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ABSTRACT

The temboral distribution· of rainfaJ.l can have a
significallt ....effect on peale runoff,. especially so. in t.he
small catchments that are typiCCilof the witwatersrancl~
This report inves.tigates the shape of the natural
hyetQg:raphand its use in the analysis of peak runoff.

!t. describes the climatology of the s\1b"'continf.!:fitand
rain-producing .. systems. When,. more. specifically,
aspects of rainfall. over Johannesbu:.rgare discussed. .

Some Of the mOl';eCC~l\.'llOnlY"'USe9.tempora.J.distributions
of . rainfall. .are reviewed. and the relationship between
intensity-tilne distribu'!::.ions and mass cuzves is
illustrate~ ..
l'-iass curves. are derived .'.tlsd..ng· data from a. ..raingcll;,u1a.in
No]:Wood/l .Jobannesburg.. Whe··qata .is analysed :with the
assistance of a computer program and classif.ied into
qtla;rtil.es.. The quar.tiles a·~e .further analysed i~ an
a:ttempt to define t:he.i.r ch.aracteristics in greater
detail.

The mass.....cu.:rcve.s. are used wIth a hydrological tno<;l.el to
generate hy(lr.ographs0 . . The values ..of runoff p~ak~are
found ......•to .' Joe ...comparabl~...with ...·..thos.s .. ob'tain~cl using
currently ·i,lccepted temporaL ~~infall distributions,,,
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1. IN:PRODUCTION

Rainfall, oft.en v:i"ewed asr/a l~fe""9'j;vi.ng"resource, can
also p0!i~, ·,a considerable}' thr;e~t. in the f9rIn of fJ,.OCic1i
(lamagl'e.. In' urban ar~as such as the. Pretoria .
~'lit'ti~d;ers~and " Ve:reeni9'ing, (PWV) . ,co~ple~,. high
population densities .i:rtcrease :the, ,rislc ",of . property
damageand loss of life as a :r~sult of floodingo

~,' - - -',I_: -, ,.

To compouncl the problem, utP~nisation itself usually
sa99ravates the si tuat.iqn "by' incr:eas.ing t.he area and
degree of surface" i!nperme~bil,~tyas well. as canalisinq
s'tormwat.er runoff Q Peak floTtl'l;'ates and run9ff volumes
"can pe signifioantly i~~reased as a re~ult:
,(l{OloV'opoulos, 1.986).. ,

,
In :,d!e'4er i;o quantify the mas;nitude of, peak flow rate.
an"d ,flood ".volum:e .in .urban are~is t , use is often l1la.'¢ieof
Gadetemifi~~stiqD~,methods' wl1icl't m.atheDl~tically model' tba
process ~>1berelbyrainfall 'i$;/ ei~nverted into ruJ?off'~
clearly. ,for such methods •th~; a~o~acy of .runoff ,
prSdi~iop (ana, hence e:ffec:tiv~~~ss of flood....control '
i®Sas'Wi~s), relies on the quatli ty of input data If one: of
t'lbic~ is ro;;infall" '

~he importance, of .t.emporal .~:~:~d\'fall.d.istrl,buti.on <;:~h
best be illustrated. ,by referg'~ce ~o the ~Uhyt;iroloqie~~l
equationVR' l'!~ich .states ·that : '

\~::-;;_;'--~~; .-

Rflte ,Qf outflow from a system.. equals the
difference b~sen the rate of inflow and the
rate of chang~ of storage: 't'1ithin the system.

In this context, t.ile-rateof outflow is described by an
Qutflo:t'l hydrograph" the rate. of chang-s of storage by
ti~ee~de1Pehdent 10$se$, such ~s,. infiltration and
aepressio~ storage" The. rate of inflo'tf is, to a la:cqe
extentA' ,t~'l tempoX'aldist~ibution of the rail1fall" The
t1ifferen't :.,time-cUst.ributions of. rainfall and. loss.es can
significantly" affect runoff peak flJows and volnm~s.. for
iiistance a high rra~pfa.l·l intensit.y towards ;tne 'end Qf a
storm " coU~~ C' • , rE!sul-b in unusually bigh runoff' as
in.filtr~tion, tails off and depression,; storage fills up ..,

'::'_"./

The effect of ','temporal distribution of 0 .rainfalf is
lil,ely "to be more p+QPounced over a small eatehrnent
than at large catchmellt,\du~ t.o factors such as the
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areal extent of the storm and the volUlUe of storage.
within the catchment. The ve.ry name OIWiblatersrandDD ....

:Ridge of White Waters ... alltlost.implies small"'catchment
hydrology; siFice this ritlg$ is ao high that it foons
the c0l1tipe41tal < divide f9;r rivers d.raining to tile east
cmdo "Vlest. of ....the ,sUbcontinent .. U:rl'>an c1~v~lo:p~ent'along
the. .'t.'):dge';·'.is, '~hus likely .'t.o be .purtilwlarly . sen.si tive
to thetelllPo,;al d!s~ributi(m of, rainfall" .... ,

;','.:,':, :':)'. -,

temporal. distr:U:nl'ticHl . of rainfall has been the sUbj ect
of increasing attention'.. as one of the consequences. o.f
the intr('.)du,ct~:cm af cOMt>utet:··..·.pecl1niques, \<lith. their
"attendant. ability .. to deal with .,complex calculaticns~
Such .t,~lllPoltal, distribution .'"is often, .described .1lY.,a
desic;m stQt'lIl, df;)lfined as ~ a rainfall, eVeI'lt Wbich is
.develope~ 'for (}the des;ign pf s}?~eifietypes 9£ <objects,
such. as' pipes' or· retention' baSins ea, (Amell 'at ai,
1.984,) " ..

~ simplest ;fom of.. dt-sign. stam, . '..' is the
uniform-intensity or rectangUlar storm. obtained from
standard .lht~l!lsity-ou.ration"'~PlC'equency (IDF) . curveS. it
bas the ,disadvantagE:! that iit. ignores varztatioI'ls' in
rainfal1'.intail!s!ty 4uring the storm~

xt~ifer, ~nd C]1u (1957.). derj:vet:a . a teil1poral .. "rainfall
distribut.!Q1!l, based.. on standlarQl lOP curves 1 as part. of
an.. e'ri:ellSive ~lfuJ(!liary '.()utlet Ss,wetl: cQnst:tu.ction
pr09rSlmme' for .. th~ . Cit.y ..of, CJ;!!cago,.. COll.lDlonl~t~bwn as
the Chicago ....~esign stO:t'la, ....it has, f01e' all durations,
the same,..' aVI~rage intensit;i;.es· as those griven by. the :tDP
eutves~ This,. has the advantaqe .that :>uly' orte runoff
calculation .'..is necessa:cy to establish the peaR flowrate
,~or "eaCh ... recurrenc:e intetya1 .....:rt has the .di~advanta9'e
bow~ver o.f. ,....an unnaturallY'. high'. peak .:intensity, .:often
resultinq ii'ii an cl'verestima.tion of p~alt floW':_t'ates.. 'O'se
of ....,the ..' cllicago.. distt'il">utiop '.......for ..South African
. conditions "has becen ..ilWestigi;l.ted by Watson f19~:1):v 0);1
Ten lloort an<l stephenson (1982) and Lambgurne and
stephenson (19&6);, . .

Hu.ff (1967) l?l;tepareda set of.dimensionless lUass curves
101' plotting the relationship ~etween ct1llnulat-.i,,~ percent
of precipitati.on ~nd cUl1lul.ative percent ..of sto~ time.
l!e found... that. a ma:io:t ,portion. of .. the total 'storm
rainfall occurred. in a smal·,l.part pf the total stot'lll
time. To' ..acc;:oxomodate .this, he classified sto;nns into
fou~, gr01.lps or .' quartiles,. depending on Whether the
heav~~st :rainfall'occ'Urred in the fi:r;st, second, third

.:;".
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or fourth qua:rter of the 'stO;tl!lperiod.. Because" of the
great variabilit.y '.. in . the, .....pharacteristics .....of the
dist:dbution. from storm t.o stQnn' .ne tound, it nefessaey
to. ~~re$s. 'the, time.distributions.in.each quartile in
prQbability terms <, The,. data on ~'1hich the curves were
based . was ,obtaine~ from a: network of rain, gauges in
!l.J.inois, USA ...... StOrtls . derived. fr011\the di;mens.ionless
mass', cutves ."have t>eell referrecl to' as the ll);.inois· State
Water' SUl:Vey design, sto~s (Arnell at all' 1984i).

van wyk and> Midgley (1966)... and .W;1.eae2\}lold r19~9)
investigated ..'t:e~poral.:, rain:eaJ.l. dist.ributions. US,i,ng
Soutb Arriqan (,'ia"ta.;,.also presented.aslllass curves"

Mass curves tife:re pl;~pared by tb.e National Envitonmental
ReSearch '..Council (1975) .: in the united Kin9d(jr4 as part
of their. flippoL studies~Repozt;. .'!'hese ~1e:r:eder:i::ved froIl1
da.ta c¢ntr~d ~,fjl the mQst itlten$~ part of the stol;jU and
thUS .:,;r~slllt, ...in "a c1esi~ ..·slco:tm 't1'ith<amore pronounced
pe~Jt i~tensity than. one derived from. Hu;f!:fe s. data.

I!

J

Yen.. and, .'eb.¢'t'l... (1980) used a, triang'l.e t.o represent. the
dist.ribution of rainfall intensity as a funotion of
tj:me .... A .consi,de:rabl~ ..$Ii\ount . Of. ",ork ."has .been done
l.ooally. on this di$tributio;tlo constantinides (1982)
found .the' ..o:r;iginal .OlistriJqt4tiol'll unsuitable fot storms
t1i~ a .:'long .tail . off ,petioO!. with -little. rainfall e He
tbus d.evellOped .a . Jn~thQd fot' preserving the v~rlue ..and
time of. o\Ccl\rr~}il!oeof ths p$~k- intensity.. However this
ln~thool resul.ts . in a. more ': s~Nt.r~storm. t!tan eVen th~
natural sil:otna" Sutherland. (3.983). developed a :method to
QverC,o:me tllIis ....by preservil'19 the time of OCCl!rranC!l of
the peak i711tensitl' t0getb~l;.. tiith the •.rainfall ..depths
before and after the peak~"Green (1984) used lnt~nsity
.... JDUr~tion .;... Frequency .'c\l~es. t() preserve storm
duration and total precipitation... Lall!lbourne and
stephenson ..(1986) noticed t,hat at hyetograph 'd.th two
peaks woUld gescribe ,reQordecl rainfall· data bet:cer than
the '~""sHlg1e;=pealced .'. trian9'lla.r . distributions.. used
previOUSly... Pue .' to. the. ease vlith which the sbape eOl,llCi
be . cOll1pu,tedy.... they. deve-lopea a ~ouble or bimodal
"trianqularf;}ist:J:'ibution ..

':rhUS, al~ou9h :huucn investi9ait:i.on has }Jeen dom·..16eally
int.o a HM!lthe~.atical representation or tbe temporal
cU"stributiol) of rainfall, ."less has been. done to
descri}Je.·the nat:!.tral distribution.. In particlllar, no
investigation has ..'.b~en .':done to ',.determine ...the .10.oal
apPlical:>ili~y of t.he tlil'nensicmless -mass CUltVes of Huff
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or to lierive simi.lar curves.

The; aims ·of this investigation are:

1. To produce mass-curves.o£ rainfall from a
raingauge in l{orwood, Joh,annesburg.

2. To cOlnpa:rethe Nort'looq mass-curves with those
_ praduped by~Huff. .. _.. - '. - .._ ...._
•j -.:ro compare runOff res~ltihg"from,the use of

,th.e Norwoodmass""cul:'"esin a typical .
deterministic stol:'n'lwatermodel with that
;result;tng from other co:mmonly-used: rainfall
distril::>utiops.
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2 RAI:N PRODUCING
JOI{"lU1NESBURG

SYSTEMS AND RAINFALL OVER

Before eIllbarlcing on a study of individual storms, a
review of rainfall ~,.prod'l:cingevents is necessary if t.he
storms are to be \.tnders'tood in a wider context. in this
chapter the atlncsph!lric circulation and synoptic
climatology of southern Africa is first considered.
'l'hurderstOt"lXlS, which contribute ~ si9nificant1y to
Johannesburg Q $ annual precipitation t are then
deScribed~ ..The caus'as of .rainfall over Johannesburg. and
its spatial, .:seasonal, tlluxnal .:and .long-term ..variations
are described. Finally, .. the incidence of hail, one of
i:he consequ~nces of thunc.erstorIns, is discussed.

2.1 southern.· African rain-t>l:oQueing systems •

. :2 .1.1 Atmosplieric cil:'culatic>ll. over Southern AfX'ica.

Africa south Of about :20" S is dominated by the
sUbtropical anticyclones". The South Atlantic
anticyclone. ··lies well to the··i'lest of the west. coast in
a ;relatively s.tati.onaey position. By contrast, the
pOSition of the south Ind.ian anticyclone is less
static, moving towards the East coast in winter and
withdra~dJlg eastwards in $umtner.. south of the
anticyclones, the 2;one of the. westerlies occurs in
which frontal 0 depressions form and travel in an
easterly direction (Jackson and Xyson, 1971).0

LO't1-leVel ¢irculat.ion [850 hPa) over the land mass
varies from sU!ali1er towinte!C conditions. In January a
weak 10#' pressure zona is situated over the central
interior I. . linked by a t=ough to a tropic:al loW' north 'of
Botswana~ .The latter °tia::dersin an east-west .direction,
QCQasionally cOlTling s01:.thward.. .A weak ridge of high
pressure is also evident over the northern Cape.. In
July a strong anticyclcne exists OVer much oJ;. the land
mass, the ..change to ':his sillgle high preSSUre cell
having occurred by March (Tyson, 1986) ..

In ..thehiq}ter levels Of the atmosphere (50.0 hPa and 200
hPa) , airflow: is wes.ter:y although easterly flow occuzs
north Of about 23 I) S Wh;h the westerlies move polewa:t.ds
in .January. contours ::f the mean 850 }lEa and 500 hPa
surfaces i.n January and :'Jly are shown in .Figure 2.1. 0

1
.1
.1
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JANUARY JULY
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contours of mean BSO hPa and 500. hPa
Sti:rfaces oVer southern Africa inJanuaeyalrid·.:fulyo
(Tyson, 1986) .

.J.fean circulat.ion p'81t:te:rns hO~e:ver only proV'ide Cit
background against, which .. the.. synopti<; pe~urbations,
:responsible ;for the ,climate and. '-leather of <the region,
occllr. .' Beginning in l.S55,-.a, nulnbe:r. Qf synoptic
classifications o~ sQut.hern Africa weather. systems have
been proposer}, often . fo);' a specific purpose {ed~e

telilperature ..and< '":rainfall. .distribution, hail-producing
conditions, generation or l;TinciL enerCJY}..

The•...11Iost ;t'ecent. classificat.ion. of '.'r~~fi-pr(>duc:ing
circulation types ov~r southe:t:n Africa is tHat by Tyson
(1986) using' three categories Of cirCulation patterns ;

os
.1
1
\
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Fin~ - weather and r.:lildly disturbed conditions.
Tropical di.sturbances associated with tropical
easterly airflow.
Temperate, mid-latitude d~sturbances associated with
westerly .airflo"ltl

These patterns are shown schematically in Figure 2.2
and are btiefly described below {after Tyson, 1986).

:Fine - weath~r and mildly distutbed conditions.

These conditions. are associated. with. (illticyclonic
V'ortd,city in large anticyclones over the subcontinent.
They xeSuH:: l.ll fine, cleep: conditions and lit.tle or no
rainfall and are common over the Highveld in '\rinter.

Tropic~ distU'l';"bances in the easterlies.

Troughs and isolated.. lov,"'pressure depressions;
originating fp"~"''' the h.ighe:t latitUdes and known as
f~""$terly wave. ..md loWs; draw .in moist air from th~
:tUtU.an Ocean .!;.~d by the SoUth. Indian .anti¢yclonee
Easterly lows often result in copious rainfall which.
may be of a fet'! days dU;tat!on .....Easterly Waves are
associated t1tith. heavy l:'ainfall.g often in tb~ form of
thunderstoms tihich develop .....in. a convergence. zone to
the east. .. 'QX a ..stu:fa.ce. trough.lI. The .thl.mCle]!'$torttls
-t;ypically form squall lines advancing fro:m the south
west.

Another f6r.ll\ 0): d.:lsturba~ce associated with easterly
a'}irflo~.j' OccurS;', "-ThenUpper t,yesterly TrlaVes'arE; remot~
from the. continent and .a si.~()n9 sUJ:face anticyclonic
VQrte~,. often confined. to the 'lpper. tropospn:e:re, :may
f~:rln . over. southern. Africa. 'l!hislGusuallY associated
'with cluste:t's'·· ..ofj •.. cum~lQ.nimbt1s. clouds e}ttendinq south
from t.he· tropi~s and may l;"~$\l:Lt in heavy rainfall over:pares of :SOtt:t:l'l Africa.. . . . .
TelXlperate disturbances in thew~sterlies"
Westerly p~t:urbations at"e more Varied than. thei.r
easterly coun.tel."Parts and .si:t classes are re¢dgnised~
A1though presented. as discretely. occuring types they
often merge with and change into each ot;.harQn a daily
basis.
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Figure 2.2 Schematicclassific~tion of souchern
:Africa weather types based on. circulation
pat.terns at the surface (light 1ines) and
at 500 hl?a (heavy lines).
(Tyson, 1986)
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Westerly waves. These produce ideal conditions for
sustained uplift of air resulting in cloud and
precipitation to the rear of a surface trough. Heavy
rainfall resulting directly from the westerly Waveis
rarely expe.rienced inland of the Escarpment although
inland rainfall may be induced through squall-l.~ne
convection occurring in association with the front that
often accompanies the wave. Westerly ",aVes appear to be
modulated on a semi-annual cycle. with maximumfrequency
of occurrence. in October to November and again in
January to March.

CUt-off lows. When a trough in the westerlies beco'''p.s
di:;placed equatorward,. out of the basic weste' "y
current, a closed circulation cut"'off low is fOrl'llL.l.
These occur on a semi-annual cycle with peak
occurrences: . ill March-May and September-NOVemberand
account for· many of the flood-producing :rains over
South AfricaD

S~!)utherly meridional flow.. '~ strong pressure gradient
bl~tween a high to the west; and a low to the east and a
clear westerly 't'laVe a.t. 500 bPa :results in. sustained
rainfall . which.. t.ends ,to ))e confined to coastal regions
al)d the Transvaal LOweld ..

R.idging ant-icyc1o~o .A :ridging anticyclone
associated· with .a. 't'lesterl.y. wave..at ..500 hl?a causes
advection 0:1:.moist tndian ..Ocean air and general Uplift
over the .. Land; General rains '.Q.:!Z thunderstorm activity
over eastern South.Africa. mayJ;;esultg occurring between
october and I1ay ..

West
over
west
over

coast. troughs.. A. surfaCe t.rough of low pressure
the . t-J'est coast. and an Upper·westerly. ~u{veto the
of. the sUbcontinent can.result in widespread rains
the.western parts of sou,th Africa ..

Cold. fronts.. These occur. -,together... "t'lith>'Westerly
wavesI. depressions or cut-Oft'. lo't'ls and shouJ.<lnot be
considered in isolation :from. these systems 0.· They are
not'lever assocd.ated 't'1ithinvasion.s of cold. air. from the
south and ,sOtlth-t'les'tg. prOducing .characte:cis.tic cold
snaps of of a fel'J'days duration and it is thus us~ful
to consid.e~them separately .. They occur most freq\lently
in winter when. the amplitude of the. "t-Yesterly
disturbances. is greatest. Ahead of.the front., stable
and. cloud...free conditions exist, whilst to the rear,
conditions favourable for convection are created.··
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Tysc:;)notes that, in practic~ circu.lation types tend to
occur together in complex ..composite situations which
may result in heavy and wio.espread precipitation. In
particular, interaction between easterly and wE!~tE:rly
disturbances offers a mecl).anismfor th( extraction of
heat froIn the t:rQpics to the tempe:t·atelatitudes. Such
interactions- often result in extensive cloud bauds
linking trop;i:cal.and llliadle··latitudes over southern
Africa.. Jl'he notorious t.aings)::>urgflood of 25 J'anuary
1981 t-lasassociated with th~, interaction. between a
tropica~ easterly low ana a westerly wave and cut-off
low.

2..1.3.. btf,er important rain-producing systems.

other important _..rain,,;producing...•.systems .•. are
thunderstot'ln$ (typically of. short. duration and with
high .rainfall . rates) .and.tropical .cyclones (typically
producj;.ngcopiou.s rainfall and lasting several days).

Thunderstorms.

Synoptic cQ~dit.;i\·ms detel:mine the dynamic controls
(vertical mut:ion) and tbE!:;:Ill.alenviro!lll1ent (sta}Ji;tity)
in ~Yhieh convective. s_yst~m$ can grow" Many -dif:ferent
t.ypes ,.of '$yP.optic situations are conduciv~ to stant
fomationv . ¢OEmOrt.· . .ones. beiri<;t: a. $:rou9h in thlsf.tropieal
easterl:i.e$ ....and a .f;!;ontal ..passcu;Je. Of~en no single
machanism is ....responsible f,or a major storm and \lsUa,lly
it is "ilL . coiUPinat.ion of synoptic and !ilesoscal~ forcing
,F\~¢l tb~...local heat~nq ~ysle that arca the qausa qf
se'iiere sto:tn!S.. '

ThUnc1erstoJ:!n$ may .. tJe .:of' the ...single ..cellp mul;tf<*cel1 or
supercel1 type and may· QCouX' as isol~ted, >. scattered. or
line, storms .. (Preston"Whyi;e 'and ~sonl' 198~J .. Xs(t:ta:te(i
stOl7l1t$. ..tend.· to .be. si~91e-cell.,...typev ...W'i~h: 'swcfaca
h~ating.···C}~".the, 1llaj,or. causa :.0:1; UPlift.~ •.Sca,tterett storms
tend·. to ..lie $tL'on9Te~,more )n~lti":"cellular and ;clustered
af!~ result. ., from a ..combi~ation of heating .. effectSq

nuj~psea!el foroing a,nC,!,.la~~l:' scale syn<.)ptic; coritrols 0

Both l.solated and sC.Cii.ttel:'ed storms requil:e a
non,'-supprli4s$.i"~ synoptic condil:ion for their
generation" .. Line storms are. caused .pr~doItd..na~tly hy
synoptic forcing and·tenc;1t.o ;formpreferentially ahead
of a front "'lith the same o:rientatiollas the line 'ofst.ol:11lS"Separating awarm.moist·airstream to the'
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north--east from a cooler drier airstream to the
$outh-west~ Most line st.O:i:lItSare multi-cellular.
Over tbe Tt;'ansvaal .~..ighveldt ... relative .frequencies of
scattered, ,iscl~ted and lil:'l~ 'S~)orms are 54%, j~l*.and 1%
respectively~ Despite .'.their t;ompa:rative rarity, sgua]'l
line· stor!mS contribute 'Significantly to :rainfall,
par~icularlY ....durin.; the period. No'V'ember to' O'anuary ..
Most thunderstorms ,over.. cel)~ral . SQuth A.tl."ica move on
westerly t,_ south-westel"ly t.racks at speeds of 25 to 30
Jon!);r.

Single"'ce).,l sto:tmSo These are usual:'!i' 5 to 1'0 Jon 3.),1
horizontal '.~xtent, last for less than an hour and
change., lI1a.;-l\:edly ..'With .: time. Updratights. ~ause raincb:o;ps
to qro'W in siz~ u:ttil ...a '$i:(N!. is. rf~ached at which
prec~pitatiort begins to' 'fall <i' In doing 50 a downdraught
is ..c::reat~&,jP > 'o_ft:en reaching the. groullcl as c1'highly
turbulent. gust.. The' ..paUD.clary Joe-t.ween. the .sp~eadin9'
chill.eCl. c:l9wnch:~:u9bt air. and the surroundil1g' l1amuex-. air
is . termed a squall line.. Hail seldom resul t.s: tr9lll.. sneb
storms because' th~ i >lli'echani$lIl fOlr its recircul~tion is
lackil'ul. AS ...indicmted abt1l~a) characteristic -.cbanges in
pressure., .. t~lllperai~~~ .....and' ..I'linOt :fields result frOlll. the
passage of a ;matur~ stor;m cello

"

Mul.ti~ceii.~,o~ storms.. '," ~ic~11Y .30. to 5,0, Jan in _
ho:y;uonta:t, .'.$~ttentJl. these usua:lly consist, of .,~."tll.llllber. of
evolving '¢ellsp .eachg-oing ~ougl1·the lifec;:ycl.e of",the-,!
~iti91e...eell ,~t.ype. The li~e""spar.Fof . th.e ~ul.ti,,;c~l:l
\tluster a lllaY,,].1$ hou#~q wi.th up to 30 ce.Ils" c!e.velopin<;j'
d'b.ring co this t-ims... ,Rainf~Il is heavy dUring the inature
stage and' l!~bt and steady'" t'llur,ing tlle "clissipirtilllq
stagl3~. . l·i~lt:i"'¢elJLed., . storans .: .are '. ~ommo)!,f.•........(l~e'X: .the
Preto:rj.a~o~:nnesbureg • r~91io~~",A sebelilati~ pla)n .~~ a
l!\ulti"'c~ll ~~~V~ld ,~toX'mis eh,Q"$'lAJ!in F.i9U~e:2,~3.. .

