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1. INTRODUCTION

•
Londianidamisoneof thetwodamsconstitutingthefirstphase

of theGreaterNakuruWaterDeveldpmentPlanwhichwillprovidethe

water.neededforthesouthernareaof theriftvalleyasdelineatedin

thedraftreport(Ref.1).

Thechosendamsite(mapreference08700867)ison theriver

Kipchorianinthe1GCdrainagebasinandhasa catchmentareaof

136km'. Figure1 showsthelocationofthedamsitein relationto the

nearestrivergaugingstation,whichis1GCSon theNyandoriver,and

thelongtermraingauges.

Theobjectivesof thisstudyaretoprovideestimatesof floods

forthespillwaydesignandconstructionuorksandto calculatethe

yieldavailablefromthedamsitefor10,20 andSOyearsreturn•
periodof failureandthreeretentionlevels. •

TheLondianidamcatchmentstretchesalongthewesternsideof the

riftvalleyas farnorthastheequator.Thealtitudevariesfrom2200

metresat thedamsitetoover2600metresintheupperreacheswhere

muchof thelandisforested.However,deforestationof theseareas

hasbeentakingplaceformanyyearswhichmaybe causinga changein

thecatchmentresponsetorainfallandalsoin therateof soilerosion.

Theclimateof theLondianicatchment,as formostof therift

valley,iscontrolledby theIntertropicalConvergenceZone(ITCZ).

Thiszoneisformedby a seriesof lowpressureareaswhichareparallel

totheequatorandmoveswiththesunnorthandsouthof theequator.

The"long"and"short"rainsof Kenyaareassociatedwiththeinstability

caUsedby themovementof theITCZinMarchtoMayandOctoberto

Decemberrespectively.Rainfalloccurringbetweentheseperiods,in

JulyandAugust,areknownas the"continentalrains"andresultfrom

thedevelopmentof localanticyclones.

Thisdescribesthegeneralpatternof theunderlyingclimateacross
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Kenyabut themountainousrangeof the riftvalleytendsto

breakup the effectof the ITCZpatternandthis,compoundedwith the

effectof the largelakesin thevalley,producesa verycomplex

climaticregion.

1,1 AVAILABLEDATA

Rainfall

Londianihas a meanannualrainfallof about1200mm, andmost of

thisoccursbetweenAprilandAugustforminga well-definedwet season.

The variabilityof bothannualrainfalland itstimeof occurrenceis

veryhighso thatan analysisof waterresourcesincorporatingrainfall

as a meanannualstatisticcouldbe verymisleading.It is therefore

necessaryto includehistoricrainfalldatawhereverpossibleto

incorporatethe inherentvariabilityin the analysis.

The raingaugenetworkis fairlysparcein thenorthernriftvalley

but,of the recordsthatdo existsomeextendbackto 1902. Thereare

onlythreeautomaticraingaugesin theareaand thenearestof these

to Londianiis Kericho. The otherraingaugesare readdailyand

summarizedas monthlytotals.

The fivelongtermraingaugesare listedin TableI togetherwith

theperiodof recordforwhichdataareavailableand theweightsused

to determinecatchmentrainfallsfor thereservoiryieldanalysis.The

weightsweresimplyestimatedfromThiessonpolygonsdrawnfor the

catchmentsto the damsiteandto thegaugingstation1GCS.

Evaporation

Potentialevaporationestimateshavebeencalculatedby Woodhead

(Ref.2) usingthe Penmanequationforall the availabledataat that

time. Potentialevaporationis a rathermoreconservativestatistic

thanrainfalland thusthemeanmonthlyestimateis more applicablefor

use in a resourceanalysisthanthemeanmonthlyrainfall.



TABLE1


CatchmentRainfallAnalysis- Londiani

Rainfall GaugePeriod of Record

Weighting
for dam
site

catchment

Weighting
for 1GC5
catchment

Londiani 903502 1908-1980 29 130
Lumbwa 903568 1938-1976 10 11
Lumbwa 903520 1905-1980 0 4
Equator 903569 1938-1975 141 141
Mau Summit 903538 1932-1979 0 89

Mean annualrainfall(Trim)




1202 1165



TheaveragepotentialevaporationfortheLondianicatchmentwas

calculatedfromthemeanof fivestationswhicharetheEquator,Kericho,

Koru,MbloandMblo(PyrethrumRes.)stations.Themeanmonthly

potentialevaporationestimatesareshowninTable2 togetherwith

themeanmonthlyrainfallestimates.

Runoff Data

Thenearestgaugingstationto theLondianidamsiteis 1GC5on the

Nyandoriverwitha catchmentareaof 251km'includingtheKipchorian

river.Recordsareavailablefromthissitefor1964to 1980in the

formofmeanmonthlyflowswhichareobtainedfromstaffgauge

readingsanda ratingcurve.

Thestaffgaugeisreadtwicedailyandis ina naturalsectionwith

a rockcontroldownstream.Theratingcurveisbasedon discharge

measurementscarriedoutduringlowandmediumflowsextrapolatedto

encompasshigherflows.

Of theothergaugingstationsintheareathemajorityhaverecords

of 20yearsor lessandsomeof thestationsarenotrated.Veryfew

stationshavehadflowscalculatedsince1976thusconsiderably

reducingtheavailabledataset.

Sedimentation

Thereisverylittleavailableinformationaboutthesedimentload

of Kenyanriversandhowit ischangingwithlanduse;however,a large

programmeof sedimentsamplinghasrecentlybeensetup by MOWD

includingmeasurementsat station1GC4on an adjacentcatchmentto the

Nyando.Dunne(Ref.3)workedon suspendedsedimentsamplingand

producedsedimentratingcurvesfor97stationsin Kenya.Theseare

u.sefulforestimationof sedimentloadwhenaccompaniedby a flow

durationcurveof thestation,butthenewestratedcatchmentsarein

the1GDand1GBdrainagebasins.

Twosedimentsampleshavebeencollectedat station1GC4,onein

May1980andoneinJune. Thesedimentconcentrationsmeasuredwere



TABLE2

MeanNbnthlyClimatologicalCharacteristics

Evaporation
(mm)

Rainfallto
Dam Site (rim°

Seasonal
Distributionof

Runoff%

January 161 40 1.69

February 155 44 1.51

March 170 75 3.38

April 137 157 2.97

May 132 138 6.67

June 120 115 5.40

July 112 154 15.84

August 115 188 28.9

September 133 100 16.79

October 144 56 5.57

November 135 78 8.69

December 148 56 2.59

Total 1662. 1201 100.00



approximately112 and 84 ppm respectively.Neitherof thesemeasurements•

suggesta largesedimentconcentrationbutmoredatawillbe necessary

to cometo any conclusions.

