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Absfraet

This thesis develops a ff-ow generation model using the Markov

stochastic proeess and describes its application to the evaluation of

The model is developed specifically for the study of r¡ar-

iability of the benefit-eost ratio as presented in part I" In dealing

with a partåcular flood control project ùhe authors have found a

surprisingly large possible varlation in È/C.raüios. It is suggested

that the traditional raethod of presenting the B/C ratio really yiel-d's

insufficient information on which to base a decision.

Four aneillary studies present an analysis of several factors

such as interest rate and project size in the light of the proposeC

nethod. The study is proposed as a first step tor.rards formul-ating a

nore realistic and reliable decision procoss for water resource projecls"
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CILq.PTER I

STATI STIC;:,I BACi(GROUND

A, Flow simul-aticn
' This study lencls i-tself very lvel-l to the use of

flow simul-at j-on techniques " The methocl generates a

synthetic series of randorn fl-olvs following a d.esired-

statistical d-istribution using parameters obtained frcm

the historic recoi'd." Benefits, or darnages associated'

with eacl: flolv, aTe t?len cal-culated., converted. to

presenï.valu_e, Repetition of tire procedure Sives a

frecluencJ¡ c1lÍve of benefit-cost ratios for the

particu-l-ar proiect "

Theoreiicall Yr florv simu]aiion techeiques are

perhaps not necessary in ord-er to calculate the

probability d-istriblrtion of the benefit-cost ratio,

Using mathenatical tecirniques e equ-ations could be fou:rd'

to represent tire varj-ou-s input data (historicai fl-o¡,v

frequency c'urrwe r Froiect benefit curves, etc ' ) ' The

entire p;.oblen coir-ld then be solved analytically,

Hov¡everrthemathei'ratical-d-iffici-rltiesanesogreaithat
this rvould. certainly not be expeclient. stree.nflolv

generation uses a stochastic nod.el- to sol-ve the problem

exnrcri nentally, :

n evaiuation of the app"r'oach, it nll¿si 'oe real-ized-

that the technique of florv siinul-a'¡ion adds no ne\¡i
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irrforrration to the analysis or aciuracy 'co the results'

since the statistical paraleters of the g"n"".t"a

population are the sarne as ihose estiraated. from the

historic clata, the nelv inforrnation is subject to errors

d-irectly proportional- to unrepresentative feaiures of

the historic record-. fhat is tc say that the historic

record. rna;' not be reprosentative of the flolvs v¿hici:

occu:. in the future, The fl-ow simul-atj-on teclmique can

also yield only approximu.te solutlons which are subject

to rand-olr errors, These tr,vo limitations are stud-ied' in

solle d.etail in the tiresis " The influence of a nor'L-

representaiive Ìrj-storic record is assessed to so1;ie degree

?r-¡ *ac+i¡r: *lre sensitivity of 'uire sysien io changes inLJJ g\'È UJrfS u-¿ú uv¿¿v!

this data. Tire possibil-ity of random errcr is checked

b¡rtesiingthesysiemsiabilitirusingseveralruns,¡¡itir
d.ifferent rarr.cloi:r ft ovrs "

The najor advafr'cage of the seo-u.en-bia1 generation

process is the procluction of flow series that are as

'1 -it¡a'ta¡ a¿^ ^^rrrlïr Ês 2 renetiti-on of the historic record.
]IJ.ll'J-J uv vvv'Æ s ¡vl,v

the a_oplication of these florv series to tne proiect

prod.uces a range of Y/C ratios raih.er ihan an average

B/C ratio wiricjr results fron the i-raditional nethod of

assuning repetiiion of the historic recolrd' d-uring the

¡roioct's cxistence. It is oOssible to þrod-l¿ce as ciany
!¿vrJvve

series of geirerated hyrLrologic clata as d-esi::ed- for use
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in the economic analys j-s. This provid-es flexibility in

that a.broad. spectrum of results may be analyzed. using

d-ifferent sets of generated- d-ata.

The generation technique used- in this thesis

assumes that the flows foll-ow a Markov stochastic process.

The basis of this technique is that the state of a system

n* ¡nrr timo Àonerrds rrr¡nn z. krtowl edp"e of the state at theØ u s¡lJ v¿.4ç uuyvr¿uu Éyvfr

immed.iately preced.ing time and- a rand-om uncorreJated- com-

ponent " A mean and- stand-ard- d-eviation may be d-etermined'

mathematically from the historical record- and- a serial- cor-

relation coefficient may be found. by assesslng statistical-Iy

the effect of fl-ow at time rft-1't upon flow at time rrtrr.
.:..

These parameters may then be used. in the Markov equation to

rrenera.te a srmthetir: fl.ow series.'The Markov equation is:
óurlvrsuv

/ .\ r lr r,\ T _L o__ (1_:-'2\ fnpl))(t = T (xt-1/ -r \ r-rl Ã ' Þjx \ r-r-l \vrLJJ/

where: xt is the value of the fl-ow at tine t '

r.+ r is the value of the flow at the preced-ing
^tJ- I

time.

r i-s the first ord.er serial correlation

coefficient between flows

oRD 1s a rand_om vari-able in stand-ardized form

fnl -l nrxri 11 c 2 rri r¡on ¡rnha.bi I - -L-- Ã-ì -'l-¡ì 1-'rr*ign.
IU-L.LUvvrrró * dIVUIT IJIUUa|JJ'L-L trJ \rJ'> ut-"i"

T is the mean of the generated- flows '

^ i c .{-raa -+znd-ard- d-evlation of the generated.ÈtL -LÞ UlIv ù tJc

flows "
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The mean, tire stand-ard- deviation, and- the serial

eorrelation coefficient are cLetennined. fron i;he historic

record. as wil-l be explained- belov¡.

The stand.ard_ized. random variable is obtained. by

f.ir.qrt r¡onor..eti Ts n. 1¡nifnrr:rì -rr clistr.ihu-ted. fand.Om variabl-eIJ-J-tJ U 69rlv!sv!:tb 
vrlr¿J s¿u e!¿v

betlveen O .tt+ I and then transforrning -bhis variable into

' one v¡hich follor,vs the d-esired- distribution"

The process of generating unifo-1'fr.1y distributed

rando¡r numbers is accomplished. by use of a scientific

subroutj-ne package (n,ql'Tlu) of the IBIí-36C-65 Universíiy

computer. Since the calctllation is perforned-

mathematically on the conpuier, -the nu:nbers generatecl are

better clescribecl as pseud.o-randon nu;nbers' The pÏ'ogran

is as fol-lolvs:

siIBROUTriiE RAI{DU (rX, rY, YTt)

Iy=IX*65j39
fF (rv) 5? 6? 6

5 IY = IY + 2L+7+836+7 + I
6YF!=IY
7 YFI = llFl rå "46566t3 E-9

RETI]B]{

EiiID

rvhere iç denoies nul-ti¡l-ication

anct E-9 = (ro) -Y

The technicue involvecl is as fol-lolvs: A
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rand.on od-d- nunber (Ifi) of betrveen l and 9 d.igits is read.

by the.subroutine. An IY.val-ue is calculated as slLo\'¡n.

It is also an od.d- inieger vafue" A test for negetive IY

value is used. If IY is negative, it is converted- to a

positive value by staternent ìi5 " The uniforu'ly clistributed

r¡¡dorn. nunber (Vpl) is then calculated in statements íÈ6 e

7. The numbers involved- in the subroutine are chosen sucir

that the resultj-ng YFI value always oceurs as a number

between O and l- provid.ing the II{ input value is an odd-

integer of 1 to g d.igits " the resul-ting IY va.r ue may be

used as IX value for ihe second generaiion of a random

nunber.

the rrnifornty distribuied variable, ffL, is used.

to obtain corresÐonding values of QRD (staldarclized-

nonrally distribuied. Iand.om. variable by the relatj-on:
fl oRD

YFL,= J F (x) d.x

-00

A nornal curve apploximation3
is used- to appro:cilnate the
norrnal curve frrnction with
an error involved of less
tioan 4"5 x IO -+ 

n

#

aJAbrarnoi';itz &
Ílrrn n* i nn qtt - T;, S . De ct .I 4¡V Ulvrtv

---+.E

Stae.o'un - tt T{a.nd.boo}c ofu vvvE)t4¡t :¿s¡¡

of Connerce, p" 933'
iiathenatical-
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The historic rnean may be d"eternined in one of

several I'rays. One rnethod is to sinply calculate the

arithmetic nean from the hisiol'ic flov¡ record." Another

method- is to clerive ihe mean from existing frequency

curves. If the fl-olvs are norr'.rally distributed-r the

mean simply corresponds to the 5O/" Jevel- of exceedence

on the frequency curve, If ttl-e flo¡,vs foll-ov¡ a clifferent
Å

statistical nattern, transformaiion equations- must be

used to obtein tire iesired. mean"

The standard- deviaiion may also be cal-culated

aritirnetically or d.erived fron a historical frequency

curve" If the flows are nornally d.istribuied-, the

dtand-ard. clevi=ticn is sinply thc value of the range of
rln*ra ro-ì'ìino. hctivaên exeeedence l-evels of 87 "L3% end-J-J\JtVÐ rd,Jr¿rf5 vv v viçsf4 vr-evvuv¡rvv

5O/", If the flov¡s follow a d-ifferent ste.tistical patternt
tl

transfomrat:-on equaiionsÎ must again be used-'

The serial correlaticn coeffici-ent is aeterroinea

by plotting an aritiunetically best fit l-ine (least squares

-^-FLnÀ \ '{-1.¡nrr¡lr o c*onAor¿ 
6

sçutrvu J erLlvvri:;ir G rua¡ua¿J.ized'' plot of the f]-ow at

*imc rtfrt (rieoendeni variable) versus the fl-ov¡ at time
.u¿fsv

4v"r. Chor¡¡, tf Handbook of .{pplied l{yd.rologytr¡ .o. 8-17
gives conversion equetions for a 1og norrrral d.is'bribution"

62A par'cicular value of a variabl-e nay be stanclard.ized
by subtracting the mean and clividing the result by the stan'iard
deviation. This yiel-d-s a va.ríable lvhose raean is o"o and
standard- cleviatioä = 1"0 (1,e. a standardized variabl e) .
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rrt-1il (independent variable) " By d.efinition, the angle

of regress-t on (x) is the angle which the best fit l-ine

fornis rvíiÌr the axis of the i-nd-ependent variable ' The

serial_ correl_ation coeffici-ent (r) is defined- as:

The

of the flovr

of fl-ov¡ at

2va-Lue or r
at iine rrtr¡

+.:-^ l|+ ']ll
tr -L.I]IY U - -L ø

f=tanx
is a d.irect neasure

'rhich is d.etennined

the portion

the valuefìfr

Floi¡¡ siinulaiion as apcl-i-ed to the Red- River

The previous section has d.escribed the general

method. of florv sinul-ation lvhich is applied' in this ihesis"