~pe:b~ell sto~s.. s'Upeltcel1" stfJ~~ ate· ..th~ l\\QSt.
pot"erful .. the ..-th1.U'ldel:'s.t~~s t.o occur ··.OV$;t' .the. '
subcontine~:t:~ ..Theilt ..oc(n~r;ten6e; altllOt\9'h.. l1Qt. common,
~$ually Z:e!sUlts.. in havoc $i,nd deva!:?t;at.ipn.. 'r!ie:Yusually
eXhibit a lllas~ive.,.•ci;t'cu~a%' tQ.;el1iptiaal., sin9le-ce~1
stru~t:urelt ..~Q t.o,. ~o" lOn •...J.l!) ..horl-~ontal. extent anCl.ll'2 to
15.. Jon high ..·H~il fall:inq d'll:t'llilg)' th~ stom is oft.en verylarqe" ; . .. . . .

I)
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I
I
!

® CeU!;o e~I!i)iin\fefope

o I.Ip.;:Itaugbt

o downdr<lught

Figure 2..3 Schematic plan vieW' of a lIlul:ti-eal1
- liighveld storm" .

(Tysqn; 1SS6)

Tl:oplc,al cyclQtl$$"

..t.lL'hess +egu1a"t'ly .'·fo~ over the indian ,.O('learl,
ocea$l!<:>n,ally ..•¢)tQstsing tt!e coast ..9f. the stlliqontin~nt.but
seldollt,··..·•• YiIovin.g- inla,ntl ... of, . tha .. iscq.tl')Rl~nt9 ..Inland
pl/;lnetr;i\tion !nay:.c have deVa$tati~'li;t effec:i:s, ~$ cauSed by
Cycl011~S Do.'lnoina··and. IlDboa··.•in ·l~~a~11984\,. ..... . .

. _- '_:l _._ - . . . -.- -:- ._: - !'';-~- •

JOhann~~btjrg ·..1$.. situat$6t.appro,d,l\latel;r at l~t.itu.~e 20'>
s;. and longitll<;ie' 2S<?E'~ .:rts .eleva~J..on varies. from about
1800 ))1. above mean 'sea level (antsl) to 1.500.l!\amsl and
its topqgraphy.. is. characterised by 'a number- of
east"'!'1est··:trending .r_idge~~
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:2 .:2.1 caasas.,

~ainfall (wel:' Johannesburg can be attributed to a
.'nunlber Of causes (Tyson. and' Wilcocks, 1.91J.) ;

The action of the South Indian anticyclone in
feeding.. lI1oist, walO1! and potentially unstable air
can give rise ...to '..rainy Spells ..of a few.Clays
duration~" The .p;c~sence of. 'a depX'essi'on· oVal: .•the· .
p:l,ateau· can give ,;t."ise to ~idespread rainfall,
showers oz thunderstorm activity".

Ai st;lc'Olndeffect of the anticycl.one is the
q$eration of thunclerstorm.s of h~9b i:ntens;i:t.y
axui short·· duration, often ..occu:rrJ;.n9 as l:i.n.e
rtl!.iualls.. .

Another '..class Of thunderstpx:m occurs, associated
to., ..a .graater ..ex1;erlt ....Wii:h.i,local, heating and
mesoscale uplift th..a.·.·~.the 'fol:'lner"

. .,:/

ThtmderstQl:nn~. ~~tribut~,:". ~ea:bly. to J()hamlesbur~ ~.~
prnnual(....prec1pttat~on allld 'b'iJJm these. and longer dura:t+oll'

, shOt1ers .tend ~p IlK9veac,,"oss 'the reqion in a soutlj.~t1e:S\.
t.o nortl),"'ra~st. ti~¢k... .

.:Analysis : of d~ta·· fl=Q1U ;the;·~olWe1;t Park: raingaugra
coverln£f "'the pe:r;iod 1.90Q ~o l;96~bas' indicated that,
,tor practioal ppxposes £' th~ liu:iall ..emlna1 t>recipitation
h~s not Q signifi~antly .Cllang$,d OV~~) -tb.is period' (Tys~:m
and .'Wi;C!Qcl~s, ~911) "0' sine~ .·'thea.•.y,ar-t9""l'e~rc···d~ta..is ~by
"n(~hmeans .eonste,nt,.>va:ry;ing ..fro]ti :l1~""'~lla itt·191;9· to $18
1.mn '.. in 1'~3611.·it ttas e~mni\fl~1j;for'plZefar~~d fluctu9\tions\<..·
This . resulted .. :in the· identif!pa:tion of· ,"i,7-ye~;r;.

, il.-year;' 13·year and 30....year. pea]e::s.. .
v.: .. '" \' _,,':, ,.,:".:~ _ ,:m: ~,:" , _' ' ,: c '..,:'"':'1::>." - _, ' ",' . _" '.

."tisi"ng .,an()!,xal ~ainfai;L .data.. (Octobe~-~;to sept~er};i e04:
-.;:tb,e. ,;5'?I\'il!!er , ..ra.:b{llfall region; 'lYsPil ,('t9861'llas recently
identifi$~ an...la-year ~cyCleof011e~and dey spells.; 'J!he/.
nine..o1!eat.'. periOd ';1.992/63 to 1(~10111';.has ;be~n identified'
a.
s

61. d..·..........•'tY..•.............~p..el..l., '....•.a.n..·I:\ t h e.·•...\\..•............t..e.n""'..ye.·.·.ar.•...•.........·..'/.P·.l'ar l..· 00.·.•..·•.·.•......,1 9. ' -.1/1 ··..2. "1:0.1980/81 as a. vYet., spell ~ Ev~·-\..~\.tp:~"9'h J.nter"'anrtual
va:eial:lility .."may 'Joe ..lr1~r~eq, .~'li~fl t'A~ ~nti:re), speJ_;L .is
'rxam~ned..' the Wl,d$rlying rhytihm begins' tOil ":manifest
;ttself. .'
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The 1971 JoUbert Park analysis included oaxamination of
mecan ~o~tnly rainfall data, revealing a ,distinct.
seasonal pa~tenh An average of 724 mm, 93%of the
annual average' of. 769 1l!;1U.v occurred bettV'een.octobe.r and
l}farch. 11any ..sngineeri;ng projects, especJ,.ally thos~.
along streams, exploit. this .);,;easonal .nature of the
region's rainfall by .progranluhi.ng wor][ to' occur during
the : ".deyU ,season (April to september) ~ On ,average,.
fallS of more than 10 nun1'1ere found to occuz on as diays
a year, a fact t>lhich will be referred to later.

'Oi~rnal variat.ion of rainfall indicates the ef:fec.t pf
local hearting on storm .qeneratipn, \lith a distinct peak
occurring in tb.e lateafte!Cnootl ..

<' '\ ' 'I'

2 ..2;,,3Spatial variation ..

...from" ,~eir. analysis. of 57 years (3.911 to, 1968) of data
from \~'6 stations i-n 'the area, Tyson and wilcocks (1971.)
tllOnolud.ea, that C\the spatial. varia.tion of rainfall 'over
q1C'eater "Johanrnesl)'urg. t1as controlled hy topography.. The
~ukn~rbs to the" ;north . Qf -.tbe l'lit.t.ycite~srand. 4='id(jes
iexperien~ed as· muchas as%' less precipitation than the
.city'H' centre.) and the' ridges th~ell{~s.. The decr~~Nse"to
.the· south DOl'l'eVer lias not as pl'ono1U!tlced..'l'here \:\IlaS a
t.erAdeney' for scrilth-fac;ing slbpes 1:;0 receive the hig-hest
t;'ainfall.. due. to ..thei:;c;,.being .'W'ind't>lard 'of .st,orxns
a~trancing fro~ .:the, SQUthl'liSst.. Th7 rid~es .a:7fe'i,s~oci~t~g.
wl.th nl9re .ra+l1 days and, leSS,ral.lll;"all.yar,;t.a'bJ;.lity than
~~e ,1o~let"""lyinq all'eas.. Rainfall. vari2lbilitll" increases
't1ssrtwa.rds,. ~o~s±st.en'i! c:Wi.:tb: :C~9ionrl tl1ends··ove!l:.lnost. (,}f

.', ~he,,· l'rftnsV'a.al •. Whey lU:li;eGt that t~ \extent to Ytlhichthe
Ji,tghsr .\'i>reci~it.at3.on iIo~~r,.1::1-.:e.ui1.Jtin core was ~l'i.nan~ecl
~l'! .t.b~) Iaff$ct.$ Qf l:trban beating ~':ra$. ii!'ffiO\i)lt "to
establish ~I • "

,.'Ii

2 ~~,.-4 .Hailsto~s.
'i::.

i ,
,,11-; j

. 'on~, 'Of' the cg1\s.::.~CjUe!u;es of the high incid.en.ca Qf r

,~hu!:,de:tsto~s .. i~~l. th7" region is ~ cQrreS}:':l~ndi 11'.,high
l,nc:ld~;nce.0£ haL)., ~hnce 1962, hcu.lstorms Ul lSi . lan:,my
70 r.1i:m •. rectangular area.,. extending ~r0i!l ,:pj~anne$burq to
l?retott;ta,. h~ve been. stucb.ed and a slgnl.f:l.cant amount of
data has been obtained (Held, 1974) ..

'.J ,

" '
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• J.~ thoUgh t.here are occasional occurrences during
wintez', hail .. is .p:ted()nj~an1:1Y a summer phenomenon in
the area, falling mainly during'the months October to
April, with. ·····Novembe:r. being the peak month ..(Carte and
Held, 19781. Hailfalls can be. continuous or
j,nt.e:rmitt.enit . (with up to. e'ight bUrsts recorded) and
t~ei~ .ayerag$ duration .'.varies ...front about :six minutes
.f'or ,:col1"t,;inu.Gus • falls to" 'ap,p17Qxil1lately 11 minutes for·
inte;mittertt'ones ..

':' ':';-"'. "

tsohyet~l .patterrts forthsswnrner :months c16sely:match
t.he pattern of hail indidem::e ~ith Jo};1annesburg
eJeperienci:ng more rain antl hail than Pretoria. 6 carte
al'~ Held.. at~ribute .this '1:0 .the fact .that .Johannesburg-
lies appro~i:mately 300 :m. 11:19);1erthan Pretcn::L1~ Urban
arG'Qlpl' expe;"ienced more .ocCUrrences ,of hait than rural
a.rea.sQ·..•..$uqg$~ting that· in sutch.areas' utban -effec.:.ts are
lllttn:ei.lllpo~~t $Vel!lthan ~QP~.aphy •

... ". .

0$. 10 .:ma·.·...' Olia.met~r an ,. slrtallte:r c)~cu.r.red on
~1bout half .••of .'.the hail. days., .with tU.cuneters' '$xc~e.ding
30 'llUll having. been only rQlr~ly recorded_ The storms
't1hich protlUtl~d'the .larq~,st. bail~tcnes w~re generally
thos~ , of' '.' gl;'ei2vtest areal ~ent ...In genera.;l only small
amoMts. ot b~i1:' ocourred., .W\t~ $Uffic:i!.ti!lnt. hail t(;il cover
'fi;:.h~9ro~d;in only about 20 ~ it)f all falls. HSiil tro!Q a
Single l':?tctt1Jlt,yas recorded' ()ver areas' va.eyi!;\9 from a fel·t
.s~are- .ld.l.oxnet~es to more than \ GOOkm2A ~'1itq a mean
V'~lue of l.'5Q l~ ..

Atnlosp~~riQ circulation. .:Qtr~~. ,soutbern ,,) At'ti¢a~ is
characteris~CI. .'' by" '.tile;' .Soutb. ltlantic and south. ,IZtdian
antioyclon~f$ .bourul~d by. tba. tempst'ate' ",esterli~~1 and
subtt'opi't:::al easterlias¥ A ....(itJCQngranticyclone '()vt;i~:the
,intEarior .•...in .'..idntet .'eontll.'.tbutes... .to .. thIS ". .$~a~onCJ(l
d\i:stribu'ti6n .....of rainfall.. It. is· ~9ainst this back9t:'oUtl!(1l

..t...•..h...•...a.~.J.., .•.... · ·~.••, •. b. e ,..'.·.•...·.s.·.Y:.· ..·•..•.h.c.o...•...pt.· i\.· ..ic p.· E!t:.llZ'.•.....b &.....••t:.J.Qns.·'.'.'.•..· t'.·.s.-s p.' e·.ltsible./ fo..·.·.r.:! the~11mat;ta:oanel 'l1eatner ot the r~giont occ~p ~ .....~.•......," .'
-Q .

~<;dnfall"'~r(:)clUcin9. Ii ciroulatiQ!l types hCiJ/:e lbeen
classified. :1.nto .three" ,categories, .t>1hich il'{prac'l:io~

'::"C'tend'. to '..<)¢~ur in comple~~' C¢)lnlOos~:tesit.u.;;I.td.on's it .~rhey
a:t:e :

c



'!'r$l;d.cal disturbances associated with tr.-opical
east¢~;yairflowo .. .'. . '...........•.........r.rel1l,perat~,.lllid-latitude disturbances associated
'Witb .1Jlesterly airflow, .' .

Thund~rst~t"ttis.. make a. .'. $~¢tificcu'l't conti'$but.i.on. to
Joha:nn~sbU;tg.»"s annual pree£pl..i:atiQn ..... He~e .~¢at:tered,
ll).'IlJ.'til~c(;:rll;11!ar·storms' .all~L isolatect; sing'le,;.;cell stotn.ns

·~~;~r~~:t";,~~~t:....~i~Othet~:.~i~a~id~~~:!hei~!~:••..•.~;~~:~.
B0spii!e" ·thf!i't..)·relat'ive···· ralili:t? It . line .,. stcr;ClnS, '...caused'
, pr~~o:mi!li)J~t:1Y by- synoptic. fOl': ...·;:,ing; can ..result. . in
considel;~l:)l~ '.,.I=irecipi~a:tion~ ,'r+~;pieal. cyclolJe~.. s~ldolll
move' . inlan(1 of J t.lte ESC~l~lnent. ~nd. thus are not ;J:elevant
'to a l.Uscus$i,on pi! \1ohal'mes~ut~rqsrainfall ..

Jj ,. ',. . " . '
The mean.'~nnual precipita;tiori of Jo~atme$bu.r~r.(~ecorded
at a. fi~ed ~ocationt. ,i$r i!9l: practical " pu~ose$,
~o~$,t:a4tt.·.....,...•~. "..~J"i:,hQu~h. ,§\nnual .:pr®ipita:ttr;m1'" ;)ia<~i.:..va.X'1
Q,onsid~:t"ab1)f ··'}i![bd.cycles < #Olll, 2,·,7, Y~at'~ 'Fo.30 yea~s(
4~tion .....h~\fj'e;: been. identifieQl"q .:~infa:tl ..4,$ $~a.$onaa.irf
~yj:th ovet;' $)P t,'fC1illling-' in.ot:he .•.six"'mon1c:h S~i$J; $ea.sc41..
ASc .. a "result:. of l~ca.l heatin~ ~i;l.i\U Qftetv ta.J4a.;;;(. in the
l~~e aftel1'hPo:n~ Ther~ds 'o9ru:~iaerabl~spat tal. varia.t.ion
f.)~ l"ain~f4;ll. ·QV~~.JQD.a.tU'!1as))urq I s~~ngty inftU$uced by
topogtapll¥'* St.orms, tenet t,P ~OVe on' f! SOU:t.h"'WeSt. t.o
. no~Al...east track .vritfi the .):'esult.. that areas nQrth of
the ridg'$t'-.\,~eceive . as Illuoh,\:a$ 2.:> % JLess rain t!ban the
~ou~~;Klln.•....'.'~lQl1·es~,..';.~e ..: 't(J tll~ h!9!l inci<l~tl.ce of
't?t&und'e:l:s~()~$'1'" ha.il is fail:;ly c~nunon. "



3 !REVJ:EWOF CmmON'LY-lJSEl) TEMPORAL DIS'l'RIBtJ~!ONS
OF AA:tNFALL

.
This chapter krresents some of t.he 'more cornlilonmodels
for temporal c\istributic:m pf rainfal t used in cnrt<ent

,1:echriiqties to)j'" hydrograph' generation.. .~al:"ticular
~:ttentiofi d,s g'iven to.~he vax-ions triangular and mass
'ct1.rV'~{hYetogral'lls .. it comp,at'ison '.,.Of the st'J:'uctura :pf
some b.yetographs· is mad~ ... comparisons tif runoff
result:i.ng"f~Qmtheir use can'be found in Chapt~r' 5.

~h;i.$l..· hyet¢gr6lpl;B. ....resUl~~ traIn ...tile assumption. that
l:'~infali int.ensj;~'y·is con~tant for ;t;}J;eau-ration of the
$to~ .., The'vqlta~ ,fOl:: inten~it~ is usually obtained front
Inten~ity""p~:fltJ.()n:-Fr~que~'t!Y.,.. ~el~tiolffships such as
thos@ ~ublished' as a. cO...~~ial. p:,lo1t "JYj. Midgley and
~~:b~all (,., (1!.)1S;).. Ii and sub~~qUentlyas a., lilatllE:\l\l~t~cal
:t'elo.t'ion~sll.:i.p by i op ten ~N('!O~t and stephenSQn;( :U:~B2)•

; Figw:e ~~~:~lsl!ot'.TS "a unifo:t'l!I.~I'int,~nsity,hyeto9ral'h~ .

1 .,St6rl11 in~~rislty (Coostant)
t~r:;$lo~rm""dul"nflol'J

TIME

. .. ~\

(l

Figure i~1 trni:for;m"'int~nsity l,lyetograph.

3~2"chicag"P ....type r~;;i,nfal1 di$t;rihution.

The distrihution ;i.1? so name¢l becaUSe it was :i!eveloped
for studies in Chi~'1~go USi\.~' tt· is based on 'ti!}e
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assumption that the average intensity for the entire
stOl'm duration, .as we1.1as the average intensities for
shorter durations distributed around·the peak, are the
. same as aveX'ageint.ensities of the l.Iri.ifornhyetographs
.Of. .corresponding durations. The Chi'7?'·.,-t.ypei' hyetograph
thus t'¥lpre.sents the correct averag~ rainfall intensity
for any storm within the. selected duration. Originally
d.ev.e.loped,by Keifer and chti (1951) I later work by
13andyopaIDl''tay (:l.972) resulted in more easily-used
equati.C)ns...·..\~j3y defining the time to peak ratio (r) i tt'JO
equati.ons can be obtained II one for the period before
the storm peak and one for the period after~

\)
a «1~0) (tblr)+b)
( (tb/.r) +b) 1:+0

aJ (l";C) '(tal (l-r) )+b)

Ia ::: ' " '(tal (,l-r) )+b) 1+0
u ••

w,bere Xl:) = £l1~~~nsi't.y betor-a tire peak
" Xa = intensity afteJ;:' the peak

t):i':;:;: time to. peak
ta := ti:ime from'peal~ to end of storm
.r = t.ime to pe;ak l:'atio

.-;:.t.blt:d

.~ == tri (tb+tQ);)
I '") albic = constants

The .~c\l:E:r~ntly-accepted . 0 South. African. '\faIlles ,tor the
,,-constal'tts, ajC:e based on 'data us~~ by lo!i.cill.gley and l?i'bnan
(1978) . in prepari'nii1 thei1: "Co"'aJeial plot ..' ~hey have heen
t~b:ulated .in the . (:t'epo~t by Lall1l:)ourne and st.ephel:)SOl'l
(198'6) I ', " t-lbi:gh,"al"so des~ribes. "alterna:t:tve :methods" for
calculating" \Ii:~h~time.. to "pep,l,o x-atio/l r~ It shou),;rl'be
noted " ,~at in eQ(:plations2.2; 2~3; 2~4a; 2..410 01:
Larn.bourne and Stephenson'Ss 19.86 reQorti consrcants band
e (lsnould be,.t~ansposedo

, (\
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The "Chioa90-type hl:*!'~aph is sno't'Jn in Figure 3> .. 2..,_

.0 :J
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'!tne ,original. V$.t~k~n of the tt'iafigular 'hyeto91:r:apn was
developed by 'i(en and! CbOltl (1980), on the assuInPtion
that ,,'the" natU4al hyeto~~a.phcOUld" be ap~rQximatedby a
tJCiangtll~r ,'dist~~'41ti(m. .The. .total clepth Qf rail!lfall
and . storm duration ar~ prese£-v'ed~mclthe' paalt intensity
;i$ olytf\ined !PlY."eqUa~ing tbe atea of the' triangle "1itIl
the o total rainfall. depth.. The time to peal<: ratiQ. (ao)
is obt.ained, hy . equ<lltin~.' fix-st momentsOf. the na~ura.land, t~ian91l1alC hyet.o«;:J+:a:phsabQut.·the horizofital (zero
rainfal~) a~is..: q '.,' ,

Yen anti Ch¢'t4tS triangt).lar .hyetograph is illustr~i:ed in
$'19\.1:1:'$ :1.3 ·t-1he1C~~,

aO == tim.e to pes-lit ra't,io
0- "

F;i.gu,'r,e 3·" 2 Chl.aago-type h:'letograph.
(Lalnili,. ou:rne and Stephensc;m,." :l9flp)

(;.
.;::.

I == ~'~alt t'ainfa~i~intEhi$itY '~ 2l?/td
",--,--"---
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where p ~ total rainfall depth
tel ~ storn duration

I ~ Peak ra infall inh nsity

(lo! Tirneio, peak ratio

TU'lE

'l'riangular''hyetog:raph
(After Yen and chow, 1980)

Hot-uaver constantinides, (19$2) found that., for certain
stoljUs . with.. a long tail-Off period of little ltaillfall,
the .:geometry of ifthe tricmgle .can be unrealistic in. that
peak·inte.nsity lies ~l,ltsidethe storm duration (Figure
3.·4). '

.Q~
c
J'('I

'",;.,.,. _ oc,.... -_" .._
'""-""'-i

"'-"---Observed rainfall
a,ssomed triC)ngular
distribution. i.B$iog
- ....~.,.,time IiHJm~,llt m;etbod.
-~- hye.to. gr-aph pea k met hod

o
f I M e (.IIIin ..)

Figure 3.4 Observed and assumed tritlngulaJ;'
distributions.. NorW'ooclstorm 17 January
1964.
fConstantinides,1982)
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He thus proposed a modified method of calculating the
triangular hyetograph. The value of peak intensity and
its time of occurrence are preserved. BY. equqting
depths of rainfall before .the peak, the time to peak
can be established and by equating depths of rainfall
after the peak, the storm duration can be optaiJ1ed.

Constantinides (:1.982) referred to this method as the
lihyetograph peak method". t.o .ClistinqUisn ..it from tbe
method USed by Yen and Chow(;1.980)I which he termed the
"time moment method;'. since the hyetograpJ:r peak method
shortens the storm dUration, it results in. a more
severe stQ:rl'I1'than either the natural storm or the
synthetic ..storm. proCluced. by the time. momentmethod."
'I'his is notnec~ssarilY undesirable since it results in
oVer- r~:t;her than Under-prediction. when used 1:01:' design
purposes ...··

'1'0 overcome...thE~ .probl~m...of over"'concentration of the
st01G1lt tesult;in~r from the ..use of the hyetogl:"apb peak
metbod, sVltherl~fnd (1.983).. proposed a third method for
generating ..-Pl •. trj,angular hyetograph, which he te:rmed the
llltriangular momerllt met.hod"~

The .,time Of. uccq.:r:rence of peak int.ensi:ty f together 't'!itb
rainifall .depths ~efore and after ..t.he .P1raaJt. is ..preserved,
as in. the., bye~P9raph peaJt metho.d.. l>toments,are taken
about. the horizpntalaxis as>in the t.ime rnomentmethod
but' bere ..th$Y ..are ttsed to .establish tbe value,: of. peak
int~sitY' . and n,l)t time to peak ratio ~. By equating
rainfall· cl~pths . o.f the.. nat~al. and .t:d.:angu~fl.l: 'storms
befoJr;'e,.. a¥l61 agailll after the peak, stomn ~uration can be
obtained.. l'he t:tiangular momentmetho6\i>l,S illustrated.
in Figure 3~p~ . . .

A .fou);th ...met.hQd.I. of. genera·tiing .a••t:rianguJ.a.x- hyetograph.
was .deS.q;11ib~cl bjr Green {;t984}. Us.ing lDP cqrves, total
rainfal(' ...d.e.p:t;h.ar.~dstorm'dul:'ation are preseryed, .unlike.
the... prececl;ing me1rnods boWever this does not :te.present a
single stoj;m. si.~~ce the .:lOP curves. are bas~~don. data
froin Cit .. n\Uttl:)ero~r storms~"'Peak intensity ;ts oht;ained by
equating .the.. ar~ia of the. triangle with the total
rainfall ..depth~ Elinally, as a simplification of' )len and
ChOt-l~Smet:hod, •~lOstead of .equating. llIOlilents. -tc~obtain
the time to pea;)c ratio, a. ran9'.e of ValUes ftom\o,3 to
0.,4.are recommendet:l based on Y~n. and .ChovlGS l:e$ults
amongst othe.rs& .. !t;reen notes that watson (1981) f~und a
time to peak rqtio! of 0,28 for the johannesburg region~
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---: -OBSER'/ED
-- - TRIANGIJLAR
-- TRIANGULAR ~

-s:c:»:
"5.6', ",':SO

.'