A recentstudyin theTanarivercatchmentreportederosionrates

of about0.5 mm/year(Ref.4). Thismay be usedas an indicationof

possibleratesof sedimentationin theLondianiarea.



2 FLOODANALYSIS'

2.1 INTRODUCTION

The objectiveof thisfloodanalysisis to provideestimatesof spillway

designand constructionfloodsfortheproposeddam sites. The rangeof

returnperiodsfor the spillwaydesignfloodsis 100 to 500years; for

constructionfloodsthe rangeis 5 to 50 years.

A numberof methodsareavailableforthe estimationof floodsof these

returnperiodsnamely:

statisticalanalysisof peakdischarges,

statisticalanalysisof rainfalland thenconversionto runoffusing

a suitablemodel,

and 3. empiricalmethods.

To use the firstmethodwithoutexcessiveextrapolationfor estimating

highreturnperiodfloodsrequiresmanyyearsof streamflowrecords. The

analysiscanbe basedeitheron recordsfroma singlegaugingstationor from

a numberof stationswithina simdlarhydrologicalregion. For thesingle

stationthe annualmaximumflowsareabstractedfromtherecords,rankedand

thenplottedusingan assumedtheoreticaldistribution;for theregional

analysis,the samplesizeis increasedby poolingthe availabledatatogether

in dimensionlessform.

Raingaugesare generallymoreplentifulthanrivergaugingstationsand

theirrecordslonger. Consequentlythe statisticsof extremerainfallcan

oftenbe estimatedmore accuratelythanfloodstatistics.The unithydrograph

- lossesmethoduses a simplehydrographmodelto converta chosendesign

stormto runoff. If adequatedataareavailablea unithydrographcan be

derivedfroMobserveddata; otherwisea syntheticunithydrographis estimated

usingcatchmentcharacteristicssuchas channellengthand slope. Rainfall

intensity/duration/frequencyrelationshipsare used to constructdesignstorms

of the requiredreturnperiods.



Someof theempiricalmethodsforfloodestimationcan'beappliedtoa
widerangeof climatesandcountries.Others,suchas thedesignmethodfor
theUnitedKingdomdescribedintheFloodStudiesReport(FSR)(Ref5) or
forEastAfricadescribedintheTransportandRoadResearchLaboratory
Report(TRRL)(Ref0) relatetomorespecificregions.

. Themajorityof riverflowrecordsinKenyaareforrivergaugingstations
whereriverstageisobservedoneor twotimesa day. Floodstatisticsare
thereforegenerallybasedon meandailyflowdataratherthaninstantaneous
peakdischarges.Mbreoversinceup to 80percentof dailyrainfalloccurs
between1300hrsand2200hours(Ref7) thefloodpeaksarerarelyobserved
on mediumandsmallcatchmentswhereno automaticrecordersareinstalled.
Inthesecasesfloodstatisticsbasedonmeandailydischargeswilltend
tobe underestimated.

RainfalldatafromautographicrecordersinKenyahavebeenanalysed

andtheresultspUblishedina convenientformforestimatingdesignstorms
forgivendurationsandfrequencies(Refs8,9).Insufficientshort-term
rainfallandrunoffdataarecurrentlyavailableforthedamsitecatchment
to allowderivationof realunithydrographsina conventionalway.

Consequentlyitwasdecidedthatneithermethod(1)nor (2)couldbe
usedon itsownto estimatedesignfloods.On theotherhandto relysolely
on an empiricalmethodwouldhavemeantignoringthedatathatdo exist.

A combinationof thethreemethodshasbeenusedhere.

Firsta regionalfloodfrequencycurvewasconstructedusingthelocal
dataavailable;thesewereannualmaxhnummeandailydischarges.Experience
fromotherpartsof theworldsuggeststhatthedimensionlessfrequency
distributionsof instantaneousandmeandailypeakdischargeswillbe
similar.Thisshnilarityissupportedbydatafromrivergaugingstation
2GB1on theMalewariverlocatedto thesoutheastofNakuru(Figure2).

Thusprovidedan estimateof themeanannualflood(Q)at thedam
sitecanbe made,floodpeaksof returnperiodsup to aboutSOyearscanbe
deducedfromthedimensionlessfrequencycurve.Themagnitudeof Q was
estimatedusingtheTRRLmethod.
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The modelparametersof a unithydrographlossesmodelwere

adjustedto ensurethatthefloodspredictedfor returnperiodsup to

50 yearswereconsistentwith theregionalfloodfrequencycurve. The

modelwas thenusedto calculatehigherreturnperiodfloodsfor

spillwaydesign.

2.2 DATAUSEDIN FLOODANALYSIS

The recordsof a numberof gaugingstationsin drainagebasin1

were inspected.The datafromseveralstationswereexcludedeither

becausestagereadingsweretakenonlyonce everytwoor threedays,

or becausetheratingcurvesappearedto be particularlysuspect.

Fortheremainingstations(Figure3) the annualmaximummean daily

flowswereextractedfromtheNKMI)files;no chartrecordswere

availablefor theextractionof instantaneouspeakdischarges.

Rainfalldatawere takenfromtwopublishedsources,namely

theNOWDrainfallfrequencyatlasof Kenya (Ref8) and theIRRL

designmanual(Ref9).



Gauging station locations

Dam site

Gauging stations

Drainage area boundary

Drainage baisin boundary

APPROXIMATE SCALE 1:750.000

Figure 3



2.3 STATISTICALANALYSIS

A regionalfloodfrequencycurveis essentiallya frequency

distributionof QT/Q,whereQT is thefloodof returnperiodT years

andQ is themean annualflood. The relationis assumedto be valid

forall catchmentswithina region,or alternativelyto representthe

mean of thedifferentrelationshipsfor thedifferentcatchmentsin

theregion.

The curveis constructedfromthe seriesof annualmaximumfloods

at the gaugingstationsshownin Figure3. Each recordwas converted

intoa dimensionlessseriesQ/Q,and the individualeventsranked

in ascendingorder. Theplottingposition,yi, thatcorrespondsto

the floodof ranki in the serieswas estimatedfromthe Gringorten

formulagivenby

i - 0.44
F. N + 0.12

andyi = - Fi)

whereF.is theplottingpositionexpressedas a probability,

i is the rankof the event,

and N is thenumberof eventsin the series.

Thesefloodswere thengroupedintorangesof y (-1.5 to 1.0 etc)and

themeanvaluesof rand theratioQ/Qcalculatedfor eachrange. By

usingthesecalculatedmeans,itvas possibleto definethe regional

curveup to a valueof y = 2.6. The curvemay be tentativelyextended

furtherby plottingthe threehighestindividualvaluesof Q/Q as being

the threehighesteventstakenfroma samplepopulationof 75 events,75

• beingthe.totalnumberof eventsin thepooledrecord.

