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ABSTRACT

The motivation for ﬁhiétthesis is the'imprcvement of
rainwater collection as a domestic water soufce. Hydroiogic’,
aspects and “optimal sizing of the tank are its .main foci,-
but an examination of the effects of major statistical
parameters . of rainfall on storage tank size is the main
result. - ] | )

Five methods previously used -for the storage calculation
aré compargd: From these, a family of models that simulate
the actual operation of the- reservoir was identified. These
are models involving a simulation of the operation or behav-
iour of the reservoir. '

A general computer model. incorpérating numerous calcula-
tion options was' written., A nevw starting volume calculation
was developed and shown to be superior to previous calcula-
tions. | ) |

A comparison~6f the storages calculat?d on a-daily basis
and a monthly basis was made and a method of approximating
the daily values usiné monthly data was determined. | _

The monthly storage. calcuiation‘ was thoroughly ‘tésted
using simplified data which indicated some of the'cﬁaracyer-

istics of rainfall and their effects on storage.

-
o
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A monthly rainfall time series model was .aeveloped;
Parameters of the Qata model were vasiﬁd and stérages calcu-
lated using the principles of synthetic hydrology. -

A majdr feature of the model is  the nonPGimensional

nature of the calculations carrigd out.
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Chaptef I

INTRODUCTION AND NEED FOR THE THESIS
- ' \ 4
P ,
1.1 RAINWATER COLLECTORS AS A SOURCE OF WATER

The brovisibn of safe water for hﬁ;an use and consumpfion
is a major accomplishment of mode;n society. The methods
used are all similar in that the'natu;al hydrologic process
.is interrupted at some point, water is removed from it and
is channelled through artif;Lial devices to be cleanegd,

‘disinfected, used, and disposed of. To minimize costs and

“the danger ' of disease, great care is taken to obtain a

source that provides the purest water available in suffi-

cient guantities.

>

While surface and sub-surface waters are the most common

source, under certain circumstances, the interruption of the’

hydrologic cycle by the collection, storage and use of rain-

. water is a viable, safe and economically sound option. A

flow rchart sheowing the relatipnship'between“ conventional
sources of water and rainwater collection is given iﬁ Figure
1. | |

The conditions that make a rainwater collection system
viable may include: .

i. no safe centralized water system is available.
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3
2. surface water supplies are wunavailable, ére of poor
quality, or are available at ‘a considerable distance.

3. wellwater is cbntaﬁinatea,_chemically hard, difficult
to obtain or unreliable. | .

Since - the quantities . of Qa;gr évaflqble from é . roof
catchment system are small relative to modern dgma;d levels,
it may be necessafy to complement the rainwater with water
from other sources. Rainwater can be used for some purposes
(eg. drinking and/or washing depending on the actual case)
. and the alternate saﬁrce can satisfy other demands (egq.
bflushing). Alternatively, a mixed system combining the very
pure rainfall with other water would give water with
improved characteristics for all pﬁrposes. l ’ .

Specific-areas where' rainwater does or may serve as a
water source include: .

1. Bermuda, Gibraltar and other islands where ground-
water is contaminated‘by salt intrusion and/or runoff
in.streams is minimal [70], [67]. )

2. Australia with high evaporation rates, increasingly
poof quality of river water, ané.large distances
between individual consumers [26].

3. Nova Scofia where low water volume and ﬁigh concen-
tration of arsenic, iron and uranium in wells make
well use expensive or impossible [75].

4. Pennsylvania and Ohio where strip mining works have

lowered water tables and contaminated groundwater.

-,
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5. Eastern Ontario where coﬁtamjnants (hardness, iron
and sulphpr) make wellwater in rural areas unsuitable
for functions éﬁch as washing.

6. Southern Saskatchewan where wellwater is brackish and
§ur£acei§é£§5 is'éontamiﬁatgd'ﬁy algal.growth in the
summer . | ’

7. suitable areas in less developed countries where poor
sanitation causes surface supplies to be contaminated
or where flooding and high water tébles mgke safe

sanitation impossible. 4

1.2 OQUTLINE OF A RAINWATER COLLECTION SYSTEM

A typical system gathe;s rainwéter, stéfes.élllor part of
it until it is reguired and delivgrs it to the consumer.
Additional features may be present to improve water guality.
A_schematic of the water flow in:a.system is in Figure 2 and
an example household system is shown in ?igure 3.

1.2.1 Collection
For most:houéehold users, the roof of a dwelling is used

s

these are subject to greater contamination from animals,

etc. ' ' .o

, .

Water falling on the roof runs to the eaves and is

carried away by gutters or a specially constructed feature

in the roof. A -downpipe conveys the water to the storage

tank.
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l1.2.2 Storaqge .

A covered impervious tank of sufficient size is an inte-
gral part of the system. It stores water- during wet periods .
and releases if during low rainfall periods. It need not
store all of the rain c?llected, only enough to make up the
deficit between demand and inflow duning low rain periods.

1.2.3 Delivery

Conventional pump or gravity systems can be used to
deliver the water to the househcld as required. The guanti-
ties of water available are modest and a well-sealed and

well-maintained system is advisable.

1.2.4 Water Quality Improvements

Water quality in a rainwater tank is usually good as
storagé - itself allows dust and@ dirt . to settle out and
bacteria,: if %resent, will die offy in several days.
However, water guality can be improved as well as tank~
cleaning delayed through -the use of filters and é roof-flush

~

device. The norﬂal input filter is cocarse to remove leaves,

'branqhes, etc. that are washed.off the roof, but much finer

filters can also be used. - A subreservoir can be installed
in the inlet line to collect the first water coming from the
roof.. This water, which has the greatest poliutant load due’
to the " impurities picked up by the rain while falling and

while running over the roof, 1is-  discarded when the rain is
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over. Various types of devices are available. Filtering

and disinfection of the water before use can also be prac-

tised and méy be required by law.

1.3 DESIGN OF A RAINWATER COLLECTION SYSTEM

The data and calculations required for the design of a
rainwater collection system include: '

1. the‘collection area

2. the demand pattern

3. the rainfall pattern

4. the necessary storage volume.

The_majo; area of uncertainty 1is in the rainfall regime,
which must be analyzed in order to determine both. the
minimum collection area and the size of the tank.

The ﬁéjor constraint in the design process 1is cost,
Individual water systems are relativeiy small structures
compared to centralized urban systems and hence, it is not
feésible to apply complek optimization modelé to determine
the requiréd comb&gation of area and vylume to meet the
demaqd in a particu”ar case. However, a tank that is either

too small or too.large represents a ioss to the owner of

service and ‘money. = -

-

To properly design a tank requires a knowledge of the
rainfall of the area where the collector is built. For even
a simple analysis, considerable amounts of data must be

obtained (a formidable and time-consuming task in itself)
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and processed, usually in a computer or else by a hand
calculator.

For most prospective collector owners,-thi% is impossible
6r impractical since the cost of analysis may exceed the
cost of the sj;tem or else a computer analysis may nhot even
be'available.‘ |

To overcome this, numerous attempts have been made to
draw grapﬁs that relate area, demand, rainfall and reli-
ability ([26], [55], [31]1) but they are confined to specific
areas.

What is needed is a design curve that relates collection
afea, tank velume, rainfall characteristics and consumption
rates. To keep costs down, the design curve should be
easily obtainable from the évailable‘rainfall data.

The purpose of thié thesis is té develop a simple method
to construct a design curve.

TheA ;pplication of the hydrologic curves discussed in
this_ﬁhe;is to an actual situation is discussed in Appendix

A. '

1.4 STATEMENT OF PROBLEM TO BE SOLVED

1. A flexible storageicalculétion model will be developed
for use on computers to simulate the operation of a rain-
water collector.

2. An attempt will be made to simulate rainfall and to

relate rainfall characteristics to the storage reguired.
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1.5 QUTLINE OF THESIS

in Chapter 2, & literature review is presented that
covers the main topics of reservoir sizing methods,.particu-
larly those applied to rainwvater ﬁanké, the effect of input
data parameters on calculated storage, and the choice of a
model for monthly fainfall series generafion.

In Chapter 3, the historic data - to be used are examined
in detail to show the minimum data requirea_for a reasonable
estimate of parameters and to examine the trend of the
parameters over time. . A preliminary comparison of five
storage calculation methods is done and one of them ‘is
chosen.

Chapter 4l traces the - development of the storage model.
giving thé most flexibility .in calculation and potentially,
the largest storage values. This model involves‘a behaviour
analysis. A detailed study of the effect of starting volume
and the'development of é new startiné- volume algorithm are
dene.

In Chapter 5, the model is thoroughly tested. - A model-
defining parameter and reliability parametér are tested on
daily and monthly data and the monthly case is calibrated to
the daily. Simplified data series are introduced into the
calculation and the resultant storagé patterns are noted.

In Chapter's, a generation model for the data series is
presented and f ound adequate. A comparison of the ability
of four distributions used with the model to reproduce the

data parameters and the storage required is done.
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In Chapter 7, fhe rainfall géneration model and the

storage model are combined and the effects of various input

paraméters on the storage at two levels of demand are exam-
ined. ' -

Chapter 8 contains a summary of the work done, a list of

conclusions from it and notes on further work that might be

undertaken in the same field.

1.6 ~ RESTRAINTS
While building a computer model for the operation of a

storage reservoir and building a - statistical model to
generate rainfall data to feed into it, it 1is well to
remember that the computer simulation is only a two dimen-
sional approximation to a multi-dimensional natural phenom-
enon.

No stochastic model can 'fill in' the missing data

in a historical series, no stochastic mo@el can

guarantee that the optimum storage capacity it

yields is the true optimum which one would arrive -

at if using the flow sequence that will actually

materialize in the future. (p. 14 of [36])
A model orly approximates nature. The solutions and answers
obtained are only correct to the extent that the models
reflect in some way the underlyjng physical reality.

However, modelling, while inherently imperfect, 1is an

attempt to avoid possible mistakes 1in the future and to
produce &8 best possibler answer to a practical problem by
extracting as much information as pessible. Perfect knowl-

edge is desirable but is in fact a metaphysical concept and
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there is no shame in misjudging the future if all reasonable

provision was made for it. No method is, in fact, infal-

" lible.

Finally, it is recognized by the author that the final

decision about how large a tank should be built depends in

large measure on the costs.of construction. 'The ability of
the owner to pay for the system will determine the level of
service (reliability and demand levels). o

The consideration of these costs is outside the scope of
the present work. However, - the ‘hydrologic aspects of the
system, as egpressed in the demand/storage/reliability
curves 1in this thesig_ are' an important component of a
complete analysis. The combination of physically possible
systems and financially possible ones will result in a
dependable and affordable water supply from ';ainwater
collection. Grover [19] discusses the choice of a system
based on physical and economic parameters while Hegge; [23]

has a more sophiglicated economic model,
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1.7 . LIST OF TERMS AND SYMBOLS USED

.1.7.1 Terms !

,Aptocorrelétion Function (ACF) - See '‘Correlogramme’,

Behavioﬁt Analysis - A computerized storage célculation
method in which the inflow/outflow operation of a
reservoir 1is simﬁlated. There are many types,
ranging from a conservative type (Yield After
Spillage or YAS) where yield is calculated at the
first of the period, inflow is added and spillage

occurs before the yield is ~subtracted, to the

liberal type (Yield Before Spillage or YBS) where

yield is calculated and delivered after inflow is
added but before spillage occurs.
. Cértainty - Probability in an EVI Distribution of storage
| values.
Coefficient of Skew (CS, Y } - A non-dimensional measure of
skewness iq_data. See Appendix C.
Coefficient of Variation (CV) - A non-dimensional measure of
' variance in data. See Appendix C.
Conseryative - Refers.to storage calculations that produce
- large values of storage for a-given demand. See
'Behaviour Analysis’.
Correlaﬁion - A measure of the tendency of high (low) values
to occur at the same posﬁtiong'ih two data series.

In this thesis, the twe series are obtained from

the same data series but' the values are offset by

/

C

PPV,
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a given':number of lags. See Appendix C. See
'‘Lag’. ’
Serial Correlation (Dk) - An estimate of correla-

tion at k lags using the complete data series.
Seasonal Serial Correlaéion p(j) - An estimate at
1 lag of the correlation of data of season j with
the data of ﬁhe previous season.

Correlograﬁme - A plot of serial correlation vs. lag. Also

called Autocorrelation Function.

Cycli&ity - the change of data on a seasonal basis. Monthly

Cyclicity refer to cycles of average monthly rain-
fall. Annual Cyclicity refers to changes in
annual amounts from year to year. |

Demand - The amount of water that a user reguests frdm a
reservoir in a year. It may be expressed as a
volume (ﬁ); a depth of rain (D'}, or as a non-di-
mensional fraction of mean annual inflow (D",
Draft Ratio, Demand Fraction)

Demand Fraction (D") - see 'Demand’.

braft Ratio (D") - 'See 'Demand'.

Economic Life - The lifetime of a structure over which the
charaéteristics of the synthetic data are being
studied. The length of the syntﬁetid traceé
equals the structure's economic life.

Equilibrium - The state of a reservoir in which the opera-

tion' is wuninfluenced by the initial starting’

Ve

conditions.

P ASYEE R o
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Lag - The number of seasons that separate values for which a.

correlégramme is calculated. _

- Liberal - Refers to storage calculations that produce small
values of storage”for a diven.ﬁemand.

Markov Process - A series of data 'in which each vaiue is in
part determined as a ‘fractional multiple  of the
immediately previous value.

Mass Curve - A graphical procedure used to determine . the
storage required for 100% reliability of supply.
Due to Rippl [61].

Mean Annual Inflow (AR) - The average amount of rainwater
collected each year. Calculated as collection
area (A) times mean annual rain (R).

Partial Autocorrelation at lag k - the autocorrelation that

-is unnexplained by a model with k-llautoregressive

terms. Its use comes from the resultant fact that

if partial autocorrélation at lag k 1is =zero

(within séme confidence level), the -model of the

data will have k-1 autoregressive terms.

Partial Au correl;tion'Funétion (PACF) - a plot of partial

- autocorrelation against lag.

Precipitation - Total of rain and the wate yequivalent of .

SNOW.
Rain - Liquid Precipitation.
Rationing ~ Lessening of demand when the level in a reser-

voir is low.

[
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Reliability - A measure of how much of the total demand is

supplied by the system over the peribd of the data
series being considered. ~ May be time-based
(number of time .pefiods that demand is fully met
as a fraction of the total number of periods) or
vqlume - based (total volume supplied as a frac-
tion of total volume demanded).
Return Period - The average elapsed time between occurrences
of an event with a certain magnitude_’&? greater
(p.3 of [22]).
Risk - The probability that a value will be met or exceeded
at least once in a given numbé; of trials.
Runoff Coefficient - ﬂ:ﬁﬁmbegrin the range [0,1] expressing
the fraction of ;alling rain 'thﬁt is actually
conveyed téjﬁh;'fes;f;oir by the collection appa-

-

ratus. ' - C -
-— . Y

Season - The number " of data periods into which a year is.

partitioned. One season means annual ‘data,' 12
- 5easons means monthly, 52 seasons means weekly and
366 seasons means daily, etc.
Seasonal Serial Correlation - See 'Correlétion'.

Serial Correlation - See 'Correlation’.

Skew - A measure of the symmetry of the distribution of a

data series. It may also be used to mean Coeffi-
cient of Skew. See Appéndix C.

Snow - Solid Precipitation.

e
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17

The amount of inflow that 1is surplus to the
cabacity of a feservoir.

‘The addition -of water to a reservoif from . a

source other than rain falling on the collection
area.
The minimum amount of water that.must be stored in
order to meet the demand on a reservoir at the
required reliability. May be expressed . as a
volume (S), a depth of rain (§'), or as a fraction
of mean annual inflow (S", Storage Ratio, Storage
Fraction}.

Hydrology - A process in which a number of

supposedly statistically ‘indistinguishable series

are generated by computer. From these, a distri-

bution of a statistic, eg. storage, can be ascer-

tained.

e sequence of synthetic data of desired length.

e a maeds

C?\:;)
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1.7.2 Szmbols
a - scale parameter in EV]1 distribution
A -— area .of catchment -surface
Aj.- location parametgrrfor jth season in LN3 distribution

ACF - autocorrelation function. See 'correlogramme'’

C - certainty (i.e. probability in BEV1 distribution of

storage)
CS - coefficient of-skew
CV - coefficient of variation
+ d'; - demand in season i expressed as a depth. of rain.
D - yearly demand (volume) |
' EV]1 - extreme value I distéibution (Gumbel) b
LG - like-Gamma distribution |
.LNZ - lognormal 2-parameter distribution
'LN3 - loénormal 3-paraﬁe£er distribution
N - number of data points in a data series

. PACF - Partial Autocorrelation Function

95 3 - ith generated flow value that is in the jth season

q, non-logtransformed generated‘value
dy " lqgtransformed generated value

r orr; - rainf;ll depth in a season

R - mean annual rainfall depth

s - stbrage (§61ume).' X

§' - storage (depth of rainfall) 5'=S§/A

S" - storage fraction or storage ratio, S"=S'/R=S/AR

-
2

R,
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ty - norﬁally distributed variate ;ith mean 0.0 and variance
| 1.0. For use as part of the ith genefated value.
t%{j'Y - transfqrmrqu-ti~frqm normal to LG distribution by
the Wilson-Hilferty transformation using Y ;
T - return period ‘
U - location parameter in EV1 (Gumbel) distribution
uj - mean of values in season j
u, - mean of non-logtransformed data
uy = mean "of logtransformed data as determined by -the
lognor;é; generation equgtions
¥Y'; - yield in period i (depth of rain)
YAS -';ield After Spillage. See 'Behaviour Analysis’
YBS - Yield Before‘Spillage..See 'Behaviour Analys;s;
Yy - population €S for jth season
- Yj transformed by cbnsideration of serial correlation

Yy - CS of non-logtransformed data

)
|

y - CS used to generate logtransformed data
6 - behaviour anélysis identification parameter. 8 = 0 means
~conservative.or YAS, O = 1-means liberal or YBS
D£h~ serial correlation at lag k

p. - serial correlation of non-logtransformed data

oy~ serial correlation used to generate logtransformed data
p(§) - lag one seasonal serial correlation between seasons j
and i-1

g - standard deviation
oy - standard deviation of values in the jth season
o~ standard deviation of non-logtransformed data

P —
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¢ - standard deviation used to generate logtransformed data
. - intermediate parameter in 2-parameter lognormal’ genera-

tion equation.development . |
¥, - intermediate parameter in 3-parameter lognormal genera-

tion equation development
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- _ Chapter 'I1I
LITERATURE REVIEW

2.1 RESERVQIR SIZING

A rainwater collector is a reservoir which ‘receives
stochastic i:flows ovefrtime and ié sizeé 50 as to maintain
a minimum outflow rate. _ ’

The ,reservoir 'prob;em_has been well-studied (Klemes,

[39]). The basic pr&ﬁiem is to analyse inflow déta charac-
teristics, given that the demanq or release pattern is known
and a certain level of system reliability is desired. The
objective is to determine ‘the smallest reservoir capacity
necessary to maintain the output at the desired reliability.
McMahon' and Mein [47] reviewed the most common methods and
classified them iAto two categories;'

1., Critical period types‘which.involve the analysis of
inflﬁw data (historical orisynthetic) éiece-by-piece
to determine the period in the data series that is
most severe (i.e. critical) and which defines the
;apacity. ~ The best known method of this type in the
English world is that of Rippl [61] (see p. 134-137
of [39]).

2. Moran'type methods in which inflow series character-

-

istics are used to construct matrices that show the
. ~ » .
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probability of a reéervoir's beginning.é time period
at one specified volume and finishing it at another.
The reservoir is subdivided into a number of discrete
possible volumes or states. These matrices are then
multiplied by themselves until a steady-state trans-
formation matrix resﬁlﬁs.‘ Although Moran'[48], [SOj
is credited by ﬁany with developing this technique,
Klemes (p..782 of [39]). reports earlier work in

. Russian by Savarenskiy and, Kritskiy and Menkel.
The methods of sizing rainwater tanks. conside}ed inl tﬁis

thesis are all of the first type..

2.2 RAINWATER TANK SIZING

In studying rainfall for Stillwater,” Okla., Ree et al.
[58] wused 'a method of Jeppson [32] which incorporated
features from Waitt and Alexander (see pp. 36-38 of [47])
which was an attempt to aésign a probability of occurrence
to storage values determined by the prpl':mass-curve tech-
'nique used oﬁ historical data.

Grover [19] used a Rippl analysis on historical data in
Kenya to determine storage.

Perr;:s [53] an§~Hoey [25] in Australia, Satijn [65] in
Indonesia, Pearson et al. [51) and Jenkins et al. [31] in
Célifornia applied what MéMahon and Mein {p. 24 of [47])
called a behaviour analysis. The use of this terminology 1is

followed in this thesis, although the term "behaviour” for

L
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this particular calculation technique 1is imprecise. ~ Any
method attempts to predict the future behaviour of the
reservo;r‘*ﬁnder unforeseen conditions. The particular
meaning it has in this case is the simulation of actual mass.
flow of the reservoir on a computer. Rainfall “data are
processed.phrough the algorithm in seguence. 'Various addi-
tional factors such as rationing by users in times of low
volume (i.e. drought) [52], evaporation [52], [65], leakage
[65] and availability of outside water sources in time of
drought [52] can be added to the basic calcﬁlation. Jenkins
et al. {31) identified two possible models of this type: a
Yield After Spillage (YAS) or conservative model and: a
Yield Before Spillage (YBS) 6r liberal model. ‘The model
eventually used in this thesis is of the ¥YAS behavioufal
type. A more complete discussion of the model iswéiven in
Chapter 1V, McMahon, Codner and Joy [46] list its advan-
Fages‘as?
| 1. simplicity.

2. ease of display of time sequence of water content.

3. uses data difectly. Therefore distribution type,
seasonality and time dependence are automatically
taken into account.

Simpler approximate methods are also available. Jenkins

et al. (pp. 30 and 55 of [31]) suggested that a Rippl mass
curve analysis on the mean monthly values augmented by 50%

would be adeguate.
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A more detailed description of these methods and a numer-
ical comparison, of them are presented in Chapter III.

For design purposes, nomographs or curves were produced

by most researchers. Hoey [25] produced graphs foé South

Australia. Ree et al. [59] produced a nomograph for their

area. Jenkins et al. [31] regionalized the analysis for 13
.

areas in California by producing an envelope curve and from

this a nomograph. All of these design procedures may work

well in their areas but the analysis is regional and the

specific design aids have “little application outside of
those areas. -

Many papers readily-avéilable to the public have been
based on quite simple analyées. wWwentworth [77]) produced a
pamphlet for the Hayaii.Water Authority in which he examined
the return period for low rainfalls of various durations but
he gives only rough guideliqes for calculation of the amount
of storage required. A ?eacé Cbrps manual [74] and an Envi-

ronmental Protection Agency (USA) book [13] simplistically

calculate the volume needed as a function of the number'of

//‘

As outlined by Klemes (p. 83 of [39]), the operation of

_days between rainy periods.

r

2.3 REPRESENTATION

the system can be summarized in a plot of demand, storage

. and reliability.  The wusual method is to plot demand as a

fraction of mean inflow vs. storage as a fraction of mean
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inflow for different Qalues of reliability. Mean annual
inflow 1in this case is area times - mean annual rainfall.
Jenkins et al. [31] plotted these on a log-log scale.

This representation has the advantages of being
1. cémpact. The long columns of figures in Schiller and
Latham [66] can be compared with the plots of the
same information in Chapter III.
2. nzc-dimensional. For the'designgr, there is no need
to worry about metric or American units.
3. useful in design. One point on the curve represents
maﬁy compinations qf demand, area, and storage.
.- 4.,  suitable for curve-fitting and deyelopment of

formulae.

2.4 RAINFALL PARAMETERS AND THEIR EFFECT ON STORAGE

The storage required for a rainwater collection system
J ..

depends on the characteristics of the inflow, A wide range

of possible theoretical factors has been considered by

researchers. Of particular note is Phatarford [57] who, in
a clear theoretical article, derives conclusions by mathe-
matical analysis. He used a single-season, Gamma-distrib-

N

uted Markov sequence.
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2.4.1" Means _

Phatarford [57] found:that increasing mean annual iﬁﬁlow
decreases reguired storage. Jenkins et al. (p. 38-39 of
[31]) found the monthly means as a propoertion of mean annual
rainfall (mean seasonéi distribution) accountea for consid-
erable amounts of ﬁhe required storage. Perrens (p. 109 of
[54]) refers to previous use of mean annual rainfall as an

indicator of storage in Australia.

¥

2.4.2 Variability ) _
Jenkins et al. (p. 39 of [31)) cite storage theory to

show thét

.n'. T ' : N :
B S GO _ (2.1)

wheré S;' is mean storage - ‘reqguired as a fraction of mean
annual rainfall, CV is coefficient of variation of rainfall,
N is the number of years of record. This implies that
greater variébility about seasonal means increases the
required storage. Phatarford [57] showed that increasing
annual inflow variance increases reguired storage and tha£ a
10% increase in mean annual inflow has a greater effect than
a 10% reduction in annual standard deviation. Perrens (p.
113 of [54]) notes from several Australian rainwater storage
curves that less seasgnal=and annual variation implies less
storage required. .Burges and Linsley [4] found that for

normally_distributed annual series with a correlation of 0.2

[T
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the storage increases 148% as the -CV increases from 0.25 to
0.5. Fair, Geyer and Okﬁn (p. i;Z of [14]) state that CV 'of
annual rainfalls in North America varieé from 0.1 for
"well-watered" regions to 0.5 for arid regions. They state

"high values of CV signify high storagé regquirements.”

2.4.3  skew .

Phatarford [57] found that increasing annual inflow skew-
ness decreases reguired storage; a 10% reduction in annual
standard deviation produces a greater effecf than a 10%
incréase in the annual coefficient of skew and, the effect
of annual skew is appreciable for demands less than 90% of
mean annual inflow. | '

Phatarford gives no reason for these results -other than
their being products of the model chosen; Héwever, they_ﬁay
be due to the aésumption of a gamma-distributed inflow. As
'skew increases in this-diskribution, ‘the variance and the
effective range (to some probability level) decrease (p. 101
of [22]).  The effect of this is to cause milder fluctua-

. aeh Y
_tions from year to year and thus decrease the storage

required.</

2.4.4 Serial Correlation or Persisterce
Seasonal serial correlation is the tendency for high
(low) seasonal values to follow high (low) preceeding values

in a time series.
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Jenkins et al. [31] concluded from storage calculations
op.synthetic records that storage is nog strongly- dependent
on lag4éﬁe seasonél correlation. Compared to uncorrelated

daﬁa, the storage was 5% higher for correlation of 0.1 and

10% higher for 0.2, The average correlation of 13 Cali-

fornia stations was 0.07.