This secti on d.esci bes how this method' is appliecl to

s¡mthetic flood. pealc generation for the Red. Rivez' at

lllì -- 
-i 

-n æll .!II!I-L !s i5 o

The input oara.neiers are detez'¡rined. by analyzing

a frequency curve of flood. pealcs a:rd- the histoz'ic record

of flooct pea-lcs " The flood frequency curv'e given in the

Royal Conmission R.eport (ptate il+) is adapted for thesis

rrlly'-n.oses in Îig. 3"1" FrOn -b;ris figUre J-t malr þs Observed.
vçlr vvvvv 

/'

that flood pealts above 60TOOO cfs"o foil-ow very closely a

straight line on log nornal probability paper. This

stronsl v indicates that the historical- fl-oocl pealcs above
v v¿ v¡¿È)+

6OTOOO cfs, on the Red River at 
"Yinnipeg 

follorv a

peaks
f]-ood

o---r\o-üe: I-nl-s thesis only concerns itself rvitir flood-
greaier tl.ran 64,900 cfs. since this is the fl-ow at which
rlpmn,cres be,c"i n in absence of a flood.l';ay"
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log-nonnal d.istributlon"

Boththeoreticaland.empirlcalevid.encesuggest

that there is justification for assu;iiing ]og-norrnal-ity

of flood pealcs" Kuiper7, in analyzing lOO frequency

curr¡es for lTorth A:nerican rivers conchrded that ttlvhen

maJcimwr annual flood. flows o ô ' &1'ê plotted- on

logarithmic probabiiity paper, they iend- to fa]]. on. a

straight line"rt chow8 4as consiclereC the situaiion lvhere

the occu.rrence of a ra^nclom hyd-rologic event can be re-

presented. by ntultiplying the effect of . a m'mber of

coniributing factors r,-¡Ìrich are random variables thensellt?s"

The central linit theorem9 tnen shor.¡s that r âs the number

of such causative factors is iarge, -ihe iogarith'-r of the

hydrologic occu-rrence becoines normal-ly distributed.

This arguiaent seeirs v¿rlid v¡hen appfied to the

hydrologic eveni, the fl-ood pealr on the Red- River" The

major factor invol-ved in proclucing a Red" River spring flood

peakisth.espringsnol',mrelt.l',[anycausati'¡efactors

. 7E l{uiper, ul_oo Frequency curves of il{orth
American Riversfr ÄSCI Proc', Paper 1395"

Bv"t, Chov¡, Proc. ASCE Vol" EO, p" 536, pp" L'252
l\ov" ')+"

9B"i"flv staiecl, ihe theorem states that if the
number of "otråiäui;îi;;å 

iã-tarse, the- (theoretical)
sa.npling ars{ribution of the *eãn'carr be closely ap;croximaied'
with a norrnal d"is-Lribution
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corn.bine to produce this spring rtrn-off. Depth, time,

and. d.ensity of lvi-nter snolvfall, lvinter snollrynel-t, ground.

l'¡ater incl:x, tl':ge of soil-, spri-ng rainfall, presence of

vegetation and ar.lxi-liar¡r drainage, r'rind, hr-midit¡rt

temperatr¿re, and Snolv afbeclo are by no means a conplete

l_ist. I{any of these factors nust be multiplied in ord.er

to obtain titeir comb'ìned effect on the peak river

d.ischarge. This su-ggests a log-nor:nal distrj-blrtion.

It l¡oul-d- ap.-Jeer that the use of a log-no-rrnal distribut'i on

fnz- ft nnri ¡o.ol,(s i s irrsti fì-ed. and. it seems to be borne out!.v! ¿!vvu fvv9:!p

by ihe straight l-ine tendency of the frecluency cu¡ve on

log-norr:aI orobabilit¡" papero 
.

Once a straight line is appliecl to the freo,u-ency

curve of recorded. ftood. peaks (by "least squaresrr raethod.

or by e,,,e I ) conf idence band.s may be applied. io -bÌie I ine "

the most restrictive bands availabl-e in tables (B0l) are

ap.plied. io iristoric fl-ood peak clata in Fig" J"2 using
-t^

the Kolmogorov-Sroirnov Test"" The BO/' statistical

confid.ence expressed by ihese bands signlfies that, if a

point falls outside t;lese lj-nits, there is an BO/"

^znholri'l i *.r gf this OCCUrrenCe being d.ue tO ChAnCe Only.
IJ¿ VVAWTJ¿ u r'

lhe resu-l-ts in Fig. 3.2 indicate that'the

frequenclr curve of flood peaÌ<s fal-ls lvell r,viihin the BOrt

'l ar¡ol of s-i .orri fi .,e71 nê - thrrq pl I or,vi n.c" 1,ho esqllmniì on ihatIC' V (tJ VÀ p!tsf¿!!rVúrrvg t u1¡4J a¿rvvr¿rrt- vrtv

lô'"The Kolmogorov-Smirnov Test, Americem Statistical-
Associaiion Journal , I'iarch, 195f "
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the flood. peal':s are 1og nornally d-istributed- o

' The recorded. historical- flood- peaks of Fig" 3"2

could- be used. to deterrnine statistical properties for

the Llarlcov generaiion process. Hol'tever, -bhe authors

decided to use the extrapolateclr upper part of ihe Royal

Corrnrissionts frequency curve (Fig. 3"1-) itt order to

make the str_rd_y results comparable to those of the
1-1

Royal Comnissionr s studY'-

the mean and stand.ard. deviatj-on of the peali florvs

may no1/v be deternined. fror,r the Royal Cormj-ss1on frequency

curv-e (Fig" 3'1) " This is accomplished- f-Lrst by

transferring the 1og-norrnal line to nor¡ral probability

paper. The normal mean and. normal s¡and.e.rd. deviation may

1t
be read directly frorn tiris graph-'" These pa:'ameters ray

be converted- to corresponcling Iog-normal mean and standard-

d.eviation by means of transfor:nation equations4"

The serial correlation coeffici-ent is d.etemined.

using the method. descri-bed in Section A of this cirapier"

The process is perforrned. mathenatj-ca}lYr rather than

graphicallXc vittr computer progran REGAN, rhich is presentea

in Apnend"j-ces B & C " The resulis of the computer run

'l -lttNote: Since tiris thes j-s is concernecl only ln¡j-th
flood- flolvs r,viricir cause de-nage (i"e ' 641900 Cfs. ), a best
fit line is drat'¡n only through floocl flor'¿s greater than
60r000 cfs.

19ttl.ne mean correst-.ond.s to a 5C% LeveL of exceed-ence
while the stand-ard- deviation is the range of fl ood. peaks
falling betvveen 87 "L3% and. 5O/' levels "
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revea}. nearly zeTo serial correlation between annual

fJ-ood. peaks on the P.ed. River at lïinnipeg. This is not

surprising" It could hard.ly be expectecl that the

magnitude of a spring flood- in one J¡ear (d.epend-ing

mainly on v¿inter and spring cond.itions) could be

affectecl by the síze of the previous spring flood-"

Having assu:led. or calculated. -bhe various in,out

parameters of statistical distribution, meanr stand"ard.

deviation, ancl- serial correlation coefficient for the

particular case of fl-ood peaks on the Red River, the

Marlcovian model is used to generate a s¡mthetic record

of flood peaks of any d.esirable 1en6çth

C', Rs,liabil-ity. Stability. and Sensitivity of P'esults

As meniioned- previously, ii ¡rust be ensured that

the resufts of sequential generation are both reliable

and stable befo:'e the synthetic florv model can be

accepted- as useful-.

Rel-iability may be checked in several r'iays o -

Several randomly chosen s¡mihetic'fl-ood peak series !''lere

plotied .,vith the extrapolated Royal Colrmission fl-ood

frequency curve of Fig. 3"f . All- genera.ted series fell

v¿ell v¡ithin the B0/" Level 'of significance indicatíng

that the generated- series arer in fact, closely re-
nrasant¡tiwe of ihe occu.rrence of historical flood.s"

S¡mthetic peak series ":" checked- by conparing the actual
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frequency of occurrence of s¡¡rthetic fl ood.s of several

sizes against the frequency of occu.rrence pred-i cted by

the Royal CommissiOn frequencJr cu-Ï5/e " The results, vrhich

are sunmarízed belor,v, again ind-icate close agreement

betv¡een synthetic anc1 historic records"

Flood l;-a,qnitude

rn^ÞTTr ? -ì
¿J!!-UjJ ) ø L

Hist orical F¡1egggnqy SEatl'etic -Treouenc¡r-'-

greater than 65,000 cfs" 20 in 2OO years L9"2 in 200 years

greater than 2OOTOOO cfs.. 0"666 in 2OO years 0.633 in 200 years

stabilit¡r of resuJ-ts is analyzecl by observing the

change in the final result ( frequency curv'e of benefit-

cost ratios) when the procecLure ís repeated with a ne\rï batch

of generated. flolvs, TÌris is d.one by repeating ihe cornputer

rufis several ti¡tes using a different starting value (r;l)

in the cornpu-Eer program FLOGEIT. Results, as oresented' in

Tables 5"1, 5"2, 5"3, 5.4, and- 5"5 and' Figs' 3'3 and' 3'4

indicate that the variati on in the resul-ts d.ue to the

rand.om natr:-re of the ftolv generation process is acceptabJe.

