16 Mar-31 May)
M. n3

Max volurne
divertible

M. m3

Actual
volurne

dlverted
M. m3

195r

1952

195 3

1954

1955

r956

t957

1958

1959

1960

1961

r962

t963

t964

1965

36.8

19,2

28 .5

23 .2

i3.9

I ?O O

t2.0

t2.5

70.8

10.6

t32 ,1

28 .4

27 .3

27 .3

rb.)

)') \

2I .3

t2.7

13.0

63.0

Lr.2

1r.6

47.2

7 .l

9.3

or.+

22 .5

21.8

LZ..+

l1 .4

11.0

8.2

9.6

oa

20.9

3.9

t.2

1? ?

o.)

6.6

14.3

4.5

+-L
-L
-L
-l=
-l=
-L
-L
T.L
-L
L.I
-+
'_L

L-I

=
.L
-I

=LL
ï'I
-I
.I
4L-l*
4L
J*.t

1.
2.

3.

Diverslon capaelty of 28 u3/s assumed
1951 seasonal total- is for 19 March-3l May (earlier data not
available)
Years marked * used in operation studies. For these years
dlvertlble volumes esÈimated fron Flgure 3.9. For other years
Figure 3. 10 used.
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TABLE 5.5 - LIST OF WEIRS AND CANALS IN PRIORITY ORDER USED BY PROGRÁM

Weir Canal

Batels 1. Shakat ba 0rner
2, Bateis
3. Maincanal

flayja l Ahbush
2. Malaha

Gahaisa oqrna 1 Gahaisa

Diyyu

Makhzan

l. Díyyu
2. Nusheera

1, Makhzan

TABLE 5.6 - POTENTIAL TADI BED RECHARGE

Welr kn d/s of km between Potential recharge
Baleis weirs (M, m3 )

Kharif Se if

Bateis

Iiayj a

Dlyyu 19.0

6.0

2,5

10. 5

0

6.0

1?

1.0

t.4

2.4

3.5

2.4

2,2

J.O

Gahalsa 8.5

Makhzan 23.5

TOTAL 6.1 LT,7

a

i

i

{

{

-ra

ol



Sptlon

I,Iê irs
Bateis,
Uayj a,
Diyyu

Main cana I

a b

Bateis
eiIËilTo'.

c

Ahbush-Jabalein
------------..i-canar

d e f

Makhzan-TGË-
canal--;-

B

c

D

E

F

G

Ê

I

o

BHD

B-D

B-D

BH

BIl

BH

BH

BI{

BII

B-

B-

t2

I2

L2 8,1

tz 8.1

t2 8.1

t2 8.r

12 8.1

25 25

25 25

25 25

l2

R?

8.3

8.3

R?

I7 10 10

t1 .5

17 .5

17 .5

z)

t7 .5

25

ln

z)

t7 q

z)

a1

.t1

15

TABIE 5.7 DEVELOPMENT OPTIONS - KEY ENGINEERING FEATURES

NOTES :

1.

)

canal capacities a-g ln rn3/s

See Figure 5.4 fol locations

bó



;

69

À

;

.16;x;1 
x

nl ,'
lál6ITI 

i.i
t9

Ë
l

.jlolio6

--1

i--!

:"'!"t "ti..1i -'t-.1

j---, 
Ée7

-t:_i

;

;-t1"!i ..1"t



2t

ral 
- 

{

o,J 
i6\o 

>
 

I
ot 

'tr Í{r Í.1 
<

 
6

I 
o!

ol 
d

!l 
o 

o
ot 

<
 

o,

Íe

E

^j

;

70



É

.t

{iii_I<'!a{<:=i-i<< !i!ii!{!{<<
7I



TABLE 5. 12 IRRIGATIoN AREAS SUMMARY (ha)

CoÍmands Batels
Maincanal

option SB0

Ahbush
Jabalein Hawashib Dlyyu Nusheera l"lakhzan Total

8

8
8

8

8

740
700

740
700

740
700

740
700

740
700

740
700

740
700

740
740

740
740

740
140

740
740

2 030
I 880

2

I

1050
790

2 t30
L 720

2 130
2 040

130
890

170
880

r70
880

850
640

520
140

3s0
260

2

I

720 14 ItO
320 13 200

100 13 320
720 t2 570

220 12 160
170 lt 590

330 L2 270
250 tl 670

190 t2 980
150 t2 240

s60 13 460
420 l2 660

070 13 970
810 t3 060

290 14 190
000 L3 290

14 800
t3 730

lr 5r0
10 930

8 740
8 700

-I-2
-1

-1
-1

-2
-1

-2
-I

8
ó

-18
I

-1o
8

-2
-1

8
8

2

I

2

I

2

I

2

I

2 030
I 950

030
840

030
840

030
880

030
940

030
910

2 020
1 510

8
8

8
8

8
8

130
600

130
600

130
600

400
300

8

2 370
1890

NOTES :

t. For each option and conrnand, top
and botton flgure ls the average

figure ls area Èo be developed
culÈlvable area. -

-

-
t-
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6. GROUNDWATER
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6.1

6.2

INTRODUCTION

Groundwater has only been studied to the extent
necessary to assess its ioportance as a source of irrigatÍon
water. Subsurface water resources have been studied in the
past by Gear (1961 , ref 26), Dar Al-Handasah (1971, ref 1)' GDC

(1970, ref 3) and Sogreah (1981' tef 2,4), and what follows is
largely drawn fron these reports. The most extensive of these
studies, by cDC and Sogreah, were directed at identifyÍng
future L'ater supplies for Greater Aden.

AQUIFER DESCRIPTlON

Knowledge to date is llnited to the a11uvia1 aquifer
in the delta, although it is recognized (ref 24) that important
sandstone and limestone aquifers rnay underlie it. There is
general agreement that it nay be divided into an upper'
unconfined aquifer, tapped by open we1ls, and a 1ower,
semi-confined aquífer, taPped by tubewells. There is slow'
leaky recharge from the upper into the lower water body.

llater level fluctuations are confíned to the upper
aquífer. Apparent water 1eve1 changes between well surveys in
1964, 1971, 1979 and 1980 are Èhought to be largely attributable
to seasonal fluctuatíons, rather than long term changes' over
most of the area. There rnay however be sorue general drop in
static water level in the south of the delta where abstraction
is heavíest. Sogreah put the drop at 2-4 m. Levels are
highest in the northern parÈ of the dclta, generally 0-10 m

below ground 1eve1. Píezonetric gradíents are also steeP irl
this area, approxinately 1Om/krn, and slacken off to abouÈ half
Èhís value south of Makhzan. The general direction of flow is
para11e1 to the main road from Bateis to Zingibar.

Idater quality is said to be siní1ar in both upper and
lower aquifers (GDC, ref 3)' although Sogreah shoÍ^r a number of
resul!s indicating an increase in conductivity with dePth.
Groundwater conductivity maps have been produced by Dar
Al-Handasah, GDC and Sogreah. The rnain features are conmon to
all of thern, Conductivilies are generally 1ow in the norÈh of
the delta, and lol^'est (< 2ms/cur) in the Maincanal comrnand area.
Values are higher in the south and away from the main sources
of recharge to the east and west of the delta. Areas of
particularly high conductlvity are: between CÍar and trladi
Hassan (3-5 rnS/cn), A1 Jawl (5 rnS/crn), and imnedíately
north-east of Zinglbar (3-5 ms/cm) ' GDC conclude that there is
no evÍdence of any sígnificant long term decline in qualíty' A

nurnber of samples were collected and analysed during Èhe
present study. The results are given in chapter 7.
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6.3 ABSTRACTIONS

Snal1 scale domestic water abstractlons frou open
wells have no doubÈ always been a feature of life in ttte Abyan
delta. Abstractions for irrigation on any scale appear to have
only started 1n the early 1960s, however. The concentratíon of
wells l"n the southern part of the delta strongly suggests that
the poor reliability of irrigating \ríth surface water
encouraged thls form of investment.

Estinates of total annual punped groundwater
abstractlon frorn 1961-83 are shorm ln Table 6.1. Details of
nêÈhods used to estinate 1982/3 absttac!íons are gíven below.
Different definitions of "in use" and different assumed pump
discharges and hours of operatlon no doubt account for the
appaïently erratic developnent of groundwater, Table 6.1 can
therefore only give a rough lmpresslon, but 1s sufficient to
define the scale of development. This rnay be suÍmarísed as:

(i) total groundwater abstraction 1s 70-100 M.m3 per
year.

(ii) the area lrrigared 1s of the order of
3 000-4 000 ha and ls predominantLy in the
southern and central parts of the delta.

(lii) land irrigated frorn wells recelves approximately
2 m (gross) of water annually (using GDCi s
L979/80 flgures), compared wlrh 0.6-0.7 m
received by flood irrigated land.

Table 6.2 lists numbers of lrrlgation wells in 1979/BO
and ln L982/3. The lndlcation is that the number of wells owned
by the state farms has remaÍned roughly constant but that Gtar
and Makhzan cooperatives have substantially lncreased thelr
dependence on groundwater. This 1s further evldence of the
poor reliabllity of surface raTater supplies ln these areas.
GDC's 1979/80 average flow rates and operatlng hours were used
to convert the 1982/3 nunbers of wells in Table 6.2 jrÍ.to
abstractlons in Table 6.1, The cDC data for purnped wells were:

(i) State farms

Dlscharge 28 J./s
OpeïaÈing hours: 15 h/day over 296 dayslyear

(iÍ) Cooperatlves

Díscharge 16 l/s
Operatlng hours: l0 h/day over 264 days/year

There is ínsufflclent ínfornation avallable at present
to define the r,\rater balance for the delta. There is no
evidence that long-tern depleËion of groundwaËer resources is
taking place.
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TABLE 6.1 ANNUAL PI]MPED ABSTRACTIONq OF GROIJNDI,TATER IN THÉ ABYAN
DELTA 1961-83

Yeaf Source N^ ^F i rrl ^^+i ^-rlv vr rrrr6aLrvrr

wells ln use
Open Tubewells Total

Irrigated
aÍea
ha

Annual
abstraction

M. rn3

196r

t97 |

1979 /80

Mar 19 80

19821 3

Gear

DAH

GDC

sogreah

This study

2.25

45

76

104

74

292 9).