The resultingcurveis shounin Figure4.
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2.4 TRRLMETHOD

TheTRRLmethodof floodestimationis a simpletechniqueforestimating

designhydrographsforungaugedcatchments.Incommonwiththeunithydrograph-

lossesmodel,themethodconsistsof convertinga givendesignstormto

runoffusingan appropriatemodel. Inbothmethods,it is assumedthata

stormof a givenreturnperiodwillcausea floodof thesamereturnperiod.

Theactualresponseof a catchmentwilldependon thelocalantecedent

conditionsandtheassumptionmaynotbe strictlytrue,but in theabsence

of detailedlocalinformationit isconsideredto be reasonable.

Themethodis describedfullyin therelevantTRRLReports(Refs6, 9)

soonlya briefsummaryis givenhere. Theselecteddesignstormis

convertedto runoffusinga simplethreeparametermodel,whoseparameter

valuesdependon thecatchment'sphysicalandclimatologicalCharacteristics.

Theparametersof catchmentlag,initialretentionandcontributingarea

coefficientwereestimatedinthelightof fieldvisitsandfromthetables,

mapsandfiguresin theReports.

ForthisstudytheTRRLmethodhasbeenusedto estimatethemeanannual

flood(519at thedamsite.Althoughstrictlythereturnperiodof themean

annualfloodis 2.33yearsfortheGumbeldistribution,we haveassumedthat

thisfloodcanbe reasonablyestimatedfromthe2 yearreturnperiodrainfall.

A summaryof theparametersusedinthecalculationis giveninTable3.,

andgivesa of3Q m3/sec.

2.5 UNITHYDROGRAPH- LOSSESYODEL

Theunithydrographfora particularcatchmentdefinestheresponseto

a unitvolumeof netor effectiverainfallinputovera specifiedtime

interval.Themethodrelieson twomainassumptionsof catchmentbehaviour

namely:-

thereisa linearrelationshipbetweennetrainfallandflood

discharge;ie twicethenetrainfalldoublestheflow

theprincipleof superpositionapplies;thefinalflood

hydrographismadeup fromthedirectadditionof theordinates

of a seriesof unithydrographsscaledandlaggedaccordingto

thenetrainfallhyetograph.Thisprocessis calledconvolution.



SUMMARYOF TRRLMETHODPARAMBTER8 TABLE3

Catchmentarea

Landslope

Channelslope
51085

2 yeardailypointrainfall
Arealreductionfactor
Rainfalltime(T)

Catchmentlag(E)
Antecedentrainfallzone

Catchmentwetnessfactor(C)
Standardcontributingareacoeff

(Cs)
Landusefactor(CL)

136km2

4.47%

2.44%
14.72m/km Source
55mm TRRL623Figure1
.83 Figure17
.75 TRRL706Table8

8 hours 11 Table7
Nyanza 11 Figure14
Dryzone 11 Table3
.75 Table5

.45 It Table4

.50 11 Table6



Theprocessof floodestimationusingtheunithydrograph-lossesmodel

involvesthefollowingsteps:

Estimatingtheshapeof theunithydrograph.Ideallythis

shouldbe basedon recordedfloodandrainfalldata; in

theabsenceof suitabledata,an empiricalformulahasto be

used

Defininga designstorm

Estimatingthepercentagerunofffromthedesignstorm

Combiningtheunithydrographwiththe (net)designstorm.

A slowresponseor 'baseflow'componentof thishydrograph

is addedto thefloodhydrograph,butthisisusuallysmallby

comparisonwiththedirectrunofffrommajorfloods.

Unithydrographestimation

In theabsenceof continuousflowrecordsandrecordingrainfalldatafor

catchmentsinthejmndianiregion,itwasnecessaryto derivea synthetic

unithydrographfromcatchmentcharacteristics.Manyempiricalformulae

havebeenusedto estimatethetimetopeak,T of a synthetictriangular
P'

unithydrograph.Theseequationsarebasedon physicalcatchmentcharacteristics

suchas streamlengthandslope.Itis thereforenotunreasonableto usethis

typeof physicallybasedequationinthiswork. An empiricalrelationship

fromtheFSRbasedon streamlengthandslope(VolI 56.5.4)givesthetimeto

peak(T) of thehydrographas:-

0.47

	

L -

	

Tp = 2.8[VS= hours

where L is themainstreamlength,

and S is theslopeof themainstreammeasuredbetween10percentand

85 percentof L fromthemouthof thecatchmentinm/km.

Theshapeof theunithydrographisdefinedby a trianglewhose

timebase(TB)andpeakdischarge(Qp)aredefinedby:-

TB = 2.52Tp

Q -
220 m3/s/100knp T



UsingthecatchmentcharacteristicdatasummarisedinTable3 the

followingvaluesareobtained

T 6 hours

TB 15 hours

Q 36m3/s/100km2

Notethatthesefigureshavebeenrounded.

Designstormduration

TheFSR (VolI § 6.7.6)recommendsthefollowingequationforthe

durationof thedesignstorm:

D = T (1+ SAAR/1000)

whereSAARisthecatchmentaverageannualrainfall.Thechoiceof storm

durationisnotparticularlycriticalforthecalculationof floodpeak,and

we considerthattheuseof thisequationis reasonable.

Designstormdepth

Intensity- duration- frequencycurvesandmapshavebeenpreparedfor

a numberof rainfallstationsinKenya(Ref8).Usingthecurvesandmaps

together,the24 hourrainfallsfortheLondianicatchmentwereestimatedfor

returnperiodsof 5 to 100years.The200and500yearreturnperiodrainfalls

wereestimatedby extrapblationof thegraphinFigure5. Lumb'swork

(Ref10)wasusedto estimatetheprobablemaximumprecipitation(RP).

The5 year24-hourrainfall-intensity-durationfrequencycurveswas

usedto constructtheprofileof thedesignstorm.A nestedprofilewms

adoptedsuchthatforalldurationstherainfallintensitiesof thesame

returnperiodoccurredwithinthesamestorm.The 5 yearstormof 13 hours

durationwasthereforecomposedof the1 in 5 year1 hourfallinthecentre

of the1 in 5 year3 hourfalletc. Designstormsof higherreturnperiods

werebasedon an identicalprofilebecauseno otherrelevantdatawereavailable.
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Althoughtheaverageintensityoverthetotalstormdurationhasthe
requiredreturnperiod,thenestedprofilewilltendto createa larger
floodbecauseof itspeakynature.Howeverit ispreferabletousethe
localrainfalldatain thisconservativefashionratherthanadoptother,
lesspeakyprofiles,suchas those"describedin theFSRwhicharestrictly
validonlyfortheUnitedKingdom.