A knov.,rleclge of the sensitivity of the sysiem to

2. ehn.nae in the parametcrs of the flood. frequency
q vrlerrè)v ! --

d.istribution is desirable in ord.er to esiimate the possible

effect on the final resu-lts of using a non-representative

historic record- or frecll.rency cursre"

The recorded- fl-ood- d-ata for the river may have been

talcen from a nr-ed.ominately 'v'ret or 'dry per"iod- of the
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population of flood.s rvhicit exist for the particular river'

This rvould meen that it is probable that flood' pealcs wirich

occlrf' over the life of the proiecjj possess statistical

propertiesdifferentt]:antjrehistoricrecord'
Anana]-ysisoftheecononiceffectofsucha

condit'ion may be accomplished by using the mean end-

standard. deviation obtained from ihe Royal Cora¡rissionrs

flood frequency crlÍ.v'e to generate an estimate of the

population mean and standard d.eviati-on" These generatecl

para::reters may tÌren be used. to geÏLerate a seqr-rence of

florvs v¡hioh are applied to the proiect. Tliese florvs aTe

statistically di-stingtr-ishable fron ihe Royal Comnissionr s

frequency cuï,ve and yield a frequgncy cuÏ\¡e of y/c ratios

which may be compared to those obtained- by using iire

Royal Comrnissi On ¡aean and- standard. cleviation' A

compai'ison of i;hese frequency cll-Ív'es d'emons-blates the

system sensitivity to use of a non-representative

historic record-6
q

By the ceniral- linit theo'em', it nay be stated

that the aeans of sa;nples talcen fror,r a population "vhicir

foll_orvs any statistical d.istribution a:ce normally

distributed.. The standard deviaiion of ihe sarnple means is:

ó*= ekÑ (refer to note on Page 16)

where: i{ = nu:lber of variabl-es in the s;anple
d= s¿mlle stanclarcl d-eviation
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.Thusanestiraateofthepopulaticnmeanuaybe
generated. using ihe eqr-tation:

A

fi =i+ (cnÐ) de
where &= genera,ced_ esti:nate of populaticn nean

& = SaItPlg rrean
ORD = ranäon normaily d-istributed

standardized- varia'ole
&s= stand-ard- d-eviation of sal¡ple mearrs

similarly, it may be --arovecl by statistical tireory

that sa-lrple variances fol-low a ciri-squared clistributj-cn as

rolr-ows: sz ^'# ñ" (ru-r)

where Ìl , = nunber of variables in saaple
6 = sa-nPle stand-ard cleviaiion
S = esti¡rate of po'oulation stanC'ard-

.Þ d'eviati-on'

Achi-squ-ared.valuerraybegenerated.forthis

equat:Lon using an eqr.retion frcn ilThe Haird.boolt of

lllathenatical Fwrctionstt (page 9+L) rvlricli is stated' ss:
L f , /^nn' - 3

T- = N [t -* + Cono)Æ l
vshere OP,D ancl lT are oefinecl previously

in this chaPter.

sixty means and. si:rty stand.ard- rLeviations lvere

generated. and. severa'l val ues possessing a high deviaiion

froni the norîas were chosen. The historíc (sanple) mean

(3f ,57O cfs") and. the historic stanclard- d-eviaiion (29'893

cfs,) may be con¡a.¡:ed r'vith these talir"='13

' l3Not": In each case, only one generated parameter
is used " Th:rt is, in ru:rs |Ít anð. 2 r a genei'a-becl nean- l-s
r¡ca¡ i. nnni-,r¡sfión lrith the'hisioric stancla¡d deviation
t Ð\7LÀ fr! vvr¿J u

iãõlgõi ãr"i)" rn nrrs ;'13 and 4' a generabed. stanclard
deviatj-on i-s used in conjuncticn r','iiir the historic mean

( 3r, 570 cfs , ) . The ¡'esur ts , therefore e incÌicate syster,r
oa-¡ei *i rr-i t-r *^ r1'. ^ -^'rôr4e'ied- lafa;:retef êsefls-LtrLvLúJ uu ul-ru u.lrv Srtf-
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nun #1.
tu:n #2 "ll-
Hu-l1 ;rJ "ll 

^ItllIl. ir* "

Thesignificaflceoftheprobabirityvalue]naybe

explained.asfollows.Inthefirstcase'assuaing-bhe
hy_oothesis that tire po-ilulaticn meaÏ1 j-s actually 26r27+

cfs " , the probability that the sartpl-e mean colild- be

3I?57ocfs'orlrigheÏ'iS3"3,/".sincethisprcbabllity
issma}l,t}rent}reh¡¡gothesisisrrnlílcelysotheassru;iption
ofa26127+cfs"populatj-onmeanrepresentsanunlike}y
( extrerne ) val-ue "

Similarly, Ln ntn i2, assr;ning the hypothesi s

that the population standard. deviation is actually 33'193

cfs.,theprobabilitythstthesamplestandard.deviation
cou.id.be2g'Sg3cfs.orlolveris}00"098"36=I"61,/o"
Theref ore, tiris al-so represents an extreÉe value "

' The results of this analysis demonstrate the

sensit'i vit¡r of -bÌre frequency curî/'e of B/c ::atios to a

relatively large change in either mean or stsnctard-

deviotion of the historic floocl pealt record-"

. Referring to Figure J '7 and' Table 5 "5 ? it nay

be seen ihat, for rvn ii:-r ''"'lrich uses a generaiecl ]nean

TABLE 3 "2

Generatecl- iTean
Genera-ted- I'iean
Generated- Std-. Dev"
Generated Std. Dev"

26,27 +
ii l^.)5J¡t'))
2 ? 1q1)J9+t¿
26,27 +

^fa
afc

nfc

n€a

Prob. of Exceed.

72 'Ly'"
98,36"/"
L.6a%
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with a 3, J/" probability of exceed-ence, the ne':n B,'/C

ratio d.ecreases by 15 il w]¡1Le the standard. deviation

:dçcreases bY ? %"

The results may be su::¡rarized as f ollows:

IABIE 3.3

Svnthetic Flood- Peaks . B/C ratio åreq- curve

Gen" Para.lneter Prob" of Lxceed-. lJearr Stand-ard. Dev"

Ita
k'trl"ì :; ILr'#L ll 'l!^íUÍj ïr-¿

ll;
r.LL¿-tr i7-Ju,ttufl ;i+
Historie

Mean
Mean

Std" Dev.
Std' Devn

3 "31[
72"r%
98"/r%
l"6il

2"{loo
3,0657
3 "l+836
?"]..628
2"gltg

r,9777
2"l9].'6
2"{t56
1"7033
2"1258

fn view of the evidence, it is su-ggested tllat the

application of this particular flolv sinulation techni c,ue

to this particul-ar problem yields results uiLicÌr aPi'ear to

be boilr reliabl-e ancl siable ø .

N0TE: It ls realized. that, strictly speaking, the t-distribution

should be used. to generate estima.tes of the population t€âne

Hov¡evere with the la.rge sample size available, the normal

distribution serves as an adequate approximat'ion of the t -

ôistribution"
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CHAPTER TT

JVIETHODOLOGY

This chapter deal-s rvj-th the method. follor'¡ed. in

computing benefit-cost ratios" Iire maín computer

prograrns d.escribed- herein apply to all five studies and

the changes of input to eacir of the five stuC-i es are

^i..^q E^fnrs the advent of the electronic computer,ÈiJV\iJ.l,è !(t-Lv-

studies such as the one rrnd.ertalcen here tvere impractical

d.ue to their vast conputatÍonal l-oad. The computer

al-lol'¿s ma.ny cal-culati ons to be d.one in a sirort tim.e and

the effects of many different conciitions may be stu-d-ied"

' the first step tvhj-cìr nust be perforned is the

generation of syn-thetic flood fl-ow series. These nust

bear the same characteristics as the historic floiv record.

such that i;he generated flor,v series and. the historic fl-ow

record are statistically ini.istinguishable " Tjie generated

flolv must then be applied to a mathematical moclel of tÌre

flood- control scheäe to d.etenaine the benefi-ts of ihe

nroiont^ The costs are then calculatecl and comoared with.È/¿"d

the benefits to give a benefit-cost ratio" TÌris procedure

is reneated l.rrrtil onnrrcrlr l¡enefit-COSt fatiOS haVe been!p Jçussusu {,l-IJ'lJ-LJ l'-ttvL¿ðrr t

cal-culaied io obtain a. probability distribution of

benefit-cost ratios "
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a) SUea:rfl-or,¡ Generaticn .;,

use of the statistical- theor¡r presented in the previous

cha;oter. The input data for ihe progran includ.es the

mean and. st.and-ard deviatÍon u¡hich the generated. florvs

are to have. The mean and standard. d.eviaiion l'¿ere

d.eten¡rj-ned from the f1.ood. frecluency cu-l'v'e given bJ. the
1ll

Royal Conrnission,-- The val-ues d-eterinined. were a mean

of 3t ¡57O cfs . and a stand.ard. deviation of 29 1893 cfs "

A correlation coefficlent is j-nelud.ed- in the input to
take into account any annual persistence in yearly fl ood

peaks, The correl-ation coefficient found for the

hlstoric fl-ov¿s, ','.'hen correc'¿ed fo:: degrees of freed.om

was 0,0. This riyas expecied. d.ue t'o the generally rand-om

nature of fÌood pealis. The other input to the prograa

consists of a randon integer ve.lue to start the randon

value generqtoz' anC. several counters inclicatj-ng the

nr.uber of cycles to be nerforr:¿ed. by the prograir"

The mean and stand.ard deviation usecl as input are

those for a log-normal distribution (as given by the

Royal Commission) " To facilitaie the generaiion of

rand.om variables and io give tirese variables a nel,r/ clistri-
bu-tion the mean and. standard- clevi¿tion musi be nonnali-zed

l4R"oo"t of tire Roval Corunission on Flood Cost
õã-e"-lE. T95?^- ^'Fi {- Ìri'ì -¡ø i -n .¡ , - - h

-uÈiJ-Irü-LI u 9 ¡f -LlilJl-{,/ç5l !'::,JL
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lm-Äa *n r.r'ìr-resr.lond to â, normal d.istribution). This is\llld.uç uv vvr ¡ vu rJvrru

d-one v¡íth t¡,vo transformati-on equaiions.r2

std =

â.ûrêû.ïr = 1og (mean) - "td22

where: std. = rrorlltâ,l stand.ard- deviation
sd. = 1og nornal stand-arcl d-eviati-on

rtreâ.n = 10g nornnal meeJl
amean = nofioal- mean"

The logarith:ns are natural logarithms to

the base e" A r.urifornly distributed. randon variate is then

generaied, ÎÌris is d-one rvith a Scientific Sul¡routine

Package program storect in the Univer"sity of I'ianitobars

. fBI'i 360 computer. The variables generaied are bet¡,veen 0

?nd LO" The r.mifor:n1y clisirj_buted. random vari-ables are

then converted to norinal-Iy d-isiributecl stand"ard.ized rand-om

variates 1n subrou-tine 'rl'Toïinrr. To d.o this the rand.on

variabl-es are consid-ered to re¡resent areas under a noirnal

Curye, Th.e areas af'e 'Jhen conve::ted- to ord-inates by means

of normal cllf've aporoxirnation foru-ula*.16

The norriial ly crisiributed randon variates (ivith a

mearr of O"O and. a stand-ard. d.eviation of 1"0) are then
'converted- to no-rrrrall-y Cisì;ri'bu.tecl randorn variates with a

15V"î" Chorv, Ilancibook of' Applied lil-cry
pp " B-l-7.