77 r54

97 r54

383

231

3r2

251

190

793

260

3

3

Note: abstractions rnarked include 3.8 M.rn3 for waÈer suoolv
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TABLE 6.2 NI]MBERS OF IRRIGATION hIELLS IN USE IN TI{E ABYAN DEITA'

Locatlon
in delta

Name of co-operative
or state f arrn

Nurnb er

r979/80
open and
tubewells

of wells

1982 I 3
open Tubewells

South zingibar co-op
E1 Kod dairy farn
El Kod research farn
7th october farm
Mustaqbal farm
4th Congress farn
A1 'Adoun farm
Dahl Ahned farm
Lenl-n dairy farm
Lenin state farm
Muraqed farm

1I
6

29

10 34
l3

9

16

16
10

4
7

16
0

t6
8

3

7

I6
5

54

18
T7
43

2

I

l
l8
2.
2

0

Makhzan co-op
Al Tariyah f arrn
Glar co-op
Glar reseárch farm
ciar agricultural- college

CentÍa1

North A1 Husn co-op
Bateis co-op

Grand toÈals 230 z5L

Sources: L979 /80 data frogl
(reference 3),
1982/3 data fron
cooPeratlves

* a third tubewell is used for

Groundwater Devel-oproent

lntervl-ews ltlth of f Ícals

lraÈer supply

Consultants

of state farms and
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7. WATER QUALITY

7 ,l

7.t.1

7 ,r.2

CHEMICAL WATER QUALITY

E1even water sanples \^rere collected. durlng the fieldwork period from purnped irrigation wel1s and from wadi f1ows.Locations of sarnpling points are listed in Tables 7.2 and 7.3and in the case of wadÍ sanples are shown ín Figure 7.1.
Chernical water quality analyses nere carried out by staff atEI Kod research station and the results are showa in Table 7.3.Analysis for potassiuu and boron content, requested by theconsultants, could not be carried out for technical reasons.Table 7.3 also shows the results of analyses of wadi samplescollected by Dar Al-Handasah in 1971 (reference l) and by f1
Kod research station in I955/6 (ECGC, reference I9).

Discussion here is confined to the suitability ofsurface water for irrigation used. The criteria used. have beentaken froro Ayers and l{estcot (ref 28) and are reprodueed hereas Table 7,1, The quality of groundwater is discussed in thenider context of Abyan delta soils in the Soils Annex.

Conductivity

Surface waËer conductivity (ECw) drops with increasing
wadi discharge, from approximately 1.5 mS/cm during dry seasoiflows to 0.5 mS/crn durlng flood f1ows. cDC (reference 5) noted
sirnilar characteristícs ín Wadi Tuban. By Ayers andWestcot's criteria an Ecrar of 1.5 mS/cm constitutes an
"increasing problern" while 0.5 mS/cm is 'rn6 plellgnr'. As thebulk of lrrlgation waÈer derÍves frorn flood season flows, there
should be no problen sole1y by virtue of the salinity ofapplied waÈer. Dry season 1ow flows are used al_mostexclusívely in the Bateis area but groundwater quality mapping(see chapter 6) does nor show appreciable salÍnlty lulfa_ui inthis area.

Sodlurn adsorption ratio (SAR)

High SAR values ín combination with low conductivities
may reduce the permeability of the clay layers of soils, High
SAR_ values may also pose a specific toxicity problem. n1l the
coubinatlons of SAR and conductivity in Table 1 .3 t^tl into rhe
"no_problern" category of Ayers and t{estcot. As far as specifictoxicity is concerned, nost Table 7.3 values fall just withinthe "lncreasing probleni band (SAR frorn 3 to 9),
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Chlortde

Hlgh concentrations of chloride arecrops. Concentratlons
ar"cr'a'-ge. ;;-'ï;;"";rJl ï;:;",lii fi:3problen" category (4_I0 neq/I) 'b";-;;".-";;
flows.
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toxic to certain
with increasins
the "lncreasin!
problem at hlgh

slÍght salinity and chloridewhich provide the bulk ofsuitable for irrlga t lon.

7.1.6

Boron

Boron concentrations in surface water are seldon highenough ro cause a roxtcity p..bi;;,--.;; Lr Al_Handasah, sanalyses found no bo rc

I:d 1' rub;.Í,-- ;;. " " 

Ë:ï;ï,::.., r"""".."."', fi.' ï, ii"tr,ï.ï,; jconcentrations of 1.1, rng/l during a.y 
-""r"-o.r, 

Iow flows and0.5 ng/l durlng floocl season flows. Tuban water qualityotherrnrlse resembles that of Í^Iad i Bana ,"a*.ia ís thereforàreconmended that further boro., ,r,uyi""J"l." undertaken ifboron-sensitive crops are to be consldered.

BLcarbonate

Hlgh bÍcarbonz
,.,,, d.. . u. t, i,, "; ;;;;::" " 

r;'rï.i1ï'r', ï1i"". flï . :;ï;"." ï ïïi:ï;to be encounrered in ^ the Abt;--;;;;". Btcarbonareconcenrrarions in Table 7.. 
-3 

aJe htghi all àii*wtthfn Ayers andI\testcor' s r'íncreasing problen" 
"à.3À.ry-ir.ïla'.5 ..q/r).

Nltrogen

r..,r.ity. "ï:"tït"otïtï .ot -ttt-t^o-ït 
oav upset crop growth and

iiïif ; ^ï:ï' iï 
;ff i " l:ff i :" t',' 1ïï",, "ïl.n"iï ï::l

(5-30 rngll), stcotrs "increaslng problen" tá";;

7.1.7 Concluslon

Dry season
hazards but flood
i.rrigation supplies,

low flolrs have
season f1ows,
are generally

.H

=-.-:l
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7 .2 SEDIMENT LOAD

Five suspended sedinènt sanples were collected duringthe fieldwork Deriod. The saÍnples wáre filtered, oven dried at
,100oC and weigired on sire. ThL resulrs ;;;-;;"r, in Table 7.4.Unfortunate,ly, no major floods occurruJ ,f,if" the team r4/aspresent and the l9g3 sarnples were taken from relatively minorspates. They were collected using a suspended, r,ride_mouthedpickle jar of approxinately 400 mr-c"paciii.- rn each case thesarnple was collected frora highly turbulent íat"..

Table 7.4 also reproduces Dar A1_Handasah,s results(frorn Table III-3 of reference 1). Th. ,o;i,.r;-of their work isgreatly reduced by the lack of flow data. Flows gtven 1n Table7.4 are daily mean total wadi flows for the sampfing day, takenfroÍn Dar Al-Handasahrs Table III_12: ,t"io""fy, they nay bearllttle relation ro the flow at the act.ral iimJ of sarnpling. Nodata are available on canal flows. The locations of samplingpoints are 
_shown in Figure 7.1. particle si". aist.itrrtÍons ofDar A1-Handasahrs sarnples are shown i" fig"ie-2.2.

Figure 7 .3 shows sedinent concentration plottedagainst f1ow. Relations suggested for Wadi Tuban (reference 5)and ïadi Najran (reference 25) have also been protted. Theavailable- data are quile lnadequate, both in 
-terms 

of quantityand qua1lty, to define 
" retatio., b.c\^Iu.r, sedimentconcentration and flow. It was decíded provisionally to adoptan upper envelope curve to the plotted points, which nay iewritten

S = 530 Qr'075

y:":3,_, ís.,sedinenÈ concenrrarion in ng/1 and Q is roral flow-Lrr m /s, Arl but two of the plotted points in Fígure 2.3 applyto wadi, rather than canal flow. However, Dar A1_Handasah
f::il, t"ll.ls surprÍsingIy, thaÈ canal concántrarlons were arleast as high as those in the wadí on the same day and it wastherefore considered that the saue curve .o,rlJ 

".alra for both.
The adopted curve irnplies concencratlons ofr00 000 ng/L ar 1jo rn3ls., ""d 25 0-ï00-;9 / 1-"i;, about 252 byweight) at 300 m3/s. Such concent rat ions'are po"siUfe but rarein natural strearns. At our present i"""i '"t knowledge itseemed sensible to impose a maxirnurn 

"o.r""rraruaro., ofi00 000 mgll.

Total catchment sedinent yield was estlmated byapplylng the concentrat ion-flow relaiion to iou.fy wadi flowduring nedian Seif and Kharif flood seasons (wadi water issubstantially clear during the rest .f ii.-y"r.l, The resultsof this calculation were:

t

I

Seíf season Èota1 (1954) 0.32 MrKharif season total (1953) 2,16 l4t
Àpprox rnedlan annual yield ZZS Mt
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An annual yield (Y) of 2.48 tÍt is equlvalent to
340 clkn2/yeat, Thls rnay be compared with GDCrs estinate for
Wadi Tuban of 3.5-4.0 l"lt/year, equlvalent to
690-790 t/km2 /year,

A nunber of procedures are avallable for estinatlng
suspended sedinent yield frorn simple catchment proPerÈies (such
as area, climatlc zone, etc). The phenomena which Èhese
procedures seek to describe are so complex that they can only
lndlcate an order of magnLtude. The results of three
approaches are gíven below:

I'lening (1969) (reference 29)

F1-ening related suspended load to catchment area and
average daily flow for 253 catchments throughout Èhe world.
Hls yield-area regresslon gave a nean yleld of

y = 0.77 vt/year (tt0 t/krn2/year)

(regressÍon based on all catchments excePt those in Indla). A
further regression on average daily flow for catchments with
deseïÈ and scrubland vegetation gave a mean yleld of

Y = 1.58 M.t/yeaÍ (22o x/krnz/year).

and a 957" confidence linit range of 1.05-2.40 yltlyeat
(150-330 t /km2 /year) ,

Langbein and Schumrn (1958) (reference 30)

Langbein and Schurnm related sedirnent yield to average
annual preclpltation. Use of their graph glves a mean yleld of
260 t/kmz /yeaÍ.

The varlous approaches trled' íncludlng the Wadl Tuban
estlnates, give a range of 100-800 t/kmz/year, Thís provides
sorne sllght confirÍnatíon of the !íadl Bana figure, whlch lies
withln this range. None of the figures quoted include any
bedload, for which no data are available. A1low1ng a nomlnal
n% lncrease for bed load glves a total yield of about
400 tlkn2/year or 3 Mt/year.
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t*ru t.t<

Irrigation problen

Degree of problern

No Increasing Severe
Problern problen prob leÍn

SaI ini ry

ECw (nS/cn) 0. 75-3 . 0 >3. 0<o.75

Perneabllity (affects soil infiltratLon rate)

ECw, (rnS /cm)
SAR'

Mountnorillonite2

>0 .5

<6

0.5-0.2 <0.2

6-a >e

Specific toxicitv

=

=!
'.t

=
S
i
i

=!

=!

=
3
3
3
3
3
t
3
3
3

i
3

3

3

I
I
I
t
t
t
I
I

3-9. >9
4-10 > l0

0.15-2.0 >2.0<0. 75

Sodlum (SAR)
Chloride (meq/ f)
Boron (mgl l)

Miscellaneous effecÈ s

i

NO?-N or NHr-N (rng/l)
HcO., (meq/1)
pH-

<5 5-30 >30
<1,5 1.5-8.5 >8,5
[Nornal range 6 ,5-8 .4 ]

I,

2.

?

