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Abstract of the thesis 

THE SYN'rHESIS OF DAILY RIVE....'lFLOW RATES 

FROM DAILY RAINFALL RECORDS 

by 

Brian Archer, B.Sc., M.I.C.E., A.M.I.W.E. 

The work commences with an explanation of the need for 

synthesised riverflow values for reservoir yield calculations and 

a review of the factors which influence the rainfall-runoff relation­

ship. This is followed by a critical resume of the modern literature 

on matl:1ematical models of hydrologic systems which involve the use 

of a digital computer for runoff SYllthesis. The problem of synthesis 

from limited data is discussed and a line of investigation is 

proposed. 

The investigation is carried out us~~ data from a catchment 

lying on the borders of Co. Durham and Northumberland. Details of 

this area ana. the recording instruments on the catchment are given. 

The actual daily riverflovr values are first processed and then 

plotted in the form of a cumulative deficiency diagram. 1'he storage 

conditions revealed by this detailed curve are then compared with 
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published values obtained by traditional methods. The distribution 

of dai~ riverflow is investigated for various calendar groupings 

and conclusions drawn. The seasonal correlation of rainfall-runoff 

values, grouped according to antec·edent precipitation index values 

is then performed. Sinoe the store capacity of the computer available 

for the ana~sis was on~ 8K the data had to be read in and out .in 

groups and as a result the processing time was approximately 8 ];lours. 

P.n alternative method was devised, by which a large number of pieces 

of data could be held in a store of limited capacit,y. This system, 

r•rhich performed the analysis in less than a twentieth of the time, 

is then described. 

The effect of varying the recession factor through a range of 

values from 0.85 to 0.95, in steps of 0.01, is investigated. As a 

result of this investigation a further analysis is attempted. In this 

instance runoff on dry days is corTelated with A.P.I. whilst runoff 

on rainfall days is correlated with daily rai.ll.f'all in moving, fifty 

day, A.P.I. groupings. Daily runoff values ere then synthesised, 

from the equations derived from the last analysis, and diagrams of 

cumulative excess of runoff values are dr&vn. Finally, details are 

given for an alternative mathod Qf analysis using potential transpiration 

value in place of A.P.I. values for all but the winter months. 
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The programmes written for this thesis are given in appendix 

I together with samples of the input data required to run them, 

and the output data derived from them. Copies of the fifty-three 

graphs drawn by the plotter are shown in appendix II. 
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1. INTR0DUCTION 

1.1. Reservoir yield calculations 

The reliable yield of an impounding reservoir 1n a temperate 

climate is mainly dependent on the run-off from the catchment, on the 

size of the reservoir and on the management of the dr~1 off rate. 

Difficulties arise with the design of reservoirs because data on future 

run-off is of course unobtainable and the validity of using river flow 

records from the last 60 or 80 years to predict the required reservoir 

capacity is open to doubt. However, since we have no means of deter­

mining what will happen in the future we have no alternative but to base 

our design on past occurrences. 

Numerous techniques have been developed to generate hydrologic 

data and to make sequences of hydrologic events from limited historical 

data. Two different concepts have been employed for the process of 

synthesis : the parametric and the stochastic. (Ref.l). 

Parametric Hydrology is defined as the development and analysis 

of relationships among the physical parameters involved in hydrologic 

events and the use of these relationships to generate, or synthesise, 

hydrologic events. Historical data and known physical data generally 

are ultilized to develop the relationship. 
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Stochastic Hydrology is defined as the manipulation of statistical 

characteristics of hydrologic variables to solve hydrologic problems, 

on the basis of the stochastic properties of the variables. One of 

the applications is the rearrangement of time sequences of historic 

hydrologic events and the generation of representative non-historical 

sequences. 

Methods which estimate reservoir yield from available flow data 

depend on that data being representative of a long period. Collinge 

(Ref.2) considered that the statistical approaches have limitations 

in that the random processes used to generate fictitious data may 

differ from reality because they take insufficient account of serial 

correlation. They also suffer from the disadvantage that in order to 

obtain the required precision it may be necessary to generate an extremely 

long record. 

In the design of small reservoirs which only utilize a fraction 

of the long term average run-off the sequence of wet and dry years is 

not particularly significant, for such reservoirs have critical periods 

of 8 months or 20 months. In the case of larger reservoirs with a high 

utilization of run-off, then the sequence is of great importance since 

the reservoirs may re~ain in a drawn down state for a number of years. 
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Run-off records from gauging stations near proposed reservoirs 

rarely extend for more than 10 or 15 years and if we are to take into 

account the sequence of wet and dry years with their tendency to persist 

at given levels longer than might be expected, then it is necessary to 

correlate the run-off with carefully chosen causative parameters. 

It is necessary to have a long period of parameter record for the 

area under consideration and this stipulation alone excludes most 

climatological and ground moisture data. Long term records of rainfall 

exist for many areas throughout the country. It is the obvious input 

and is therefore the most significant causative parameter. 

1.2. Factors which influence the rainfall-runoff relationship 

For any catchment, the relationship between rainfall and run-off 

is controlled by the physiographic characteristics of that catchment. 

The characteristics are inter-connected in their effects on the water 

loss for any period. 

Geologic characteristics at the surface and sub-surface of the 

catchment, will determine the rate of percolation, according to the 

permeability of the material, and will thus effect evapotranspiration, 

according to the retention and occurrence of pending and plant cover. 

Geologic factors influence the manner of drainage, the infiltration 

capacity and the drainage pattarn. 



- 4 -

Climatic effects are related to the physical features of the 

catchment, especially orographic rainfall. Other climatic effects 

include general rainfall distribution, storm patterns and movements, 

prevailing winds, duration, intensity and type of precipitation. The 

type of precipitation, whether snow, or rain will influence the lag 

effect. Snow can have a high evaporation rate and may be almost totally 

lost to the atmosphere as evaporation or become direct run-off on a 

saturated catchment. Duration and intensity of rainfall are involved 

in lag effects. as are distribution and storm movement. Climatic 

conditions also effect losses resulting from evaporation and transpiration 

since these are dependent on the intensity and duration of sunshine, on 

temperature, atmospheric humidity, wind speed and.type of vegetation. 

The vegetation of the catchment most certainly affects the 

disposal of the precipitation. In Vegetation and Hydrology, H.L.Penman 

(Ref. 3) has given an excellent survey of the relevant information on 

the subject. The vegetation influences the interception of precipitation, 

and the fate of the intercepted water. It also affects the evaporation, 

transpiration and the rates of infiltration, run-off and erosion. 

The morphology of the catchment affects the run-off characteristics. 

The area of a catchment is normally delineated by surface topography 

but a more precise value is obtained if the sub-surface or phreatic 

boundary is measured. This boundary is not necessarily fixed, but may 
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vary with ground water levels. Shape governs the efficiency of a catch­

ment or watershed and various factors are used to represent linear, 

areal and gradient aspects. A. Gerard Boulton (Ref.4) has given a 

useful summary of these in a Water Resources Board pamphlet. 

The slope of the catchment influences the rate of surface run-off, 

interfl~r and ground-water storage. The relative mean elevation of the 

catchment is a controlling factor in relation to temperature and thus 

precipitation, probable snowfall and hence potential losses. 

The orientation of the catchment is another factor involved in 

the relationship. For example the orientation of the catchment slopes 

will control the amount of heat received from the sun and thus snow 

melting, plant growth and losses in the form of evaporation and trans­

piration. Also the orientation of the catchment with respect to the 

direction of rain-bearing winds is a consideration in the higher parts 

of the catchment. 

For any one catchment, many of the factors described previously 

are fixed. To compensate for those that are variable, long time 

climatic records other than rainfall would be required. These are 

normally only available for one or two sites in each county and this 



- 6-

limits their application. As a consequence, maximum use must be made 

of the rainfall data. 

1.3. Mathematical models of catchments 

The word "model" as applied to hydrological processes has been 

defined by Snyder and Stall (Ref. 5) as "An equation or formula, built 

by consideration of the pertinent physical principles, operated on 

by logic and modified by experimental judgement and plain intuition". 

Work on modelling the rainfall runoff relationship has been 

mainly directed to either the prediction of runoff, for use in >V"ork 

involving the prediction of flood magnitude and frequency, or the 

calculation of weekly, monthly or annual runoff from a catchment for 

\V'ater resources studies. As \-.7ork on mathematical models proceeds 

this dichotomy should disappear. 

The ideal mathematical model would specify all the properties 

of a catchment and all the processes that occur in all the relative 

components of a catchment. The specification would be given in terms 

of physical parameters and would involve all behavioural relationships 

within the catchment. Given such a full specification, the hydrologic 

effects of rainfall events over a catchment could be determined 

objectively. Present day mathematical models only approximate to 

this idea. 
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In recent years it has been recognised that catchment behaviour 

can be represented as a system from which an output occurs as a 

response of the system to an input. As a consequence certain computational 

techniques developed in systems engineering have been applied to river­

flow analysis arid synthesis. This systems engineering approach has 

led to a classification which divides mathematical models of catchment 

behaviour into two broad classes: linear systems and non-linear systems. 

O'Donnell (Ref.6) has given a clear explanation of this classification. 

These two broad classes of linear and non-linear systems are 

further subdivided into (a) those in which the input to and output 

from a system can be treated by methods of analysis to yield information 

on the response characteristics of the system and (b) those in which 

synthesis or simulation techniques that in effect provide mathematical 

models of catchment behaviour are used. 

1.4. Linear ·system synthesis 

The unit hydrograph theory, which applies to storm runoff, is 

based on the premise of a linear input-output relationship. This 

theory states that if the input to a catchment is in the form of a 

rainfall excess which is uniformly distributed over the area, then 

the catchment will modify the input by passing it through a linear 

system and will produce an output which is in the form of a hydrograph 

of surface runoff. 
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·Ail linear systems obey the principle of s~perposition and 

therefore with the unit hydrograph method the runoff hydrograph 

produced from a sequence of rainfall events can be obtained by adding 

the separate runoff hydrographs \·lhich l·lould be produced if each of the 

rainfall events were applied to the catchment individually. The theo~y 

assumes that the catchment is a time invariant linear system and therefore 

no matter when the rainfall excess is applied it will always produce 

the same surface runoff hydrograph. 

Sherman (Ref. 7) used the word "unit" in the hydrograph theory 

to refer to a specified period of time. A T-hour unit hydrograph for 

a catchment may be defined as the surface runoff hydrograph due to a 

unit volume of rainfall excess falling uniformly over the catchment 

in a period of T-hours. If the duration of rainfall excess becomes 

infinitesimally small the resulting unit hydrograph is called an 

instantaneous unit hydrograph. 

By the principle of superposition in the linear unit hydrograph 

theory, the rainfall excess during a short period dT at a time T 

will produce a runoff at a time t equal to the volume of the rainfall 

excess in the period dT multiplied by the ordinate of the instantaneous 

unit hydrograph at time t-T. 

hydrograph at time t is 

Thus the ordinate of the surface runoff 
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Q(t) 

i(T) 

Q(t) = It i(T)u(t-T)dT 
0 
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................ (la) 

= the ordinate of the surface runoff hydrograph at a time t. 

= the rainfall excess at a time T 

u(t-T). = the ordinate of the instantaneous unit hydrograph at a time 
(t-T) • 

Equation (la) is called the convolution integral, it is also 

known as Duhamel's integral in which u(t-T) is termed a kernel function. 

The unit hydrograph theory has proved to be an effective, simple 

tool for determining the surface runoff hydrograph from storm rainfall. 

Within the limitations of a fixed duration and a similar rate and 

distribution of rainfall, the hydrographs of various storms are 

substantially similar in shape with ordinates approximately proportional 

to the surface runoff volumes. The theory assumes that the time bases 

of all floods caused by rainfalls of equal duration are the same. 

Recession curves show that the time required for flows to recede 

to some fixed value increases with the initial flow. Since however 

recession curves approach zero asymptotically a practical compromise 

is possible without excessive error. 

There are definite limitations to the use of unit hydrographs. 

Reasonably similar rainfall distribution from storm to storm over 

very large areas is rare, hence unit hydrographs are not suited to 
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large catchments. Odd-shaped catchments, particularly those which 

are long and narrow, commonly have very uneven rainfall distribution, 

and hence unit hydrographs are not well adapted to such catchments. 

In mountainous areas subject to orographic rainfall, the areal 

distribution is very uneven. It is almost impossible to identify 

typical intensity patterns from storm to storm, and uniform rainfall 

rates over an extended period of time are uncommon. This is not so 

serious as might seem at first. Much of the variation in rainfall 

intensity is smoothed out in the course of surface detention during 

overland flow and it is further levelled by channel storage. Hence 

short period variations in rainfall intensity have little effect on 

the accuracy of the unit hydrograph method. Relatively long period 

variations such as the successive bursts of rainfall accompanying 

a series of frontal passages can be handled by treating each burst 

as an individual storm and applying the correct T-hour unit hydrograph. 

The major advantage of the instantaneous unit hydrograph in 

comparison with a unit hydrograph is that the instantaneous uni·t 

hydrograph is independent of the duration of effective precipitation, 

thereby eliminating one of the variables in hydrograph analysis. 

Furthermore, the use of the instantaneous unit hydrograph is better 

suited for the needs of theoretical investigations on the rainfall 

and runoff relationships in catchments. 
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In 1958 Nash (Ref. 8) reviewed the various methods which had been 

used to date, to relate the impulse response of a catchment system to 

the characteristics of a catchment. As a result of this work, he 

concluded that one parameter of the impulse response from each of several 

catchments should be correlated with the characteristics of the catchment. 