Figu):'e' 3 '"5 Compat';i.son <;>£' hye:t.o9rapns obtained' by the
trj,angular and trianglllar momentmethods
(Sutllerland" 1983)

Further, refinement to" the concept of, a triangUlar
hyetograph ''laS ,made by' Lambourtie Cine!stephenson (1913l51.
Their ~"'amination. of ..rainfall data frOm catchments in
the JO)1,annesburg area indicat.ed that a dOllble
triangular or ' bimOdal distl;ibutioJ)" Was a better
represen"tati9Xl" ' of '"t.he ,"natul:'al "hyet.oqtaph than ,the
single--paakecl hyeto9ra~hs used previously .." This t.hey
confitmedl, by ,examining, "data 'f.rom all, parts' Of, South
AfriCa. ,Wl';ial1gu:lar distributions "'lere selected: because
t.hey , .prcrvided" the easiest. ,shapeS to ,compute,. The
resulting dis~ribution was referred to as a- bimodal
triangUlar distr;ibutic>n and is;' ;illustratacl iil Figure
3 ..6:. " '

Instead. Qf, the three, parallleters.needed to desclti):)e a
unimodcU triaric;Jular distrihuti9n i~e" ;.

PE!ak intensity
Storm dUration
Time to peak ratio
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-V'l
Z....,,_
z Peak

1'----EVENT

I
I
1
I
I.
I
I
I,
I

i
Td

t-l----- ......rd (1 )--------1.4 .f .ld (Z' T IHE

Figure 3 ~(5 Bimodal tt'ianqUlar rainfall. distriJ:)Ution~
(Lai'nbourne and Stephenson, 1986)

the .bimodal. triangular distribution requires· aeven
paralfieters for its description..These are ;

Total .rainfall depth
Xotal duration of storm
DE!pth.Of, first e'vent·to total.rainfall.ratlo
ourai:ionof first eVent tQtotal dw:ation ratio
DuratilOn of second event to total duration rat.io
Time to first peak to duration of first eVe:ntratio
Time to Second peak to duration of second event
ratio

However. .the last. five parameters can be regionalised.,
re<l\lirin<;l only total rainfall depth and s'torm d.uration
as varia101e ini?u1:sat a 9iven locality.

The times of OCCUrrenceof the larger and smaller peak
ir~tensities are pr.eserVed, as. alee...rainfall depths
i',efore and after each peak. Tbereafter, the bimodal
tria.ngu.lar ..distribution can be gener~ted·· either by
preserving the va.lues of peak intensities,. as in the
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hyetograph peale method or by equating moments about the
horizontal axis, as in the triangular moment method.
Lambourne and Stephenson (1986)"referred to these two
approaches in a more explicit fashion as peak intensity
preservation method and moment preservation method
respectiveiy.
In conc.Iud Lnq this section, mention should be made Of
the type of data used to generate the synthetic
triangular hyetographs. Data used by Midgley and Pitman
(1978) was based on disGrete, rather than continuous,
time intervals. Lambourne and stephenson (1986) have
pointed out that the data abstracted in this \>Jaymay
not be: true maxima. In addition, data from Mid"ley and
Pitman's (1978) co-axial diagram doeS not rt .:>resent
single storm events. This means that it cannot be used
to generate those triangular hyetographs that are
transformations of natural hyetographs.
The natural hyetographs used by Constantinides (1982)
and Sutherland (1983) were obtained from records of an
autographic l:'aingauge in NorWOod, Johannes}:n::rgwith an
effective length of record of 16 years. In addition to
this data, Lambourne and Stephenson (19S6) used data
from 30 ~tations throughout South Africa. The effective
length of··:record from these ~tat::l.onswas only 'nine
years (a~thbugh one station had a 43-year record
length). Use of such short periods requires application
of mathematical methods to produce Depth ..Duration ...
Frequency (OOF) curves. Constantinides (19S2) developed
a teChnique. for this purpose, later .adopted by
Lambourne and stephenson (1986) for tbeiranalysis.
HoweVer .the natural length ,)f. record was. not as long as
that used; by 11idgley and Pitman (1978)•
.'l'able....c- 3.1 summarises some of the
distribtltions described in this section.

triangular

3.4 Mass ¢\l:t;'ves"

Mass curves: arc normally plot.t,~d as a percentage of
storm .rainfall •against a perce?l'ha.g'e.of storm dura.tion
to facilitate the presentation. of Q.number of Curves on
a .single ciiagram. Suoh a presentation is refer.red to as
a dimensionless mass .curve. '1'0 illustrate tbat mass
curves are. only. a r,ePresen~ation Of. a •partiCular
temporal. liistribution of rainfall, the mass curVes of



PARl\lI'![!:\"ERS SYNTHESISEDpARAf;lE.1'ERS REtAINED H~
OBSEBVEl) ·BYE1CUlAPH.

A; l.1n:imodal

1. Yen + Chow (1980) 1) Duration, td

ii) Total rainfall depth j P
.''r.1rne.rocment" time

. i). Peak intensity, r
1i) Total rainfall depth, P

iii) Rainfall depths :
(

l.:efore peak intensity I P1:j

aft~r peak intensity. Fa.

3.·Sutherland·.(1983)
''rdangulm' mment;"

iJ Total t'aihf'al1,· depth, P

U) Rainfall depths

i) Peak intensity,. 1 :: 2 P / td n

ii) 'Time to peak ratdo , a ..:: 3/td' (At / P (. ~ 1 (j-O,5)d.»~1
0·· J ::0 J

i) Duration, td = 2 (Pb+ Pa) /:r
:tiJ Time to peak ratio, ao ::0 2 Pb I r td

:: 1 - (2 Fa / ltd)

n. ..
H.Pe.:ak intensity,. r ."".3/1' (£'.t/2 (~1 (d.. + dj·•·1.)12.J~)J"' .. J -

i:t) DUration td "" (2 I X) (Pb + Pa)
iii) Tinle to Wak. ratio , ao::O2 Fbi I td

:: 1- (2 Pa {ltd)

N



MElHoD PAAI\[ilEt'flllS RE1'AtNED F'ROVl
OSiSERVF.D HYE1CX1RAIll

ii) ~1oment Pteset'Vation
method .

i:1)'1':irooto peak ratio I ~i :; 2Pb..lIj td
j.. J ..

=1..;.{2P IIj ..tJaj OJ
n .

.:!J Peak int~m~:i$tles'!J '"3/Pj ~t/Z (W(di+ di':"l)/?)~)

if) 'l1.me itO i pe~..•.I tb. ..:=: 2 Ph·. /Iji
>: j J'

ijl) Dura:tion1td '" tb + ta+\ + ta
·1 1 2 2

• Citnodal

1. Lambourne·· tmd
Stephenson (1986)

i) Total r;ainfa11· depth, P

"B.:ill1ooal. triangulaJ;'
disti:'i!:;ution" .

ii) Rainf:ul depths :

baf' r;! peak :Intensity, fk
J

af'tEll~peak inteDSi ty; P
.J. aj

'"li) Pei;lli:intel1$it:l.rt$, L,.. .. J i) Put'at.ion 0.f.: Peal<f!f td..= 2 ..(.P .. +. Pb.) /x... . • ... a J
. ..~ ,j J .:

.i) l'el'llt intensity
preservation rllethOO
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rectangular .and triangular storms have been derived inAppendix A. The resultant eqUations are:
For rectangular storms

. - . .For '.unimod(;\ltriangular storms :
Before peak :
Pb(t)lP ..;,:;[:l./(ao) 1(t/td)2

After peak .~.

Pa (t)/P ~ til Ct.-ao»)(...a0rf2' (t/tdl - (tltd> 2)

lIuff (19r51J analysed ,~ata .@rota a .netWQl;k .'.of 49
riacording ',.' tainga.:t1g'es.,'.in.' ll,linois. USA. covering .. the
l.:L-year- '.period·'· 1955 to i~966~. He de,fin~¢ia sto~as aaa
!.'aiA. .peri9d separated flrOYll...·plcecedi.ng and ..sUcC\P-eding
ra'inrall .: ib}!. 6 hours .~r lUor~ID ~....He then selected. ~torns
in which. the l}etworl(xnea.n rainfall exceeded O,SO inch
(l.2/5liUl\) afldJor' one or mQt'e>fwaugesJt7eco:rded over one
inch . (2$JIUU) i'.. •~his gave 261 .net:woJl:lt stPl:lns with'
Q1Ur9tio~s,"varl1l,ng from ..tbt'e~,. .tQ .48 hours;~ . il'be.time
di:st:r:iba~on". of' .average, ,'}';t'ai.nfall in 30 minute
inc:r;em~;ntp w~s than, CQlnput~d f'o):;

'-~ - . - "~- ._ _. .

,c;':<"?a:W~as:.of 50;' lO();2~O();" 400 square 'miles .'(13()i
2($0; 520; ',1.040 Jon) ,

.* po~nt rainfall at. ~iv~ 'gauge.$.in the nett-Iork

Tb~l storms ..seleqte~ inQ1Ud~d.' periodS .of 110 t"ain.. For
instance. the. median.. :perc~n.ta9ie. of .total storm >period
~'iitb ..preoipita~ionu ,.fo~.l?oint 1Ifail1fall, varie~ t'1:0m79%
to 42%, dacl"easlng "N.th .1.ll}cr~aSl.n9 stopn GUl:'atl.on.

nutfihotiaedthat..a majQt'proport!onof thet;Qtal storm
rainfall". opcllrreq. in. only. a' short period of, tl1ia total
:f6:s<d{~~~ioi~u~e ~~6~;~enJ.!~~~~±~:e~o!o~~:~h!~Y.~~:
heaviest rainfall oqcwrred in the firf;rt,. $ec~ndt third
or ..·fou.rtll ...cjuarte;r; •. of" •.the stQ~" li,e faund .••..a....·.tr~!Xld fo,l"
longer, . ;lle~vier st;.pl,nns, to 4oll).inate the fQiJ.~th,.:qUa:r'tile
,c;p:Quping' whfl;S't. the' $hoi't ...aul:,~'t:idn storis;, acaounteQ. :for' ,

'.' .. ',-_ """""" :." , ",,:'.• {c' , ' , _, '," :c:. "" ')" _," ,," ,iiI" ", ," .: ": ' ' ' _., ,::'_... ,:_. ",,',~! ,"" , ,," ": ..a. l'!\a)or i. po;t)L9n .of tlla(~~.;'fl.~.~~ a..nd sacOlld '.<;~at'~:l.le
groups ..." "



28

Because areal g:t:ouping showed only small changes in
time distribution, an average relationship for areas of
50 to 400 square miles (3.30 to 1040 km2) was
determined. It was found necessary to exPress time
distributipns in prohability .tenns. due. .to the great
va.riabili:t.y in the characteristics of the distributions
from storm to storm. Huff prepared four diagrams.. one
for', each quartile, showing the average time
distributions for probabilities of exceedenC!s of 105'.. to
90% as smooth curves. Me noted that due to the
averaging of rainfall (30 minute periods) the curves
a,ia not exhibit the burst characteristics of a mass
curve 0 Huff q s diagrams are sbotm in. Figure 3" '7 and be
felt that they shoUld be applicable to areas of similar
rainfall., clim.ate and physiography as the sttldJl' aree.
(.1..190 the USA11s Midwest)• ae classified stormsaccording to rain type and found that the majoritl' Gf
first. u $~cond and t.hird quartile storms were
thunderstorms"

van ~'Jylc ana Midgley (l.966) eX9llI1inadnon ....dimetl~:d·onal
mass cwc-ves of numerous sto~s in th~ P.rertoria ar\~a
withou.t detecting a sisnifit.:1ant. pc:rt'tern.. Il'b($l;i" did
however report. th(;lt 'th~) loW-at' envelopas of st(')l? i of
similar, dutation showed a" s~9nifiQa"lit t,enda'ncy to
approach the rising". di ,;:go11.al \;t1ith. i1'lcreasinq .st.Ol."ll1
duration~ , ThiS a,ppetu:s tQ conflict td:th Huff GIS find:):l').1'!=!
~t .1onger storms tend t'o)dolninate tbe fourth q\lq?tf:.ilp
e:i;J'roupintJ,\\ w~th" secl)nd, and "third quartile s~o~s lying

() closest to t.he rising diag,onal.. " ,. , '

'1'helx t.b~n exalldned the Q ma~s C1.llrVI$S of k;5 :J:t~'tXns at
vall:':t;~~~ locations. 't'lithin SOu';FhAfricc;, an~l~~fng1 t~e
most" 1.11rtense 60 ~1.11ut7sq:f EFa,?l'~,~toobti'pl.p the f'.'t'equ~ncy
Of. o~curence assQ(~l.ated .JI'Il.tn 15-; ,30-; 4~'_; ...and
6()"':minut~ durations. ·r.t'l1eratio of .return 'Oeriod.:to
.m.a_x~l!ium.., r~t;urnj' .peri,P$iwas plotted agalinst the rat:to of
duration t.o tl.me' to.. maximum'_return :QerJ....p.sto obtain
dimensionless curve~·. fQ'.r .'t;he envell?pe and ~~tage. of
all 55" storms~ USJ.ng values for lllaXl.lll1.U'il;t',;atu~n per.loc'i
ane& t.ime. 'to maximum return perio'd, the diagram can' be
used to" synthesise lllas,s cur,V,es".. c

. 0

t>Jied~Dho~p. (19(9) .produQect'mass .cu,rve~ fot'" storms of up
to ...2"5. "bours dura~ion :reeorded ~t C' a sing'le" raing-aug-e.,~n
preto:t"l.a.' He" .'.manlpulated t.he lower erave10pes of storms
of similar durat.j,ofi, first by a technique to smooth the
curves and then by adjusting t:he sl1lootbed·curVes· of
dUrations o·f eight hours and less 0 His reason for
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adopting the lower envelopes Was that he considered the
critical qUt've, \t-Jith regaltd to flood :t,'e$ponse, likely
to be one '\-lhose intensity increases !tlith time.
selection 'of the loWer envelope has implications for
the return. .period of the stopnbut Wiederhold does not
address.. 'this. (A~exandet', lQ9Q)". There agairl apP$ars ..tobe conflict, with HuffOs tindings in that the long-
ch.u:ation"' ,·¢\itve.s ...tend ....to ·····firstql1a).Ztile··shapes while
short d.lll:;'ation cUj:'ves t.end tl'.); ttturtlt qUartile shapes ..

Eagleson ..' (lQ70). defined a !nass curve of storm rainfall
as at ploi! of cumulative rain:fall dept.h. vers~s' time .from
beginning ....of. rainfall.. WhenCUlnulat.ive depth and times

\j, were, prEiSenj:eQ: as percentages of totals I he referre,d to
suqh. ,diagrallis as percenta9~. mass cul:v,es,.. ..His
pres~tation' (based "on 11 ..s , Weather Bureau da-tal show'ed
a ....fiJlliij:i.,ly af )llas~, Curves ~ot: CU.ffel;ent railltall depths
wii:h ..,ct" $iie('.il $i;.o1;li\ durat:iQn~ As. indicated bi }luff,
heavi~ .''~to~$ ~end t.o . lItOV~ aW'ay from t11$" first
q'Ilcalr'tlle. Ol~::st,tJ.p~tlon,,· , -. //::~.'

. o. .. .•......•.... .. • // .
t.rhe U..l'~elood stud:u~s :Repl?;r;t (1~,?5) cQJltained an
anall?si~ Q:1G " seleoted I) .lat'ge" storms ill 1;<lhich·.each, storm
1-las cen~~d on the shortest durat.ion wh:i..oh gave at
leasrt ),0% q£c the rainfall,~ The mean prot'i.le :for
s~lec'teot ol\lt'ati,ons was obtained £91: each. of' .t\-ro
seastOlll'As,$~er (May t:o O¢tober) and "linter (November
to, ...l\p~:i,lf~.:~·l"017\. st.oJ:ms Of. 24 hou~) dura:tionl cumUlative.
lJ~cel1lt . d~~tion was plotted against ··CtUnulat~~ pe;rcent
rai:nfall' :rot:. th'a .'1;\110 seasons;, A.. total. ()~.eO' summer
stO!Clf1lS ,. and • 32 't·;rinte.t' st.orms 'trere analysed" Intensity,
as .an pli'QPQrt:ion.. of .mean .intel)f?ity 11 vlas alsO plot::ted
aqailn\st }cmntl ..latl.ve .:pe:tcen'b duration ..'.' Both ' s.ets of'
g;rapllts. 'V{~~e ,~a'tm in f'O~$ of p~rcentile$ of p:ro:Eile.
peQl][q a~ ~t'tempt . to , aCColiUnGd.'at~. tl'U?l" shape .:0£. .the
hyetograpl1 ...'. When the. analy~:d,$~laS ~tended to dm;ations
, as. 1!l)i11~•.~.~..f?'!lr rain ¢lays..and ...as short as one .hour r . .it.
was SlIoun<l" i:llat . the mean. pro:file ()f bOen sununer and
\-lint~ll; ~t()i1ns sliowed_.no syst~atic va;l."ia:tion· with $tQ;t1l1
4ura~o~~ ..;,. ~his... cobfli.cts .. "'with .....the '.. findings of
Wie(1!eJCholrl;>., F:u;rther '·"ana3:}t~i$ sllo'Vlecl '..no 'systematic
'va):'iation ~:t; lUedian ~torm p:r.t<Jfile·with. return pe:riod ..

. ~. p .

1:±ll1:tim Ciba ~ordery '{i9is, pre$ented.~' met.hodologY' for
t.he dderivat.ion. Q1; design temp.~'t'al partt.erns,. .consistent.
wit~ '..~he ",~articulat' ~equ~):emel'i'ts of design ,;flood.
~s~J.ma:tlon, based .on th~ follow;i.'lt\9consiod.erat'ions~.

r~.i·nfall.G)~et"iVeti front"



frequencq-u:uration •.data represents not
complete storms put intense bursts coming at

J~ a.ny time within the actual storm. ...'
(Z) If. average values of all. other parameters

ql:'e used, the fri;!quency.of the derived. flood
Shl:)u~d.be approximately equal to. the

-fFequency of the>.desi911 rainfall i.'

:.thei~ .'.'.c).a$si.fica.:i::ion o:f published t'emporal.···patterns
of design rainfall into three "gEmeral types (arbitrary
Pa.t.terllS; patterns based" on the re9ional ,:f:t'eq'Uency....
duration ..,.l:elationShip .ana .pa.tterns. based ..oil ObserVed
ra;i.n<jau.c;!"'.!t....req.ords) they .. stated· that the latter type

L involVes, a'f-t'~X'agingresultin<1 in. considerable ~moothing,
't-lith .. th~,. ;\Illitimate patteX"ns, unlilt:e most' inClividual
stO;t1liS. This ma.kes theI!) unsatisfactol:'Y tot' design as
~hel' ..". do ..'~()t.. aClequa'tely ~e_flect,. the ...'variat.iotl ..in
intensity -dUring' -.the great .·.·.~ajorit:v olii l1.eaVlf; 'rqins.
They fel. t. _that the: fact ..•~h~~ ..' Huff lla~i':ledtQ group
stonOs into·~~at"t±lest ind;cat.ed the .1aClt. of ai. $ingie
:patte~n ... '..!Jehey pltQceed~1:1.,to c:on,struet.. dimensionlss$ mass.
curves for intense bursts Of rain 't'tTith durations of ::W
m5:nutes . to four hours 0- They ~nalysea curves under tl}e
folloN'inq 91=Qupin9So

(1) l)u):'at;i.on of .inten$~ rain
(2) ·.;Oura1)'iol1Of. "tQtal "storm
(3) ..·.'J:ihundt~rst0l:'lns.··only-(4'j.,Month.0:£ occurenc~

,) (5) ,.~angesof' raturi), period
(6r :rotal ra:uufall amount

II
They 'concluded that" in.s-erteral, COlnlnon patte:t:'ns could
nat be fOtlnd, a oonclusion that agrees with ".the U..K..
Flood. Stu4~es R$port ~ H.bw~ve:r they noted a '. single
exception ..) .,.;;.,the. isolatel;:! thund.l@Jl:'storms ,.,. ,where GOthe
~xPected. high early intens:lties' w~..re eVligent,°a ..o' ,}

\ <~ •

'r'he ....~i.;mple$t:. form,. of t$m~\:()ral. distributi.Ofi is the
uni{.,:\:tl1\.'distribution grain : falls at a stea-cl,y rate and
there;; is n,() ohange ~n intensi~;y····du:t::ing the storm~

L

;\'f , , , ,,' _ _ _ c; .,::" :":",","":""", ,'< _ . __ _ ':":". ,:'".,"..' ,{!

Thel Ch:h::ago di_stt"ibu~~.Qn i~ ti<~&:"rel·~ted..an~ ~epre_~ents
the correct () ave:ra.g~, ,-rainfall \ intel1si:ty fo:r ~l1y, $to.t'l1l
viithin the se.~E''''+:~dd\~17at.ion.. ,_ '-''- ,

/~:'... "

';':.,'
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A, numbel:"<"~of triangula;r distributions have been
developecl 'ifl the.. last d,~cade..an<:\ five ve1:'sions are
presenteq", . 'Intensity rises 11inearly to a peak. Value and
falls. to ze:ro,. usually at a differ~nt rat.eo One version
of the triangular distribut~()n uses. two trian9'les to
!I1od~lthe" storm. '

......>:, ..:"
l/hiss ...,cUt";~S '.'can . to model. all t~e:l'l1eeedin9
distributions ~ They can .~ls() be used to in()d.el storms
'i'ifithout ;r:ecourse to ~e ..' l\l~thematical.' .. ~;anipulation
required 'to .:"c:r:reat.e the ..p:ic¢ceding 'mOd.eIs••·:'.':J.ibe .most
COmID(.ml.y used, mass .curves .' appear to be those of HUff,
}lased 0l} ¢t~'t:J1l from 251 stOrl1l$, over Illinois, l1SAdUril'lg)'
an 11 year' period' 0 The :n:'esl;11tant.dimensioril$Ss mass
CU,t."'if'es . r~late1:.0 .four qua~iles q depending' on ~'J'henthe
majolCity of, the rain fel;l. .. c .

. ' .,...... '. .. \

; ~Za$$ cl.ucves -.·.•were ir-1~~s-Ci(Jat~(t..·.illi,'S(')uth Afri~a· in th~
···.lat~"j....1960 D,S by ''Van.,Tt4~,~. ,ancJl~lidg;!ey ..'~d Trfi($d$rnp·l,d ....Both,
'.stU\:a:±es..·used data /,.(Jtom ····th~·.P1t."etor~aareav' .the·....fot'lner
al~o ussd data from 65 ,$torms' count~;1ide.. one
aon~lusijQn'..of hoth '.. st.udi~s that. appears ~(j ,canflie;';
t-1it.h Jiuff J s '.finaings t1aS that. the . .')l.onge;rc 'the storm
duration. t~'1a more rain~/~e;l;l';'~~t'lier in tp,e stpx1n ..

,I

D7ass' CUrVes h~ve ab~o been p*ep~redby' then ..S...Weather
:sur~au.. 'ant\' \)lere ....invest~9qte4":'for•.··the,.,U..j\t .... FIP¢>a S:t;:Ucl:t~~
"];t~po~. ."~:fter ..'l.nvest~~ating"~afa J!()rSydne.y'pAustral:t,~
J?A,1.917l:lh;an~>'cordery",poncU1e'lted. ~~it~,a conclus~90' of tbe
'U..l\:~ F:~tf,ocf,i ,stu<t;i.es RepQ¢, w:Bt., cQlIllnon' pa~t~l1s could

. ~ob, be foptld; ..' However" t;i'lew> .1lQt~d an e~q.teption ...
isolat;ed ...•.t~unqersto:rcmFl0 'l.;,bepxtecooinq chapter ~.ndicated
tniSlt tbllrx~~,lt$t.omn'$ wer~ co~on Qver. Johanl1iS$j:turg r in
the. f()J.l()'<1ii:).9i'phapter 11la$S cw:ves ar~ deriv~d :e'oZ" tb.E:f~~: ,.

.. ~

"
, i)
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4 DERIVATION OF MASS CURVES FROM LOCAL RAINFALL
D1V:CA··

tlata . used.. in this. . stUqy 'VIas cpllected in t.he
JOl1.anne$b'Ur~ suburb of ~OrwOOdi at an .a'l}tograph.~c
rai)jl9aug:~.; ;.• Rainfall dat.a. frota tbip gauge< has been
digit.ised~ ;~r. )Ired on COlnl?riter ann usecl in· 'previous
~rainfall ,studies., (the studies. are r~J:erreg to later in
this ","phapt$:rl... It is becau.sl$ data ~~. ava~la.bi.e in a
form "';tbat .facilitat.ed manipul.ation that thi.s· raingaluge
W'as'select~cl~

This chapt~r ,q~scribes t;b.e raingauge and its l(;>cat~·lon.
It examines. t:k~ viay Ln ...t111;tch... data .has been usec{ in

"previous, . studies.. ,Annual precipitation .'fi9Ures .are
>exalltined· ,·to ....ident:ify ...pe:riodsgf. above- 01;. below~aver.;\;tge
ra:b;lfap.~ ....•.AbOlitalies·,'.in ...c1at.a'al."e. identified, the con(J\~pt
of 1PstOmn,9$,.is examined and mass ourves of l7q.l.ni'all d~~ta
are 'presetrted in a nUlnber of tofirys.

,I') ':, "

4~1 Gaugel.ocation, descrj;llt~on and length of
reqprd ..

The ,gatlga ;ii1;( locatecl at ··aCity p;ogi.neer i $ .DepartlIler.\t;
depot ,!,to' prgt:ect :tt. from .V'andali$m~ It.has been Qpe:rCi\ted
and .'.maintalned n ~y c. the c,it¥ Enginee:ro s Department ..since
1963. Tb~.·· "'degot;/ straddles. the nort.h-riol-ling $andsprui~
and, is. situ?tt:~d" ( .c:r'O{~ to the. sour~er of the $tream.. lit
lie~ at.. an elev~:tii'>~!&f l64S In (smal) a~d i$. about. l,s:
Jon nQrth'" Qf ,a, prominent e:;1$t-w'est.,ridge wll:icb., l\Ti't.h a\:'
mean crest elevation' of 11110m. Camsl), forms the'
northern E;l;1ge 9f the. W:i;t~iatersrant:1,basin.. As discussed
in sectj~on 2..2,,3,. ,it.? .i~hilikely that tlie gauge lies. :in .
;the rain:-:-,slladot'l {f1f "the rid9~. ,:' .