Arealreductionfactor

Thestormprofilesderivedso farapplytopointrainfalls.An
arealreductionfactor(ARF)hastobe usedto takeaccountof thefactthat
pointrainfallintensitiesarehigherthanthoseoccurringwiththesame
exceedanceprobabilityoverlargerareas.ARF'shavebeencalculatedby
theTRRL(Ref9),andintheabsenceof otherdata,ithasbeenassumed
thatforthisbasinSanARFof0.83isvalidfordesignstormsof allreturn
periods.The1 in 5 yeararealprofileforthedamcatchmentis shown
in Figure6.

Catchmentwetnessindex

An indicationof howwetthecatchmentis likelytobe beforea flood
eventis givenbithe catchmentwetnessindex(CIVI).Thisindexisa
combinationof soilmoisturedeficit(SMD),anda 5 dayantecedentprecipita-
tionindex(API5') definedby

ChTI= + APIs- SMD

Forflooddesignithasbeenassumedthatthe SMDis zero,a reasonable

assumptionforthewetseason.

If D is thedurationof thedesignstorm,thenAPIshasbeencalculated
froma stormof duration5D; thedesignstormbeingnestedat thecentre
of thelongerstorm.It is assumedthathalfthedifferencebetweenthelonger
anddesigndurationstormsfelluniformlyin the2Dhourspriortothedesign
storm. Fordurationsotherthan24hoursa conversionequationfromthe
FSRis used(VolI § 6.8.3).
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Baseflow

Theconvolutionof theunithydrographwiththenetrainfallprofile
givestherapidresponsecomponentof thetotalhydrograph;theother
componentis theslowresponseor basefloweomponent.Howeverbaseflow
isonlya smallproportionof thefloodhydrographanditsvalueis
thereforenotcriticalto theestimateof thepeakdischarge.

TheFSRgivesan equationfortheslowresponsecomponent
(VolI § 6.5.11)

Baseflow= 0.000326(CWI+ 0.00074TSMD+ 0.003)

whereRSMDisthenet1 dayrainfallof 5 yearreturnperiod.

Percentagerunoff

Therewereno dataavailableinthisstudyfromwhichan entirely
objectiveassessmentcouldbe madeof howmuchof thegrossrainfall
wouldbe effectiveinproducingfloodrunoff.FortheUnitedKingdomthe
FSRproposedequationsforpercentagerunoffcomposedof threecomponents
relatedto thephysicalcharacteristicsof thecatthment,itsinitial
wetnessandthesizeof therainstorm.FSRtypeequationshavealsobeen
successfullyusedinotherpartsof theworld.

Initiallytheseequationswereusedto estimatepercentagerunoff
fromlocaldata. However-theunithydrographmodelpredictionsbased
on thesevalues,forfloodswithreturnperiodsup to 100years,didnot
reproducethesteepnessof theobservedfloodfrequencycurveshownin
Figure4. Consequentlytheestimatesofpercentagerunoffwereadjusted
subjectivelyuntilthemodelpredictionsfittedtheobserveddatamore

ThemodelparametersfinallyusedaresummarisedinTable4;
themodelpredictionsandfloodfrequencycurvearecomparedin Figure7.
The100yearfloodcalculatedusingtheTRRImethodis69 m3/sec,



DESIGNFLOODPARAMETERS TABLE4

ReturnPeriod Rainfall Percentage Volume Qinax

(years) (riffn) Runoff (m3x106) (n3/s)




(3)




S 52.2 17.5 1.78 43.1

10 58.8 20.0 2.14 54.0
25 71.8 22.5 2.75 72.3

SO 80.6 25.0 3.30 88.8

100 91.5 30.0 3.98 110.0



Unit hydrograph model: Flood predictions
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2.6 DESIGNFLOODESTIMATES

Constructionfloods

We recommendthepeakdischargeof constructionfloods,uithreturn

periodsup to 50 years,shouldbe estimatedfromthepooledfloodfrequency

curveshohninFigure4 , andtheestimateof Q =30 m3/seccalculated

usingtheTRRI,method.Theshapeof thefloodhydrographcanbe a simple

triangularunithydrographwherethedurationof thefloodis 15 hours

andthetimetopeakis6 hours.

Spillwaydesignfloods

Estimatesof spillwaydesignfloodsaregiveninTables5 to 7

andinFigure8 . Theseestimatesweremadeusingtheunithydrograph

lossesmodeldescribedaboveandassumedvaluesof percentagerunoff.These

estimatesarebasedon a numberof assumptions,whichwe believeareconsistent

withourunderstandingof thehydrologyof theLondianiregionbasedon

informationpresentlyavailable.

Theseassumptions,andinparticulartheestimateof timetopeakand
percentagerunoff,couldandshouldbe verifiedby detailedexaminationof

rainfallandflowrecordsfrominstrumentsinstalledon thecatchment

specificiallyforthispurpose.



Greater Nakuru 'Aater Supply : Lonoiani Dam Design Floods TABLE 5

200 Year Flood

Area (Sq.Km.)
Data interval (Hr)
Design duration (Hr)
Total rain (mm)
Percentage runoff

136.00
1.00

13.00
102.46
30.00

Base flow (cumecs per sq.km) .04083

Triangular unit hyarograph computed from Tp= 6.0

Convolution of unit hydrcgraph and net rain profile

Time

.0n

Total
Rain
mm

1.71

Net
Rain
mm

.51

Unit
Hydrograph
ordinate

.00

Total
Hydrograoh

cumecs

5.551.u0 2.81 .84 6.11 5.98




2.00 3.29 .39 12.22 7.10




3.00 3.25 •97
18.33 9.05




4.00 3.54 1.06 24.44 11.81




5.00 8.95 2.69 30.56 15.45




6.00 55.35 16.61 36.67 21.32




7.00 8.95 2.69 32.67 40.29




8.00 3.54 1.06 28.68 60.34




9.00 3.25 .97 24.68 79.91




10.00 3.29 .99 20.69 98.94




11.00 2.81 .84 16.70 117.35




12.00 1.71 .51 12.70 132.76 -Peak-13.00




8.71 125.77




14.00




4.71 115.09




15.00




.72 102.96




16.00





89.71




17.00





75.52




18.00





60.71




19.00





45.72




20.00





31.30




21.00





18.17




22.00





12.71




23.00





10.07




24.00°





8.16




25.00





6.30




26.00





5.96




27.00





5.60




TOTALFLOOD VOLUME (MILLION M3) 4•75






Greater Nakuru Water Supply : Londiani Dam Design Floods TABLE 6

500 Year Flood

Area (Sq.Km.) 136.00
Data interval (hr) 1.00
Design duration (Hr) 13.00
Total rain (mm) 118.95
Percentage runoff 35.00
Base flow (cumecs per sq.km) .04139