1/'rtÄbra¡ro,,vitz and.. Step,rrn, Hand.book of l¡iathematical
rr,rnntl nrrq lil-S. Ðeci " of conñeróeT9Fffi.--r4¡vu!vf:u \v"



-.: --^ *ËJ V Ëlr llr\tcrrr

part of the

ñ^r+'i rln i c:yvr urv¡! ¿v

X-Ri*Y+

20

and- siand.ard. deviation. This forms ihe rand-om

srm-fiheti e 'fl oocl florv" The seriaU y correlated.vJlr¿ v¡¡v v&v

add.ed and the equation becones:rele'*' sid *v/l-H t^ - ^ \

- amean [H-I"U/

= nozrnally d.istributed. variate rvith given
mean and- standard deviatì on"

= fl o'¡¡ i n vear l{-1
nôr'mpl I rr rllstributed. rand.on variateÞ- ¡rvr¡¡¿e¿r¿t' rvith riean of 0.0 and stanclard, d-eviation
of l- .0

ft = correlation coefficient
std. = ilorltâl siand.ard. clevia-bion

anean = ÏLorilâl mean

The norrral-ly d-istributed variate this generated

must be then changed. to match the cListribution of the

record-ed ffoocl peaks (l-og-normal), this is d-one by taìting

the natural- antilogs of l{ ancl the resul-t is a I og norna}ly

d.istributed. pealc flo.r.v ','¡ith a given mean and s'band-ard

d.eviati-on.

By putiing the above be.sic steps in e. rrdo looprl

the procedure is repeated many times to get sixty recorcls

of peeLk flows, rtith each recor"d being 200 i¡ears long. A

flolv chart of the progra-n used-, d.escription of variablest

and- an acttlal- computer Ðrint ou-t'are includ.ed in AppendLices

B andr C.

It shou-ld be noied- that in Studies I al1cl 2 florvs e,ce

generatect for. 200 year periods. in Stu-dy 3 fl-o''vs aTe

generated. for periods of 50, 1OO and. 2OO years. Studies 4

where: X

ar
I

æ
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and. 5 again return to 2OO year periods"

In all studìes except Stud-y 5 the mean and" standard.

d.eviation used. to generaie ihe flows a;3e found" from the

Royal Coninission freqr-rency curve. Since Stud.y 5 cleals t-¿ith

rrhanses in thie fronr-.cnê\r cttrî/e d.ifferent rnearrs and. Stand.afdtrf¿a¿re)vu ¿ar urrJU 4r v\1vlv¡¡v/

d.eviations are used " This is covered in more d.etail later
ìn the chanter,¿¡1 v¡rlJt/ v v

Benefit Evahratlon

The ouiput fron the comoul;er orogrea rtFl,OGEldrr

consists of s¡mthetic fl-ow recoï'd.s" The fl-ows are p:rinted-

out for i¡nned.iate reference and checlcing end also placed

On magrÉetic tape for ur.se j-n progra"l "PRS'i7TIïrr which conputes

the benefit-cost ratios for the particul-ar projecis.
' In adcliiion to the syzrthetic fl or,vs r'¡hich are reacl

from the tape, three basic cr-li'ves are neecled " l{atural

condi-tions e"nd improved- condition rating curv'esr Siven

in fig" 4.1, ancl a stage dane.Se crirwe shoi'¡n in fig " 4-"4.

Different ratlng curves are used. for different assr¡necl

floodv¡ay caÐacities, (Fig, 4"2y Fig" 4"3) ' In all cases

the curl¡es are id,entical- io those gJ-ven by the Royal
1"7

Çgmmission-' ot tvere preparecl from data given in ihe

report" The details of the calcu*Lations for these culves

-t'7

'Reoort of -ûhe F.oval Co;mission on Fl-ocd. Cost
u^ú^+r f 

^ñ ^- 
f

-UItifV!¿ut vj/o uruô
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are given in a subsequent section. The reroaining input

consists of costs at each d.iscorrnt rate and. ihe cli scou-nt

rates tl:enselves. The cal-cul-ati on of costs d-epencls on the

stud.y being perforrred and ere also discussed in a

subsequent section.

The progren first reads the three cllr"v'es used-r the

d.iscor.mt rates, and. the costs " The flo','¡s are then read.

singly ancL tested. for rnagnitud-e to insure tha'b they fall

within the limits of thð raiJ-ng curves given, Flov¡s r,vhlch

are forxrd to fall- outside the upper linit on the natural

conditions rating 
"u,."rr"f8 

are arbiirarily given a val-ue

equal to dana.ge associated- l.¡ith the ma-.cirni-lr probable

fl-ood-.19 The d.ischarge belor,v r,'¡hich no damage resultedr20

according to values from the rating curve and stage

d.anaage curv'e, were not consid.ered.. If the floi',,'s ere

r¡¡ithin the given range ihe fl-orv vafues are applied to tiie

natural conC.itions rating ci.t-rve to d-etennine natural stage.

this is d-one b)' a meti'rod- of straig'ht line interpolation by

the cornputer and" the points on ihe graph are chosen in such

rQ
'"Fl-o,,vs grea-ber than 27o .-oOO cfs.
f 9A d*,u.g" of {i948 e OOO e OOO

2OFl-ou"= fess than (or equal to) 64rgoo cfs"
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a manner as to make the error ineurrecl negligibl-e " 'r',Ihen

the naiural stage is deterrnined. a sir,rilar interpolatj-on

process is enptoyed to fincl the d.ar.Lages rrnder natural

cond"itions fron the stage CLamage cl,l-rve.

The synthetic flot'¡s are tiren compared to the

improved. conclitions rating cr-lrve and- the stage in the

. affected area is founcl. ;\gain a value belor"' lvhich there
91

are no da-nages under improved. conditions-' is found and.

fl-ows belori ihis level are consld.ered. to have natural

d.amages only" \ïhen the 'tiaproved. stagett has been folrnd-

*ho stp.ee-d¡'nrì.c.e cl) j.rre i s ¡.oni n llsecl to d.etefmine theuJ.I(t Ðu46v-ucú¡øe>v vv-!vv sliJs4¡¡

. 
da.mages j-ncu-rred r¡rcLer improved- cond,itions r,zitir the

particul-ar flow" therefore each fl-or,v rzhicli falls above

the zeTo damage l-evel for natural- conditions JLas tv¡o

d-anages associated with it; a darnage ¡,','hich occurs rrnder

natural- condit-ìons and a d-amage r-¡hich occrÌrs uxd-er

i-mprovecl conditions with the flood control proiect in

pl-ace. The d-a:nages p.r:evented or benefits accruing from

the fl-ood. control proiectr are then the d-ifference

betlveer the tv¡o da:nage values'

the value of benefits thus deterrnined- is for one

fl-olv at one tine in ihe fuiure, It is necessary now to

deterrnine the present valu-e of the benefits associated-

2lFro,r'= less than ( or eqr-ial to ) 116 r 5oo cfs "
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with the pa.rticr-r-l-ar flow. In the compuier prograrÊ tÌris
j-s d.one in a separate subroutine call-ed- rrplìì'rÎHrr " The

present lvorth factors r,vhich are ¡nultiplied. by the benefits

are calcu]ated" in the progrem according to the stand.ard-

formu^l-a -for a single pa¡,ment. Therefore, in effect, the

benefits at the present time of a fl-ood prevented by the

flood control scherne sometime in the future are cleterritined.

The above procedure is carried., out for all ih.e flov"s

-^*ar¡{-^,{ im {-r¡n ^o¡ì-j nrr'ì 3¡ SefieS, AS eaCh fIOfV iSóË]fçf d, U\tu IIa uilg ruar uJv!..uÇLL Jv! ¿9J e /a

processed the conput'er program automatica.lly ple.ces the

foltor,¡ing flo',v, an additional yeer in the futui'e. Each

florv is associated v¡ith one year even thougir there may be

no damages caused. by it " iThen the present ',vorth of the

benefiis of each flo','¡ in the series is cleiernined. they are

ad.d.ed. uç ancl represent the total present l'¡ortir value of

the benefits accîuj-ng frorn the project for tirat particuJ-ar

flov¡ seguence"

The next step is the application of costs" the

costs are used clirecily as read- in and all calcuJ-atj-ons

to determine cost values are done outside the computer

ñr^tr?qm nhe valUe read. in is the tOial- present v¡orth of'ylVórúJao atlg Vef 4g igGu f¡M u¡le vv eaL yreue¡¿u rrv

costs ancl ,,ihen ihe iotal- present v¡orth of benefit is

divided. by this val-ue Ì;he reslrlt is a cc:-rii-b*nofj-¡ ratio"
This nrôceclrr1",. r¡ia'lÁq .rr1 ô benefit-COSt fatiO fO:: One!¡r¿u rvr v vvs4¿ v

nprti ntrl nr floi¡ series ove¡ v¿
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The computer perforns the above calcuJ-ations as

mar.y times as there are fl-ol.¡ series, Therefore nnany

different benefit-cost ratios are deterrnined d-epend.ing

on the particular strea:n flolv sequence " lThen al-l the

benefit-cost ratios have been d.eterrrined. and. printed out,

subrou-tine 'rIPrEQt¡ is employed to put the val-ues in

d.escendi-ng orde¡' and calculate their ,YeibuJ.l plotting
positions " The actual position is calculated lvith the

formul-a:

ç.Þraô - 
lii v lôal¿ ¡lgþ¿ 

- ì.T, a rL ¿vvI\+I

ftREC - freelienr'-rr nf ô.rôlryrr.ênrlê in nereellt! ¡LlY 
- 

rr VIULVfTVJ Vr V VV 4¿ J Vr¿VV !!r _vVf VV

M = relative ¡osition of variable
(benefit-ðost ratio)

N - nunber of variables

Yil:ere:

The output from 'fFP,EQrr consists of -uhe benefit-cost

ratios ancL their ,olotting positions" this info:'mation is
printed- out and. in adciition punched. on cards to facilitate
*-l ¡**-i r æ nf ì'þg feSUl1S "}/IV u s!¿!5 v! urrv ¿ vu 4! eu a

\*
C ) -B'reqüen0y UUrVe Y-|O]-T].ng

The authors viere fort-,.r:iate in havint at their
d.isposal a CAL,COI,IP plotter connected to an IBi,l 1620

computer, Since a great many frequency curves resulted

from the calculations a progran lyas lvritten for the
TÐrr 'ì Áo^ f n -lot the results in final- form" A programJ--Ur,l IU4V UV ylv U Vrag rVÐUl.

was writien which converted the frequency curue plotting
positlons to rectangl:-l¿¡ co-c¡'clinaies (in terms of incires
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for the CÀICCIÍP plotter) .