He suggested that the instantaneous unit hydrograph would be a suitable 

choice for the impulse response and that consideration might be given to 

using the time from the instant of effective rainfall to the centre of 

the instantaneous unit hydrograph (the first moment of area of the 

instantan eous unit hydrograph about its origin) as the parameter. 

He went on to suggest that a second order refinement would be to find 

correlations between the second moment of areas of dimensionless unit 

hydrographs and a second characteristic of the catchments. 

In 1960 Nash (Ref. 9) showed how the moments of the instantaneous 

unit hydrograph could be determined without deriving the actual 

instantaneous unit hydrograph. For a time invariant linear system the 

first moment (about the origin) of the instantaneous unit hydrograph 

(U1) is related to the first moment of the input (I1) and the output 

of the system (01) by the equation 

•••••••• (2a) 

This means that the "lag" or "mean delay time" of the instantaneous 

unit hydrograph (U1) is equal to the lag between the centres of area of 
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effective rainfall and storm runoff even in a complex storm. 

The second moments about the centres of areas of the input 

(1 2), the instantaneous unit hydrograph (U~ and the output (02 ) 

are related by a similar equation. 

u2 = q 12 ........ (3a) 

If this second moment u2 is divided by the first moment squared 

(U ) 2 
1 

a dimensionless coefficient m2 is obtained. 

2 (4a) m2 = U z'CU 1) ........ 

The parameters which Nash had suggested as being suitable for 

correlation with catchment characteristics in 1958 could therefore 

be simply determined. 

Nash then went on to attempt a correlation between these parameters 

and the topographical characteristics of ninety gauged catchments 

in the British Isles. He obtained good correlation between m1, the 

catchment area (A), and the overland slope (OLS). The equation being 

of the form m1 = 0.3 -0.3 ( 27.6 ·A OLS •••••••• Sa) 

where m 1 ~s measured in hours 

A is measured in square miles 

and OLS is measured in parts per 10,000 

The correlation b~tween ~l and the length of the longest stream to 
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the catchment boundary L was not so good. This equation was of the 

form 

m = 2· 
0.41 L -O.l ......... (6a) 

where m2 is dimensionless 

and L is measured in miles. 

In order to estimate the shape of the instantaneous unit 

hydrograph, which has to be integrated to yield any T-hour unit 

hydrograph, Nash set out to develop a linear model of catchment 

behaviour. Such a model has an impulse response for which some general 

analytical equation, expressed in terms of the parameters of the model, 

can be derived. From this equation, expressions for the moments of 

area of the model impulse response can also be derived, again in terms 

of the postulated model. For any given actual catchment data, 

numerical values of the instantaneous unit hydrograph moments got from 

equations such as (2a) and (3a) when equated to the general expressions 

for the moments of the model impulse response will yield numerical 

estimates of the model parameter. These estimates if substituted back 

into the general analytical equation for the model impulse response, 

will give a specific version of that equation. This is taken to be 

an approximation to the instantaneous unit hydrograph of the catchment 

in question. 

After considerable investigation Nash chose to model the catchment 
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by routing the inflow through a series of identical linear reservoirs 

(n in number) all having storage directly proportional to discharge. 

A model system of this form was sholm to have an impulse 

response 

u (0, t) = 1 • e -t/K (t/K) n-1 ....... 7a) 
Kfii' 

where (ii' is the gannna function .•. 

For equation (7a) the first moment about the origin can be shown 

to be nK whilst the second moment about the centre of area is lh{2 • 

Equating the moments given by equations (2a) and (3a) 

with the moments from the model gives 

K = 

and 

n = 

nK 

nK 
K 

= 

= 

.......... (8a) 

• • • • • • (9a) 

These values of n and K when substituted back into the model will 

give an approximation to the instantaneous unit hydrograph of the 

catchment, the approximation depending on how closely the linear model 

of n reservours in series, represents the actual response of the 

catchment. 
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From a consideration of the S-curve, Nash showed that the 

general equation of the unit hydrograph of period T is given by, 

u(T, t) = 1/T(I(n, t/K)- I(n,(t-T)/K)) •••••••• (lOa) 

where I (n, t/K) is the incomplete gamma function of order n at 

t/K. Tables of I (n, t) are available which enable the ordinates 

of u(T, t) to be written down very easily, so that a tabular form of 

solution for a series of T-hour storms can be simply drawn up. If 

adequate records of streamflow are not available for a particular 

catchment the equations (Sa) and (6a) can be used to determine m1 and 

m2 and since m1 = nK and m2 = 1/n then the instantaneous unit 

hydrograph and the T-hour unit hydrograph can be obtained. 

The "Nash" model makes allcmance for storage effects on a catchment 

but it takes no account of the translation effects present in any 

catchment. In 1959 Dooge (Ref. 10) presented a general theory of 

the unit hydrograph based on the single physical assumption that the 

reservoir action which takes place on a catchment, can be separated 

from the translatory action and lumped in a number of reservoirs 

unrestricted in number, size or distribution. The general equation 

which he developed proved to be rather unwieldly but he showed that 

it could be greatly simplified by assuming that above each confluence 

in the catchment the reservoirs are equally distributed for equal 

lengths of tributary and by further assuming that the idealised 
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Fig. 1 Uniform distribution of reservoirs 

,._--------T _______ ....,.. 

Fig. 2 Fold_ing of tr:i.butaries onto ma.in :M. vA:r.-
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reservoirs in the catchment are equal. These assumptions yield a 

model system that can be represented diagrammatically as in figure 

(1) p.l6. 

The output from an element of catchment incurs a translation 

delay time, T • Each element of area separated from the outlet by 

the same translation time lies on an isochrone. All the tributaries 

can be folded on to the main river to give a single chain of reservoirs 

as sholrn in figure (2) 1 p .16 1 the inflow at any point being proportional 

to the length of isochrone (dA/dT)cutting the river at that point. 

The output from the element also passes through n linear reservoirs 

on its passage to the catchment outlet, n being dependent on •· 

Dooge's simplified equation for the impulse response assuming 

that all the 

u(O,t) 

reservoirs are equal in size is:­
t/K 

J P(m,(n-1)) w(T) dm = 
0 

where V = volume of rainfall excess 

T = time of concentration 

•••••••• (lla) 

P(m,(n-1)) = J'oissods probability function 

T = translation time 

n(T) = number of linear reservoirs downstream of T 

K = size of linear reservoirs 

p I 
·I 
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t = time elapsed since occurrence of rainfall excess 

m = (t-•~K,i.e. a dimensionless time factor 

w(T) = ordinate of dimensionless time-area-concentration curve. 

In order to complete the hydrograph from this equation the size and 

distribution of the linear reservoirs (as a function of <) must be 

knotm or assumed. Dooge presents· a procedure for evaluating equation 

(lla) in his paper. 

The methods of instantaneous unit hydrograph derivation, 

described by Nash and Dooge, depend on an assumed linear model of the 

catchment. These methods can therefore only give as good a representat­

ion of the real equation response, as the model itself is a good 

representation of reality. Methods of linear system analysis bypass 

the need for a model and give an accurate mathematical solution. 

1.5. Linear system analysis. 

In a paper presented in 1960, O'Donnell (Ref. 11) demonstrated 

a method of determining the shape of the instantaneous unit hydrograph 

analytically by harmonic analysis. He showed that the curve of 

rainfall excess, the instantaneous unit hydrograph and the hydrograph 

of surface runoff could each be represented by the sum of a harmonic 

series, each series having the same fundamental time period, equal to 

or greater than the storm runoff. The coefficients of the nth harmonics 

o£ ti"Le L:i.tree s.:::ries are r.::lateu. Ti1t: i.tarmonic coeii icients oi an 

instantaneous unit hydrograph can therefore be derived from the curve 
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of rainfall excess and its resultant runoff hydrograph. The ordinates 

of the instantaneous unit hydrograph can then be calculated. The 

evaluation of thes:e coefficients involveg a tremendous amount of 

repetetive computation but solutions can be obtained by use of a digital 

computer with programmes which are available. 

In a review paper O'Donnell (Ref. 6) has reported on work by Doege 

(Ref. 12) who has studied the use of L~~erre functions in deriving the 

impulse response of a time invariant iinear .~ystem and has described 

a technique which uses these functions to derive the instantaneous unit 

hydrograph and the T-hour unit hydrograph. 

Nel-lton and Vinyard (Ref. 13) have described a procedure whii:ch makes 

use of a high capacity digital computer to compute a T-hour unit hydrograph 

directly from rainfall excess and recorded complex floods. The mathematics 

involved makes use of matrix algebra which is particularly well 

suited to the employment of digital electronic computing, since a set of 

matrix subroutines is almost invariably a major part of the programme 

libraries associated with a digital computer. The solution involves 

the solving of (i + j - 1) equations where i. is the number of periods 

of rainfall excess and j is the number of T-hour unit hydrograph ordinates. 

Since real data is bound to yield a set of incomplete equations the 

solution involves a least squares fitting procedure. 
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It must be noted that these methods of system analysis provide 

a mathematical solution to a mathematical problem. A mathematically 

accurate solution can be developed which will be highly illogical from 

a hydrologic standpoint. 

Although the linear methods of synthesis and analysis_have 

found world wide application in the form of the unit hydrograph, all 

hydrologists would agree that a strictly linear and time invariant 

relation between rainfall and runoff cannot exist. Basically the 

unit hydrograph attempts to deal with a complex non-uniform input, rainfall, 

which varies in time and area, by considering it to be constant in time 

and uniform over area. This simplified input is assumed to be acted on 

by an invariant linear system of storages. Actually, we know that the 

storage is the result of surface detention in overland flow, subsurface 

delay, interflow and groundwater and channel storage. None of these storages 

are linear and their relative role in each runoff event varies. 

In the routine application of unit hydrograph procedures the 

time variapility of system response is usually handled by introducing 

certain assumptions regarding antecedent catchment conditions, whereby 

the input is modified by variable time distribution of infiltration to 

yield a rainfall excess. The surface elements of the catchment operate 

on the rainfall excess to produce a surface runoff which is modified in 

turn by the base flow in order to yield ultimately the flood runoff, 
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recorded as output at a gauging station. Amorocho and Hart (Ref. 14) 

have described the complete unit hydrograph procedure as being one 

involving partial system synthesis with linear analysis. The operations 

involved in the method can be represented by a flow char~ (Figure 3). 

The synthesis operation involves three subsystems, designated in the 

figure by numbers 1, 2 and 3, whose combined effect is assumed to 

be equivalent to the operation of the catchment. Subsystem 1 performs 

the operation of subtracting the values of the infiltration function from 

the recorded input. This is determined by empirical procedures. Subsystem 

3 separates the surface runoff hydrograph from the recorded output. 

This is usually done by judgement and a semisubjective procedure involving 

the determination of the regression curve for the catchment. Subsystem 

2 is a linear convolution which can be analysed by one of the numerical 

methods of inversion in order to determine the unit hydrograph which is 

assumed to be the invariant system function of subsystem 2. 

In the prediction process the input has to pass through the three 

subsystems before the output can be obtained. 

Since the analysis operation has been performed on the basis of 

modified inputs and outputs, the unit hydrograph obtained fits specifically 

the modified inputs and outputs. If the assumptions for these 

modifications vary, the unit hydrograph will also. Since hydrologic 

systems in general are non-linear the method assumes that the overall 



- 23 -

nonlinearity of the system is modified by proper nonlinear operations 

on the gross input and output so that the operation of the catchment 

on the rainfall excess can be represented by linear equations. The 

degree of approximation which the linearity assumption may yield depends 

on the degree of actual nonlinearity of the system. 

1.6. Nonlinear system analysis 

The nonlinear response of a catchment under rainfall may be 

represented by means of a functional series incorporating mathematical 

operations equivalent to the physical actions of the hydrologic sy~em. 

This functional representation involves the consideration of higher powers. 

of the elements of inflm-1. 

One of the outstanding characteristics of the process of analysis 

is that it permits direct operation with the recorded precipitation and 

recorded river runoff, without accounting for elements such as evapot:rans­

piration and groundwaterflow which are usually difficult to evaluate. 

The process essentially consists of analyzing the recorded input and 

the recorded output in order to find an equivalent system function, 

which operates roughly as a nonlinear convolution. In principle this 

is parallel to the inversion problem of linear analysis used in the 

unit hydrograph procedure. However, general methods of direct nonlinear 

inversion are not yet available, and current procedures involve 

approximation of the inversion operation. 
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One procedure is based on the assumption that hydrologic systems 

are equivalent to analytic systems·, defined as a combination of system& 

of progressively higher order, whose outputs when added eq~al the output 

of the natural system. 

Q(t) = J:a Ul(Tl)i(t-T 1) dT1 

+ fa fa u2 (t 1 , t 2 )i(t-t 1)i(t-T 2 ) dt 1 , dt 2 -a -a 

+ I I I ········ + ........ (12a) 

where U1 , Uz ...... are systems functions of progressively higher 

order, i is input and Q is output (all are functions of time). If the 

asslmlption of analyticity is valid, the task is to evaluate each of 

the non-linear kernels of the functions of this series. Current 

mathematical knowledge 1s not sufficient to effect this multiple 

inversion when complex. inputs are involved. 