Perrens and Howell [56] génerated normally distributed,
serially . correlated flows and concluded “that as serial
correlation increases, the storage required increases or
reliability decreases. Burges (p. 80 of [31) and Burges and

‘Linsley [4] used an annual normal Markov model to show that

storage reguired for series with annual correlation of 0.2

and 0.4 was 25% and 54% above that for ‘uncorrelated data.
Phatarford [57] showed that increasing annual inflow serial
cor:elation'in;reases required storage.

Although no reasons for gpis effect are given by the
researchers, the reason may belthat increased correlation
represents a decrease in information in the data. A corre-
lated data value contains some information derived from its
.predecessors as well as new information. The_ higher the
correlation, the less new information contained in a series
of a given length and thus the less certain (within given
confidence limits) is any statistic derived from the data.
Increasing the correlation is equivalent to _shorténihg the
data series, Storage calculated frem highly correlated data

is based on less new information than that calculated from

-

. -
P
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weakly correlated data and thus tends to be higher to main-
téin the same reliability. A discussion of the decrease of
information content with increaéed autocorrelation is given

in [44].

2.4.5 Critical Period

The reqguired storage :is usually determined by a partic-
ular pefiod of the data, This 1is called the critical
period. McLeod and Hipel [45] define it as the period
between successive full storages that has the least accumu-
lated inflow. Storage will increase with the sevérity of
‘the critical period deficit. Fok et al. [18] illustrate the
idéé for rainwater collectors on a‘weekly. basis. McMahon
and Mein [47] consider it suitable only for preliminary

design.

2.4.6 Other Factors '

2.4;6.1 Sums-of Mean Monthly Rainfall
Irish et al. [28] did successive linear correlations with
storage required for rainfall in Indonesia. in order o
decreasing coefficient of determination, the important
parameters were: |
1. sum of mean monthly fainfall for 5 driest consecutive
months |

2., mean annual rainfall

3./ as for 1. but 3 months,
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4. as for 1. but 4 months, | |

5. as for 1. but 6 months,

2.5 SIMULATION OF RAINFALL SERIES

2,5.1 Review ’ | A

A particular series of historical rainfall data reflects
the processes operating at a single site but it is only one
realization of those processes. Only one storage value can
be assigned to it. It is not possiblé to determine with
wvhat probability that storage ‘value occurred, but it is
almost certain tﬂat fhe rainfali series itself will not
occur égain. Iﬁ.other words, there 1is a basic problem in
designing for the future using only the rainfall series of
the immediate pasf. To'try to overcome this, attempts have
been made to reproduce different series of data that are
stétistically indist&nguishab;e' from the historical series
and hence 4are probable outcomes of the same physical
process: With sufficient nuabers of series or traces, - the
pfobability of » given storage values can be ~determined
(assumind, of course, Ehat the processeé are not going to

change in the future and that the model‘accuratelyf%éflects

T

the process). This techn;que is called synthetic or opera-
tional hydrology and it has grown out 55 the gtorqge estima-
tion,problem. It has the disaévantage of being no more
accurate than the estimation of the model paramete?s, which

is usually done from historical records and hence may be



.

31

unrepresentative of the future (see Klemes [38]). " While

many researchers have contfibuted to the field, the work

culminated in that of the Harvard Water Resources Group [71]

on simulation of streamflow records. Many @Qf the methods

are grounded only in statistics and hence may‘be applied to

. any

suitable time series. This statistical approach is

guestioned by some who feel that the models should better

himic'the actual physical probess [36]. Phenomenological

models of rainfall are reviewed by Waymife and Gupta [76].

Phatarford [57] sees simulation as an engineering method.

9.

He lists its drawbacks as:

1.

3.

models are usually chosen for ease of data generation

and-may not always fit the historical data well,

the final result (eg. storage size) 1s very much
subject to sampling errors,

the computational effort reguired is enormous.

The rationale for these methods 1is given in many works

(153,

{171, [29]. The last gives a history and summary of

some more common models and sets down criteria for a genera-

tion model (p. 60). It should

-~

1.

mirror nature 1in all those aspects that have been
identified as'important,

be minimal with respect to thi; parameter set (parsi-
mony condition),

pgovide an easy means of adjusting the parameters of

interest,
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4. héve parameters that can be obtained in some reason-
able way,
5. produce results that agree with historical data
and/or phenomenologlcal considerations.
Phatarford (p. 202 of [57]) lists 4 necessary model proper-
ties: P
1. the stationary distribﬁtion should be of the gamma
type (an assumpt1on based on streamflow l1terature)
2. parameters preserved should be mean, variance, coef-
ficient of skew and serial correlation,

3. it should be analytically tractable,

4. it should be such that data can be generated from it.

2.5.2 Monthly vs Daily Data

Rainwater collectors are used on a daily basis- and for.
‘accurate calculatibn -of storage, daily rainfall should be
used. However, there are numerous difficulties with daily
data.- These are: |

1. the- computational difficulties in handling daily

data. '

2. difficulties in obtaining daily data: Daily data are .

not easily avallable but monthly are [8]1, [72], [73].

3. synthesis of dally data is difficult because there

are many. parameters required and they aré not easily

determined. Ta
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There.is an error in using monthly rather than daily data

. for calculation of required storage and corrections must be

made for this. No consideration of this problem or a
rational method to correct-it was found in the literature

reviewed.

2.5.2.1 . Rainfall Models
Most precipitation'models in recent literature reproduce

series with a time increment .of one day or less. Court [10]

mentioned only daily models ang Wayﬁire'and Gupta [76]

specifically omitted monthly mode1s in their review. Very
few works have considered the case of monthly rainfall.

The models. for daily or more freguent rainfall involve
two parts

1. modéllina whether or not rainfall occurs in an

rinterval |

2. if it does, modelling the ‘depth.
Cole and Sherriff [8] reviewed previous models and used a
Markov sequence :for occurrence as did Richardson {601,
Jackson [30]: Heggen [23], &Katz [34], and Haan et al [21].
Chin [6] studied the validity of the Markov chain for occur=
rence prediction, Roldan and ﬁoolhiser [63] compared
first-order Markov chains and an alternating renewal process
with separate distributions for wet and dry interval

lengths.

@
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Daily rainfall amounts were obt;ined from -an exponentiai

distribut}on [60], a combination of uniform and exponential

[21], and historical‘hfgtograms [é]. Distributions were
compared by Roldan and Woolhiser [64]. ‘

Other approaches have been taﬁen. Adamowski ,and Smith

l

..[1] produced a lag-one Markov daily °model which' was only

slightly more accurate than a random model. Sieker [68]
made extensive use of white—noiée models for single rainfall
events,

For monthly series, Jenkins et al. [31] fitted a single;

season monthly statistical (Thomas-Fiering) model with a

normal distribution. 1t was not clear how seasonality was_

included in the model. Leytham [42] transformed each
month's data to a lognormal 3-parameter distribution and
generated data with a white noise, normally-distributed
Thomas-Fieriné type model. Leytham and Franz [41] studied
monthly rainfall, finding lag-1 correlations small (less
than 0.2) and, in general, 1less than for streamflows. In
addition, multilag correlations were insignificant. Skew
and CV were higher than for streamflows. They concluded (p.
28): |
It appears that the correlation structure of
monthly rainfall data in general fits that implied
by a Markov model much better than does streamflow
data.
In the same vein, Rodriguez-Iturbe and Mejia (p. 714 of

[62]) state:

The temporal structure of rainfall 1in terms of
years, months or weeks appears to be quite weak

-~
-
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and the first . autocorrelation coefficient is
practically always less than 0.2. .

+ Delleur and others [11], {12] modelled the sguare roots
of monthly r&infall in Indiana, 1Illincis and Rentucky.
After n&rmalisation'using monthly means and standard devia-
tions, the data were fitted to several models including
ARMA(1,1) and ARMA(0,0) (white noise). The first passed all
goodness-of-fit tests while the second passed half of them.
Since all models fiéféd gave forecasts that followed each
other and tended to the mean of fhe square roots, the white

- I3 . - -
noise model was deemed eguivalent to other models and easier

to apply in practice.

2.5.3 Model: Monthly Thomas-Fiering

Like Leytham and Franz [41] and McMahon and Mein (p. 7158
of [47]), _the model chosen is the Thomaé-Fﬁering lag-one
Markov model, (see CEfpter_VI) which is amply discussed in
Fiering and Jackson [17] with some corrections and in Kite
and Pentland [35]. Basically, it relates normalized data in
successive seasons. Theoretically, on a statistical basis,
it will produce data with given seasonal~_means, variances
and lag-one correlation; and with a distribution similar to
that from yhich the random portion is taken. )

The Thomag-Fiering Model has often been used £pr genera-
tion purposes. It may not be as good at reproducing the

precise rainfall values in one given series as more complex

models combining various transformations of the data and the

rand
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fitting of ARIMA (auéo;egressive; independent, moving
average)'modéls. However, in this case, *it is of mére prac-
tical use because the objective 1is the investigation of the
effects of rainfall series parameters on storage rather
than the reproduction‘ of the particular data serigs. The
parameters of the Thomas-Fiering model can be diregtly
related to‘the data and are easily interpreted and altered,
as well as satisfyiﬁg the criteria in section 2.5.1. It 1is
for these reasons that it is qséﬁ here.

2.5.4 Distribution

Fodr basic distributions are wused with Thomas-Fiering:
normal, 1log-normal 2Lparame£ef, " log-normal 3-parameter and
like-Gamma (LG), i.e. the wilson-Hilferty transformation
(seé p. 126 of [47]). The choice of the distribution
depends on the degree to which the data pérameters and the
required storage are reproduced. On this, Leytham and Franz
‘{p. 22 of [41]) say .

Historic records are usually so short that argu-
ments about the distribution are inconclusive.

Fiering et al. [16] take an operational approach in saying

It is evidence of statistical immaturity to argue
whether the flows at a particular site are
distributed normally, log-normally or like gamma
if the subseguent design decision is not materi-
ally affected. .

In light. of the high skews of rainfall, a 3-parameter
model (LN3 or LG} might be expected to give better results.
F
o

g



‘ 37

Joy and McMahon [33] found that a _skewed, season;l
lag-oné model was needed to preserve mean, standard devia-
tion and storage. However, Burges fp.' 130 of [3]) wused a
LN2 because he felt that skew was difficult to estimate due
to short-record lengths.  He said that skew could not be

reliably estimated with fewer than 140 points and was mean-

ingless with under 50.

2.5.5 Application of Model

McMahon and Mein (p. 114;7 of [47]) outline the proce-
dures to follow in abplying a model and Stedinger and Taylor .
[69] provide an example of the process for several models.
A major consideration 1is tHe length o¢f the trace. This
should correspond to the eéonomic life of the structure.
Burges {3] used a life of 40 years as it was the lowest
value for major structures. He based a study of the number
of traces required to calculate storage on this level.i

Burges [3] thoroughly examined the storage calculated
using a 'seguent-peak' algorithm (similar to Rippl) for data
generated with a Thomas-Fiering LN2 model.. He concluded:

L .

The monthly studies showed conclusively
that a large number of simulated storage
values 1is needed to accurately determine
the distribution of storage particularly at
the higher levels of demand. (p. 118)

and " . N
For the monthly generators 500 traces are

adequate (for the 40-year economic life
tested) for a fairly uniform runoff pattern
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under heavy demand while a larger number,

say 1000 traces, are needed for the highly

concentrated, highly correlated runoff
, pattern... (p. 127

The number depends on variability of values, inter-

month correlations and demand.

Reliability depends very much on the initial storage

value chosen fdr the storage algorithm.

The distributior\ of the required étorage is extreme
value 1 {(also called Gumbel's extreme value distribu-
tion). Storages from traces longer than 40 years
conform better to the EV] distribution than those
shorter than 40 years.

Demand patterns are critical to storage requirgments.
Time dependent demand" schedules should be used.’

Due to short streamflow records, use of skew 1is

futile.'



Chapter I1II .
?YDROLOGY, DATA AND PRELIMINARY EXPERIMENTS

4

3.1 THE SIZING OF A RESERVOIR TANK

The amount of water entering a rainwater collector is the
product of the collection area, A, and the rainfall depth
for a given peried, r.

Over the long run, the average amount coming 1into the
system per year {or mean annual inflow) 1is area, A, times
mean annual rainfall, R. Long-term annual demand cannot be
greater than AxR without failures. The alternatives to
failure are to reduce deﬁand or to incréase inflow by
increasing the area. Demand/AR is called the draft ratio or
.demand fraction. In practice, economics Lsually dictates
that the‘demand fraction be much less than 100%. A guide
that some design books use is to set the demand fraction at
no more thaﬁ minimum annual inflow as determined from data
divided by mean anﬁual inflow.

This is somewhat simplistic. The true case requires
calculating - the _rela£ionship between demand and storage in
relation to the rainfall data. It will later be shown that
most demands can be met if a sufficiently large storage is

built. However, for demand above the minimum annual inflow,

ey

proportionately larger storage is needed.
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3.2 HYDROLOGY

3.2.1 Runoff Coefficient

For a rainwater collector, the routing is fairly’
straightforward. Rain falls on a roof or other coiI;Etion
area, 1is conveyed by the rooﬁ to the guttefé and froﬁ’there
to the downpipes and the tank. Due to the extremely small
area, there 1is no catchment storage or appreciable time
‘delay. S

There are collection losses dﬁe to evaporation,; over-
flowing.gbtters, wind and so on. These can be handled by
subtracting a set amount during each time period or by using
a runoff factor. Perrens [SZj subtracted 2 mm per month.
Hoey and West [26] found a runoff coefficient of 0.8. Ree
[58] found that the windward éide of a metal roof delivered
96% of the rainfall and the leeward 89%. The EPA [13]
suggests that the losses depend on roof type: up to 15% for
shingle oq‘far and gravel; 0 for sheet metal: Thomas [70]
uses a runoff coefficient of 0.75 for limed, conéfeted roofs

in Bermuda.

3.2.2 Snow and Cold

Cold weather presents considerable problems for rainwater
collectors. Severe cold, such as in Canada, may cause the
collection apparatus to cease operation as gutters and pipes
are frozen solid. Many users disconnect pipes to prevent
damage. Wind ﬁéy blow snow off roofs. Ree [58] fﬁund that

only 50%"of snow was collected.
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A complete model of the effects of winter would.involve
data for temperature, solar radiation, etc;;‘Such a model is
outéide the scope of this thesisﬂ' However, as a first
gpproximation for this study, only rainfall data supplied by
Environment Canada were used. The presence of snow ‘was
taken to mean that systems were too cold to be able .to
collect water. The inclusion of winter rain, which miéht

not ~ actually be collected due to frozen apparatus, was

-

assuméd to compensate for snow that did melt. ° No direct

studies were carried out to verify this.

3.3 HISTORICAL DATA USED: OTTAWA CDA '

The historical data used in this thesis are for Ottawa
CDA (The Experimentél'Farm) station 6105976, which is situ-
ated presently at 45°, 22', 58" N and 75°, 42', 54" W and is
operated by the Atmospheric Environment Service of Environ-
ment Canada. Records for rain, snow and precipitation were
obtained on magnetic tape as daily feadings from the Clima-
tological Archives. The data began in November, 1889 and

ended December, 1981 inclusive.

3.3.1- Anomalies
A check on the reliability of recording of the data was
made. .The possible anomalies in AES data are {2]: |
C - precipitation occurred, amount uncertain, value is
. .

E - estimated
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F - accumulated and estimated
L - precipitation may or may not have occurred, value
is 0.
A - accumulated amount, previous value Cor L
M - missing - .
T - trace, value is 0. g

Only 13 readings were missing. They were snow data for

April 5, 6, 7, 8, 17, 20, 21, 23, 24, 26, 27, 29, 30 all in

1951. There was a total of 39 anomalies of less importance

than "missing". 1f it is assumed that snowfall readings are
taken for an average of & months per year, there are about

50,000 records represented (precipitation is not counted).

Therefore, total anomalies were only 0.1% and missing values

were only 0.025%.

Because the percentage of errors was so -low and missing
data were snow, data, the following repairs vere deemed
satisfactory:‘t‘

1. missing déka were set to 0.

. for C, L, no change made, i.e. value = 0.
. for A, no change in value

. for E, F, estimates accepted

for T, traces taken to be 0.

ar
.

LR
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3.3.2 Rainfall Data Characteristics

From this data, only the rainfall values were.used for
the.reServoir‘algorithm.' The daily values were accumulated
into monthly yaluéé and random checks were made on the
calculations by comparison with published AES monthly data.
They agreed within 0.1 {(cm for snow, mm for rain and precip-

itation).

3.3.2.1 Summary of Statistics
A summary of statistics fobr Ottawa CDA rainfall is given

in Table 1.

3.3.2.2  Means
To show the effect of neglecting-sndw, a2 plot of monthly

averages of total precipitation and of rain was made. This

is shown-in Figure 4. 1t can be seen that, while precipita-—

tion is reasonably well-distributed throughout the\ year,

consideration of only rain gives a wet/dry pattern.

.3.3.2.3 Variation and Skew
Plots of seasonal coefficients of variation and coeffi-

cients-of skew are in Figure 5, Coefficient of variation

abpears to be related to mean monthly values. For monthly‘

means above the overall monthly mean (0.0833), coefficient

of variation is about 0.5, but for months below the mean, it

is 1.0. There is no discernible pattern in the coefficients

v

of skew,

PR



TABLE 1

tatistics of Ottawa CDA Rainfall 1890-1931

_STATISTIC , MONTHLY : ANNUAL
Length of Record 110; ' 92
Mean Rain (mm): 55.4 ) 654.4
Min Rain (mm): 0.0 398.8
Min Monthly/Mean Rain: 0.0 0.0
Min Ann/Mean Rain: ‘ 7.20 .0.600
Max Rain (mm): 250.2 , 910.8
Max Monthly/Mean Rain: 4.52 0.377
Max Ann/Mean Rain: 16.45 1.37
Variance (mm3): 1622 - 10820
std. Dev'n. {mm): - . 40.3 . 104.0
Coeff. of Variation: 0.728 . 0.157
Skew (mm?): 52800 276000
Co. of Skew 0.808 D.245
Correlation

Lag-1 — ~0.376 ' 0.089

Lag 2 0.204 : 0.044

Lag 3 -0.023 0.027

- — . e S e e - — i —— T ———— A ———— —————— 2 o= =

3.3.2.4 Serial Corfelation

Serial correlations estimated from the whele data set are
plotted in Figure 6. Seasonal serial correlations (i.e.
'_February's correlated with January's, etc.) are plotted in
Fighre-T. ‘Plots of correlation have copfidence limits. The
formula for these }imits was dqtérmined by Andersen for a

random normal time series (see p. .109 of [47] and p. 93 of

[3]) to be:
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-1 = Zu!"xﬁ—k-l
N-k

A CL(pk) =

wbefe Z is the standard ﬁormal deviate at the level of
significance
N is the number of data points
k is the number of'lags}

For the 95% level the limits are listed in Table 2. .

—— . — — . Ay v T —— e T S e A W W W W R W T e e i S o M e e e e g S S ke e e s s e A L

Confidence Limits for Serial Correlation

-—--- Amount of Data--
lag 1104 92
1 (-.060, .058) (-.215, .193)
2 (-.060, .058) (-.217, .194)
3 (-.060, .058) (-.218, .195)

P ————— A P e e el et

()

“The plots show that, while many serial correlations are

significant, the lag one seasonal correlations are not

significanfly»different from =zero at the 95% level. In a

- separate investigation, it was found that the correlations
of annual rain data for lags 1, "2, 3 are also not signifi-

cantly different. from zero.
n

(3.1).
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3.3.3 Parameter Estimation from Data

To examine how much data  is ‘required to estimate
differeﬁt statistical pafameters, and thus to obtain a qual-
itative estimate of how reliable are their values,_ the data
were carefully examined. First, progressive estimates of a
number of parametefs were made with 1 to 92 years data. The
data were treated in annual blocks with the parameters being
estimated using all of the data ub to that time. Forty-year
moving estimates of the montﬁly parameters were also made in
order to show the long-range trends in the data. The values
were expressed as a fraction of the long term (92 fear)
value. In these estimates, the monthly values were calcu-
lated f&r all months together and were not specific to
particular seasons. Annual estimates were céldula;ed from

values for 12-month periods summed togefher.

3.3.3.1 Mean

Monthly and annual mean are equivalent and are estimated
well . with relatively short data aé shown in _Figure' 8.
Forty-year esfimates of monthly mean plotted in Figure 9
‘show a slight’ inéreasing trend.but the values are only *B%
from the long term value. |
3.3.3.2 Variance, Coefficient of Variancé

Progressive estimates in Figure 10 and 11‘ show fhat

monthly values of variance and coefficient of variance
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decrease with the length of the series, .byt'are within 10%
with 25 years of data. CV is subject to less variation than
variance. Similarly, ihe progressive estimates show that
annual variance is subject to great sweeps depending on the
length of estimation period but t@ese are not as severe for
annual CV.
' Forty-year estimatés im Figuré 12 show monthly variance
and CV to be decreasing in time since 1890. Variance varies
from 1496 to 1770, -.i.e. 9% of the 92-year estimate, but
coefficient of variance varies from 0.7793 to 0.6950, £7%.

Monthly CV has been decreasing with time since 1890.

3.3.3.3 Correlatiqn

The progressive estimates in Figure 13 show that the
"lag-1 monthly correlation estimated by 10 or more years of
data is wiéﬁin 5% of the longterm estimate. - The 40-year
period estimates 1in Figure 9 show that correlation values
vary depending on the period chosen for estimate. Forfy-
year period estimates ranged from 0.326 to 0.383 and were
generally below the 92-year estimate of 0.376.

The annual correlation coefficient (lag-lz' was much more
erratic, changing sign and magnitude repeatedly, as would be

expected of a low-significance value.
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3.3.3.4  Skew ' |

As shown in Figures 14 and 15, 'monthly gkew generally
decreases with increased data while annual skew fluctuates
considerably. Monthly'CS forty-year estimates in Figure 16
show that its value has been decreasing in time since 1890.
3.3.3.5 Discussion

The estimates of most annual parameters differ more than
10% from the longterm estimates. This may be due to the
smallrpopulation size for estimation of these parameters.
A}though not calculated here, individual mohthly 'ﬁeans,
variances, skews and correlations are expected to ﬁave
similar estimation problems. Monthly parameters estimated
from the whole dataset are.much better estimated. However,
monthly parameters are not constant in time. The monthly
mean, for example, shows a slight increasing trend. Because
of this, the statistics éalculated from the data will var}
depending on the period of estimation taken. Thug, the most
recent data of sufficient 1length to estimate the desired
statistic should be used in any analysis.

In this data, 40 years of data appear to give reiiable
parameter estimates. Thus, 40 years or more of the most

recent data should be used for estimation purposes.
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3.4 SOME BASIC MODEL CONSIDERATIONS

In this section, the first model parameters are defined
and examined. Further parameters will be introduced in'the

next Chapter.

3.4.1 Economic Life

In order to properly estimate the probabilities of
attaining a given level of reliability of demand wusing
synthetic hydrology, an expected 1life of the rainwater
collector must be estimated.”.

C;iteria for the choice of this parameter are:

1, thsical life of the tanks

2. maintenance to be given to gutters, roofs and exped;

tation of repairs to minor ﬁlawél(i.e leaks) 1in the

tank, etc.

LY

3. <changes in future demand expected

4. possibility of future changes in rainfall patterns

5. the need for a conservative design estimate

6. leﬁgfh of raiﬁfall data avaiable to estimate parame-
ters

7. statist@cgl nature of storage calculated'by synthetic
hydr6logy.

1n rural areas-6f Eastefn Ontario, the practice has been

to build a cisterﬁ that will last as long as the house.

This is at least 70 years and possibly 100. However, demand

patterns cannot be expected to. remain constant over a period
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this long., In other areas of the world; costs may dictate‘g
syétem with a shorter 1life - as low as 10 to 20 years =
through use of less durable materials. As well, leaks and
damage are éxpected and these would reduce the gffe&tivé
life of the'tahk." ;*. ' .

"Based on these pﬁ;sical considerations, a compromise
estimate of economic life or parameter invariable period is
35-40 years, which 1is less than larger central reservoi;s

and dams. It is also a period that is still long enough to

ensure that the data will give representative statistics.

'3.4.1.1 Estimate of Parameter Error Due to Economic Life
Choice -

To obtain an estimate of the error in rainfall parameter

estimation that such a length of data might produce for the

Ottawa CDA data, assume the mean and variance are sampled

from approximately normal, independent distributions. The
error in the mean, E, is (p. 183 of [48]): ' -
! J iﬂ : . N -
E<Z 2 o (3.2)
~ a/2? Vot ) . .

. - .v_ : e
‘ ]

which is stated with 1-a probability and’ .

where Za/zis a standérd'normal variate

¢ is population standard. deviation (assumed to be

L LU

the 92-year estimate)
n_ is.number of independent observations
Matalas and ‘Langbein.[44] show that autocorrelated data

contain less information because each value has some infor-

-
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mation from its predecessor. Hence a given‘number of"auﬁo—
cor;elated data have the s&me information content as a lower
number of uncorrelatea values. ;If"n is the number of corre-
lated and ne is the number of uncorrelated data and - is

the lag-1l cotrelatiqn of a Markov process, then

[—
LA 22 (-0 © (3.3)
1l _ 175
YT aq - p )2
The montﬁly rainfail'data have 9, =0.576 and n = .480 (40
years) and therefore n, = 218. At the 95% level, 2, =

a/2

Ay

1.96, and ¢ = 40.3. Thus E is less than 5.35. Since Ehi
mean monthly wvalue is 55.4 mm., the percentage ‘error is
5.35/55.4 * 100 = 9.7%

A similar analysis of variance (see p. 175 of [48]) with
a two tailed chi-sguare at 95% confidence and a populat%on
variance'of 1622 gives the percentége confidénce limits for
variance. The larger of the two limits’is the combined
percentage error. ' The percentage errors _in the meép and
variance are given_in Tgble 3. This illustrates the point
that. the longer the life-chosgh, the bgtter the estimate of
population ﬁaramqters. The 40-year economic life produces
an error of under 10% in the mean and under 20% in the vari-
ance, errors which -are a reasonabie compfomfée between 20

and 50 year lives. These theoretical percentages agree with

, computed values in Figures 8 and 10. In more variable data

. e
in more arid climates, these percentages would be higher.



"TABLE 3

Percent Error in Estimaté of Mean and Variance ‘for Various
Economic Lives. Ottawa CDA 1890-1981, Rain ’

E;fe (yrs) " Brror in Mean (%) Error in Variance (%)
20 13.7 ~ 25.3
35 10.3 19.3
40 8.7 18.1
50 8.7 16.3
_____________ N TTTTTTTTTTTTT TR

3.4.2 Reliability Rating

Failure in a rainwater collector occurs when the demand
is not met. The reliability level 1i5 a measure of the
ability of the system ty meet the demand. It can be calcu-
lated on the basis of ei her: | .