Several frequency curves of benefit-cost ratios

\¡¡ere plotted. by hand. on d.ifferent t¡roes of frequency paper"

It was observed that the best straight line occuned. on

lOg-norrnal paper. SinCe the authors l,riere more interested

in genere.l trends tha^n i-n extreine val-ues it v¿as decided to4¡¿ Þvf¡v¿ e+

use a 1og nor¡ral plotting system ancl to use as final res'"rlts

the least square best-fit straight line through the centre

z/l of the datao

The colrputer prog:raJn calculates anci dra'¡;s a 1og

t,¡ ôÌ4mr] -er.i fl ¡-.1 *1¡ar -'ì n*q the nOi ntS Cñ *ì¡i c +¡i rf TOÒ* ** *lM lrlttjII .U-L(J rrÞ Ulle P(JIl-I t,Þ vJ.J- u-!l-LÞ ór rL¿ ê

find. tþe reciangular co-ord.inate veJ'tical- plotting position

the 1og of ihe benefit-cost raiio is talcen and then

cofiverted to inches according to a scale factor r,v]':.ich

depend.s on the des-i red. height of the graph, the horizontaL

plotting positÍon is deterrnined by using the nornel curve

appro:li-mation fornula previoi-r-sly cited ancl converting all

plotting positions in i:ercents to standard clevi ations

from the mean" The stanclard cleviations are then convertecl

to inches i,¡ith a horízontal scale 'f,actor clepending on the

1anæ*}¡ af *hl gfaph ø .J tii.I.i urr u r urf Ç

lïhen the poj-nts are ploited tlre nj-dd-le two thj-rds

of thre noints are used to cal-cul ate a best-fit straightVI

linc bv the l.east squares netirocl" The line is drav¡n on--
the -sr¡nh a-cco:-rlìns.' to Ê ca]culated- orclinate and. slor:e,u¡tv 5¡ ç rJ¿t
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It will be noticed i;hat the l-ine dravm is clran'rn only

through the polnts used in its cal-cu-l-ation. The plotting

of the points j-s facilitated by an internally stored

subroutine cal-led ttPLCT'r and the characters are drai'¡n

using a subrolrtine call-ed rrCH{Rilo

Essentially then, the c¿rlculaticns are no,,v complete.

Several areas wirich !ïere previously mentioned will norv be

r:li enrrc<aÄu¿u94uvvuo

d-) Rating Curves

The rating clLrves used are calcu-lated. entirel y

from d-ata given in the engineering and economic reports "

The nalural conditions ratrng curve sho\','n in fig. 4"1 is

as given in the R.eport of the Royal- Co¡missi on22 an¿ ihe

lño--ì noar.-i rr.o T---^ ^!-: ---l--i ^-^*11 vcÞ uröcr.urur!Þ Board..23 the inproved-

condriiions raì;ing cuf, 'e is calculeted. ,r¡itl tire d.ata given

in the Report of tjre Royal Co:ünj-ssi on24. The tabl-e given

therein g'ives the assu;led opera-bion of the fl-oodwey artd.t

for each fl-o-rz in i;he entire sys i;en, the fl oiv in the rive:r'

alone is giverr" Tiris value is converted io stage and.

nl otterl a..qe.inst the fl-ow in the etl"rire systert. The cur"v'e
}/*vvvv\ÀgO9++¡

on flood Cost
Benefit,

CD"Renort cf ihe lo:ral Coi:uttission
nã ;i+ prate 2+"viJo våuct --

21tJP,eno¡'t on Iff¡esë-.,3sllons in-to iieasu-rss -lor ts5>

Reduction -Gr-eatèr rfinnipe-g;ilegr
ffiIiãFch L953, PTa-tè 24, Append.i:z rrOort

tt1t+Reoort oí tire P,oyal Co;¡¡'ission on F] oocl Cosi
D^-^€-i + ^='-!çrrçrre, vy" cit" r pp. '(2, -Lable IU"J
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nu.st then be corre.ctecl for baciovator acco::d.ing to d-ata
'2q

given in the Frel-i-ninsry Engi-neering P.e1lo::ts.-' i,iosi of

the v,¡orli requires only the rating curv'es (natu::a} and.

:*-*^--^¡\ -F^1- the 601000 cfs. floOchvay. These curves areJ¡lIrUM \tsl !vr ".i- vv t vvv vrv o ¡¿vvstr+df o

given in fig" 4,1" For StuCy 4 rating cu-rves ere required.

f or ihe 40 , OO0 cfs , and. B0 r 000 cfs " flooclvtays ' These

g;Te calculatecl in the same nanner as for the 601000 cfs.

fl oodøn.v rati.''t:r ôrry\rêq, ',.vi th d.ata ffOro the SaJne SOLI-]îCêS"-LJVVU?JOJ La vlir¿i v4r v vp 
:,- 

.

See figs " 4,2 ancì. {"1,

e) ¡¡_ag9-Ðæ399--Cu.fagg

The stage-dar:lage cllr"v'e renains -bhe sane for all

studies in aU cases" The Royal. Con¡rission in their

calelrlations divided ilinnipeg and. suï'roufrd-1ng area into

seVeral reacires, anC 
"vorlled. 

separaiely ivith each reach,

ad.ding the d.a:lages. The approach used here lvas to consid-er

the Greater 'ir,Iinnipeg el'ea aS one unit, For this reason

the cuï'ves given in the report of the Roya} Conmissi àn26

r¡¡ere ccnbiÍLed. lvi th ihe assum;otion of progressíve d.ike

' 25Rupo"t on Investigations- i-4-[o i,Íeasnres for the
Reduetlon ,
:_-.--;*L---_- .i----
Op. Cl-Ï " r YIe ue lJ ¡ ¿rotJUllL

26n̂eoort of the R.o:rat Cor-niission on ILood Cost
Befelit, o T. -
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fail-ure. The f inal- resul t i-s shovm on Fig" +.4 " Table

4 'L sh'ows the damages in each of th.e Greater \ïinnipeg

reaches assui'riTi3 progressive dike failure¿ / and the iotal-
values are -ursed. for the cu-rve "

t\ Costs

Eaci:- study is clesigned to denonstrate a particular
aspect of -bhe varlation of the benefit-cost ratio lvitir
streamflolv" since tl:e benefit-cost ratio is strongly
d.ependent on cosis it fo]l-olrs tirat the costs nust varjr
from siucly to str-rd.y. To facil-itate -LÌre use of the sa¡le
'lroci n a.\rr-nrr*a¡ -,r1'ìA ^.8õñ^ rar oonlr q-i:lldrr tj:e COSiS Wei,evap¿v vv!¡rJ4usr ri! v¡jJ- <i.rrrÞ !\Jr \t6L;:r Þ trLdLtJ ul-LU UUÐ iJ¡j i/g j

calculated outsicle the conpuier prograra and eniered as

input data clei:encling on the :¡articular siu-ciy, rn all-
stuclies costs values i'/ere based on cliscou:rt rates varying
fron I to \rt" Basi-cal'l y the procedure lvas to cal-culate

costs as annual charges and- tiren convert these annual

charges to nresent value " Al-l- basic assr.m.ptions and cost

flgu.res \,rere taiien fron tjre P.oyal- Co¡:.,-:rission Reoort in
orcler io na.}re conparisons possible, A d.esci'iotion of rjre

cost values for each study foll_ows"

Þ-!4¿-t
Study 1 shows thc variation of iire benefit-cost

27 ^.- ¡ rilhÕ Pann¡*trvlvv:9

cìr.r-ües. The val-ues
dnnt oaq r¡,h*+'ì norl "^-rs*¡-!9ovv

of ihe Royai Coii:mi-ssion shor,¡s three
used- \:/ere d-eternincd by aCiling' up
rr..r'i rr,c arlrì41¡â Ivv!¡ Yv Lê



30

ra'bio v/ith strea¡l.flolv for five d.j-fferent dj-scorrnt r"ates;

1, 21 42 6, and B%" Tl:is stud.y may be consj-clerecl the

arrchor stu.d-y to i'¡hicÌr al]- o'ther sbudj-es ila¡r ¡" referred

and. compared-. ft consid-ers the 501000 cfs" flood.way

recoñunended. by the F.oyal Corrnission on Fl-ood. Cost Benefit

and its purpose, besid.es sÌrowing the variation of the

benefit-cosi ratio lvii:r stree-:lflow, is to shor,v the effect
of warvin.s di-scorrnt rates on the final- resul-ts,

In this stud.y costs are calculated- as the present

worth of al-l charges associated with buil-cling and maintain-

ing the 601000 cfs" flood-r'¡ay in peroetu-ity" For al-l

i n*oir*s ¡nfl -ïr1ìrâh.\côc *Jro *,a-nl ¡ar":-re*rri t-. --.- 1^^ -^.-1aCed-JMtr,II lJÐ cl,J.rLt !t¿t lJvÐ\'Ð ulltt uçiIu !çi.L :Jç, u l,rJ. uJ lLc'J u\t I (t \JJ

by a peri-od- of 2Cr0 years. this rnay be ex;olrinecl by

considering benefits. If a fiood- occurs in the future and.

a floocll,¡ay is in place the present val-ue of da;earges

prevented or l¡enefits rzill- be l-ess than the actual value

at- ihe tirne of the occurrence of the fl-ood-. The longer

the perioci of tine betlveeli the present ':nd- the incurring

of a benefii, the snaller the preõen'c value " ( i " e.

present r'¿orth factors clecrease with i-ncreesing Ìength of
-+-.:ñ^\ r'¡u^* +1^^ J-n*--r nænSent wO:r.th Of all fIOOd.S in -bhe
U I!.1.\i / o rlJ-IVtI Ullqt U v uúJ .]-JI ç

future is fouird., it na¡r be observecl that benefits occurritrg

sfter n 2OO 'qèÐ-ri norin,;ì flO nOt Fcì r:- si,:*nifia--.*-lt¡ *n thec,! uJ Q Lvv JvGr yv¿ !vs uv ¡!v u øqu u!6rr4r!v@¿ u¿J uv

total-. Therefore ccnsidering floods over. a 2OC year period
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is ecluivalent to consi d-ering flood.s in perpetuity" It

should be noied that tiris fact is irue only at Lire 2, 4,

6, and B% ð,iscount raies" A d-iscor-rnt rate of l/" yields a

present value of benefits which is still significent.