Ayers and Westcot use an adjusted SAR. Sufficíenrnot ávailable in this study to make the adjustment.
Ayers and Ltestcot quote SAR values for thráe typesclay mineral, but only the cost sensitive is "íi*r,Use the lower range if ECw (0.4 mS/cm
Use the interuêdiaÈe range if ECw = 0.4_1.6 nS/crn
Use upper linit if ECw )1.6 rnS/cn

data were

of doninant
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TABLE 7,2 GROUNDI^IATER SAMPLES COLLECTED FOR !a!EL -Qler:IYÁNALYsIs

Sarnple Soil obs. Grid ref
no no

DaÈe I aeld ruhT

nS/cm
Sogreah ( 19 81)
well no ECw Date

nS / cro

G1

G3

G4

GO

55

6l

53

70

2.2

l l

J.O

3.0

J.4

t.4
't)

689

703

1t4

143

737

686

704

59

60

NK4l6 486

NK411490

NK402508

NK381528

NK3905 22

NK415464

NK412481

29 .6.83

29.6.83

29 .6 .83

4.7 .83

4 .7 .83

4.7 .83

4 ,7 .83

r.5 6.3.78

3.2 21.6.80

4.1

1.4

l.l 1.4.80

TABLE 7.3 SURTACE IíATER SAMPLES COLLECTED FOR WATER QUALITY ANALYSIS

sanple
no Wadl

t' tow
Location n3/s

Field ECw
mS/cm Date Notes

1.4s2

S3

Bana U/s Hurub Low
confluence

Ilurub U,/ s Bana
confluence

Bana Baceis

0.3

10 approx

30.6,83 Clear water;
little surface
runo f f

30.6.83

9.8.83 Regression
following
mlnor spaÈe

17 .8.83 As aboveBana Bateis l0-2 0

* Sum of Bateis and !Íaincanal f1oÍ7s
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APPENDIX A

El Kod monthly climate data and

evapo transP írat ion estimates
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1. In alL cases annual means are computed as the sum of monthly
means.

2. Dêta sources in all cases are:

(i) 1958 - May 1961 and June 1965 - December 1966 from
Dar À1-Handasah (reference 1).

(ii) Junê 1961 - May 1965 from Enpire Cotton Gro\ring
Corn.rá r i ^n rênnrr" frefêrence lq).

(iii) 1961-T982 fr.om E1 Kod station records.



rABLE A1 - EL KoD MoNTHLY r4IllI4ÈLr_l2l_E:-Q1

Unlts: nn

Yeá! Jan Feb Mar Jun JUI Aug Sep Oct Nov Dec IotêlMayApr

1958
1959
1960
1961
1962
1963
1964
1965

1966

1967

1968

1969

497 0

L97L
t97 2

L97 3

L97 4

197 5

t97 6

L97 7

1978

1919
1980

1981
1942
1983

Average

0-
0,8 65.8
00
00

2,6 5. 3
1.7 0

00
8.9 0

00
00
o.2 0. 6

00
3.0 0

0 37.5 0

0 5.5 0

0.8 2.5 0

0 1.3 0

3.4 0.3 0

0.1 13.7 0

000

6.0 0 -
0 2.0
5.2 0 98

3.8 38.9 50

0 0.3 4

008
0 13.8 57

0 0.1 3

49 .2 4. 8 4,2
2.2 0 r2.0
2.O 0.8 0

000
1.8 0 0

13.6 6.3 0

0.7 0 0

0. 7 2.4 25.5
0 40.4 r1.5
6,4 0 0

6.0 5.2 0

1_7.2 0

00
0

0

1.0 2, t- 0.1
000
000
0,7 0.2 0

000
3.3 0 2,1
6.0 4.1 0

1,9 0 0

1,0 2,5 0

0 0 7.0
10.0 0 35.5
3.4 138.0 0

0.3 0 59.3 9.3 14.8 145

0 3.9 0 0.5 20.0 31

0 0.3 19.3 0 0 31

0

0

2.4
0

0

0

6.8
1.0
0

0.6
1.4
0

0

0

0

0

0

0

0

0

0
0

0
0

0

0

0

0

0

0

3.5 0

33,5 2.4
0 0.7
00
00
6,0 0

0 10.5
00

0.5 2.7 0 0

1.0 1.0 0 0

000
0 6.9 0

0 2.0 0 0

2.O 3.0 0 0

021

2.8 0 11

0 2.0 t4

1.0 13

0.4 23

8.0
4.7

0,2
o,2
0

0

0

0

0

0

0

11.5
0

0

0.5
0.5

0 43.6 150.02 0 0 200

7.5 20.0 0 0 1.3 42

2.9000039
0 0 4.6 0 0.3 14

0 0 3.4 3.9 3.4 32

0 0 0 0 10.7 13

0,3 1.0 L.7 0.2 8.5 58

5,1 8.3 3.9 4.3 1,6 6.1 9.9 1.3 5.0 490.1 0.8

Note I - indlcates no datê avallable
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TABI,E A2 EL KOD MONIHLY MEAN AIR TEMPERATIJRES 1958-82

Units: oc

Year Jan Feb l,ÍáÍ sepÀugJulMayApr uct Nov Dec Average

*rt

-t

-

-

-

25.0 24.8 25.5
23.6 23.0 26,8
24.A 24.7 25.5
23.7 23.3 25.r
23.8 25.L 25,2
25.2 24.a 25.1
22.8 22.1 23.2
24.r 25.4 25.1
22.8 23.9 25.7
23,0 25,r 24.9
25.2 26.t 25,4

26 .8
27 ,4 29. 1 30. 3

28.8 29.9 31. B

2't .2 29 ,2 30.9
29.L 30.5 31.5
26.9 29.2 30.1
27.3 27.6 30.3
27.3 28.4 31.1
2't,0 28,6 29.9
27,1 2a.l 29.4
24.6 28,8 30.4

- 29.6
30.2 30.9
29.9 29.7
30.0 30. 2

31.7 30.7
30.2 30.0
30.6 30. 2

31.8 31.1
30. 3 30.0
29. 3 30.1
30,L 25.2

2t.7 24.1
21,6 25.2
26.A 25. t-

21.9 26,4
25.6 25.3
2't .2 26.4
27.2 24.8
26.4 25.8
21 .4 24.6
26.9 25.6
29.4 27.4
24.2 24.4

24.9
24.1
24. / 27 ,4
24.3 27,9
24.7 27 .L

24.2 27,9

23.5 26,7
23.1 27 .5

26,9 2J.6
24,5 26. L

29.5
30.7
30.8
30,2
29 .9
29.6
30.1
29. B

30, 3

29 .1
24.3

-

-

-

1958

1959

1960

1961

L962
1963
L964
1965

1966

1967

1-968

L969
197 0

t977
r97 2

497 3

r914
t915
\97 6
1971

1978

L97 9

1980

1981
L982

22.I 22.7
24.0 24.6

24.4 22,1
23.5 24.9
22.1 25.O

24.8 23.O

24.4 24.5

24.A 26,8
26.7 27.7
27.4 24.0
25 .9
25.0 27.L
21 .I 21 .5
2s.6 29.4
25.3 26.0

30,1 30.6
28.5 30.5
29.5 30.6
28.8 30,8
30.7 30.2
29.6 30.1
30.7 31,5
29.3 29.9

30.9 30.3
30,5 2'1 .8
30.6 29,7
30.4
30.6 28,9
30,4 29,2
30.9 30.7
28.9 28.8

29.5 27.O

26.t 22.7
29.9 26.r
30. 6 25. 9

29.5 26.3
21 .6 27.4
30.5 21.2
29.2 26.r

25.3 23.5 27.0
2L.8 24.9 26.3
27.5 23,7
22.t 22.1
24.9 23.1 27.r
24,9 26,1 21 .4
25,0 24,4 21 .8
26.3 23.a 26.4a

-

-

-

-

{

F

=
:r
-

f

26 .1
24.2 25.5 26.3
25.3 26.2 26.4

27.4 29.4 24.1
27.1 29.9 30.4 31.5 30,2 30.4 27.2 25,3 24.8 27.8
2a.4 29.6 31.7 32.O 3r.2 3l.L 27.6 26.6 25.6 28.5

Average 23.8 24.4 25.7 21.4 29.3 30,7 3o.5 29.1 29.6 26.7 25,3 24.3 27.3

Iglsg,
(1)
(2)

Daily means estinated as (lmin + T'nax) 12

- indicates no data

f

{

a
-
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TABLE A3 EL KOD MEAN MONEHLY RELAT]VT HTJM]DIT]ES' 1958-82

Values are %

Year Jan leb l,Íar Àpr !Íay Jun Jul Aug Sep oct Nov Dec Average

78 74

70 75

1t 74

t2 70

73 70

68 12

66 tO
81 82

a2 87

70

70 7r
68 68

73 7a

88 a2

19 78

76 69

69 68

12 76

84 81

92 87

-70
68 1l
68 7r
81 12
'15 72

71 73

68 66

69 68

Bl 19

91" 86

84

79

72

70

70
'78

11

88

68

1L

69

78

7L

63

62

72

84

12

70

'71

72

74

7I
69
'10

76

95

66

78

72

13

10

69

65

68

68

81

69

66

72

69

73

65

70

66

68

73

76

12

78

1T

76

74

66

65

64

66

1L

1l

7L

72

13

72

69

70

7a

86

r_958

l_95 9

1960
t-961

a962
1963
1964
l_965

1966
1961
1968

1969
1970

t97 t-

L9't 2

L97 3

a97 4

t97 5

a916
L977

1978

r97 9

1980

1981
1982

Áve!age

1958 - 67

Averáge

8t 81

78 77

7'l 76

79 't9

88 80

15 A2

73 10

70 70

lL '72

72 69

75 77

82 A2

75

72

80 80 78

81 76 78

7r 67 83

1a 83

80 75 8t
72 7r 68

65 70 66

t) tt /o
14 71 72

81 (97) 92

11 71 78

19 75 80

75 80

19 77

71 88

86 a2

a2 86

68 7A

68 69

86 83

77 74

88 68

74 78

83 83

82 85

12 19

92 79

85 83

88 80

69 76

61 70

72 11-

60 65

56 51

81 83

6973

74

84

80

80

a2

81
80

1l
12

69
'19

83

77

81

79

:'
8I
84

70
'12

78

81

71

74

81

85

86

89

80

84
'7L

B1

77

80
'ta

7A

81
7a

t:

82

69

75

72

77

81

12

Notes:
(1)

(2)

( 3)

(4)

1958-67 period êdopted foÍ study pruposes - see chapter 2 text.

All values derived from unasplrated Psychromêter data.

- indlcates no data.