Triangular unit hydrograph computed from Tp= 6.0

Convolution of unit hydroorach and net rain profile

Time Total
Rain
mn

Net
Rain
mm

Unit
Hydrograph

ordinate

Total

Hydrograph

cumecs

.00 1.98 .69 .00 5.63




1.00 3.26 1.14 6.11 6.21




2.00 3.83 1.34 12.22 7.73




3.00 3.77 1.32 18.33' 10.37




.4.00 4.11 1.44 24.44 14.10




5.00 10.39 3.64 30.56 19.03




6.00 64.26 '22.49 36.67 26.99




7.00 10.39 3.64 32.67 52.68




6.00 4.11 1.44 28.68 79.83




9.00 3.77 1.32 24.68 106.33




10.00 3.83 1.34 20.69 132.12




11.00 3.26 1.14 16.70 157.04




12.G0 1.98 .69 12.70 177.92 -Peak-
13.00




8.71 168.45




14.00




4.71 153.99




15.00




.72 137.55




16.00





119.61




17.00





100.40




16.00





80.33




19.00





60.03




20.00





40.50




21.00





22.72




22.0Q





15.33




23.00





11.75




24.00





9.17




25.00





7.31




26.00





6.19




27.00





5.70




TOTAL FLOODVOLUME (MILLION M3) .6.25






GREATER NAKURU WATER SUPPLY : LONDIANI DAM DESIGN FLOODS TABLE 7

PROBABLE MAXImuM FLOOD

AREA (SQ.KM.)
DATA INTERVAL (FIR)
DESIGN DURATION (HR)
TOTAL RAIN (MM)
PERCENTAGE RUNOFF
BASE FLOW (CUMECS PER SO.KM)

136.00
1.00

13.00
186.92
45.00

.04139

TRIANGULAR UNIT HYDROGRAPH COMPUTED FROM TP= 6.0

CONVOLUTION OF UNIT HYDROGRAPH AND NET RAIN PROFILE

TIMETOTAL
WAIN
mm

NET
RAIN
mm

UNIT
HYDROGRAPH
ORDINATE

TOTAL
HyDROGRApH

CUMECS




.003.11 1.40 .00 5.63





1.005.13 2.31 6.11 6.79





2.006.01 2.70 12.22 9.87





3.005.93 2.67 18.33 15.20





4.006.46 2.91 24.44 22.75





5.0016.34 7.35 30.56 32.71





6.00100.98 45.44 36.67 48.78





7.0016.34 7.35 32.67 100.70





8.006.46 2.91 28.68 155.55





9.005.93 2.67 24.68 209.10





10.006.01 2.70 20.69 261.20





11.005.13 2.31 16.70 311.55





12.003.11 1.40 12.70 353.72 .41EAK




13.00




8071 334.60





14.00




4.71 305.38




• •1.5.00




.72 272.17





16.00




235.92





17.00




197.11





18.00




156.56





19.00




115.54





20.00




76.08





21.00




40.17





22.00




25.22





23.00




17.99





24.00




12.78





25.00




9.03





26.00




6.75





27.00




5.77





TOTAL FLOOD VOLUME (MILLION M3) 12.04
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3. RESERVOIRYIELDANALYSIS

For thisreportwe are requiredto provideestimatesof the firm

yieldof thereservoirat theLondianidamSitefor risksof failure

of 1 in 10, 20 and 50 yearsand retentionlevelsof 2320,2325and

2330m. We haveassumedthata yieldwitha returnperiodof failure

of N yearsisdefinedas theyieldwhichcanbe suppliedfromthe

reservoirwitha failure,of unspecifiedduration,occurring,on

average,onceeveryN years.

Reservoiryieldanalysisrelieson a seriesof riverflowsat

the dam site. The nearestgaugingstationsetup by MOWD is 1GC5on

theNyando;however,SirAlexanderGibbandPartners(Africa)have

builta snallstructureat thedam siteto enableflowreadingsof the

riverthroughoutthishydrologicalyear. Readingswere startedin

April1981andbecausethe sitehasnotyet beenrated,thesedatahave

not beenusedfor thepresentanalysis.

The flowrecordedat 1GC5is approximately14 km downstreamfrom

the dam site. The responseto rainfallat thisstationshouldbe

similarto thatat thedam siteas thecatchmentshavesimilarclimate,

topographyandlanduse.

To transfertheflowdatafrom1GC5to the sitewe considered

correspondingcatchmentareasandmeanannualrainfall.

The catchmentrainf'allsweredeterminedusingTheissenpolygon

weightedmeansof the fivelongtermstationsin theareaas shownin

Table1. Fromthesethereis no evidenceto suggestthatthe rainfall

in the dam sitecatchmentis significantlydifferentfromthat in the

catchmentto 1GC5.

The runofffor thedam sitecan thusbe best,estimatedusinga

simplecatchmentarearatioto transformtheflowdatafrom1GC5.



3.1 EXTENSIONOF RUNOFFRECORD

Thuswe havea flowseriesof 16 yearsof monthlydata (someof

whichare incomplete).This is not sufficientto defineadequately

the SO yearreturnperiodyieldwithoutextensiveextrapolationof

resultsand,as a consequence,allowconfidencein theseresults.

As therainfalldata span76 yearsit shouldbe possibleto obtaina

morereliableresultby extendingtherunoffsequenceusingthe

rainfalldata.

A rainfall-runoffrelationshipcanbe eitherconceptuallyor

statisticallybased. A conceptualmodelwouldbe difficultto fitand

wouldleadto impreciseresultsin thiscaseas adequatedata,suchas

soilmoisturecontentand infiltrationrates,are not availableto

describetheprocessof the transitionbetweenrainfalland runoff.

A statisticalmodel,in the formof a linearregression,was used

insteadto relatetherunoffto rainfallon an annualbasis. We

believethata monthlyrelationshipwouldbe muchmore tentativethan

an annualrelationshipwithmuch largerinherenterror.

• The regressionwas carriedoutusinglogarithmsof both the

rainfallandrunoffseriesas thisremovesthe emphasisfrom floodflows

whichwould,otherwise,tendto dominatethe fittingprocedure.This

is particularlyimportantfor reservoiryieldanalysisas the accurate

predictionof low flowsismorepertinentto the analysisthanthe

floods. The logarithmic•transformationalsoensuresthatthereare

no negativepredictedflows. Thiswouldnot necessarilybe the case

witha regressioncarriedout on naturalflows.