In 1963 Amorocho (Ref. 15) presented a paper in lvhich the theory 

of the functional series representation of hydrological systems was 

discussed and measures of the linearity of hydrologic systems were 

developed. The degree of linearity of a system was measured in terms of 

"unit linearity" lvhich was defined as the ratio between the first linear 

term of the functional series and the summation of the full series when 

the system is responding to a simple unit step input. Unit linearity 

does not measure the total non-line~r departures under complex input 

sequences but it does indicate when these departures can be expected 
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to be large and l·7hen they should become small. Amorocho reported on 

a series of laboratory experiments which were conducted for the 

purpose of testing the procedures of non-linear analysis on the basis 

of functional representation, and to show the nature of the departures 

from linearity which a system, having the essential attributes of a 

hydrologic system could exhibit. It was shown that the unit hydrograph 

method tended to underestimate flood episodes which were longer than 

those used for its analysis and to overestimate small floods. Experimental 

results also showed that systems which exhibit only moderate departures 

from linearity under simple unit step inputs, may respond in a grossly 

non-linear manner under complex excitation. 

1.7. Correlation methods 

Hydrologists studying techniques for flood forecasting found that 

the unit hydrograph concept was a reasonably adequate technique for 

dealing with small and medium sized catchments. For areas of 1,000 

square miles or greater, and for areas where the unit hydrograph theory 

did rtot appear valid, alternative methods were sought. Research into 

multiple regression relationships ultimately led to multiple correlations 

involving a parameter to indicate antecedent conditions, the duration 

of the storm and the amount of rainfall as being the key factors in 

predicting storm runoff. Linsley (Ref. 16) in a review paper, states 

that the problem of finding a suitable index of antecedent conditions 

i?roved to be tho ;:;;o;; t ciif £ icul t or..::. Tiu~ mo::; i: successful antecedent 
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parameter which \·las developed was a ·combination of calendar date and 

antecedent precipitation. The antecedent precipitation index was 

initially con·ceived as a series of the form 

I = + + ....... . ...... . (13a) 

where I = antecedent precipitation index 

the precipitation which occurred on a day t days 
before the day in question 

Ultimately, the exponential form 

I = pt Kt ................................. (14a) 

where K = a constant less than unit 

proved to be the most effective antecedent index. 

The antecedent precipitation index was combined with other parameters 

in a multiple, graphical correlation by a technique known as coaxial 

correlation. Linsley et al (Ref. 17). This proved to be a reasonably 

successful way of dealing with the clearly non-linear relationships 

involved. The antecedent precipitation index is of course only an 

approximation of soil moisture conditions. The depletion coefficient 

should not be constant for it should allow for a more rapid depletion 

during periods of high evaporation. The use of calendar date in the 

coaxial correlation makes allowance for normal variations in the 

evapo~transpiration throughout theyear. 



- 27 -

Workers interested in water resources studies have also used 

correlation methods to relate long period rainfall values to corresponding 

Long period riverflow. Law (Ref. 18) used 42 years of record from the 

Yorkshire Den~ent catchment and correlated summer rainfall (April to 

September) with summer riverflow and winter precipitation (October to 

March) with winter runoff. For the rainfall parameter he used the 

readings of three chosen gauges in turn. The correlation coefficients 

were found to be similar for the summer and winter seasons but the 

regression equation coefficients varied somewhat. This was to be 

expected as may be seen from equation (15a). 

Q = n m.P - C 
n 

............................ 
t~here Q = winter or summer runoff in year n 

P = winter or summer rainfall ~n year n 

m = regression coefficient 

C = regression constant 

(15a) 

If m ~s regarded as the proportion of rainfall which appears as runoff, 

then it will have a higher value in the winter. C can be thought of as 

losses and these will tend to be higher in summer when evaporation losses 

are much greater. 

In 1962 Andret~s (Ref. 19) presented a paper 'in t~hich three graphical 

methods of estimating groundwater discharge were employed. Using monthly 

data presented in this paper Rodda (Ref. 20) carried out a multiple 

regression analysis to correlate groundwater discharge with rainfall for 
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comparison of both the method and results. To determine the runoff 

for a given month the-rainfall in the nine preceding months ~as: 

considered and an equation -.:vas:·. obtained of the form 

~- = 100 pl + 103 p2 + 76 p3 + 98 p4 + 81 p5 + 125 p6 + 48 p7 

+ 28 P8 + 10 P9 - 589 •••••••••• (16a) 

= 

= 

daily mean of groundwater in M.G.D. during March. 

general rainfall, in inches, for the months from 
February to JWle pr~ceding l1arch 

The multiple correlation coefficient obtained = + 0.97 and the standard 

error of estimate of Q = + 14. 

The high degree of correlation points to a satisfactory relationship, 

while at the same time the relative S1Zes of the coefficients of P shot..r 

no diminution with time except during the summer months. Barring unusual 

storage condition~ this would appear illogical when considered in a 

hydrological context. 

Collinge (Ref. 2) using 38 years of data from the Derwent at 

Yorkshire Bridge, derived regression equations relating monthly rainfall 

and runoff. Typical equations for a wet month, January; equation (17a) 

and a dry month, June; _equation (18a), are given below: 

Q. = 0.88 P. + 0.12 p (i-1) 0.79 ......... (17a) 
~ ~ 

Q. = 0.47 P. + 
~ ~ 

0.19 p (i-1) 0.61 ......... (18a) 

tv here Qi = runoff in i'th month 

P. = 
~ 

rainfall in i 'th month. 
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Collinge went on to use the twelve monthly rainfall- runoff regression 

equations with random generated monthly rainfall data to give a synthetic 

runoff record. The mean and standard deviation of monthly runoff was 

calculated for each month for both the actual and synthetic runoff and 

comparisons were made. These could not be regarded as satisfactory. 

Sharp et al., (Ref. 21) examined the efficacy of the use of the 

multiple correlation and regression approach in evaluating parameters 

affecting water yields of catchments in the u.s.A. The parameters were 

chosen by judgement for a number of models on the basis of a general 

knowledge of the hydrology of a catchment. Each individual model 

yielded both a series of regression coefficients and a set of error 

estimates and measures of correlation as determ~ned by analysis of 

variance. . By examining the error estimates and the measures of 

correlC!-tion the best model tvas selected.:· 

It was found that almost equally good prediction equations could 

be obtained with sets of different parameters and that careful judgement 

had to be exercised to avoid using physically irrelevant parameters or 

parameters which possessed strong interdependence. Unfortunately 

reliable non-subjective procedures to eliminate these personal factors 

do not exist at the inoment. 
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Inherent in the application of the multiple regression method 

of analysis to hydrologic problems are three tacit assumptions, 

1) there are no errors in the independent variables : errors only 

occur in the dependent variable, (runoff) 

2) the variance of the dependent variable does not depend on 

the values of the independent variables, 

3) the observed values of runoff are uncorrelated random variables. 

In the application of tests of significance, a fourth assumption 

is made. The population of the dependent variable (runoff) is normally 

distributed about the regression line for any fixed level of the 

independent variables, (precipitation for instance) under consideration. 

The first assumption is obviously violated by hydrologic data. 

Precipitation on the catchment, soil moisture, vegetative conditions and 

other variables pertaining to catchments all contain certain amounts of 

error. 

Considering the second assumption, the_variance of runoff values 

is not entirely unaffected by the values of the independent variables. 

Small values of precipitation for instance are associated with low 

values and variance of runoff, but great precipitation events tend to 

generate runoff events with large variance. 
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In the case of riverflow, the third assumption is suspect. 

Riverflow, whether it be on an annual, monthly, storm or daily basis,· 

is not unrelated to preceding events. vfuat occurred yesterday affects 

what happens today. 

With regard to significance tests, the only information available 

about the distribution of the population is that provided by the sample. 

In hydrologic data there simply are not enough large events in the 

relatively few years of record of riverflow, precipitation and other 

factors,· to afford reliable information about the distribution of the 

dependent variable about the regression line. This fourth assumption 

may therefore be suspect, and high coefficients of correlation and 

high t-test values may be misleading. 

1.8. General system synthesis. 

The basis for the construction of synthetic models in hydrology 

is a statement of continuity, which can be expressed in the form:­

total inflow = total outflow + change in internal storage. 

The simplest form of accounting assumes that the catclunent is 

represented by a single reservoir with a maximum moisture capacit~ s. 

The quantity of water present in the reservoir at a certain instant ~s 

s-d where d is the moisture deficiency. Evaporation draws moisture from 

the reservoir at a specified rate. Starting with the assumption that 
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runoff will occur only when the reservoir is full, then a precipitation 

P will produce a runoff q = P-d, if P exceeds d. The value of d at a 

particular instant can be calculated by assuming that evaporation takes 

place at the potential rate until the storage capacity s is exhausted. 

In 1957 Kohler (Ref. 22) proposed a refinement to this simple 

accounting procedure. In this method the storage capacity is divided 

into two levels. The upper level of storage capacity s represents 
u 

the upper layer of the soil profile from which evaporation takes place 

at the potential rate, Ep until the storage capacity su is exhausted. 

Evaporation from the lo~ver level of storage s 1 occurs only when there is 

no water left in the upper level and it is then assumed to be proportional 

to the amount of lvater left in the lower reservoir. 

Actual evaporation Ea. = (s 1 - d) Ep/s 1 ••••• (19a) 

The lower level reservoir is replenished only after the moisture 

deficiency in the upper level has been filled up completely. 

The rate at which moisture is depleted from an initially saturated 

catchment decreases with time and approximates to a logarithmic recession. 

This function could be used in an accounting procedure and would be 

satisfactory if each storm saturated the catchment. Unfortunately, it 

would not provide for the increased evaporation immediately following 

a moderate storm on a dry catchment. The arbitrary separation of the 

moisture capacity into two categories does not make such an allowance. 
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If one considers a catchment area as a whole then there is probably 

within the catchment a great variety of soil moisture conditions. This 

concept has been represented by Kohler and Richards (Ref. 23) in their 

method of multi-capacity accounting. Instead of representing the 

catchment by: ·.a single reservoir or a two level reservoir, different 

parts of the area are introduced as separate reservoirs, each reaervoir 

having its own maximum capacity, e.g. 2, 5, 10, 20 inches. The 

evaporation for each reservoir is put equal to the potential evaporation 

until the storage is exhausted. The day by day accounting computations 

are carried fon1ard independently for each of the several selected 

capacities without regard to the relative portions of the area for which 

each capacity is applicable. The mean moisture deficiency for the 

catchment is then derived by weighting the simultaneous values thus 

obtained. The weights applicable to the several deficiencies are 

determined through multiple correlation with observed preceipitation 

and riverflow. 

This multi-capacity accounting technique is equivalent to 

approximating the recession curve of soil moisture depletion by a 

series of straight lines. A better fit could be obtained by using a non­

linear function or by increasing the number of selected capacities. 

Considering the reliability of estimated potential evapotranspiration 

it may be that the use of a complex function for each of the selected 

capacities is unwarranted. 
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Kohler and Richards (Ref. 23) proposed further refinements for 

use in the multi-capacity accounting technique. With the data available 

to them they found that generally the relationship betlo~een rainfall and 

runoff closely approximated to the following expression. 

Q = (Pn + dn) 1/n_d (20a) ................... 
where Q = runoff 

P = precipitation 

d = moisture deficiency 

and where the exponent n is always greater than unity and may be expressed 

as a linear function of d 

n = c + kd .................. (2la) 

They commented that limited studies indicated that c = 2.0 and k = 0.5 

could be used as a first approximation in multicapacity accounting. 

This equation for the runoff Q, is a departure from the threshold 

concept lvhich assumes that no runoff can occur until the soil moisture 

deficiency is satisfied after which all rainfall becomes runoff, i.e. the 

equation Q = P-d if P >d. In proposing the more complex equation 

they reasoned that the catchment recharge r, which is equal to precipitation 

P, minus runoff Q, i.e. r = P-Q, is equal to precipitation as a 

storm begins and that the recharge approaches the deficiency asymptotically 

as precipitation continues as shown by the dashed lines in figure (4). 
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In 1963 Kohler (Ref. 24) described a further model for determining 

storm runoff. In this instance he related the initial infiltration 

capacity to the existins soil moisture deficit and predicted the soil 

moisture deficit with the aid of multi-capacity accounting techniques. 

Starting with the infiltration concept:-. 

f = f + (f - f )e -kt 
c 0 c 

where f = infiltration capacity 

f = initial value of f 
0 

.............. (22a) 

f = minimum infiltration capacity ··(saturated soil profile) c 

t = time from beginning of rainfall 

k = a constant 

he proposed that the infiltration capacity must approach zero as 

precipitation and storm duration increase while the total amount of 

soil moisture is limited. 

or f = f 
0 

-kt e ................... (23a) 

As a consequence f represents the capacity rate of absorption. From 

the above formula it may be deduced that at any moment the capacity rate 

of absorption is proportional to the then existing moisture deficiency d: 

f = kd or with t = 0 f = kd 
0 0 

....... (24a) 

The equation furthermore shows that the recharge of soil moisture 

r, equals 

r = .................. (25a) 
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Kohler went on to propose the following equation for the 

recharge 

r 
S· 

r • of a portion of the catchment with moisture capacity s. 
s 

= ds [ 1- e-(fo/ds)(a+T+bP)J ••••••••• (26a) 

where T = duration of an idealised storm 

p = rainfall amount 

d = moisture deficiency 

f = initial absorption capacity ·o 

a and b are constants. 

Equation (26a) yields the amount of recharge to soil moisture for. 

a storm of duration T hours during which the rainfall intensity exceeds 

the capacity rate of absorption. As a rule, rainfall intensity does 

not exceed the capacity rate of absorption throughout the storm and 

the application of equation (26a) requires that a value of T be 

estimated such that the computed recharge will be the same as for an 

idealized storm. This must be done subjectively. Using the above 

equation in conjunction with the multi-capacity accounting technique 

it is possible to calculate the soil moisture recharge for every storm 

period and consequently the runoff over that period since Q = P-r 

where Q is the runoff and P is the precipitation. 