Values ln brackets rejected and not used ill means.
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TÁ3LE A4 EL KOD HOURS OF BRIGHT SUNSHINE, 1958-82

Units: h/day

Year Apr 0ctJan Fêb Mar sepÁugJULMay Nov Dec Average

6.9 1 .4
8,5 10.4
9.7 8.7
9.0 10.1
9.4 9.7
6.4 8. 3
8.9 9.9
9.4 7 .2
9.4 8. 9

9.4 11,0
7 .5 10.2
9.6 9.4
9.0 10.3
9 .9 8.4
9.7 10. 1

10.6 9.8
8.5 9.7
4,2 8. 5

10.0 10.1
10.3 4,2
10.0 10. 3

9.8 9. 3
11.6 10.4
10,9 10,0
10, 3 8.4

7 .4 9.5

4.2 8. 3

7 .8 8.8

8,0 4.1
6. 3 8.0

9.0 10.1 10. 7

9,2 9.9 10,0
9.0 I0.3 10.3
9.5 9.8 9.0
8.8 10. 7 10. 1
9.9 11.0 9.9
8. 9 10.1 B. 8

9.6 10.7 10.4
8,9 10.3 10.5
B.-/ 9.8 8.8

9.3 9.4
8. 5 9.0
9.9 9.5
8.7 9.3
8.1 8.8

10.1 10.0
9.0 9. 3

8.6 8. 7

1958

195 9

1960

196I
1962
1963

L964
1965
L966
1967

19 68

1969

1970

1971
T912
L97 3

r97 4

!9'75
t97 6

L971

r97 A

497 9

1980

1981-

1982

Average

6.7 6. 7

10.9 (12)
6.2 9.3
8.5 8,4

8. 7 r0.4
8.8 8.0
7.5 10.2
6. 3 9.2

4.2 8. 3

8,6 9.9
1.0 8.0
9.0 10.3

B. 4 8.2

9.8 9.9
8.6 10.4
9,4 9.1
9.3 8.9
8. 0 8.3
8.1 7.2

9.9 8,8
10.4 5.5
rL.1 6.3

9. 7 10.4
10.1 9,2
L0.2 9.9
9.6 8. t

10, 9 9.1
10,9 8.6
9.3 8.6

t0.2 to,2
to,z 8,8

1,a 9.2
9.2 4.2
6.3 8. 5

1 ,6 8.2
8.8 9.1
8.0 9.3
8. 7 9.6

'l .r 8.8

1 .0 6.8

8.5 8.6
9. 3 8.4

9.2
9 .6 8.9
9.8 9,4
8.7 9.3
9.2 9.4
7.8 9, 3

1 .6 4.6
8. 6 9,0
7 .3 4.2

-l

.--

---l

..-

8.3 9,7 9.3
8.6 9.3 9.5
8. 0 10.5 10.4
6.4 9. 3 10. 3

8.9 9.5 rO.2
8.9 9.9 9.8
9.3 9,6 10.6
9,5 9,6 10.0
9.1 10.4 10.4
8.4 9.6 10.4
4.2 9.4 9.6
7.2 9.6 9.2

8.4 8.9 8.7 9. 3 10. 3 9,0 7.8 8.8 8.7 9.6 9.9 8.7 9.0

Notes:
(1) - indicates no data.

Values in brackets rejected and not used to conpute avêiages.
-=

-.=

(2)
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IABLE A5 EL KOD MEAN MONTHLY RUN OT WIÀD, 1958-82

Units: kn/day

=

Year Jan Feb l4ar Àpt l4ay Jun Ju1 A,tg S.p oct Nov Dec Àverage

1958

1959

1960
1961
1962
196 3

1964

1965

1966

1961

1968

1969

197 0

t97L
r9'7 2

197 3

L914
t97 5

L916
L97 7

197 8

L919

1980
1981

t9a2

Avêragê

r74 178 187 22I
226 184 200 202 - 2I9 153 r57 188 t91
185 181 206 I99 158 159 a97 170 I52 154 164 t96 I77
2t6 L64 200 23r 144 175 210 196 165 L64 223 r7'L 188
180 169 207 \99 I10 159 I't9 201 180 I37 196 183 180
19L 230 188 209 I72 r51 193 184 167 t52 191 173 184
2t7 I91 204 \54 t49 155 189 195 147 139 159 210 176
189 160 168 227 L61 154 A74 169 159 198 196 179 178
2r4 203 206 2rO r75 126 t79 168 146 ].'73 t62 r49 116
I79 L82 185 202 115 123 136 138 L29 120 164 I23 150

(456) r92 (s04) 187 (456) r44 144 r44 168

240 2t4 276 I92 163 144 180 156 98 L42 22I 130 180
257 249 264 264 160 195 178 140 141 160 117 162 191
245 200 191 I42 135 113 I41 132 168 133 L28 L99 161
I92 27L 242 - 264 170 2t6 - 170 154 156 204
223 283 269 295 204 178 a94 2tI 156 156 L56 t75 208
I94 257 247 190 t46 170 156 154 127 L63 120 168 L74
185 t49 L92 163 I25 L49 175 214 1-42 190 t44 a49 165
150 190 150 140 r20 140 180 160 J,20 110 r20 140 140
160 130 140 160 160 170 130 150 110 170
161 I82 194 156 130 163 190 L75 L42 I20 114 r25 154
156 L75 L15 134 I25 151 178 166 120 a25 108 l!2 ].46
168 154 158 ].44 t25 l20 149 161 I32 144 130 1.44 L44

t97 t99 206 189 154 153 176 r13 A47 151 L57 L69 173

Notes:
(1)

(2)

( 3)

- lndicates no data

Values in brackelrs rejected and not used to conpute averages,

Run of ifind measured approximêtely 2 Ír above glound level.
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ESTIMATED POTENTIAL R-EFERENCE CROP EVAPOTRANS?IM!ÍON RATXS AT EL KOD 1958- 82].51E A6

jni!s I mm/Íronth

IebJan sepAugAPT May Jun 0ct Total

129
122

r42
128

r3r
126

t22
138

t29

L23
130

tza
t29
144
L32
125
t29
130

l5B
161

166

161

163

467

160

187

185

193

183

L68

r72
L80

183

Ll0

193 193

199 187

191 198

L92 188

188 18?

198 196

199 193

185 171

- 193

183 200

170 !94
L14 188

L92 190

183 191
196 L96
L96 196

L66 180

lB9 r17
t/] a61

185 168

187 171
180 163

188 r75
r75 168

186 417

178 r75
t|'l L62

r44 138

141 r24
143 l'32 L 995

L41 t2L 2 005

145 r29 L 969
L47 r21 2 005

r35 128 | 952
149 r31 2 016

141 125 2 018

137 1r9 1 880

129
130

=

=

=

=

=
'!

.

a

-r

<

-t

1958

1959

1960
19 61

L962

1963

1964

1965

19 66

1961

19 68

196 9

1970

19 71

L97 2

1973

t97 4

t915
t976
1971

t97 B

t97 9

1980
1981
1982

119

138

126
t22
L30

t23
132
425

lt1
L29

133

140

145

tza
r27

164
161

114
157

163

168

161

154

476

175
tu:

l1't
175
188

170

t9'7 taz 185

191 162 195

205 158 L61

200 199 191

208 187 184

195 194 188

194 182 187

l'96 180 182

164 145 al1 I 924

143 118 130 1 866

163 150 114

157 L26 r24
161 139 L21 | 976

171 133 139 I 984

r71 140 125 2 001

155 140 r22 1 914

193 165

169 155

180 r73
- t63

184 116

190 163

204 183

188 r15

Àverage 128

:l92 171 161 r32
r7a 168 L67 139

189 176 166 L40

L32

131

t67

158

t62

168

163

159

t16

184
L94
192

].95

r 939
1910

L 957

192
185

115

124
r22

188

t-80

184185

{

n
I9!9s,

(1)

( 2)

Albedo = 0,25, For other constants and calculation plocedule see

chapter 2 lrext

_ lndlcates insufflcient data for evaPotransPilation estimate't
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NOTES ON TABLES B1-BI5

-!
1. - índicates no data

= 2. + indlcates that the daily volume Íi/as woÍked up dul:ing the

-r present study (see chapter 3 text).

1 ï indicates that a recession has been fítted (see Chapter 3"!
rext ) .
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TABLB Bl ÀDOPTED WADI BANA DÀILY RUNOFF VOLltlÍES AT OLD BATEIS WEIR IN 1000 m-

Yea!: 1951

sep Nov DecOctAugJUIJunl(ayAprFeb l4arDay Jan

1

2

3

5

6

7

I
9

l0
t1
12

13

14

I5
16

t7
18

19

20

2l
22

23

24

25

26

27

2a

29

30

31

- 647 161 7r 29 L g44t 2 o4B* 310
25 I 911 1 358 180

+22 1 045 76L 107

- 62r
- 790

95 1t
64 6r

8r' 3r
7t 3!

.Í .r
5r z'
5r zr
4t 2t
4t 2'
58 2'
42- 2'
^-r --
23t st,
17t 39'
r3t 2gt
ro' 22'
9- 16-trat2
7- 9'
6t 8tr1.67

4- 4Ar45L
4t .rlg
3t 94

3t 95

3t 65

3t 4i'
3t 35t

^-r

240 36 5t 116 t t64* 652 84

- 474 253 54
+381 2 793 239 172

- 307 232
+26 464 2 464 398 146

+858 35 253 2 t37 498 90

826 26- 514 2 869 366 120

9- 153 13 251 203 114l+8 165 6 774 204 L13r++7 209 3 811 I 871 106i+6- to4 2 327 964 '19
?+6- 500 a 747 474 84

2 360

I L74

2a7 926 2ot 8ro 3 509* 895 r42
2a7 1 034 15t 505 3 o,rz' 450 134

148 z ls,,o ltt 340 t s3g" 23r 121T+133 638 10 205 1 768 2L4 359

- 51 450
T37 166

L64 427r90 | 2151'+66 939

t
10

^r

7

8r
1r
6
.t

+
2 328
3 876

54

74

64
+

2 082
+| 424

623
2L2

+
1 940

+
2 738

859

r_++2A- 114 14 1 218 2 054 490 99r++2I- 73 64 959 2 450 207 84
L6' 53t 50 652 3 633* 186 92rr+12 39 55 195 3 916 t47 84

28t 435 r83 ,. ,'ro* r34 rg
+40 229 801 3 72t- 94 79

50 a42 4a7 2 275* 78 58t
40 r2g 301 4 326* 82 42t
29' ir zo5 5 147* 76 31t
zz' 50 187 : oor,' 65 23t
16" 50 250 2 598* 181 ri'
!2' 34 169 2 2L9* 143 13'
9' 32 6:'7 1 u81* 222 1or
I

8
++

2 470 2 526

(M.n') - 8.07 1.61 14.09 99.05 13.93 3.24 0.31 0.94

R-2



j
IABLE 82 ADoPTED WÁDI BÀNA DAILY RUNoFF VoLUMES AT oLD BATEIS WEIR IN I OOO Ín-

Yeár:1952

Day Jan Fêb sepJunMayÀpr14ár Ju1 Àug oct Nov Dec

.-

i

-i

-t

-

-ï

-t

-

-
--

+

+

+

=
--

=
-

-

-
.<

I
2

3

5

6

7

8

9

10

11

12

13

t5
16

I7
18

19

20

2a

22

23

24

27

2a

29

30

r
19r
14r
11
gr
gt:
r

8t
1

6rr
6r
5

5'
4'r
4

4t
3'

T
3

3r
3'
3rr
3

3r
3r'

2t
2t
2t
t

2

2r
2r
2rr
2

T
2

^r ,r

2- O'

1r or
lt ot
1t ot
1t o'

fr 73r1 101

lt 94

rt 94

r
t+I 1423

1- 1 771r+I 1641r+1 1308
1t Bi4r1 550rI 528rr 364r| 270
,r
rr 141rI 133rl.r 93

rt 49'
1t 36'

^-r
I

20

15t 360r11 r74r10 141

9t 306
8t 33i
gt 432
j' 2lo
6' 86r5 70r

4' 33

4t 49
I435

3t 2i
T327rr320

2' 15t
2t 11"