,~_,-,;:=-'-:~~?:::'-"~'-.:.." "":i..-... - .__ ---,.' l ',::.'.
The... ra:bl9'al.lg~ .is. .a ','~contiij"'Ou.~"'l:'eoo+din9.sypnon gauger,
~11o\-1if1q ten ..millimet.l:'es , .Of ...p4e~ipitation to .collect
l#efore $Yl?ho:ning .. ', A float meohanism t':1ith E\. pen at One
end. re~ortls precipitation clepth ,9ra a chart fixed to a
clockt·IQr]t:...d~iV'(i:m :rotating (fb:u.m. ,A' d.etailed desc:t':i.ptiontOl;1etna:t'" withe a sketch ot the gauge can pe ;found in
Apperldix B~
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St.orms selected for the data. base Qccurred during a
period. of sl,i,ghtly 1e$$ than 2{ years ....from NoVember
1.963 to septemner 1990. Front Appendix C the follo~iing
emerge$ from an analysis of l:ainfall, from a 2~-"'Y'earreCOrq (records for (loa year during the period were
incomplete) :

-~Themean annual precipH:ation (MAP) w,as 654 mm,
11.'5 mnr l.essthalithe.mean.of769 .mia' repprted by
Tyson and.WilcQck,s for the Joubert Park gauge
(Refer section ~.:L :2) •

'""The.total, annual.precipit..1tion in ~my.one yaal:"
- varies .from,a minimum of 419 mm,,(64% of MAP)to
a maximum ••of 1043 nun' (159%, of MAP) .', The minimumand ma~imum 'figures for the ,Joubert Pcll:"k
gauge a:t'e 5113mmand 1184 ~nmrespectively.

--Of the twellty-five complete hycirolog±cal year~
studiedt thirteen (,52%) had total annual
prec+p~tation in the range 600 mm to 800 mm;

The- recur:renceioterval repre$ented by the 25-year
period of complete .record was calc)llated as follows :

4= 1-(1"'1/'1')L

probability Of occurrence
recurrence 'inter~lal
life (length of record)

solving-for T 'lives:

If :r == 0,95 and L == 25 yeaJ:s; then

'1' =8,86
So fot' a 95% pr~bability of occurrence or better, the
data cannot he \.'lsed:for a recurrence int.::.'C'valof more
than nine years ,~,'

I
f

I
I
I
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4.2 selection of data and previous use.

Data -:=l"Om the. Norwood gauge, for the period November
:1.963to...l"ebruary 1.980, was used by Watson (1981) to
derive Ccmstants for Use with chicago-type storms. HE'
selected 54 ....storms .u:5ing.....'d~pth ..and intensity . asselection criteria. This is discussed in greater detail
in section 4.3.

Io

This recci.t'dwas extended by the author to September
1990 using Watson's selection criteria~ A fUrther 2a
storms wl1l:'ethus identified, g1Vl.ng a .total of 82
storms from the period November 1963 to September 1990
foranal:ysis,;
Watson Is se.:Lec.tionand digi1:ising of the 54 storms
proved to be of grea~ Value. The data was used by
constantinides (1982) 1n formulating his "hyetogr('lph
peak" tri<:!.tlgulardistribution. sutherland (19(33) used
it in deriving his ntrianqular moment II version of the
triangular distribut,ion. And t.amccurne and Stephensvn
(1.986) used it, as well as other data, in preparing
their bimodal triangular distribution .

..j
.'

.~

1

j

j

4,,3 storm definition •

As noted by Lambourne and Stephenson (1986) the concept
of "stormDi must be clearly define.d in an anaLysLs such
as this. The definition shOUld relate to tl1epurpose
for. Which the storm will be used, in this caSe the
gene.ration of a runoff hydrograph.
Keifer and enu (1957) do not explicitly define their
use of lIstorm", it mayor lllaynot accommodate periods
Of zero rainfall .basedas it is on Intensity - Duration

Frequency (IOE') curves. Huff (1967) defined a storm
as It a rain period separated from preceding and
suuceeding rainfall by 6 hours or more Ii. !t is 1ikel;,
that the 6-hour interval was chosen as a matter 0:'
convenience since it is also the lninimum timescale. for
the recording. rainfall charts al~alysed.Yen. and chow
(1980) ...'defined storm. duration as I' a. period ofcontinuous llon"'zero rainfall ". Watson (19a.l) derived
lOP curves from data which inclUded periOdS of zero
rainfall and this same da.tawas used by constantinides
(1982), sutherland (1983) andr.ambourne and Stephenson
(1986). Irrespective of Whether or not data used to
generate the synthe.cic hyetographs propOsed Py the
above authors contailted periods of no rain, all
hyetographs represent continuous r.ainfall.

J
~
1
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The discussion in section 2.1.3 on rain-producing
systems has indicated that a rain-producing event on
the Highveld may include a period of no rain. Rainfall
experienced at a point will depend on factors sllch as
the size" shape and rate and direction of movement of
the storm Gell or cell::;.Colloquially, depending on the
length of tlJ'e pe+Lod of no rain, the ev6!'1twould
probably be regarded as a single storm as long as there
was some cloud cover.
As illustrated by Figure 4.1, zero rainfall within a
storm period could be caused by the shape and rate of
movement of a storm cell.

Raingauge
Direction of
storm fllovement

Figure 4.1 storm cell and .\•.,~'~"""
single raingauge

'"tion to

Watson (1981) stated that he seiected cne 54 stormG on
the fo,llowingbC-lsis:

- For the periods of non ....zero.preciPita.tiontheir
depth of rain for selected du:cations exceeded
the fOllowing :
Duration (min) :
Depth (.mm)

5
7

15
13

3Q .:
20

60
22

1:20
22

A .storm has only to ~I!eetOne of the five above
limits for acceptance. Although storms were
~elected fl.'o)n..the,City Engineer's Department's
records on the above .pasi$, Watson is re"'a1'lalysis
shoW.s that eight storms do not meet the depth
criterion. (storll\nos. 7; 14; 22; 24 ;~6; 29; 31j49) .•
(The author experienced this with two of the
additional 28 stC'>r:ms.(No~. 11 a.nd '13) •. DeSP'J.tethis, all 82 storms were retained f'r analysis.)

Although not stated, it appears that a seCOnd. crit.eriol1
was:

- They re$u1.tt?d it, total precipitation of ten:
, .millimetrl;?s Qr more.
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Analysis of the data-set showed that 49 of the 82
storms (i.e. 60%) included periods of no rain, with one
storm having 17 such periods. The length of period
varied from 5 to 120 minutes. Apart froInthe number of
storms with zero rainfall, /application of the two
selection oriteria also results in storms being
separated by at least 16 hours (storms of 11/1/76 and
12/1/76 ). There is thus a clear distinction between
the two hours of no rain within a storm and the 16
hours of no rain between storms. Cursory analysis by
the author! of another raingauge in Montgomery Park has
indicated that periods of zero-rainfall may be as long
as 289 minutes (4,8 hours) (storm on 15/12/1982), still
distinct from the 16 hours of no rain between storms
recorded at Norwood.
It is noted by Lambourne and Stephenson (1986) that
very low intensity rain could be digitised as zero rain
due to the r~solution of rainfall charts. Periods
digitised as having no rain may thus not in fact be
entirely dry.
La.mbourne and Stephenson (1986) applied the technique
proposed by Restrepo·1;)osadaand Eagleson (1982) to data
from 0an smuts airport to determine the independence
criter.ion of storms. Although they felt 'Lhatfurther
research was required before the cr.iterioncould be
used for South African conditions it is worth noting
that the technique indicated a minimum period of 4,5
hours bet't..reenstorms, a result which accommodates the
criteria for the Norwood stormS.
Lambourne and stephenson (1986) used an additional
criterion, that a rain per+od must be separated by
preceding atld succeeding ral.n by 30 minutes or more.
Using this for the Norwood storms eff~,cts17 of the 82
events . (21%}, one of these events ..(on 21/1/1987)
containing four periocis of aero rainfall equal to or
exceeding 30 minutes. The events would thus either be
considered as more thartone :stormor, if any period of
non-zero rainfall resulted in less that 10 ll1m of
rainfall, then that period would.not be. consid.ered.a
storm at all.
If storms with rainfall less than specified minimum
(say 10 nun) will be rejected then it would be best to
inClude periods of zero rainfall in a definition of
I.storm" in order to op.ta.in as many events for ,analysisas possible. If however the criterion is not the amount
of rain but a specifiedminimull\ intensity then it would
be bes·t:to eXclude peric)(3,sof zero rain from thedefinition.
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Perhaps the best argument in favour of the former
approach is that, implicit in its ado~tion, may be
compensation for the condition of the soil (antecedent
moisture content and infiltration rate) since the storm
would extend over a longer period of time. In any event
the use of both total rainfall and intensity as done by
Watson appears to be a practical compromise bet'illeen
these two approaches. Perhaps it is the use of both
criteria that makes it necessary to include periods of
zero rainfall.

4.4 MaSs curVes of Norwood data.

programs (NORANAL and NORMOR) were written for a
Hewlett Packard 9816 microcomputer to analyse the 82
storms selected aDd print the total duratioti and
precipitation depth of each storm, the percentage of
storm rainfall occurring in each quartile and the
quartile into which tne st':lrrnfell. Program listings
and output frota NORANAL and NORMOR can be found in
Appendix O.
Results are summarised in Table 4.1 below:

Table 4.1 Quartile classification of Norwood storms
and comparison with results by Huff(1967).

QUartile
1st 2n<i 3rdNorwood:

Total no.
Percentage
.Huff (Table 1);
Percentage

46
56

19
23

12
15

4th
5
6

30 36 19 15

To detel"ntin~ the .reliability of the Norwood
percentages, t:he cumulatiVa annual percentages were
plotted from the start of the record. Figura El in
Appendix E. sholl!sthat within the first 14 Years of
reco~dt CIUl1Ul ~tive percentages had stabilised to \vithin
one or two percent Of the values in Taple 4.1. It is
·thus oonclUded that. the record length is adequate for
the.purpose'o'J:quartile classification~
It is. :3uggested that the reaSon for tbe prepofli'lerence
of first-qUartile NOr't'loodstorms, not reflected in
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Huff's results, is that more thunderstorms were
eXperiencea at Norwood.
In an attempt to c:haracterise the storms in each
quartile, the range' Of' total rainfall. and storm
dur:ition was plotted for each quartile (refer.Figures
E2 and E3. in Appendix E). It was anticipated that
first-quartile storms would be of signif.icantlyshorter
duration than fourth-quartile storms, due to the
different rain-producing lnechanisms suggested in the
previous paragraph - thunderstorms being "short, sharp
showers". This was however not the case and no clear
pattern elnerges. Figure E4 (Appendix E) . is a plot
of total rainfall versus storm duration for all storms
shOWing the spread of reSUlts. Again no pattern is
readi~y apparent. It could he that such a pattern does
not exist. As deScribed .in s.ection3.4i vat) ··Wykand
Midgley (1966) and Wiederhold (1969) fOUnd that
long-duration storms were closest to the :r,'ising
diagonal.
The monthly distri)::n~tionof storms in each quartile was
investigated and the results are ShOWkl in Table 4.2

Table 4.2 Monthly and seasonal distribution of storms
Season summer
Month 3.0.·11 12 J 2 4

Winter
5 6 7 9

:~stq. 1 8 8 12
2nd q. 2 4 3 4
3rd q. 1 2 4 4
4th q. 3 1
Totals 4 17 15 21

S 5
2 :3

4
1

1

10 9· 5

Values f:rom NORANAL
d}.ltIehsionle.$$mass
.qt.lartilesas follows:

and NORMOR were
curves for each

used
of

to
the

plot
four
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1. stOrInS in each quartile were identified.
2. For each quartile cumulative percentage

precipitation for each storm was listed at
the 25; 50 and 75% durations.

3. Total and mean cumulative percentage
precipitation, was ealculated at the 25; 50
and 75% durations for each quartile, giving
average values for the mass CUrVe.

4. The highest and lowest cumulative percentage
precipitation was identified at,each of the
25; 50 and 75% durations; giving the upper
and lower limits to the envelope for each
quartile.

Figures E5' to E8 in Appendix E are 'the
dimensionless mass curves for each quartile and
represent the data shown in Tables El to E4. Values
for points on the average dimensionless mass curVes in
each quartile ,are given in Table 4.3 belo"t".

'rable4.3 cumuJ.ative percentages of total
prec:i.pitaticmfor average dimensionless mass
curVes (Norwood data)

Percentage of total storm duration
25% .50% 75%Quartile

1st
2nd
3rd
4th

65%
23%
S%

20%

87%
19%
26%
28%

96%
94%.
8T%
44%

Notes.:
1. In terms of tQtal precipitation!

For .1st quartile storms 65%
first:quartile.
For 2nd quartile storms 56%
seCond quartile.
For 3X'i:lquartil.e storms 01%third quartile.
For -.'.4t'''l quartile storlt\$ 55%
fouj.:"th qua.rtile.

occurs in the
occurs in the
occuzs in the
OCCUf's in the

For purposes of ..comparison,
values were est.i.lllate(:l'from
cuzves (Figures 2; .4; s i;mcl 6
listed in Table 4.4.

l1utf's cot'respondih9 50%his dimensiOnless ·masS
of Huff i s paper) and ars
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Table 4.4 cumulative percentages; of total
precipitation for ..average dimen$ionl~ss
mass curves (HUffls data)

percentage of total storm duration
25% 50% 75%Quartile·

1st
2nd
3rd
4th

,65% 85% 9,5%
19% 72% 95%
12% 28% 88%
8% 18% 44%

It is noted that there is very close agreement (within
2%) on the vazuas for ...first quartile storms and
'reasonable .. agreement (Within 4%) for secC)ud and third
quartilest.orms.

The possU'~lity of, Using a single ma~s CUrve to
repres~tlt all storms was investig~.ted~ ValUes for this
cv.Z'V'e are listed in TapIs E5 anc, the curve iso-plotted
in l<"igut'e, ..E9. 'l'he enVelope is very wids, ind:i,.cating
the de.gree of diversity in, ,the storm patterns~

'rhe· ra.illgaugs Which provided, data for this study is
located in NorWood, a township in thE!. north-eastern
section of 'JOhanl'lesburg., The gauge is a
continuous-recording, syphon gauCJe wi,tb. rainfall being
recorded on...a strip ohart.,. 1\. 26 ...year length. Qf ·record
has ,bel!an examined, "from Nqvember 1963 tQ September 1990
and dat9-,'"from. t:tlis record ,\Ores analysed in this stllUX'It is calculated that, for,t.his period, the data. oannot
be.,. usag'" £0): a repu;rren_ce. interval ,~xoeeding'l'line years
if a confid.ence level. of 95,~c$or petter is desl.l:'ed.·r." . --- - - - '. -_

The n\itilan, j':annual pre.cipitat,l.Qo during the period of
record . 'ttl~}S, approximately 654 nun (the record is
incompl,~telJ.))f varying from 419 mlt\or 64%of MAP,to 1043
''1lml 'or 1.!59% ·of m.p'.
A total O·f 84 stoi:'ms ha'le be,an ~elected for analysis,
54 cf "whioh hay'e. b~,e.n. u.s~cr in., the !last.'.decade· to
develcp local. va:;J,ues. for parameat-ers for' t1'1e Chi(!a<10
storm; tne: I'hyetograph .. peakJ1 e .. and ..netr ian~ular :mome.n.tn
triangula:r: storms and the 'b~inodal"triangular storm.



t)if:ferent researchers use different definitions for
"stox-mtl• Some include. periods of zero-rain, others donot. The 82 storms studied were selected using both
total depth and. .incremental depths. (in effect an
i.ntensity criterion) as criteria and incluc:le periods of
zero';"raj.n up to two houJ;'s lonl1.

Ana.lysis'" ':ot j:lte storms results in their being
c).assified'.;i,nto each of·fou.r quartiles as follows;

I

j
, \)'\, first. cl'l;taJ;'tile

second gt\artils
third '.'qUartile
fourth. quartile

S6%<ure
2'3%;are
15% are
6% aJ;'e

The. ,high Perqenta'\g'es of" fir~~ ~nd second quartile
storms 0 could 'reflect the :nulllbe.'"I' ~ thunderstorms that
.pC¢.U:b .. i1),. _thr:t region. confiI:matlion of thiS; could. form
part, of c{~Q,rther study.
TO. proauee mas,s').,cur"ie dii.tafor Use in a hydrplogioal
mOde~'I' .. the p~rcent' of" total storm depth has been
calculated .....at 25, .. 50 ~,an'a.. 75 percent of total"storm
duration".. Tbe £01101.<lin9' llchapt~r investigates th~.U$~ .•.of
these locally-derived mass ClurYE!S in·9. hygrologioal
model. .' .

S<'~'_-n
'c
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5 USE OF LOCAL l"lASS OURVES IN A H)tOROLOGICAL
MODEL

5.1
()

In this c):}.apt.erthe'niass curvesder,ived' :fromtbccil¢lata
in, Chapte~ 4 ;;re' ,useq to cl'"Jaate~ il"Jput to th{i:
hydrologiCliilJ ..computer ll1o(iel .••••······.n¥OR'vSIM. The reSU1.ts areC!omp~n;ed ".Vli.th those_r gener,p.teo. USing other rainfall
distributions.

HYDROSIMaan'·~ther.be<!.:us~d.to"generate hyetographs forsel~cted temporal ' dist~ibutions pr it can accept
.."",1tis\~):''''inpl).t'(.'.,hyetog:t:aph.s. ,:.tor'•.'.'t.he , ca.tchm~,nt;,··'.uS',ed'.in
'thi~, exarnpll!~.. HYPRos+I1 was :used . to.; generate uniform
hyetographs for a. range 'o;f durations to identify tthe
storm d~ation ..which ,result:ecl in the highest peak
runof!. .This .....resulted from a ~to:rm of appr9~imately 20
"minut.es ('duration and all sUP$'9g;pent work was done using
this dul:ation,. j\ ...• " 0

(J II .

l'vser~utU o .' hyet.ographs ..,~ere
°folloWl.nq Slit-armdistributions, :

"_.. -_- {"- - ....

o D

, !,I ..• =.

Co for a" l'r:horm of a five-ye.ar.,lrecurren,ce. intel:val and ~O
mil'l.ut~ dU;t4tion" La:mklourne and stephe~lS('m (1986)
des~ibe ho~ the depth of" precip-itat:ion 'Used in
ana,'lysi$ clep~ncts not only. on storm ,0 durat'ionc am!i
fxequency l?ut, also on the ;c'elllpoltal di.st:d.buti'bn of the
storm ... The,. e:ff~ct: of ,;thi~ t1as al$o ,investigated.'" '.'

II - - .' . - - - - . .0 .... · '-_\}

.~ <) ".t~ ;." .". n ~:'){\

Using L~ '}bOtll:~ne anq" Stephenson . (1986), (s$¢t.iop' G)!9~.J1
parameters .. Ware derived. t:o~ <the uniform," tj:"ianqtilar ~fna

o bimodal ."tfiang~;taro disttibutioI1s", "'rhese are listed! in
",Table Fl··in" Ap~endix"F. Oi

o

tor the
\'._

,t1n~for:m..intensity
Triangular '

.3. .;aimodal triang1.llar
,,4 .~."Mass curves,' ..,

I
I

<). 'I
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Appendix: . 'f}' a.lso contains a list of the intensity·-time
pairs for the triangular Fll1(ibimodal triatlgular
hyetog:r:aph.s .'. (Table F2)" as well as the hyetog:raphs
thronselves J1F'i~e. Fit}.,

Since there :1.$ no published relationship bet'l;'1een.sto:rm
depthr dp.rati~n and. frequenqy .:for the' derived mass
curves; a number of 'r~lationships were used oh the
deriv$d, quar.'tii1.e. distributionsi~ ,using the same DPF
:rel,ationships ;apPlicab~e to. ·····each of· the 'above
distributions, . and, n,ence total . rainfall depths L

togs'i:h.er witlt. the ...vallles in. Table .. 4.3 for each
qu.artile., " intensity-time pairs were de:rived fat:' each
rel~tion$hip. .' These are listed in, Table F3 ,

--vApp:$.nd.i.x-_--:.P-~ '.j ....

H¥D'ROS;tM.. ·us~s ..a. singlE; ODF .r~lationship. for storms :Ear
wnic:h it. generates. datal based on a uniform-intensity
hye1:og'raph. l1?he .effect of using a single' DDl"
reJiation;schip tITas~, inV"e$jtig3ted .:ibl' .' l'unn:t1l9 tb.e;,pri:>gram
\dth tilree progra! ,...generated. rainfall distributions:

:t s : Unifol:'m....intensity .,
,2. TriangUlar
, 3~ qh;i.cago.

The triangular distri}::ruticm in this,. in$tance is that
d~v·eldpedby Green (19841.

Intensities for <'the prog:ttam"'gene1?at.ed '.rainfall
di,str,iil:l\,"tioi;l~ are calcT.(lated ultinq the mathema.tical
expression .of Op . t'en. Noore and stephenson (~982) for
the co""axial plot of :Midgley and I?.i.tman (1979) ~

5.2 . Oescrip:tion of the In'petel •.
\l

After ....calculating excess rain. by subtracting initial
abstt'actio!,l and .' infiltration., HYPROSIMroutes oVe):;,land

". flow using .•..the. kill,flnta.tic equat,iolls for one....dimensional
o~e.lo'rtl. 'The resulting ~low 'can :be ' •. 0 .: ..••.. .

, . '\

, 1. :Rout,ed thl:'OUgh p'on(1uits ...eithet' using'
IdneiUatic meth9ds o~.by time-Shift. routing ••
Conduit "over~lows can be allotITed to flow in
"separate cnanne'ls with tll~ ;facility~ to r'~join
the conduit (if it has su:pticientpapacity)
at a..'downstream node. . .' 'II . . ": .

2. AccumUlated, and storecl at i'Wpes.~ , i~'~rb" \i

';;
"\'
\,\
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The program can be run either in design or analysis
mode. In the former, pipe siZes are calculated with no
provision for storage or overflow. In the latter,
conduit sizes must be specified and excess flow will
either be stored. at .a hode or overflowed into a
s~para.te channel ... HydrographS .can .be obtained at any
node to 'assess ,stora.ge or ove:rflowpotentiaL

t,l?h.e three catchments sel.ected for ::esting lie· in the
townships of Emmarentia and ....Emmcu:-el,tia.Extension.1,
about 10". kId. west of the .:Nor'Woodraingaug-a site ....The.se
are resident:ial tQwnships with erven of about 1000 m2
and. 1400 m2 respecti:vely.. The total area .. of each
catchment ... is 1,7 .; 27,6 .and. 54,7 ·.ha.• The-.catchments
are shown ...ill. Figure 5 .1 .and .. the. parameters used. to
describe their subcatchmellts·areshownon tl1ecomputer
data ,l.isting. in Appendi~ G. The catchments were
<selected : because.. ,the. c:ldequacy'of . their existing
reticulation was being inV~$tigated at the time Qf tnts
stuc:ly·

Runoff resu1.ti.ng., from di~:fe:tent storm· distriQu,ti,ons .on
thes~ cq:tch,fl\ents is given in tt'able 5.1. Ii

The e:Efect of tne unequ~l numJjer of storms in aach
quartile was. i:ovestigai:ec:l as .fol7/owS".'For ..each .node and
,pn~ :relat~qnShipf' ..each of· the fcJ.r quartile peak values
from Table> 5.1 was .ntl,.lltiplied, by .the proportion of
t.otal si:o:t"lt1.s (as '',g;ivel1 ..•in Table. 4.1)' in that
quartil~ •... These weigh-t:E!dpealt. :Elow~were tl1en summated
to give thE'. values in Table 5.2.

Table 5.2 Weighted av.erage· at qua.rtile runof:f peaks,

Q ma~ (m:JIs) at
60 20

... - - --- :'- - .: ;,\
J. Pnifol;1U•.....

., k~"Triangular
1. 13')]0

:3 ·•.··9· .
, . ,
5,1
2,6

'rhe resul;'tant peak flp't'ls>. a;t;e sh.ot'.1n91tiij?hically in
~i9ure $.2 ·from wh;i;'c:h ,j,t can be concluded that
,reElults are grouped al'pro~.imat~lYin three' cat~lJories:





:.:.:.: ...

4S
'...