It is interesting to note that equation (26a) indicates that 

the soil moisture deficiency is filled asymptotically with increasing 
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precipitation and duration~ereas equation (20a) assumed that it was 

filled asymptotically as precipitation increases indefinitely. There 

would not appear to be any justification for assuming a simple weighting 

ofT and Pin the exponent of equation (26a). The constant a, will 

allow an appreciable time for absorption even when the duration of T 

approaches zero. 

The value of the initial absorption capacity f in equation (26a) 
0 

depends on the moisture distribution within the soil profile. In order 

to take this phenomenon into account Kohler made the initial absorption 

capacity of an area b, with moisture capacity sb not only depend on 

the initial moisture deficiency ~' of this area, but also on the 

moisture deficiency of an area a, where the.moisture capacity s is 
a 

considerably less than sb. The procedure is illustrated with the 

aid of figure ( 5) ·_,.page 34. 

In this example sa = 2 inches and sb = 10 inches. For both areas 

the maximum absorption capacity is equal to fk. For area a, the 

following equation is always applicable 

f = fk. d /s oa a a ..................... (27a) 

whilst for area b, it is assumed that the equation 

= ....................... (28a) 

is only applicable during the wetting phase. It is further assumed 

that for the drying out~i~ocess in a saturated soil the maximum absorption 

capacity is reached after drying out s inches of moisture. Thus the 
a 
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value of db cannot be used in equation (28a) to determine fob" 

Kohler related the value of f
0
b to both the value of da and db by 

assuming that the existing values of da and db have been reached by, 

a) starting at a saturated condition when da = ~ = 0 

b) evaporation without precipitation until da = ~ = sa 

c) continued evaporation t·lithout precipitation until ~ = msb. 

where m is a pDoportion factor such that ms can take any 

value between 2 inches and sb. 

d) precipitation without evaporation until existing values 

of da and ~ have been reached. 

It is possible to demonstrate that, starting from such a situation at 

any moment of the storm period, the following equation applies: 

s a 

= 
msb 

= ............ (29a) 

Starting vlith certain values of da and db it is possible· .to reconstruct 

the hypothetical original situation, i.e. to calculate the value of msb. 

In view of the above equation it is suggested that this should be done 

graphically as in figure (5), page 34. 

Entering the graph with the values of da and db the value of 

f
0
b/fk is obtained and hence f

0
b. Since runoff is equal .. to precipitation 

minus recharg~ equations (?6a) and (29a) provide the means of computing 

runoff for each of several portions of a catchment with assumed moisture 

capacities. To obtain the r.ttnoff for t~1e .-1hclc catch..-.ei&t ~'i' titese 



- 40 -

these values must be l~Teighted, that is 

~ = :E k Q where ~ k . = 1 •••••••••• (30a) 

Kohler applied the above procedure to small intervals during a storm 

period and determined values of da and ~ for longer periods without 

rainfall by multi-capacity accounting. 

This method, developed by Kohler, is,despite a number of assumptions, 

a very interesting one. On the one hand it profits by the advantages 

offered by the accounting concept with regard to predicting the moisture 

deficit and on the other hand it attempts to use the advantages of the 

infiltration approach to predict the runoff for parts of a storm period. 

At Stanford University a non-linear mathematical model has been 

progressively developed since 1959. The original reason for undertaking 

the work was to develop a model which could be used as a device to· 

synthesise riverflm11 data to supplement short records of observed flmV", 

but it has been found that the model can also be used to evaluate the 

-effects of artificial changes in the hydrological regime of a catchment. 

A further·potential use of the model, perhaps its most important use, 

is as a means of exploring the runoff process for an improved under­

standing of hydrology. 

The model attempts to simulate the hydrologic cycle using a 

moisture accounting procedure to derive the riverflow. 
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The first model was described in a paper presented by Linsley and 

Crawford (Ref. 25). A flow diagram showing the runoff processes that 

they assumed together with the equations which they used for the 

calculations is shown in figure (6). In order to fit the model to 

the actual catchment they used data from a short period when daily 

rainfall, potential evapotranspiration and runoff values were available. 

This data was used to develop estimates of.the model parameters that 

would give the best fit of the general model to the actual catchment. 

The initial values of the model parameters were selected on the basis 

of previous experience. These were later adj~sted using a combination 

of experience and intuition, clues being provided by the timing and 

magnitude of the differences between the synthesised and the recorded 

riverflow hydrograph. 

With the first model the daily distribution of runoff from large 

storms was not particularly accurate. This may be because the daily 

values of rainfall which were used tend to divide major storms between 

two days although the total duration of such storms may be considerably 

less than twentyfour hours. Further errors would result because the 

daily precipitation values which were used were read at 17.00 hours 

each day whilst the streamflow observations were made at midnight. 

The Mark II Stanford Watershed Model of Cral..rford and Linsley 

(Ref. 26) was more complex than that proposed in 1960. The Hark II 

model calculated a continuous hydrograph based on average hourly 
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rainfall and daily transpiration on the catchment. A flow diagram 

is shown in figure (7). The computer programme for this model 

incorporated over 500 Algol statements and required many preset constants 

and functions to represent all the processes under simulation. A 

subroutine was incorporated in the programme so that the major constants 

and functions could be determined semi-automatically. wben this 

subroutine was in use riverflow data and selected values of daily 

groundwater flow had to be provided as additional input data. The 

computer commenced the calculations with a set of constants and functions 

which had been assumed by the operator on the basis of experience and 

when a months values had been co~puted the machine compared the computed 

monthly total riverflm~ and the groundwater flows with the observed. 

If these values were not within a preset tolerance the machine 

automatically selected net-.7 constants follot~ing rules incorporated ~n 

the subroutine and repeated the computation for the. month. This was 

continued until the computed values were acceptable. The constants 

determined by the machine for each month were not completely consistent 

and some smoothing was required to give a single set of values for use 

in riverflow synthesis. After the volumetric constants had been 

established detailed hydrographs for major runoff events were compared 

with the computed values and the assumed routine constants were then 

adjusted to give the best fit. Five years of concurrent riverfloto7 

and rainfall record were used to derive catchment constants and an 
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additional five years of record w·ere used for an independent check 

on the results. 

The model was tested on eight catchments ranging in size from 

22 to 88 square miles and in mean annual rainfall from 23 to 54 inches. 

The correlation of observed and computed values was not given in 

statistical terms. Errors in the values of peak flmvs on the two 

flood hydrographs which were shown in the paper amounted to approximately 

20% whilst errors in the hydrograph of mean daily flow at times of 

flood in some instances exceeded 100%. Nevertheless, the errors 

appeared to be random and the frequency characteristics of the derived 

series agreed very well tvith the observed data. In evaluating the 

method it must be noted that only one recording raingauge tvas used 

on each catchment, hence the rainfall data may not ah1ays be completely 

representative of the whole area. 

Morgali and Linsley (Ref. 27) reported that studies leading to 

the development of the Stanford Watershed models had indicated that 

for small catchments the key storage element is the storage of overland 

flow. As catchment size increases, overland flow storage diminishes in 

its importance and probably becomes relatively unimportant on catchments 

in excess of 20 square miles. They developed a mathematical model to 

synthesise overland flow using flow equations derived from continuity 

and momentum principles. The hydrographs produced from the comp~ted 

results were compared w·ith experimental results obtained from. laboratory 
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flow .planes with different surface finishes. Parameters such as 

slope, rate of uniform rainfall and length of plane were varied one 

at a time and the effect of each of these parameters on the hydrograph 

was noted. The hydrographs from the computed- results were found to 

compare satisfactorily with those obtained in the laboratory. 

In the discussion following the presentation of the paper the 

finite difference form of solution which was adopted by the authors 

was criticised on the grounds that it was subject to instabilities and 

it was suggested that the authors were qnly ·able·to obtain significant 

results because they considered cases with steep slopes. It is noted 

that Linsley did not choose to make use of this finite difference 

method in the Mark IV Watershed model. 

A detailed report on the mark IV Watershed model was presented in 

1966; Crawford and Linsley (Ref. 28). The basic simulation model is 

designed to accept input from any number of recording and storage rain 

gauges and to calculate riverflow values at several sites in the 

river channel, called flowpoints. These flowpoints are usually at 

river gauging stations but they may be placed at any other point 

in the river~stem. The area above each £lowpoint is divided into 

segments so that there are one or more segments for each recording 

raingauge. The segments are selected from-topographical considerations 

or by constructing a Thiessen network. The general model continuously 
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calculates the riverflmv at each flowpoint from rainfall in each 

successive catchment segment, and from flows measured or calculated 

at upstream flot~oints. All calculations are carried out independently 

for each catchment segment so that areal variations in rainfall and 

topographic features are represented. The major data inputs to the 

model are precipitation and potential evapotranspiration. If snowfall 

is significant·, temperature and radiation values are required. 

The "major elements of the model are similar to those shown in 

the flowchart for the mark liB model, figure (7) although refinements 

have been added. The operation of the mark IV model in a small catchment 

or a catchment segment is as follows. 

Precipitation is stored in three soil moisture storages and in 

the snowpack if it exists. The upper and lower zone storages together 

with the groundwater storage, combine to represent variable soil 

moisture profiles and groundwater conditions. The upper and lower 

zone storages control overland flow, infiltration, interflow and 

inflow to groundwater storage. The upper zone simulates the initial 

catchment response to rainfall and is of major importance for smaller 

storms and for the first few hours of larger storms. The lower zone 

controls the catchment response to major storms by controlling longer 

term infiltration rates. Groundwater storage supplies the base flow 



- 48-

to river channels. Evaporation and transpiration may occur from all 

these storages. The total channel inflow from overland flow, inter­

flow and groundwater enters the channel system simulation and.emerges 

as synthesised riverflow. 

The Stanford Algol programme for the Mark IV model (Appendix 

C of the report) requires the basic data listed below to simulate 

riverflow in a small catchment or a segment of a catchment. 

1. Hourly rainfall (inches). 

2. Total watershed area above £lowpoint (square miles). 

3. Flmvtime from upstream £lowpoint (hours). 

4. Initial groundwater storage (inches). 

5. Initial upper zone storage (inches). 

6. Initial lower zone storage (inches). 

7. Initial groundlvater slope index. 

8. Daily mean potential evapotranspiration (inches). 

9. Routing interval in hours. 

10. Number of time delay elements. 

11. Elements of time-delay histogram. 

12. Ratio of average segment rainfall to average gauge rainfall. 

13. Segment area {square miles). 

14. Impervious area (fraction). 

15. Interception storage :maximum value (inches). 
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16. Nominal upper zone storage (inches). 

17. Nominal lower zone storage (inches). 

18. Actual evaporation loss index. 

19. Portion of groundwater recharge assigned to deep percolation 
(fraction). 

20. Evapotranspiration from groundw·ater (fraction of area). 

21. Infiltration index. 

22. Interflow index. 

23. Overland flow length (feet). 

24. Overland flo~1 slope (feet per foot). 

25. Manning's n for overland flow. 

26. Stream channel storage recession parameter (hourly} 

27. Interflow recession (daily). 

28. Groundwater recess~on variable component. 

29. Groundtv-ater recession basic rate (daily). 

30. Evaporation from stream surfaces (fraction of area). 

If snowfall is significant additional daily temperature and 

radiation values are required together with information on nine snowmelt 

parameters. 

\-lith reference to this data list of 30 items, those numbered 

·1 to 8 inclusive can be found from hydrological or meteorological 
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records and topographical maps. Numbers 9, 10 -~~d 11 refer to the 

channel time delay histogram which is used in the simulation of the 

time delay of channel inflow as it moves in the channel system. This 

histogram can be constructed from estimates of time of flow in channels 

using the equation 

t 
3/5" 

n. L. w.21s ....... (3la) 

4560. 

where t = flow. time .in hours for steady flow in a reach of 
wide channel 

n = Manning's n 

w = channel width 

s = channel slope 

Q = discharge 

The land surface parameters are numbered 15 to 25 inclusive 

and the channel system and groundwater parameters are numbered 26 to 30. 

Of these, the overland flow length and slope can be found from 

topographic maps, as can an estimate of the fraction of area from which 

evaporation should occur at the potential rate. Manning's n can be 

estimated from tables. Procedures are given in the report for estimating 

values for eight of the remaining twelve items of data, but for the 

remaining four i.e. the upper zone storage, lower zone storage, 
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infiltration index and interflow index, the report recommends a 

simulation procedure, using a period of recorded riverflow data to 

determine the combination of values that will most satisfactorily 

reduce the long term groundwater and surface runoff volumes and 

short term response to individual storms. 

In an ideal mathematical model the parameters would represent 

quantities that are physically measureable. This is important for 

two reasons. First, the hydrologist can have an immediate feeling of 

the realism of any fitted parameter values and can check them against 

field data. ~econd, once a model is shown to be adequate, parameter 

values can be derived from field data in order to synthesise runoff 

data at ungauged sites. 

The formidable amount of data required by the Mark IV vJatershed 

Model limits its usefulness at the present time. The size of the 

catchment governs the time increment required for successful modelling. 

The smaller the catchment, the shorter the time interval. This in turn 

increases the running time of the model on the computer and the 

labour required to prepare data for input. Hourly rainfall data has 

been fo~nd necessary for medium sized catchments, but provision has 

been made in the Stanford Algol programme for 15-minute rainfall values. 

At the hourly rate, one year~ rainfall data from one gauge amounts to 

8,760 values and for tne similation of flow on the Russian river 
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catchment 1n California rainfall data from ten recording rain gauges 

was used. There can be few, if any, upland c~tchments in Great 

Britain of this size (362 square miles) on which ten recording gauges 

have been installed, and fewer still where the rainfall data is logged 

on magnetic tape or punched tape. Where the rainfall has been recorded 

on chart~, values must be.read visually and punched up manually and 

this takes a great deal of time. 