878 10'
1 043 9t

350 8trL36 7

86 itr793 6

2 575 5-+t
1561 5rr1138 4

653 4t
4.g 4tr711 3

3'

r3 178

3t 336
3' zrr
3t 29

3t iB3r3 191r2 tsLr2 118r2 118r2 LO2

2t 384r2 1ALr2 254r2 t96t2 144r2 raar2 83

zt 61r253
1t 253r169

281 535
+

1 057 I 499

479 1 076

238 562
323 973
270 668
12! 525
328 803

99 341

411

r90347r90 2 4'1
T902L1

90 2t 4i
4i3 2t 41r2r5 2 30r15 2 30

62 zt 23'
50 z' rit
39 2' L3t
22 2' rLt
22 2' rot
22 2' gt
18 1t 8t
14 1t 8t

l.Í10 16
ro 1t 5trl615
6lt4t

5' 22 4trrr4t73rrÍ4423

744í
J44J
3t 47 3t

3t 4i 3t
f

3 3t

+

+

+

+

+

+

+

+

+

+

+

+
+

+

+

+

374
313

1r43
984

844
519

t 047

2 4L2
L 240

711

558

593
1309
L 427

2 033
2 459
1045

646
432
274
344
237

2 731
2 070
L 524

2 3AL

2 434
2 813

I 093

9 2t5

+

+
2 506

+
2 246

+
1685

+I 210
+

2198
+

675

956
+

1120
802

790

769
705

507

256
256

256

256

256
222

189

181

156
134
135

136

134

134
124
420

Iotal
(M. rn- )

0.15 0.03 10.04 2.46 3,24 'u.60 47.31 23,51 1.46 0.32 0.4610. 51

-
-,|
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-í
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TABLE 83 ADOPTED t,lÀDI BANA DAILY RUNOFF VOLLI!ÍES AI OLp BÁTEIS !{EIR I! I OOO m-

Yeair 1953

Dáy Jan leb Mar Apr Máy Jun Áug Oct NovJul i

-
sep

1

2

3

4

5

6

7

I
9

10

11

L2

l_3

l5

t7
18

a9

20

21

22

23

24

26

21

2A

29

30

3I

r
2t
?

2Ír
2r
2

2tr
2
t

2

2t
f)
I

2
T

2

2f
1rrtrI
1Í

f
1r
1

1r
1rrt
1r
1r
1rr
1

f
1

Tt
1t
1rr
1

r
I
1r
1r
1rt
1

1r
1r
1

It
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

o

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

22

22r
11

f
T2r

t
10

t98074r83304
7t r52 96r7 104 2Ll.r6 104 148r5 95 244
5r s7 176r4 47 194r4 47 108t4 41 2Alr431 91

31 23t 202
3r r7r 89

t25 r3r 48
3 050 a2- 31+r
2 432 11- 13

+1988 67 5
+

1 703 t52 4
B 041 89 4
1 630- 51 2

1384 22 2
+492 22 2
+1 724 22 190
+| 246 L7 181

300 t2 65
loo 11 i,')

135

143

418

895 1" 224++271 I 057++200 543++| 476 930++379 | 944++2I7 1 210++118 t 194++20I 2 7I4*+L20 I 580

ta2 926
IL2 843++

2 326 615++946 1 578++| 623 1 768++812. 906.
427 911++

2 756 663++666 1 166++604 | 547++
2 454 2 274++
1 099 r 52L++857 1 361++
1 889 1 330++2 345. 904_
| 595 560++2 558 902
2 a34 1 201

1 059 809
r 642 1 08s++
2 275 715++
2 494 I 806

809. 231. I02 73
734. 227 . 106 115

r 237. 215. 111 116
r 541 182 fL2 103
1 313 168 113 92++
1 350 t62 llz 86++903 162 rJ,2 83

976. L62. La2 80
615 L62 tL2 81
486 . 151. 112 83
439. r24. L24 80
520 122 I25 81
403. rL4. t25 84

4 537 . 95. L22 76

846 87 118 75
+460 86 106 85
+| 397 86 104 86
+r 704 86 111 86+

4 530 86 118 88
+r o21 86 125 99++I 426 82 125 646++769 73 L25 2 344

554 73 t20 2 a45
349 73 113 698
309 81 111 518+254 86 107 321

+208 86 95 t76
223 92 90 117
229 L02 90 91

319 lO2 83 95

102 99

950
750

;

Total
(ll.In3) 0.04 0.01 0,09 25.96 2,40 3.40 37,81 31 .79 30.53 3.75 3,34 9.1L



,ii- 3- ADOPTED WADI BANÀ DÀILY RUNoFI VOI-UMES AT oLD BÀTEIS WEIR IN 1 000 m

Year:1954

Jan Feb APr 14áy sep oct Nov DecJUt Aug

_t

=
_'r

f

=

=
--a

-a

-t

{

j
j
j
j
j
j

j

{

{

j
{

j
-i
-i
-i
-ï
-{

-i

='-r

;

:l
_l

::

t9
20

2l
)2
23

24

25

27

28

29

30

r+++86 7r 26 80 11 29 143 2 279 956 9a7 298 16/1.++81 82 20- 66 11 30 165 2 295 1 333 156 216 l.67r+78 90 15- 171 31 26 1 311 3 824 1 100 464 294 162r.+++++12 70 11 94 362 2L r 256 4 411 3 016 504 305 156ï+++++12 't4 LO- 3 220 166 20 I 465 922 2 204 486 305 156r++63 54 9- I't26 162 92 853 3 036 | 332 436 299 L78r++65 64 B- 557 | 574 58 162 | 290 2 345 405 299 2r8r.+++69 69 7- 240 L t42 63 262 834 1 498 39'l 299 239r'++65 65 7- IOl 955 189 310 604 1 058 409 299 226

62 53 61 73+ 1 112+ 117 199 1 099 9zl 4Ll za5 Lg-'
+57 52 87 50 522 98 168 920 913 4rO 244 21-2
+58 52 613 22 378 '15 128 1 156 1 360 379 240 203

+58 49 236 38 232 48 991 3 623 3 594 341 256 2lO+++59 48 183 48 195 43 1 125 3 116 3 055 34L 264 2L8
64 35! 105+ 54+ i73+ 49 1 454+ I 445 1 989+ 3s9 264 224r+64 26 65 48 362 67 r r79 1 055 1 154 354 254 2ï9
59 zoÍ 53+ 54+ 229+ 68 2 52o+ 2 350+ 1 126 3 5ol+ z5i 223+++++56 t5- 39- 55 159 169 L 465 2 99t 4 285 5t6 257 2A2r+39 138 28- 52 133 272 1 507 L 747 1 081 420 257 154rr++29 344 2L 48 118 325 1 171 1 403 16A 436 255 20rr+++++22 222 57 43 93 193 r 925 3 636 699 494 25t 228r+++++11 L44 L61 39 98 2r8 t 900 3 0r2 910 426 2aO 203r+++++L2- r32 45 628 154 ). 9a2 r 219 2 070 681 385 183 195Í+++++11 106 50 188 116 944 905 4 080 834 358 174 188r+++++l0 86 43 49 89 550 I 650 6 331 783 344 467 204r++++++9- 57 r 276 48 73 2 250 2 594 2 024 598 343 t6't 2r2++++14 48 832 48 46 | 892 2 158 2 522 437 343 167 2L2r+++++++23 35- ). 476 33 44 722 1 453 2 585 I 588 343 167 L97++++13 | 279 15 37 6A7 t 858 r 353 776 343 167 L81

8 374 13 29 243 4 426 2 112 595 324 L61 r81
23

+
80 23 307 187r 604 r 825

Total
,.. 3. I.42 2.30 7.23(m.m ,

7 ,9L c.43 Ir.54 40.73 72.6r L3.40 16,32 7.34 6.14

B-5



TABLE 85 ADOPTED IIADI BANA DAILY RIINOFF VOLLMES AT OLD BATEIS WEIR IN I O0O mJ

Yearr 1955

0ct DecsePAugJu1Ap.Day I'l.ayPeb

1

2

3

4

5

6

1

8

9

10

11

12

16

t7
18

19

20

2l
22

23
24

25

26

27

2a

29

30

31

209 165

| 292 158

625 149
336 136

302 L24
256 118

184 94

148 89

L56 83

168 79

u0 83

203 86

187 86

184 86

166 76

158 76

r58 76

158 86

184 86

187 86

206 16
+L 52t 86
+

2 239 76
+1 667 7L
+2 027 7L

7 72 66

520 66

41s 60

208

125
L26

60 235 138

60 L62 L41

86 134 581

86 102 775
81 79 417

81 84 274
'?6 611 199

76 45r 149

16 33r 143

76 25r !34
370 18r 116

531 14r 90

327 tol 7a

137 104 13

423 rO4 240
260 ro4 603

230 104 345

154 104 2L4

114 104 L66
104 91 t47
86 86 107

83 t25 78

82 103 13

69 224 68

76 404 62

61 404 60

67 267 84

67 564 103

67 343 7a

1 367 158 67

63 241

58 492
58 114

50 86

48 67

48 59
806 460
500 I 012

316 3 72A
+253 1 036

165 r 266

133 1 803

390 700

I 7061 540
+970 845

905 585

374 422

272 285
196 2 209

+r59 1 563

L46 808
166 498
161 901
r29 679
I2I 581
112 437
108 357

108 317

105 269
101 2ta

222

27Í 5t
2or 4r
15t 4t
11t 3'
1ot 3t
9t 3t
8t 3t

r6 100

5t i3t
5t 53'
4t 39'
4t 29'
4' 22'

108 16'
z9t 4go
5Bt 2s't
4zt L83

3Lt 239
z3t 2r9
17t 159

t3t t4r-
1ot 143

st t43
8t 13rr7 111
et 108

6t 102

5t 101

91639 63

233 1 118 232

250 877 231"