Table 5.1 Peak flOWs and tilileto peak for different, storms
$~J,)rm DOF ..'.. '.' , Q max at Node
t'1.ist.ribut:i'(jh~' relationship. 60 "'..·....20 !HJ

:: (m3Is)
'.'T:ime to
""'".. peak~
.......(min)

'"

B'l'D =: Bimodal Triangular Distribution.
Ti:me-to ...pea~ ratio is 0,4, for qC;:lluputer
generated tI'iangu.lar and' chicago

, distri:butions. as ,('lell' as for uset,..,;i.nput
trianguiar dist:tikn:rt.ion. .
3~ Values in 'ro'(..tsmarked a. to i." plotted
in Fi911re 5.2.

a. Unifo~
b. 'X':t;'iangular
c" Cl;ticag()

,Uniform,
Unifor.m '
Uni.form

d. tJnifottn
e~ Tr;lang.
f. BTO '

'}.

iUniform
Triqng.
13'1'0'
Uniform
'l'riang"
':BTD
uniform
Triang.
BTD'
Uniform
T.riang.
B'l'D
Uniform
Triang.
BTD

;\
4th

Average

o,tt
0,6-
0,:-3
0;$
o., (1
0)'3 "
OIS
0,7
0,3
0,4
0·,6,
0,3
0,2
0,3
0,4'

3,7
4,7
265
4,0
5,3
2,,6
4,5
6,0
3,0
4,1
5,6
2,8
2,9
3,8
1~9

7,4
9,4
511
9,4.
12'~9··.·
;5;6-
re, 6
14,7
6,6
9 (.6
1'3,4
t5,l
6, J1

8,4
4, o

:",.10
\,,-10
5-10
1.0',
10
10
15
15
15
20
20
20
10
10
10
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1. The lowest peak flowrates (30 to 60% of highest peak
flom:ate) result from the f(.'11o~iingstorm
distributions:

Computer--generated ;
- Uniform distribution (a).

l1ser....input :
- Bimodal triangUlar distribution (f).
- Average mass curve of all storms in

conjunction with. the bimo.dal triangular
distribution··P1;)]' ( i) •
W~i9hted .average .Of all QUartilepeak.flowsin conjunction with the bimoclal triangular
distribution DDF (1).

2. The next highest peak flowrates (30 t.o'80% of
highest peak flowl:".ate)result from the' following
storm distribl.!';;.ions:

Computer-gener~ted :
...rrriangular distribution (b).
_"Chicago distribution (c)"

User ...input !.
Uniform distribution (d).

- Averag.e mass CUrve. of all storms in
conjunction with the uniform distribution
DDF (g).

- Average mass curve of all stormS in
conjunct;ton with the triangular distribution
DOF (h).

- Weighted. average of all qUartile peak flows
in conjunction with the uniform distribution
ODF (j).

3..The highest peak.flowrates (67% to 100% of highest
pealt flowrat..e)result frOm the folowing stormdistributions:

User-input:
.:..Triangular distributioJ.1 (e),
- W.eighted ·average of all quartile peak flows

in conjunc.tion with the triangular
distri:bution PDF (k).
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5.3 SU11lJilary.

.. ..
":.:. - '

The mass cur-vas derived in the previous chapter can be
used in two ways. The.average mass curve of all storms
can be used as input to a hydrological model to
generate.. peak flows or m~,.~sscurves for each quartile
can be u.sed individually and the resultant peak flows
v1eighted according to the relative frequency of each
mass curve and then sununat~d.Using three catchments of
lf7 to 54,7 haD and the hydrological computer model
HYDRpSIM; both approaches ..are used in this chapter. In
addition other I commonly-used" rainfall distributions
;are . used ..'..as input to the modeL and a vari~ty of DDF
relationships are tried.

The restltttapi:; peak flowrates are divided into three
cat.!390ries; '-dep~,hding.'.on •.•.t}J.eir magnitude relati ve to
the ltig'hest peak flowrate~ <For each of the three
ctat:chmen'bsthe storm. distriputions g;Lv;Lng ... Poth the
highest and. i;he lowest peak. flowrates are derived. fr,om
mass curve~. .....- Peak flo'VJrates that occur between these
limits result,from commonly-usedstorm distributions as
well as fUrther storm <iistribptions deriv~d from mass
CUrves ~ ,..';' .
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6 CONCLUSIONS

The following conclusions can be drawn from this
investigation :

1. . Due to factors such as the areal extent ot fche
s::torm and the amount of storage within the catchment,
storm runoff from a small catchment is likely to be
particularly sensitive to the rainfall rate.
Johannesburg, located as it is or, 21 major watershed,
includes a number of small catchments, making l.t
important to model· the temporal distribution of storm
rainfall as accurately as possible.

2. ~he spa~tial distribution of .arurua.L rainfall in the
Johannesburg region is strongly influenced by
topography;.·· storms tend to moveacross th~ region on a
south-west to north ....east track, with the result that
less rain is recorded to the north of the east ....West
trending ridges than on the southern slopes ...

3.. PrevioUS rainfall· reSearch in JohannesbUrg has
concentrated :mainly on deriving' $uitablepara.meters for
Simplified hyetograph shapes. The increasing use of
computer models has led to standard dis.tributioDs
(s'llch as the Chicago and ~riangular d.is'trip-utioris)
being built into these ,modelS" The> user, ~ided by
results qf ,.lQcal rainfall studies, selects paJ:!allleters
reJ.atin9 to the depth, dUration andfrequel1cy of the
storm.

' ..

4. Somelpcal research rf~sulting in the PUblication of
mass curves 0·£ rainfall (fOr the entire country and for
the Prr~toria.. region) was done t.\venty to -Plenty-five.
years .ago., ..HoweVerthis researcn is seldom referred to
in the literature and it. would. appear that it has
largely been ignored" '

5.... ~h.emass curves <that a:~emore,rre.Cj1lentlyrete;tl:'ed. to
by ..local .reSearchers are '~hose·.of .HUff. (1967), prepared
from.. (:lata.. collected. i:n Illinois, USA.. The :first
<i'lartile storms have. bee:nregarded as, most appropriate
to the ':Uigti'ireld due. to the large fiUlllber o·f
thunderstorms·· in the region. -.'However no. crt::telnptbad
be.en mage .to quantify this effect be.f<:>retb.is
investigation.. .
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6. First quartile storms dominate the quartile
distribution at a raingauge in Nor~·lOod,Johannesburg.
A:"'alysisof 82 storms in a ~6 year period reveals that
56% were first quartile storms, 23% were second
quartile, .15% third quartile and 6% fourth quartile. It
is considered that these percentages could be used with
reasonable confidence since there was very little
variation in these values after the first 14 years of
record.
7. Although second quartile storms dominate Huff's
quartile distribution, they amounted to only 36% of the
total :lumber of storms. The majority is thus not as
clear as it is for the Norwood reSUlts. Although Huff
classified 38% of his storms as thu.nd,erstorms,it. is
pOSSible that NOrtvood ex:perienced an even higher
percentage of .thunderstorms, causing. the distinct
pxepondexence of first quartile storins.

Investiga.tion into the reason. ...or the high
percentage c"':." first quartile sto:r.mscould be the
subject of further research. since the storms have been
identified it should be possible to dett::t'lllinethe rain
producing system by reference to synoptic Weather
charts for the relevc:~ntday.
a. No relationhip between quartile classification and
storm dUration, as ..well as .between. quartile
classification ~ind rainfall deptb..was found to exist.
'There appears to be a discrepancy.between the findings
of Huff and those. of local researchers regardin.g the
relationship.....between the shape of the hyet9graph andthe storm duration.
9. Although years with above~average rainfall had moza
"seVerelt storms (i.e. storms se.lectedfor analysis) in
t.otal, the maximum number of "seVere" storms occurring
in a ye;;l,rwa.s.the same fOr. years.of abqve"'a.verage
rainfall as<it .was for years 6£ belot-;-ave;ragerainfall.•
The storm with th.e> highest rainfall occurred in a year
with below...average rainfall.
10. The shapes (using values. at 25%; 50~ and 75% of
storm duration) of the.averaged.1.mensionless:maSscurve
for each of the ..four quartiles are similar to those of
Huff's average curves, particularly so fot'the firstqUartile storms.
11. l1sing_the mass curves for rainfall distribution
derived in this investigation to generate peak £lO,"IS
from a catchment yields results that are comparable
with thOSe ....of the Uniform, triangular and bimodaltriangUlar ;rainfalldistributions.

;
.. .".
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12. Depth"'Duration-Frequency (DDF) curves derived for a
bimodal triarlgular rainfall distribution resulted in
some of ...the lowest peak. flows1 whether they were used
in conj'llnction with the mass curves. for. rainfall
distribution derived in this investigation or in
conjunction •.....with a bimodal triangUlar rainfall
distribution.

Further research into the bimodal triangular
distribution as ~r~ll as the. unimodal tria'1gular
distributions could .be U~'ld.e:rt;akenusing .the extended
record that has resultE:;d frOmthis investigation.

13. DDF curves .derived for a specifiC distribution and
used in oonjunction. with that distribution resulted in
higher. peak flows than. curvet;> derived for a uniform
distr:i.buti·on.

DDF curves leor different distributions should be
inoorp.orated . into computer. models. so that they can be
used . in deriving computer--generated storms. If this is
not done' it· is unliJtely -.that users .will. go to the
considerable 'trouble .?f. palcu).ating.hyetographs based
on these c::urvesand the curves VT,illlarg'ely go unused.

14. Peak flOWrates resu~ting from use Of the first:.
qllq,rtile mass 'l;."uJ:vein conjul1ction with the uniform
d.istribution. ,PDF curves·. Were very. close to t,hose
obtained 1.1,Singa triangular distribution' in conjunr;;t±on
with the same PDFcurves. 'l'll~ time to peaJt runoff would
hOvlever be longer than that calculated ~-,iug" 'the fi:t,"st
qua.rtile. distribution alone "'. So although th~ use of
Huff I s first '.quartile . stC)rn'lS,as. has been..reOommended
in the past, is not unreasonable f.or the calqulation of
peak flow!;'ates, it wo'uldnot necessarily reSUlt in an
accurate '.hydrograpb•
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APPENDIX A

Selected r(.).infalldistri ~tions as mass curVes.

1.' Uniform--intensity.

1..1. Intensity - Time curve
l irr--------------,

Fi9'tte Al Definition sketch for uniform
intensity-tiJna curve..

Intensity:
i (t) == t «:onstant)

PreciPitation:
pet) == oJtdi(t.).dt::;

So
and

pet) ::; It:
P == ltd

..... (1)

..... (2)

1. ..2. Pilllensionl~$s mass curve

(2)
••• fx'om {1.): and

For the.?aSe of uniform - intensity
precipitation the dimensionless maSS curve is
thus linear as shown in figure. A2 ..

I
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P(~ SLOpt,l

Figure A2 Definition sketch for dimensionless :mass.
curve - unifoxm intensity distribution.

2. Triangular distribution ~

2 ..:~ Intensity - Time curve ..

Figure A3 l)efiniticm sketch fOr triangular
ifitensity-time curVe.

Intensity:

Peak intensity :r occurs at time t == aQtd
nefOr~ ·peak :.

ib(t) ::: ft.l (aota) l(t)
Afterp~a~ ;

..... (3)

ia{t) =: -(I/[(td) (~-ao)]}(t)
+{II (td) (l-ao)]} (td>

.... (4)

precip,itatiori:
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Befot-e 'peak :

Tot.al precipi.tatirm .before peak (Pb>
)(

Pb :: ,oJaoil~felt

, ··.··J,~,a!~.)}>' .= 0 trr(-ad.tdlJ/t.~dt. ... ~(from (3J)

'jf~l;!i(~otdll[clla) (t)21r~otd
l,,::<r,>

"'.: :,.'..' ,_', .: ,_., '_ n , , _,',,' ":'" .
1'()t'a] pz;eqipitatiol'1. aft~r'Jg'Ejak (Pal

Pa =' aO~dJittj .dt'
(,

a~faf7ilJ(:td)(l~ao)l }{td~t}.¢!t,>
,7) -.. - -"".", .~:;:. ",' - - -:

=.'{'t![ ctd) (i"·~oJ,j}.~ot~J~td...tl~_dt.-
.'':)

1\ G

T.,\

: (td):~4!aG)':)1}f(td)'{tJ.-[tl.{~,~~,;fttl2}}·1;~d·(;:')
, .... ,;.. ..•. .>,;i ..0 ". -... ' :\'i .ii. '. . ._;'e

t:{t)lt(tl)"'{l~ao,i;i};~(td)'~r(lJ'4):lt)J}l~~td
,~
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Total precipitation (P)

2..2 Dimensionless lIlaS$ curve

Before peak

pi'>ct)IP =
Lp../2) (:t)(t2) I (aota)] I [(~/2) (ta) (I)) •.• (6) I (8)

- <t2)I(a;ll~;(td)'2

- t1/(l3.ol](tttd)2

After peak :

Pb (t.'l"( I, 2l0llid)(' "2~ gl>
(,

I.t
Pr.(t.)~ f,dn ...;l'gI (td·1n-td:q

\I
li
1//l

//
(' . //

1:/ i,,:.,''''__{/
FiguX'e A4•De:fihition s*~tCh fo:r ttiamgular
" "intensity-tillie. cu~e ..:..p;;'(t)

\'
I.'

Pa{t)/P = [Pb(~otd)+Pr'(t)-Pr(aotd) J/P

(~

== rl>~(t)+(Pb(aotd}-Pr(aotd'>J lIP {\

= f.[ (tt(ta~t"2j') I (i.-ao) td:n+J (Ial)ta/2
-(aot (td"';'(~otd/2) » I,{J.-ap) l}II'

== {[Gr~,t":t2f2td)J{ (i-aa) 1+((a.bJ:td) (1/2

c ... p.,'" (ap/i) »1 (1. ...ao) J} If

== [II (l ...ao'»)T (t.-t~12td)+~'ot(:1(112

-ao/2-1+aoI2.) lIP

..... (8)

.... (9)



.......: .... :

Substitut;~"t()r

(,
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APPENorx B

"Tl'H~ Ngrtjood. rtHngaug,~. J1s<a -.co~cinuous~recordirig syphon
gauge $ ~reqip:itation which'\ falls on the a:r:~a;w~thin .a
Sharp-ec1Sfed," ap.ertuJ:~ > ringi .. -. is funnellscl int.o·. ".a
9l:"a.Cluatec1, .glass. ~easw;ing cyJ.inder.. A float. inside the
measuring. 'c¥linder .is conn~cted.to. a pen, wJ:d.ch •.records
the. mOVelIlent Of .•the, i i:l.aat. on a .chart. .fixed to. a
rotatin~ .,':dl':um~•.•.Once iI~en tailU.mei:res of precipitation
"has. en~ered;' the lneasu:!'i'kll9'cy.lindeJt# it i~ autonta:tically
$Yl!1honed' .out into.a CO;l:l.~cting vessal~ 1~i$ cau'$es .·the
·'flloa'c. to fall rapidljf,;' ~~aYinC]J•.a ..near l.y-vF.!;rtic;al trace
on the< c~art Figur~# &'4 $hO~~lsthE! ga.uge 'f:li:ch ·::relevant'(lata, ;, " ". '. .' . .. ..' ..

" - j,- - 'frh~ .trace pr the pen .l'(l~the cbart is 0,:3 to Q I 5 _
,thick.; As$~in9 tPat. AAe"t!ht¢t '$ay ;be read ~easonably
t.Q. a < r~$olut.iQn 9.f.qne fIi~llim~~eQ tb,en rainfall depth

.. c,n .."be .....;-ead to wit'f,l:tl} ~:r13 ~m and t.ilile t9 f~lj;thil1.four
lll.lnui;;es~·. ' ,~~\i ,

I"", ' ,
II;'":

.• ,,' . " . "" ,"', ":,.~. , ',I"~ -i ':.

Another .. tao~Qi- ·whiel1.'lnq,jf} ~ffect .'accuracy is. ~hSspee~
lfii,:h *,bi,.er,: th~ syphon. empties tbe' llleasmC'it)g cYl'inder ..

. ",Howeveii; fiu;tJler . !nvesti9atiOll: sno:t-l$ that th~ r,higttest
recot"ded ". $~tninute intenS'#'tY ...'dlm:ing the. ·....·..·l;)$l;i6<i·· to/aS
ap~r(.)](ilUat~:l.y 2,5" lID'll/'minllt:e(recordecl as l.~~, 4· nun/h0Ul:"
be'Eween .lS.·....and. 2Q·rd.nutes ;ftom t~~~t~;,~, ..9~ .th~.sto:tm
?f ".~;6. Uar~ttary· 1964~'.i~d~qatin9' t:l'lla~$p~eq Q~, $ypfoni~g~. Ul1].l.'k~l:yhave ~. $l.gt!,l.fl,¢p\nt.~ffecton 9!.¢eu~a¢YtI

, <",'1:,..,. ",: " . =, ,,,,,,', ,.':::,_ ' .. . ",,' _ , :,"~~,{~~'~.
'~A.e ~rorw.··00.'. d.......•......qa\.lge is iilClud~d in two inv~l1.torie$ of
H~)drologioal" data::' 0,' .. ••

(7 -:'''. " ",' "'::'.' (\"',,

~.., •..·Ja'A1e$v .A.Go. ~nd .'.rulle~Tli..L~14r.(X;-1at'cll"'1'S:S'i')i
,r,., ..RlSq,ister' of •.Soutll!?:tlrl.Ajf!(i~~n HYdr0]fQ~ica,l ,
, ..pa.;a soulS(;!es (2nCi"<seg~lu $C)\lkt.h .Aft:~c.~n 41a~~,t
"I~formata.on. c~ntl:el''p" ·5!h ' ...\)
....... '. . .' ..... 0 .•. ~,.-.;:::c::'.s';.('

N'ationp.l iegist~t-f't.t \,1e~tne~.Cl#nat;~ ~d '.'

q '~~~~~~4;.~~rii~~~g~tiri~~~,~~io~~~~¢ig:~?','
..dC$:rR,.,'=~l;'$'toria,.:Soutb l!.fri¢,i", p" 5~" .".;,;

t\ - -.\ sF'
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.~!->---"-B

..J!'--;;---- C

KEY- . ,
'~' A ~Areijl1un: ({1).SG a"FlOA'( VESSEL <>FL.OAt
I) ~C'ASH.)lfr::' Uil f'SIl?liON' , l<"' :COU.ECTIN6 V~SSEt..
Z ~ P(EN ARM '
-}) :

'<';"

ARE:A of ')\f>£.RTURe: 'RUNG
VOLUME of flOAT VESSEL,

tU)N~ALL OEPl'Hp~ ~raJGHT
;, of'Rt:COROlHG"

HEIGnf or :;fltiCP~D[NG

200 ~m~

20(1 eM)

"":." .'1. ,"

~XAGGER.AnON~r DEPTH

nRUH EnAMt:rt~

:\

1,8 tiwp-s'E:; fUit·
d

~Gij~~ ,mJ, ,6,',', Diagram of AutogrQphic
, ,Heteyani' Ooto; •....,

.;-'
j

(.lod "



62

,APPENDIX C

Dqtct from 'the Norwood Gauge and it~ analysis.

'lIable Cit list's "total annual rainfall ahd the number
of stoms, meetiJ'igcertain c:riteria.

Ta.:ble'Ci,$?llient records from Norwood raingCluge
Year" NQrwood

Annual .
Rainfali

(mm)

ifumber of
storms with

J.Onun of rain
or mOI'S

Number of
storms

selected
Number of
storms with
requisite
intensities

as iN,ell
;f ... ,--...,.--- .... - .. -- ..... ~..,.. ..... --- ............ ~~-- .... - ..... -,-, .... "'*-......- ...........--~ ......--~---...._-\,)ji- ....---
I, 1963/64 i 21 8 7

64/65 642 25 .2 1.
65/6-5 "

544 5, 0 0
66/67 1043 23 5 1.
67/68 130 11 :3 '3
68169 488 11 0 0
69/'.0 790 21 8 6
70/71 772 22 "3 3
711i? 106 19 5 5
72173 627 17 7 6
13/74 486 12 4: 4,

71}/75 623 12 3 2
7~176 9Ql 26 ,5 5
76/77 746 21 3 3
77178 674 an ,3 2
78/7S 4-65 15 2 2
79/80 724 20 '* 4
80t81 ~76 1B ;3 :3
81/82 '5'OS 13 2. 2
82183 419 9 2 2
S3184 635 Hl' 2 :2
, 8'4/85 581 11 4: 4
,85/86 607 15 '3 :;
86/81 881 :'$0 r) 6 6
'01/88 594 I 18 '. 3 3r

88/~9 i 7 , , 0 0
89/SI() , 487 ~2 4 3

Totals
'.

459 94 .82

t9'64}65
\, to'
1989/~0

1'o,:ta1s 16 34:6
M~al1p.a. 654

86
3,4

75
3
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Notes :
1'. Source : CED rainfall records and Watson

figS!).
2. i",::; incomplete year.
3. ."HydZ'ological years shot-In '::; 1 octoiJei: e:,o 30

. september" .....' .... .'.... ..... ..... ..'
4. Totals and mean'values for. 1964/65 to ..1989/90

are calculated for a.' 25-year period i.e.
resUlts for the incomplete year 1.98a189 have
:not been taken into account..

S. Storms of 1.0 ntm Or more occur on average
every, 21 days (refeZ' Tyson and ~Jilcocks
average of 28 days).

6. Storms with requi~ite intensities are only
94/459, (i.e. 20 %) o~ storms oVer lOmm on

'.average.
The selectfonof fewer storms than the, Htimber
meeting the criteZ'ia;could be due to problems
,,.ill reading the raingauge charts.

Table, 02, .. relates the number of .storms selected to
the above.... or below...average rainrall dUring a year ..

Table ca "Wetii.and. "dryl' .yea:rs .•..and relationshi').:>. to
, number of storms selected for analy~:ds

Annual' Rainfall Number"ot
stQrms

during year
$$lec'l::ed

for arialysis

a. Total
(rom)

b.. As' percentage
()f."15....year
f;lVerage

1964/6'$
65/66
66/67
67/68
68/69
6fJ/10
70/11
71/72
72173
7317474/75
15/7$ ,
176/17
1
177/78
78/79
79/BO
aOIS!
8lIS,?
82/83
83/84

'98 % 1
0'
1
3
o
6
3
5
6
4
2
5'
3
2

.. , '2.
'4
:3
2
'2.
'2.

642 mm
544
1043
730
48!8
190
·772
706
627
486
62.3,
901
746
674

~,46.5
724
616
505
419
635

83
159
l12

./15
'121.
118
108
96
74
95
3.38
1.14
a~03
'ill
. :Ll1
:l03
77
64
97

1

1
j
1

j
I
I
1

1
I
1

I
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Table C2 (obd , )

Year Annual Rainfall Number of
storms

during year
selected

for analysis
a. Total

(:mm)
b. As percentage

of lS....year
average

74

4
3
6
3
c
3

84/85
85/86
86{87
87{88
88/89
89/90

,581
607
8S31
594
i

487

89
93
135
91

Totals 16 346 75

Notes :
L. Twenty f,iye year period contains 11 "wet"

years (i.e. above-average annual
precipitation) and 14 "dry" years (Le.
below-average annual precipitation).

2. Total numb~r of s.torms in. "Wet fI years is 41
and in "dryl'years is 34.

3 • Maximum numb\'r of storms in a "wetU year is
six (1969/70. with 116 % of average rainfall
for periou and .1986/87 with 135 %) and in a
tldry" year is also six (1972/73 with 96 % of
average rainfall for period).

4. Only one storm. was Selected from "wettest"
year (1966/67). wb.ereas b.10 storms were
sele""ted fr\Z)m"dryestll year (1982./83).

5. The single storm with the highest rainfall
occurred in a. OIdry"year (on 1/11/85 ... year
had 93 % of average for periOd) ,_

Data from Tables C1 and 02 is plotted in the
accompanying Figures C1 C2 and 03 f ,phowing Annual
Precipitation,. an millintetres1 as a percentage of Mean
~nl1ual Precipitation and as a fl;equency dist:ril:>ut.:i.on.
Using data from Watson (1981), supplemented by data
from this inVestigation, frequency distributions for
the storms in t;erms of rainfall depth (Figure C4) and
storm duration (Figure C5), are plotted.to illustrate
the amount IOf rain and length of storm under
consideration. (After further work relating to quartile
Classification is done, rainfall depth and storm
duration are plotted against each other in Figure
£4).
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APPENDIX D

Listing and output. of c.optputer programs to analyse
rainfall data.

NORANAL was written to analyse data compiled Py Watson.
A 14 sting of the programand output in the fr.>rmof a
sample o~ .the detailed data ..from.a single $torm and a
s'UltUnaryof all .storms is contained in this Appendix.

NORMOR is a. slight modification of. NORANAL in order to
extend the ...length of record by an<lysing data compiled
by the author. The only significarlt difference between
NORMOR qna NORANAIJ is that the da'ca is zead in
different ways - which affes;-ts' lines 260 'to 320 and 380
to 450 Of l10MNAL. BecaUSethe difference is so ~nightl
a listing Of the program is not i' eluded in this
..Appehd.ix

NOMOR output in the fOrnr of the detailed data for all
storms and a sUllUllaryof all storms is contained. in this
Appenc'iix.



10 PAlfllT20 PRINT "PROGRAM:NORANAL ..
J0 P},UNT
'40 I
SIll I Progr<:ll1'l gives . an optipn 01 tabulaUng enHr'e storM prec;ipkraHon or
S0 I tabulating quartiles only.
70 I
8~ ..... 0111 If 110',54) ,P(l t 0.54) ,Ou,..($4, ,Tpt (54) ,R( 110l,Nval (54) ,PtC t I f/j .54) .ppC 1 t 0,
54 J ,PaCS4l .rb{S4J ,Pc(S4J .PI.(S4) .P2(S4.) .PJ( 54) .p.4( 54).0($4)
90 ASSiGN @FileJn TO "NORWOOD:HPB290X,700.0,j .
lIil0 PRINT .
ltla INPI..'t~No. of StCWP15 to be.analysed? (64 MCiX.)".S
120 PRINT
130 INPUT "Table Qf cUMulative values and percerftage:3 requlred'H YIN) II ,1\$
140 IF "$';:: ~y~ THEN 250 . . .'
15.0 PRl.N1
160 PRINT ~StorM Oiilte QcAarHr~ StorM DUrn.