Ihe id.eal siiuation would have been the generation of

flov¡s for cllfferent periods depending on d-isco'lrrtt rate,

and ihe tine needed. to rend-er ad.d-iiional beneflts

negligibl-e. This d-etail is beyo;rd the scope of tl:e

stud-y ancl the erro.r:s inl.."red- at the L/, itevel-, by

assu.rning 2OO years to represent per;cetuity, af'e insignifi-

cant "

the cosLs of build.ing and- operating a f1ooc1i,,ra;r

consist of interest, anori"lzatione ancl mairitenance. The

three conponents are cal culated on an annual basis and-

summed to yield the total annual cost. îhe present worih

of -bhe annual cost is iiren d-eternined. by neans of the

aptrropriate (clepencling on Cisconnt raie) present rvorth

factor for a series pa¡rnent

lhe F.oyal Colimission used a usefu-I life of structure

of 50 r¡ears and hence amortized tile cosi over a 50 year
/v

period " By consiclering benefits in perpeiuity or 200

r¡ê¡rs -i t i s nênêssârw to consid.er the structure i n olace for
Jgølu tr u ru ravvvvvLoÁJ

2OO years " Follor,ving the sai:re useful life of struciure

assumption of 50 years, -i;he annual cost of a recuyrent

capital expendiiure eoual to the capital cost of i?re lvorlcs



3?

every 50 years is cal-cula-Led for each assu-med rate. This
iq- in øîîan* n-anrri,li¡-¿Ð r -Lr¿ çrrr,'u rr g l/r- \JVru.rrrg noney to replace thg Ðro ject

everJr.50 years for a period of 2oo years, lhe anortiza-
tion val-ue based on the above ass.tmption together rivi tÌr ihe
other cortponents of cos1, and the nrese11f, .,vorth j_s sþown

on Table 4,2 "

Study 2

study 2 attempts tc shorv u'he effect on the benefit-
cost ratio of a changed interest :'aie in the future, it
is assu,:red that the project is star-bed and arrangeneir.ts

are made for pa¡rment at a ti¡¿e vhen the prev:Liling interest
'no*a i a n'f^ Ti:e furiher assllm'nt-ì nn l-or lrr-.,q -nr,.'n*iLavv JÐ */t" vu@+IJ u:vfl \-L/_* tv!qv "_Ca,lly

inprobable) is nad.e that the bonds issu-ed to ¡;ay for ihe
project are not renegotiaÌ;ed for the eniire zoo yea:.

period. therefore iìre agencir buil_d_ing the .oro ject nust
pay for it at the fixed rate of 4fr, The study shoiçs what

happens ;o tire beneflt-cos'r; ra'bj-o shoulcl iÌre d.iscount rate"
at rvhiCir the apencv nrrsJ, ,lisCOu:rt the þoirofi-i:< nh'rrgê in
the future,

. The cost cal-ci-'J-ations i'eq'ired. for stu_dy 2 aï'e

sinilar to those carried out in str-rdy 11n that the sane

basic steps are reqr-rirec.. The studies dlffer ïn tirat tire
costs in siudy 2 are anortized over a 50 year period. at a

constant iliscount rate of 4rt ratjrer tiran at the varying
discorrnt ra¡os" ihis essentialIr¡ Ì¡erns that -che annual
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costs for each of the ass].uûed- c.iscourrt rrates are-bhe salle"

o-l rro nf -f.hn n S then foundlhe present value of the annu-al costs i

d.epend.ing on c.iscourrt rate " Again 200 years is used- as

the period of consideration ancl the results are shown

in Table 4"3"

Stud,'f 3

Study3dealswitjr.tlreeffectonthebenefit-
cost ratio of consiclering benefits over a period- l-ess tnan

perpetr-rity, (eOO years), It nay be said that this strl-dy

attenpts to justify tire choosin8 of a 2oo year period

by showing that lesser periods reduce benefits ancl hence

ys¿¿ss:.the benefit eost ratj-o.

Three econonic ti:re irorizons lver3 chosen for this

stud.y; 50, l_oo, and. 200 years " The cost values aTe

calcul-ated. for eacii of the five d'i-sco'ulrr'b rates" The cost

calculatj-ons -for the economj-c tine hovízon of 100 years

are sinilar to those carried out in Stud-Jr 1' Study 1t

horveverr Êecessitaied. ihe buil ding of the project + times

to provide proteciion for 2OO years " This siudy cons.i d'ers

only 1OO yeurs, ancl irence asslrmingi a useful life of

project of 50 ye3rs, ancl a fike ar¿orti zetion period.u

-{-r^n ..t-n*o't --esent rvO:rth Of t}re COsis musi only prOvicie theulj-tt uv uÕ.L rvr çuv¡t

fu¡d-s for a recurrent capital expend-iture evei'y 50 years

for tl:e lOO year period." In a sinilar manner the total-

present tvorth of costs for ihe 50 year econonic tine
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Study 5

. 'Stud.y 5 deals v¿ith the effects on the overal-l-

economÍc results of use of a non-representa-bive historic

record- io calcu-1ate the statistical pararneters for flov¡

generation. this sensitivity analysis is useful in that

it presents tc C.ecision makers the consequences of

different interprete'uions of the basic flood. frectruency

cllr\¡e,

The cost values used. are 'uhe same in all- respects

aS ihose usecl in Study 1" This is done in order to malce

the necessarJr conperison of resuJ-ts of tiris stlrd.y and

those obtained, u-sing lvhat r,'/as consid.ered. to be the

tf correót" frecluency cu.rve' Table +"2 gives cosi values

for Study 1; -uhe salne values as used. in this stu-d.y.

thj-s chaptez' has presented the r,rethod.ology folÌovecl

æ^h^'Õr I rr onÄ. 1n eaCh Of the fiVe StUd.ieS, In SOme CaSeS6Vr¿rt r 4,-L-LJ c].jlu

the resi-il-ts o-btained wero expected, i';hile in otner cases

the results v/ere more reveali-ng" Ä presen'bation of bhe

resul-ts obtained. by folloi'ring ihe above meihods and

d.iscussi on of these resul-bs fol l-ov¡s '
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TABI,E 4"3

COST VALUES FOR STUDT 2

GEI\IERATTON LENGTH : 2OO YEARS

FI0ODidAY SIZE + ó01000 cFS.

Discount Present

l
L

h

6

tf

63rO97 |LOO

t1

It

fr

lt

2r523,90O

tl

n

ll

It

l+13 
'3OO

It

t¡

tf

1l

22t+r50O

¡t

It '

ll

fi

3,t6r,7oo

1t

¡l

tl

lt

3]6r17orooo

158r350rooo

79ro42,ooo

52r78L|OOO

39,588,OOO



TABIE 4,4

COST VALUES FOR STUDY 3

FIOOD',,TAY SIZE : óO,OOO CFS"

Annual Present
.l_Jl_scounE

Generaì;ion T,eng'bh : 50 Years

630,97L
l126rrghz
2r523,8Bl+
3,785,826
5,O|il ,7 6g

I
¿
l+

6
I

63,o97 ,ooo
n

fi
' Ît

978,800
7l+6,ooo
t+L3,3OO
2r7 r3OO
1o9r 9oo

9?BrB00
71+6,OOO

4r3,300
2L?,3OO
1o9r 9oo

9'lBrEoo
746ro0o
4r3,3OO
2L7,3OO
109,900

221+'5OO
t¡

It
n
t1

221+'5OO
n
t1

t¡

22/'+'5A0
11

¡l
ll
ll

1r 834,300
21232r5OO
3rt6]-r7OO
l+1227,650
5r3B2,2OO

1r8341300
21232,5OO
3rt6rr7oo
t+r227,650
5,3B2|2OA

71r8Çlr99g
7or153,ooo
67r 919rooo
66,636,ooo
/ F .\t 1 

^^^o), È14r, uuu

-i e tr1ô 
^^^II2, Or-r, vuu

g6,214r ooo
77 ,1il7,OOO
701255|OOO
/ã 

^t 
/ 

^^^o( e¿4otwv

Generation Lengi,h = 100 Years

630,llL
I126Ir9Lz
2'523 

'B8l+3,785,626
5 rol+7 ,7 68

1

h
6

63rO97,OOO
n
It
n
l¡

Generation Lengi;h : 200 Years

/^^ 
^ñ1otvrY (L

L126r,9L2
2e52328U+
3,785,826
5 ro1+7 ,7 68

1
¿

h
ó
B

63rog7,ooo
t¡

fi
il
u

]-r83hr3OO
21232,5OO
3rl.6rr7oo
l+t227 

'65051382r2OO

183r42Brooo
1111 623rooo

79 e}b2|AAO
Tor458rooo
67,278,oco



TABLE 4,5

COST VAI,UES FOR STUDY 4

GEIIERATIOII L,ENGTH : 200 YEARS

Discount An¡ual Present

Þte ___ cost . I3terest . tu4orbization M¿_i¡lenance .cost - }trqIÉh--

Floodvray Size : 401000 cfsa

t h5,Lg6rt+oo 4 58,gao ?târooo 166,900 r,337 ,8OO L33,781+,OOO

2 ¡r gl7,goo 5t+2r6ao !r l-1627,509 8113741000
l+ ir f ,g35rgoo 3001600 .r1 2r3o3rl+oo 57,585|OOO
6 t1 2,7 53 ,BOO 158, 100 't 3, O78r 8'00 51r 311.1 000

B rr 3r67Lr7OO 80r0O0 ,, 329l'81602 l+8r983r000

F]oodr¡ay Size : 601000 cfs"

1 63]097,:;00 6301900 9?8r8OO 22Itr5OO I,83t+r3OO AB3];+28,OOO

2 n 1 ,26LrgOO ?461000 rr 2r232e5AO 1111 6231000
t+ !r z'r jz3-rgoo t+I3 r3oo ,t 3r16tr?00 79 r0!2ro00
6 r¡ 3r?85r8OO 2L7,3OO tt t+r227,65} 70rÄ.581000
g tt jroL?rsoo 110rooo ' 5r38zrzoo 67 r278rooo

Floodr,ay Size : 801000 cfs"

1 78r57g1600 785,800 1r219r0OO 273r9OO 2r278r7.OO 227,868|AOO
2 ir 1,57r,600 929rO0O 2e771+r6OO f38r728,000
I+ 7, 3,I|+3,2OO 5llt '7OO 

!1 3 |93I'8OO 98'295 
'O0O6 n L,'r7lt+'rFlOO 2701650 " ,r259r3OO 87,652|0A0

8 11 6-r286-rb}O 13?,OOO tt 6 ,6T/ ,200 83,7]5 
'OAO
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APPENDTX B



DESCRTPTIOI{ OF PROGRAM FTOGEI']

lkris program generates a series of random variates using

. . a gÍven meene standard deviation, and serial correlation coef-

fieient, A l,farkov stoehastie process is used in the generation

process o

The program is usod, in this case, to generate a synthetic

series of fl-ood peaks following a log-normal distribution using

. an historie meane standard deviation and serial correlation

eoefficient" The flor¡s are stored on tape for use i4 program

PRSIITH"

Subroutines used: N0RM



ËT rl^ rq\Tr'!\øu4r

DESCRIPTION OF VARTABLES :

. R - SERIAL CøRRELATTON CøEFFICIENT FøR GmJERATED FLOWS

AMEAN - ESTIMATED PøPULATION MEAN

SD - EST]MATED PÓPULATION STANDARD DEVIATION

N NUMBER pr CUVEnRTED FLOWS IN A SERIES

NøS - NUMBER Ø¡' snnrns rØ BE cnvERATED

Y - GMIERATED VARIABLE øF YEAR N-]

IX - STARTING VARIABLE FøR SUBRøUIINE RAÌ\DU

STD _ NøRMAL STANDARD DEVIATIøN

.ANøRM - NøRMAL MEAN

I Y-E.AR - CØUNTER INDICATING YBAR F'LOI,{ OCCURS

ATøT - SUM øF THE FLOWS

. BTøT - SUM Ø¡ U¡ SQUARES Ø¡ HT FLOWS

X - GH\]ERATED NøRMAL DIMEIISIONLESS VARIATE

PEAK PEAK FLOW GENERATED ACCORD]NG Tø DESIRED DISTRIBI.IIøN

øRD - NUlißER Ø¡' srAulaRD DEVS GHVERATED VARTABLE rs FRøM
EST. MEAN

SQR - SøURCE Ø¡ HN FLø\^IS

AMIX _ MEAN Ø¡' CNV¡ruTED PEAK SER]ES

BMIX - MEAN ØF SQUARES øF GENERATED PEAK SERIES

STAND _ STANDARD DEV]AT]ON ØF GENERATED PEAK SERIES



FLOWCHART FOR FLOGEN

WRITE
AMEAN
AN TY

At/t = o.o
rt/t = o.o

CALL NøRM

¡=p*f+pRD*STD*

fJ-Rr"r-ANØRM(R-1.0)

PEAK(r)=s. s

EAK(K)=PxP(x)

I¡IRITE
vr.^Þ dÞn¡!rur tYlrr!