29L 650 203
523 532 184

336 670 I17
+2L2 2 37r 169
+154 2 7t4 161

143 900 159
'L25 6t 2 15 9

2L0 981 150
371 494 145

454 144 1|2
170 1 430 138

L42 1 713 135
+r7r 3 542 L25
+654 3 915 t2L

a 976 19 080 L2l
2 404 I 174 L2l
t 4o6t 637 L2g

+495 946 L34++
2 336 2 0A2 131

+| 642 660 108

593 52r 108
+

2 5L3 384 108
+

3 436 409 108
+

2 926 449 108
+

3 91.4 680 108
+

5 980 449 92+r4 405 297 67'
2 ooa 256 49'
1 328 36t

Total
1".13) 15' 26 2.59 6.04 4.49 5.87 4.14 22.5t 41.80 52.00 4.L6 0.56 2.98

B-6
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a

TABLE 86 AIOPTED WÀDI BANÀ DAILY RUNO!-! VOLUI4ES AT OLD BAÍEIS hEIR IN I 000 mJ

Year: 1956

Jan Feb Mar Nov Dec

a

-t

a

=
a

1

2

3

4

5

6

7

8

9

10

11

t2
13

t4

16

lt'
18

19

20

21,

22

23

24

26

27

2A

29

30

31

26

26

22

22

22

T7

L]
L7

22

22

22

32

32

32

32

32

t7
L7

17

L7

15

15

15

15

15

15

l3
13

13

13

685

314

263

2r4
209

5r
-T

4t:r
t+

3r
3r
3'
2r
2tr
2

2'
2r
1r
1r
1r
1r
1r
1r
lr

f
1

1r
lr
orr
0

or
ot
or
o'
or
or

90 83

95 78

98 69

81 70

80 76

43Í 64r31 6,t+

23r 58r18 54r
r10 45r941
!843
T739

.t
r634

94 34

95 34

69 34

58 30
42t 30
31r 30Í23 26r11 26

13r 26
IL2 30
f11 30r10 30

^r
10

13 138

13 t29
13 103

67 84
100 13

al 65

49 60

30 51
22 47

22 43
47 35

55 22

31 22

22 22rl7 22

!2r 18

tlr tjr10 t1

+2 742 13

605 13

760 10

558 8

2 L14 7
+

2 094 7
+1760 5

858 5

413
235
186

60 2 379

59 | 487

63 7 667

56 1 600

188 | 314
255 605
182 469
148 524
320 486
495 862

318 64

311 47Ír234 3t+

25r 26Í
128 19Í

136 1t-rra2 10r65 Ir648
-r

59 62
56 62

57 62

54 66

52 73

52 4!t
38r 37rt2a 28rr2L 2t
t6! 16r
r2r L2trr911
8r gt

+r78rt67
_r

3

3

2

2

2

2

60 2 037
+r607 1 000 4

60 | 292 2 044 15 820 56

-r

ï

{
--i

a

a

-t

-a

_-r

-t

-{

2 52 | 022
+2 52 3 836
+2 544 5 269
+2 t16 2 927
+2 a9 6 901

2 86 887
+2 341 1 936
+2 225 2 234

2 tLl 1 203
2 16 6'16

2 108 568
2 150 7t4
295 600 2 079
1

1

t
I
I

53

L75 456 2 88I
+507 2 216 | 250 L 290

+3 2 r35 868 | 24a 3 376
3

3

3

96 500 102 256

60 296 540 4 754

+f2L9 I L08 a4'
2t4
284
219

285

438

].41

138

r54
213

499

234
167

161

122

108
+

+

6 236 L 308

Total
(lt.r3) 1.23 1.33 0.62 13.02 1.07 3.07 a4.62 57.49 20.26 20.o1 0.84 0.05

-í

=
-r;
j

=j

.--r

=
--_t
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TABLE 87 ADOPTED WADI BANA DAII,Y RUNOFF VOLIII,ÍES AT OLD BÀTEIS WEIR IN 1 OOO M' L-

Year:1957

0ct DecsepAugAPÍDay M.ay Jun Ju1I'eb

1

2

3

4
5

6

7

I
9

10

1l
L2

13

14

16

a1

18

19

20

2L

22

23

24

25

26

27

2a

29

30

31

r
0

0r
0'r
0r
0

0r
orr
0

or
0rr
0r
0r
0

0Í
f

0

oÍr
0r
0
I

0

01'

0r
I

0

0r
otr
0r
0

0rr
0

0r
o

0!

?+o 425 423 2 344 566r+0 266 210 r0 311 473
o! 3zo 404 L 4g:'+ 4a2
ot 247 4a7 s69 430r+0 164 208 1 ttg 354

+28 106 241 4 224 361r2L 115 2I0 1 259 324
161 122 L37 1 1931 322r+I2 88 914 | 235 3A7

11r 1oB 875 1 o5o r 249+

L0r | 222 7oo 264 3 358+
91 2fi g32 u5 | azi+

f8 174 732 167 A52ri7 133 5 438 134 608r+6 100 2 751 134 307
6- 67 I 2I9 114 592r+5- 37 6 926 97 642t+5 138 137 75 572

4t lLo 46gt 69 3o.-r4 49 259 60 268r3 40 170 866 6141"+3 t2 23a 3 964 272r++3 9 2 273 4168 208

3- 7 3 C88 2 41a 201r+3- 26 3 r93 3 632' 2261.++3 32 880 16 199 26r
1 491 24 492 11 673 207

802 10 2a9 7 315 264
+622 199 I 2I9 194

+387 8 431 r 324 t64
628 647

606

696

702
718

643
584

2t6
L64
164
498

278
293
244
443
242

540

292

497

273

396

307

269

641

1 183
1161

472

461
831

+

759

I L94 847
+

2 469 705
1 411 684

2 349 610

4 139 542
1 844 509

1 873 1 361
+

2 2L2 1 616

4 925 145
+

2 250 495
+

3 07 6 46"7

1 280 436
| 248 383

+
4 079 367

| 929 361
| 524 3s3
| 262 329
2 53a 311

1 968 279

1 140 242
2 336 232

1 855 232
+

2 239 2r9
I O22 2t4

864 r97
974 t94
851 188

758 188

722 188
I 838 188

188 246 2t2
188 220 186
188 221 164

188 206 ].64
188 1441 164

LA2 1o1r 164

179 74r L64
L73 54r 138

l7o 39r g:'r

rio 29r 71r
t7o 22r 511'

l7o 16Í 381:

170 rzr 27t
170 259 149

L16 285 r13
[t9 285 a2Lr
\79 285 88r'
179 25t 65rrr419 476 U1

185 t23t 34r
1g7 9or 26r
187 661' 19r
L32 48r t5r
132 35r t1Í
J.3z 26t rol'
206 28L gr
206 313 178

243 251 185

245 25r r73
230 272 12Lt
206 88r

L.

;

|--

Tota\ 
o(M.m-) - 2.46 6,05 51.56 t7 .o2 59.91 13.69 5.7 2 4.65 3.t546.L2 16.90

L.



a
i

a TASLE 88 ÁDOPTED l,lADI BANA DAILY RUNOI'F V0LUMES À1 oLD BÁTEIS ÍIEIR IN 1 000 m

Year: 1958

ÀprDay Feb May Jun Àug qên al. r N^u nó.Jul

-a

a

-
a

a

a

-

-

=
-tt

=

=

=
.-!

=

=

I
2

3

4

5

6

7

8

9

10

11

T2

13

t4
L5

1B

19

20

2l
22

23

24

25

26

21

2a

29

30

31

r65 162
41Í 225

T34 158r26 118
19r 140

15r 136

|.r 1gl
1or 34rr9 168

+I 170 130

267 130

192 130

217 130

153 147

L44 134

144 130

].44 130

138 130

135 130

r32 108

135 93
tlz 86

107 86

129 86
253 86

150 86

86

86

B3

]B
7B

76

10

61

61

51

54

45

41

41

41
36

34

34

34

34

27

22

22

22

721

188

139

5 528
+

1107
365

244

799
115

89

184

150

189

146
146

200

t66
97

61

14

63

60

58

58

58

58

58

47

32

23

23

Tf51
4t 1t

rr172
13r 1r

ft:12 1r10 22

9r 23

8r 23

Bt 23

7t 23
f637
f643

rr43 881 432 t27 58 3

73 552 s4g 53 43t 3r
88 341 569 52 3rr 2t
62 255 365 81 23t 2t
52 353 250 s6 l8t 2r
47 8ol zo4 58 r3t 2r
4i 540 188 57 Lot 2'
43 z z6z* :r19 48 285 2tj-r
39 1 860 181 47 106 2

34 805 195 72 'rir zY

383 187 86 56t 2t
350 ri5 84 4rt 2t

5t r59 892
5t 232 111

r2 to5 694r2 63 593r+2- 30 1 939

191 853 2Lr n 3ot 2t+rt96 3 745 235 78 23 2

62 2 922' 2o4 76 1it L'
41 1 r14 rzi 78 13t lt

3r i3 1r8 1036 107 78 lot It
3t 66 1 639* 1 206 zo3 io 9t 1'
3t 62 L 58g* 91r 329 i3 8t 1t

69i 368 i3 7' r'
444 Li3 69 6t lt
sol 134 69 6t r'
514 146 66 5. lt

4Í 229r4 159r3 t32r3 73

r3 62 985

2' 60 1 950

2' 54 | 136r+2 4t+ 1 910r2 38 516 | I72 90 62
2t 36 23i 1 025 76 65

2' 36 | iL3* 2 68'7* 73 62 4t 1t
106

t52
164

193

216

86

86

rr414646231 fr642586931
824 58 61 3t ltr+2 39 596 I 24t 239 80

rr3Lr2 626
rB0 1507

Total
(M.m-) 3.71 2,99 0.15 1.95 18.76 31.90 6,31 2.L1 0.92 0.054.85 9.86
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IABLE 99 ADOPTED WADI BANA DÀILY RUNOFF VOLLMES ÁT OLD BATEIS I,]EIR IN 1 000 mJ

Yea!: 1959

Day Jan Fêb l4ai l4ay Jun Ju1 sePAugÀpr Oct Nov Dec

1

2

3

4
5

6

7

8

9

10

11

L2

14

L5

16

L7

1B

19

20

2l
22

23

24

25
26

27

28

29

30

31

lt 11rrr110
11 9r
1t gr
L- 7'rtf6

fr14

o! 3r
ot 3'
ot 3'
or 3t
ot 3r
ot 3'
ot 2t
ot 2'
tÍo2

ot 2trr02
180 2t
80 2t
5gr 2'
43t 2t
31t 2'
23' 2'rl8
.^r
r2t

r247
94 36
81 22

44 20

32' 17

24t 13r
18t 1or
l4t 9t:
lot 8t
9r jt
8t 6t

rr15tt65

rr43
rr43

3t 3rrl

rr32
2- 2-

2- 2'

i5 2t
48 2r
49

r2 5't 2r2 3rl
z' r}gr2 L32
2' 9s

2' g2
ta2 79tL7Lrr47

rr
40 47

483 4'l
405 47

454 31
gi 28tr480 2Lr7A 16

75 t2'

r
9

23g r2t r4r
619 gr lot
1oo Bt 9t
235 7r B'
285 i' tl6
r43 61 84
ro2 51 84
gr 5t 112

ro5 4t tt6
to7 4r tl6
106 4t tr6
105 3t 92
101 3t 67'
tol 3t 4gt
to1 82 36t
118 BB 2i'
118 101 2ot
to8 108 15'
101 18 1It
101 ro4 10'
233 116 9'
134 95 t07
92 100 106
96 91 106

a2 83 106
i4 61t 94

54t 44r a2
39t 39r 79

zgr 24t Bo

22' r8r i3
I16 84

63

590 4 911 614++Ia2 2 022 11 150
61 2 858 I129

rI7 2 438 2 499
+108 1 819 867

1 866 2 a28 619
+281 2 740 1L7

72t 1837 2 442++523 | 62a 9 032++'L37 1863 2 221
136 1 333 ), 206
130 1231 1008

+391 866 4 681
162 775 920
264 485 879

+191 1 550 864
+427 2 AA2 1058

221 97I r 171
+143 2 079 676
+364 4 340 642
+239 2 017 486
+291 3 520 513

t32 3 980 343
r25 r 562 224
345 928 206
I93 625 165
'L26 

57 5 94
80 475 425

). 2t4 405 290
+

2 1.25 519 L75
+

3 112 36r

52

52

42

37 5'
207 5r'
50 30

335 856
+8 230 73

665

56 9tÍ
8

1r
.t
r

6

Totatr
(M.m-) 0.47 0. rr 0.57 0.?5 L2.04 2.91 15.I0 56.43 41 .32 3. 96 1. 30 2.10

a

-
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.-a

...-

- TABLÉ B1O ÁDOPTED llÀDI BANA DAILY RUNOFF VoLIIMES AT OLD BÀTEIS IaEIR IN 1 000 t!-

'_-
Year: 1960

Day Jan feb Àpt' !{ay sep oct Nov Decl4ar Jun Aug

...a

1

2

3

5

6

7

8

9

10

11
t2

14

16

a7

L8

19

20

2I
22

23

24

25

26

21

28

29

30

31,

r
61r
45

r
25

18rr
L4

torr
10r

9

^rr
7

t
5r
5

67

4gtr
36

20t
T

15
f

L1

10r
^rr
8

r
6r
5

5rr

4t r+I 680 256 202 392 93352
rr9924 rr9924

97 21 3'tr7423 rl75 2 3

59 zt 3r
37 2': 3ttrr2a23
2rÍ 21 2t
16r zt 3u

r2t z' i5
tlt 2' 4rB
tot 7g 425
gt 82 265

B' sz 164
j' 3gt 56

6' 29' 42trrr62232
s' ait 24t
5t L2t 18t
4t 11t 13trrr410 10

3t 9t g'
3t 8t 8'trr377
3t 7t 7t

JJ)