RainP

170 PRINT Ii No.
(flIfII ).. ~•.

la.0 PRINT ~
190 PRINT It

200 PRINT
210 A=0

2ucl 3rd 4th"

'J!20
230
240
'250
. 2ti0
270
ZS0
290
300
310

8::0
c=(/)
0=0
FOR No=l TO S

ENT~R @Fileio;Nul'tlber,OateS,Nval(No) ,n
FOR I=.0 TO NvaHNo )-1

EN:rER @File:in;R( I Y
R(1)=R(I)lf5IQ0

NEXT! .

laegin data input.

lEnd ddt.a input.



320 IF /)§""'N" THEN 380;
330'·· .PRINT
34tb PRINT l'Norwood - 5torf'~ No:"iN!Jt"Oate:",Oah§)~No. values:";Nv.!.lCNo)
350 PRINT
360 PR'INT " tirte(Min}
370 PRiNT
Sa0 1(0.No ):00
390 P( 0 .No )=0 .
40i!l f'OR Idl TO NvaHNct)-t
4-1fi) nl,No laT( 1-t ,No )+Ti
420 P( t ,N.91.=PU-l ,No)tR( I l
430 NEXT1 ". ' '
440 Odr(NQ)"~NvalfNo )';2 )ltTi

450 T~,t(Nc.il".P(l\!yal(No}-l ,No)
4S0 J#0" i
470 FOR.1=(0 1"0 !IIval (.NQ)-2
400 PHI,No)=tl1 ,Np )IOurINo) rTiMfl:<ClS tJen::enhge.
490 PpC! ,No )""PCI ..No )lTQtn~o' . IPra{ttl;l;1iaUan a5 pl':lrcentaga.
;;00 . IF tl$",·YU THeN PRINT ·USINS e IX,4HJOO .00 .sx ,oop;p •.9)( ,Dt.1D•.0 b9l< ,000.0)" ;T
'( l~l\!o '1PCl ,No)~ 1(1)filllPHhNo).100~Pp( I jNa)5t. '. .... ;

520 IF 3=1 THENS00
530 IF J::t2 THEN550

, "5410. IF J1i'Z 'THEN 750,
': 550 IF Ptll.N~ »",.25 .tHEN
''SS0 IF>PHf,No )"'.Z5 tHEN, Pa(No 1=100ltf>pt.t ,Na).. ..... • ..'
570., .r. IF;'Pt( l,No» .25 THEN Pat~la );~100l1(Pp(!·d ,Ne>H«Pp(I .Np).,.Pp(J-l .N\1Hl1(
~25;-Pt(I-l,Na) )ltN (1 ,No )-PHI-l ,No);)))
580 J",J'f 1 . .
590 ENDIF
S00 IF Plkl.Nd»=~50 THEN
61flL IF}PHlj.No)::.50 THEN Pb.tNS)=1~0l1ppn,No)'. t!. v- ....

~tlin( I'tl')} .'

ICufill.l!a'Hve tl.fl?
rCUMulf;!~i"fe pr~pipit~tion.
!Slorl'l dqr'a'tion.
ItQi~l precipitation.
IColJ:nter for QUart.iles..

.--..1o

.1% PrecipitaUon i,n·ql..larti.les .•

\.



SZIIL 1F' PtH.No».S0 THEN Pb(No)"'100p(flp(I-1.NbJfHPp(l,N~)-P~I(I""I.Nti»!)(
.$f!)"Pt< I-I .No »/( PH l.No )-PtO-I,No )>',» .. .. . .... ..
S30 J';'J+I

. 640 ENO iF
GS0 IF PH I,NQ.>}"'. 75 THEN
660 . iF PH r ,NQ)::i.75 THEN. PdNo )= 101J)I}Pp0 ,No )
570· .. . IF'Pt(I,No>> .75 THEN. PcCNol", 10(1)!>fPp(I-I ,N(J)H tPp( 1.No)-Pp( r"'l,No»I!(··
•7S...pt (1".1.,No ).)/ (fit U ,No )-P~ ( I "'l,No ) ) ).,
680 J·~Ht
690 END IF
700
7HlJ
7Z0
130
740
75(1)
750
770
780

-. "/9f1}
afl)0
810
1320
9Z0
840;,:'
9Sfll'
I3S~
9·'llD
800
890
glaflJ
S10
920

. Pl{NCi)"'Pa(No). .
PZ< No ) "'AB.S( Pb( No )-P~(No.»
P:3(No)",ABS(Pc(No)"PbtNo)')
P4(No )""1.Q)0"';Pc:( NQ)
If:: I <Nval (No HZ THEN 760

NEXT 1 . -..J
.....~

IF PUNa )}P2(No) THEN 930
IF P2CNo>}P4(No) THEN 970
IF t'3(No »P4(No)· THEN 900
Q(l\lo>::i4
0=0+1Goro 99(1)
Q(l\1q);::1
A;::1\+l
GaTO 990
Q(1\10)=2
El::;.B+t
GOTO 990
Q(No}<t.3
C;;:C+l ,
GOrD 9S0



, 9511) IF PI« No.j>P3{ l}Io) THEN 950
940 GOrD 80qr ' .. '. ..."
'SSm IF PI1No l'W4'(N~f"T:~~N 841ll ",
SSQ! (iiJ,(Q f~10 .,~.. .•...•,. '~ii: ':

S71l1 tt7' ~,Z(Nf.}1>f'4(N"lJ THEi~ 8?'Ql
aata GOT~!610 '. .' .,''.' /
aSIil IF .~$'!f"Y~ THEN t flI1~i.
.t QJ~(ll. 'Pl~NtJ )"'PROljNotP 1(Nf.} l}ll)
Hill rn R,Z(f\lo lcpROUNO(PZ{Nol ..0l
·1!ilZ0 P::lt.NI.lJ"'PfI.OI]MQ<P;;<No 1..0)
lfll<llb P4lNn )~PRQllNO(P4tN'l) ..0 r
\11HVlt l1ur(No)""P~.OUNptgf1r(No}.01 '

u., H15Ql, Tq'HNI1}r.1PRlJUNO(tlJHNIJL-t} ,",
tQ.lGll1 .. IF t'\$=IfW ~EM, (:'t:nt~TNo;imH~hOlltli!i)lr&r:HZ~1iPH~ln~;'ff\fHa7hPZH{o
4l't~3Hlo) aTAfH 4 ~ ) ;P4(j\lo)i TAlH52 hQ1NciJ liABCS) );Our(No J G TAB{\~l) ;1ot(No)
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0'.00 '.
E~00 .

\ l0.(lJ0
15.00

.' Zm.00
~:5.ra0
~i0.(l)0
35.0fD
..4!ll.00
45.0050.tala
55.11).0
$O"00,,
S5"~tO
70.00
75 ..(/}0
90,0'0
a9.00

,,90.00
95.00

100 .•00
.0105 .•00
·'t'lfj.Jb0
115~0(/J

73

Oaia: 16/11/SZ
.', ..1,1,'

%Tir-i€!

0'.0'
, l.S
.'3.S
8.3
15.0
17~,0
17.7
17.9
18.0
12.2

,,18.4
. ,,.tS.S
. ta~5..
18,,5
lS.q
'lS:l/ i:\

18.S
la~s
19.0
18.•0
19.1
19.1
1!tt2
,,19.20

"

0.0'
4;3·
S,'7
13,.0
17.4
21.7
25.'
30.4-
34.B
;39,,1
43.9
47;:a
52~2
. 56.S·
S.lIJ.~
6S.2
S9.G73.S
713.3
sz.S
07.m.
91:.3 .

Q 9!';'.7.
·t00.0

43.2
713.1sa.s
92.2
93.2
93.7
94.8
ss~s
S.S.A
,,96.'4
98.4-
~6.9
97.4-
'S7.g
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S9.'7
99.0
99.2.
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rnOCint!M~NOnnN(\L
?

" Quartili:l Rain
(MfI1 )

!:)torttl OUr'n
CJ~sifia.aHort (min

(QuarHle) ,

Shiri., Da t e
NQ.

"

16/11/63 91
23/U/SQ 3' S

10/12163 1,'1', 6411111S4 02
2S/1/L)4 SO
2112/64 II sa
:nJ3/G4 Ii 52
~a/l~IS4 Ii ,.zs

I'"20/31~7 00
2S/11/~~7 14
Z8/f,ll§)7 0
14J:.4'f6'a - 94
1B1l0/£W 2
5/1 t Ifi9 00
a/1210!1 52
2!IltZlfHl 41
IG/J170 47
12/2170 114
17111170
22/3171
514171
3111171'·'
17111'72

5 2 1 t t 15 ra, 2
0' 14 01 4 as <1 28.S
14 I. 2 10) I 241lt S6.;3

IS ;3 0':1, 1 70 26
'2 7 2 I 120 28.2
32 s 1 r 7$' 37. S
15 31 2 I 350 3L2 "3£1 22 1 :2 l7S , 26'1..1 +:--
9 19 II 1 240 37
39 33 I4 :2 25 23.a
21 72 7 :; 100 Zh9
5 11} 1 I 55 16.:'7
S 73 20 :3 130. 36. 5
23 11 6 1 55 1~)"fJ
45 3 I} 1 190 33.5
47 5 I 2 tin 23.0
33 IS 5 1 29!:i 39.7
34 I I Hl0 43.0
".> ... 20 0 1 btl :sc•.o'"'~53 14 0 " 1 10 20.4-S-

o 0 :l 100' Z4
33 rn :3 95 22
24 4 .3 100. ;)'0.9

3
-4
5
s
7
a
!J
10
11
f2
1:5
14
15
Hi
17
10
to
20
21
22
23



24 20/ 1172 43 0 1
25 22/:3/12 54 36 G
2G 214172 ;::s 42 "l_"'"k. -,

-27 2!]/1rnz n .' S? '24
zo IO/IZ;'7Z 70 2~ '3
~I9 Z31J211Z II 11 73
30 26/12172 S:3 10 17 I

.31 !;N'I,173 40 26 I7
'. 32 Z\V3173 10 '7"1 .. 25."''-

33 22/10173 30 III G
3.f 5/1114 51 30 8
35 1,912/74 35 47 IS
36 14/3/74 40 43 14
'31 l7/1/15 92 I 5
:50 24/1175 Zl 50 II
39 UI I1175 14 24 3S
40 42/11175 7S 9 S
4 1 27111/75 .6 5 :30
42 1I11176 7ft 2 1 1

"b 43 1211 176 15, '9 61
44 2St1017G 70 20 ({)

45 19/ i 111 5 12 42
46 2'7/9177 2: 1 S1
47 2,S/1Un til 33 4
:~la. 27/1'/10 24 72 3
49 I 29/1';178 3 f G 72
50 'If 15/4170 U4 tl 3H

", 51 ~; I3111179 55 30
1\52 lSI 1100 10 74

53 12l2Itl0 54 20
54 :!3J;:!/S0 70 l4

Tatah 30 12

Percetltaoe.~ 50 22

,.....-NORANf\L gNOCO-- ....

58 4- 1130 22.G
4 t 135 44 .3
5 .., 45 21 .·7"-

I 2 40 22.0
1 1 230 43.0
3 3 40 14.S
1(il 1 295 50.7
a I 30 ~7. 1
33 4- res 37.0
3 2 21 9 57
s, 1 20 IS .6
I 2 25 14.1
:3 ,2 45 24-
1

'~-

iss 22:.4
21 2, 540· 87.S
26 :; es 40
7 I I to J4.tl
S9 4 130 26_. a
0 I 110 46,6
5 3 I10 . 25
1 I 40 10.I
4J :3 35, 19.a
10 3 295 47.0

I 35 10.3
2 2:35:- 3a.7
3 130. rEta

laS' 32.6
n5 25.3

2 nbS 41£1.• 9
I 150 20.7
I .. 120 teL.E

4
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S'torN lJtlC(l
Nc.,

28/12180
2 28102/tll
;3 01/03/SI
4 :Z0/01J8?
'5 101021BZ
S 10/12)fti1
7 161l2tB2
a 07/11/H3
9 02/01/84
10 1'71'~'118S
11 Ztil~tlas
12 2S102lS5
J3 e8/0318S
14 01 (j llfJS
15 i>i/1218S
16 {!)710U(~B
17 28/10186
IS 28/1118G
19 07/f2188
20 17/12/813
21 ~S/12j8S
2Z 21101/81

15t

8
57
45
34
56
S3
1
12

r'tJ.Je

2nd

IS

13
19
8Z

17
H3
11

29
43
38
51

14
45
35
4
41
6'"

7
4
B
47
18

4.
12
13
27
:3

79

8
4S
4
3

20
1

St{;)rT\ £JtH"n.
Cla8siflc~tion (Min)

{C1J..tar1. t le i
4th

:1
'3
I
I-
13
')'.

12
12
I

22
1
12
3
53
4
4
11
t)-

I
1
1
t

50
205
445
110
ISS
175
95
155
155
El0iJ
10S
185
1 H)
425
S0
60
840
liS

1
1
1

?
'"
4
t
1 825

145
320

Rain
(MA)

2S.S
39.1
42.8
36.7
23.5
48.S
23.4·
27,,6
29
84.9
22,1
23
'.,.'1
( .. 1-

78
22.'3
28.7
58.7
ZS.7
25,0
39.S
30.5
'37.4



2,3 2'i'lt'1 fi)7 B-B 5 ?
24· 2M 12187 S 8" 8L.

2.5 0:!I,j;3/eS 2~ 43 27
28 24/01/90 72 ,,'} ;5t:.,_

27 I 1 /~1:UH0 47 37 IJ
28 05/04/80- 44 29 ;:1'1

T('jic~ls. 1~. ? 4-rJ

F' t:1'cent. ar.ji.'J~ t~'"'' -25 14..i{

I ~6@ 24.3
5 "1 Z545 413.4z,

10 ., m; 42 .2s;

4 1 95 34 .5
5 I S0 24.4

t \.1(;) 30.::5





0.00 0.0
5.00 S.t

11)).0\1., iG.i
16.00 22.1
20.00 23.1
25.00 23.9
3~i-.,rzr0 241> 4
2H:.l. eI((i :2 4-
40.00 26.1
45.00 25.5

t1k'1 s

Q.0@ 0.0
S.OO 5.0
10.00 B.B
16.00 10.7
20.00 12.7
25.00 14.5
30.00 tS.7
35.00 18.3
iH'l a ~)0 1 'l •B
45.00 18.S
S0.00 I 7
55.00 18.8
80.00 21.2
£5.00 23.S
70.00 23.8
75.@0 24.S
8f).0L1 2(;;. j
85.00 28.2
90.08 30.3
\,15, 'i)(!) 31 • b
100.00 32.8
105.00 33.8
110.00 34.8

o .Q} e.e
HL0 23.ff
;::0 .~) G2.'iJ
30.0 BB. :3
40.0 90.2
S0.0 8~~.4
60.0 95.3
70.0 fJ6, 8
H0.0 £38.0
se.e gg.G

10Q) e ~1 If.j0. ®

0 ·CO 0 ·1£)4 , ;;: 8I ·4 9
,.,,, t-.· ..:.. ..', ·t:).j~;> ~3 ·,"l 4-, f,.,.\ ·a. t; ......"1 5.;.'h~·1 :~., ":'.,'''';1 •·"- .;J { ,

14 .8 40 z
!? 1 4 1 ,,', · r

19 ". 4(, 5·:;:).,~,'0 4, ,~ ....
ji.,~ i;.. · I [j

24 " If"'} ,"f~·." ,~I ,-t,}
;:L~·0 40 .1
:W. ~5 G4 ·21 '" H0 ,
~,) ·I ,,
:~;4. 1 8 I 1, , !
:~E1.&j 132 l"'1·:.0 r,G H
4 1 ~J

~-1'" 1· ( ~
43 n 77 !"

0 :;,\
.!1 ~'.' .;:, Hv) st1-l;'J · ·4(; ·8 e::: " ns 1 ::~ cs l_'"·,j1::"" "l ~) ,1 -?,J~\·

No. Intervals: 41



110.00
11 t, .001
120.00
128.;00
131iL 00
135,00
140.00
114b.00
1Siit. 00
155.00
t80.00
165.00
17{1.0~)
17S,.v}0
1H~1.0~}
18[:),00
i9~).@0
185.01.1
2~~0.~)(!i
2f1G .00

30.3
3LS
-32-.1t4
~~3,8
34·
35,B
36.0
35.2
3G~--3
i:HL5
38.7

37-_-
3B.0

" '38 ~14·
"7• r

38" fJ
38.8
as. 0
39,,0
:58.0
2HJ.0
39.0

:.',3H.t 1

@.00
5.00

, "!"QJ.00'
,l{ij.0~'
~:G,00"
'25.•Oil)
3(1',00
~5·tin (lj0
40.C1@
4~1.Vj0
S~i.00
813,00
80.00
ti5.m}7~'.tc.~)
75, OW)
nO~0m
15S.liW)
(10.00
E15, ~iv)
100.00
105,(1)0
110. f)0
1t5.0G:i
12C1.00
1;~tJ.00
i2:0. 'lI0
135,~0
140.00
lM;.00
i50. ~'Ql
15S .~~0
1 Ei \;) , e.i~)
185,(3('l
I ?1),{%~
175.~(~
18~l,~~0
1ss. (~O
t 90 , ~1&J
lH5.09

1.3
s. i

. 8'.8
'. 13.4

1G. 1:)
18,r.;
21.8
za. G

za.s~t" '7t:;.. ( ,.,;.;'

2748
27.

. ~;8,'i
'''}t1 J~
.c..{~~~£.

28. :S

'. 29.S

;:;~l,t
Jl.f

'.33.8
34. (1
34\2
34,S
....'/,'1 vr
;;',1:"\'_,." f

:'4-. s

:~r~' rJ~)O. tt

BE;~-5
",'r.' r';.),:1.;;)

3G.B

M1.8
51 • t~
53.'7
56.1
SfJ.S
Ei 1 • III
83.4
GH.3
70.7
7-3~2
76.6
'78.0
80.S
sa.s
85.4-
87.8
90.2
92.7
BEl.!
S?8

100.0

13
14.6
IS.7
is. B
18.0
ni.l
;?v)

• 1

32.S
3:~.7

36,(!)
'3'7, \

;;$\1,3
40.4
,1, ~ • G

7'"1.5
80.S
83.8
88.9
B9. :$
31.8
92.1
92.6

83.4
93;8
84.1
85.4-
97,2
B8~5
99,.0
9&.2
\18.2
88>7
88.7
99.7
99.7
89, ~l

100:.0

1t1..3
22. B
Z~l.3
:~a~,t;
4';.6
S'l, ,~,~~
54,.8
G~),5
52.1
8:$'. ~:3'
6·4,. E;
65. ~j

EiS.7
85. ~J
GE • 1
G6. s
67, s
GS.l:;
G8.t}
?tL, (~
70,8
71. s
78.S
7HaS
78.4
'(9.8
se.s
B 1 e 'I
HI.S
82.m
t,""! ~~J
{;,:,'i:'.f t

Ba.7
82,',)3
~i-~;.•"3.
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25.5
'JIL6
36,8
35.1
35.7
35.7

42,-,'7
4:LfJ
44.9
4£;.1"

85.S
83.4
$3.,4,
13;5.4
B3.S
83.9
S3<9
sa;s
$3.8
93.S
92;'5
93.1
93.7
93.8
93.S
S4.2
94.2
94.4
94.4-
84.S
94

1Btl • (i)Q)

200 .ee
205.00
;210. 0V'J
21 5,00
220.00
225.00
230,,00
1::35.0\9
Z4@.00
245,O0
28O,,00
256.00
280.00
285.00
27O".00
:n5.00
28'0.00
285.(i)0
200;00
2\3$·,00
3fl!Q} ,00
30S.Iil'0
3H!Lm0
$1$. 00'
i)2ra. (1)0

\\ 3215"00
::>30.00
33~:;,t~m
340.ilIl;)
Zi4S;,j)lil
2)~:0(iJ
;;':;56,00
380.00
3BI21;l{)fr)
37~1• t~f\\\'i
375,1~@\,
3&0.00

,00
~~\j{~11 00
398.00 o

4W~,iD0
A0S.1lJ1Zi
t~10. 0(!l
415. 'j~
420.00
425.00

• (10
4;,)5.00
440.'011(
448.00

4fr ..?i
49.4,
50.8
5L7
52.8.·.··.····'
63,9'
55',1
56,2
S7'tf,3
~tL4se.s
b0.1
Gl,B

3S,g
35.S
35.9

"', 35.9
4fL0
40.0
40; t
40,1
40 ..2
M!.2
40.:)

.'1.0.4
40.4
40.S
>.4@.6
1~0.7
40,8
40.S
,~1,0

G_S·~·:2··
BEl.:;'
87.4
tia.J5
69.'7
70.f:!
71 ,,~1
?3.0

.. 1"

ss.s
.S

98.3
4L
4r.~i
<1.1 .4- " 96.7

91.0

97,41,5,
41.!:;
41.6
41.7
41.7
4'1.8
41 •• 13
41,$

97.2
07.2
~ri'.4
87.4
81,',,/
S~t1t7
97.'1
97.7
S7 ,H'
137.9
9'1.9
88,,1

30,'9·,
82.0 ..
83.1"
84.S
8:5~4
,8G.~
.87".6"
88.B'
sti, tJj
81.1lI
82.1(~

4Z, t
4:Z,:$

88.
94,4
~38.S
ss.s.
B7AJ
8S.S

{00.0

~19"i)ss.E
1J9,g
99.S

100.0

42.6
42. 'I

Date :20/01/82Norwood - Sto~M NOI 4

0.G
1.1

(i),(iJ
4.ti
9.,1

0.00
t;.0(£)
!0,00
1s.Qi~)
,,:!@.{l0
;~S,~)\1
30.~%'l
;:;)3, (/J1i)

40. ~)(l
,V~,00

1.2
[;.0
10,8
i7,f;

f?i·,G
1ft. 2 .
22-. ~l:.
27:,·ri
31,n
::;i~.4
4~1.9
iLl:;,. r:;

25,8
26,4-
;~!i.£)

70.S
71,8
72.2
7;2.2''{.'' .1'''

',1 "



25·.G@
30.00
3£5..018
40.00
4S.0llJ
50.00
51;.160
E0.00
66.00
70.010
75.00
80.00
25.0$
90..00
85.00

.j,0(l)~00
10.5.Q1.0
lt~L00

~0.0(G
c, 915.00
H~0.0P:l
tmS.0~
11,0;00
1 n"'I00
'1<20.00
1.'"'1:<''' Pofh.""~,:) • v11'1
13~j ,,/lJt'J
i3fa.00