STD

¡I+SD**2 \\ ffiffi**2i

^ 
nT rÁÐ À,rrur y/Iu'r

=
r¿(n/ nrmnm\ cmn**.!yJ\r\¡uv$H\ /-rr! .

¿̂

}JRITE
ANøRM

STD

DY)
r - T -mri(c
.,-lrlrv/L

I YEAR = 196

I,JR]TE

J

D A



B î

ATøT=ATøT+PSAK(il)

sop-pn¡T{lKl**2

nT/t=nr@r+5qP

I YEAR=I YEAR+1

a^-ft

Y=X

AMIX=ATØT/N

BMIX=BTøTlN

STAND

idRITE

AMIX
STAI\D

{\' hIRITE
PEAK(K)

\-/

E



DESCRIPTTON OF SUBROUÎÏNE NORM

This subroutine is used in the main program FLQGÐ{. fts

purpose.Ís to generate normally distributed random standardized

nunbers wlúch are eonverted to 1og noriaally distributed. flood

peaks in the main program.

The subroutine takes uniforrnly distributed random numbers

generated by RANDU (a scientific subroutine package of lhe IBM

360-65 computer) and converts them to normally distributed

standardized random numbers.

Subroutines used: RANDU



SUBRøUTINE NøRM

DESCR]PTION OF VARTABLES :

IX - START]NG øDD INTEGER FøR FANDU

rY - ]NTEEMEDIATE øTiTPUT FROM RANDU

YFL - øUTPUT FRøM RANDU - I-INIFORMALLY D]STRIBIIIED RANDÓM

VARIATE

P - USED IN PRD CALCULATIPN

T - USED TN ORD CALCULATIÖN

ORD - NøRMALLY DISTRIBIJIED STANDARDIZED RANDOM VARIATE



FLØI,I CHART FOR SUBRøTIIINE NøRM

pru=t- 2.5I55LT+0 . B02B53T+0 . OlO32B*T,k * 2
t+t.+3¿[Õ0't'+u.-L *fF* *2+rl nñ'l ?nR*.n* r'.-)L C' v. VVIJVV t J

YFL-O .5

rfpn- donv rv- -yJ!\D

\.¡TìT A trLL ÊW. )

r -r. v-ra !

r.øcl I I'-y"\p**2/



DESCRIPTIO}I OF PROGR.AM PRSI'IT1I

This program reads generated flood peak series from tape,

, and using siage-damage curves, rating curvesu and project costs,

deternines a benefit-cost ratio for each fl-ow series entered,

The program ord.ers the beneiii-cost ratios from highest to

lowest and outpuüs a table of benefit-cost ratios and corres*

ponding !treibu11 pLotting positions for plotùing frequêñcy cürvêso

' Punched cards bearing this infornatj-on are produced also and

used as input data for program PLOT"

Subroutines used¡ PRWTT{

FREQ



PRSWIH

DESCRIPTION OF VARIABLES :

TIT ç\ ¡

:""' - | cØøntrNATES oF RATTNG cLTRVE FOR NATURAL coNDrrroNsa -l

FLøW - THE GM{ERATÐ FLOI,IS

1r

*^-. I CøøFÐINATES OF STAGE DA-I4AGE CURVElJ.¿ì.rvl - |

DAMAGE - DAMAGES PREVENTED BY FLOOD CøNTRøL I^IORKS

PI^/DAM - PRESENT I,,IORTH OF ABOVE DAMAGES

?]SC - CøøRDINATES OF R.ITING CURVE FøR I}IPROVED CøNDITIøNSHT

ELIMP - STAGE I]NDER IVPROVED CONDITION

ELNAT - STAGE IINDER NATURAL CONDITIONS

DAMIMP - DAMAGES TJ}TDER ]MPROVED CONDITIONS

DAMNAT - DAMAGES UNDER NATURAL COND]TIONS

BINT - DISCOLiNT RATES USED

'DøTAL - TøTAL FRESENT WORTH 0F DAMAGES pREVENTnn (em'rnFrrs)

cØsr _ CøSTS CALCULATED ACCORDING TO ABO\TE D]ScOT]NT RATES

BNCST - BH\IEFIT-COST RATIOS

SUM - SUIVI OF B-C RATIOS

BSUM - SUM 0F SQUARES 0F B-C RATTOS (¡AnXp)

AMEAN - MEAN OF B-C RATIOS

BMEAN - MEAN OF'SQUARES OF B-C RATIOS

AEp - SQUARES 0F B-C RATTOS

SD - STANDARD DEVIATTON OF B_C RAT]OS

ADD - TØTAL DA]4AGES PREVENTED

DARRAY - ORDERED B_C RATIOS

FREQUE _ RECURRENCE INTERVAL

PERC - FREQUENCY OF EXCEEDENCE

NØ _ NUMBER OF SERIES GENERATED

NU - NUMBER OF VARIABLES PER SE'RIES



FLøW CHART FøR PRSWIH

READ

EI,EV,Q,HT
DISC ,H,
INT,CØST

WRITE

ELEV,Q,HT
Drsc,H
TÌ\TT N'{C|F!¡r¡ tv}/Uf

SUM(L)=s.6
BSUM(L)=0.0

ADD(JJ)=O.O

q
TøTAL(L)=O.O

\Ti" /
\ HEArrNt/

I YEAR=I-968

/^r-\
FLOW(K)

\./

I Dø\
(=r rN\

#l:N r::rl, nrlt,

Gø TØ

DØ

-f, tr

Eú D C S R



-

cl D

ftd\ T(Á
/// r
LøW(K

F

<n / irr

CøNTTNUE

/'\ï,2 Gø TØ

MN=N-I

FACTOR

FLOw(K)-A(l,il'T)-dCflrqmf

ETNAT(K)
=

FACr@p* (rlrv(n)-¡Lsv
(¡,ru))+nlrv(MN)

GØ TØ

Ei,liAT(f)=¡i,lV(tq)

F E

Í¡rØw(rc)Ín6

iow( r )s¡rsc (,r

rdr.r/r¿\-nrc¡1r!\p rr \ fl / -rruv \ u

F'LÓw(K)-DISC
Drsc(J )-Drsc

EL]MP ( K )

FRACT* ( Hr (,r ) -Hr (Ur ) )
+rr (tø,i )



H T

îÁ mÁsYJ ! y)

tr,TMP I lr ) =sn l.r )

DØ

EU

-l ,l-

,IF \
'lAr (K):H

Gø Tø

CøNTINtIE

#;ix cr(Á Td

RATIø

ErJvAr (r )-H (ur )

H( r )-H(Mr )

DAMNAT

nnrl@* (¡au(r )-¡c.l
(¡¿r ) )+¡¡¡¿(ur )

I U

(r)Íu6>òo

LIlæ(6)5s(1

CØNTTNUE

LIIæ (rc)=H( r

nr rrm/r¡\ rrl'.- \r1lr_rvrr\Â/-+\IVtl /
r¡ l' r \ r¡ I'r¡r \¿r\r/-fr\r.¡rl



DA-l4r,.rP (K)

APART"(¡¡¡r(r)-r¡r¡
(ur))+l¿¡¿(ur)

DRPTPF=DAM(I )

n¿uac¡(rc)

DAlun{Ar(r<)-o¡l¿rw(r)

r¡¡¿ac¡(rc)

l¡¡,N.qr (K)

n¡mc¡ (r)

$2to,ooo

rØral(l)

TøTAI(r,)+ewDAM(L )

cØurrnu¡

ADD (JJ )

¿¡l (,r,r )+l¡¡,ßce(K)

i.IR]TE
1--l--\

L -[Al{ , t' LyJW \ K /
nnrrnnn/r¡\
lj*uvl¡lLr¡ \ r! /
nr.mnrr/r c\r NDHvr\L )) )

I YEAR=I YEAR+.]

CØNTTNUE

WRITE
nnnlt rr\].UD\UU )

&



L

D
ï-

D

}IR]TE

mn(mnr /r \
,¿ylað!\!/

CøNTINUE

I,,TRITE

HEADING

uy
!-J

Ê

ÞìT¡em/ rr r \lrrvuf \uu ,!/

=
mrfmnr /r \
f yJf n!\ ! /-¡õsr1 L )

I.^rnITE /
onr^o.f rt ,'/
lrr""r,"u 

,"/

suM( r)

slji.{( L ) +BNCST ( JJ, L )

AEXP(L)

BITCST(JJ,L)N*2

B M

T{ ö

BSUM (L)

BSUM(r,)*¡¡p (r,)

CøNTINUE

I^JRTTE

HEAD]NGS

KtIØ=NØ

/nn \
L-L )),

A¡.ßAN(r)

surrt(t) ¡-_-^/.X]\U

BI,IEAN(t)

BSUM( r,) ¡. .rnüØ

SD(t)

iciØ
XL\TØ-l-

(¡t¿e¡.t-,qr.,EAru2 )

N Y



CØNT]NUE

WRITE
HEA.DING

WRITE
T AT\/T \L)Ðv\Dl

cØivrrirlun

WRITE
r nm¡cm/ rr \u tlrrvur \uu / ,
DARRAY(JJ )

UE(JJ)

IilRITE
DARRAY (JJ )

PERC ( JJ )



DESCRÏPTION OF SUBROUTINE PRWTH

This subroutine takes input data of flood"damages (with

and r¡ithout flood protection) and time of oceurrence of the

partieular damage in the flow soquenceo For any number of

different diseount rates, the present worth of this damage is

cal.culated and returned to program PRSI,JTH.