J))

3t 4' 4t

4t lt 3ot* t 998' trs 51 3zr 684

3t rt zo2* z :-.3s* 8r r5o 589 sz.'
3t lt .'s2- t l's-6' 65 91 504 31o

3t 1t 143* 839* 55 33 329 r oz3'
3t 1" 113t 1 234* 52 2l 396 1 079*++3- r- 61 1 41 8 50 r1 331 8rr
3t rt za* z ,*zz' 4i Li 236 538

3t 1t '*l' z :r:..z' 46 339 2r3 631

3t 1t ,16* ez,** 46 433 319 680r+++
3' 16 40 r.83 46 248 24r 459r+++2- 448 365 379 46 110 22r 490r+++2- r22 1 s80 276 46 304 r83 345f++++
2- 6A3 2 797 240 44 rr,3 156 2 337r+++2- | 55L 5 476 22r 42 1-62 204 859r+++2- ). L44 1 619 163 42 509 165 5r9r+++2- 460 615 134 42 361 r37 355r++++
2- 27'1 25'1 115 42 168 137 264r+++2- ].61 182 1r20 164 100 198 ?65

2' t9o* t4L* toz' i4 643 268 191r+++2- 626 94 5 2A2 198 409 538 2L3i++++++2 489 80 8 585 76 2 133 1 198 3 742r+++2- 247 75 I 582 52 557 404 216
1' 153 69 450 48 ?L2 280 5r5r+++1- 180 52A 354 60 199 954 L48r+++1- 198 6 64b 273 49 188 368 107r+++1- 378 1 648 186 46 296 2L6 110r+++1- s37 661 r43 46 843 316 r 13r+++
t- 2 308 363 l2? 46 526 276 L7L+++

1 001 308 122 53 456 5'19 140

| 492 210 722 1 090

Total
.-_ 3, 0.55 0.06 12.86 25.32 35.50 2.03 10.50 11.76 18.83 0,72 0.43 r.66(ll.m ,
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TABLE B1I ADOPTED Í,IÁDI BANA DÀ1LY RUNOTT VOLUMES ÀT OL

Year:1961

AprDay Feb l{ar l4ay Jun Jul Àug sep oct Nov Dec

1

2

3

4

5

6

7

B

9

10

11

L2

13

t4

t6
t1
1B

19

20

2I
22

23

24

26

27

28

29

30

3t_

41 51 4t 49

41 41 3t 41

31 4Í 3t 505

3'. 31 3! 353

3t 31 3t 203

3! 3t 31 548

31 3t 3t 244

3r: 135 3t 190

3t 2Ls zr 2b4

31 113 2t 563

29 80 2' 23L

3z 64 2t 243

32 49 2t 133

31 3i' 2t r5o
46 2Bt 2t r25
25 2L' 2t 14

22 16t 2' 54

44 rz' 2t 4i
4'r lot 2t 98

34t 9t 2t 476

26' 8t 2t 255

19t 8t 2t 166

14t "r' tt 108

11t 6t 46 85

10" 6t 46 b6
gt 5t r31 50

Bt 4t 119 43

7t 4t ia 32

6t 60 24

6t r:'2 18

5t 87

14 44
1ot 26

9t 14

8t l1t
7' 9t
1' 9t
6t 8'

f180 6

110 674
186 34

r04 204

48 140

25 130

103 170

52 379

26 297

Tb JO)

L2t 209

9t 145

It r34
jt 130
jt 72

6t 314
5t 24g

5t 644
4t a7

' 4t 150
t L3i r22

60

++51 2 749

164 L 147++r73. 2 890 .

342 4 840++220 2 031++249. 3 563.
195. 2 229 

.

79 2 r20
z'ts' L ze3-++106 703.
72 r 4"19++56 L 942++50 1 653++I 778 766++

1 171 424

759 333,

529 284

758 r 102++6'16 L 227++
1 480 1 019,

718 559++403 315

260 . 388,

204 l" 495++438 2 090
t:'l' oou-++
391 . 1 080.
198 520++128 462

115 644++91 385

3zz- t3o- 4i s2

z tt6' 1r-z- 47 81
gz,*' us- 41 66

sts' :r:'l' 44 s1++462 114 43 47++1:3s9 100 39 35++r
262 92 34 26

327 IzL 32 20'
14 t5 95 32 15-++r
1 593 76 32 1l
1 560* 26 19 1ot
r r5L* 2ot 16 9'

654* r5t 13 Bt
331 11- 13 7-

1 A26 10- 34 7-

22L' st 5t5 bt
192 8- 623 5-

254* 1t 33i 5t
716 6- 86 4

L42* 6t L32 4t
r25 5- 34 4-

395 5' 21 3-

r57 4' t6 3-

595 4' L2' 3-

168* 3t 11t 3'
1r-5* 3t 1ot 146

72 3- 9- 104

259n 3t 2L 76t
zs,i 39 52 5st

178* 39 52 4ot
f40 30

f[t'l, o.to 0.86 0.73 5'44 1.18 4'8s 12'8s 20,o4 7.94 2,42 0.9442.94
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3
TABLE 812 ADOPTED WADI BANA DAÍLY RUNoI'F VoLUMES ÀT oLD BATEIS WEIR IN 1 0OO r!-

\eat. L962

Apt' l4ay Jun Aug Oct Nov DecsepD.y JUTJan Fêb Mar

,fr
-Ë

d
r=3

-;<
;--

:

:
F-!-

-

-FI

F-l

'-l

I
2

3

4

5

6

7

B

9

10

1l
12

13

14

16

T7

18

19

20

2l
22

23

24

25

26

21

28

29

30

31

r
23

r7rr
13

1or
gt
r

8t
7

6t
6t
5t
5'r
r
r

3

3rr
3

3r
3r
3r
3r
3rr
2r
2r
2

2rr
2

2f
2r
2r
2rr
2

r
2r
2r
1

1r
l-rr
I
1r
1r
l-r

23

47

33

19

11rr
10r

9

8r
1r
6t
6'
5tr
5
I

4

4t
3r

f
3

3r

r+++++3- 7 64 103 217 1 1L6 10 525 \\4 8' 15'r+++++3 7 49 63 L69 1 005 11 581 107 8 Lr+++++I.r3- 7 A7 3 229 t27 2 437 r 789 99 7' 10'r++++++r3 7 135 2 461 103 L 937 I 043 BB 6- 9-+++++++r19 5 380 r 2L7 L46 | 346 r L21 81 6- 8-++++r401 3 220 652 305 2 1r3 1 541 't4 41 i++++r33 3 551 805 I 624 841 957 "73 41 6r+++++2L' 3 311- 362 423 5gg r ioi 13 4'1 6r
161 3 zr3t zrr 254+ 3t6* 1 783+ 13+ 32 5rr+++++L2 3 L23 135 584 2:-:6 155 73 22 5t!+++++11 3 132 t25 L96 3 508 542 69 22 4'r+++++rr10- 2 118 91 L25 152 429 64 L7' 4'
91 2 g3+ i4 r27* 3g2+ i25* ,o* r2t 3t+++t706 3 73 'tr 91 2 306 199 73 9- 3-+++rr 174 2 '13 58 93 a16 532 73 8- 3-+++++rÍ503 2 64 55 427 695 294 73 8 3+++rr37 2 52 191 321 92A 23t 62 7 52

103Í z ,*,** 74 tor" 473* 668* 58 49 38'+++i106 2 2t 11 101 3 I20 442 49 20 28+?+++gg- z :'6' 139 s5 886 455 62 49 zo'++1-+++60 2 863 12- a96 66 5 501 62t 62 32 15'
87* 737* rrt :.76 2r:,* 3 6ozt 5 iB2* 62 32 11'r+++89 797 10 145 336 2 168 762 62 43 52r+++55 636 9 93 404 I 863 L 230 62 344 52r+++48 266 8- 68 181 5 926 694 45' 141 57+rr22 469 7- 41 22r 2 t95 250 33' 66 42'-+r+++I.r18 158 6 41 l.41 9 400 657 25 52 30+r18 tte- o' t l ro:- s szt- 3lz- tg' 38t 23'++++tz ts 24 84 119' 2 319' ers- 14' 28t ut++++rrr7 13 50 619 198 2 130 425 10- 20- 13-
7 20 g61' 5 228' gt 1or

-l;-

É.!-

'-a

Total
_-_ 3. 0.16 0.23(M.m )

1<n tJ o.)) 72.31 48.93 1.91 1,23 0, 56

B-13



TABLE B13 ÀDOPTED WADI BANÀ DÀ1I,Y RUNOF!' V0LUMES AT OLD BATEIS UEIR IN 1 000 rn

Yeár:1963

sepflayDay Jan leb Mar Apr Jun Jul 0ct Nov Dec

1

2

3

4

5

6

1

B

9

10

11

L2

13

14

l5
16

t7
18

19

20

2T

22

23

24

25

26

27

28

29

30

gt 3t 41t 2tr+8- 3- 30- 2 765
jL 3t 22' r 123

95 2' r7t 1 014
+811 2- a3- 9 989
+

a26 2- 9- 3 981

92 zt 9t I lol
66 21 8t: 425

56 zt jt 286

52 2t: 6t 2oo

47 2t 6t io
34t 2t 51 2 093'f+
?6' 2' 5- 655r+19- 2- 4 9 493r+14- 2 t+ 8 894r+
11- 2- 3- t5 669

1ot 11 31 3 094

9t 1i 31 1 121r+
8" 1- 3- 1 599r+7- l- 3 1065
6t 1t 3t 3i2
6t rt 2t 481

5t rt 2' :,96
5t 1t zt 119

4' 101 2t 1oB

4t r6i 2t 108

3r jg zt 90
+3- 56 2- 4 642
+

3- 2- 10 110
+3- 2 2 300

661 336 818 66

521 300 330 95

4'r 5 258 280 69t
36i 236 258 51t
364 r65t 202 37'
318 1t6r 121 28t
332 Bat 14r 2Lt