Time. The number 'of time periods that demand was fully
met as a fraction of the total number of periods.

-
or

Walume. The total volume supplied as a fraction of the
total demanded.
In general, time-based ?e%{ability is less ,than or egual to

volume reliability or alternatively, storage based on time

<

'To portray the results of the storage calculation in the

is higher than that based on volume.

“

'3.4.3 Graphical Representation

-

most useful manner, demand and storage were represented on

non-dimensional log-log plots similar to those in Jenkins et
_ : . s .
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al. [31]. Also, like Jenkins et al., 1it.was assumed that
thé mean annual inflow was a reasonable upper bound for
storage capacity and demand (i.e, demand and storage frac-

‘tidns are less than 1.). A lower bound of 0.01 was takgg;}

t

3.5 PRELIMINARY COMPARISON OF SIZING METHODS

3.5.1 Introduction

A preliminary assesghent of various storage calculation
methods was undertaken. = Some of the work was reported in
échiller and Lathém [66] where detailed ﬁata are provided
for most methods. The déis have been converted to demand
and storage fractions fochompaéison. .

The comparison was. done for two stations ‘using 15 years
of monthly historical data for Ecum Secum, "N.S. (sfgpion

8201700) for 1966-1980 and for Dttawa Lemieux Island, Ont.

(station 6106052} for 1961-1975. Monthly fractions, coeffi-

cients of wvariation,  and seasonal serial coirelations for

Ecum Secum and Ottawa (Lemieux) are plotted’ in Figures 17
and 18, réspectiv;ly. Ottawa (Lemieux) data show a simila{
pattern to phat of Ogtawa CDA, but Ecum Secum shows less
vqriation.df monthly mééns ove&.the yeaf and over the data

set.
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3.5.2 Methods
The methods compared were: <::?\\\**" N

1. Mass Curve [61], [19]. It is designed for 100% reli-
ability only. Adapt;tion'of the familiar graphical
presentation to the computer is:

| a) choose a'starting month, k, (usually each month.

- .. taken in turn) -

b) let Si ¢ = 0., where the first subscript is a

sequential counter

<3

c} find
sj'.'k " Sl T4y T (3.4) |
. ’///
for all data for j > k, or until sj,k is negative
where ’
S;,k = is theAstorage at the énd of month 3 for
' the calculation beginning in month . k
. (deptﬁ) \ |
- dj = demana in mdnth j (inxdeptp-uﬁits) .
ry = rainfall depth iq_month j
d) finﬁ S = maximum of s/

MAX o i,k
e) repeat f%»rst four steps for all k,
~ - b

-2. Probabilistic or F%;r Freqﬁency Method [59]. -A

f) Storage = maximum of all §

. 3

: b
s®ries is manufactured from the data: so that each

period's flow in. the series has the same recurrence
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interval. A mass curve Ealéulation is performed.
The computer algorifhm is:

a) pick a probability ofroccurrence (chosen here-to
‘be the same as the reliability) - Q§\
b) choose a flby period (iﬁ months: 2, 4, ...,
length of data)
c) qalculate all rainfalls of this period length from
data ' K
d) fit them to a Gumbel distribution and choose the
value with the desired probability
e) repeat steps b) to d) for all periods to get a
resultant accumulated rainfall series ~ '
£) perform a mass curve analysis on the series.
Perrens' method [52], [53]. A modified 1liberal
behaviour analysis is done."Demand is reduced to 75%
if the amount in store at the beginning of the month
is less than full demand (rationing) and; ioutside
sources of supply are available so thaé 5 m® are
"introduced at startqg\mgnd lots of the same.size are
added-%f ~the amount in store Aat.the sfart of the
month is less than demand (stocking). Réliability is
ba%ed on the number of times water is imported after
startup (set at once in 5 years or 98.3% reliability
by time). -
| fﬁEfbalculétion algorithh is: -

a) set roof area, daily demand, storage yvolume



‘ w7l
b) perform the ~above behaviour analysis to find the

number of times stocking is required

c) plot the number of failures vs. storage for demand

levels énd rocf areas,

d) set failure rate at once in SIyears and read off

étorages‘for the number of féilures = (years of

data)/5. This is 3 in this case. |
4. ?Jenkins' short method (p. 38, 55 of [311]) .adapted
whete to:
a}) do mass curvé‘analysis on 2 years of mean monfhly
values
b)_add-storage = 1 month's demand’

¢) multiply by 1.5

5. Conservative Behaviour Analysis with volume reli--

-~ ability and initial storage egual to the first raihy
monéh's inflow. . ‘

All methods (except the Mass Curve and Jeﬁkins' 'Short

Method) were run with reliability levels (as defined for

each method) c‘ 98.3% to match: that afl Perrens'. '-,'I;he

results are plot¥ed in Figures 19 and. 20.

a

. 3.5.3 Results
" ‘While direct comparisons are not strictly accurate due to
the different. reliability.eﬁaluaiionf methods used, the

following conclusions can be drawn:
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The largest values of storage are given by the model

" with a conservative behaviour analysis, followed by
~ . ~

the mass curve, ~Perren's method with or. without-

‘rationihg and the Probabilistic method. This pdints_

up the conservative nature of the behaviour analysis

wta

and its suitability for design model calculations.

Jenkins' Short Method can be compared to the other

methods only by reference to. the demand level and the

particular rainfall pattern and is not. consistently

related to the other methods.

The Probabilistic Methoé.values are much lowef than

expected. Intuitively one feels that it is a way of
combining all of the worst rainfall periods.
However, the minimum value for each peried 1is not
used but a ‘lgrgeé one. Even ;f the minimum values
were used, it “would only be eguivalent to the Mass
Curve method because the reguired storage i5 defined
by a set low-flow critical period which will be
reproduced in the manufactured accumulated series.’

Perrens' ‘rationing épd stock}hg options rqute the
required storage as ekpectgd., - The Rétioning and No

Rationing plots in Figure 20 might be compared‘with

‘the Mass Curve. External stocking reduces the

© storage more at low demand while rationing reduces it

more at highe; demands. '\‘,//

~
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In all rbut-the Conservative Behaviour _Analysis with
'demand greater than 0.8, the storage reguired for
Ecum S;cdm is markedly below that. of Ottawa.
(Lemfeux); The ratio of storage for Ottawa (Lemieux)
to Ecum  Secum is from 1.75 to 4.5 over’ the methods

tested.
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Chépﬁer iv

DEVELOPMENT OF A STORAGE MODEL WITH BEHAVIOUR
is ANALYSIS '

et
[
]

In this chapter, a storage  model, NUPEARS4, which
qpmpufe% raiﬁwater storage reguirements is developed. .
: ) o
N (

4.1 RATIONALE . S ER

“ -In'deVeIoping this model of atoraée; several guidelines’

were set:
1. . The model should be as simple as possible. The basic
calculation should be easily understood by .the model |

user. It should be readily alterable so that further

1%

research can be used to'?ES?ove the modél;ﬁ'The oper-
.;tioﬁ of the .equations involvéa'_should not become
lost;ihlthe'calculations using thém;-
2. ”bhe algoriéhmﬂshould mimic the éciﬁal operation of a
system and‘sh@uld be independent fﬁf the dgtafor dé?a
‘statistics fed into it. o
3. For‘de;ign purposes, the model should b ;;nsergafive
(tend to overestimate the required. storggezl:ftp‘

account for unforeseen events.
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4.2  ALGORITHM , .

-

qenkins et al. (b 14 of [31]) discuss two extreme types.

'for a . behaviour analy51s storage calculatlon. " The first,

the Yield After Splllage (YAS) or conservative model calcu-
lates the y}eld as the minimum of the sférting storage value
or the ‘demaed. 1t adds ‘the rainfall to fhe previous
storage, discards any above‘capacity and then subtrects the

-

yield:. The second, the Yield Before Spillage (YBS) or
v

liberal model calculates the ‘yield as the-minimum‘ of the

starting storage plus the rainfall or the demand. . It adds
Kl _/' rs
the previous storage and rainfall together, subtracts the
4

'yield and then 'spills any ‘above capac1ty. A schematic of

<
the difference is in Figure 21,

In equations:

Conservative :

f'i-='min(d} » 8% _q) N - (4.la;

§'; = min (S'iv_l +r; , 8") - ¥, ] ' (4.ib)
Liberal :

vai = min (d‘i , S‘i-l + ri) . (4;2a)

Sy o= min (S vryc ¥y, SY) (4.2)

vhere S'; = Water in storage at end of ith period,

fi

rainfall in ith period, .
‘Y'; = yield in ith pericd,
d'; = demand in ith period

$' = capacity of reservoir
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S' and d' have been expressed as bolume/collection area and

have the units of depth. It should also be noted that the

algorithm "parameters can be divided by mean annual rainfall
to produce a non-dimensional calculation.

In combination, the general algorithm is:

Y, = min (4 i » S’y * Bori) (4.34)
X = S'i_1 +r; - fey'. (4.3b)
-+
S'i = min (X, §'} - (l—B)OY'i i (4.3c)
- V ) - ‘.
where 6 = 0 means conservative, and 6 = 1 means liberal. A

family of models is thus avaiXfble. Most algorithms used in
the literature are of the liberal type éxcept Jenkins et al.

[31] and Pearson et al. [51] who used the conservative.

. 4.3 DEMAND PATTERNS

In most cases, a uniform rate of demand gives a reason-

able first estimate of storage for design purposes. Accorgd-

ingly, a uniform rate of demand was applied in the

programme. Demand for each period (season) was given as:
(yearly demané)/(number bé seasons per year).
Cyclicity in demand can be taken into account by the adjust-
ment of the storage value by the designer. If a non-uniform
demand schedule 1is required on a gehegal basis, the
. programme can be modified to account for it. The option to

do this was not included in this model. ] ~\
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4.4 ADDITIONAL FEATURES .

4.4.1 Stocking .
I1f external sources of water are available, an empty

reservoir can be stocked up to overcome a drought. Perrens

[52) suggested a set amount, 5000 1., egual to a truckload

‘which was added as a starting volume and in any case when

the amount in store was less than the demand for the period.

Stocking was offered as an obtionl Since the programme's
calculation was done in terms of fractions cof mean inflow, a
set volume could not be used. However, a wgek's demand was
used as the stocking volume. Perrens in a later paber (p.
310 of [55]) suggested a ten—da} supply. |

\

4.4.2 Rationing

Perrens [55) and Hoey and West [26] studied demand levels

with rainwater collectors and found that wusers reduced

demand during drought. Perrens guantified this by'a lizf}r,

reduction of demand over the period from 100% to 50% or“an
"
equivalent drought ﬁeriod demand of 75% of normal demand.
Perrens' rationing was-incogporated_in the programme as
an-option but was not wused in the models in this thesis.
For simplicity in writing the WARMUP sybrdutine it was not

included there.
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4.4.3 "Reliability Levels . -

Up to eight reliability levels could be entered  for
calculation. 1f no choice was made, Ehe reliabilities of
100%, S9%, 90%, 80% wvere calculafed auromatically.

The storage programme Wwas written to i;corpprate both
time and volume measures as.options and the lewvel of reli-
agility could be:set. At the ;Q:S} of)x%,"it means that ‘x%
of demand is supplied or the .full demand is met x% of the
time. ’

A“volume-based reliability is chosen for most, calcula-

tions carried out in this thesis because: |

| l. it provides a "softer” rgligbility valdg, i.e.

smoother, because failure to meet demand 04 a time
- basis causes a fixed drop in reliability offi/number
of months { 0.002 for 40-year case)

2. it makes intuitive sense that the concern of users is
about how much water they have to wuse, rather than
whether or not the system will meet their whole
demand. This reflects the e€lasticity of demand.

3. Rlemes et al. (p. 748 of [40]) summarized others in
saying:

It has been often pointed out that the
economic impact of failures in water supply

can usually be best related to the volume
of water deficit.
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4.4.4 Dimensionless Calculations

. \
The non-dimensional quality of the demand/storage/reli-

ability representation could be exploited in calculating the
coordinates from input data‘by doing the calculations with
data that was non-dimensionalized by dividing by the mean
annual rainfall. This is valid beeause the monthly inflow
is Axr (A = area, r = monthly rajnfall) while the average
annuai is AxR (R = mean annual rainfall) so that the frac-
tion for the month is Ar/AR or r/R. f demand angd storage
are thougﬁt .of as a d%pth of rain on the collection area,
they too can be non-dimensionalized as a fraction .of mean
annual raiﬂ. In,. short, because the area used is assumed
constant, it does not enter the calculations at all. There-
fore, demand fractions can be chosen andr the calculations
run to get corresponding storage fractions 'with reference

only to the mean annual rainfall.

‘-..-/

4.5 RUNOFF COEFFICIENT

No allowance was made for runoff losses in the calcula-
tions. It was assumed that losses could be accounted for by
a runoff factor whose effect is the same as if it were
applied to the mean annpal‘rainfall, R. because tge scaling
of the . input values does not affect the dimensionless
storage curvés, the runoff coefficient woulé\only relate to
the conversion from non-dimensional numberssobtained from

the graph to dimensionalized volumes,
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4.6 <DATA SERIES TIME INCREMENT

. . . .
The model was constructed- to handle daily, weekly or

_monthly data,_ as-desired. Weekly data is generally not
'évailable and must be;produced from daily figures. It was
i, R & s . : )

-hot used. in this thesis. No provision was made for

. .
different lengths of months.

[

4.6.1 Daily Data vs Monthly

Daily data and calculations would Se expécted to give a
more précise answer bécause changes within arAmontﬁ.'are
considered., These changes would be missed by a monthly
'éalculatibn. The number of daiiy calculations and the
memory reqdirements‘aré thirty times those of monthly data.
While a high-memory, high-speed mainframe computer has
little trouble with these regquirements, microcomputers might
have some difficulties. -

Monthly. data 1is more easily obtained for most areas of
the world because they-‘can be published. They‘ are more
guickly entered on a machine, as opposed to daily data which
are ﬁsually,handled' on magnétic tape.- There are fewer
'caéculations involved and less memory reguired so small
computers can be used. However, monthly data may be too
coarse and tlie accuracy‘to.w@ich -fhe storage value can be
determined is low. Much greater attention must be paid to

3

the form and pa;ameters of the algorithm, '
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4.7 STARTING STORAGE . . ' - /

4.7.1° Introduction

Researchers (p. 9 of [151), (p. 159 of [3]), (p. :745 of
[40]) agree on the important effect .that -th; starting
storage has on the calculated reliability of a systéﬁ fo:"
the -béﬁaviour ‘analysis calculation IBeing- u;ed in Fﬁis
thesis. A study of the effect and a comparison of sevefal\‘
methods of calculation were carried _out. The'details‘of.the'
- study are presented in Apbenﬁix B. In this study, a ne; b
more accurate algorithm was found. It involved starting with
a full reservoir and calculating the storage for one year of
data at a time. The resultant storages were averaged to

give the starting storage.

4.7.2 Inclusion in Model

A single average} full start initial wvalue calculstion
- was incorporated intc the storage madel as subroutine
WARMUP. The programme has an option to choose this or-a
preliminary case in which the calculation does not begin
untii e first rainy month. The starting value is taken as
the f&i:t {(non-zero) entry. . The justification for this
procedure is that the conservative option is so s;vere that
it cannot produce a 100% reliable system if the reservoir is

initially empty (see the conservative yield equation).
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> 4.7.3 Effect of WARMUP on Storage Calculation

1 NUPEAR§4 was run with *time- aﬁdivolume-ﬁa5qd reliability

of 98.3% similar to theé earlier ‘ﬁeptslgnd the results are
~ plotted in Figu:és 22 and 23 with metho@s‘ldand 5 of Section
‘3.5.2l From'this-it'is.éeen that a model with a consefva-
tive behaviour analysis based on volume gives lower values
than that baéed on time, but ‘the conservative _behaviour
resultg‘are still g;éater than fof the other methods consid-
ered. in the case of volume-based reliability, the effect
,of WARMUP is to reduce the storage required.. This is most

dramatic at demand levels above 0.9 where storage is reduced

by'BO% and more. . -

4.8 OUTLINE OF CALCULATION _ .

The subroutine DBYR carried out most of the calculations.
It worked in units of depth but produced values of storage
and demand as fractions of mean annual inflow. Given a
reliability level,. for each étorage level,. it calculated the
capacity and carried out a binary sea;cH over the 1logs of
the demand fractions between 0.0l and 1.5. ~ |

1t is noted from Jenkins' pldts that storage covers ;he
range from 0.01 to 1.0 while demand may not do so. Thus, in
trying to find points on the Demand/Supply/Reliability
curve, it was advantagéous to choose the storage and calcu-
late the demand corresponding to it. Thus, for each value

of storage, a demand level was chosen and the data run?’

"
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through the Ehosen algorithm- considering fationing ané
stocking as desired and calculating the reliability value as
requested. Depending on this value, the demand fractioh was
altered and the complete calculation redone until either the
calculated Feliability was within some tolerance level of
that desired or two suécessive demand fractions were within

' ‘ .
the same tolerance.

The complete programm; was written in FORTRAN IV and ran
under the G coﬁpiler on the University of Ottawa's Amdahl
470/V74 computer, which has an IBM VM/SP 370 operating
system. | A flow chart and a complete listing are gi&en in’

Appgndix E.



Chapter V

AR

'"PESTING OF MODEL NUPEARSA

In this Chapter, daily ana month}y models are compared
and the monthly model is calibrated to approximate the daily
model. Then, in order to examine the characteristics and
fea;ures of thg storage.programme, NU?EARS4, 'various simple
patterns of data were used as input to it. The reéults vere
examined with the use of the dimensionless plots of demand/
_storage/reliability.

i

5.1 DAILY VS. MONTHLY DATA

5.1.1 Calculation Options

'Using.the (actual data for Ottawa CDA rain from 1942 to
1981, tests were made.of the difference between the use of
daily and monthly data by considering the following éaées of
g8 {the algorithm'pa;ameter in equations 4.3 a, b, c) and the
two methods of reliabili?y calculation:

1. donsérvative cal;hlation, volume réliability

2. congervative ca}culation, time reliability

3. liberal calculation, volume reliability

4. 1liberal calculatisn, time reliability

The storage values for reliabilities of 100%, 99%, 95%,
950% a}e plotted in Figure 24 for daily data and in Figures

25 to 28 for monthly data. The following can be noted:

_89_
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1. The highef or further to the left a line 1is, the
greater the storage reguired and the higher the reli-
ability for a given demand level,

2. Except fof high dema;d,caseé, the’highest siorage is
obtained from conservative time. calculations,
followed by conservative volume, liberal time and
liberal volume. éherefore, conservative calculations

. usually give greater storages than liberal and time
reliabilities greater storages than veolume.

3. Although it did not occur here, in some cases, espe-
cially for 100% reliability when WARMUP is not used,
lines may not be within the scope of the graph. This
is most likely The case with conservative calcula-
tioﬁs and points up the degree of conservativeness in
these calculations. However, the 99% iine is gener-

‘ : > ¢
- ally available. -

5.1.2 Daily Data Results

Déily‘values are very close together for a given reli-
ability, 1indicating that, as the time increment decreases,
the closer to the actual stdrage.valués the four estimates .
get. Thds, there is good‘justification for taking the daily
calculatioﬁ 5; ‘a standard of compatison. Moreover, the
daily calcygation should be used where the datalis avail-
able. A representative line obtained by averagin? all four
individual lines was plotted éiong with the 4 sets of points

in Figure 24.



S6

5.1.3 Monthly Data Results

To compare daily and monthly values, the average daily
points were plotted on the graphs of monthly calculations in
Figures 25 to 28.. In most cases, .fhe.daily lines fall
bétween liberal - and conservative mdnthly calculation lines
although the daily célculatioﬁ curve may féll below the
Liberal, Time curve for lower reliabilities: This shows
that the 'Eime“based réliaﬁziify measure tends to lead to
gquite high storagé values and that an intermediate moﬁthly
calculation is necessary. The conservative line overesti-

mates storage by 30 to 150% depending on the value of

demand, while the liberal calgulations underestimate it.

5.1.4 Matching of Daily and Monthly Calculations

To be on the conservative side for design purposés, a
method tha£ produces a larger storage than the daily value
would be advisable but the conservative monthly calculation
may give storage éizes that are uﬁeéonomically large for the
reliability desired. Two options are open to decrease the
reliability of the conservatave monthly calculations: |

1. décrease thé reli&bility. L ' ’

2. ehQSEg a different calculation algorithm by changing

® in equations: 4.3 a; b, c.
The gecond case was examined by choosing 6 = 0.5 and using
volume reliability calculations. The resultanf?\lines are

shown in Figures 25 to 28. Agreement with the daily points
~. .

-~
——
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is reasonable except for the lower demand levels of the 100%
reliability‘case._ However, for this uork, a éhanée in reli- .
ab111;y from 100% to 99% when u51ng the conservative monthly
'calculatlons was made. The advantages of this are¢ '
1.. The “fit" between('the 100% daily line and the 99%
l -monthly conservatlve volume re11ap1ltty' line is good
in this case, See Figures 29 and 30. |

2. The 99£lmonth1y ljne will, in any case, overestimate‘
the stérage fot 99% supply based on daily data and
will at least guarantee this levél of reliability,

which is assumed acceptable.to users.

5.1.5 Comparisoen of Some Daily and Monthly Hodéls\ .

Us;ng the data for Ottawa CDA 1942-1981, four different
means of calculatzon of demand/storagg'cyrves were compared
with the 100% daily calculation. The methods used were:

| 1. 99% Conservative Volume behaviour method

2. 100% Liberal Time behaviour mpthoé\“—‘

3. Mass Curve with demands adjusted for _variable month

lengths -

4. Jenkins short method

The results are plotted. in Figure 31. Jenkins .short
method is clearly inadeguate as it underestimates the
storage required- by up to 50%. The mass curve and the
Liberal Time mo8els are comparable' and underestimate the<

déily'storage' by up -to 30$-élthough agreement is good at
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higher demands. The 99% conseqvative‘volﬁme model overesti-
mates the stbrage slightly at low demands ahd underestimates
it at h{ghér demands but ié ggnegally'very close te the’
daily values. S ' R |

5.2 . SIMPLE DATA TESTING FOR .BASIC RELATIONS

To show salient features of the storage algorithm and the
storage pattern derived from it, several séts of specialized
data were run through the model. The data were derived from

" monthly Ottawa CDA rain data for 40 years 1942-1981.

5.2.1 Effect of Scaling

The-‘briginal dataA and a series with values twice the
original data were run. The -demand-storage values were
identical showing that the demand/storage/reliability curve
is independent of scaling the data. Thus, the data can be
muitiplied by any factor such as a runoff coefficient or a
normalizing factor without altering the demand-storage rela-
tionsﬁip. This kind of linearity is similar to unit hydro-

_graph assumptions and applications.

5.2.2 Constant Data

From now on, the conservative, volume-based, 99% rel%—
. N _
ability model will be used unless otherwise specified.
Next, test data with constant monthly values equal to the

mean historical monthly value (57.2 mm) were run through the
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programme. This was done to establish a. baseline fo;
" comparison purposes. The result (Figure 32) was a definite
 straight line with the equation

| $" = 0.1650 D" (5.1)
This=definé; a lower bound for the storage values. The
comparable line for 1db% reliability is )

" S" = 0.1666 D" = D"/6 (5.2)
showing 'the following general results of the model, which
are independent of the actual réinfall values: ”

1; minimum storage is set at 2 months of demand

‘2. s"(0.98) = s"(1.) X 0.99 - -

5.2.3 - Deficient Years

Continuing for the 99% reliability case, the effect of
one deficient year waé isolated and studied. In each case,
one year (number 26 Qas chosen to give 25 years of calcula-
tions to be free of any starting volume effects) was setﬁé€-
60%, 40%, 20%, 0% of the mean annual value. All months in
' the low year were constant. Those outside of this year were
Valso_ponstant as in the previous test data series.but were
adjusted to keep the overall mean constant. The results are
plotted in “‘Figure 33, From this, it can be seen that
bending of the curve, 1i.e. inéreasing storage, occurs at
about D = minimum annual inflow. | _

" A similar analysis was done by changing only one month

(June in year 26) in the series to 60%, 40%, 20%, 0% of the

mean -monthly value, The effect was minor.
. . :
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To show the éffett of the annuai rainfall totals, a plot
for a series with monthly rainfall constant within each year
but egual ‘to 1/12 of historical. annual values ig given 1in
Figure 34;- In ﬁhe data, the minimum annual value was 0.627
ok the average annual. it is observed that a bending of the

curve after D = 0.6 appears to occur. This may indicate

that the division between within-year and over-year storage’

is defined by a demarnd equal fo the minimum annual inflow of

-

the data series. .

~

.2.4 Cyclicity-of Months
On Figure 35, plots are shown for:

1. actual data series .

2. constant monthly data

each month {(same average year r ated)

3. monthly cyéiic data ﬁhat are t average valﬁes for
7. |

4. annually-scaled monthly cyclic values-, based on

monthly means but with each year scaled by the annual

values. The difference bétween this and the pr;vious

line gives the effegt of the annual variation.

t |

1t can be seen that above D/AR = 0.2, increasingly larger
amounts of the reguired storage'above 2 month's demand are
expléined by the monthly cyclicity. The annual variation
once again has a significant effect on;y at very high

demands (greater than 0.8). -
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5.2.5 Length of Deficient Period

——

Tests were run withrl, 2, 32;' . . 12 consecutive months
of yéar 26 set to 0:0 and the months of the other years held
constant at the historical average. " For thé 100% reli-
ability case, the effect was to &ause the storage curve to
rise the equivalent of one month for each month set to 0.0.
For 99% reliability, (see Figure 36) there was very little
increase in storage noted for 1 to 4 deficient months, but a
significant increase (about 1 month's storage) occcurs for 5
months. The feason for this is that 5/480 = 0.0104 which is
greater than 1 - 0.99 = 0.01.  This means that for up to 4
months, the 1% faiiure is absorbed by concentrating it in
the drought months, but once the .drought is more severe than
the reliability shortfall, ‘the system must add a month of
-storage to make it up. | -
5.3 SUMMARY

0f the effects examined, the one that appeafs to produce
the greatest effect is the period of drought, or the number
of months below a certain value. Next is the monthly cyclic
nature‘of the data, which also defines a drought period.
The fluctuation of the annual totals .Hqs an effect but only
at higher demands. and especially above a value = (min annual

input)/(mean annual input).
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Chapter VI

'APPLICATIOﬁ OF SYNTHETIC; HYDROLOGY ANALYSIS

To apply the principles of synthetic hydrology to this

N .
problem, a new computer programme, CISTERN, was developed to
generate data and calculate the required storage. A

'complete listing is given in Appenaix E.