The Stanford Watershed Model is an excellent research tool. 

It leads to the suggestion that it will eventually be possible to 

establish a completely general simulation model which is applicable 

to all catchments by the insertion of appropriate parameter values 

defining the physical characteristics of the catchment. Because the 

model is capable of dealing with short term rainfall efficiently, 

it also solves the problem of long-term runoff which is merely the 

summation of the short-term runoff. 

The successful operation of a Stanford type digital computer 

catchment model in which the parameter values are adjusted by the operator. 

relies, to a considerable extent, on the skilled experience and personal 

judgement of the operator. Dawdy and O'Donnell (Ref. 29) considered 

that as detailed knowledge of the elements of the hydrologic cycle 

increases the resulting more precise specification of their behavioural 
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relations will lead to more sophisticated but inevitably more 

complicated models. It is likely that adjustment of the larger 

number of parameters of these more complex models by subjective 

trial and error procedures will become impracticable. With this 

in mind they explored automatic objective methods of finding numerical 

values of the parameters with a view to gaining experience and know-how. 

For their studies they used an over-all catchment model, similar 

to, but simpler than the Stanford models. The model was composed of 

four storage elements whose behaviour was controlled by nine parameters. 

By assuming a long dry period prior to the start of a synthesis all 

four initial storage values could be taken as zero. In order to 

free the initial studies from the effects of error in the data flow 

values were generated by allotting a set of values to the model 

parameters and calculating the output generated by the model from an 

arbitrary input. The speed and effectiveness of the optimisation 

technique was tested by deliberately choosing wrong sets of parameters 

for the model at the beginning of the test and then noting the progress 

towards a kno'vn set of correct parameters. The optimisation procedure 

which was used was a modification of a method developed by Rosenbrock 

(Ref. 30) to find the greatest and least value of a function u. in 

an arbitrarily restricted region, when partial derivatives of the 

dependent function (which is being optimised) cannot be found. In 

this hydrological application the minimum value of U was sought. 

This was taken to be the sum of the squares : of the differences between 
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the initial generated flow values and the flow values synthesised 

from the current set of parameter values. The same quantity was 

used to examine the sensitivity of the model response to each of 

nine parameters by finding the U value computed with eight correct 

parameters but with the ninth displaced by one per cent from its correct 

value. 

Optimization trials were carried out starting with parameter values 

set 50% above or below their correct values. Seven of the nine parameters 

were optimised to within 15% of their correct value (five to within 

3%) but t\170 parameters ended up about 400% out. 

Studies on the sensitivity of the model response indicated that 

the greater the sensitivity of the model response to a parameter the 

closer and sooner will that parameter be optimised. It was also observed 

that the less sensitive···parameters have insignificant influence on the 

fitting of a record. 

This work of Da,,rdy and O'Donnell shm,rs that it is not sufficient 

to take the minimised value of the sum of the squares of differences 

betw·een correct and calculated values as the sole criterion in 

interpreting the fit of any model.. A further criterion of response 

sensitivity or its equivalent must be used when selecting what can be 

considered adequately optimised parameters. 
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1.9. Comments on mathematical models 

The output· of·hydrologic systems, containing storage elements, 

depends on processes which are not purely stochastic. Monte Carlo techniques 

may be used if the data is first grouped to minimise persistence 

effects or probability studies of streamflow may be undertaken under 

the assumption that the output sequences represent time series in which 

each successive value of the va~iable depends on its present value plus 

a random component i.e. a Markov process. These methods have been 

applied to annual runoff values and with grouped annual values. 

Stochastic methods require that the size of the historical data records, 

which is a sample of the universe of natural events, be. sufficiently 

large to represent the true distribution of the variables. In many 

instances where stochastic studies of runoff are needed, the records 

are too short to fulfill this condition. The Monte Carlo method is 

not applicable to daily riverflow values because of strong persistence 

effects and the Markov process would appear illogical in the context 

of daily flows if the riverflow values on a long recession curve are 

considered. Methods of linear system analysis used in conjunction 

with partial system synthesis lead to approxirr~tions of the hydrologic 

process which may be grossly in error. The degree of approximation 

which the linearity assumption may yield depends on the degree of 

actual non-linearity of the system. vfuen the method is used to approximate 

non-linear cases great caution should be exercised in interpreting the 

results as grossly erroneous predictions may result, without any 
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foreknowledge of the magnitude or sign of the error. In general, 

since linear analysis is much simpler and much better knotvn than non­

linear analysis it. offers more appeal to the investigator. 

The methods of non-linear analysis are still in the development 

stage. Rigorous methods of non-linear inversion are wanting. 

Approximations have been proposed and tested in simplified hydrological 

situations but they are not suitable for general application. 

The elaborate synthetic models based on quali~ative and semi­

quantitative knowledge of the phenomena involved in the hydrologic 

cycle give results which are most encouraging but the performance of 

the models is not sufficiently reliable so that complete confidence 

can be placed in extended reconstruction of runoff histories. This 

lack of reliability is the result of weaknesses in our present state of 

knowledge and capability with regard to mathematical models of catchment 

behaviour. O'Donnell (Ref. 31) considered the most significant points 

to be 

a) Errors in the recorded date. Small errors may generate 

large errors in those model parameters for which the response sensitivity 

of the model is low, even when an observed record has been fitted 

extremely closely. 

b) The wide variability over a catchment of the many factors 

controlling its uehaviour. Ii:1ese nave to be drasticaily averaged tvhen 
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constructing catchment models and distributed effects are lumped in the 

various components of a model. 

c) ~~ilst optimisation of parameter values for a given model in 

a completely objective way is feasible, the choice of structure of the 

model is largely subjective. A technique for objectively optimising 

structure will be difficult to find. 

The basic underlying assumption of all the procedures of system 

studies discussed in this chapter is that hydrologic systems are time 

invariant. If system variability is likely, or possible,then the use 

of any of these methods, for the reconstruction of past records or the 

prediction of future events, is suspect. 

1.10. Runoff prediction with limited data 

Adequate riverflow and meteorological data must be available to 

develop and operate the mathematical models which have been described in 

this chapter. On medium sized and small catchments hourly values of 

meteorological and riverflow data may be required for successful modell~ng 

and prediction. Unfortunately at the present time such data is not 

generally available for British catchments, nor for catchments in 

developing countries. 
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Riverflmv levels are recorded continuously at most rivergauging 

stations. Over the course of the last seven years a number of these 

stations in G·reat Britain have been fitted with digital water level 

recorders and t-1:here this has been done discharge values, at fifteen 

minute intervals, can be calculated with the aid of a digital computer 

with the minimum of effort (Clay Ref. 32). At the present time the 

only meteorological data recorded on most gauged British upland 

catchments is the daily rainfall value, which is observed at 9.0 am. 

G.M.T. each day. Low priced automatic hydrometeorological stations 

tvhich tvill record data in digital form at fifteen minute intervals, 

have been developed (Strangetvays and Mc:Cullock Ref. 33) but one or tt11o 

decades will elapse before adequate data from these stations is available 

for all rivergauged catchments. 

Where the available meteorological data has been limited to daily, 

weekly or monthly rainfall values and when the interest in the rainfall­

runoff relationship has been for the purpose of estimating the yield of 

a catchment for which only ten or fifteen years runoff data is available, 

workers have usually attempted to obtain regression equations relating 

seasonal, monthly or weekly rainfall on a catchment to the short 

period riverflow.values. l~en data is so limited, maximum use should 

be made of what little is available. Summation of daily values results 

in much detailed information being lost, for a once a month observation 
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of a raingauge will give the same rainfall value as the sum of a 

months daily values. A further objection to this method is that 

summation of variable daily riverflow and rainfall into 't;reekly, 

monthly or seasonal values attenuates the peaks and troughs that 

occur when successive daily values are used. Furthermore, the use of 

calculated regression equations to synthesise river-flow from rainfall 

data leads to a further reduction in extreme values. 

Correlation of daily rainfall and run-off will eliminate the 

attenuation due to summation of daily values but the greater variations 

that occur with daily values may produce a low degree of correlation, 

so that any one calculated daily run-off value may differ considerably 

from the actual run-off on that day. If however, the runoff which 

has been·calculated from daily rainfall values is used to build up a 

mass curve or a cummulative deficiency diagram, the overestimates 

on one day might well be cancelled out by the underestimates on the 

preceding or subsequent days. 

As has been stated previously, sufficiently adequate data is 

not normally available from upland catchments to allow the calculation 

of evaporation, ho't;rever it is possible to make an estimate of the 

soil moisture conditions by using an antecedent precipitation index, 

for the date associated with daily rainfall value is itself data which 
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should not be ignored or devalued. In ~ervious areas it may also 

be worthwhile to consider the use of the antecedent conditions index, 

as proposed by Andrews (Ref. 19) to express the state of saturation 

of the deeper strata. 

If a method could be developed whereby a mass diagram of daily 

riverflow could be built up from dated daily rainfall and short period 

runoff values it would be of great use in reservoir yield calculations. 

The correlation of daily rainfall-runoff values using daily antecedent 

precipitation index as a measure of soil moisture conditions and the 

application of the results to build up a cumulative deficiency diagram 

to determine the yield of an tpland catchment, lvould ·appear to be 

worth investigation. 

1-.11. Computer ... and graph _plotter 

The use of daily values to calculate regression equations and the 

calculation of run-off from these equations and daily rainfall would lead 

to massive calculations. The drawing of mass curves or c~lative 
deficiency diagrams from daily values could involve the plotting of tens 

of thousands of points (e.g. 50 years would require 18,250 points). A 

modern high speed digital computer coupled with a graph plotter would 

carry out these massive calculations in a relatively short time and it 

could plot the graphs automatically, once the programme had been 

develop~d and written. 
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It was possible to carry out an investigation to determine the 

value of this method, of correlating daily values, since a small medium 

speed electronic digital computer is available in the College, for use 

by trained staff and students, on the open shop principle. 

This machine is a National~Elliott 803 computer with a·solid state 

store of ·8,192 words, each word being equivalent to a twelve decimal 

digit number or 39 bits. The installation has an automatic floating point 

unit and computer input is by five track punched paper tape through 

a photo electric cell reader reading up to 500 characters per second 

(in binary form). Output is by five track paper tape punched at 100 

characters per second by a teletype punch. 

The graph plotter is a Bensen-Lehner incremental machine working 

off line. It is driven by five track paper tape.which runs through a 

_photo electric cell reader. It will plot 200 increments per second each 

increment being 0.1 m.m. The available plotting width is 320 m.m. and 

the length of paper on the roll is 50 meters. 
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2. THE DERWENT CATCHI"iENT 

2.1. Description of area 

The river De~rent ~s a southern tributary of the river Tyne and 

~n part it forms the boundary of County Durham· and Northumberland. 

The possibility of siting a large impounding reservoir scheme in 

the valley was assessed before \olorld \iar II and in the late 1940's the 

increasing water consumption and the lack of suitable resources within 

their own statutory areas, prompted the two main undertakings in County 

Durham to investigate fully the potential of the area as a source of 

supply. Thus in 1949 a joint decision of the Durham County '\olater Board 

and the Sunderland and South Shields Water Company rras made to carry out 

exploratory vrork, in the nature of aerial surveys of -the catchment, trial 

borings, the installation of a grid of rain gauges, and the construction 

of a river gauge. 

Gibberd (Ref.34.) describes the landscape of the Derwent valley 

as a lush, green and gentle parkland. The river is bordered by pasture 

and arable land which gives way to rough grazing near the highest point 

of the catchment. 

The area of the catchment.delineated by surface contours is 29,150 

acres (45 .6 squ~e miles). The catchment area delineated topo~ra.r-hically 
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should be representative of the phreatic bound~, as no non-contribute~ 

areas are recognised and geological~ the catchment is assumed to be 

water tight. ~1e main vegetative cover over the upper part of the 

catchment is heather and bracken moorland, lower dow·n this gives 

way to grass cove~ed farmland with extensive wooded areas. 

Borings undertaken to investigate the foundations of the embankment 

of the dam, which lies about 1 mile upstream of the river gauge, showed 

that the rock was composed of alternating bands of sandstone and shale. 

"This was overlain by morainic, lacustrine, and alluvial deposits, 

includine; thick layers of laminated clay formed by deposition in a fresh 

water lake. 

The mean elevation of the catcrunent is 1,175 ft. O.D. and the 

total rise is some 1,250 ft., the highest point being 1,838 ft. O.D. 

The aspect of the upper catchment is easterly, the general axis being 

east-w·est. 

2.2. Raingauges on the catchment 

Nineteen rain-gauges were installed on the catchment in 1952 and 

observers were recruited from local residents. Readings were commenced 

in July, 1952 and have been continuous to date. Originally it was 
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intended that eleven of the gauges should be read daily and the rema~n~ng 

eight should be read monthly as the latter were in remote parts of the 

upper catchment, but due to observer difficulties Cowyers gauge, 

originally intended to be read daily, was read monthly from 1953 onwards. 

These ten daily and nine monthly gauges operated until September 

1961, when Belmont gauge was converted to monthly readings. In November 

1962 Penny Pie gauge was converted into a monthly gauge and a new daily 

gauge at Penny Pie was installed. 