The dataare plottedin Figure9 togetherwith the lineof bestfit

far the 13 yearsincludedin theanalysis.The equationdescribing

.the regressionlineis

LOG(RUNOFF)= -11.041+ 4.291LOG(RAINFALL)

with a correlationcoefficientof 78 per cent.



Line of best fit between annual catchment

rainfall and runoff for the dam site

Log annual rainfall Immi

Figure 9



Thisequationis extremelysensitivetorainfallandcouldpredict
unreasonableresultsif it isusedoutsidetherangeof fitof the
regression;however,only3 yearsof the76yearsof recordfall
outsidetherangeof fitandthese3 fallonlyjustoutside,therefore
theequationisadequatetodescribea relationshipbetweenrainfall
andrunoff.Datafrom1968and1979wereinitiallyincludedinthis
analysisbutwerelaterdiscardedas obviousoutliers.

The PredictiveMbde

Thissimpleregressionequationcouldbeusedtopredictrunoff
valuesfortheyearswhenwe haveonlyrainfalldatabutthevariance
of thesyntheticserieswouldnotbe representativeof theactual
runoffseries.Usingthisequationassumesthattherainfall-runoff
relationshipisperfectlydescribedby thelinewhereasthereis,in
fact,a scatterof pointsaboutthelinein Figure9. Wemustinclude
a stochasticelementintothepredictionequationandtodo thisa
normalrandomvariable,ofmean0 andstandarddeviation1, is scaled
to representthescatterof theregressionbymultiplyingitby the
standarddeviationof theresiduals.

Theequationusedforthepredictionofannualrunofffromannual
rainfallvaluesis

LOG(RUNOFF)= -11.041+ 4.291LOG(RAINFALL)+ 0.297E

Thusa totalseriesof 75yearsofannualrunoffwaspredictedforsite
1GC5andusedto estimatetheflowsat thedamsite.

Theseasonaldistributionof runoffwasdeterminedforihedata
from1GC5expressingthemeanmonthlyflowas a percentageof themean
annualflow. Thisdistributionwasimposedon the76yearsof annual
datatoproducea 76yearseriesofmonthlyflowsforthedamsite.

Theeffectof theinclusionofa stochasticelementinthe
predictionequationisthatthereisnouniquesolutionforthesynthetic
series.Aninfinitenumberof seriescanbeproducedmerelyby altering



thestochasticelement,althoughtheseserieswillbe highlycorrelated.
Ifjustoneof theseseriesischosenatrandomandusedforthereservoir
yieldanalysis,theresultsmightbe biased.To guardagainstthiswe
havepredicted9 separateseriesof inflowsandthestorageyield
analysisiscarriedoutusingeachseries.Theresultsarecollated
andthebehaviourof thereservoirisdescribedby themeanof the9
series.

3.2 RESERVOIRSTORAGEYIELDANALYSIS

Thestorageyieldanalysisisrequiredtoprovideresultsof the
yieldavailable,for10,20andSOyearreturnperiodsof failureand
forretentionlevelsof 2320,2325and2330metres.Therearemany
methodscurrentlyusedforstorageyieldanalysisbutwe believethat
themostreliablearebasedon a reservoirbehaviouranalysis.The
inflowsareroutedthroughthereservoir,on a monthlytimebase,and
a waterbalanceiscarriedoutincorporatingreservoiryield,spill,
inflow,rainfallandevaporation.Theevaporationusedis shownin
Table2 andthecatchmentrainfallinTable8. Thiswilldescribethe
behaviourof thereservoirundertheconditionsof thesyntheticflow
sequence.Itonlyremainstoquantifythereturnperiodof failure
attributableto theyield.

We havechosentheGouldProbabilityMatrixmethod(Ref.11)to
assigna valueto thereturnperiodof failurefora particularyield
anda particularreservoirsize.

TheGouldmethodisdescribedintheappendixbutbrieflyitdivides
thereservoirstorageintoN statesof equalstorageandusesthe
reservoirroutingproceduretodeterminetheprobabilityof endinga
yearinanystateconditionalon thestartingstate.Theprobability
of failurefromstartinginanystateisalsodeterminedandthisis
combinedudththesteadystateprobabilityof beingin anystateto
givethetotalprobabilityof failure.

TheGouldmethodrelieson theassumptionthatthereisno serial



YEAR

RAINFALL

JANFEH

FOR LONDIAN1

MARAPR

CATCHMENT

MAYJUN

(MM)