6.1 GENERATION OF RAINFALL DATA

In order to choose a model for generating standardiied‘
data, ihe Ottawa CDA monthly rainfall data were examined
using the IMSL subroutine FTAUTO. The.éutocorrelation and
partial autocorrelation structures ! were deterﬁined and
plotted in Figures 6 and 37. A classic annual periodicity
is evident in the correlogrammme.

The data were then normalized by subtracting the monthly
means and dividing by the monthly variances. The resulting
data were again® examined by FTAUTO and the results plotted
in Fiqures 3B and 39. The significance level on the corre-
lations in all cases was 95%. For ndrmalizeq daté,- points
of significance in autocorrelation were at lags of 10, 43
(and not ;ho;n on the graph: 53, 56, 99, 109, _115, 141,
2691. In the PACF, significant points are at lags 10, 43,

53, 54, 95, 99, None of these is highly sﬁgnificant or.of

- 110 -
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any physical meaning and they were thus disregarded. In
effect, the ACF éhd PACF truncate after lag zero, indicating
. white noise (see [24]). The result is that normalization
produces a nearly random series and points to a imodel with
at ggé; lag-1l correlations as being appropriate for this
monthly rainfall. Months are not strongly correlated with
previous months or fronths at one month inter&als. They
appear to varf randomly about their monthly means. .

The Thomas-Fiering Model is a lag-one, seasonally autore-
gressive model relating normalized data. Its use in this
case seems }easonable although in respect to its use of one
correlation term, it may even be an overspecification of the

series. The generating egquation has the form:

u - u

q = q
i} i b 5 (§) i-1,3-1 J-1 + ty FIH:‘EEZES, (6.1)

where
i is a seguential counter

j is a season counter

p(3) is the correlation between seasons j and j-1
a4,y is the ith value generated and is in the jth

s5eason

o

% is the standard deviation in the jth season
u
3

ty is a random variable from some distribution.

" which clearly shows the two parts:

is the mean value of the flows in the jth season

-

N
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1. Deterministic, reiating one month's normalized value
to tﬁeAprevious one by the lag - one correlatioﬁ

2. Random, represented by L.

'Its'more familiar form for computation purposes is:

U,3

= U, + p(3) ;l ' I:qi—l,j-—l -'u_-]-l:l + tio'j /1 -02(1) (6.2)
j-1

The procedure for generating traces was similar to Burges
{3]. For each trace, fifteen years of data were generated
and dis;afded to be free of starting problems with the
random generator and the initial wvalue ({(taken as the-
seasonal mean). The random seed and this initial value were
reset with each year of data generated. The trace was
generated using the resﬁltant random seed and the year-end
value necessary for calculation of the value for the first
month of the trace. This process was repéated until the

required number of traces was generated.

6.2 CHOICE OF DISTRIBUTION

16.2.1 Histogram

The generation. of data using a Markov seguence should

preserve the distribution of the original data. This is
accomplished by generating the random component of the mﬁdel
fr;m a distribution—that closely approximates the'original.
Klemes (p. 3 of [36]) in speaking of streamflows, says:

Given the usual 1length of record (40 years or
less), it is hard to find a distribution model for
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annual runoff that can be rejecﬁed on the
customary 5% level of significance. :

Although longer rainfall 'series are available, the
distribution in any case ;till plays a part 1in the genera-
tion and a cboice must be made on the best possible informa-
tion. A histogram of all S92 years of Ottawa CDA monthly
data is plotted in Figure 40 with a class interval of 25 mm.
It shows a highly pésitively skewed distribution and

suggests a Gamma-type distribution. If this were the case
4

it would coincide with' the work of others. Haan {22] says

A{p. 104):

The gamma dfstribution has been widely used in
hydrology. Rainfall probabilities for durations of
days, weeks, months and years have been estimated
by the gamma . distribution (four references
follow). '

6.2.2 Distributions Available

LY

For the Thdma§-Fiéring lag-1 Markov generation model,
_four distributions are commonly used: Normal; Lognormal
2-parameter; Lognormal 3-parameter and; "like"-Gamma
(Wilson-Hilferty). An explanation of how the generation was

accomplished for each distribution is given in Appendix D.

6.2.3 Comparison

A comparison of the degreé to which parametérs of the
input data are reproducid by the model uging each distribu-
tion was carried out. Using parameter$ from 92 years of

historical data, one thousand traces were geherated, each of

-
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40 years'length ;nd the parameters fo; each trace calculated
by an unbiased estimatiéﬂ profedure presented by %;edinger
ahd Taylor, (p. 912 of [§9]). The formulae for the procedure -
are given in the sectioh "Stedinger and ;aylor's Unbiased.
ESt?mators“ of.Appendix c. The estimates were averaged and
a standard deviation of thg estimateg calculated. The
-paréheterS‘estimated are:

« 1. monthly means coefficients of wvariation, coeffi-

¢
. cients of skew, seasonal serial correlations;

2. :annual mean, coefficient of variation, coefficient of

skéy, correlation,

3. minimum annual,

4. overall mipimum annuél_(no average taken).

An operational rating Syst?ﬁ was applied. The values
célculéﬁed using each .diétribution, were compared to the
pﬁpulation values to . See how well';the parameters were
preserved.. The closest and the second closest to the orig-
‘gﬂgl parameters as well as.  cases where the original value
was more tham one staqdérd_deviation away from the popula-
tion value were notedi The results are presented in Table
4. —@he ratiﬁg was detgrmined by "

(NO. CLOSEST) hd (NO.. SECOND .CLOSEST)/Z - !_NO. OUT OF RANGE}
| | (6.3)
fge 1ike*gamma disiribution was a qualified winner. . The
3-parameter models (LN3 andlLG)' reproduced CS better than

1 - .
the 2-parameter models, as expected, and LG did it slightly
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TABLE 4
Rating Distribution Preservatioﬁ'of Input Parameters

- ' : Stedinger and Taylor Method
1000 Traces, 40-year Data, :
Parameters from Ottawa CDA, Rain, 1890-198

NORMAL LIKE GAMMA .- LN2 : LN3
l 2X PTs (1 2 X PTS| 1 2ZX PTS{4 .2 X PTS

- ] e o e e S e e | e e o [ ——— s | e g - —— -

Means | 3. 2 1 |2 8 1 5 |9 21 ¢ 41 1.
cv 2 4 -2 |10 1  10.5 3 1.5/ 1 9 5.5
Corr. | 4 s ['3-¢ 5 |s 3 65016 4
cs |1 8. -7 [7 8 10 5. 7 8.5
TOTALS

w/oCS| 9 6 3 |1513 1 20.5|14 8 1 17 | 2 19 1 10.5

w CS 10 14 -4 22 19 1 30.5}1¢4 8 1 17 7 26 119

Headings: 1 - no. of values closest to original
2 - no. of values second closest
X - no. of values more than 1 std. devn. from
original '

. PTS - rating-=lfirsts + seconds/2 ~-_ X

\

i -«

5

better than LN3. If skew were not considered, the LG had a

higher overall rating than all the others but was only
slightly better than LN2 and was beaten in "seconds" by LN3,
Considering skew, it was more clearly the winner with the
highest firsts and po?nts'and lowest number out of range,

but it still came second in "seconds™ to LN3.

The effect of the different distributions on storage is

discussed in the next section.

<
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6.2.4 Conclusion v

In conclusion, for models for which skew 1is not ihpg;—
tané, the LN2 1is nearly as good as or better than
3-parameter modei; Sut vhere skew is important, LG i$ the
best of models tested. Thus, while LG is not ablg to repro-
duce all of the statistics of the original series consis-
tently better thaﬁ the'éther distributions, 1its overall
performance is the best of the distributiodns tested. With
respect fo computationai ease, LG and.LNZ are similar. |

It 1is notable that while the -average of all minimum
annual values is higher than the orginal data's minimum
annual, all of the=distributi§ns tested -showed thfffginimum
years can be produced that are considerably lower than thq‘
historical series. This is of considerable importaﬁce in
estimating the storage required as lérger storages than the
historical value c¢ould possibly be produced by these low
years.

/

|
6.3 CALCULATION OF STORAGE CURVES USING SYNTHETIC DATA

6.3.1 Qverview ‘ _

Programme CISTERN réad in data parameters, generated a
required number of traces of a given length, with the same
number of seasons as the data. 1t then calculated the
storage for each demand level chosen, fitted the storage
values to an EVl distribution and calculated the value for a
given certainty level,. Each part of the célculation is

copsidered separately below. .
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6.3.2 Choice of Points to Be Calcula%ed

——— ————— — ————

An unsuccessful search‘for a functional relationship
. between non-dimensionélized» deﬁand and storage for special
casestwas undertaken. Instead of this, two points wvere
chosen as representing upper and lower useful values in the
Demand/Storage/RélEability‘curve. They were chosen on the
following basis:
l. In design, the conservative case is to overestimate
the storage.

2. Demand for the year is‘not expected to be less than
one average month's inflow.. That is, D/AR is no less

" than 0.0833. '
3. Due to rapidly incgeasing storage at higher demands,
it_will seldom be feasible to increase demand above

0.9 of yearly input.
4., A line dréwn between these two points on log-log
piEfs overestimates the stérage.

Thus a line drawn from (0.0833, S"{(0.0833)) to (0.9,
s"(0.09)) _will producé a conservative estimate for design
purposes of required storage over that range of demand. The
amount of overestimation depends on the particular data
used. The investigations below concentrated on the storage

required for these two demands.
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6.3.3 'Parameters

Seasonal means, coefficients of variance and lag-one
correlations were read in for all cases and, 1in addition,
coefficients of skew for LN3 and LG. Suitable generation
parameters were calculated for the.chosen distribution. It
was found that the seasonal means could be replaced by the
-monthly fractions of the annual mean with minor resultant
changes in the output. Theoreticaily, no changes should

-—

occur. -

6.3.4 Length of Trace

A standard length of 40 years was used for tests reported
in this thesis, " for the previously presented reasons.
Hoﬁéver,. the model was written so that it could ‘be set for

any length up to 100 years.

6.3.5 Number of Traces
* Burges [3] showed that 1000 traces of 40 year length will
define the distribution of storage. For this -reason and
because 1000 traces produces a set of data requiring a size-
able storage and considerable éomputing time, 1000 traces
were generated and used to calculate stdragé Yalues for each
case considéred in the thesis. The p;dgramﬁe had the capa-
bility to be set so that any number of traces. up to 1000

could be generated.
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6.3.6 Storage Value Determination

6.3.6.1 Calculation for Each Trace

It is noted in the Demand/Storage curves that, while
storage values range over the full interval of [0.01, 1.],
the demand range is more restricted, especially above 0.9.
This is the reason that the curve was calculated by assuming
values of S" and calculating D", However, 1if the range of
D" is restricted to [0.01, 0.9), it is possible to calculate-
'S" given D" by a similar method.
The subroutine to do this was wéitten and incorporated in

CISTERN as SBYR.

6.3.6.2 Distribution of Storage Values

Burges [3] presents a heuristic argument that the distri-
bution of calculated storage values ' produced by a storage
calculation similar to the mass curve (sequent peak) is EV1
(Gumbel). This was assumed to apply in the present case.

The probability distribution function is defined as

£(x) = exp(-exp(-y)) , y = a(x-U)  (6.2)

Following Yevjevich's suggestion (p. 154 of [78]) that the
ékew of the distribution (a constant 1.29857) is’ suffi-
ciently high that the parameters a and U should be estimated
by max}mum likelihood methods, a subroutine EV1 was written
to fit the 1000 storage values for éach demand level by B.F.

Kimball's Maximum Likelihood procedure (pp 231-2 of [20]}).



124

For a sample x_, i=l,..;,N, the Maximum Likelihood equa-

i
tions are:

fe 2¥{ = N (6.5)
-axX
Ixie i N l -
—ax a ' (6.6)"
L e p

where
u is the mean of the Xy

N is the number in the sample
|

N(
I =13
1-1 * * [ * "
The second .equation is independent of U so that it, 1in the
form |
-ax
a  pa—8%y (6.6a)

is solved iteratively for a by putting the best estimate

into the right side and obtaining a new value. An-error. of

-

0.1% in a was used to stop the iteration. Then, U is calcu-

lated from the firs?/;quation. - The initial estimate for a
vas found from Ll .
- L]

. T .

a= - B (6.7)

where ¢ 1is the standard deviation of the storage values.

This was obtained by the method of moments estimates (p. 227
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of [20]), (p. 8-16 of [7]). When a and U had been deter-
mined, a sto?aée véiue could then be calculated for a-given -
level of certainty. - ;. :

In operating the algorithm, - it was found that it.wés
neither as stable nor as rapidly converging as Kimball
suggested. A single out of range value in 1000 would upset"
the algorithm and cause it to diverge. To correct this, a
visual check was made of any non-converging data and

outliers were removed. Convergence was accelerated by aver-

aging .present and previous estimates.

6.3.6.3 Level of Certainty ' s

When using a Gumbel distribution, it is common practice
to relate the level of certaintj to a return period which
means the period withiqvwhich the chosen value was equalled
or exceeeded in the data. -

I1If C is the cerﬁaint; of soﬁe vallie S read from the
Gumbel distribution, it means that C of th§ values are less
than S. The probability that the storage will be greater
than or equal to-§ is 1-C. Thus the return period is

| T = 1/(1~C). (6.8)
Traditionally: this is given as the number of “years; but
Chow also calls it "trials" (p. 9-59 of [7]) or "cases" (p.
8-22) which is better terminoclogy in fhié.case.

Because a single storage value is obtained from 40 years:

of data, it is incorrect to say that a storage value with a
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certainty.of 0.99 has a 100 yeaf return period. Rather, it
should be said that it has a return period of 100 trials (or
4000 years in this case). ‘It therefore means that at least
one in one hundred sets of 40-year period .will require a
‘'storage larger than the determined value.

To choose the level of certainty, consider the risk
factor. It is defined as the probability that the.réquired
stofage will exceed S at least once in n trials.

- Risk = 1. - ¢® (6.9)
In the medium-term, the risk of failure in 100 years (i.e.
2.5 trials) is a reasonable level to use as a standard for a
rainwater collector. For 40-year cycles, the resulting

calculations are shown in Table 5.

———————— T ——— T — T o T e b e —— —— i ——— T — ——

TABLE 5

Return Period and Risk

. Return Period Certainty Risk in 100 years
years trials C = 1-1/T . 1-p2.5 :
40 1 0. 1.
100 2.5 .6 . 721
200 5 .8 .428
400 10 .9 .232
600 15 .933 158
800 20 .95 120
1000 25 .96 097
2000 50 .98 049

s e e e A R S S S S S M U e i M G S S A A R S ok S S . S S S S S T W e e S S
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Since the demand for water from rainwater collectors is
highly elastic ([26], [55]) and supply is seasonal, reason-
ably high risk can be accepted, Failure can be reduced by
conservation measures and is usually of, at most, several
months duration. Moreover, failure is not catastrophic as
it would. be in the case of a breached dam and should not
adversely affect the future operation of the system.

For these reasons, a 20%-risk in 100 years was chosen as
the level of certainty. This corresponds to a certainty of
0.915 and represents a return period of 11.7 " trials or 468
years. A test of this level 1is made later on historical

data.

6.4 TESTS

6.4.1 Distribution

The data for 40 years Ot?ﬁha CDA 1942-1981 were analysed
and suitable parameters calculated 'and fed intol the
synthetic data programme. fhe D;mand/Storage/Reliébility
lines for each of the four distributions were calculated and
are presented in Figure 41 along with the 99% reliability
historical data line. A similar procedqge was followed for
data for 1890-1929 to thaiﬁ F%gure 42; Figure 41 shows
that at the 0.915 certainty level, the LG and LN3- points are
nearly coincident but are above the historical line. LN§

may be slightly above LG. The LN2 points are generally

below the historical line. The normal points were above the
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LN3 and LG points but still within '20% of the historical
storage Qalues. In Figure 42, a similar pattern is evident
although tﬁe LG points are noﬁ above tﬁé LN3 ones. The
Normal disiribuéion still produces the lafgest storages.

From this analysis, 1t is seen’ that that both 3-parameter
distributioné {LG and LN3) givé reasonable approximations‘to
the historicai data Valueé'of ;torage required at the 0.9815
ceféainty level. There 1is littie to distinguish the two.
Coupling this reproduction of storage with the analysis of
reproduciﬁility of data pagameters, the LG distribution was
chosen for data géneration for further studies Secause it
.reproddces (the statistical parameters pest and produces
storages that are a reasonable Approximati;n to the histor-
ical data valués. .

Ne*t, forty-year sequenées were generated using the
parameters for the fﬁll 92 years of data. ‘The placement of
distribution lines in Figure 43 shows a Similar pattern to:
Figure 41. '

Next, iﬁ_Figure 44, outputs from 40 years of synthetic
data‘forlLG based on 92 year population parameter estimates
are compared to outputs from synthetic data.using parameters
estimated from the periods 1890-1929, 1916-1955, and
1945-1981. The storégeé based on the larger population are
-not always greater than those :generatéd with parameters

estimated from sqp-populations. It would be expected that’

more data, i.e. a longer series, would include and reflect



oo @ NORMAL . -
' ¢ LOGNORMAL 2
x LOGNORMAL 3
+ LIKE GAMMA

T ¢ 77

STORAGE FRACTION (S/AR)
)
1

10"

wd!

S S R B B O S g 3
DEMAND FRACTION (D/AR)

N =

107"

-~
o
~
=]
=
-

FIGURE 43: COMPARISON OF SYNTHETIC STQRAGES OF

40 YRS OF DATA GENERATED WITH 92-YR PARAMETERS,
RAIN., OTTAWA CDA. JAN 1890 - DEC 198!
99% RELIABILITY. .915 CERTAINTY

F<



t.
- 1 1 15 1 Jot 1 1 e 1 1 1 L ) I |
o - o
] AV :
[ -
°- \ + 1
.“_ i
- - -
= -
S + 1890-1929 L
o
< O 1916-1955
v X 1941-1981
=
o : ’
— 'D
5 -
g . i
W o * -
W w- -
0 .
= 1850-198] ol
o .
o 7 I
- -
e
i ’ L
W
x
~ -
".C
= T T T T T 7T T. = ) T SR T i
0 2 3 4 s &6 1T 8% HO 2 . 3 & 5 6 7 8 9§

DEMAND FRACTION (D/AR)

F1G. 44: COMP. OF 40 YRS OF DATA GENERATER
WITH 92-YR & 40-YR PARAMETERS.
RAIN. OTTAWA CDA. '
LIKE GAMMA. 997 RELIABILITY. .915 CERTAINTY



2 | S " 133

'« any severe periods. However, some damping of severity

appears to occur due to the parameter estimation process.

.
=

6.4.é Certainty g

The assumption iof.a certainty, level of 0.915 was veri-
fied. The levels- for the historical cases of 1B890-1929 and
1942-81 were calculated using Like Gamma with parameters
estimated using thet same data. The’historical galues and
the corresp@hding levels of Certainty for that value are

given in Tables 6 and 7.

——————————————— e s —— ol o — ———————————— T ——— " ——r — -

TABLE 6

Ottawa CDA 1890-1929 Based on Like Gamma

Demand Historical Certainty $(.915) S{.85)
(Fig. 41) of Hist.
0.0833 ° 0.025 . 0.902 0.0252 (+0.8%) 0.0243 (-2.8%)
0.15 0.0485 0.899 0.0490 (+1.0%) 0.0473 (-2.5%)
0.30 0.107 0.886 0.1086 (+1.5%)_,0.1055 (-1.4%)
0.70 0.314 0.809 0.3241 (+3.2%) 0.3170 (+1.0%)
0.90 0.56 0.757 0.6230 (11.3%) 0.5897 (+5.3%)
Average of absoclute % errors 3.6 2.6

Theiéﬁéfaég certainty of the historical values is 0.85
{(Risk of 33% in 100 years) in both cases. The storages for
certainéies_of 0.815 andfO.BS are presented above as well as
the percentage.differences from the historical:. The average
of the absolute error percentages was calculated and it

L

i
7

-
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TABLE 7

Ottawa CDA 1942-1981 Based on Like Gamma
Demand Historical Certainty s(.915) ' S(.85)

(Fig. 42) of Hist. .
0.0833 0.0198 0.644 0.0210 (+6.0%) 0.0205 (+3.5%)
0.15 0.0382 0.811 0.0394 (+3.1%) 0.0386 (+1.0%)
0.30 0.096 0.933 0.0949 (-1.1%) 0.0923 (-3.9%)
0.70 0.293 0.901 0.2946 (-0.5%) 0.2885 (-1.5%)
0.90 0.55 0.949 0.5303 (-3.6%) 0.5081 (-7.6%)
Average of absolute $ errors 2.8 3.5

——————— T — T — . — T ———— T o o S S o A M A i A S - ———

shows that neither value 1is clearly better in all cases.
Therefore, the conservative estimate was taken and the

certaihty was taken to be 0.915 as before.

6.5 SUMMARY

The computer programme CISTERN sas written to generate
data for and analyse storage values from the storage calcu-
lation develoﬁed in the previous Chapter, It was written
generally so that generated data distribution, length of
trace, number of traces, and level of certainty could be
easily set.

The Thomas-Fiering model is expected to be adequaée'to
generate sets of data for testing purposes. éince seasonal
serial correlations are small; it may gepfesent'an overspe-

cification of the historical series.

)
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TABLE 7

Ottawa CDA 1942-1981 Based on Like Gamma -
Demand Historical Certainty $(.915) S(.85)

(Fig. 42) of Hist. _
0.0833 0.0198 0.644 0.0210 (+6.0%) 0.0205 (+3.5%)
0.15 0.0382 0.811 0.0394 (+3.1%) 0.0386 (+1.0%)
0.30 0.096 0.933 0.0949 (-1.1%) 0.0923 (-3.9%)
0.70 0.293 0.901 0.2946 (-0.5%) 0.28B85 (-1.5%)
0.90 0.55 0.9459 0.5303 (-3.6%) 0.5081 (-7.6%)
Average of absolute % errors 2.8 3.5

shows that neither value 1is clearly better in all cases.
Therefore, the conservative estimate was taken and the

certaihty was taken to be 0.915 as before.

6.5 | SUMMARY

The computer programme CISTERN ,was written to generate
data for and analyse storage values from the storage calcu-
lation develoéed in the previous Chapter. It was written
generally so that generated data distribution, length of
trace, number of traces, and level of certainty could be
easily set.

The Thomas—Fie:ing model 1s expected to be adequaée'to
generate sets of data for testing purposes. éince seasonal
serial correlations are small; it may gepfesent'an overspe-
cification of the historical series. )

R



- 135

A.comparison of the ability of four different distribu-
tions which may be part of this generaﬁion model showed that
no single distribution would reproduce exactly the parame-
ters of the historical data or even reproduce them consis-
tently better than all the others. However, the best
performer was found to be the Like—Gamma, even when skew is
not considered in the evaluation. Like-Gamma also calcul
lated the storage values well. Based'on its reproduction of
statistical parameters and storages, it ﬁas chosen as the
distribution for further stuaies.

The.storage value used to typify the parameters fed into
the generation / storage model was determined by a level of
risk of fai;ure of 20% in 100 years, which was chosen for
physicalAreasons. The averége risk of historical data was
found on the average to be above this butﬂZO% wasiaeemed
adequate in order to estimate the storage at both upper and.
lower valuesh;f demand. The lower risk leads to a higher

storage value for a given demand. .,



Chapter VII _
STUDY Of EFFﬁCTS OF MAJOR INPUT PARAMETERS ON
. STORAGE
In this chapter, the monthly rainfall and storage models
were combined into one programme. The statistical charac-
teristics, and hence the pattern, of the rainfall regime
we?e; varied one by one and the effects on the reqdirea

storage were noted.

7.1 REVIEW OF MODEL

The synthetic hydrology and storage model used in inves-
tigations in this chapter had the following characteristics:

1. Sﬁorage Calculation

a) Conservative (YAS) Calculation -

b) monthly data w

c) Reliability based on volume supplied

d) 99% reliabi¥ity level’

e) né,rationing

f) no stockihg

g) WARMUP subroutine used to calcuiété: initial

storage

2. Rainfall Model

a) Thomas-Fiering Lag-l Model

b) Like-Gamma Distribution

- 136 -
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c) 1000 traces generated

d) each tréce is 40 years long

e) storage values fitted to EV1 distribution by
Maximum Likelihood

f) 0.915 certainty level in storage

g) calculations made for demand fractions of -0.0833

and 0.9.

7.2- INPUT DATA

All input parame£ers were non-dimensional; Since the
resultant graph is dimensionless, it 1is independent of the
scale of the input seasonal means and hence the seasonal
means can be normalized by.dividing by the annual mean rain- .
fall.

Other input parametérs to the .generation model are boeff
ficient of variance, seasonal correlation énd ;oefﬁicient'of
skew for each season. Thué, the generation model is inde-

pendent of the historical data except for the assumption of

a like-Gamma diStfibution.

7.3 SCOPE QF INVESTIGATION

The model was run more than 131 times for various combi-
nations of input parameters. Skew was .inﬁestigated in.‘S
cases, seasonal serial correlation in 11, monthly means in
55 and monthly coefficient of variation iﬁ 60 cases. Unless
otherwise stated, the values of monthly parameters were

those determined from Ottawa CDA rain 1890-1981 data.
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As a basis of comparison, the model was run with all

historical parameters to og%ain the historibally—derived

storages:
Demand Fraction Storage Fraction
0.0833 - 0.0228

0.9 0.5743"

7.4 SKEW AND CORRELATION _ ,
7.4.1 Skew.

Because of a lack of a discernible pattern in monthly
_ coefficients of skey,” these were taken to be the same for
all months. The results of 5 runs for values of Coéfficient
of Skew of 0.1, 0.5, 1.0, 1.5, 2.0 are plotted in Figure 45
as a fraction of the historical data value.

The effect of setting all sﬁeus to a single constant
value was <determined by the Yalues of storage at the skew
value of 0.8082: Tﬁe difference 1is 53.5% of historically-
derived ;alﬁes'with. D" = 0.0833 being above the historical
and D" = 0.9 below. The conclusion 1is that there is no
great difference between the historical data Gglue of
storage and the value derived with CS constant for all
seasons. Thus, a single skew value can be estimated froml
the complete population and 1its value used. CS for the
monthly data was 0.8082 and 0.8 was used in later examina-

C,

tions.-
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The variation in storage was greater with a demand of
0..0833 where it varied from 0:88 to 1.05 of the historical-
ly-derived value, compared to .the case of demand of\0.9
'wheré"the storage varied only from 0.91 to 1.01 of the

historically-derived value. Overall, storage . is not very

sensitive to skew in either demand case. The trend,
however, is that 1increased skew gives lower required
storage. -

7.4.2 Correlation

Seasonal serial correlation was treated in a similar
manner. Since all values were-ndt significant at 95% and no
patterh in the monthly values was noted, the correlations
for all months were assumed constant and the values were
varied from -0.5 to 0.5. The results are-plotted in Figure
46, again as a fraction of the historically-defived value.