,"141&, vj~)
l4'S J.'iii~)::,

15Q.l1lkl
1SS .(~0
lIl0.00
1GE.0Vi

17.$
21.8
~-i~ -Q
~~~-;:,

;;;6 •.4-
26.5.
ZB ..S
26,S
;31.2
34,.8

38.'5
::5G.5
3b.6

23\3
·2l.4

,'"", ,~3.4

Ti.@i')
ltil.00
1S.@I)
20.00

• enID
::%~.00
zs. 0~)

0.fr)
,r:;

J.-Z
t,t <'f t:;

'LH
5,4
7,G

22. '(
'7't .....~...
.:.).;·",.(d:

;3EiA
4(1.9
4$.5
sa.e
54~'E"
ss, J'
63.8
GB,;:;
72~7
7_7.~·.3··:··
81.S
9Ef.4
90.9
95,$
100,0 "

f.;. J
,ll,~,~
tZ'~":1
1St:1
nr.:
"')1" .r:t
":"-1' .i.".

24.2
27.3,'
-3jh:~'3:':":'
:)·;3.3,
3r:,4

4~ n',t; ,
4e.,S
51.5
54.S
_f, ...t:.".G'
!~{~~S
63.6
(is.?
69..7
-r"1~"'h:-

1''1:' , "/

'75,~t'j'

80.9··
~n;g
97\(1) ..

100.v1

Oe.t~: 10/1 :U82

0.0
2 •.B ..
5,7'
8,·'b
11,4
\4.:;
''l.t
20.0

ESA
70.8
71,9
12.2
72 ~2
7242
85.0
94.8
SS.S
88.5
9S.S·
99.5
9S.S
88.7
l;lS. '7
89.7
100.0

t 3-_~~~~
1;;.2
13_~-2_
18.3
43,iI)
S~:1.~"0
79.8
9:;';1)8
'9S.1
89.1
BH.l
99, t
H8.1
89.1
89. T
:.139. t
9TJ.i·
1aS.1
ss. '/
H9~1
99.1
89. i

"B9\J1
ss.a

7,3
1 t u 2
1G. !
18.B
Hl.9
2btS

0.,0
z, I
9i4
II,

-\1

ND. Intsrvsla: 35

{i,0
2.>1



1<').00
o 1S.00

Z0·W0
;25.00
30.00

2" 1,
"" ,3.'i • £. I

4.
4,8
5.4
'7 "k

J ~ b
8.6
,S ,0

\
~,2 Ia44 i'
HL0 I

I
11.0 I

112.4 I'
<I 12.6 ji

12.5
i'13,"3 I

HLB I
1'7,5 I
ri@" "I ~J.::. ... '1

'ELlJ
I u

II2~a~4
24K2 Ii24.7 JI
24.7 I

I

24"S
I
!

35,,00
40. 0~j
45,00
50.00
55,1210
80.00
85.00
7'0,'00
75.00
80.00
B5. G10
90~.®0
p, .9;:-1.00

o ~ IIJ€r, u)~~
" 1015..00
1HL(~0
115. 0{~
120. u,)0 D

i2S .£:10
130. ..00

,i

1/
11

c> S, ~~~,
1({),lp0'

20 ..(~q)
:'!G.0~'

o ~5.00
40".00

SS;'\il('1
60. (')(b"

('tiS • f:l0jl
?0. (¥Z,o "

tie. ~)0as ~0~j
B1t1. '~0
$G.~Hi!

23,.3
2ll,·'1o

TiNe{ l'>1.Hl) Rei fll i'WI ;.
II

0.00
5.0.0

I HL~%?
is .~10 I'

i ~~0,q;Ql

5.7 7,3
€hB 1 1 ,,)

It;;;':;"

1 ,.4 I" ,
I 'il' I

14.3 18.13
17.1 18.9
20.0 26.8
22,.B 2~0" 1
'""ft· i'1 31 .5c.\J.""t

28.S 32112
i3l .4 32,,9
3~~.z 35.0
374 ! 3S.S
40.+) 43.4-
42.9 r"':~'It 7
45.7 43.7
413,6 49.S
51 .4 £55,2

".54.3 \16 i p2
t:'t";o t

'L~ " 70.8,~t. (,

8!t1.0 74.5
62.9 'j'$ ..,3
BE.? 17 B4.fi
68.S· 80.4
71. ,i 9&.4'
7~''t3 88.7
?7. t 8'7 i,.
8O,0 f1B,(;
B2.'9 9.,f.L2
95.7 88.3
8a.6 98.6

::).

91 .4 BtL7
84.~) , ~ i-.,t:h' .• ( '/)

+17. 1 o·
99.;~i ."';), ,~

10\(;.0 " -:J \) 100. ~}
n

o

nf3t!'l~H:;nuSZ
o

\1

t!iJj{1 0,0
tit;; .9

li?J. t; 1 '7. f!1' ,)

Ib.£l 2.8
21 1 2 .s
~1B'.•~'i' ~ t;""

".... C)

~3~.E 2. t1
3B.B Z,(I
4;:: .1 .~.S
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3SJF;

55.2
58.0
S6,f)
67,6
58'.4
58.2
13"), (()
80.1'3
8! .8
lit2.4-
B3.2
64 •.0
84,S
SS>;8

3S.S
37.2
37.3
37.4
37.S
3'7.8
37,7
37.S
37.8
37.S
:37.8

:3,{,8
E?1I2
B3.0
68.a
69.S
'70.,4-
71.2
7~:,l2J
72.S
13.6
?4.4
'75.2
78:~)
78.S
77,S
'('8.4

3?~S
:37,1'3
"7,8
37.8
38.0
38.1
38.1
38.1
3B.l
3B.·'{
38.1
Z>8.1
sa. 1
~B.1
38.1
i58,1
3~L1
ZB.l
38.1
38. j
3B,2
3B.2
38,2
38.2
~~H10 t!
38
39

S0ot3
8t ,S
B2.4
8::L 2
O,L0
84.8
l3S.B
l~G.4-
1:17.2
Bt~.0
BB.f:l
88.6
\flO,4,
St. ;:
S~.0

38 •.3

:513,s
38.6
31:$.7

9$;ti
54

39,4
:59,4
,)9,,£;1

8G.0
1:18.8
~)"l•d
9H.4
ss.a
100.0

No. Intervals: 29

0.0~)
5.016

1 f.'1 tllft
3~it
~L8

91.t
8:.4
91.9
92.4
B2.7
93.4
94.2
94.4·
84.7
84.8
95.2
95.4-
R5·.7
85.7
85,7
95.7
<3587
95.7
8S.'7

9.S,9
95,9
\":\6.2
98,5
BELS
98,S
98.5
SG,S
86,5
98.S
9fLS
9S.5
98,5
95.5
88.S
96,1;;
86.5
98.5
86.7
9S,'j'
96.7
98.7
88,7
tl7.0
97.0
[;;7. ~j

87.0
97
!r7 .2
87. ~1
R7,5
97.7
813.0
89.2
99.5
99.7
99,7

lQl0.0

\:L0
I .f;)
1.~,



0,\?)0
$~@0

.10.0.0
15.00
20,00
25.00
30,0~?
36;00
40,00
45.00
50.$0'
55.0@
B0,'Q!@
85.00
70.00
7fih00
$0.'00,'
8S.0@
8(1,00
as,eQl

10{1),Q70
1'$8••00 ....
P0.00
j15.0{1).
120.00
125.00
17i~.00
13S1.00
i40.~0
14S,,~&

.4

.S

2S.Z
'26 • .8
27..2 .
27-.-5-
2.7,...H
'27.S
30. t
3f'L3
30.4
3Q)'Fj

0.00
S.m0
10,00
is.@!)
20.iZi0
~~5.00
30.00
35.He·
40,,00
45.00
Sui', 000
5S.~}0
B,{1.'@~1
..HE;.'~0
"lflh00
7S.0m
B0.00
£15.00
'ta0.,00
'85.00
lV.H~,00
105.00
1I([j,.0S
U!5.00
120,O&128.00
'30.00
t3S.t~0'.. -:1 .

14G'}. IZlI7.J
t4S;00
1SGl. t%'

00

t).(!1
J • (:)
LEi
2,,3'

4',,2
.4,4
4.E

,4;10
.1" s
4·,5
4,5
4·5
tI,,5
~1 .. 5
·~,5

4,6
4.6
4.8
4.8
4.6
ILB

4.'7
E. ~)
H.0.
9,8

13, ~3
1'/. S
2l.1j
2G.:3'
2S.8

3,,4
6.9
10:3
13.8
1"1.2
20.7
24.1
27 .s
31,(1)
34.5
37.B
41.4
44.8
48.3
sr.7
55.2
6S,B
82.1
66 ..6
68.18
72.4-
'78,8

82.8
8S.Z
8~.7
B3.1
9B,6

H}0.@

Da:te: 21 !(i'J1/87

0.0
1.6
;>.1
4.7
8.3
7.8
8.4

lO.S
l~,E
;IlL 1.
\5.6
17.2
n3,8
20-.3
21,9
2~}.4-
zs ,Ill
28.S
t~H~t
:($.7

;~~:~,-t~

3i~.4
35, ~j
37~S
Jt1.'1
4\~,G
tl'!'~
.'f',;. ,. ~,~

4'3.8
45,~5
4(;;,8
4B.4
80.0

%Rei.n

0.0
1.0
1.0
1.3
t .~'3
1.3
1.,3-

1.6
'LS

.8
21.6
41.3
42.6
ql.1

88.2
\rt.9
89.2
90.2
91.1
81.5
8e~7
89-.3

.99.7
100,O

ND. Intervala: 84

0.0
2.7
4.0
s. !
9.4-
11.2
11.8
12. ~1
'lZ.0 '.
12.0
12,0
12. ~}
12.0
12. {({
'12;0
t2, (1;

12.
12.3
12.3

12.3
12,~)
12 .•3
l:LB
1ti ,(~
24,1
26.\:5
37..2
cr. (:1
S8.3
?0,?i'
79.1



150#00
{8S.00
I Gl1.00
165.00
170.0@
175.00
180'.00
1S5.00
190'.12!0
185 .•00
200.00
21i1B~00
210 •.00
215.00
220 .. 00
225,.00
2[$0.00
235.00
~;40, 00
;:45.00
250.00
25:5. C~0
21'\0.00
2SS. f~0
270.00
'2715.00
280.00
2BE.00
280,00
2\35.00
300,00
31,05.0(1
3HiL00
&15.00
32~" 0.0

21.B
26,3
2£1.8
31.8
33.S

48,4
50 Ail
51.6
53.1
54,7
SS.2i
57.S
59.iJ.
B0.9
82.S
64.1 "

89,8
94'. J
tiS.7
81;,5
87.1
97.3
87.3
97.3
97,3
97.3
97.3
87
97
97.3
f17.3
97.3
97.3

35.
38,S
38.1
,'3S"t3
36.4-
36
38.4-
.3S.4
36.4·
36.4
38.4
36.4
zm.• ~·
46.I~
38.4-
38.4
.36e7

65.S

71.9
?3,4
75.0
78.
7[1. j

98.1

37.2
37,2
37.2

131:3
B'Z.B
B4,4
85.9

99~.'2
9tl.5
89.5
88,15
99,5
89.5
89.S
98

1/1,·2
37112
37~2
'37-#2

f313.1
81iLI'
92~2-
H3ltfi
85.3
96.13
913.4
100.0

99.S
S8.S
98:.7

100.0

37
37.2
37.3

tiate!2711 t /f1'7 No. Intervale: 72

ill .~l0
8.00
10" 01{1
lS ;n0
2ki.m)
25.00,
:S0 •.0~
~;5.(~0.
40. e, tile
45',00
\t.0. {·lill
Gs.M
G0 .t~0
55.100
,,?O.0~1
715.00
B0,C:')0

Q)v)

90,ti'llb
\35.00
100.00
10ti.W\!i
·,'l10.00
115.100
1 :ZV'I. ~~0
125.00
\ 30 .1J!~i
'1:'SS.l!J0

u·3
QL0
1.4

0.(1)
1.2
1.8
2.5

2.S
't1. •. Z
G.G
a. 9
B.3
8, 'f'

2.5
2.8

30.9
BS.B
'?? .e
82.7
$3.6
a;~.4-
B6.4
HE.S

...•?
7,
HL0
18.7
20'.1

12
I~LB
15.21
H3,,{
HLt
t 9.4
20.,&

20,S
41.0
21 • 1
21.3
21,3
21.4
21,4
211, to)
21.5
21~G

2a.r~
zs: (;J
2t1.4

H

87.7
H8. 1
81S. j
eS,t)
Be.S
88.S

" \)
21 ~7 Z:i 1 •

.3
j4~7
2i8.'1

f:l9,7
80 ,~;;
91tL9
Clrn (1



21.$
.22.0
22.1

140.00
145.00
i50 .<:~0
155,00
150.00
iss.ee
'170.00
175.00
t80.00
188.00
i90.00
t 135.,,00
200 .~)0
205.00
210.00
215,,00
24,0,1'40
225.00
Z3~~,;,,00
2~5,00
2;4lZl,00
245.00
250,00
2SG.00
2B~), Qlv)
265. cael
271,,00
275.00
280.00

.00
90.0'0

Z9S,!~0
300.00
3{;1S .01l!
3HL00
31S.01l)
320.00
325.00
r13@" MHo
,335,00
'340.lb0
:M5.00
350.00
358 ,1/)0
380~'00

.1
22 ..2
22tt2
"''''1 .rr,
t:.~llt;.

22.2
~., "'i"
4t...(;.

22.3
22.5
22.7
22,9

23.3
23.4
2-3.5
23.S
23,7
2&.7
23.$
'23.S

24.0
24.0-
24.la
24.1'
2411 1
:i?4. l
24.1
24.1

24.1

24.1
24.1
24.1
24 ~t
2~,,2
24.2
24,2

24.2
24_~2
24.2

ria in{ f<lf'l )

0.00
\3 .H~l
c, Q)ii!

~ 1S,@(I}
";:!(?).w.a

C:S ."eft'
::W.l.0(()
",'li> \)12).,(\
4i!l

t)" lit
.B

(50.00
55.00

1. H
1,9
t n

33.3
34,,7
38.1
37.5
38.9
40.3
41.7
43. \
44.4
45.8
47.2
4fL8
50,0
51.4-
52.B
54.2
Sf:LB
56.8
58.::
59.7
6 f • 1
82.S
83.9

b8.7
b~.J
89.4
70.13

73.8
'76.0
76.4
77.S

f~@.G
BLB
84.7
98 •.;1
87/5
8S.
9t}.3
91 :7
83. 'i
94',4·

913.6
10(~.0

"1 t; [S
12'i .e
IlLS
n3,B
'}",,' if

39.7
80.5
80.H
80.9
81.4-
91.4
91.4
Bl .4
91.4
91.4
91.9
92.6
B.3.4
94.2
95,S
95.9
91L3
8S.7
87,1
S7.S
£17.8
97.5
97.8
9B.4
HB •. -;.
SS.S
9f3.8
9a.S
88.2e~.2
99.2
139.2
mJ.
BB. z
98.2
8lL2
~Hi,2
99'"..2
91:1.2
98.2
99.6
99.S
9£),8sa,G
89.6
99.6
99..6
100.0

No. Intervals: &9
%Raitl
~).0
LJ
,;,4

3.4

4.1
4.\" !

4" t
4.1
11. .. 1



·75,00
80,00
S5.(i)1i)
t;J0.~0
95.00

100,00
105.00
1!0.00
f1S.0.0
12flJ.!2J1lJ
125.100
130.00
135.00
140.,(1)0,
145.·00
£50.00
155.00
180.0{1
165.0@
17fl:'.iiH1
115.00
180.00
185.00
Hl0.00
185.01l}
200 ",(~0
205.til0
210.flJlll
215.00
2~!0.00
22~.00
230.190
2;)5.00
24~),00
245.0.0
250.00
255.00
260 ..00
2S~;,00
270.00
27S.,00
2130.·.(1)0
:285.018
280.00
2BS.Qi0
:;-;00.00
305.00
2~1Q) ,00
315.00
:520.~0
325.00
:530.00
33~3.0t.l
2;ii@.00
345 ,,~~,e\

13
I.S
1.9
1. > 9
2.1
2.1

3,3
5.0
1;,7
r2.0
i4.f';
le.2
19.5
20'.7
2ZLJJ
28,;
'Zii ,,8
311.4
37.4
38.4
3U.7
410.13
42.l
42.5

'..42.6 "
42,(;
43.0
43.7
47~.6
44.0 .
44. t
44.1
44.1
44.1
44.1
44.1
44.1
44. t
44.2
44.2
44.3
44Jt-B
44.B
.I~S.1
4£:.2
45.,3
45,::;
45.;~ I

45,;3
45.4"
45.S
,'+5.8
48.2
.\1;. :~
4\~,3
4tlA

a, (~~l
B.00
1(!J ,'0(1

. ·tf,~, .illQ': ~c'G~
1 ,
Ac.1.

'2@,3
21".7
23"~2
246
28.1
:??5
2-H,.0
2;:fL4
31.8
3:~J~'·3
34.9
3fLZ
37/1
~)9d
40.6
421.0
43,5
44~8
48,4
47,g
ij.f:h3
·t50.7
S:~,,2
53;6
laS. •
56.,$
5t.0
58.4-
ti0.9
62.3
53.a
B5.2
8S.7
88.1
GG,}]
7'1,10
rz .5
't:; .a
75.4-
7S.~
78.;:;
79.7
81.(1
B2,6
.84,1
BEl.S
a7.~0
. ~'~.4
g~.9
Bt.~:

.' 9~~.f:) '.
94.2
S!5~?
~7.1
88.8
100.0

vL0
!(;"r;

1 I • 1

4.1
4. {
4.1
4. t
4,1
4.1
4,1
4..5
4.5
4.7
7.1
10.8
12:r3
25;9
31.3
39~2
42.0
44.S
49.6
60 •.8
88..
"78.3
90.8
82.8
tiS.S
a8.1
80,'(
91.6
91.8
91. a
92.7
84. ;{
94-.0
'34,.8
95.0
95.0
96,·1(
95.0
95.0
86.0
9l;!,Qj
BS.!;~
85.3
95.3
BS.S
86.1
Sf]. t:l
1::1'7.2
'37 ~4-
8'7.S
97/6
'37.8
e7.13

'. 8'"f;S
e8.1
9S.7
99.G
eg.!}
8(3.11
Uil0.0

No. Inte~vals: 18



0,00 ~1.0
5.00 '7

n "')

10.00 1.6
is. :"'0 i.f.. 4
20.00 7.2
25,00 9,6
30.00 13.4-
35,00 17.1
4O,00 23~0
45.010 26.S
150.00 28.2
55.00 30.4-
60.00 34.S
85.00 37.4
70.00 38.8
75.00 39.4
80.LMJ 41.0
85.00 42.0
80.00 42:1·2

NOl"wood ._ Stor'M No: 28

TiN(;'!(Min) Re. i I;( r'lf'! )

1.1.00 0.0
5.00 .B
10.00 5.3
15.00 13.0
20.00 18,2
25.00 28.S
30.00 30.4
35.00 3t.4
40.00 31"9
46.00 32.2
50.00 32.3
~S~00 32~4
~0.00 32.7
65.00 33.1
70.00 33.2
75,00 33.4-
90.00 33.S
GS.vj0 34.0
90.00 34.4
95.00 34,S

NO!';/~IOCld - Sf.or!'! No~ 21

iilYJel. M.i 'i1 ) in( HM f

o .J!J1ll
s.e~1
iVI. 0v'
15.010
20.00

0.0
2.0
."~' r.:(;I, I'::!'

11.5
H~~,-0'r;a.sZtilt00

30.100 20.5
3.£1.00 22,.0
40.00 .7
45.00
~oo
55:00
80.00

23".:3
'i'

• f

24~3
4

\\\.)~

T Rf.li.

fi1.00
S.Q.10

.0
, '"'

0.0
5.8

1L 1
.7

22~Z
2.7.8
33~3
:;8.9
44.4
5@.0
5S~b
81.1
£i(5.7
72 ..2
77.8
g?;~3
SfL9
94.4-

100,(1)

lJa.te:24/101/90
%T:i!')e

0.0
.7

3.8
110,4·
17. t
22.7
31.B
1~0.5
54.S
82.8
68.2
'72.0
92.,5
8B.6
81.9
83.4-
97.2
99.£1

1eJ0. Ii)

?~RC:tHl

0.(~ 0.0
~.3 2~3

t 0.6 15.4-
tS.8 371;7
. ! 55,7

'ie', .,. 76·.8c, ....~,~}
:~\ ; ~1; 88.1

C £11,0
92

4?4 g? -.;; • .J
52.8 \3:5.6
57.8 £13.9
63,2 84.8
EHL4 8S.9
77..7 BSn2
t"',l,I \3 9G.B
84.2 87.1
88.5 913.8
94.7 99.7
100.0 10O,0

Oate:'ltI02/90
%i' iffte

0.0
8
~G. '7

%H,'!!i.n

0.0
s. 2

30.

97. i
'B9~8
100.0

%Rairi

No. tntet-';l~1l5~ Hi

No. Intervale: 12

f.;Jr~",·;3._ll£),': 18

~.'!j
./7

1.1. .. 0



THle( r1in ) lid i 11( r~i(t) %TiNe %Rain

0.0@ 0.O 0.0 0'.0
-5.00 .2 S.G -r. (
IO,O0 1.2 t 4..0
15.00 5.0 18,7 ra.s
20.00 11 .5 ,., f), " 38.04.<. ,,;,.

28,1210 15.0 27.8 48,5
30.00 l&.S 33.3 61 .4
3S.00' 20.8 313:9 60.0
40.12l@ 2L.3 44.4 ?0~3
45.00 ..,,., 1 5fL0 72 ~nl.t,.

13O,00 26" " 55.8 (~Q 1I .... , ..,)
55.00 zs.e 61. I 05.7
(i0,,00 2'8.5 68.7 '37.4-
GS,,0@ 30.0 72.2 9S.0
70.00 ;$0'. i 77.S 88,3
75,0121 30'~:2 83.~i 98.7
810.00 3@.2 fiCO 8 ;:)8.7o.
85.0'0 3~).2 S14· • 4 89.7
90.00 30,.3 10O,0 1(~0.0
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APPENDIX E

(Tables and Graphs in this APpendix are synthesi.sed
from ,outP\1t from",the, computer programs NbRANAL and
MORMORc:tSdescrib~d il1APPENDIX D.)
FXGURE,,11:1"~VlOWs,,'the . cum~lati\1e );'(alative frequency of
each qu,arcile at annual intervals. Since the Cl..u.lu;lative
);'elative ,frequencies are essentailly stable after 14
years, ,,"it is concluded, from these plots ",that the, length

, pf record is adequate for the purpose ,of quartile
'classification.. '

FIGURE E2 ",howsthe range of rainfall depths for each
,quartile. "Simila);'lyl' FIGtmE" F~ shows the" range of
,',storm ",durations for, ,eacl'l qU4.. .;i1e. Rainfall depth, is
" plotted 'aga·inst storm duration in FIGUREE4 for all
storms. It is concluded that there ,,1 no apparent
relationship bet:weel.quartile and eitnet' . ,torm duration
or raint;a).l depth.
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'l'ableE1 Q'Ilartilevaluas ....First ~artil~ si;orms
, StO:rm no I> 1'25 Pso P75

Watson 1 91 96 99
3 64 7g 90
4- g·2 97 100
5 88 90 98
6 .59 91. 99
7 52 67 98
9 60 70 8.9
12 94 99 99,
14 60 83 94
15 fi2 97 10Q
n" 47 80 95
18 15·/1, 98 99
1£1' 42 74- 94
21. 77 83 9l.
'.22 4/3' 81 91
23 69 93 97
'25 54 £0 96
28 90 $'0 99
!';'b'· 63 73 90

',
3l 4.9 75 92.-:; 34 $"" 87 95
37 92 93 99
40 76 85 93
-42 79 99 1(jo
44 '19 99 99
47 $1 94 98
50 fJ4 92 95
51 55 85 99
53 $4 82 99
54 78 92 96Cross 1. 75 94 98
2 48 .a5 97
.3 70 83 9 b
4 54 73 100
9 11 82 88
11 66 95 99
1.2 51 94 9713 52 ~8 97
15 67 ~9 HlO
16 45 59 89
19 56 91 95
2.0 ~83 87 96
23 88 93 100
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Table E1'(ctcl. )
. - f-

St017m.no. P25
72
47
44

94
84
73

P75

97
,95
,'99

Cross 26
27, 28

Total : 3003 3987

87 96

42 ...94 59 ....99 88 ~..100

.Ayerage, uppet' lJmit and loWe];' limit values
'plotted on Figure E5.

Tahle E2 Qua~tile values ...Second quartile storms
stOrm no, P2'5 .

29
14
47
27
25
8
30
36
40
21
24
18
13
30
6
27
12
5
20

68
53
94
ao
6S
15
92
82
83
71.
96
92
96
93
.57
72'
79
87
63

'P7S

90
86
99

, 94
95
99
97
99
97
79
99
97
~~\

~9
83
91
97
95
90

Watson 8
1,0
1(5
20
26
27
33
35
.36
3$
48
52

ero.ss 5
8
14-
17
22
24
25

Total .~ 432

Average (19 storms) ~3
1501

79

1.791

94.

R.ange : 5 ...4,7 53 ... 96 79' ... 99

Average, ,upper lilllit and low'er limit va.lues
plotted on Figure :EG.
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. Tal:fle E~' Quartile values '~•...Third qu:artile storms

stOl:1ll no.

Wat.son . 11
13
29
3Q
43
"45
46
49

. 6.,,'7
,:1.0
21

P25

1
2
1.1
1.4
15
5
2
3
31
:3
6
1

P~9
21
7
19
:38
3417
4.
195l
?-o
43
42

P75

93
80

, 97'
74
~5
59
90
91
87
99
S8
as

;,vota,l '.':: 94
Av~rage (1.2 storms) : 8;

1042
87

Range : 1 59 - 99

315
26 ,

1\.Verage~ upp~r lilt\it and lower limit values
plotted, on Figure E';l~

_,' I.

Table E4 Quartil.e vaJ,ues - Fourth quartile storms
S"t;.ormnp.

> :Watson "*
24
32
41cross 18

P25

5
.4-3" "'/
10
6
34

~50
5
43
43 '
11
40

1?75

19
44
67
41
47

·~-"'~f~~~..-o;~..,~e:::a;o!=i-~-~"""'~~'-_~"'_";;'--~_"'!<ii-.'1~.~" ""'~~~~"' .i...o~,.._ .......... ~,~ ... _ ... _._,__ .........

",Total ! 98 142 ;218

Average(S storms): 20
,Range; 5 ... 43

28
5 -- 43

44
19 ""67

Av,era~e, upper limit a~ld lower limit valiles
plotted on Fi9Ure Ea.
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T~1:ll.eE5 Quartile values - All

.......$003
4.32
94
98

...

1st' Quartile
.'21'1d,(2u:art.ile
~;rd .;Qqart.ile

, ,,~,~:thQuar:tile
",: . ,'/

~""'!==i!',""'oz=i.."".!$Id ..... e:."'_"'_'"... ................c:a."',~',"''''!i;DiI::::ii., .... ~'_c:a""",,,,,,~~,,,,,,c;,.~'JI_',~,Qjj"!l""i:,~""·oi:i&taoi,CIIio_'~"''' __ .~

7483

91
Eari~e:,,~ 4- 94 4' 19 -100
c..i:.~~~·~,.;;~,;;"" __ ~";"' __ .i.;,;iowor...., ... -__ ~~~~~~~~_.",;,,_ ........ -.a,:;~ ........... ~~_-~~·.;_.~·~ .. ~~~ -_.:..~_ .... __ -~._..;..__

••~ ~!

1. ~ange from '-ralilSS El-E4"
2 • Average, upper lil1lit ana lower lirni t va~;'Ues

plqtted on Figure E5). /i
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( Refer to FIGUPE 1:5 tor Legend)

FIGURE E.7 Dirnenslonless Moss Curve -- Third Quartile Storms.
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APPENDIX F

User-input hyetograph data used in HYDROSIM data file
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Table Fl E'arameters for uniform, triangU.lar and
bimodal triat~gular o8user-inputvi .:+:.orms

Duration ;
Of storm (min)Offitst peak as ratio
stO:'Cl11 depth (Jml\j
Max. intensity (ltllil/h):
1st·pealt
2nd 'PeakTimet-a peak'ratio:
1st peak
2nd·peak
Notes :

Uniform Triangular BTD

20
0, ss

24

195
75

0,39
0(43

l~ The,triangula.r,distrihution above is,the
"'triangular moment" version of Sutherland
(:1.983) •

Tabla 1"2

3.0

~o
.36

215

0,.39

lntensity ...till'lepairs fot' triangular and
bimd(ial tri~ngu.lar.storms

Time
(mill)

·1
.2
3
4
5
6
7
8
9
10
11.
12
13
14
15
16
17
1.8
.19
20

Intensity
. (lTlll1/h)Triangular aimodal trian<;Jular

13,$
40,5
67,6
94,5
121,5
14.8,5
17$/5
20~,5
2'07
H19
111
.153
135
117
99
81·
63
45
27
9

24
73
1.21
169
182
154 ' "