2.3. Rain-gauges ofrthe catchment 

Durham County Water Board maintains five rain-gauges which are 

sited in a fairly compact group just over the crest of the ridge on the 

south side of the Derwent Catchment. Three of these are monthly gauges 

and two are daily gauges. One of these daily gauges is at Tunstall 

reservoir Grid Reference NZ (45) 063407. The altitude of this gauge ~s 

724 ft. O.D. and the average annual rainfall for the period 1916 to 1950 

is 34.5 inches. Reliable daily records for this gauge are available 

from 1911. There are two other daily gauges reasonably near the catch­

ment, one at Allenheads Grid Reference NY (35) 860453 and the other at 

Hexham Reservoir Grid Reference NY (35) 931632. 



- 65 -

2.4. Long·average rainfall 

The long average rainfall for the Derwent Catchment was originally 

assessed by reference to the older gauges outside the catchment and was 

found to be 37.5 inches. Ruffle (Ref.35) has analysed the results, 

collected over the period 1952 to 1963, from the 19 gauges sited on the 

catchment and his calculations give a similar figure for the long average 

rainfall. 

2.5. River gauge 

The Derwent river gauge is sited at Grid Reference NZ (45) 041508 

about one mile downstream of the dam. Daily river level readings were 

instituted at the site in September 1952, and the construction of the 

river gauge was completed in 1954. A stage discharge relationship was 

then established by model tests and earlier level readings were then 

converted to river discharge. The gauge is a 50 ft. wide reinforced 

concrete venturi flume. A 6 ft. wide central notch measures flow up to 

40 m.g.d. and the whole flume accommodates 2,400 m.g.d. which is half 

the unreservoired normal maximum flood. The highest recorded rate of 

run-off from the 29,150 acre catchment has been 1,200 m.g.d. in August, 

1956, and the lowest over one day was 2 m.g.d. in September, 1959. 
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3. Al~ALYSIS OF RIVER FLOW RECORDS 

3.1. Data from the Derwent catchment 

Previous experience with statistical work on the computer had 

shown that a tremendous amount of time is required to punch up and check 

dated daily river flow data. This consideration had a bearing on the 

choice of catchment to be used for the analysis. 

Dated river flow records from the r~ver gauge on the Derwent at 

Eddysbridge were available in punched tape form for the years October, 

1953 to September, 1965. A search through British Rainfall (Ref.36.) 

show·ed that there were no long term records available from rain gauges 

on this catchment but that records were available from the year 1911 

for a raingauge which was sited approximately 6 miles south of the river 

gauge, on an adjacent catchment. 

The Derwent catchment is conveniently close to the College as it 

lies about 30 miles Hest of Sunderland. It is being developed as a 

further source of water supply by the Sunderland and South Shields Water 

Company and Durham County ~later Board. 

It was hoped that the results of the analysis would prove to be 

useful to these two water Undertakings. 
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Taking all these considerations into account it was decided that 

the analysis should be carried out on data relating to this catchment. 

3. 2. Cum.ulati ve deficiency diagram for the Denrent Reservoir 

The results of the daily analysis of rainfall and run-off from 

the Derwent catchment were to be plotted in a form similar to that of a 

cumulative deficiency diagram. It was thought advisable to develop a 

programme to plot a diagram from the actual river flow data, collected 

during the years 1953 to 1965. 

The Derwent reservoir receives the run-off from an area of 21,550 

acres, whilst the river gauge (which 1s sited about one mile downstream 

of the dam site) measures the flow from 29,150 acres. Most of this 

extra area of 7,600 acres, is drained by Burnhope Burn and the 

characteristics of this small burn catchment are similar to those of the 

whole catchment area. As a consequence 2155/2915 of the flow at the 

r1ver gauge was assumed to flow into the reservoir. 

The compensation water supplied from the reservoir will be 5.5 

m.g.d. from April to September 5 m.g.d. from October to March, and 182 

m.g. may be released each year as freshets at a rate not exceeding 

20 m.g.d. If this 182 m.g. is called for in the six months April to 

September it •rill result in a greater reduction in reservoir yield than 
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if it were called for during the other six months, or if it were spread 

over the year as a whole. 

Ruffle (Ref.35.) has calculated that the gross yield of a reservo~r 

with a capacity of 8,400 m.g. vrould be 26~ m.g.d. (1% probability). 

Using this figure, and assuming that a flovr (say Q) is to pass out of 

the reservoir down the pipe line and through the filter plant at a steady 

rate throughout the year, then 

(Q + 5)183 + (Q + 5~)182 + 182 = 26~ X 365 

hence Q = 20~ m.g.d. 

The draw off from the reservoir during the months October - March 

will be 

20 ~ + 5 d .. m.g. • = 25~ m.g.d. 

and during the months April to September the draw off will be 

20~ + 5~ + 182/182 = 27a m.g.d. 

A programme was written to calculate the excess water "1-Thich would 

have to be stored in the reservoir on any date. It was assumed that 



there was neither excess nor deficiency of '1-Tater at the starting date. 

The programme.allows for a yield which varies according to calendar 

date and will give a numerical print out of the storage required every. 

day. The answer can also be obtained in a graphical form '1-Tith daily 

storage plotted on the vertical axis and calendar date on the horizontal 

ax~s. If need be both print-up and graph can be produced from the 

same calculation. The graphical output uses less computer time. 

The programme is shown in appendix I, pp. 1-3. A sample of the 

input data for the programme can be found in appendix I, p.45 and a 

sample of the numerical print up output by the computer on pp. 46-48. 

The graph drawn by the plotter is shown in appendix II, p.l. 

The graph shows that the maximum dra1·1 dmm occurred between April 

1955 and November 1959. An inspection of the print-up shorTs that the 

peak came on 4th April 1955 when the excess equalled 6816 m.g. The 

trough occurred on the 13th November 1959 when the excess equalled -1163 

m.g. Thus the critical period of the reservoir exceeds four and a 

half years. 

The minimum reservoir capacity '1-Thich would be required to supply 

a draw-off rate of 25a m.g.d. in winter and 27~ m.g.d. in summer during 

the twelve year period September, 1953 to September, 1965 will be 
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6816 + 1163 = 7979 m.g. 

This is approximately 95% of Ruffle's 1% probability figure of 

8,400 m.g. storage. 

3.3. Histograms of r1ver flow 

Since it was proposed to carry out the correlation on a statistical 

basis, it was thought desirable to investigate the distribution of the 

rate of run-off throughout the year. 

~velve years of r1ver flow data were to be analysed i.e. 

9 x 365 + 3 x 366 = 4383 pieces of data. If a histogram was to be 

plotted for each month this would approximate to 365 blocks each month. 

This should be sufficient to give a reasonably smooth curve. 

Since the data for each year was on a separate tape, the programme 

was written so that the computer was instructed to wait after each 

years data was read in. It could then be instructed to read a further 

years data, or to plot a histogram from the data which it had already 

read into its store. 

The width of each block of the histogram represents a flow range. 

e.g. 0 to 2 m.g.d., 2 to 4 m.g.d., 4 to 6 m.g.d., etc. In the example 
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above the increment of flOl-T in each range, E, is 2 m.g.d. but a 

suitable value can only be found by inspection. The programme was 

written to read a range increment, E, initially. The scales of the Y 

and X ordinates were then read (L and M) and these were followed by 

the first year's data. 

For each months plot, the number of steps making up the base of the 

histogram will be the maximum flo1v divided by the range increment. A 

visual inspection of the data showed that on most days the flow l-Tas 

less than 40 m.g.d. and on no day did the flow exceed 700 m.g.d. The 

base of each histogram was fixed at 700 m.g.d. and the number of steps 

l-Tas therefore 700/E. The number of store locations required to count 

the. total number of blocks in any one column would be(TOO/E)x 12. If 

the minimum E used is 2 m.g.d. then the maximum number of store 

locations required will not exceed(700/2 )x 12 = 4200. This was vTithin 

the capacity of the computer. 

A copy of the programme is shown in appendix I, pp. 4-5; the 

input data being of the form shovm in appendix I, p. 45. The trrel ve 

histograms dravm by the plotter are to be found in appendix II, pp. 3-4. 

From the histograms it can be seen that in the three 1vinter months 

of January, February and !v'larch the flow vras above 10 m.g.d. on all but 



- 72 -

6 days out of the 1083 analysed. For about half of the days the flow 

lay between 10 and 40 m.g.d. and there l-Tas a fairly Wliform distrib­

ution over this range. Also in this period there were a number of days 

when the flol·T exceeded 100 m.g.d. 

Considering the three summer months July, August and September, 

on about one third of the days the flovr vras less than 10 m.g.d. and 

there were a number of days when the flo•r lay between 2 and 4 m.g.d. 

There were few large flows but there were occasional days in August when 

flood flows occurred. 

The histograms show that there are seasonal differences in flow 

patterns. Before thEi,. form of calendar grouping l-Tas finally decided it 

was thought l·rorthwhile to plot running averages of groups of daily flow 

in the hope that a more definite pattern would emerge. The group~ng 

of the data will attenuate the peaks and troughs vrhich occur when daily 

values are plotted and smooth curves showing seasonal trends should 

result. 

3.4. Data presentation 

Experience gained during the rWln~ng of the prev~ous two programmes 

shoi·Ted that a large amo1Ult of computer time was being used to read in 

data containing dates. Not only was time lost in reading: complications 
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produced by leap years meant that calculations had to be performed on 

the dates each time a programme was r.un in order to determine the 

position of the month endings. It was therefore decided that the 

original data tapes should be modified. 

The data tape which is fed into the computer can control the 

programme if there are triggers punched on it. A trigger is a group 

of figures of the form n( where n is an integer. If such a group of 

figures is encountered on the data tape while the computer is obeying 

a READ instruction, the computer will jump to the instruction in the 

programme with the reference number n. The READ instruction written 

at that point in the programme will not be obeyed: that is, the value 

of the symbol following the word READ will not be obeyed. 

The daily rainfall values from the Tunstall gauge were all 

teleprinted up in the dated form (shown in appendix I, p.49). The 

river gauge data was also dated. A prpgramme was written to convert 

both of these original forms of data presentation, into an undated form 

with triggers marking the end of each month. In the case of rainfall 

the monthly totals were also printed up at the end of each month, as 

this was found to facilitate the checking of the teleprinted values. 

The programme for the conversion is shown in appendix I, pp. 6-7 and a 

sample of the converted form of output follows the original data and ~s 

si10wn in appen<iix I, PP• 50-53. 
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When the new style rainfall and run-off tapes had been output 

a further programme was written so that these undated rainfall-runoff 

values could.be paired together and combined in one large tape 

containing the twelve years data in consecutive order. The programme 

was designed to check that the rainfall tapes were pu~ into the tape 

reader in the correct order and that the number of days of rainfall 

and run-off in each month agreed. As a further check against programm­

ing errors or misreading by the tape reader, the total annual rainfall 

and the total annual run-off for each water year were printed up at 

the end of each year. The programme is shown in appendix I, pp. 8-10 

and a sample of the combined output is to be found in appendix I, p.54. 

3.5. Graphs of grouped daily flows 

The number of consecutive run-off values which have to be averaged 

to obtain a reasonable smoothing of the curves was unknown. In order 

to save computing time in reading in data the programme was written so 

that up to 12 years of the modified run-off data could be read into 

separate locations in the computer store. The computer was programmed 

to WAIT for a key instruction after it had read in each year's data. 

When the required data was read into t-he store the number of the 

appropriate reference in the programme was pressed on the keyboard and 

a further piece of data tape with information on the number of values 

to be added together and the scales of the X and Y co-ordinates was then 
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read in. After completing the calculations the computer punched out 

the. data tape required to drive the graph plotter and followed this with 

a print up giving the number of days data read in, the value of the last 

run-off·read,.the sum of all the run-offs and the average run-off over 

the period. The horizontal line marking the average run-off throughout 

the period was drawn o~ the finished graph by hand. 

The programme is sho~v.n in appendix I, pp. 11-12. The input data 

vTas of the form shown in appendix I, pp. 52-54 and the graphical output 

is shown in appendix II, p.5. 

3.6. Observations on histograms and grouped data graphs 

The histograms and the graphs of average run-off over 15,30 and 

91 day periods do not show a close relationship bet~·reen calendar date 

and run-off rate. As a consequence it vTas thought that there ~vas 

nothing to be gained by grouping the data into calendar months. There 

could even be a loss because there would be a smaller number of values 

to correlate in each group. 

It was therefore decided that the data should be grouped into the 

quarters sholv.n below:-

Autumn quarter to run from 1st October, to 31st December. 

Winter quarter to run from 1st January, to 31st March. 
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Spring quarter-to run from 1st April, to 30th June. 

Summer quarter to run from 1st July, to 30th September. 

As dated rainfall is the only significant long term data avail­

able to correlate with run-off, it was thought that it could be used 

most effectively if the quarterly rainfall-runoff values were correlated 

in groups, according to their daily anticedent precipitation index 

values. 
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L~. C.ORRELATIOH OF RAINF.A..LL-RUNOFF VALUES 

~- .1. .P-...ntecedent precipitation index 

The antecedent precipitation index is dn index of grou_~d moisture 

cordi tions preceding the onset of rainfall. It is most commonly used 

with a coaxial correlation technique for forecasting run-off from 

storm-rainfall. (Ref. 17). It has been suggested that whilst it 

satisfactori~ represents soil moisture conditions at the surface it 

does not allow sufficient~ for the moisture content of the deeper 

strata. Andrews (Ref. 19) has proposed that an additional index should 

be used in ~ rvious areas, which he calls a11 antecedent conditions 

index. 

The antecedent precipitation index, I, may be expressed in the 

form: 

where Pt is the precipitation which occured on a day t days before the 

day in question, and the A's are constant coefficients which are always 

less than unity. 