Correlation has a significant effect on storage. The,

~general trend is that increasing .correlation means . more
storage. Correlation varying within the bounds of the 95%
‘significance level alone causes storage to vary from 10-15%
(D" = 0.0833) to 20-40% (D" = 0.9). Greater variation is
evident outside of that range.

Since the?e is such a difference among vélues for corre-
lation within the significance limits, the effect may be due
to the assumption that correlation  is constant for all

months. However, in both demand cases, the storage for p(j)=
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0.0 was approximately equai to the histoficallyfderived
value. It appears that seasonal serial correlation is a
statistic with a definite distribution.  Setting the corre-
lation values in the model may be equivalent to setting the
mean of the distribution. For example, setting the correla-
tion to 0.1 may not mean that the value of tﬁe correlation
is. 0.1 but wafher that it is 0.1 with some confidence. An
analogy with confidence limits about 0 correlation might be
made. No further studies of this particular hypothesis- were

carried out.

7.4.3 Effect of Constant Skew and Correlation

Later hodels assume correlation and CS to be constanf for.
all seasons and egual to 0.0 and 0.8 fespectively. -The
effects of these changes on the storage are shown in Table
. . )

Theré-ié a 1.B% increase in storage for a demand of 0.0833
with the changes 1in correlation aﬁd CS having a similaf
effect. However, in the case of demgnd of 0.9, there is a
3.6% decrease in storage, with the correlation change having

greater effect than the change in CS.
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TABLE 8

' Storage Values for p(j) = 0.0, CS = .0.8

Demand = 0.0833

Cs from data cS = 0.8
p(§) from data - 0.0228 ©0.0231
p¢§) = 0.0 0.0231°" 0.0232

' - , Demand = 0.9

CS from data . cs = 0.8

p(J) from data 0.5743 0.5686
p(3) = 0.0 0.5577 . 0.5534

[ —— R e e N et

7.5 PATTERNS OF MONTHLY MEANS

There are two features of the monthly means patfern that
were studied: the length of %he period with low ;aféfall
and; :the severity of the low rainfa;l. . These re handled
by assuming a two-season (wet/dry) model with/a certain
number of consecutive months with T"low" values §nd the rest
of the year with "high". Severity was quantifiéd by the
ratio of the rainfall 1in a "high" mohth to that in a "low"
month.

The quel.'ﬁas run for 1 to 1l low months and high/loﬁ
rafios of\l45, 3., 5., 10., 20, Corrglation was éet at 0.0_
and CS was segkat 0.8 for all months. Coefficient of varia-

tion was set at 0.5 if the mean fraction was above 0.0833

{the average monthly value) and 1.0 if the mean fraction was
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below this. These values for CV were determined by a visual
N _

examination of the historical data parameters (see Figure

5). The results are presented in Figures 47 and 4B for

| ~.
- demands of 0.0833 and 0.9 respectively. TKQ#%Easis of

compa:isén was the historically-derived storage fraction
values as before as well as the demand level.

For a demand of 0.0833, the storage value varies 70% of
the historically-derived storage fraction and is increased
by;both increasing severity and increasing number of "low"
months, but the éffecf is greatest at high severity 1evéls
(above 10.5 vhere storage reaches a maximum with 7 low
months. Severity ha§ its greatest effect with 4l to 9 low
mbnths whefe the -storage may increase 35 to 40% when
severity increases from I.5 té 20. but in other cases, the
increase is only about 3% (1 and 11 months).

For demand of d.9, the, effects are much more dramatic
with storage values varying over 375% of the historic pafam-
eter value. For up to 7 low months, the severity has little
or no effect on storage. Any increase due to severity is
egfectively confined to'sevgrities -beiow S.Jﬂ . For greatér
than 7 loﬁ months, increasing either factor results in
higher storage. .

~In summary then, pven 1the ranges of the parameters

studied, the number of low months (i.e. 1length of the dry

season) has a greater effect on the storage required than

does the severity (high/low ratio}. For fewer than 4 low
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months, the storage is effectiVely independent of severity.
Above this number of low months, storage depends on both
factors. The pattern of degsﬂffnce depends‘ also on the
Gemand level in that for higher demands, the severity has

less effect than it does for low demands.

7.6 COEFFICIENT OF VARIATION

To examine fhe effe;ts of variance in the seasonal means,
two cases of the meanqnanglysis were taken. A year with 5
- low months was used and high/low ratios of 5. and 20, were
studied. For each of these, CS was 0.8, correlation was 0.0
and CV for mean fractions above 0.0833\wef§ given the values
0.3, 0.5, 0.8, 1.0, 1.5 while fractions below 0.0833 were
assigned 0.5, 0.8, 1.0, 2.0, 3.0, 4.0. The results are in
Figures 45 to 52 where the values shown are compared to the
historically-derived values and the demand level.

Diécounting the: fact that the storage for the 20.0
severity level is greater than that of the 5.0 case for both
~demand levels, there are two patterns of ;storage—one for
each demand level. L

At D" = 0.0833, 'the storage is increased almost équally
by an increase in CV of either the wet or drf months.

At D" =_0.9,. the Cf's of the dry months have practi;ally
no effect on the storage required.’ Any increase 1s caused

by increasing the CV of the wet months.
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7.7  SUMMARY .

Skew has é very small effect on stoéage. Seasonal corre-
lation can have a considerable éfféct“ﬁf the data exhibits
high enough correlation. However, * since monthly rainfall
seasonal correlations are small, the effect is minimized.

The effects of droughp-period parameters (length of dfy.
period, high to low month ratioi and variation of months in
wet and dry periods) are more pronounced than skew and
correlation and are strongly debeﬁdent on the demand levels.
Higher demands result in much greater increases in storage
over the ranges of the parameters studied. However,.'in
general, for a dry period of 4 months or less, the number of
low months is the determining- factor for sforage'as oppésed
to the high/lbw monthly ratio. Storage i$ detgrmined bf
variances of iboth high and low months for low demands but

for high demands, the variance.of'the Get months ‘is‘the‘

determining factor.



Chapter VIII . . <\\
CONCLUSIONS AND DISCUSSION

8.1 SUMMARY

Rainwater, collected and stored with care, can be used as
a potable water source in many areas of the world. The
major cost of the system is the reservoir or tank used to
hold water over from wet to dry beriods. Co .

For design purposes, the calculation of the reservoir
size should involve as little data as possible and be done
in a very short time. No, good method exists. with these
characteristics, but the first "step towards this is the
development of a model that  produces values ‘that can be
compared with simpler methods. v

To this end, a search was made of rese}voi:—sizing models
and a comparison‘of thoée that had been used previously for
raiﬁwater tanks was done. bespite difficulties in éompar-
ison due to different definitions of reliability, it was
evident that one class of models, namely thése involéing a
behaviour analysis, ‘produced a wide range of ;torage values
and coul@ be 'altered easily to produce this range; Several
'bghavibur anaiyses iﬁ\thg: literature ;ere unified by the

“introduction of a variable parametér, 8.

o -
e

- 1583 -
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‘ The cémputer modei was developed to incorpqrate as many
options from the literature as possible. A major addition‘
to previous models was the development of a 'new algorithm
for estimating a starting volume for the reservoir calcula-
tion. It was .based on averaging the year-end storages
calculated with the available .data and an initially full
reserQOir. | |

The quel .was tested. on rainféll data for Ottawa Cﬁh,
Canada. It was found that; while storage calculated using
"daily data was nearly independent of the type of behaviour
analysis used, indicating that this time period led to a
"true” storage value, monthly data calculations could be
made to approximate the daily values by a change in the
reliabiiity_of the most severe (i.e. conservative) model
‘from 100% to 99%.

Further tests of the conservative model with simplified
and standardized ﬁonthly data showed numeroys features of
the model. The most influential input data features were
period of .drought, monthly rainfall cycl;city and minimum
annual rainfall,

Finally, to study. the effects on storage of vafious
patterns of easily determined rainfall parameters, a rain-
fall model was developed and applied a number of time§ and

conclusions drawn.
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8.2  CONCLUSIONS -

~_ When the research_for this_ thesis began, . the ultimate
goal was to produce \;\mﬁfggg/’to calculate rainwater tank -
size using a minimum number of easilj-derived parameters.
With this method, lay designe;s would be able to design
their systems without detailed data analysis.

This goal ﬁé; not reached in its entirety. However, the
tools.for future investigations were developed and a reduc-
tion of the number of parameters needed was accomplished.

From the work tﬁat has been done, the following conclu-
sions can be drawn:

., 1. A computerized storage model was deqelopedf”hyzﬂTﬁmL)

the following characteristics and abiljfies:

a) It simulates the operation of the [reservoir using
a behaviour analysis, which was found to be the
most flexible method of those studie

b) It has options for selection of type of

ehaviour

N analysis, rel}ability- level, rationigg and
stocking. . . ) ‘

c) It uses a full staft, singt¥e yearly average

starting value algorithm which yas developed and

found superlor to pravious methogds when applied to‘

the conservatzvg/behavlou a1y51s '

d) One type of behaviour analysis, the Yield After
Spillage or Conservative analysis, will give the
largest storages of'the models tested.

i

////;w. 'ji;
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e) The Conservative analysis has a miniﬁuﬁ storage
equal 'to the demand of two aata‘periqu.

Performance Tests of Model

a) When a daily calculationlis done with the modél,
the storage calculated is nearly indépenden; of
the typé of calcﬁlatioﬁ 'ana the reliability defi-
nition. _

b) If monthly data are used, it is recommended that
the conservative behaviour an;lysis with 99%
vélume-ﬁased reliability be applied to approximate
the daily calculation.

Effects of Rainfall Characteristics on Computed

Storage |

a) The length of a period of no rain is a major
factor in deter@ination of storage above the
minimum level. R

b) Markedly incfeésing storage is needed when yearly
demand exceeds zhe minimum annual rainﬁall supply
in the'data.. v

c) For demands below the minimum annual inflow, the
periodic cycle of rainfall, notably monthly,
accounts for much of the storage reduired.

d) Monthly coefficient of skew has a sméll gffeét on

storage and a single value estimated from the

complete data series can be used for all seasons.
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Seasonal serial cdrrela;ion has more effect than
coefficient of skew on storage'valués. However,
mbntﬁly'raiqfall has low correlatibn values and
hence, it is not expected to be of great impor-
tance.

i N,
For four or fewer dry months, storagde reguired )is

nearly independeni of the ratio of high to ow

monthly values

For low demand levels, storage depends on .the
variation of both Hfah and low monthly values but
at high demand levels, the storage is nearly
totally independent of the wvariation of the low

months.

Rainfall Model Analysis

a)

b}

The Thomas-Flering lag-one model was found

adequate to describe the rainfall for Ottawa CDA,

Canada. o

\e.

The Like-Gamma distribution (Wilson-Hilferty-

Transformation) was found-to reproduce the orig-
inal data series parameters the best of. the
distributions tested when 1000 traces were gener-

ated.
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Seasonal serial correlation has more effect than
coefficient of skew on storage values. However,

monthly rainfall has low correlation values and

hence, it is not expected to be of great impor-

tance. \

For four or fewer dry months, storage reqguired {s

nearly‘independeﬁt of the ratio of high to ow

monthly values .

For low demand levels, stecrage depends on the
~*

variation of both High and low monthly values but

at high demand levels, the ‘storage 1S nearly

. totally independent of the wvariation of the low

months.

4. Rainfall Model Analysis

a)

b)

The Thomas-Fiering lag-one model was found
adequate to describe the rainfall for Ottawa CDA,
Canada. N/

The Like-Gamma distribution (Wilsoh—Hilferty-
Tranéférmation) was found-to reproduce fhe orig-
inal data series parameters the b;st of. the

distributions tested when 1000 traces were gener-

ated.

[ -~
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8.3 FURTHER WORK

~ As always, some work has béen accomplished but there are
still several tcpics.tp be studied. Tﬁzfgollowing is a list
of a few topics that have - arisen in the process of this
thesis.

1. Hydrology

- A better model of the effect of snow and cold on

inflow from rain is needed.
- There is a need to examine rainfall regimes to deter-
mine ranges for parameters and establish patterns.
. = Further experimentgtbould be carried out with the
model developed herefto determine the interrelation-
ships among the parameters studied.

2. Storége ﬁodel

- The effect of 8 on storage values should be e{amined.
- A field study of the demand patterns and rationing
could be undertaken to develop a mﬁdel for demand.

- A study of the effecté oﬁ,stécking could re5u1£ in an
economic model in 'ordef to determine a ‘minimum'cost
for the cbmbined use of rainwater and othér water
sources. |

- The starting algorithm'developed here could be tested

w?ih other data and with other behaviour analyses.

Syhthetic Hydrology
T
While all studies dohe here are based on Ottawa CDA

data, it would be useful to study the application of
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Thomas-Fiering models to other rainfall regimes,

especially those with perioés with no rain.
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Appendix A

- PRACTICAL CONSIDERATIONS AND APPLICATION

J

A.1 PRACTICAL CONSIDERATIONS

A.1.1 Canadian Climate Conditions

As discussed in Section 3.2.2, snow was neglected in the
data used to calculate the demahd/storage/reliability curves

for Ottawa CDA.

A.l1.2 Variable Demand

-In the model developed in this thesis, it was assumed
that.démand was constant.:.- The real case is that demand
depends on the amount ;n the storage tank. I1f the tank is
overflowing, more water will be ﬁsed' and if it is low,

demand will be restricted. Some attempts [55], [25] have

. been made to express this storage/demand relationship,  but

aood field studies of the variation of demand have not been
‘ K - . o L :
. To prepaf% a genef%l demand model for. use in many

c

'

[ 11 -
areas would require a number of such studies in different .

areas and with many socio—cultural groups. Since a demand

‘model with field studies supporting.it was not-availablé; a

neutral case (i.e. a uniform demand structure) was adopted.

;

. s ' -

- =160 -
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R.1.3 Training in Rainwater Coilection Design

At the present time (June,- 1983) a series of classroom
materials (slide/sound shows and training manuals) are being
produced by Dr. E. Schiller and the author -for the World

Bagk. These are intended to upgrade the hydrologic design

of rainwater collectors, primarily 1in less developed coun-

3 N -,

tries. ‘ .

?

Y

A.2 CASE STUDY

The exaﬁple given here is real. A 7heritagé farmhouse
located at Dunrobin, Ont. (close to Otfawa) requiréd a rain-
water collection system because Ithe grouhdwater was unfit .
for human use. THe details vere:
Collection Area used: 135 m?
Demand: 160 l/day or 58.4 m’/yeér
Tank ﬁblume: 10.7 m?®
Problem: Tank runs dry ewvery year
It wag assumed that the rainfall for the farmhouse was
the same as for Ottawa CDA. Figure 29 (daily line) was
takeﬁ as the relevant design curve. Mean annqal rainfall h~j//

( | :
was 664 mm. The roof was contructed of asphalt shingle and
galvanized iron. The gutters and piping were in good condi-’
tion. Therefore, a runcff coefficient of 0.8 was aésymﬁd.

“Effective average annual rainfall (R} = 0.8 x 664 = 531 mm.

AN
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materials (slidefsound shows and training manuals) are being
produced by Dr. E. Schiller and the author .for the Weorld
Bagk. These are intended to upgrade the Hydrologic design
of rainwater collec£or5, pfimarily in less developed coun-
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A.2 CASE STUD

The exaﬁple given here is real. A ‘heritagé farmhouse
located at Dunrobin, Ont. {close to Otfawa) required a rain-
water collection system becausé ﬁhe groundwater was unfit
for human use. The details were: i

Collection Area used: 135 m?
Demand: 160 1/day or 58.4 m’/year
Tank Volume: 10.7 m?

Problem: Tank runs dry eve;y year

It gag assumed that the rainfall for the farmhouse was
the same as for Ottawa CDA,. Figure 29 {(daily 1line) was
taken as the ,relevant design curve. Mean annqal-rainfall _J(/
was 664 mm. The roof was contructed of asphalt shingle and )
galvanized iron. The gutters and piping were in good condi-"

tion. Therefore, a runoff coeffiéient of 0.8 was assumed.

1l

CEffective évqrage annual rainfall (R) 0.8 x 664 = 531 mm.

1
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A 2.1 Case 1l: analyse existing system

Step 1) Calculate Average Annual Inflow (AR)i.
AR = Area x Effective Rainfall ‘ : . \\,
= 135 x 531/1000

= 71.7 m®/y€ar

Step 2) cal °late Demand Fraction (D/AR} - .
D/AR = yearly demand/aVerage'annual:inflow'
- 58.4/71.7 \
= 0.81

'NOte:. because &he demand fraction is less than 1, dgmand is
less than supply and the system Eén theoretically'meet Ehe
demand. If the demand fraction is greater than 1, demand
will have 'to be decreased and/or the supply increased'(by
increasing the collection area) \ntil the demand 1is less
than the sﬁpply. | | .

" Step 3) Using Figure 29" for D/AR=0.81, it is found that S/AR
| is 0.34. |

Step 4) Calcq&ate Storage Volume (S)

S = storage fraction x average annual inflow
= 0.3¢ x 71,7 \
= 24.4 m?, N

" Conclusion: the 10.7 m* tank is too small for the combina-
).' _tion of demand and supply of this system. r{//
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A.2.2  Case 2: increase collection area

In this situation, only half ¢f the roof was being used.
Installation of more gutters would give an area of 270 m*.

What storage size is needed in this case?

= . 2 " .
A = 210 m ‘ ~f

AR = 270 x (664 x 0.8)
= 143.4 m® o
D/AR = 5B.4/143.4
= 0.41 . '
From Figure 29, -
. S/AR = 0.13
| S = 0.13 x 143.% -

18.6 m’.

Conclusion: the tank is still too siall,

A.2.3 Case 3: find sustainable demand °*

With full roof’ catching}rain as in Case 2, what demand

can be sustained by the system?.

) ' J

Storage available = 10.7 m> -~ L
As in Case é:' 5 g
143.4 m?

10.7/143.4

AR

S /AR
0.07

fl

From Figure.29, = - CL oo ' Lo

D/ARN= 0.24-1

Demand/year 0.24 x 143.4



A.2.2 ° Case 2: increase collection

- 163

area

In this situation, only half of
Installation. . of more gutters would.

What storage size is needed in this

A =_2?0 m?
AR = 270 x (664 x 0.8)
= 143.4 m° o
D/AR = 5B8.4/143.4
= 0.41 A '

From Figure 29,

0.13

 S/AR

S =.0.13 x 143.4

18.6 m?.

the roof was being used.
give an area of 270 m3.

case?

o

Conclusion: the tahk is still too stnall.

A.2.3 Case 3: find sustainable demand

With full roof’ catchin%}rain as in Tase 2, ' what demand

can be sustained by the system?

Storage available = 10.7 m?

As in Case 2:° K
AR = 143.4 m°
" §/AR = 10.7/143.4
- 0.07

From Figure 29,

-

 D/AR = 0.24

. - Demand/year 0.24 x 143 g
o _ . 34.4 m° :

]

y,

L
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Appendix B
DEVELOPMENT OF A NEW STARTING STORAGE ALGORITHM

B.1 REVIEW

Usually the reliability characteristics are
cqmputed for stationary (steady state, -equilib-
riwm) conditions of reservoir operation, i.e. for
operation not influenced by initial conditions of
storggé\ (Klemes, p. 745 of [40]). o

qggf‘\r vo{rs that are not inordinately (and' uneconomi-
‘*“angig large, which is the case being considered here, there
ls some .point 1in the future;,at which the reServoi§£ is
expected to dverflow or empty. This state will normélly
occur regardless of the initial stérage. After the latest.

- point for all possible starting values, the effects of the
" starting volume are eliminated and the reservoir is-said to
be in eguilibrium. The true reliability qan then be calcu-
lated, unbiased -by the initial conditions. In a sense:' it

represents the long-terh rather than the short-term réli—

ability.

.
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B.2 CONSTANT STARTING VALUES .

The problem of calculating the initial jfg;;§E-has‘been

" The tank is

sclved by researchers in a number of way
assumed full initiallgjin the Rippl Mass Curve analysis [61]
and its clone, the Thomas;Fiering Sequent Peak Method [15],
by Ree et al. [59], by McMahon and Mein (p. 24+ of [47]) in
their récipe for use of the beﬁaviour analysis, and by
Satijn [65]. It was assumed one-third full by Tkebuchi and
. Furukawa [27] although no reason was given, Perrens [52]
began‘with a set amount, 5000 1., which could be trucked in
to a rainwater system, In Séhille; and Latham's work [66],
the iﬁitial condition was empty or glge equdl to the inflow
of the first rainy month. ‘ |

ThF problem with setting initial values to a set fraction
{eqg. 0, 0.33, 1., .etc.) of capacity is that the amount in
Storage varies over the year. To say in all cases that the
tank should start at some particular level is unrealiééic
and, in most cases, false.- To do this would penalize. or

reward the gystem depending on the starting date used.

-

B.3 TRADITIONAL CALCULATED STARTING VALUES

As outlined and illustrated-by Klemes (p. S56ff of [37]),
the traditional calculation 1is to start with _a fu11 reser-
. voir-and‘run the available.inflow‘data through the algorithm

to get a final value that is then tﬁed as the initial
storage. , This procedure is valid as long as the data used
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is in full year sets (a :easonabie assumption)_tin order to
arrive at the starting volume for the éroper time of the
yeaf. ‘In an actual piece of work, Klemes et al. [40] used a
"slightly different approach.for large reservoirs which was
to start empty, let the first yeér's flow run.in without any
release and then route the inflows and withdrawals through
to getran -initial storage. For iarge structures, the
storage_of a'.full year's inflow might not lead to an over-
~flow, but in most cases under consideration here, it wouid

‘be expected to produce an initially full reservoir for step

3.

B.4 RATIONALE FOR QTHER METHODS

This having been saﬁd, it should be remembered that tank
capacity at any one time of the year is not ;onstantlfor all
years bﬁt is a variable with an unknown probabilit§ distri-
:bution. Thus, to éay that the last two initial vélue calcu~

. lations are correct is only true in a probabilistic sense.

1f the rainfall patterns before the period under study were.

identical to the period itself, -then the calculated initial -

storage would be correct.  But, the probability of that

sequence of rainfall's occurring again is nearly zero.
‘ ¥, . '

Hence, the probability that the calculated starting volume

is correct is much less than-1.

. : o . .
.- Therefore, a simple method that takes the probabilistic\

. nature of starting wvalue and the annual cyclicity into
account would be expected to givera "better" answer. ’

+
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In summary, the constraints on the choice of a starting

volume are: _

l. starting volume is a probabilistic variable depending
on rainfall sequences.’ |

2. the parametefs of the distribution of the starting
values are different for each season.. _‘.

3. there is a limited amount of data- available S0 that
the same data are used to caiculaté the starting
value and the system's demand/storage/reliability

. curve. ‘

4. the. present data must be used to determine a vaiué
that is the result of previous, unknown data.

The problem was examined for the conservative behaviour

case.

B.5 ILLUSTRATION OF EQUILIBRIUM

. o . . : ' .
First, by way of illustration of the effect of starting

volume on system reliability, a calculation of the amount in
" store at the end of the month was made wusing the programme
STRDEMO and fortybyears of rainfall data (January 1942 to

December 1981) for Ottawa CDA for the case of demand = 0.5,

capécity = 0.8 and initial volumes of 0.,. 0.1, 0.2, 0.3,,.

0.4, 0.5, 0.6, 0.7, 0.8. All values are fractions of mean

annual inflow. The resultant values are plotted in Figure

53. All the calculations result in the same storage values

éfter the period of adjustment shown in the-figure.
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In .this cése, it can be seen that equilibrium occurs when
all reservoirs - reach a full value but it i§ easy to visu-
alize the other case where they would coincide at empty. It
should be noted that the reliability is definitely affecéed

by the starting value." For,éxample, the calculation with 0

‘iniﬁially failed to . meet the demand in the first month and

thus was penalized because of its low starting value.

a

B.6 TIME TO EQUILIBRIUM

The time to equilibrium is ‘g?péndent on the month of

-

start, the level of demand and the capaciﬁy. ‘ Using data

beginning.January, 1942, programme STRDEMO3 was used to

calculate the time to equilibrium'for various combinations
of demand and storage from 0.1 to 1.0 for each month. The
calculétion was done for starts_in ten years and the minimum
and maximum times to eéuilibrium determihed,. ‘These varied

from 2 months for many _calculatiohs to 228 months (;9

years!) for oné7case of. demand = 0.9, capacity = 1.0, begin-~

ning in a Septembe;. - The average of times to equilibrium

was -calculated for each month of start and the averages over

' all seasohs are plotted in Figure 54.

The exact regsons for the patterns lie in the particular °

characteristics| 'of the rainfall series used and are of
little concern for the present purpose. ‘It is sufficient to
note that the time to equilibrium

1. depends on the demana level
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2. .depends on the capacity of the reservoir :

3. depends to a lesser extent on the month .of starting

4. is at leact 20 years for inclusion of all cases met
in the data tested. |

B.7 COMPARISON OF METHODS QOF CALCULATING STARTING VOLUME

In order to investdgate pdssible methods of'determining-a
correct starting vdlﬁﬁe for the conservative behaviour anal-
xﬁis, a certain amount of a priori knowiedgg.was uséa. ~In | . o
computer programme STRTQSTZ, 40 years of data were assumed
as given in a particular situation from which a starting
volume would be aeter@ined by various methods. ‘%he‘pasis of '
comparfson was a value 6btaiped by routing 'tﬁe‘pfevious 20
yeafs of data through the algorithm. There is no ideai
basis pf comparison, but this one 1is based on 3 particular
series that happens to be the. a’priori historical séries of
rainfall. However, it is tﬁe "correct” value if the reser-
voir had been operating for that period according to the
procedures of the conservative behaviour calcuiationé and,q

T

5ﬁe to the 20 .year lengtﬁ of data, " would be expected to be
independent of the initial starging conditions. ‘For lack of .
a better standard, - it is used. Both the probabilistic
nature of the starting value and the effect of high or low
values due to the?'particular month being considered were
héndled'by taking a 60-mon%h average of performance,

*

In detail, .the foliowing,wé;é done:



The methods tested were:

8.

S
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65 years of data _were read in (Ottawa CDA monthly
rainfall Januafy, 1527 to De;embe%,‘l981)

demand and'capécity levels wefe;set

the first 240.mo;ihs (éO yearﬁ) were used to deter-
mine an a- priori starting volume by direct'éalcula—

tion . o T | .