JUL AUG

TABLE 8

SEPOCT NOV DEC
1905 114.3 11.7 225.0 189.0 166.9 31.7 114.8 98.6 94.5 106.9 40.1 145.8
1906 .0 140.0 213.4 174.0 294.6 166.9 304-.0 150.6 106.4 181.4 25.4 64.5
1907 83.8 116.8 .0 584.2 429.3 373.4 273.0 109.9 73.2 49.3 58.9 20.8
1908 20.8 108.6 80.3 203.9 109.5 128.2 230.0 322.1 126.0 35.2 75.0 15.1
1909 24.2 .7 11.8 268.4 84.0 113.3 135.8 291.3 115.8 25.9 28.2 64.3
1910 9.3 .0 106.7 111.9 42.0 130.8 180.2 237.8 170.0 36.5 9.1 29.2
1911 .0 12.3 101.4 177.2 70.8 104.0 35.4 128.6 27.5 25.5 116.7 3.2
1912 4.2 160.4 66.2 156.1 64.3 172.8 205.7 125.5 152.3 25.6 69.7 19.8
1913 1.0 82.6 88.4 125.5 124.5 243.9 124.8 51.0 12.4 32.3 61.6 71.7
1914 57.3 66.6 95.2 98.0 181.9 54.1 138.5 208.6 92.8 27.5 90.9 2.1
1915 15.5 11.7 162.9 139.9 79.0 151.6 32.9 78.8 55.6 54.1 52.3 50.0
1916 72.6 22.9 35.3 144.5 177.5 185.9 54.5 145.2 203.5 150.2 63.0 48.4
1917 36.8 28.2 48.9 205.6 145.9 148.5 90.0 144.3 203.5 111.2 25.4 .0
1918 11.0 3.2 .1 82.0 89.1 38.1 74.5 158.2 6.8 15.1 9.2 10.9
1919 13.9 121.6 96.5 155.6 77.8 43.3 130.0 117.2 77.3 10.2 45.5 2.0
1920 31.1 2.2 138.9 196.7 64.1 62.5 109.4 99.7 38.2 90.3 83.5 30.4
1921 .3 62.7 12.1 7.6 113.4 195.1 212.7 174.8 44.6 42.8 62.1 3.9
1922 29.6 54.7 121.2 126.0 101.5 66.0 170.7 210.5 88.5 19.5 27.6 44.9
1923 .0 129.4 32.5 237.7 209.6 67.7 242.6 102.7 114.0 48,9 48.3 12.0
1924 .0 74.9 27.5 146.7 116.4 33.5 101.2 236.1 109.5 35.8 67.4 32.3
1925 134.0 2.7 96.3 6.0 137.3 100.0 126.5 187.3 12.0 20.1 115.5 44.2
1926 44.0 93.2 32.0 185.0 154.3 94.2 160.6 247.2 207.7 83.3 119.8 4.0
1927 10.5 52.2 36.8 101.7 89.8 46.7 145.4 123.8 76.9 14.6 15.8 13.7
1928 12.8 20.9 31.9 118.7 177.6 138.0 81.3 123.5 30.0 100.5 72.0 8.6
1929 .0 1.0 17.6 133.8 162.3 115.1 195.5 119.2 86.6 38.9 33.5 85.6
1930 150.1 20.1 282.2 261.8 182.7 154.0 92.2 104.0 129.2 54.6 56.6 27.6
1931 6.9 44.9 121.7 176.7 212.9 101.5 150.3 150.2 127.7 21.8 61.3 63.3
1932 6.4 45.3 170.4 136.3 118.5 129.7 155.0 154.8 172.7 33.4 34.7 34.0
1933 24.3 15.9 26.7 24.0 53.0 74.1 162.1 176.8 137.6 56.6 16.2 36.5
1934 3.2 16.2 22.1 116.9 105.4 114.1 150.6 180.4 22.9 45.9 37.3 2.8
1935 .0 76.3 11.5 74.6 221.7 69.5 117.8 94.8 83.7 92.9 21.1 110.1
1936 65.6 183.1 152.6 158.8 61.8 111.6 51.4 146.9 99.9 41.4 9.2 58.2
1937 39.9 27.0 134.4 251.6 138.6 166.6 151.2 197.8 13.8 43.0 138.8 20.3
1938 47.1 5.8 76.2 37.1 133.4 119.2 177.7 241.0 99.0 42.8 33.6 78.1
1939 25.0 19.5 32.0 112.3 49.5 98.9 197.8 139.1 11.4 24.3 82.8 11.7
1940 46.5 95.7 225.9 235.8_153.3 88.7 149.1 189.1 2.4 11.2 76.6 12.1
1941 61.3 46.5 122.7 221.7 184.0 118.1 137.1 116.2 82.6 72.4 188.1 100.5
1942 .8 5.0 162.8 189.0 202.0 140.4 96.2 187.9 103.2 8.2 11.7 33.3
1943 3.9 32.3 7.9 100.9 125.1 153.0 151.5 170.6 139.8 47.0 21.1 35.5
1944 5.2 16.1 48.6 99.9 109.6 72.8 132.2 216.1 124.6 57.4 112.3 26.9
1945 10.8 23.4 4.4 13.9 176.5 199.5 186.5 220.0 152.9 41.2 46.8 34.6
1946 3.6 2.5 38.5 212.0 119.6 196.0 136.2 221.7 103.0 59.9 19.2 7.5
1947 110.8 43.0 97.3 276.3 134.5 152.2 148.8 113.7 140.7 41.0 8.5 67.7
1948 6.1 2.1 53.6 132.3 122.7 167.0 183.6 187.6 107.7 85.5 28.3 32.8
1949 10.8 21.3 1.7 149.0 122.9 139.6 141.7 184.8 142.8 14.4 16.1 69.6
1950 24.0 1.6 56.6 139.8 84.4 81.4 200.8 151.9 120.4 55.7 12.8 2.4
1951 14.5 16.1 122.3 316.7 106.5 68.7 83.7 184.4 58.5 67.4 110.8 240.2
1952 .0 36.8 20.7 315.9 237.4 47.3 159.7 188.1 104.6 57.9 15.6 8.4
1953 9.9 1.9 9.2 147.1 121.6 192.7 82.5 103.2 48.0 76.7 27.6 82.9
1954 22.0 28.7 16.6 173.8 207.5 78.2 137.3 157.4 146.1 64.7 39.7 39.1
1955 8 .8 73.1 34.3 137.4 84.4 81.6 159.7 363.4 262.5 53.8 41.0 161.8
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1956 146.3 87.3 77.9 145.5 114.0 142.5 169.2 221.3 93.9 81.2 30.5 27.3
1957 33.8 12.9 80.3 176.6 229.4 175.4 124.4 164.6 12.6 19.1 68.2 56.2
1958 70.6 126.7 86.7 99.7 102.2 161.4 152-.2 223.8 127.3 75.7 15.1 103.3
1959 37.0 32.8 103.8 89.8 105.8 61.5 127.1 147.6 97.9 79.3 104.5 16.1
1960 41.2 13.4 141.4 158.4 95.6 58.8 134.5 237.5 63.3 27.3 63.7 39.7
1961 7.6 8.8 22.0 113.2 124.3 107.7 84.2 222.3 75.6 85.4 396.5 171.0
1962 60.8 4.7 76.3 115.9 203.2 98.0 191.1 156.9 130.3 79.5 120.5 55.6
1963 80.9 37.3 68.7 232.9 212.6 44.0 127.1 189.6 28.3 10.3 175.6 187.0
1964 14.9 52.2 121.5 232.2 122.5 91.8 234.2 131.0 177.0 62.4 23.2 53.1
1965 57.3 8.1 55.2 152.3 68.8 55.7 102.7 88.7 42.6 82.5 67.9 39.8
1966 5.3 103.0 84.3 258.6 47.9 69.0 210.9 143.2 98.6 34.8 68.7 6.2
1967 4.8 18.4 31.8 162.5 257.3 130.0 194.6 137.4 42.2 51.8 144.5 10.9
1968 .1 222.0 87.1 275.8 103.5 88.3 110.1 156.3 11.9 79.4 103.4 37.1
1969 74.6 69.3 63.8 14.4 129.0 28.1 137.5 110.1 100.5 54.6 68.9 5.1
1970 160.4 57.9 199.2 153.4 110.1 156.7 172.0 208.9 94.6 43.4 33.0 21.0
1971 42.3 5.3 18.1 124.7 135.5 123.7 180.7 253.4 78.7 49.1 24.3 172.2
1972 2.5 124.5 9.0 74.1 117.2 129.8 90.0 144.4 66.9 117.0 106.9 20.6
1973 84.3 96.8 1.6 16.3 153.1 72.3 98.5 171.2 205.7 12.7 81.7 5.9
1974 3.0 20.2 170.1 107.1 86.1 98.6 189.7 139.2 66.3 27.5 40.3 13.8
1975 .9 2.9 101.2 166.0 152.4 90.3 183.2 244.3 168.4 101.4 30.3 28.4
1976 20.0 6.9 9.2 114.0 112.3 99.9 173.5 170.5 41.4 28.6 62.7 13.3
1977 130.7 35.7 4.0 301.9 145.9 151.0 188.2 173.0 74.8 77.3 181.2 57.5
1978 122.5 102.8 201.9 100.5 136.4 179.4 122.0 109.1 169.9 101.4 26.3 83.9
1979 101.3 168.7 146.7 246.5 115.3 74.1 181.4 146.1 164.3 47.8 49.3 .9
1980 2.2 15.5 26.8 150.4 192.7 138.2 104.7 104.1 45.1 48.0 70.0 30.5



correlationin the annualrunoffdataanda statisticalanalysisresulted

in no evidenceto suggestthatserialcorrelationdid exist.