126
98
70
42
14

~g
'27
45
63
68
53
38
23
8



TableE'3

95

Intensity--time pairs for locally-del.ived
mass curves

DOE' :R~lationship ;
Quartile

Intensity (ll\1ll/h)Uniform 'l'riangular B'l'D

·Average.
.. i)f
four.

gua,rt.t .,;$.

'rime(min)
5 236 279 185

10 80 94 62
15 ~:2 40 25
20 14 17 12
5 83 99 65

11) 204 241 158
15 54 65 43
20 22 25 17

5 29 35 23
10 66 77 52
15 221 262 1.73
20 47 56 37

5 1'2 86 56
10 '3 0 34 23
15 .58 68 46
20 203 241 160

5 160 190 125
1.0 104 124 83
15 66 7S 52
20 32 ~8 25



o 2 4 6 8 10 14 16 18
TIME (mil1utes)

( b )
User- input Hyetographs for

oJ Triangular distribution
b) Bimodal triangular distribution

CALCULATE 0

HOOEtbEO

2 8 10
( minutes I

( ()J )

F;GURE F!

AS CALCULATED

AS MODELLED

>-."'"~ 100
z
tiJ
I-
Z

so
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·APPENorx G



1
-. :2

3
4

'"EMMARENT1A CATCHMENT
~··'£ff~c::t __pf.differ~~t rainfall c;fistril1j).i;iptl.s on

.runoT,i-- Average SMD,iJ)DF
~ ,_ ....._~,~;,..;;. __ .;,;.__ _, __ -:-:.:.;......"_,,..:..,~~~-~_~~_ ...........,,"'~.ii~~~~ __,.....-:o~~'_~..;.;..'

. a .

t!J'fi,lt.:r:ai:iQM routine ....slMPLIFltf;P
FiQt.ft.~r:I~ -t.YPe ....~. llt1S-SH1FT

:)",1.>

':'(r
,_)

.', " ',: .:: - ' .~..:. '_'_~---'--.;.....,:_- ......< ',
st:6rrti •..•·.type ...- usaR'.·..~N~dt(!
storm Qura,t.ion ';.. 20
storill t~"rE'.$tep .' ~r min.
$i.m\.,(,~ati.pn duratioh;:: .60
.RainfiOln dr-dina t!:!$ .(mm/hr)
. ...•.1.28 . .' 54 .: 29

~(JJ,
2(:)2
2013"
204
:205.
206

9 ..-67
b~.a6
:t ...;So
0.39

s1OPE? I)p~ Dpt' ~'nf lnf ,n' P~r '.0
, hop

;',. Per Imp i f
300 Q~1:97 3. t 45 15 ()oooO '0.013
!a¢ e . .t'~,1 3' 1: 4.5 1,5 0.000 0.013
150 0.0 :0 3 1 '45 15 0 .()SO o..bl:3
230 '0.061 3. 1 45 15 0 • (;ISO o.013
230 0.074 3. 1 40 15 0 e, 050 0.013
150 G.100 3. 1. 45 15 0 ~050 0 .013



207 7 3.97 26 470 0.030 3 1 45 15 0.050 0.013
209 8 0.18 70 100 0 •.100 3 1 40 15 0.050 0.013
209 9 3.84 26 390 0.036 3 1 45 15 0.050 10.013
210 10 0.37 70 90 0.078 3 .1 45 15 0.050 0.013
21J. 11 IJR,:.:..a 70 106 0.075 .3 1 45 15 0.050 4·013
212 12 " 4.05 2Q ,480 0.029 3 1 45 15 (l.O50 0.()13
:213 13 3.30 26 550 O.Ole 3 .1 45 15 0.050 0.013
214 14 4.02 26 480 0.013 3 1 45 15 <).050 0.013
215 15 0.40 7('- 110 0.073 .3 1 45 15 0.050 0.013
216· 16 0.23 70 114 0.053 3 1 45 1.5 0.050 0.013
?17 17 0.20' 104 0.,()58 3 1 45 15 ,Q.OSO' 0 ..013 ·i.17Q
218 18 0.19 70 110 0.055 3 1 45 15 0.050 0.013
219 19 0.20 70 114 0.053 3 ,1 45 15 0.050 0.013
,220 2¢ 0.45 70 210 0.048 3 1 45 15 0.050 o ,()13
221 21 0.91 26 140 0.014 3 1 45 15 0.050 0~013
.22.2 22 0.26" 26 140 0.OS'1 .3 ,1 45 15 0.050 0.013
223 23" 0.16 .. 70 100 0 ..058 .3 1 45'" 15 :0..050 0.013 ~224 24 0.20 70 100 0.05S 3 .t 45' 15 0.050 0.0.1.3 1.0
225 25 1.00· 26 220 0.048 .3 .1 45 15 0.050 0,,013
226 26 2.36 26 450 0.020 .3 1 4~' 15 0.050 0.0.13"J

227 27 ,1 ..08 26 198 0.033 3 1 45 15 0,,050 0.013
228 2El"', '., 2.20 70 115 O.Q33 .3 1 45·' 1~ 0.050 6.013
2241 29 0.81 26 184 0.033 ~ 1 tt5 15 (),.050 '0.013
230, 30 0.40 26 120 0.017 ;:s 1 45 15 OA050 0.,013
:231,. \'i':.)~ 1,,97 26 329 0.022 3 1 45 15 0.050 0.013
23'2 32 0.46 26 .t4Q o .Q4.S :3 1 45 15 0.0:;10 o, 013
~33 3~ 0 ..330

'" 26 '144- 0.O;t:6 3 1 4ri " 15- Ij,.QSO 0.013
234 34' 0 ..39 2:6 124 o.OHi 3 '1- 45 15 O~O50 0.013
2~e 35 2.44 26 46() 0.024 :3 .t 45 15 0.050 0,,013
236 36 0.54 26 ~~4 0.042 3 1 45 15 0.050 0.013
237 37' 0"78 26 2'20 0.011 :3 1 45 15 0.050 0.013
2~8 39 Sat> 26 460 ().,O33 :3 1 45 15 0.050 Q~013
239 39,' , 0.54 .. 70 ,160 0.()',50 -3 1 45' 15 ,,'0.050 O~013



240 40 0 ..50 70 .. :1.50 0~053 3' 1 q) 15 0.050 0.013
241. 41 3.69 26 270 ()'023 3 1 45 15 0.050 0.013
,242 42·. 3.21 26 258 0.026 3 1 45 15 0.050 o. (:H3
2,43 43, 2'..65 26 230 0.0;30' ,3 1 45 15 0•.050 0.013
:244 44· 2 ..09 26 2110 0 ...024 3 1 45 Ie) 0.050 0.013
2'45 45 0.95 26 230 'o.oob 3' 1. 45 15 0.050 0.013
24~ 46 0,,74 26 230, 0.01,6 3 1 45 .15 0.050' 0.013
24'7 47 1,.44 26 270 O.Ol.o 3' 1 45 15 0.050 0.013

c' 2'48 49 :' 4.(,)8 .26 530 ~.O'$8 3 ! 45 15 0.050 0.013
(j ~49 49, 0.81 26 150 o .~l47 ~ 1 45 15 0..050 O.0!3

250 50·i 0.5! U6 180 Q. "ll25 3 1 45 15 0.050 0.0.13
,;251 5~ ;: 0.34 26. 150 01,/027 3 1 45 15 0.050 O.Ol::S
252 5.2 " 3.97 26 510 .0,.0,41 3 1 45 \5 0.050 0.013
2~3 5~·;1 1~23 26 23'b q.•024 3' 1 45 15 0.050 0.013

(, ':Z~4 54'\: . 0.16 26 lAO 0·039 :;5 1. 45 15 0.050 0.013
?55 55·\ 3.'00 26 390 /,().044 3' 1 45 IE) 0.060 0.013
~56 56 ,it 1~J,6 26 260 ;(0 ••042 3 1 45 15 0.050 0.,013 .....
,25Z 07 Q,'.136 26 220 '0.050 3 1 45 15 0.050 0.013 0

259 ·)58' 1.91 26 330 0.027 3' i 45 liS 0.050 0..013 0

259 59 1,,11 ;26 2iO o , 048 '3 1. 45 1;~ 0 ..050 0..013
260 60 .t~.66 26 .3,92,().O47 ::5 1 45 liS O~050 0.013,.

t:
;'

Conclpi t da.ti~ /,
!'
I

~......._.~~.~~-~---,,'~,~ Ii .
TYPI:f; N.b \iDr,ain Ove·r'flow p;iJAmlW.idth Hl'l!ight . n ' Sl1\ppe Ll'l!ngth
1 1'1\ 6 ,tIO.1.' 1):)·.3'7'5 0.000 (.);.01.3 O.;\~OO 130

.;:y ! 21\ 3 102 /10.\300, O)~OOO 0.013 0'(i~a3 150.
1 :3 1\1 4 103' !/O.~:sOO Q .•OOO .0,,013 Op¢\p7 30
',1 4\\ 5 ,,104 //0.,,6do 0·,,000 0.•'013 o .c:k14 144
1 - <I 6 105 1/ 0.825 0 •.000 OdQ1:3 o • olio5 24::), 1\

;\1 6 i a l06 0 ..$25 0.008 0~O13 O..Q~6 166J!

'0.00.'.1 7 ~." 107 0 •.600 0..,013 o.()~O 24
1 a 1<:'>,. l.oa 0 ..615 O.QOO 0.013 0 •.O':J7 1()4

[1
iIi._j



1 9 10 10'71 0.450 0.000 0.013 0.020 24
1 1.9 11 110 0.825 0.000 0.01·3 0.071 84
1 11 l3 111. 0.750 0.000 0.013 0~020 .'1
1 12 13 112 0.4:50 0.000 0.013 0.020 24
1 13 15 113 O.~OO O~OOQ 0.013 0.061 114
1 14 15 114 Q~·525 0.000 0.013 0.005 34
1 15 ,1.6 115 1.0$0 0 e :000 0.013 0.048 120
1 16 17 116 1,,050 0.000 o , (.)13 0.055 108
1 17 i8 117 i ~.O50 0.000 0.013 0.055 108
1 18 19 u,a 1.050 0.000 (t.013 0.055 110
1 19 2.0 119 1.050 0.000 0.013 0.046 214
:2 20 99 120 1.~OOO 1.000 0.013 0.020 1
1 21 22 121 0.300 0.000 0.013 0.030 30
,1 22 23 122 0.300 .0.000 0.Ol3 0.030 90
1 23 24 123 0.300 0.000 0.013 0.059 lOO
1 24 2,::; 124 ..0.300 0.,000 0.013 0.b48' " 220' '.
,t 25 26 iif3 0.450 O~ooO 0.013 0.013 30 .....
1 26 28 126 0.600 0.000 0.013 0.008 106 0

.1 27 28 .127 0.300 0.'000 ,0,,013 0.050 1 t-'

1 29 3'2 J2E;1 0.525 0 ..000 0.013 0.047 116
1 29 30 129 0.300 0.000 0.013 0.017 lo10
1 30 31 13>.0 0.300 0.000 0.013 0.024 218
1 :u 3,;2 131 0.375 0 .•000 0.0:1.:3 '0.0:;>0 1
1 ,32 36 132 o~;cG<}O 0.000 0.01:3 0,.048 124
.t 33 ~4 133 0 ..300 ..,,0;.000 ;0,..01$ o, ()2() 26
:t 34 35 134 o.;.s()O .-0.000 O.ol~~ 0.032 282
"1 35 1:$.6 135 O~37S . O."QOO \~.01:!( o...050 .1.
.1. 36 39 ;t3r.' O',.p75 O~o()O I).ont 0.053 loZ4
.1. 37 ',";S9 131

{ 0:'300 o.()OO .<~~()13 O.()39 282
.1.

\:'
38 39 139 'O~31S 0.000 o , ()l3 0.050 1

1 49 1.39 0.675 0.000 ~);.01:3 0.059 124
4 40 4a 140 0.675 0.000 0.013 0.i;)~9 22
l' 41 42 1Al P.600 0.000 0.013 0.061 150

; I
Vi



("'?~:~·'··~-~·\;":t

1 42 43 142 0.600 0.000 0~013 0.057 110
1 43 44 143 0.850 0.000 0.013 0.049 150
1 44 48 144 0.600 0.000 0.013 0.050 1
1 45 46 145 0.300 0.000 0.013 0.019 (!:I8
1 46 47 146 0.300 0.000 0.01,3 0.025 24

47 " 0.375 0.013 0.045 4241 48 147 0.000
l 48 49 148 0.900 0.000 0.013 0.050 98
1 49 ~)7 149 1.050 0.000 0.013 0.045 14
1 50 ~)1 150 0.300 0.000 0.013 0.025 22
1. 51 52 151 0.300 0.000. 0.013 0.049 396
1 52 Si7 152 0.525 0.000 0.013 0.022 " 70
1 53 54 153 0.300 0.000 0.013 0.025 22
1 54 55 154 0.300 0.000 0.013 0.053 320
1 55 51b 155 0.525 0 ..000 0.013 0.019 126
1 ......56 57 156 0.525 0 ..000 0.013 0.019 60
J, 57 5tl 157 1.050 0 •.000 0.013 0.045 128
1 5B 59 158 0.375 0.000 0.013 0.025 16 'I-"

2. 59 91j~ 159 1.000 1.131 0.013 0.020 1 0
N

1 60 9,1 160 0.600 0 •.000 cr. 013 0.077 1
3 101 6 0 2.000 9999.000 o.ora 0.010 ;[30
3, 102 3 0 2 ..000 9999.000 0 ..01a 0.083 150
3 103 4 0 2.000 9999.000 0.,,018 0.067 30
3 l04 5 0 2 ..000 9999.000 O:.OlS 0.014 1.44
3 105 ,6 0 2 ..000 9999.000 O~Ola 0.OC5 24
3 106 8 0 2.000 9999.000 O.OlS 0.086 116
3 107 a 0 2.000 9999.000 0,,019 ,0.020 24
3 108 " 10 0 2.000 9999.000 01[018 0.077 104
3 10et 10·' 0 2~000 9999.000 0.018 . 0.020 :'24
3 110 1;1. 0 2*000 9999.000 O,.,OlS 0.071 194
;S 111 13 0 2.000 9999.000 0 •.0113 0.050 1
:5 112 13 0 2 .•000 9999.000 0.0113 0.020 24
3 11.3 15 0 2,,000 9999.000 0.101(1 0.061 114
<~ 114 15 0 '2.000 9999.000 o, \OJ,~l 0.005 34



t

3 115 16 0 2.000 9999.000 0.018 0.048 120
3 116 17 0 2.000 9999.000 0.018 0.055 108
3 117 18 0 2.000 9999.000 0.018 0.055 108
3 118 19 0 2.000 9999.000 0.018 0.055 110
3 1.19 20 0 2.000 9999.000 0.018 0.046 214
3 120 99 0 2.000 9999.000 0.018 0.050 1
3 121 22 0 2.000 9999.000 0.018 0.0:30 30
3 122 23 0 2.000 9999.000 0.018 0.030 80
3 123 24 0 2.000 9999.000 0.018 0.059 100
3 124 25 0 2.000 9999.000 0.018 0.048 220
3 125 26 0 2.000 9999.000 0.018 0.01:3 30
3 126 28 0 2.000 9999.000 0.018 0.008 106
3 127 28 0 2.000 9999.000 0.018 0.050 1
:3 128 32 0 2.000 9999.000 0.018 0.047 116
3 129 30 0 2.000 9999.000 0.018 0·.017 110
3 130

_.
31 0 2.000 -9999.000 0.018 0.024 218

3 1:31 32 0 2.000 9999.000 0.018 0.050 1 ~
3 132 36 o 2.000 9999.000 0.018 0.048 124 0

3 133 34 0 2.000 9999.000 0.018 0.020 26 w
3 134 35 0 2.000 9999.000 0.018 0.032 282
3 135 36 0 2.000 9999.000 0.018 0.050 1
3 136 39 0 2.000 9999.000 0.018 0.05:3 124
3 137 38 0 2.000 999'1.000 0.018 0.039 282
3 138 39 0 2.000 9999.000 0.018 0.050 1
3 139 40 0 2.000 9999 •.000' 0.018 0.·059 124
3 140 48 0 2.000 9999,,000 0.018 0.059 22
3 141 42 0 2·.000 9999.000 0.018 0.061 150
3 142 .43 0 2.000 9999,,000 0.018 0.057 :UO
3' 143 44 0

.. 2.000 9999.000 0.018 0.049 150
3 144· 48 0 2..000 9999.000 0 •.018 0.05() 1
3 145 46 0 2.000 9999.000 0.018 0.019 68
3 146 47 0 2.000 9999.000 C ,018 0 ..025 24
3 147 48 0 2.000 9999.000 0.018 0.045 424



3
~
;3
3
3
:3
S'

'3
3.
3
3
~
3

118
14'1
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o
o
o
o
o
o
Q
o
o
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o
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2.000
2.000
'.2..000
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2.000
2.'000
2.000
2.000
2.000
2.000

,2.000
2.000

9999.000
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9999~000
9999.()QO
9999 ..0()0
9999.000
9999.000
9999.000
9999.000
9999.000
9999 •.000
9999.00.0

0.018
0.018ovota
0.018
O.OH:!
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0.0113
0.0113
0.0113
0.018
0.018
0.0113
0.018

0.050
0.045
0.025
0 ..049 .
0.022
0.025
0.053
0.019
0.019
0.045
0.025
0.050
0.077

DUt,·1'all lJodes
. ,-.,._,~-.-- ......----.-~,"'"'"!

NON~
Hydrogl"'aph input

output C:Qntroh:.

Full datI\').~chCl- OFF
Sr-aphics displ;ayed on $Screem .... ON

98
14
22

:596
70
22

320
126
60

128
16
1
i
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220
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27 227
28 228
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46
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254
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257
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3
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:1.8
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4, 104
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1011 110
1.1.: II 12 Ii 111v 112
1:S~ 14,113,114
15'1 115
16. 116
17~ 117
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19$ 119
20, 59, 60p 120, 1$9~ 160
2..1, iJ J.21
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29, 129
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04 53~ 153>
55 ~4J 154
56 55, ~55
59 5711 sa, 1579 iSS



109

REFERENCES

AleXander p W•.1.R. I IIFlood Hydrology for Southern
Africa". South African National Committee on Lar.ge Dams,
Pl~etoria ~ J.990•

.A,j~nell, V. I.. Haremoes I

Nlletn~zynowiC2:, VlReview'
})j~sign and Analysis" .•
l!~a4.

P., Jensen, M., Johansen Ni,.B. and
of Rainfall Data Applicat:ion for

wat. ScL TeCh.1 vol. 16, I.)p.1-45,

I,ij~ndyopadbyayt ~. r "Synthetic storm Pattern and RUnoff
teor Ga.Uhati, IndiaDl ~ Journal .. of HydraUlics .Oiv. ,AseE,
hVol.98, llYS, p:p..S4'5-857, May 1972.
I

... :1
(Carte, A.E.
) the. $otith
Meteorol(',)9Y;

and, "-telclG., "Variapil.ity of Hailstorms on
A!rid~.h " ' Plateauil ~ J.ournal Clf Applied
17 t. pp.365-373, 1978.

COfista1'1tinides, O.A.', 10TWo Oimensipnal Kinematic
.Mod~liing .of the·' Rainfall Runoff .l?roc(.i!Ss" •• .Water
Systems" Research progratnme Report· 1/1982, University of
the Witw'atersrand, 1982.

$ag1e50n, ,'. P. s. r-. IrO.ynamicHydrologY" t Mc;Gra,\.;",Hill Book
cpmpanys New·Yorkl' ,197,0. '

..:.'!.

Green, :t .R.~. r °WITWAT stC)rmtllat~~ Orct,inage Program'"
Version XlVI••, WCi\te.r Systemsc, R~search PrograllUtle Report
2/1984, University of the Witt4atersrand, 19a4•

., lield, "•.G~I nHai:I, Frequenoy in the'. P·retoria .
;,l-1itt-late:r;-srand. Ar$a. OUring 1962 to 1972ij• Pure Appl.
':Geophys.; :1.12, pp.'1'6S....776, 1974.

auff I 1" ..Aq Ol'r'i.:me DistJ.:ibutior1 6~ Rainfall in ae~VY
storms)O • "Wat:,er.. ~esourdes ReS$~r*'1At .:pOb3," 119..4(

....·pp.l00i ....l01.9, 19.67~ .c

l1aokson, S.P.'1 and. Tyson, 1?..o. f o~spe~f~Of 'VJ~athe~ and.
Cl~mate over Southe):'n Afl:d.can._., Env.d.rc;Jn\§~.ntal ,s·tl.1dies
Occa:ssional,;;.;Paper nth 6, ...Depar~~ent, . of';\~;$qgraphy al'~d

.'. , Env'ironmeJ;'rta:r stUdies t V.piversi ey o~·the. Wibt-tatersrand,
'(,jQhannesburg, 1971. o ' " ' . .

.1)



110
Keif!er, C"J. and ChU, H.lt., 'Isynthetic storm Patterns
for Drtdnage Oesignn. Journal of Hydraulics Di v ., .ASeE,
val~83, lIY4,·pp.1332...],to 1332"'25, Auqust 1957.

Lc.unpourne, J.J. and stephensoll, D., iiUrban Hydrology
and··Oraina.ge : Factors Affecting storm: RUnoff in South
Africa, .1. Short Duration Rainfall". Water Research
COlillllis$io10Report No.. 115/7/86. ]'986.

Midgley r: D"C. . and Pitman,. W.•V., .UA Depth'" Duration -
Frequency. Diagram for. point Rainfall in Southern
Af:rica" •• Hydrological .. Research Unit, University of the
Witwatersrand, Report 2/78., ],978.

National Environmenta.l Resealrch council~ "Flood studies
Report" VoL XI; MeteO:rolo9'ic~l Stud.le.s·'. NER.C, London,
1975. '

op '" t.en Noort, 'I'.Jt.
CalClitlat:ion in south
pl:'ogtanmle Report
Wit\/.rate~srand, 1982.
pilgrim, D.H. and Co;rdery, I •., .~Rainfall Temporal
}?atterns far Design F:\l.(')Qds". .1ourna,l, of Hydraulics
Dt~'-" 'A$CE, vol. 101" HY1" pp.81"'95, >Janu~ry 1975~

and stephensol'ii, D" 1I1rloodpeak
AfricaUi• Water System::; Researl'~h
2/1982, UniVersity of the

P:resi;on-Wbyte I fhA.. .. an,~.:l Tyson, p" D. t .' liThe Atmosphere
and Weather of Southe'irn Africa"" O>e·ford university
l).resS, Cape 'I'lIwn, 19$13.

sutl)e:r1andk. F.th r tlAn Improved. Raineall tntensity
P·istribution ,f·or llyd:}:ograph s}tnthesis1i •..Wat.er Systems
Researoh J?ro9't'amme Report 1/1983, 'Qniversi.ty of the
l<1itwatersranC-",'i1.983.

..: ~-_ - - ., _ .__-, t

\ ..,--.".,\

tyson;. ...,l!~Dkt... . 'Iclim~tic
souther()[,'A,!j:iica1' Oxford·. " "'..,; "

19a9- '/ '
~\

'l:'y~on/oCip ...p. and WilcOQlts" J:R.N .., OIRainfall. Variations
(:rve~ Johanl..eslourgt ,);!h~,Lecal Clima.te, of Johannesburg,
I".o . Envil1;,l;:)nmental Studies" ocoassiona! Pap~r no. 4 ,
1)~~'ai-tment 'of. Geo9t:'~pb.Y." and Environlnental studies,,university of tb.e wltwat~rsrand, Jobannesburg,1971. .

,,' , " ')

Change. an~..· Va.riabl.lity '.in."ynivet"sity press; 'Cape. TOlln,

j) '<:,.

va,n:(:,>t.:ryk,tot. ahd Midgla"y, D~.Cn trStor111.Si:udies ii1 South'
Aftica •......"; ...•..u Smal.l-Area .... High-Intensit.y'. :R.ainfallU•·· ..' .

Trans.S.Afr.lnstn.ci;v,,,Engrs.,, vol.8, pp ..lsa-197, JUn~
196p. .

i:,



111

watson; ~r.D., ..."Application of ILLODAS .: to storIllwater
Drainage Design in South Africau• Hydrological Research
unit, University of the Witwatersrand, Report ~/8~,
1981.
WiederhoXd, J. 'F.A •., "Design storm Oetermination in

.•...SOllth ~£rica"... l:t'ydrol.og;i.cal. Research Unit, University
·of·theWitwat.ersrand, Repott 1169,1969.

Y~n, ..5.0 .. and' ChOt'l,. V.T.; "Design ayetographs for Small
Drain~Jge' structuresB! •.•.JoUrnal of Hydraulics Div., ASeE,
Vol .. 1061' By-6f pp 10.55-1075, June 1980.







Author: Cross Anthony Leighton.
Name of thesis: Temporal distribution of storm rainfall on the Witwatersrand and its effect on peak flows.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the Un ive rs ity of th e Witwa te rs ra nd, J0 han nesb u rg Li b ra ry website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