-

‘the next 480 months (40 years) weré used to determine

by

a starting value for 14 different methods
the absoclute errors hetween the values .and the a
priori wvalue were deﬁérmined -

_euffrst month in the 60 years of?date was elimi-
> :

nated, a month of déta added to the end and the whole

¥

process repeated
steps 3 to 6 were repeated 60 ‘times (5 vyears) and

absolute error was averaged for each method

steps 2 to 7 were repeated for demands.and capacitieg'

| .

of 0.1, 0.2, ..., 1.0.

a briori Qalue.(used ;for comparison), calcuiated_by
the conservative aléorithm “with an. initially full
volume, ‘ L . - _ -
Klemés et al. [40] |

1l

a) initially eﬁpty . -

".b) the last &eaf of a priori data is put in without

demand . (the effect is normally to produce an’

initially full value)

.y ®
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¢c) route the 40_years through to get an initial Qalue
3. Traditional Method [37]) "

a) initially full

b) route 40 years thrdugh

c} final storage is set as initial value
4. as for 3. but with empty start
5. Single average, 0 start .

a) initially empty

b) route ' 40 years one year at a ftime to get 40

year;end-volumés.‘

¢) average them to éet initial value
6. Single Averaéé Full Start

a) as abov;‘but initially full
.7. Double Average, 0 Start

a).initially empty

b) calculaté average as above

c} start againswith this average

d)]répeat ave}aging process -
8. -Double Average, Full Start

a) as above -but-initially full
9. -ﬁouble A%erage, Traditional Start

;) as per double laéerages But the initiai ‘valuye

detérmined by traditional method above; '

10: cbnstant valué = 0. .
il: constant value = 0.2 of capacity

o

.12. constant value = 0.4 of capacity
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13. constant value = 0.6 of capacity . - ///

14, constant value 0.8 of capécity

15. constant value = capacity

The errors of the fixed volume starts in models 10 to 15
were all higher tha:hat_least the lowest values obtained by
the calculation methg&s, and in most ‘cases were much higher
than any of them. Coﬁstaﬁt'.volume'starts were thus elimi-
nated from further consideration.

A gualitative rating of the calculation methods was done.
The results are in Table 5. The maximum and miniﬁum errors

were counted and recorded. There .were 100 possible combina-

tions.

P — AP A e e A e

TABLE S

Rating of Initial Storage Calculation Methods

No. of occurrences
Number of Method _
Min. Error Max. Error

- e S YA e R R N e R R R e SR M SR S M W e M R e e S S e



JCLUSION -

onft basis, method 6 was clearly better over a wide
range o gmands and capacities. It %s noteworthy that the
method gives. Better results than methods 7, 8 and ¢ which
invoelve longer) calculations. _ In addition, the method
1nv lves'appro mately the same amount of computation Ss-the

traé;tionai/methbd.

¢tual values of the average error obtained for
ethod 6 were plotted and are presented in .Figure 55. In
general, demand has a greater effect on the error (higher
demand = higher error) 'than dbes capacity except for high

 demand situations {(greater than_\0.8) where increasing demand

produces higher error. The rea or this pattern were

not explored;

N
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Appendix C
STATISTICAL FORMULAE USED

c.1 COMMON STATISTICAL PARAMETERS

‘Given a data series x i=1,...,N and letting k = the

i'

number of lags, and: .
I=73 ’ Il -~ . ot
jel

-

Then the following are the formulae for the statistics used

in this thesis.

Mean:
. Ixi . .
' u = — ' (C.1)
N ' T
Variance: ,
Z(xi - u)? ' )

02 - —_— ° (C.2)
g N-1) . .

Standard Deviation:

g = ij;r‘ . ) .(é.B),

)

Coefficient of Variation (CV):

ey = 2 ' (C.4)
u *

- 178 -
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Correlation (see p. 53 of [22])
In general, if xli-and Xy i=1,...,N are 2 timé series

with means ul_and u, than the corrélation between them is:
v *T -
‘ . v -

Z(x g u) (x - 2) , o (c.s)

¢/2(x11 - u,) J/Echi - u2)2

Serial Correlation:

The formula for calculation is sipiiar to Correlation but
the two series‘ are férﬁed fréﬁ ‘a single 'ﬁime'series by
lagging one se;ieS‘by k lags. Thus;\iB
xg <. % and X s ox
assumed sb that if i-k is 0 or negative, then i-k = i-k+N.

i=1,...,N. A cyclic nature is

5stura11y, u = u, =u

Seasonal Serial QOrrelation:
.Calculated as for correlation but. N is the number of
years and

% ?s the set of all valldes in season J and

11
Xoy is the set of all values in season j-1. Then

q}j) = p



Partial,Autocorrelation:

qutial
Auto -
Correlation
(PACk)

where

1,1 T

Shew'(see.p. 8-8 of [7)):

4

Coefficient of Skews

ey e it v r——— e B mes 4w = n

k=0,
Py k=1
. .

, k-1

Pk Prerfken,y
— K=2,...

- zk-lpi¢k 1,1

fa] it

e kel

k-1

Skew'

/
NE(x, - u) 3

(N-1) (N-2)

Skew

Yke2,1 7 Pi®k2,k-1-1. 1 “«1, ..., k-2

180

(C.6)

(c.7)

S

(c.8)

\
N



.‘,K

iB1
C.2A .STEDINGER AND TAYLOR'S UNBIASED ESTIMATORs

The following are from eqguations 12, 13, 14 of [69).

They apply,to. the estimation of parameters for a number of

generated traces of synthetic data series. When each trace

islgenerated,-the normal procédure is'fb first calculate the
seasonal means and Qarianceé using the generated trace.
These aré thén used in standard formulade to produée statis-
tics for that trace. As pointed out in the article this
results in biased estimates as the estimates do not tend £o
single values. | ) | _ _ _
Stedinger gné Taylor suggested that
1. instead of .estimating the mean from each individual
trace and using it in variance calculations, the mean
of the historical data that 1is being appfoximated by
the generatéd datq should be used. Thus, 1if u is

the historical mean:

E(x, - w)?
(X = Yy
i S = e (c.9)
cvST--d.g.I

(c.10)

) \ .
2. that historical variance, °§' be used instead of thég

trace variance to calculate skew and correlations.

)

That‘is:

—ei X



: Nztxi - u)3
S ’ B —————
kew  (n_1y(N-2)
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£C.10)

(c.12)

(C.13)



Appendix D

-

GENERATION EQUATIONS FOR SYNTHETIC DATA

The overall generation formula is due to Thomas and
Fiering’ and is essentially as reported in Fiering and
Jackson (p. 57-67 of [17}, with some corrections). It'is a
l2-season (i.e. monthly) model with single-lag seasonal
correlations. ' .

The generalized generating equation is:

- U . ’ _ 2
q - u +p(j) L 91,4-1 " Yol + ticj‘f 1-p°() (6.2)
i,] ] g, _
j-1
“where 'qij is the generated value for the ith interval which
. ’ >
' is in the jth season
uy is the mean of the values in the jth season,

53

3 is the standard deviation of the values in the jth

season
©{j) is the correlation between the values in seasons

LY

j and j-1.

t, is a random number from a desired distribution
The  formulae for generating data involve generating a random’
variable frbm a normal distribution with zero mean and unit
standard deviation. This was done using SSP subroutines

RANDU, to generate uniformly distributed pseudo-random
' ' o oA ‘

' ., — 183 -
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values, and GAUSS, to produce normally distributed ones from

them.

D.1 UNEXPONENTIATED GENERATION

D.1.1 Normal Distribution

For the normal case, '13, oQiL\\UJ , are determined
directly from the historical data series by the usual
formulae (see Appendix C). Generation proceeds using the

generation equation directly.

D.1.2 Like Gamma (Wilson-Hilferty)

For the like gamma case, the generation formula is used
di?hg&iy as in the normal case. The parameters are similar

as well except for t which is further transformed. This

i

is done using the seasonal coefficient of skew, Yy which is

estimated from the historical data series. This 1is

corrected for serial correlation using the equation
S

Yy =P (j)‘Yj_l

; (D.2)
(1 - p2(IN!-S

Ye,3

(see p. 1-12 of [71] and p. 57 of [17] (corrected)). t,

was then transformed using the Wilson-Hilferty transforma-
tion

-+
. ]

Y t v: .13 . -
2 [1“_&36_1 __t.i]_ 2

t -
.iljlY Yt,j 36 Yt,j

(D.3) -
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Negative values were set -to 0.0.after the next value was
generated.

D.2  EXPONENTIATED SERIES

In the lognormal case, it is.assumed that the logarithmé
of the original series are normally distributed. However,
it 1is not possible.to simplf take the logs of the data
series and apply the’ normal case to- the resultant series.
In order to preservé the statistics of the or{ginal series,
particularly correlation, the parametqr§ used in fhe genera-
;ion equation must be calculated in a special- manner.

Matalas [43) presented the relationships that would

reserve the original parameters‘for both 2 and 3 parameter
cases. These were stated ﬁor a single*season,_annual model.
("Burgésv(p. 199-203 of [3]) derived the équivalent equations
for multiseasdbn models. Charbeneau [5] developed an
explicit solution for the annual model. The present author
has not seen _an explicit solution for the multiseason case
and the necessary developments are given below in the next
sectionl ' F'
For a lognormal model ah:distinction.éé made between

rhist%rical data parameters (ux, € p;, Yy ) and those of, the

log series that is being generated (u_, o_, P, Y ). A

Y y y y
4

subscript, "j, on these indicates a seasonal value.

: _ - [ .
' | ﬁ;r‘"m«
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D.2.1 Log Normal 2~Parameter

For lognormal, 2 parameter

‘ vy = nx ~ ~ (D.4)
and the u 's,‘cxj's and pxﬁ)‘s are determined from thé
data. Letting

o, 12 S
_ vl {u—"il . (D.5)
= ‘ -
. / | Ny

then (see next section for development)

Yy3 T ';' In ["ij 1o - "j’] ' (D.6)
= .7
q‘yj' In ‘I":j (D.7)

. ' o p.(1) o, @ ’
py(j) -.-U——lo— In {1 + X - :3 xj-1 1 (D.8)
yi-1 "yl 3 xj-l .

L]

can be calculated from data values for each season and ied‘

idto the regular'hdrmal @odei to produce a series of qy‘s
which are gonverted to a series of q,'s by o

> ' . ) ‘ * ‘
. . 0 = explq) -~ (D.9)
No correction for negative values is necessary.

~

¥
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D.2.2 Log Normal 3-Parameter

For lqgnormal 3 parameter

v = In (x; - Ay) i\ . (D.10)

where’-Aj is-a seasonal location parameter. Besides - the

- means, standard deviations and seasonal correlations for

each season, -a coefficient of skew Yy i%:caléulafed from
the data.

For generation, the first step is to calculate

| Yay L e T )
X X
¢y = L+ F + (42, + FLymn
© 42 o v . _ '
sla+ ) - oz e Hyhs (D.11)

or all j.. Then the following can be calculated:

- Oyy T /1B &y

i

(D.12)

- 1 2 2 _ '
u}'.'.'l > In { oxj /(Qj Oj)} (D.13))

2 /(o

Aj =uy - {cxj

1 Dx(j) ij axj-l
() =« —=——— In |1 +
- 5 %3-1 %3 TGy A Qg - A D | (paas)

J.-I)};’ ' (D.14) (:\ﬁa/
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The generation then proceeds as 1in the normal case to

produce qy's. These are then exponentiated by

Xy

q 5 = exele, ) + 4 | (D.16)

4

and negative values are set to zero.

PR

D.3 DEVELOPMENT _O_E: LOG NORMAL GENERATION _I;_QUATIONS
\n * L.
Sources for- this secﬁ&pn:

Matalas [43]
‘Burges 1971 (p. 136, 199-203 of [3]) o )
Chafbéneau f5] ' | ‘
Fiering ‘et al. {(p. 23 of.[IG] (corrected})

/

D.3.1 Parameter \§\

Matalas\ [43] gave the following relations that must be

preserved/ They are expressed in seasonal notation [3].

-

L) i o2
vy T explug, + 2l o (D.17)
. —
.
02, * exp(202, + 2u ) - exp(cgs + 2u ) (D.18)

v --

o (§) = exp(093-1 %y p?i?)) ! .
x 2
{exp(dyj_l) -1} {e.xp(f.f;j) -1}

{D.19)

o



| Similar to Charbeneau but on a seasonal basis, let
o] .

LA [;;1]2

_ x3 ’

3 -

Substitution of (D.17) and (D.18) into (D.5) gives

' " - 2
. ?j exp(oyj)
and ﬁhus B 5
) ij = In ?J

-~

From (D.18) : ~

Uij = exp(2o§j) exp(Zuyj) - exp(cij) exp(Zuyj)

= 2_
exp(Zuyj) (?j ?j)

and .
¥ 02
exp{2u ) = —_
YV, w2 o)y
3 ]
. - .
‘ )
Hence

e

1
by ™ 3 In °§j/('*'§ - ¥y}

189

(D:5)

{D.20)

(D.7)

(D.21)

{D.22)

(D.6)

\_
—
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NOTE: substitution of (D.20) into (D.17) gives an alternate

‘but equivalent equation for %” : ' e /)

: b |
In (-uxj/ ‘Fj“?‘

“y3 (D.23)
Now, from (D.19), and substitutiné (D.5) ahd (Blzq) ' ' f
& .
o (1) = exp(cryj_1 o0 py(j)) y 1
x v, . - 1% (y, - 1}
J-1 h
Y ‘ . . '
POy 0y O 2 S /
271! /
' 0—"1) * |f ) 2] "~ (D.24)
Mxj ‘ Yx3y-1 _ ‘ '

- -

By rearranging, téking In's and rearranginé again:

]
¢

Py () = __1 o [1 L Px9) % °.xj} (D.15)
C%y3-1 %3 “xy Yxg-1
¥

D.3.2 3 parameter
Similarly, from Matalas [43] and Fiering et al. [16]}, the

r

relations {o be breserved are: .
. r
o2
b A 4 {D.25)

uxj = Aj + exp(‘uyj"*' 2 N



2
J.

2 - 2
°N _exp(?cyj + Zuyjlr exp(b z\

&

gy - P gy 2y
X

2y 2
exp(30yj) 3exp(uyj) + 2

. 2 yo 2
{exp(oyj) 11

Tx3

-

Similar to Charbeneau
¢, = exp(o?

. and thus : o

1 ._ -cﬁ-/lnoj'

-

seasonal basis:

6y = {(1+—1)+(Y2 a*-j-);’}”3

#{Q +—i) - cyzj +—1>"}113

and therefore, as in the 2 parameter case,

-1

[emio2y ) - 1]’5 [fxp(c§j)- Sk

» -

and solving (D.26) similar to Charbeneau's method but on a

from

191

L

(D.18)

(D.19)

(D.26)

- (D.27)

]

(D.12)

™

(D.11)

"(D.18)

!
4



§- ]
5 \ 192
3 1 Q -9
'y " [° /¢ 3)] (D.13)
Further, from (D.22)}, - ' | - ‘
A, »wu .- exp(u_, + )
] 2
A & ' . (D.28)
- uxj‘- exp (u j) {exp(czjz}% , o '
&
. . . ' . - r
Substituting using (D.12) and (D.13) ' T
Ay = u. - exply In [ o2 /(02.- )]} o3
i 2 =" T T Ty (D.29)
and simplifying fo get )
. . ) . - . ' -.{7 *
. Aj = Uxy T {aij/(_eﬂ = 1)}?1 ' A ‘. (lj.14)_

o,

From (D.19) and substituting (D,12)

~ exp(o 0, (1) - N
Pxtd) = 2= lx,m v (D.30) .
{o, ;= 137 {o, - 1) | .
. | p . |
But from (D.11)
%
» ) - M
| 0y - D = g (D.31)
‘ x] b
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. Thus . ' ‘
gy e Py gy POV - L
X [+4 N a
| A - 2 (D.32)
- (uxj_l - Aj-l) (uxj - Aj) ) *
Rearranging, taking in's and rearranging again gives: N
. R , .
- p ) = In |1+ °x3) O Oy (D.15)
¥y Uj_loi uxj - Aj)(uxj_l :‘ Aj_l)
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“ | - Appendix E )
' LISTING OF COMPUTER -PROGRAMMES
- / . '
E.1 ./ "NUPEARS4" e .

‘ Variables in Flowchart ?
AVESTR - Starting storage calculated'éy‘WARMUP
D - annual demand as depth of rain
DEM - monthly demand as depth of rain
DMTOT - total aeﬁth of rain demanded
FD - dégana level calculated for a given storage capacify'
FDMAX, FDMIN - upper (lower) limit of Fﬁ ' ‘

.FD2 - FD? )

-

IBEGIN - number of month when calculation beginén
ILEV - counts number of reliability levels |
IS - counts storage levels for which demand leveis will be

4

calculated i
ITOT - number of times stocking was reguired

KNT - flag to check if desired reliability is obta1ned
LR - length of rainfall series

REL - reliability measure ,

START - initial amount in storage

STOCK - amount of water added in case of failure

TEST - reliability of systeﬁ to be obtained

YLD - amount supplied by system in a g1Ven month
"YLDTOT - total depth of rain supplied by system

- 154 -



Find first |
month with I

Read Parapeters

v/

Read Data )

Set # Seasons

Calc. Aver.
Annual Rain

rain > O.-

Rearrange | _,,
data,

+
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TEST =
ILEV'th

.level

reliability

Print out
options

B LEN I'-ﬂin'.‘
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Set Tolerance .
IS« 1 o | .
= —(1) -
Capacity = IS'th ' 3 - :

. —
storage fraction
x Aver. Ann. Rain

FD = 1.0
. PDMAX « 1.5
FDMIN = 0.01

\ I : _<:§:> ‘ .

D = FD x Aver. Ann. Rain . : - .
DEM = D/# seasons ‘ - ‘

ITOT = 0. ‘
DMTOT = (.
YLDTOT = 0. . X
STOCK = D/52 . ) - )

\ . ) ‘
START = first rain
IBEGIN = 2

Call WARMUP
¥
Liberal \ N . START = szsrnl
Calc'n? IBEGIN = 1 I

START = 0.

START = STOCK
IBEGIN = 1

IBEGIN = |]

-3



MONTR = TBEGIN

]

Am'r in store

- (START,
C?é:ci ty)

- 197

Peduce
Month's .

demand to 75%

¥

DMTOT = DVTOT
+ demand

Add STOCK to

am’t in store

Max. am't =
caﬁacity

ITOT =
ITOT + 1

N

Calc. YLD

y

YLDTOT =

YLDTOT + YLD

Y

Calc. monthend

storage

Y

MONTH =

MONTH + 1,

MONTH >
length of
data

REL =
N
relisbilit >
& 27 1TOT
TR- IBEGIN+1
REL = e
YLDTOT/TMrOT




SPACF » FDMAX

Printout

‘ et _values

IS = IS + 1.

198



N

199

. 0= 1N
NIHQd
X XYWUd = Z04

y £




00000070

I —

851

. . #NUPEARSA " ~J

GIVEN-RAINFALL DATA, THIS PROGRAMME CALCULATES

D/R RATIOS AT PRESET OR GIVEN LEVELS FOR

S/R RATIDS OF .01,.015,.025..04,.06,.1,.15,.25,.4,.6,1.0
vaRIOUS OPTIONS ARE AVAILABLE" -

DIMENSION RAIN(1200),FRACS{15) , AVER(100), ICNTRL(B},0UT{(3, 15),
TPLEVEL(8).TITLE(80)

DATA FRACS/0.01.0.015,0.025,0.04,0.06,0.1,0.15.0.25, o 4,0.6,0.8,
11.0,3*0.0/,PLEVEL/1...99,.9,.8,.7,.6,.5, .4/

LLEVEL=4 .

LGw1Z

READ BS1,TLTLE

FORMAT (BOA1) -

-;EAD 201, (1CNTRL{1),I=1,8)

201 FDRMAT(BE2)

1F(1ENTRL(7).E0Q.0)GOTO 211 .o '
LLEVEL=MINO(ICNTRL(7),B)"
READ 202, (PLEVEL(I),I=1,LLEVEL)

202 FORMAT(BF7.5) .
211 READ 2Q3.LR
203 FDRMAT(I7)}. - : . o

READ 204, (RAIN(I),I=1.UR)

204 FORMAT(E14.7)

e

IF(ICNTRL{6G).EQ.QINDIV=12
IF(ICNTRL(6).EQ. INDIV=52
IF(ICNTRL(6).EQ.2INDIV=366
IF(MOD(LR,NDIV) .EQ.O)GOTO 205
«WRITE(6,635)NDIV

635 FORMAT(’ 1LENGTH OF DATA NOT DIVISIBLE BY *,I5)

205 CALL RNMEAN(LR,RAIN, AVER, AVEMIN AVEMAX, YRRAIN NDIV)

\

STOP
IF(ICNTRL(8).EQ.1)GDTC 206
CALL START(RAIN,IGD)
LR2eLR~IGO+1 . o
IF(LR2.EQ.LR)GOTO 206
DO 20 I=3,LR2-
" RAIN(I}=RAIN(I+IGD-1)

20 CONTINUE
IGOM1=1GO-1"
DO 21 I=1,1GOM1 .
RAIN(LR2+1)=0.
21 CONTINUE
206 DO 970 ILEV=1,LLEVEL y ]

«F



-

o]

s
. .

TEST=PLEVEL(ILEV)
WRITE(S,800)
800 FORMAT('1°)
WRITE(6.501) .
501 FORMAT(‘ ‘,T20.‘NUPEARS4'./.T22,'BY',./.T17, BRIAN LATHAM', / T1S,
2'CIVEL ENGINEERING'./.T17.'U. OF OTTAWA',/.T16, 'OTTAWA, CANADA.')
WRITE(6,B852}TITLE
B52 FORMAT('O',BOA1)
WRITE(6,633)TEST ' .
633 FORMAT(‘0S/R AND D/R RATIOS FOR.,FG.3.° PERFORMANCE |_svt-:|..')\_‘r

WRITE(E.G34) - :
&34 FDRHAT[' I NN CE N RN E N RN NS RNEEREENEERAEOEEEREAERREREEEW’ ]
IF({TEST.LE.1.0).AND.(TEST.GT.0.0))GOTD 207
WRITE(6.799)

799 FORMAT(‘1PERFORMANCE LEVEL 1S NON-POSLTIVE OR GT 1. Exzcu;lon TERM
?INATED. ) v
GOTO 970
207 CONt}NUE ’ .

PRINT OUT OPTIODNS

WRITE(6.600) A

600 FORMAT('OOPTIONS IN EFFECT:‘)
. IF(ICNTRL(1) .EQ.OIWRITE(6.601)
601 FORMAT(’  NO RATIONING)

IF(ICNTRL{1}.EQ.1)WRITE(G.602)

602 FORMAT( - RATIONING )
IF{ICNTRL(2).€EQ0.0)WRITE(G.603)

603 FORMAT(' CONSERVATIVE YIELD CALCULATION’)
IF(ICNTRL(2).EQ.1)WRITE(6.604)

604 FORMAT(’ MEDIUM YIELD CALCULATIDNS')

IF(ICNTRL{2}.EQ.2)WRITE{6.605) _
605 FORMAT{ ' LIBERAL YIELD ancﬂfitlonsu)
IF(ICNTRL(3).EQ.Q)WRITE(E,623) °

623 FORMAT("® CONSERVATIVE STORAGE CALCULATION')
. IF(ICNTRL(3) .EQ.1)WRITE(6.624)
€24 F ﬁnnxé', MEDIUM STORAGE CALCULATIONS') -

F(ICNTRL{23).EQ.2)WRITE(6,625) )
625 -FORMAT( " « LIBERAL STORAGE CALCULATIONS’)
IF{YCNTRL(4) .EQ.OIWRITE(E,6086)

606 FQRMATL('’ PERFORMANCE BASED ON VOLUME')
IF(ICNTRL{4).EQ. 1)WRITE(G,607)

607 FORMAT(" PERFORMANCE BASED ON TIME') - =
IF(ICNTRL(5).EQ.O)WRITE(E,608)

608 FORMAT( ' NO EXTERNAL STOCKING')
IF(ICNTRL(5).EQ.1)WRITE(&,609) .

608 FORMAT( EXTERNAL STOCKING BEING DONE')
IF{ICNTRL(6).EQ.OIWRITE(6,610) '

610 FORMAT(* MONTHLY DATA') .

IF(ICNTRL(S) .EQ. 1IWRITE(E.611)
€11 FORMAT(®  WEEKLY DATA’)
IF(ICNTRL{(G).ED.2)WRITE(6,612)

201



O o0

AONOOOO0O00000000000000N0o0o0

. 7€)

€12 FORMAT( ~  DAILY DATA") 202
209 IF(ICNTRL(B).EQ.tIWRITE(E.614)

633 FORMAT{’ WARMUP STORAGE USED TO START')
IFIICNTRL(7).NE.O)GOTD 208 :
WRITE(&,615)

615 FORMAT( * STANDARD PERFORMANCE LEVELS')
GOTO 208 .
208 WRITE(6,616 }ILEV.LLEVEL | )
616 FORMAT(' - o .11.° OF '.I1.‘' GIVEN PERFORMANCE LEVELS')
WRI1TE(6.B50) YRRAIN '
850 FORMAT( G MEAN ANN. RAIN: *.FG.1) /

)
IF(1CNTRL(8):EQ.OMWRITE(6.580)160
580 FORMAT( 'QOTHE PROCESS BEGINS IN MONTH » ', I3,° WHEN THE RAIN BEGINS
7
IF((ICNTRL{5}.NE.Q).AND. (ICNTRL(B).EG. 1) )WRITE(6.5681)
SB1 FORMAT{ 'ONGTE:EXTERNAL STOCKING AND WARMUP OPTIONS CHQSEN. STOCKIN
76 1S USED.‘) R .
CALL DBYR(RAIN.LR.LS5,FRACS,DUT, YRRAIN, PEST.ICNTRL, IER)™
§70 CONTINUE .
IFILLEVEL LT . ICNTRL{7))WRITE(6.617) -
617 ,FORMAT( - 1ONLY 8 PERFORMANCE LEVELS CAN BE HANDLED BY THIS PROGRAMM

+

WRITE(6.800) . '
STOP "y
END

IR R IR RN N R R LR R R LR R R R RN R R RN N

SUBROUTINE DBYR(RAIN,LR,.LFS . FRACS,DUT,YRRAIN,TEST,ICNTRL,1ER)

THIS PROGRAH#E CALCULATES ANNUAL DEHAND/HEAQAANNUAL RAINFALL
RATIDS FOR A GIVEN PERFORMANCE CODEFFICIENT AND STORAGE/

" MEAN ANNUAL RAINFALL RATIOS. DEMAND AND STORAGE ARE

EXPRESSED A5 VOLUMES PER UNIT COLLECTION AREA AND HAVE THE
UNITS OF DEPTH. .

THIS FOLLOWS THE WORK IN “STORAGE REQUIREMENTS FOR DOMESTIC
RAINWATER COLLECTION SYSTEMS IN-CALIF .= BY PEARSON.. KIM,
VALENTINE AND JENKINS. VARIOUS OPTIONS ARE ADDED INCLUDING
RATIONING (SEE PERRENS).A TIME PERFORMANCE CHARACTERISTIC;
CALCULATION OPTIONS, AND EXTERNAL STOCKING.