Subroutines used: None 
"



SUBRøUTTNE PRWTH

DESCRIPTION OF VARIABLES:

BINT - DISCOUNT RATES

K - COUNTER _ REFERS TO YEAR IN THE SEQUENCE

PWDAM - PRESENT WORTH OT' DAMAGES PREVENTED

DAMAGE - DAMAGES PREVENTED

L - COUNTER _ REFERS TO DISCOUNT RATES

PWF - PRESENT WORTH FACTOR



FLÓW CHART FÓR SUBRóLIIINE PRI.ruH

/ surn@urrrvn \/ pnwrH \

fiTi;hiYï'/

DIME'IVSrpN

PWDAM,BINT
DAMAGE

PWF

I o/( 'l -o+RTNT)*;.i(!.v/ \4.v.9r¡r¿l

pmau(i,)

nll¡ncs(K)*
PWF

RETURN

H\TD



DESCRIPTION OF SUBROUTT}IE FREQ

This program accepts an array of variabf""lin this case e

benefit-cost ratios) as input data" The program orders the

¡¡ariables from highest to lor,rest and ealculates the corresponding

Weibull plotfing positions" Results are returned to main progran

PRSI./TH.

Subroutines used: ORDERED



SUBRøUTTNE 
FREQ

DESCRTPTIOIV 
OF VATTABLES:

N

BC

RN.ì-

I

FÞ Þnr rn¿ ¡t¡k{U.e¡

PFP¡

DARRAY

M

STI¡4

COUNTER - TøTAL NØ. O¡ VAR]ABLES

- VARIABLES TO BE øRDERED (om¡ ¡r¡l¡NStONAL)
- VA.RTABLES TO BE øRDERED (TWO DTMENSTONAL)
- COUVTER _ REFMS TO DTSCOUNT RATES
- RECURRENCE TNTEIVAL

- FREQUENCY OF EXCEEDENCE

- 
.THE 

Ønlr¡s¡ VARTABLEs

- ¡/ì^l nrmñ^vvurlr-r¡fi _ RELATIVE pOSfTfON 
OF VARfABLE

- SU}{ OF VARTABLES

I
I
I

E,

i

i
F

, .Þ
È:

'í
A

?
J:'

,..:,1
':1,:l: :



FLøw CHART FøR STIBRøUIINE FREQ

srr¡nØurn¡e \
FREQ

,BCf ,MJ L,FREQU
PERC,DARRAY I

DIMENSIØN
BC,FREQUE,

PERC,DARRAY,
BC]-

,i{
Dt

BC(K) ¡¡r t'l¡ rrva\tt¡r!

)0[=N

/ naf\

)04=M

FREQUE

)C[+I. 0
t04

ì1 A

.-,/



DFSCRIPTION OF SUBROUTINE ORDEA.ED

This subroutine takes, as input data, variables (benefit-

cost ratios) ealculated from main progran PRSI'ÍTH and passed

through subroutine FREQ, The subroutine places the variables

in order fron highest to loi.rest and returns them to subroutine

rREQ.

Subroutines,useds None.



SUBRøLIINE øRDERED

DESCRIPTION øF VARIABLES:

A - THE VARTABLES To BE @nluntl

N - NU}IBER OF VARIABLES

TE}P - TB4PØRARY VARIABLE

K - . CøUNTER

M - cØumran



I'r,ów cT{^RT TrlR sTrRRdfTrnrNtr rlRnERrlDI!pfY vrlÃrr r yr\ veDL|Yvt ¿ar! yawlrt!

øRDERED
(a,iv)

a(,r )-g(,r+r

r¡læ=A(J)

A(.r )=¡(¡-*1¡

a(,r+t)=TEI4P



DESCRTPÎION OF PROGRJ.M REGAN

This program ealcul-ates" straight ì-ine regression betrueen

two arrays of input variables" Output consists of the slope and

intercept of the best fit line through a plot of the independent.

versus dependent variables, the correlation coefficient, standard

error of estimate, and residual-s

fn the thesis, this prograrn is used to determin'e the serial

correlation coefr'ieient betr+een annual peak f]-or.rs by setting the

independent variabì-e equal to fLow in year N and the dependent

variable equal to flow in year H+f,

Subroutines used: &INE



REGAN

DESCRIPTION OF VARIABLES :

N - LE}]GTH OF INPUT ARRAY OF DEPEIIDENT VARIABLE

XI - DEPENDENT VA-RIABLE X IO,OOO

X2 INDEPENDENT VARIABLE X IO,OOO

Ql ]NPUT DEPENDENT VARIABLE

q2 - INPIfl ]NDEPENDENT VARIABLE

X]-NAME - NAME OF DEPENDENT VAR]ABLE

X2NAME - NAME OF INDEPENIC}TT VARIABLE

A - OUTpr-n INTERCEPT (Op ensr FIT LrNE)

B _ SLOPE

R '-¿ . - CøRRELATTøN CøEFFICIENT

RBAR - CøRRECTED CøRRELATIøN CøEFFICIENT

S - STANDARD ERROR OF ESTIMATE

SBAR - CøRRECTED STANDARD ERROR OF EST]MATE

EXI - ESTIMATED XI

RES - RESTDUALS



FLØW CHART FøR REGAN

D]ME$ISIØN
{l-,x2,EXl,RES
Ql,Q2,LøC,

il-NA]VE,X2NAÌVß

(1

7n
\
\0

RnaD /INI
I

1>
, ÞT1 ATì

bu...'äi"uo*/
\ xlNAlvE /
\ X2NAlvE/

READ

VAR]ABLES

\ Qr,Qz ,

oØ
r )i\

xr(r)=qr(r)*roooo

xz(t\=ap (r)*r oooo5-\f/

/ CALL \
/ lrtln \
J{,Xl_,X2 rA,B,R 7
\ppnp c qpnp /
\\!örr >u lu"^r/

A B

WR]TE
VARIABLE

DESCR.

PR

EXl(I)=s(xz(r)*n

RES(I)

xr(r )-¡xr( r )

I^/RITE
iIEAÐINGS

ï¡fRITE
valr\ vr /rl

t¡rL\¿/)rrL\!/

EXl(r )

.Fflrù \ l- /



DESCRÏPÎION OF ST]BROUIINE LINE

fhis subroutine calculates for input srrays of independent

and dependent veriables the slope and intercept of best. fit line,

correl-ation coeffieientu adjusted correlation eoefficient,

standard error of estirnateu and adjusõed standard error of estimate.

The caleulaLions are relayed back to program REGAN for output

purposes o

Subroutines useds None.



SIIBRøUTINE LINE.

DESCRIPTION OF VARIABLES :

N - LENGTH OF INPUT ARRAY OF DEPENDENT VARIABLE

Xf - DEPENDENT VAR]ABLE

X2 TNDEPENDUVT VAR]ABLE

A ]NTERCEPT

B - SLOPE

R - CøRRELATION CØEFFICIENT

RBAR - CøRRECTED CøRRELATIøN CøEFFICIENT

S - STANDARD ERRøR øF ESTIMATE

SBAR CøRRECTED STANDARD ERRøR øF ESTIMATE

X1SUM _ SUM øF DEPENDENT VARIABLES

X2SUM - SUM ØF DEPENDEIIT VARIABLES

X]}1 - MEAN ØF DEPENDENT VARIABLES

X2M - MEAN øF INDEPENDENT VARIABLES



FLOI\I CHART FOR SUBRØU'IINE LTNE

suBRøU'rrNE
LINE

N ,Xl ,X2 ,A,B,R
l\!ru\ tu tu!rut

xrsUM=Xl(I )

XI2SUM=O. 0

X22SUM=0. 0

ø'
. ,i{

T

X]-2SUM

xresrnrl+n-(r )2

X22SUM

xzzsu¡¿+x2 (I )2

EXXI2

Xf Stnt2
Ã |/stlvt_#

m{

Etr.z2

xesinr2v^ôôTfrf

EXI-X2=O. 0

B

xesu¿=X2 (I )

X2SUM

X2SUM+X2 (I)



c

sBAR=-r Erdr 2-B. Es'xrx2ìl )c{_r. o

RETURN

END

| ---- 
^

l/ r. o- (t. o-n')*ru-r. ov nl-2. o

ESX1X2

=
EX]-X2-X]-SUM*

xzsul,l/lc,l

A= XI-M-BX2M

EXX]-2*EXX2

t. o-nsAl2*EXXr2



ÐESCRIPTION OF PROGRA}Í PLOT

this program is written for an IBM 1620 computer with a

CALCOMP plotter" The progrâm'accepts an array of input va¡iables

(benefit-cost ratios, in this case) versus corresponding Heibull

plotting positions on punched cardso

The program is set up to drar+ a ür.ro cycle 1og versus

probability grid, plot the benefit-cosÈ ratios, and drar.¡ a best

fit straight line through the center tuo-thirds of the plofted

points" The program also letters the axes and completes the

title box" Size of gra.ph is scaled using input variables"

Subroutines usedg None,



pr,0lî

DESCRIPTION OF VARTABLES:

EXIH - HIGHEST VERTICAL VALUE

E'{TL - LOWEST VERTICAL VALUE

ALøNG _ HEIGHT OF GRAPH IN INCHES

BC - VARIABLES (rNpUr) OnlrNRrns

PøS - VAR]ABIES (INPUI) aescrssn

MM _ NUMBER OF POINTS TO BE PLOTTÐ

HSCALE - HoRrz. scALE rN TNCHES pER STANDARD DEV. (rupw)

vscALE - vERT. scALE rN TNCHES pER LOG vALUE (car,cumrm)

VABOVE - CALC. PLOTTTNG pos. FOR sØnrz. GRID

L - STUDY NU}ißER

R _ DISCøUNT RATE

S - FLøøD\^IAY SIZE

AN - GNÏERATIOIY LENGTH

A - y - cøøRDrNATss FØn ILøTTTNG HORrz. GRID

p - x - CøøRDTNATES p'Øn rr,@rrrnc VERT. GRID



GENERAL FLøT/I CHART FÓR PLøT

DIMENSIdN
Q,P,X,Y,BC,PøS

CALCULATE
SCALE

FACTØRS

NOTE

GRAPH

EXTREI\,ÍETIES

READ
ERT. & HøRIZ.

GRID
r,rf alÞncwY-Yttue.

TEST FOR

END OF

.J Uö

PLøT
HøRIZøNTAL

GRID

PLØT

VERTTCAL
GR]D

CALCULATE
VERTICAL

PLøTTING PøS

CALCULATE
HøRIZøNTAL

CHECK ]F
S ARE I/üIT



B

pr,d.f'

PØINTS

CALCULATE
ñaf alDnT.NT^rFr.evy-)?r\vr11ñr !w

OT' BEST FIT LINE

PI,(.IT REST

FIT LINE

LIFT PEII
& MøvE T0

NEXI GRAPH

RETURN

E}ID