384 62t 348 16t
3a2 45 311 12

zsi 33r 180 9'
z2g 25t 236 -/r

531 r9t 236 5'rr719 14 236 4

7r2 12t 180 3r
73L 11^ 180 3^

314 10Í 1Bo 3t

1 340 415

403 328

1 075 162
6 795 118

| 416 r73
+

1 065 489

2 944 280
+

4 613 233
111 114

512 86
+3 168 86
+

11 520 86

2 489 86
+

3 806 170
+

1 100 160

962 133

234 300

226 391

227 1I9
+

t63 | 762

476 l2r
281 159

153 182

108 r31
103 116

98

69

86

86

108

120
66

59
+

1810
289

74

64

383

236

611

400
244
t92

+
923
598

510

282
607

361
+

587

428
+| 178
+| 253

19 )
224

+
8 008

+
1.280

568
+

789
+

1631
+

2 7r9
+

1 825

785
451
911

2a3
205

38L

628

628

464
464
464

904

1 046
+| 4't2
+

1586
+

3 529
+

2 '199

1 137

+
2 98r

935

5r7
449

423
+

2131
134
939

+
1567
3 364

+r 934
+| 144
+

615
+

1 r74
+

6 963
+4 469
+

3 012
L3 623

+| 928
1330
1085

984

790

+
4 949 416

1 035 416

106 416
57t 416
684 416

584 416

-r -^
r3 87

-r ^-
3t 87

9t 180 2'
8t 1Bo 2.r

7t t3t 2'
'?' ii 2t
6t gB 2t
5t 61 2trr5 59 2

4' 61 2t
4Í 2t

f;t"à, r.ss 0.45 0.22 83.16 48.95 't .42 30.28 12.42 19. 34 4.28 5.09 0. 93
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TABI,E B14 ADOPTED WÀDI BANA DAILY RUNOFF VOL1IMES AT ÓLD BATEIS hElR IN 1 OOO M

-.-t

--

Year: 1964

Day Jan Feb [,lar Apr l4ay Aug Oct Nov DecJun Jul s.P

I
2

3

4

5

6

7

8

9

10

1l
12

13

14

15

16

t7
18

19

20

2l-

22

23
24

26

27

28

29

30

3l

1tr
1r
1

1trIr
1r'I

1tr
1r
1rIrtr
1

1tr
1r
0r
o

otr
0r
0

ot
o'r
0r
0

o'r
0

ot
ot
I

0
f

0

o'

--t

--

---r

-;

--t-l

-'E

---a

_-a

---t

---

'r
--a

__--t

'...I

rr23rr22rl22
rrI2
ft1)

8-. 2'
^rrr53 2rr392

2gt 2trr222rr162rr122rr11 Itr10 1

9t 1t

rr7Trr71rr61

rr4trrt+l
.r .r
lir31

-r . r

r
3
-rj

zi2 i 93 13 2 424* 853 46:' 68 r95+ri
1 103 6 61 10 4 724 2 755 145 90 403+r+464 5 56 9 | 592 1 307 533 91 48+r.+9 691 5- 44 167 2 20r 904 200 74 38

8 313* 4t 26 56 1 903* 2 811* 508 54t 24+1 ++r
2 r94 4 64 r45 3 025 2 988 565 39 13r+r27t 4- 61 103 3 246 I 661 599 30- 13

180 3t 49 103 t gst* t 665 263 22' 9r+Tr23 3 43 81 2 3r4 I 105 239 r7 52

86 3t 31 '/4 1 388 541 205 99 13

894 101 65

t76 425 62

284 106 62

186 111 69

148 99 73

L4t 53 73

134 31 73

133 108 13

128 108 107

74 3t 18 68 908 9r1

f++13 6- 195 4 022 4 052 266 108 74 107r++r13 5- 601 6 003 4 640 601 108 54' 449

11 5t zg4 3 l4g* z 601* 4 i36' r31 3gt 67sr+r7 4 167 9 753 1 488 978 131 30 1.46r+r69 4 L28 5 450 I 713 75I 99 22 167+r.100 690 82 6 114 2 226 594 99 L1- r42+i69 3lB 70 2 r34 2 37L 484 86 12 131

16 t s:r* 5i z o5.'' t lzg 3i5 -r4 rlt rzt
7 1 r83* 48 t s6,** , 6tr 1 840 i4 1ot 88+++r29 418 47 r 442 2 3rO 544 1t 288 9 62++Í13 L82 30 L 918 1 506 603 355 I 62

118 3188 3 024

r5835 rr5034 rr3624 r

58 816 580

47 144 593

47 6L4 614

139 816 | 45729

22

L44
9 361 145 874 442

13 8t 938 568 1 189 390r++11 7- 815 r r7'1 3 878 395
j' 93 1 048 I 600 3rbl0

275

Total
(ll.m3) 0.44 0.04 0,02 2J. ',r5 5,02 4.44 57,55 65.52 33.52 19.08 r.7r 3,74

---a

----!

'_-r

___-!

""'t

---.,I

---r

_---l

ó- r)



TABLE 815 ADoPTED WADI BANA DAILY RUNoFF VoLI'MES AI OLD BATEIS hrnlR IN 1 000 n

Yêar: 1965

sepDay Feb l4ar Apr l4ay Jun Jul Aug Oct Nov Dec

I
2

3

4
5

6

7

8

9

l0
1I
12

t4

16

L7

18

19

20

2I
22

23

24
25

26

21

2A

29

30

31

62 36

73 36

37 32

a94 31

259 31

259 25

2tl 22

98 22

259 22

198 22

73 22

73 22

13 22

73 33

'13 22
'13 18
-t3 a7

73 t7

52 17

57 1l

51 11

48 18

44 2l
2L

32

36

18 31

18 31

18 \19
16 79

16 180
14 180

14 180

9 180
13 180

10 lB0
10 884
9- | 250
8- 1 008
jt: 32L
7' 6g

6' 616
I5 670r+

5- 3 52]
4t 851
4t 886

3t 368

3t 224
3t 260r+3- 1 155r+3- 8 416r+3- 2 592r+3- I24l
2' 629

2' 2og

2t 148r
2

T113 2

103 2tr91 2r11 2
-- ^Í

10

I1
48 388

69 738

43 | 279

84 2t 2oa 7g4
34 2t g65 364

15 2' 625 i92
'r 2t 622 688

f+6 2- 144 404r+
13 1- 887 513

+a2- r- 983 921
+11- t- r 169 582
+

9- r- r 621 438
9- 1- 2 058 390

+
8- 1- 2 154 | 942

7t rt gls' t 6g3
6' 1t 342 4 901

6t lt 182 z 469

480 3 498 87 r90 285
262 2 965 87 190 200-

784 i3 190 L4ot
651 i3 t9o 98t
854 73 101 77-'

624 40 66 52'
503 36 57g 3Bt
44g 36 4oo 28t
J6i 36 348 2at

32g 36 !22 16t
276 36 58 L2'
27o 36 r25 l1t
2r5 48 Lr2 gt
2og 35 2go 9t
242 22 2sg 8t
32a 35 25g 7'
215 36 259 6'
2o9 22 259 6t
L85 155 212 5t
135 201 2a5 5t
105 2oi 285 4t
109 2o7 285 4t
1oo 207 2a5 3t
348 r9o 2a5 3'
410 190 285 3t
436 190 zas 3t
r25 190 zgs 3'
r19 190 2as 3t
348 190 2a5 3'
99 190 2a5 2'r190 2

a

5t 23

5' 38

4' 25

4t 15

3t 1rt
3t 1ot
3t 9t
3t Bt

2t

+

+

+

+

633 1 103

586 538

452 502
+27r 1 687

913 4 824
+902 2142
+354 3 750
+256 2 75A
+196 3 096
+199 3 354
+257 3 571
+342 1 321

ïï5, z.so 0.64 o.24 26.57 0.12 0.19 19.64 48.73 15,51 3.35 7.40 1.06
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TABLE BI6 RAT1NG TABLES

See Figure 3.1 for
descriptions.

locations of gauging poínts and chapter 3 text for

\ a.) tladí Bana

Stage Discharge
m IIl-/s

Discharge
m-/s

Stage Discharge
m m3/s

Stage
m

0

0.1
4.2

0.4
0.5
0.6
0.7
1.8
,.9
_.0
-,I
'- .2

0.0
t(

5

9

I4
19
26
34

54
66
80
98

1.3
1.4

1.6
1.7
1.8
to
2.0
2.1
2.2
2.3
2.4
2.5

2.6
2.1
,Q

,q

120
r41
178
2t9
265
304
360
442
456
s20 (500)
585 (5s0)
6s0 (s96)
j25 (653)

8oo ( 7oo)
890 ( 7s5)
980 ( 80s)

I 075 ( 8s5)
1 r70 ( 905)
| 27O ( 9s7)
1 380 (1 010)
1 500 (I 062)
I 620 (1 114)
I 750 (1 r66)
l 880 (r 220)

llovs in brackets are

=:opted - see text of

Shakat ba oner

Abyan Board values where
Chapter 3.

they differ from those

m

Discharge
m-/s

Stage
m

Discharge
Ín-/s

0
0.1
0.2
0.3

0.0
0.25
0. 40
0.70
1.30

0.5
0.6
0.7
0.8
0.9

1.80
2 .40
3. 50
4 .90
6.30

Source: 1960 Abyan Board Working-up Book

a

a

I



TABLE 816 (Cont I d)

(c) Maj.ncanal

Stage
Itr

Discharge
m-/a

Stage
m

Discharge
m'/s

Stage
m

Discharge
m-/s

0
0.1
0.2

0.4
0.5

o .44
1.00
r.83
2.92
4.11

0.6
0.7
0.8
0.9
1.0
1.1

6,80
8.26
9.80

11.4
13.0
14 .6

1.2
l'l

t.4

1.6

16.3
18. 0
19. 8
2L4
23.1

L.

Abyan Board rating is shown, for 5 gates open and cenÈral sill 0.30 rn

belorí thê rêmainder

(d) Bateis canal

Stage
Itr

DÍscharge
n3/s

Stage
m

Discharge
m-/s

Stage
m

Discharge
m"/s

0
0.1
0.2
0.3

0
0 .25
0, 85
r.o)

0.4
0.5
0.6
0.1

2 ,68
3.96
5. 40
6. 88

0.8
0.9
1.0
1.1

8.60
10. 5
72.7
i5.0

Source: Abyan Board

(e) Massanj- canal

Stage
Itr

Discharge
m-/s

Stage
m

Discharge
m-/s

L

L

I

\

0
0.1
o.2
0.3

0.0
0.14
0. 50
0. 93

0,4
0.5
0.6
o.7

1.90
2.48
2.78

Source: 1960 Abyan Board working-up book.
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TASLE 817 !íADr BANA MTSCELLANEOUS FLoW MEASUREMENTS

Location Source Date Discharge
m-/s

Gauge height
m

Bateis?

Bateis?

Ligma

Ligma

Llgma

DAII (ref 1)

ll

GDC (ref 4)

79, 6.11

5. 9.7 !

r97 t

2l . 9.79

30.12.79

5. 68

5.30

tt2

5.7r

0 .602

o.215

0.17

r.34

" inferred from
132 m3 ls on Abyan

Dar Al-Ilandasahrs
Boaïd rating.

text as stage corresPonding Eo
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