VARIABLE LIBRARY

¥ o

RAIN - VECTOR WITH nixnsALL_QAIA;iyo SPECIFIC UNITS)

LR - LENGTH OF RAIN. MUST BE MULTIPLE OF 12.52. OR 366

L,LFS - LENGTH OF FRACS

FRACS - VECTOR. LENGTH LFS, CONTAINING RATIOS OF DEMAND
PER AREA/MEAN ANNUAL RAIN THAT WILL BE TESTED.

YRRAIN - MEAN ANNUAL RAINFALL - ’

D - ANNUAL DEMAND PER UNIT COLLECTION AREA

DEM- PERIOD DEMAND PER UNIT COLLECTION AREA -

«



STRMAX - VOLUME OF STORAGE TANK PER UNIT COLLECTION AREA
YLD - PERIDD YIELD OF SYSTEM
STR - PERIOD STORAGE .
PERF - FRACTION OF DEMAND WET BY SYSTEM
OUT - 3 X LFS MATRIX
DUT(1.1) - AN S/R FRACTION .
OUT(2.I) - THE D/R VALUE FOR THE GIVEN PERFORMANCE
OUT(3.1) - THE ACTUAL PERFORMANCE VALUE USED
TEST - PERFORMANCE LEVEL SOUGHT
FD - D/R FRACTION BEING TESTED IS5 IN [0.01.1.0]
STOCK - AMOUNT ADDED FROM EXTERNAL SOURCE
ITAT - NUMBER OF FAILURES TO MEET DEMAND
DMTOT - TOTAL DEMAND MADE ON SYSTEM
YLDTOT - TOTAL DRAWN FROM SYSTEM (NOT INCLUDING SPILLS)
ICNTRL - CONTROL VECTOR
q ICNTRL(1) RATIONING OPTION.
=0 - NO RATIONING
=1 - PERRENS-TYPE RATIONING. IF STORAGE :AT
BEGINNING OF PERIOD IS LT. PERIOD'S DEMAND,
PERIDD DEMAND DECREASES TO 75% OF REGULAR
DEMAND .
ICNTRL(2)  YIELD CALCULATION DPTION
=0 CONSERVATIVE OPTION PEARSON'S 24
YIELD = MINIMUM OF;
A)DEMAND OR:
B)INITIAL STORAGE.
=1 MEDIUM OPTION
YIELD = MINIMUM OF
A) DEMAND OR:
B) INITIAL STORAGE + 1/2 PERIOD’S RAINFALL.
=2 LIBERAL OPTION -PEARSON‘S 2
YIELD = MINIMUM OF “
&) DEMAND OR: ’
B) INITIAL STORAGE gkﬂtnxoo's RATNFALL.
ICNTRL(3)  STORAGE CALCULAYION OPTION
- =0 CONSERVATIVE OPTION -PEARSON‘S 14
STORAGE = (MINIMUM OF (TANK CAPACITY) OR.
(INITIAL STORAGE + RAINFALL)) - YIELD
=1 MEDIUM OPTION
STORAGE = (MINIMUM OF (TANK CAPACITY) OR
(INITIAL STORAGE + RAINFALL - 1/2 YIELD)
- 1/2 YIELD
=2 LIBERAL OPTION -PEARSON‘S 18
1 STORAGE = MINIMUM OF (TANX CAPACITY) OR
(INITIAL STORAGE + RAINFALL - YIELD)
1CNTRL(4) TYPE OF PERFORMANCE
=0 (PEARSON} FRACTION OF DEMAND VOLUME MET (

)

i

. ICNTRL(5) STOCKING OPTION
=0 NQ EXTERNAL SOURCE OF SUPPLY
PROCESS BEGINS IN SECOND PERIOD WITH FIRST
PERIOD‘S RAINFALL IN STORE.
=1 EXTERNAL SUPPLY BEING USED
PROCESS BEGINS WITH ONE WEEK'S DEMAND IN STORE.

OO0 00N0O000O000n0O00O0NaO0O00000000000000000n00o0nO0n0n~n0ano0nOo0nnno000naonnao

=1 FRACTION OF TIME WHEN DEMAND wWAS MET -

203
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OO0 000000000000

IF STORAGE AT BEGINNING OF ANY PERIOD IS LESS THAN 204

DEMAND, A WEEK'S SUPPLY IS ADDED TO STORAGE.
EVEN IF SOME OF IT IS SPILLED.
ICNTRL(®) TYPE OF DATA ENTERED
=0 MONTHLY DATA '
=1 WEEKLY DATA
«2 DAILY DATA
. ICNTRL{7) PERFORMANCE LEVEL OPTION
=0 AUTOMATICALLY GIVES 1.0, .98, .9, .8
>0 NUMBER OF PERFORMANCE LEVELS DESIRED (MAX OF 8)
IGNTRL{B) STARTUP OPTION .
=0 BEGINS WITH FIRST PERIOD WITH RAIN
' =1 BEGINS AT FIRST PERIOD BUT WITH AN INITIAL STORAGE
EQUAL TO THE AVERAGE AMDUNT IN STORE AT THIS TIME OF YEAR
DOES NOT WORK WITH RATIONING OPTION.

DIMENSION RAIN{1200).FRACS(15),0UT(3.15).ICNTRL(8)
WRITE(E,101)

101 FORMAT('Q  STORAGE/ ANN.DEMAND/ FRACTION OF "
7INITIAL STORAGE: FRACTION')
WRITE(6, 105) L

105 FORMAT(* MEAN ANN.RAIN MEAN ANN.RAIN‘ ,TS9, (OF MEAN ANN.RAIN) (O
?F CAPACITY) ')
IF(ICNTRL(4).EQ.O)IWRITE(g, 102)

102 FORMAT( '+’ T31, 'DEMAND SUPPLIED {PEARSON}')
IF(ICNTRL(4) .EQ.1)WRITE(&,103)

103 FORMAT( '+’ T31,°TOTAL TIME WITHOUT FAILURES‘)
IF{ICNTRL{6).EQ.O)NDIV=12
IF(JCNTRL{E) .EQ. 1INDIV=52
IF(IBMTRL(G) .EQ.2)NDIV=368
NUMYR=LR/NDIV
TOLER=C. Q001
1ER=O
DO 998 I5=1,LFS

STRMAX=FRACS(IS)*YRRAIN

" BEGIN ITERATIVE PROCESS
FD=1.0 _
FOMAX=1.5 :
FOMIN=Q.O1 ’
KNT=0 A
10P2=ICNTRL(2)/2
10P3=ICNTRL(3)}/2
OPTN2=FLOAT(ICNTRLI(2)1}/2.
OPTNI=FLOAT(ICNTRL(3))/2.
224  CONTINUE
"D=FD*YRRAIN

STOCKeD/S2.

DEM=D/NDIV

ITOT=0 !

OMTOT=0.

YLDTOT=0.
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200

201

202

203

204

205

797

2086
207

CALCULATION OF INITIAL STORAGE

4) DEFAULT CASE
START=RAIN( 1)} . )
IBEGIN=2
B} WARMUP QOPTION
IF(ICNTRL{8).EQ.0)GOTD 200
IF(ICNTRL{5).EQ.1)GOTC 200

CALL WARMUP(RAIN_DEM.NDIV,NUMYR,OPTN2,0PTN3,5TRMAX, AVESTR)

START=AVESTR
IBEGIN=1
GOTO 201 ¢
C} CASE FOR LIBERAL CALCULATION
IF((IQP2.NE.1).0R.(IDP3.NE.1))GOTO 201
START=0.
IBEGIN=1
OU') CASE FOR STOCKING OPTION
IF(ICNTRL(S).NE. 1)GOTO 202
START=STOCK
IBEGIN=1

STR=AMIN1(START.STRMAX)

STRGO=STR

DO 797 I=IBEGIN.LR
DM=DEM

RATION OPTIQON

IF((STR.GE.DEM).OR.{ICNTRL(1).NE.))GOTO, 203
DMsDM=0 .75 <
DMTOT=DM+DMTOT
IRAT=0
IF{ICNTRL(S).NE.1)GOTO 204
1IF(STR.GE.DEM)GOTO 204
STREAMINT(STR+STOCK . STRMAX )
ITOT=ITOT+1
IRAT=1
YLO=AMIN1{DM,STR+OPTN2*RAIN(I))
1F((YLD.GE.OM).DR.{IRAT.NE.Q))GOTD 205
ITOT=ITOT+$

YLDTOT=YLD+YLDTOT *

STR2eSTR+RAIN(I)-0OPTNI*YLD
STR=AMIN1(STR2.STRMAX)=(1.-0PTN3)"YLD
CONTINUE
IF(ICNTRL(4).NE.1)GDTO 206
PERF=1,-FLOAT(ITOT}/FLOAT(LR-IBEGIN+1)
GOTD 207
PERF=YLDTOT/OMTOT
IF(PERF .LE.1.0)GOTD 208
1ER=1
WRITE(6,620) ~

620 FORMAT(‘ ERROR: A PERFODRMANCE LEVEL HAS BEEN FQOUND GT.

1RFORMANCE CALCULATION.')
RETURN

1.

CHECK PE

205



208 IF(TEST.GE.1.0)C0TO 208 _ 206
DELTAP=ABS(TEST-PERF )
GOTO 210
208 DELTAP=TEST-PERF
210 IF(DELTAP.GE.O.0)GDTO 211
WRITE(6.798) ,
798 FORMAT(‘ 1ERROR-PERFORMANCE 1§ GT. 1. EXECUTION STAPPED. ') .
1ER=1
RETURN
211 KNTsO
SPACE=FDMAX-FOMIN
IF{SPACE.GT.TOLER)GOTD 212
KNT=
212 1FLAG=O
IF (KNT.NE.O)GOTO 213 .
IF{TEST.NE.1.0)GOTO 214
IF(FD.NE.FDMAX)GDTO 215
IF(PERF.NE.1.0)GOTO 216 ’
KNT=1 :
IFLAG=1
216 1F(PERF.GE.1.0)GOTO 215
FO2=FDMAX*FOMIN -
KNT =
IFLAG=2 2,
215 IF(FD.GE.¥DMAX)GOTOD 214 .
IF(PERF.NE.1.0)GOTO 217 -
FD23FD*FOMAX : .
KNT =0 .
FOMIN=FD
IFLAG=4 -
217 IF(PERF.GE.1.0)60T0 214 \H:)
' IF(DELTAP.GT.TOLERIGOTD 218 . P
: KNT= 4 ] . <A
IFLAG=8 )
218 IF{DELTAP.LE.TOLER)GOTO 214
' FD2=FD*FDMIN
FOMAX=FD
KNT 0
IFLAG=16
214 "IF{TEST.GE.1.0)GOTC 219
IF(DELTAP.GT.TOLER)GDTO 220
KNT =1
IFLAG=32
220 IF (DELTAP.LE.TOLER)GOTD 219
IF(FD.NE.FOMAX }GOTO 221
FD2eFDMAX*FOMIN
KNT =0
IFLAG=64
221 IF(FD.GE.FDMAX)GOTO 219
' IF(PERF.GE.TEST)GOTO 222
FD2=FD*FDMIN-
FDMAX=FD
KNT =
IFLAG=128



0o

0O 60aonon

0ob

a0 0n

222

219

780

223
213

100
998

20

10

IF(PERF.LE.TESTIGOTD 219
FD2=FD=FDMAX
FOMIN=FD
KNT =0 v
1FLAG=256 -
IF(IFLAG.NE.O)}GDTO 223
WRITE(&.790)
FORMAT{ 'OND DELTAP TEST DONE. CHECK PROGRAMME.')
IER=1
RETURN A\ -
FD=SORT{FD2)
IF(KNT.EQ.O)GOTD 224
OUT(1.1S)=FRACS{IS)
QuUT(2.15)=FD
OUT(3.1S)=PERF )
STORE1=STRGO/YRRAIN '
STORE2=STORE1/DUT(1,1S) .
WRITE(6,100)0UT(1,1S),0UT(2,15),0UT(3,15).5TORE1,STORE2
FORMAT('0Q’,T5,F6.4,T20,F6.4,T40,F6.4,T63,.F7.5,T81,.F7.5)
CONTINUE .
RETURN '
END .

CEL LR A LR S LR LSRR ES R RN EERERE BN 1

. 207

SUBROUTINE WARMUP (RAIN,DEM,NDIV,NUMYR,OPTN2.OPTN3,STRMAX AVESTR)

THIS SUBROUTINE CALCULATES AN INITIAL STOQRAGE VALUE BY
STARTING WITH FULL STORAGE AND CALCULATING
AN AVERAGE SEASONAL VALUE.

DIMENSION RAIN{ 1200}
STReSTRMAX .
AVESTR=0,
DO 10 I=1,NUMYR
DG 20 J=1,NDIV
Ke(I-1)*NDIV+J
YLD=AMINI{DEM,STR+0OPTN2*RAIN(K))
STR2=STR+RAIN(K)-OPTN3*YLD
© STR=AMIN1{STR2,STRMAX)~{1.-0PTN3)*YLD
CONTINUE
AVESTR=AVESTR+STR
CONTINUE
AVESTReAVESTR/NUMYR
RETURN
END

+

.
[ ER R R LERES AR LR EEE YRR RSEIRR RN 2]

SUBROUTINE START(RAIN,1GQ)

&

THIS SUBROUTINE FINDS THé FIRST MONTH DOF RAINFALL THAT
NON-ZERD AND RETURNS ITS NUMBER. i

15
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" , . 208
VARIABLE LIBRARY .

“RAIN - VECTOR WITH RAINFALL DATA .
IGD - NUMBER OF FIRST MONTH WITH NON-ZERO RAINFALL

DIMENSION RAIN{1200)

' DG 975 I=1,100

4=

IF(RAIN(I).LE.O.O001)GOTOQ" 875

1GO=1"
RETURN
875 CONTINUE ’ . "
RETURN . ¢
END :
---'1.---.----‘-*----.‘.-’-7“--.‘..-
-

SUBROUTINE RNMEAN{LR,PRECIP,AVER,AVEMIN, éAVEMAX,YRRAIN,NDIV)
“
THIS PROGRAMME CALCULATES ANNUAL RAINFALL, MAXIMUM AND MINIMUM
ANNUAL RAINFALLS, AND MEAN ANNUAL RAINFALL

NUMYR - NUMBER OF YEARS OF DATA

PRECIP - VECTOR WITH PERIOD RAINFALL

AVER - VECTOR OF LENGTH NUMYR WITH ANNUAL RAINFALLS

T\AVEMAX - MAXIMUM ANNUAL RAINFALL

AVEMIN®- MINIMUM ANNUAL RAINFALL

YRRAIN - MEAN ANNUAL RAINFALL

NDIV - NUMBER OF PIECES OF DATA PER YEAR
*12 MONTHLY DATA -
=52 .WEEKLY DATA. ]
=366 DAILY DATA . ’ .

DIMENSION PRECIP{1200),AVER{100)
AVEMAX=Q, . ]
AVEMIN®99999 bl ~
TOTAL=D. :
NUMYR=LR/NDIV
DO 100 I=1,NUMYR
" SUM=0.
0 101 II=1,NDIV
N (I-1)*NDIV+I1
UMeSUM+PRECIP(N) : N
NTINUE
VER(I)=SUM
AVEMAX=AMAX 1 { AVEMAX  AVER(I)) -
AVE&?E:IETN1(AVEMIN,AVER(1]) '
ToTALaTOPAL+AVER(I) , - '
100 CONTINUE . e N
YRRAIN=TOTAL/NUMYR
RETURN
END

101
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=esssm DATACARD PREPARATION sasess
FIRST CARD - TITLE (80 CHARACTERS)}
NEXT CARD - 8 CONTROL VALUES (812)
1) RATIONING OPTION . =
= -. ND RATIONING '
»1 - RATIONING.
2) YIELD CALCULATION DPTION
=0 CONSERVATIVE OPTION
=4 MEDIUM OPTION
=2 LIBERAL OPTION
3) STORAGE CALCULATION OPTION #
' *0 CONSERVATIVE OPTION
=1 MEDIUM OPTION
=2 LIBERAL DPTION
4) TYPE OF RERFORMANCE
_*0 FRACTION OF DEMAND VOLUME MET
=1 FRACTION OF TIME DEMAND WAS MET
5) STOCKING OPTION .
" «0 NO EXTERNAL SOURCE OF SUPPLY
" =1 EXTERNAL SUPPLY BEING USED
6) TYPE OF DATA ENTERED
=0 MONTHLY DATA
=1 WEEKLY DATA
=2 DAILY DATaA
7) PERFORMANCE LEVELS

OO0 000 00000 o000 o000 000

c =0 AUTOMATIC CHOICE

c >3 NOT AUTOMATIC (PUT # OF LEVELS MERE AND LEVELS ON

c CARD FOLLOWING CONTROLS)

c 8) STARTUP OPTION (DOES NOT CHANGE 5) )

c =0 ITERATION BEGINS WITH FIRST PERIOD WITH RAIN

c =1 BEGINS WITH A WARMUP STORAGE (NOT VALID FOR RAITIONING)
c "NEXT CARD - PERFORMANCE LEVELS (IF ICNTRL(7) > ©). (BFT7.5)

c NEXT CARD - LENGTH OF RAINFALL (MULTIPLE OF 12,52, OR 366) (17)
c NEXT CARDS - RAINFALL DATA (E14.7)

c FINAL CARD 1S /*

c

C .

//GO.SYSIN DD = t

TITLE GOES HERE

00000041

$.00000 .99000 .85000 .9 .

0000480 - -

!

209.

fd

ey
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0O 000

-

700

701

702

213

718

"CISTERN" . s

#CISTERN
GENERATES SYNTHETIC DATA BY FIERING MARKOV MODEL, CALCULATES
THE STORAGE REQUIRED OVER A RANGE FOR A GIVEN PERDRMANCE
LEVEL BY CONSERVATIVE (YAS) METHOD, FITS AN EV1 (GUMBEL)
DISTRIBUTION FOR EACH CASE, AND CALCULATES A& STRAIGHT LINE
DN THE LOG-LODG SCALE FOR 2 CHOSEN POINTS. .

DIMENSION TITLE(ao).xa(iz).ch(12).ICNTRL(G).PLEVEL{B).YCQ(1:).
7YRO(12).YSD{ 12),RAIN( 1200) ,FRACD(15),0UT(3,15).STOR( 15, 1000),
2STEMP{ 1200) ,XRO(12)  XMN(12).XCV(12},X5D(12),XC5(12),.%X(15),
PYMEAN(12},PHI{12) ,NUMOK(15) ,A(15),U(15),ANDAT(1200).ANCV{ 1200},
7ANMN( 1200) ) '

DATA ICNTRL/0,0,0,0.0.0,1,%/,FRACD/.08333,.15,.3,.7,
7.9.10%0./

DOUBLE PRECISION SUM

PI=3.1415926

1SEED=94509759

ISEED SHOULD BE ODD INTEGER. 9 DIGITS OR FEWER.
LD=5 R .

LD IS # OF NON-ZERD DEMAND FRACTIONS IN FRACD
IPTist - .-
IPT2e5 ' ,
IPT1 & IPT2 ARE THE DEMAND FRACTION CASES USED TO DRAW A STR. LINE.
RNEQD=0.0
READ(S,700)TITLE
FORMAT(BOAY1) o
READ(S,701)1CHZ '
FORMAT(11) .
1CHZ=0 -> NORMAL DISTRIBUTION

=1 -> LIKE-GAMMA DISTRIBUTION
=2 -> LOG NORMAL 2P .-DISTRIBUTION
#3 -> LOG NORMAL 3P DISTRIBUTION
LLEVEL=MINO( ICNTRL{7),8)
READ{5,702 )NUMTR
READ(S, 702 INYR
READ(5,702 )NSESN
FORMAT(I4) ‘
READ (5#213)(PLEVEL(I),I=1,LLEVEL)
FORMAT(BFT7.5) -
READ(5,718)PROB
FORMAT{FG.4)
NRAIN®NYR*NSESN
DO 100 I=1,NSESN <

.-

-



-

100

101
706

710

102
703

707

103

708

709

XA(I)=0.

YCS(I)=0.
CONTINUE
ICHK=ICHZ+1

READ IN PARAMETERS AND CONVERT FOR GENERATION
GOTO(101.102. 103,104}, ICHK -
. " . Al

.NORMAL CASE
READ(S.706)(XMN({I).XCV(I),XRO(I).Iv1.NSESN)
FORMAT(E14,.7,E15.7.E15.7)
DO 730 I=1.NSESN

YMEAN( I )=XMN{T)

VSD(I)=XCV(I}"XMN{1)

YRO(I)»XRO(I) -
dosrwe (0

GOTD 111
SN

GAMMA
READ(S,.T7O3)(XMN(I) XCV(I) ,XRO(I),XCS(1),I=1,NSESN)
FORMAT(E14.7,E15.7.E45.7.E15.7)

CORRECT HISTORICAL SKEWS FOR SERIAL CORRELATION FOR GAMMA DIST'N

DO 707 u=1.NSESN
UM1=U-1
IF(UM1.EQ.0)JM1=NSESN -
RUSXRO(4)
RUM1=XRO(UM1)

YCS () (XC5(U)-RUMT*=3*XCS(UM1))/((1.-RU*=2)=*1.5}

YMEAN(J)=XMN{J)
YSO{J)sXCV(J)*XMN(L)
YRO(J)=XRO(J)
CONTINUE
GDTO 1119

LN-2
READ(S,706)(XMN(I) . XCV(I),XRD(I),I=1,NSESN)
DO 708 J=1,NSESN
XSD(J)=XMN(J)*XCV(dJ)
PHI(J)=1.+({XSD(J)/XMN(J))**2
APHI=ALDG(PHI(U))
YSD(J)=SQRT{APHI) ;
BR2=XSD(J)*XSO(J)/(PHI(J)*(PHI(U)-1.) )"
YMEAN(J)=0.5*ALOG(BR2)

CONTINUE

DD 709 J=1,NSESN
UMinyg-1
IF{JUM1, EQ.CIJM1=NSESN
AM=XRO(J)*XSD(J)*XSD(JIM1)/XMN(S)/XMN{UM1 ) +1,
YRO(J) =ALOG(AM)/YSD(U)}/YSD(UM1)

CONTINUE -

GOTOD 111 -

211



LN-3

104 READ(S.T03)(XMN{I),XCV(I).XRO(1).XCS(I).I=1 ,NSESN}

DO 712 Je1,NSESN
XSD(U)=XMN(J)*XCV(J)
IF(XCS(J).GT.0.)GOTO 112

WRITE(6,113)

113 FORMAT(-OTHE SKEW FOR A SEASON IS NEhATIVE. LN3 NOT SUITABLE.')

sTOP T
12 XTCS2=XCS{J)*XCS(J)
Z1=1 . +XTCS52/2.
22=S0RT(XTC524XTCS2°XTCS2/4.) *

PHI{U)=((21422)==(1./3.))4((Z1-22)=*(1./37))~1.

BR=XSD(J)*XSD(J}/(PHI(J}=1.])
XA{J)*XMN{J)-SORT(BR)
APHI=ALOG(PHI(J}}
YSD(J)=SQRT{APHI)

BR2«XSD(J)*XSD{J)/(PHI{U)*(PHI(J)-1.))

YMEAN(J)=0.5*ALOG(BR2)
712 CONTINUE
DO 717 J=1,NSESN
JM ARt
IF(JUM1.EQ.O)JM1=NSESN

TS

AM=XRO (U} =XSD{J)*XSD{UM1)/ (XMN{J)-XA{Y))/ A

T O (XMN(JMT1)=-XA{JM1))+1,
YRO(J)=ALOG(AM)/YSD(J)/YSD(UMY)

717 CONTINUE )

111 XANTOT=0.
WRITE(6,230) . .
230 FORMAT('1  INPUT PARAMETERS:‘,//,
7° MEAN . cv
DO 116 ISN=1,NSESN
XANTOT=XANTOT+XMN(ISN)
116 CONTINUE,

IF(MOD{ICHZ,.2) .EQ.1)WRITE(&,232){XMN(J),XCV(J),XRO(J) ,XCS(U),

_7J=1,NSESN) :
232 FORMAT(‘ *,E14.7,E15.7,E15.7,E15.7)

RO . cs'./)

\

IF(MOD(ICHZ,2}.EQ.O)WRITE(6,231)(XMR(J) . XCV(J)}, XRO(J},

" 7J=1 ,NSESN)
231 FORMAT(* - .E14.7,E15.7,E15.7)

BEGIN GENERATION
ICHCe0 . )

" IF{ICHZ.EQ.1)ICHC=1
RAINGD®YMEAN(NSESN) '
ICNT7=ICNTRL(T7)

DO 713 ILEV=1,ICNT7
TEST=PLEVEL(ILEV)
DO 716 Ki=1,NUMTR

*

CALL TRACE{1,NYR,NSESN,YMEAN,¥SD,YRO, YCS,RAINGD,1SEED,ICHC,

7RAIN)
IF(ICHZ.LT.2)GOTOD 25
00 714 1=1 NRAIN

212

o



Tid -

25

715
720

238
234

233

105
716

107 -

723

TEMP=RAIN(I)
JwMOD( I.NSESN)
IF(J.EQ.Q)uU=NSE
TEMPSEXP(TEMP }+XA(J)
IF(TEMP.LT.RNEQOITEMP=0.
RAIN(I)=TEMP
CONTINUE
GOTO 720
CONT INUE
DD 715 IV=% _NRAIN
IF(RAIN(IV).LT.RNEQOIRAIN(IV)=(.
CONT INUE
CONTINUE
“CALL MEAN(RAIN,NRAIN,RMEAN)
YRRAINeFLOAT(NSESN)*RMEAN
IF(ILEV.GT.1)GOTO 233
ANMN({K1)sYRRAIN
DO 234 L=1,NYR
ANDAT(L)=0.
00 235 L2=1.NSESN
' L3=(L-1)*NSESN+L2
4@(u-mnn(u)+nim(q)
CONT INUE
CONTINUE

CALL SDEV(ANDAT,_ YRRAIN.NYR,LANSDV}

ANCV(K1)=ANSDV/YRRAIN
CONTINUE

CALL SBYR(RAIN,NRAIN,LD ,FRACD.QUT.YRRAIN,TEST,ICNTRL.IER)

IF(IER.ECQ.1)STOP

DO 105 I=1,LD

STOR(I.K1)}=0UT(1.,1)
CONTINUE

CONTINUE
DO 106 y=1,LD

—

DD 107 1=1,NUMTR
STEMP(1)=STOR(J.T)
CONTINUE '
NUMOK () *NUMTR
IF(NUMOK(J).GT.2)GOTD 723
X(J)=0.0
GOTO 106
NOK=NUMOK (J)
CALL MEAN(STEMP,NOK,SMEAN)
CALL SDEV(STEMP,SMEAN.NOK,SSD)

CALL CSKEW(STEMP SMEAN,SSD,.NOK,SSKU)

WRITE(G,225})J,SMEAN, SSD, SSKU

-

225 FORMAT(‘OIN DEMAND VALUE # *,I2,’' STDRAGE MEAN® ‘ E14.7,

2/ STD. DEV.= ’.E14.7./.° CO. OF SKEW = ' E14.7)
" CALL EV1(STEMP NOK,SMEAN.SSD,ALPHA,UT,IERR)

223 FORMAT(' IN DEMAND VALUE # ‘,I2,' MEAN=

?E14.7,/.' ALPHA AND U CALCULATED BY FORMULAE’)

224

IF(IERR.EQ.O}GOTO 224
WRITE(6,223)J,SMEAN, 55D

ALPHA=PI/SQRT(6.)/55D
. UTwSHMEAN- . 577215665/ ALPHA
CONTINUE

’

STD. DEV.=

t

213



<y TS
e

. . '
A(JU)sALPHA. ‘ 214 ;
(g =uT : )
¥=-ALOG(-ALOG(PROB)) .
: X(J)wy/ALPHA+UT R
106 CONTINUE . :
CALL MEAN{ANMN,NUMTR,AMNMN)  _  © i .
CALL MEAN(ANCY,NUMTR,ACVMN) . R :
WRITE(G,236)AMNMN, ACVMN . S o
236 FORMAT(’- AVE ANNUAL MEAN GENERATED: *.E14.7./.' AVE ANNUAL CV

.