As time passes the effect of a rainfall on the catchment moisture 

conditions will diminish, so that A1 ~A2 >A
3 

••••••••••••• etc. 
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For the proposed application a day-by-day value of the index is 

required. There ~s considerable advantage in assuming that At decreases 

with t according to a logarithmic recession. 

i.e. = 

where K is a constant which is always less than unity. 

The index may then ~e defined as 

............... ••••••••••••••• 2 

An examination of equation 2 shows that I depends most strongly 
0 

on P1 and P2 and is not verJ sensitive to slight variations of K. ~~ 

the nature of the exponential function, errors in I due to incorrect 

assessment of K, are not cumulative. 

Theoretically the value of the recession factor K should be a 

function of season and should vary from one region to another. The 

figure for the daily recession factor may vary between 0.85 and 0.95. 

The choice of starting value of A.P.I. ~s not of great importance 

as the portion of any one day's index due to conditions more than 

thirty days before is extremely small. Provided a not unreasonable 
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starting value is used, the index will be independent of this value 

within a month of crnmnencement. Using a computer the calculations of 

the initial A.P.I. value from some assumed value, for say, one year 

beforehand would be completed in seconds and the effect of varying the 

assumed value could be noted. 

The programme which was written to carry out this calculation ~s 

shown in appendix I, p.l3. The operation was as follow·s:-

Three numbers lvere punched on a short length of data tape, they 

were:-

a recession factor (K) say 0.9 

an assumed value for the A.P.I. on the last day of the previous 

water year (I) say 2.0 

the actual recorded value of rainfall which fell on the last day 

of the previous water year (P) 0.66 

This short length·of data tape was placed in the reader and the 

three numbers were read ~n. The computer then waited for further 

instructions. The complete rainfall data tape for the water year prior 

to the starting date was then entered into the tape reader and the wait 

instruction cleared. The computer then read the rainfall tape day by 

day, calculating the A.P.I. for each day immediately after reading the 
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rainfall. ~llien it had read in a complete years data it printed out 

the K value used for the calculation, the last A.P.I. value calculated 

and the rainfall which fell on the last day. These three values vrill 

be used as input data for the main programme. 

The rainfall data for the •rater year commencl.ng 1st October, 1952 

was used to calculate the A.P.I. on the 30th September, 1953. The 

programme was run three times using a recession factor of 0.9. The 

first time the A.P.I. on September 30th, 1952 l·Tas assumed to be 2.0; 

the second time 1.5, and the third time 1.0. Each time the answer for 

the A.P.I. on September 30th, 1953 was the same 1.14. 

The result confirms the assumption that, within limits, the 

A.P.I. after one year is independent of the assumed starting value. 

The value of the recession factor K, which is used in the 

calculation, obviously effects the rate of change of A.P.I. from day 

to day. It was therefore thought worthwhile to run through the 

calculation another three times, this time using a higher value for 

K; 0.95. 

Again, each time the answer for the A.P.I. on September, 30th 

1953 was the same, but in this case it was higher and equalled 2.22. 
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4.2. The first analysis 

The procedure for the first analysis of the rainfall run-off 

data was written out in the form shown below:-

a) Using an assumed value for K, calculate the ·A.P.I. value of each 

calendar day of the eleven years of record, i.e. 11 x 365 days 

+ 3 days for leap years = 4018 days. 

b) Associate each days A.P.I. with that days rainfall and run-off. 

c) Sort the three daily values of A.P.I., rainfall and run-off, into 

groups according to season, i.e. 

Autumn Oct., Nov. , Dec. (92 x 11) days = 1012 x 3 values 

Hinter Jan., Feb., iviarch. (90 x 8 + 91 x 3) days = 993 x 3 values 

Spring April, May, June. (91 x 11) days = 1001 x 3 values 

Summer July, Aug.,·sept. (92 x 11) days = 1012 x 3 values 

i.e. 1012 x 3 + 993 x 3 + 1001 x 3 + 1012 x 3 = 12,054 values in all. 

d) For each season, sort the rainfall run-off values into further 

groups according to the range in which their associated A.P.I. falls. 

e) Carry out a correlation of the rainfall-runoff values in each of, 

say ten, A.P.I. ranges. Determine the regression equations and the 

standard error of estimate. 

f) Repeat all of the above work us~ng various values for the recession 

factor K. The recession factor giving the minimum standard error 

of estimate will be the most suitable for that season. 
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g) Using the set of regression equations associated with the most 

suitable K value for a season, generate synthetic run-off values 

from actual rainfall and calculated A.P.I. 

h) · Determine the mean of all tl;l.e calculated run-off values and the 

deviation of each of the calculated daily run-off values from this 

mean. 

i) Repeat 'h' us~ng actual run-off figures. 

j) Repeat 'h' using actual rainfall figures. 

k) Using the graph plotter, draw graphs on a common base of time, of 

the accumulation of the deviations from the mean calculated 

run-off, the mean actual run-off and the mean rainfall. 

l) Using the 1964-65 rainfall record, which is not included ~n the 

eleven year period to be analysed, repeat the calculations and 

graph plotting specified in h, i, j, and k. 

4.3. Computer storage limitations 

i•lhen a programme is being translated and run the Autocode 

Translator and the Functions and Ancillaries are always in the store, 

along with the programme. There must also be room for each of the 

variables and constants which are required for the calculation. The 

capacity of the store of the computer is limited, and this imposes 

limitations by which the lengths of programmes and/or amounts of data 

which can be handled at one time are restricted. 
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The capacity of the computers store is measured in vTords, i.e. one 

number or tl·To instructions. Each vrord occupies a location. The number 

of locations lrlhich a programme, and its associated data, may occupy in 

the computer store depends on the method of running and on the Autocode 

language being used. The maximum store capacity available on College 

Elliott 803 computer usJ.ng the 803 A 103 Autocode is 7588 l-TOrds and this 

capacity is only available if the programme is translated first into 

binary form and then run separately. 

The analysis of the rainfall-runoff data involves the calculation 

of 4018 A.P.I's and then the sorting of groups of A.P.I., rainfall and 

runoff i.e. 3 x 4018 = 12,054 pieces J.n all. 

This is clearly well above the capacity of the computer store and a 

method will have to be evolved for handling and sorting the data in parts. 

4.4. Grouping of data according to A.P.I. 

The A.P.I's must be calculated in chronological order sJ.nce each 

d~'s value is dependent on the previous d~. Once the A.P.I. is 

calculated it must be recorded in such a way that it can be associated 

vri th its days rainfall and runoff. Each calculated A. P. I. value could 

be dated, but previous experience has shown that the punching and 

reading of dates is time consuming and in any case each date is another 

word to be stored. If the A.P.I's are punched out day by day as they 

are calculated and a trigger is punched at the end of each month the 

order in which they appear on the tape will serve to identify them and 
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the print up of A.P.I.s could be arranged, to look like the printed 

up page of the associated rainfall. All the 12,054 pieces of data 

i.e. rainfall, runoff and A.P.I.,would then have to be read in again 

howeve~in order to sort the rainfall-runoff values into groups 

according to the range in which their associated A.P.I. falls and aga~n 

this is above the store capacity of the computer. 

The solution to this problem would be to feed only two or three 

years data into the computer at a time. It could then hold this in 

its store while it calculated the A.P.I.s and sorted the rainfall-. . 
runoff into A.P.I. ranges. Then it could punch out the rainfall-runoff 

pairs in groups according to A.P.I. range, each group being separated 

by blank tape, so that at a later date the lengths of the tape 

containing rainfall-runoff data associated with say the summer season 

and having A.P.I.s within a range of say 0.6 to 0.8, could be spliced 

together to form one input tape suitable for statistical analysis. This 

method however produces its own problems, since there is no w~ of 

knowing how many rainfall-runoff pairs will fall in any one A.P.I. 

group before the A.P.I. calculation, yet store locations must be allocated 

to contain the rainfall-runoff pairs associated with each A.P.I. group 

in advance of the calculation. 

Obviously this problem will become more acute as the number of 



A.P.I. groups is increased. So consideration should be given at this 

stage to the number of A.P.I. groups to be used. The Handbook of 

Statistical Methods in Meteorology (Ref. 37 .• ) gives a guide on group 

numbers. It recommends that the number of classes be not more than 

five times the logarithm of the number of observations. The number 

of observations per season for eleven years of data lies between 993 

and 1012. For 100 observations the number of classes should not exceed 

5 x 2"= 10. For 1000 observations the number of classes should not 

exceed 5 x 3 = 15. 

The data is to be grouped into four seasons. If 10 A.P.I. groups 

are allocated to a season this accounts for 40 groups in all. Ideally, 

there should be an equal number of rainfall-runoff pairs in each 

group, but if gro.up limits are assumed before the calculations of A.P.I. 

this is not likely to occur. The maximum store available for programme 

and data is 7588 words. If 6000 w·ords are allocated for the storage 

of rainfall-runoff values i.e. 3000 for each and there are to be 40 

groups in all then the number of values per group = 3000/40 = 75. 

The maximum number of days in a single season is 92 and there 

are to be 10 A.P.I. groups per season. If the number of rainfall­

runoff pairs in each group was equal this would mean that there were 9 

or 10 values per group each year, but the distribution of A.P.I.s. 
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values 1·Till differ from one year to another, so that in a dry year we 

will have many more values in the lovr A.P.I. groups than we have in 

high A.P.I. groups and vice versa. The answer to this problem would 

be to arrange for the computer to print out the number accumulated in 

each A.P.I. group at the end of each successive year's calculation. 

A critical inspection of this print out vrill give an indication 

as to whether or not the next years data would cause one of the group 

stores to exceed 75. If it 1vas thought that this might be so, then 

all the sorted rainfall-runoff values in the computer store could be 

output onto punched tape, suitably referenced so that they could be 

spliced into one complete tape when all the 11 years data has been 

through the computer. 

This would complete the calculations do1m to (d) on the list of 

procedure for the first analysis, see page 81. 

The programme which was written to carry out the calculations 

described above, can be found in appendix I, pp. 14-17. The limits 

of the A.P.I. groups vrere written into the programme as 0 to 0.25, .25 

to .4, .4 to .6, .6 to .8, 1.0 to 1.2, 1.2 to 1.4, 1.4 to 1.7, 1.7 to 

2.2 and greater than 2.2. It was thought that vrith a K value of 0.9 

these limits should give approximately equal numbers of rainfall-runoff 
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~n each group. Each group was allocated a reference number. The 

10 autumn groups were given the references 0 to 9 inclusive, the 

winter groups 10 to 19, the spring groups 20 to 29 and the summer 

groups 30 to 39. The lowest reference number in each season represent­

ed the 0 to .25 group,the next lowest .25 to .4 group and so on, ~n 

sequence for the remaining 8 groups. The input data to this programme 

was in two parts. The first data tape was short and contained only 

three numbers, which were output data from the previous programme. 

1} an assumed recession factor K, e.g. 0.9. 

2} a calculated value of the A.P.I. on September, 30th 1953. 

3} the actual rainfall on September, 30th 1953. 

The second data tape carried the rainfall-runoff data, presented 

~n the modified form shown in appendix I,p.54, starting with the 1st 

October, 1953. 

The computer printed out the daily A.P.I. values as they were 

calculated. A sample of this print out is shown in appendix I, p.p. 

55-56. 

The calendar date was printed at the head of the sheet as was 

the value of K used. At the end of each month a trigger symbol 1( 

was printed as this will simplify future calculations using this data. 
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At the end of the years calculations and print up of A.P.I. a 

length of blank tape was output, then the K value was printed follorred 

by four lines. of ten numbers per line. These gave information on the 

number of store locations used to date, to hold the rainfall-runoff 

values associated with each of the ten A.P.I. groups and each of the 

four seasons. e.g. at the end .of the 1953 calculations there were 34 

rainfall-runoff values where the A.P.I. fell in the range .4 to .6 ~n 

the autumn season. Since there were 75 store locations allocated to 

each group it should be possible to input·· another years data in this 

instance without exceeding the store capacity. In fact·it was found 

possible to input the three years data up to September 30th, 1956 

without the store overflowing. 

In order to check that there "~>Tere no errors in the reading of the 

data the values of the total rainfall, and the total runoff in the 

water year were printed up at the end of each years calculations. In 

addition, the recession factor, the A.P.I. and the rainfall which are 

required as initial data for the following years calculations were also 

printed. 

On September 30th, 1956 the maximum number of rainfall-runoff 

values in any one group had reached 64. 
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It was most unlikely that another years calculations could be 

completed before the number of rainfall-runoff values in this group 

reached 75, at this stage the computer ''as instructed ~o jump to 

.instruction 21 which was the reference at the head of the print out 

instructions for the sorted rainfall-runoff data. The computer then 

punched out tape vrhich produced the print up in the form shmm in 

appendix· I, pp. 57-58. This is the tape which, in combination with the 

others to follow, will form the input data for the next programme which 

will carry_out a statistical analysis of the sorted data. The print 

up starts with the recession factor used in the calculation of the 

A.P.I., the next number is the reference of .the A.P.I. group, and then 

follorrs the rainfall-runoff values in pairs. The end of each group 

is marked by a 1( and this is followed by a length of blank tape to 

facilitate splicing. 

4.5. The regression equations 

A further programme, appendix I, pp. 18-22, was vrri tten to carry 

out a correlation of the rainfall-runoff values in each of the ten groups 

of A.P.I. which occur each quarter i.e. section 'e' of the procedure 

listed under the heading "The first Analysis". In order to obtain a 

visual impression of the nature of the scatter about the line of the 

regression equation, the programme was written so that a graph of all the 

rainfall-runoff values in a group could be plotted, by giving an 
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appropriate keyboard instruction. 