Thisprocesswas carriedout usingall 9 sequencesof inflowsto

producecurvesdescribingthereturnperiodof failurefor a particular

retentionlevel. Themeanof theseresultsis drawnin Figure10 and the
yieldsforreturnperiodsof 10, 20 and 50 yearshavebeen extracted

and tabulatedin Table9. The resultswerealsoinvestigatedfor lower

retentionlevelsto extendtheanalysisto includemuch loweryields

thanwere at firstindicated.

3.3 CONCLUSIONS

The yieldsavailablefor10, 20 and 50 yearreturnperiodsof

failureanddifferentretentionlevelsare listedin Table9. These

havebeenplottedin Figure11 to allowinterpolationbetweenthe

results,providinga continuousstorage/yieldrelationshipfor the

returnperiodsconcerned.

The errorasSociateduiththe transferof runoffdata fromstation

1GC5to thedam siteis quitesmallbut the confidencein the extension

of the flowsusingthe arumalrainfallseriesis much less. However,

withthe datathatis currentlyavailableand requiringresultswith

returnperiodsof up to 50 years,we believethatthismethodwill

providethemost reliableresultspossible.

The resultsof theyieldavailablebecomemoreunreliableas the

returnperiodincreasesbut theyarewelldefinedup to the 50 year

. returnperiod. Theseresultsarebasedon the assumptionthatthereservoir
is in a steadystate,so thatit has beenconstructedfor longenough

tO negatethe effectof initiallybeingempty. If a reservoiris fairly

smalland is not expectedto providefrequentoveryearstorage,the

likelihoodof fillingreachesa steadyvaluevery soonafterconstruction.

However,in thiscase,the reservoirsconsideredincludevery large

storageswhichcouldtakemanyyearsto filland,duringthe initial



Londiani reservoir storage yield analysis
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TABLE9


YieldResultsfromFigure11


Retention
level
(i11)

YieldAvailable(thousandm3/day)
Storage ReturnPeriodof Failure

(mBillionTO) 10 yrs 20 yrs 50 yrs

2330 72.7 47.2 42.5 37.8

2325 45.5 42.2 37.5 33.2

2320 26.9 35.8 31.8 27.8

2313 12.0 26.0 22.8 19.5

2306 6.0 18.8 16.0 14.0



Storage— yield curves for Londiani reservoir
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yearstheyieldavailable,witha givenrisk,willbe much reduced.

If it is decidedto constructa largereservoirin thisareaan

analysisshouldbe carriedout to determinethe lengthof timefor

whichthereservoirwillbe likelyto be unableto supplythe yield

andalsothe reducedyieldwhichwillbe available.

• The sedimentationinformationavailableisvery scarceand has

beendiscussedin the introduction.Usingthe figureof 0.5mm per year

we arriveat a sedimentationrateof about3.5millionm' in 50 years.

As the reservoirat the higherretentionlevelsis designedto store

severalyearsof runoffthetrapefficiencywillbe verynearly100per

centand thusall thissedimentwillbe storedin thereservoir.This

figureof 0.5mm is suggestedfromresearchcarriedout on the Tana

river (Ref.4) and as suchwillonlyprovidea possibleestimateof

sedimentation.It is imperativethatsedimentsamplesare recordedin

theareaparticularlyas thisregionisundergoingdeforestationwhich

increasesthe soilerosiondramatically.

Erosionof soilby rainfallisusuallyrelatedto the intensity

of rainbut in regionswherethemeanannualprecipitationis more

than1000mm thereis usuallydenseforestvegetationas in theupper

reachesof theLondianicatchment.Thisformsa canopywhichprotects

the soil. Severesoilerosionwilltakeplacein theseareasif the

vegetalcoveris removed,exposingthe soilto intenserainfall. Thus

the extentof siltdepositionin thereservoirswilllargelydependon

:thedeforestationtakingplaceand theprovisionof soilconservation

schemes.
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APPENDIX

THE GOULDPROBABILITYMATRIXMETHOD

The Gouldmethodrequiresthatthereservoiris dividedinto

several(N)statesof equalstoragevalue. Eachyearof the inflow

datais treatedseparatelyand is routedthroughthe reservoir,

startingthereservoirin eachof theN statesandnotingthe statein
whichit finishes.Whenthisprocedurehas beenrepeatedfor each

yearof datathe resultsare collatedin a transitionmatrixwhich

expressestheprobabilityof endingin anyof theN states,conditional
on thestartingstate. At the sametime,thenumberof occasionsin

whichthe reservoirfailsor spillsis countedandnotedwith its

correspondingstartingstate. Thuswe candeterminetheprobability
of spilling,failingand endingin anyparticularstate,conditional
on the startingstate. We needonlydeterminetheprobabilityof being
in eachof thestatesat the startof a yearand thenthe jointprobability
of thisand of failingwilldeterminethe steadystatelikelihoodof failure.

The steadystateprobabilityvectorof storagecontentscan be

determinedframthe transitionmatrixand startingconditionsof the

reservoir.If the transitionmatrixITIismultipliedby the initial

vectorof probabilitiesof startingcontentsIPIwe will arriveat the

vectorof probabilitiesof startingcontentsat the secondyear.

Thatis

1P12, 111x11)11

Thisprocesscanbe continuedaccordingto the scheme

However,withtime,thevectorIPItreachesa steadystateas the initial
conditionsat the beginningof thefirstyearbecomenegligible.Oncethe
vectorliltreachesa steadystatethisdescribesthelikelihoodof being
in anyof theN statesand thisoccurswhen

IPIt,1 = IPIt



We arenow in a positionto determinetheprobabilityof failure

whichis the sumof theproductsof theprobabilityof thereservoir

beingin eachparticularzoneand theprobabilityof failurefromstarting

in thatzone.
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