PGENERATED: ‘' ,E14.7)}
PRINTQUT . ‘ - )
WRITE(6.800) ’
800 FORMAT(’1’)

WRITE(SG, 501)

501 FORMAT(‘ *,T20C'CISTERN’,/,T22,'BY’./. T17, ‘BRIAN LATHAM‘ /.T15,

T'CIVIL ENGINEERIﬁb /.T17.7U. OF OTTAWA’ /. T16,'OTTAWA, CANADA.‘) -
WRITE(6,852)TITLE ‘ '
B52 FORMAT('Q’,B0OA1) .
’ WRITE(6,633)TEST .
633 FORMAT(’OS/R AND D/R RATIOS FOR’.F§.3,’ PERFORMANCE LEVEL.’)
IF('ICNTRL(4) .EQ.O)WRITE(6,201)
201 FORMAT(’ BASED ON FRACTION OF DEMAND VOL SUPPLIED-) K

. IF(ICNTRL(4).EQ«1)}WRITE(6,202)
' 202 FORMAT(' BASED ON FRACTION OF TIME FULL DEMAND 1S SUPPLIED’)

WRITE(6,203 )NUMTR, NYR
203 FORMAT('OSTORAGE DETERMINED BY GENERATING *,14,° TRACES OF DATA‘, R
714, YEARS LONG DISTRIBUTED AS') :
IF(ICHZ.EQ.0)WRITE(6,204) e . e ;
204 FORMAT('+‘ TBE. NORMAL.’) , '
IF(ICHZ.EQ.1)WRITE(6,205) - ' AL
205 FORMAT('+‘,T86, 'LIKE-GAMMA. ')
+  IF(ICHZ<EQ.2)WRITE(6,210)
210 FORMAT('+’,7B6, ‘'LOGNORMAL 2 PARAMETER, ') .
IF{ICHZ.EQ.3)WRITE(E,211) ’ h
211 FORMAT('+°,T86, 'LOGNORMAL 3 PARAMETER. ‘) ] .
WRITE(6,212 )PROB ' '
217 FORMAT{’ AND FITTING OF STORAGE VALUES TO EV1 DISTRIBUTION AT /,  «
7F7.4,° LEVEL.') ]

ANUM=FLOAT (NUMTR)
ETEST= ( ANUM-.25)/{ANUM+.5) - IR
IF(PROB.GT.ETESTIWRITE(6.222) g ‘ -
222FORMAT(/ RELIABILITY LEVEL OUTSIDE RANGE OF EV1 DIST''N. USE DISCR
7ETION IN INTERPRETATION. ') 7 . .

WRITE(G,634) ' )

634 FORMAT('o.!------s--I-:-:u.-----.-s-----.i-;-.----.-n'lh')

IF((TEST.LE.1.0).AND . (TEST.GT.0.0))GOTD 207 . "

v \‘\
. WRITE(G,799) . . ~
799 FORMAT(’{PERFORMANCE LEVEL I$ NDN-POSITIVE OR GT t: EXECUTION TERM . N
2INATED. * } ' . ] ; : ~

STOP i o
207  <CONTINUE '
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600

601

602

603

604

&05

623

624
625

606

‘507

608

609

610

612

209

614

615

208

616

580

- PRINT OUT OPTIONS

WRITE(G6.600)

FORMAT( ‘OOPTIONS IN EFFECT: ")
IF{ICNTRL(1)}.EQ.Q)WRITE{6E,601)

FORMAT( * NO RATIONING')
IF(ICNTRL{1).EQ.1)WRITE(6.602)

FORMAT("’ RATIDNING*)
IF(ICNTRL(2).EQ.O)WRITE(6,603)

FORMAT( * CONSERVATIVE YIELD CALCULATION®)
IF(ICNTRL(2).EQ.1)WRITE(6,604)

FORMAT(’ MEDIUM YIELD CALCULATIONS '}
IF(ICNTRL(2).EQ.2)WRITE(6.605)

FORMAT( " LIBERAL YIELD CALE€ULATIONS")
IF(ICNTRL(3).E0.O}WRITE(6,623)

FORMAT( * CONSERVATIVE STORAGE CALCULATION')
IF(ICNTRL{3).EQ.1)WRITE(GE,624) .

FORMAT( ' MEDIUM STORAGE CALCULATIONS')
IF(ICNTRL(3).EQ.2)WRITE(6,625)

FORMAT( * LIBERAL STORAGE CALCULATIONS)
IF{ICNTRL(4).EQ.Q)WRITE(G.606)}

FORMAT( * PERFORMANCE BASED ON VOLUME')
IF(ICNTRL(4).EQ. 1)WRITE(6,607)

FORMAT ("’ PERFORMANCE BASED ON TIME ‘)
IF(ICNTRL(S).EQ.O}WRITE(6,608)

FORMAT( * NO EXTERNAL STOCKING')
IF{ICNTRL(5).EQ. +JWRITE(6,609)

FORMAT( * EXTERNAL STOCKING BEING DONE')
IF(ICNTRL{B) .EQ.OIWRITE(6.610)

FORMAT( ' MONTHLY DATA')
IF(ICNTRL(G).EQ. 1 )WRITE(E,614)

FORMAT( * WEEKLY DATA')
IF(ICNTRL(G).EQ.2)WRITE(6,612)

FORMAT( " DAILY DATA')
IF(ICNTRL(B) .EO.1)WRITE(6.614)

FORMAT(' WARMUP STORAGE USED TO START*)
IF({ICNTRL(7).NE.Q}GOTO 208

WRITE(6,615) , .

FORMAT("  STANDARD PERFORMANCE LEVELS-)

GOTD 209
WRITE(6.616 ) ILEV LLEVEL

FORMAT( " # 11, QF ', I1,° GIVEN PERFORMANCE LEVELS')

IF(ICNTRL(B) .EQ.O)WRITE(6,.580)1GD *

FORMAT{ ‘OTHE PROCESS BEGINS IN MONTH # ' ,I3,° WHEN THE RAIN BEGINS

7))

IF((ICNTRL{S) .NE.O) AND.(ICNTRL(8) EQ.1))WRITE(6.581}
581 FORMAT( 'ONOTE:EXTERNAL STOCKING AND WARMUP OPTIONS CHOSEN. STOCKIN-

7G IS USED. ")

214

?

215

WRITE(6.214) -
FORMAT('Q STORAGE/ ANN DEMAND/ # OF STORAGE VALUES

IN EV1 YRAN(X-U)')

WRITE(G,215)

FORMAT{ ' MEAN ANM. RAIN MEAN ANN . RAIN

TALPHA= Ue )

§

215
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- 721

110

115

120

NG

WRITE(S.634) -
0O 110 IOUT=1.LD ,
WRITE(6.721)X{10UT).FRACD(10UT ) NUMOK(I0UT).A(IOUT),u{ I0UT)
FORMAT( ‘0" ,T5.F6.3,T20.F6.4.737.15.754 E14.7.T71.E14.7)
CONTINUE :

-216

WRITE (6.115)XANTOT
FORMAT( "OMEAN ANN. RAIN: ' £14.7)

CALCULATE STR.LINE ON LOG-LOG

Y1=ALDG1O(X(1PT1)) ’

X 1=FRACO(IPT1) '

X 1wALDG10(X 1) '
Y2=ALOG1O(X(IPT2))

X2=FRACD(IPT2) .

X2=ALOG10(X2) : J

Be(Yt-Y2)}/(X1-X2) .- .
AZuYI-BeX1 '

A2=10,.*"A2

WRITE(6.120)FRACD(IPT 1), FRACD(IPT2).A2.8

FORMAT( ‘OF ITTING OF FORMULA S=A*D**B USING VALUES OF D= ' .F7.5.
?° AND '.F7.5./.' Aw ' E14.7,', B= ‘' E14.7)

713 CONTINUE

STOP
END

IS L TR AR NS RN EERE NN NN I IR W R ey

SUBROUTINE SBYR(RAIN,.LR,LFD,FRACD,QUT,YRRAIN,TEST,ICNTRL,IER)

o/
THIS PROGRAMME CALCULATES ANNUAL STORAGE/MEAN ANNUAL RAINFALL
RATIOS FOR A GIVEN PERFORMANCE COEFFICIENT AND DEMAND/
MEAN ANNUAL RAINFALL RATIOS. DEMAND AND STORAGE ARE

EXPRESSED AS VOLUMES PER UNIT COLLECTIDN AREA AND HAVE THE
UNITS OF DEPTH. '

THIS FOLLOWS THE WORK IN "STORAGE REQUIREMENTS FOR DOMESTIC
RAINWATER COLLECTION SYSTEMS IN CALIF.* BY PEARSON, KIM,
VALENTINE AND JENKINS. VARIOUS OPTIONS ARE ADDED INCLUDING
RATIONING (SEE PERRENS).A TIME PERFORMANCE CHARACTERISTIC.
CALCULATION OPTIONS., AND EXTERNAL STOCKING.

NOTE: LINES WITH C* WERE NOT USED IN THESIS CALCULATIONS

DIMENSION RAIN(1200):FRACD(15),0UT(3,15), ICNTRL(8)
IF(ICNTRL(6).EQ.OINDIV=12
IF{ICNTRL(G).EQ.1)NDIV=52
IF{ICNTRL(G).EQ.2)NDIV=366

‘NUMYRsLR/NDIV

TOLER=0. 0001

IER=0

DO 998 1D=1.LFD
DeFRACD(IDI"YRRAIN
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c
(ohd

224

O ono

CI
c.

C-
c-

C.

C*200
c.
c-

=201
o]
c-

c*202

Ce
c-

. €203

CO
c.
c-

BEGIN ITERATIVE PROCESS  ~.

STOCK=D/S52.
DEM=D/NDIV
FS=s1.0
FSMAXs1 S
FSMIN®G . 005
KNT =0 A
I0P2=ICNTRL(2}/2
10P3=ICNTRL(3)/2
OPTNZ=FLOAT{ICNTRL(2})/2.
OPTNA=FLOATIICNTRL(3)})/2. '
CONTINUE

STRMAX=FS=YRRAIN

ITOT=0

DMTOT=0.

YLDTOT=0.

CALCULATION OF INITIAL STORAGE

A) DEFAULT CASE
STARTERAIN(1)
IBEGIN=2
B) WARMUP OPTION-
IF(ICNTRL(B).EQ.0)GDTO 200
IF(ICNTRL{S).EQ.1)GOTO 200

caLt HARMUP(RAIN.DE‘.ND]V.NUHYR.OPTN2.0PTN3.STRHAX.AVESTR)

START=AVESTR
IBEGIN=1
GOTO 201
C) CASE FOR LIBERAL CALCULATION
IF((IOP2.NE.1).0R.(I0P3.NE. 1))GOTO 201
START=0. :
IBEGIN®1
D) CASE FOR STOCKING OPTION
IF(ICNTRL(S) .NE. 1)GOTOD 202
START=STOCK
IBEGIN=1

’ CONTINUE
STReAMIN1{START .STRMAX) '
STRGO=STR
DD 787 I=IBEGIN.LR
DM=DEM .

RATION OPTION

1F({STR.GE.DEM}:OR.{ICNTRL{1).NE.1))}GOTO 203
DM=DM=0.75 '

CONTINUE

DMTOT=DM+DMTOT

IRAT=0 ,

IF(ICNTRL(5)} .NE.1)GDTD 204
IF(STR GE.DEM)GOTO 204

217



B
. C=
ce
C=204

e’

C=20%

797
c-
e
C.

206
c=207

620 FORMAT(®

-

STR=AMIN1(STR+STOCK ,STRMAX }

170T=1TQT+1
IRAT=1
CONTINUE

YLD=AMIN1 (DM, STR+0OPTN2*RAIN{I))

IF((YLD.GE.DM) .OR.(IRAT.NE.C)})IGDTO 205

ITOT=ITOT+1
CONTINUE
YLDTOT=YLD+YLDTOT

STR2=STR+RAIN(I}-0PTNI*YLD

STR=AMINI(STR2,STRMAX)~-(1.-DPTN3)"YLD

CONTINUE )
IF{ICNTRL(4).NE.1)GOTD 206

o

PERF=1. -FLOAT(ITOT}/FLOAT(LR-IBEGIN+1}

GOTO 207
PERF=YLDTOT/DMTOT
CONT INUE
IF(PERF.LE%1.0)GOTD 208
JER= 1
WRITE(G,620)

TRFORMANCE CALCULATION. '}

208

209
210

798 FURMAT('1ERROR-FERFDRMANCE IS GT. 1.

212

216

215

217

RETURN
IF(TEST.GE.1.0)GOTD 209
DELTAP*ABS{TEST~-PERF)
GOTO 210 \
DELTAPSTEST-PERF
IF(DELTAP.GE.0.0)GOTOD 211
WRITE(6,798)

IER=1
RETURN
KNT=0
SPACE=FSMAX-FSMIN
IF{SPACE.GT.TOLER}GOTD 212
KNT =1 ’
IFLAG=D
IF(KNT.NE.Q)GOTO 213
IF{TEST.NE.1.0)GDTO 214

1F{FS.NE.FSMIN)GOTO 215
IF(PERF.NE.1.0)GOTO 216

KNT =1
IFLAG=1

IF(PERF.GE.%.0)GOTO 215

FS2=FSMAX*FSMIN
KNT=Q
IFLAG=2

IF(FS.LE.FSMIN)GOTO 214
IFKPERF.NE.1.0)GQTD 217

FS2aFS*"FSMIN
KNT=Q
FSMAX=FS
IFLAG=a .

IF{PERF .GE.1.0}GOTD 214

ERROR: A PERFORMANCE LEVEL HAS BEEN FOUND GT. 1.

EXECUTION STOPPED.')
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IF(DELTAP.GT.TOLER)GOTO 218 219
KNT =1
IFLAG=B
218 IF(DELTAP.LE.TOLER)GOTO 214 Y
FS2=FS*FSMAX '
FSMINSFS
KNT=0
IFLAG=16
214 IF(TEST.GE.!.0)GOTO 219
1F(DELTAP .GT.TOLER)GOTO 220
KNT=1
IFLAG=32
220 IF(DELTAP.LE.TOLER)GOTO 219
. IF(FS.NE.FSMIN)GOTD 221
FS2=FSMAX*FSMIN
KNT =0
IFLAG=64
221 ~ IF(FS.LE.FSMIN)GOTO 218
: IF (PERF.GE.TEST}GOTO 222
FS2=FS*FSMAX
FSMIN=FS Z,/
KNT=0
IFLAG=128
222 IF(PERF.LE.TEST)GOTO 219
FS2FS=FSMIN
FSMAX=FS
KNTaQ
1FLAG=256
219 IF(IFLAG.NE.O)GOTO 223
WRITE(G,790)
790 FORMAT('ONO DELTAP TEST DONE. CHECK PROGRAMME. ")
1ERw1
RETURN .
223 FS=SORT(FS2)
213 IF(KNT.EQ.0)GOTD 224
OUT(2.10)=FRACD(1D)
OUT(1,1D)=FS
ouT(3,1D)=PERF
998 CONTINUE
RETURN
END g

--t--.--.--.--.---------lll-....t.-tt. '
+
SUBROUTINE WARMUP (RAIN DEM,NDIV NUMYR,DPTN2,0OPTN3,STRMAX, AVESTR)
THIS SUBROUTINE CALCULATES AN INITIAL STORAGE VALUE BY
STARTING WITH FULL STORAGE AND CALCULATING -
AN AVERAGE SEASONAL VALUE.
DIMENSION RAIN(1200)
STR=STRMAX .
AVESTR=0.

DO 10 I=1, NUMYR
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DO 20 J=1,NDIV
Ku{I-1)}*NDIV+J
YLD=AMIN1(DEM, STR+OPTN2*RAIN(KY)
STRQ'STR*RAIN(K)70PTN3‘YLD .
STR=AMINY(STR2.STRMAX)-{ 1.-OPTN3}*YLD
CONT INUE ;
AVESTR=AVESTR+STR
CONTINUE
AVESTRwAVESTR/NUMYR
RETURN
END

LA R R RN RSN RENRNERRENRE NN N NS EY NN NE N

SUBROUTINE MEAN(X,N,XMEAN)
DIMENSION X{1200}

DOUBLE PRECISION SUM
SUM=0.

D 10 I=t.N

SUM=SUM+X(1)

LER R R RN ERE R RN FY LR NN TN N R T EE Ry

SUBROUTINE EV1(X,N,XMEAN,XSD, ALPHA U, IER)
&

CALCULATES A MAXIMUM LIKELIHODD FIT TO AN EXTREME VALUE

(GUMBEL} DISTRIBUTION.

REFERENCE: GUMBEL.E.J. - °"STATISTICS OF EXTREMES’

P. 227 FOR INITIAL ESTIMATE DF ALPHA,

P. 231-2 FOR B.F. KIMBALL'S ML METHOD.
PLOTTING ON GUMBEL PAPER OF X VS. F(X)
F(X)-EXP(-EXP(LV)) WHERE YwALPHA*(X-U}

DIMENSION X{1200)
IER=Q

TOLER=O.COM
IEND=50
P1=3.1415326

INITIAL ESTIMATE DF ALPHA

"ALPHA=P]/SORT(6&.}/XSD

CALCULATE ALPHA

IKNT =0

XE=Q,

E=Q.

DO 10 I=1,N
EX=EXP(-ALPHA*X(I))
XEmXE+X{1)*ER
E=E+EX

220



(¢

(9]

an

10

100

101

20

jelo]

10

980

CONTINUE
ONE=XE/E .
ALPHA2=1. /(XMEAN-DNE) '
DELTA=ABS(ALPHA-ALPHA2)/ALPHA
ALPHA= [ ALPHA2+ALPHA) /2.
IKNT = IKNT+ 1
IF(IKNT.LT.IEND)GOTO 20
WRITE(6G, 100)1END, TOLER
FORMAT{ 'OALPHA CALCULATION DOES NOT CONVERGE AFTER ',1l4,
NS, TOLERs ’.E14.7) '

IER={ . *
WRITE(6.101){X(L).L=1.N}

FORMAT{’ ‘' ,BE14.7)
GOTO 30

IF(DELTA.GT.TOLER}GOTO S

CALCULATE U

EUSFLQAT(N)/E

U=ALOG(EU)/ALPHA

CONTINUE

RETURN . .
END

. -
- 3
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SUBROUTINE SDEV(X,XMEAN,N,SDV)

DIMENSION X({1200)

DOUBLE PRECISION SUM

SUMe=0. '

DO 10 I=1,N-
SUMeSUM+ (X (I)-XMEAN)**2

CONTINUE

VAR=SUM/FLOAT{N-1)

SDV=SQRT(VAR)

RETURN

END

(R AR N R R R S PR R F RS R R N RS PR Yy

SUBROUTINE TRACE(NUMTR.NYR.NSESN.YMEAN.YSD:YRD.YCS.RAI%déTiSEED.

7ICHC ,RAIN) . A

DATA GENERATION

OIMENSION DUT(12).RAIN(1200).YCS(12).YMEAN(i25.YSD(12);VRD(12)

NSTART=15
DD 959 ITR=1 ,NUMTR
STARTING PROCEDURE

00 990 KGO=1,NSTART

CALL GENER(NSESN.YMEAN.YSD,YRD,YCS, RAINGO,ICHC, ISEED.QUT)

CONTINUE
DO 998 IL=1t ,NYR

CALL GENER{NSESN,YMEAN,YSD,YRD,YCS,RAINGO, ICHC, ISEED,OUT)

DO 997 I=1_ NSESN :

.

ITERATIQ

-~

.
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IL2=(IL-1)*NSESN+1I
RAIN(IL2)=DUT(I) ™ -

. ~ .
997 CONTINUE
898  CONTINUE
999 CONTINUE .

RETURN

END . .

-.-.--..-'I‘..-----..-...‘.'-l.-.--..t
SUBROUTINE GENER(NSESN,AMEAN,ASD,ACORR,ACS,RAINGD, ICHC, ISEED,RAIN)

THIS SUBROUTINE GENERATES 1 FULL YEAR OF DATA

DI
Do

GEN

22

20 CO
RE

NSESN = » DF SEASONS .
RAINGO IS THE STARTING VALUE FOR THE GENERATION. '
RAINGO IS REDEFINED EACH TIME THE SUBROUTINE IS CALLED.
ISEED ~ RANDOM SE§D NUMBER. S5EE NOTE RE: IX IN
SUBROUTINE GAUSS, FOR SPECS. .
ICHC=0Q => NORMAL GENERATOR' FOR NORMAL OR LN
={ x> GAMMA GENERATOR (HILFERTY)

MENSION AMEAN(12),ASD(12),RAIN(12).ACORR(12).ACS{12)

20 J=1,NSESN
UMts-1
IF(J.EQ. 1}JM1=NSESN - )
ERATE RANDOM NORMALLY DISTRIBUTED NUMBERS
CALL GAUSS(ISEED.1..0..T)

IF(ICHC.EQ.0)GOTD 23 -
BRK=1.+ACS(J)*T/6.-ACS(U}""2/36.
T=(BRK®**3-1.)%2./ACS{J) ' .
CuteaSD(U)*SORT( 1. -ACDRR{J)*ACORR(Y))
B=ACORR(JU)*ASD{J)/ASD(UM1 ) * (RAINGD-AMEAN(JM1)) -
A=AMEAN(Y) i
RAINGO=A+B+C
RAIN(J)=RAINGO ’ .
NTINUE . - '
TURN

END

su

A=

G

------n---o-t.-.tt-t---.t-----;-.--.-
BROUTINE GAUSS(IX,S,AM,V)

- COMPUTES A NORMALLY-DISTRIBUTED RANDOM NUMBER
WITH S = STAND. DEV'N
AM = MEAN
- FROM SSP. L1BRARY
- 1% IS ODD INTEGER WITH 9 DR FEWER DIGITS ON INPUT.
IT IS REASSIGNED A UNIFORMLY DIST‘'D RANDOM NURMBER
FOR USE IN LATER CALLS.

0.0
50 Ie1,12

CALL RANDU(IX.IY.Y}

222
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A=h+y

50 CONTINUE ) .

V=(4-6.0)*5+AM
RETURN
END

LA L LA AL R R ERELELTEE R E LI LR R ey

SUBROUTINE RANDU(IX.IY,YFL)

"

- FROM SSP LIBRARY . !

- COMPUTES UNIFORMLY DISTRIBUTED RANDOM REAL NUMBERS
"BETWEEN QO AND 1.0 AND RANDOM INTEGERS BETWEEN O AND
2**31. THE SEED. IS REDEFINED ON EACH CALL.

- IX - SHOULD BE SEEDED WITH AN ODD INTEGER QF 9 DIGITS OR LESS:

IT SHOULD BE REASSIGNED THE VALUE 1IY.

= I¥Y THE RANDOM INTEGER PRODUCED BY THE ALGORITHM.
- YFL - UNIFORMLY DISTRIBUTED NUMBER BETWEEN O. AND 41.0.

- SEE SSP WRITE UP FOR REFERENCES. ETC.

1V=1X*65539 ‘
IF(1Y)5,6.6 -
IY»IY¥+2147483647+1

YFLeIY

YFL=YFL".46566 13E-9

RETURN

END

SUBROUTINE CSKEW(X,XMEAN,XSDV,N,XCS)
DIMENSION X(1200)
DOUBLE PRECISION SUM PR
SUM=0.
DO 10 I=1,N

SUM=SUM+( (X(I)-XMEAN)/XSDV)==3
CONTINUE
XCS=SUM*N/(N-1)/(N-2)
RETURN
END ¢

223
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=+ DATA CARD PREPARATION == .

FIRST - TITLE
SECOND ~ DISTRIBUTION CHOICE: O-NORMAL, 1-GAMMA, 2-LN2, 3-LN3 (I1)
THIRD - NUMBER OF TRACES TO GENERATE (14)
FOURTH - NUMBER OF YEARS/TRACE (14)
FIFTH - NUMBER OF ‘SEASONS/YEAR (14)
S$I1XTH - PERFORMANCE RELIABILITY OF STORAGE (F7.5)
SEVENTH - RELIABILITY LEVEL FOR EV1 DISTRIBUTION . ¢
NEXT - SEASONAL DATA PARAMETERS {(E14.7,E15.7,E15.7,E15.7)

FOR NORMAL - MEAN, C. OF VAR., CDRRELATIONS ,

FOR GAMMA - MEAN, C. DF VAR., CORRELATIONS, C. OF 'SKEW

FOR LNZ - MEAN, C. OF VAR./ COWRELATIONS

FOR LN3 - MEAN, C. OF VAR., CORRELATIONS, C. OF SKEW
LAST CARD - /=

H

AR AR TAN SN P NG YA N AN S SN R R RE S SRR

//GD.SYSIN DD *
TITLE GOES HERE

1

1000
040
0012

DISTRIBUTION
# OF TRACES
_YEARS/TRACE
SEASONS/YEAR

0.99000 STORAGE RELIABILITY
0.8150 CERTAINTY LEVEL



—

225

E.3 OTHER PROGRAMMES

Several other less importént‘programmes have been used in.
this thesis. For the sake of space théy have not been
-included here. Of particuiar note are programmes STRDEMO
.and STRTEST2 which have been mentioned in the text, but
otﬁers héQe not been mentioned by name. For those ‘inter--
ested in the details of these programmes, prin%dﬁts ére

available from the author.
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