The input data tapes for this programme had been output tapes from 

the previous programme, so it was designed to check each tape as it was 

read in to ensure that the tape carried the correct_data, i.e. recession 

factor (k), A.P.I. group (reference number T) and also that the correct 

number of tapes had been read in. It had proved possible to put the 

sorted rainfall-runoff data onto four tapes, each tape starting with a 

number representing the K value, follol-red by the reference number of the 

A.P.I. group, these two numbers being followed by the sorted rainfall­

runoff pairs in that group. Each group on a tape was followed by a 

trigger 1( and a length of blank tape and then a new group of data 

preceeded by a K value and a reference number. Since there l-Tere only 

four data tapes to be handled each could be placed in a separate rack 

thus avoiding splicing. 

The method of operation l-Tas as follows:-

A short length of data tape was prepared. The first number on 

this tape was the recession factor value to be used for this analysis. 

The second was the reference number of the A.P.I. group to be analysed 

and the last number was the number of data tapes which had to be read 

~n ~.e. 4. 
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This short length of tape was entered into the reader and the 

computer rTas instructed to read. \•lhen the tape had been read in the 

computer came to a WAIT instruction. At this point one of the four 

data tapes was entered into the reader. This tape was read in and the 

checks for K value and A.P.I. group automatically carried out. If 

these two values were correct then the computer carried on reading ~n 

rainfall-runoff pairs into store until the trigger 1( was reached. 

This trigger brought the computer to the \oi'AIT instruction again, ready 

for the next length of data tape. Another tape was placed in the 

reader and the computer checked this for K and A~P.I. value to ensure 

that it was the same as for the last tape before reading this new data 

into store. This procedure was ·repeated until the last of the four 

tapes was read in. At this stage the trigger 1( directs the computer 

to carry on with the statistical calculations. When these have been 

completed the machine reaches a HAIT instruction. 

At this stage the computer could be instructed to start reading in 

the next group of rainfall-runoff data with a new A.P.I. reference 

number one greater than previously, or alternatively it could be 

instructed to graph the rainfall-runoff values already held in the store. 

When these had been plotted the line representing the regression 

equation rTas drawn out and short dashes were drawn on the runoff axis 

to mark the limits of one standard error on either side of this line. 
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Red ink lines were drawn through these markers parallel to the line 

of the regression equation, at a later date. In order to keep the 

graph down to a reasonable size and yet still shm-r individual· ·po~nts 

at the lower rainfall-runoff values it was necessary to dravT the graph 

with two sets of scales. If a rainfall value exceeded 0.75 inches or 

a runoff value exceeded 150 m.g.d. then a point was plotted with 

scales l/5th of the normal, the position of the point being surrounded 

with a small triangle. 

The programme, suitably annotated can be found in appendix I, 

pp. 18-22. A sample of the statistical output is shoim in appendix 

I, pp. 59-60, and a sample of ten autumn graphs of rainfall plotted 

against runoff with regression equations and one standard error lines 

can be found in appendix II, pp. 6-13. The vertical and horizontal 

axis were dra-vrn on these graphs, by hand in red ink, so that those 

points which lay on the axis would not be obscured. 

4.6. Observations on the statistical analysis 

Referring to the printed statistical output page with recession 

factor K = 0.9. The numbers in each of the A.P.I. groups i.e. column 

N., vary considerably, for example, in the eleven spring quarters that 

•rere analysed there were only four days on which the A.P.I. value 
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exceeded 2.2 inches yet there were one hundred and eighty eight days 

when the A.P.I. fell between 0.25 and 0.4 inches. In the eleven 

autumn quarters the balance was better, there were seventy six days 

when the A.P.I. exceeded 2.2 inches and there were ninety days when the 

A.P.I. fell between 0.25 and 0.4 inches. This wide variation is an 

obvious disadvantage since four values will not give a valid regression 

equation, but if another value of recession factor is used, say 

K = 0.92, and the limits of the A.P.I. groups are kept at the same 

values, the number in each group will differ again. In order to get 

some indication of this variation it was decided to run the last two 

programmes again, this time calculating A.P.I. values for K = 0.92. 

The result of this work is sho\vn in appendix I, p.p. 61-62. The number 

in each of the A.P.I. ranges has naturally changed, but not in a 

uniform manner. The first of the autumn groups has now only two values 

in the range 0 to 0.25 whilst prev~ously it contained forty five. New 

ranges could be guessed and tried but this would be most time consuming 

as about eight hours of computing time is required for each run. 

Referring -te the follo•ring columns on the printed statistical 

output. An inspection of the average value of rainfall P and runoff 

Q show that they follow the expected trend, increasing as the A.P.I. 

increases, but the numerical values representing the slope of the 

regress~on equation M do not appear to follow a pattern for any one 
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season. The intercept of the line of regression equation with the 

runoff axis c·does increase as the A.P.I. increases, but not uniformly. 

It was thought that it might prove -vrorth1v-hile to draw out all the 

ten regression equations for a season on one graph. If this iV"as 

repeated for a range of K values a pattern may well be revealed. 

4. 7. Programme to drai·T regression equations 

This programme \-Thich is shown in appendix I, pp. 23-24, w·as 

i·rri tten so that the data tape output by the previous correlation 

programme could be fed directly into the computer as input for the graph 

plotting. In effect the computer read one line of data at a time. Each 

line contained the statistical information for one A.P.I. group within 

an A.P.I. range. The data was as follows:-

I = Loi·Ter limit of A.P.I. range Stored as RO 

N = Number of rainfall-runoff pairs II II Rl 

p = Average rainfall for group II II R2 

Q = Average runoff for group II " R3 

M = Slope of regression equation II II R4 

c = Intercept of regression equation II II R5 

E = One standard error of estimate II " R6 

Reference number II II c 

The Scales chosen for the graph ivere:-



Rainfall 

Runoff 
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1 inch = 1000 units ~.e. 10 em. 

1 m.g.d. = 5 units i.e. 0.5 mm. 

The origin was taken as the initial position of the pen on the 

graph. plotter and the first instructions on the programme following the 

_reading was the calculation of the number of unit steps through which 

the pen was to be moved to reach the position of the intercept C on 

the runoff axis. (Y axis). This was the point from which the regression 

equation line vras to be drawn. The next step was to calculate the 

partial co-ordinates of a point on the regression equation line, say 

750 units ( 7. 5 em. ) to the .right of the Y axis. That was simply 

(750, (Ivl x 750/1000 x 5)). The instruction to move the pen in the down 

position to this point was then written, and the pen then raised. 

In order that the lines of the various regression equations, drawn 

on the graph, could be easily identified a dot was marked at the right­

hand end of each line. If the reference number of a particular equation 

was 1 then the dot vras marked 10 units (1 m.m.) to the right of the 

line, if the reference number was 2 then the dot '·ras marked 20 units to 

the right, and so on, for each quarters results. After.the pen had 

drawn the identification dot, the distance back from this position to 

position of the average values must of course lie on the line of the 

regression equation and so in order that their position could be easily 
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seen, a triangle was drawn at this point. When this operation was 

completed the distances back to the origin were calculated and the pen 

\-Tas moved back to the origin ready to start the plotting of the next 

equation. At this point 200 blanks •·rere output and the computer came 

to a WAIT instruction. All that was necessary to plot the next line 

of results was to clear the WAIT button. A sample of the graphical 

output can be found in appendix II, pp. 14-17. 

4.8. Observations on graphs of regression equations 

In general the slopes of the regression equations increase as the 

A.P.I. increases. The obvious exception to this is the spring quarter. 

With K = .9 and the A.P.I.s 1n the range 1.7 to 2.2 and greater than 

2.2, the.slope is negative. 

In spnng the A.P.I. values are naturally lo1-rer than in other 

quarters and high A.P.I. values only occur on rare occas1ons. In 

consequence t~e nQ~ber of results analysed 1s small and the results of 

the analysis are not really significant. An inspection of the graph for 

the spring quarter 1-1i th K = .92 shows that the equation for the range 

1.7 to 2.2 is now positive. This is because the number of pairs of 

rainfall-runoff values which have been analysed has increased to 63 and 

the odd pairs of values. no1-1 have less effect. The number of pairs 
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analysed for A.P.I. greater than 2.2 is only 9 and aga~n, one unusual 

high value could throw the whole line out of balance and this could 

account for the negative slope. 

Considering the eight graphs drawn, it would appear that the 

pattern becomes badly broken up when one or two of the intercept values 

get out of step, but it is difficult to suggest ways of bringing these 

into line because each regression equation has been derived from a 

variable number of pairs of rainfall-runoff values and therefore each 

line should carry a different weight if adjus.tments are to be made. 

At this stage it was felt that further progress could not be made 

until a high speed method could be found for handling masses of data 

in and out of the computer, at every change in recession factor value. 

It was also necessary to find another method for grouping the data 

according to A.P.I. range so that an approximately equal number of 

values could be placed in each A.P.I. grouping. 
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5. A l-10DIFIED li1EI'HOD OF CALCULATIOlii 

5 .1. A scheme for working with .. integer values 

~lliilst working on a problem involving a pump storage scheme the 

author had 1-1ri tten a programme to sort numerical data into order of 

magnitude. It occurred to him at that time that it might be useful to 

sort A.P.I. values into numerical order. The first job would be to 

calculate the eleven years A.P.I. values, when this had been completed 

they could be sorted into four seasonal groups. The A.P.I. values in 

each seasonal group could then be sorted into order of magnitude and 

when sorted, each seasons values could be divided into sub-groups with 

equal numbers in each sub-group. If this was done the limits of each 

A.P.I. group would not be equidistant from each other, but this is not 

a serious disadvantage. 

The drawback to this idea is that each A.P.I. value is associated 

vTith a particular rainfall and runoff and it is these t1vo values vThich 

are to be used J.n the statistical analysis. 'rhese tvTO values therefore 

must always be identified with their particular A.P.I. value. In the 

previous work this was done by using the same numerical suffix for each 

store location holding the A.P.I., rainfall and runoff value. 

e.g. Il, Pl, Ql and I2, P2, Q2, etc. 
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Once the A.P.I. value is moved out of a store location for sorting 

into numerical order the identity ~s lost·.·· This loss of identity made 

the sorting method inapplicable. 

Earlier work l·ri th sorting routines had shown that integer numbers 

could be sorted at higher speeds than-floating point numbers. In 

particular, one programme l·ras found in the Elliott 803 library w·hich 

rrould sort 4,000 integer m.unbers into order of magnitude in about four 

minutes. This programme rras written in machine code and could be simply 

inserted as a block into an Autocode programme. Out of general interest 

a programme 1-l"as rrri tten to convert the original runoff data into 

integer values. All that was required of this programme was that the 

original data tape of runoff values be read, each value multiplied by 

ten and the integer part of this new number punched out. The new run­

off tape then contained values of runoff in 105 gallons/d~ units instead 

of m.g.d. and there 1-l"ere no decimal digits on the tape. This tape 1-l"as 

then used with the integer sorting programme and all the twelve years 

runoff data were output ~n order of magnitude. I·Ihile this print up i·ras 

being inspected an idea was born which solved t\oro major problems; first 

that of reading and punching 16,000 pieces of data every time the 

recession factor ifas changed; second the problem of retaining identity 

between the three numbers; rainfall, runoff and A.P.I. i-rhen the A.P.I. 

values \orere being sorted. 
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The print up of sorted runoff showed that the highest runoff value 

in the twelve years of record was 7190 (10 5 gallons/day), i.e. a four 

digit integer number; yet the computer was capable of handling any 

integer value between ! 274 877 906 943. 

Now the daily rainfall values do not exceed 9.99 inches i.e. 

a three digit number and the A.P.I. values even ~-rith the highest 

practical recession factor ~-Tould never exceed 99.99 inches, a four 

digit number.· It is therefore possible to combine the rainfall, 

runoff and A.P.I. values all together to make one eleven digit integer 

which vrould occupy only one store location. If this is done the total 

number of values to be held in the computer store for processing, 

drops from 12,054 to 4,018; this last number is.well within the store 

capacity of a medium size computer such as the 803, while the 12,054 

~-Tords were too great and as a result the work had to be fed in and out 

on lengths of tape, the assembly of the various tapes being carried out 

manually. If the A.P.I. is made the first four digits of the eleven 

digit number, then the A.P.I.s can be sorted into order of magnitude 

simply by sorting the eleven digit integers. Once sorted the rainfall 

and runoff parts of' the number can be separated off by dividing the 

eleven digit number by 107 and storing the fractional part. This 

fractional part can be further divided by 104 to separate rainfall, the 

integer part, from runoff the fractional part. For example, using a 
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recession factor of 0.90 the A.P.I. value on the morning of January, 

2nd, 1955 was 0.77 inches, the rainfall that day was 0.33 inches and 

the runoff 26.3 m.g.d. These three values can be stored as one eleven 

digit integer. If the A.P.I. is put first and this is follo-vred by 

rainfall and then runoff.the eleven digit number would equal 00770330263. 

To obtain the A.P.I. for further computer calculations this eleven 

digit number 'i·Tould have to be divided by 107 and the integer part used, 

i.e. 0077.0330263, if the rainfall and runoff were required then the 

fractional part would be multiplied by 107 thus giving the 7 digit 

integer 0330263. If this· number is divided by 104 then the integer 

part is rainfall and the fractional part is runoff. If the runoff is 

required for a calculation, then the fractional part could be multiplied 

by 104 to make an integer. 

This method appears at first sight, to involve a great deal of 

computation and hence computing time, but this is not so. The computer 

can divide a twelve digit integer number and take off the fractional 

part in 12.096 milliseconds, so that the time involved in carrying out 

this operation on 4,000 numbers in only about 50 seconds. This ~s only 

a fraction of the time required for punching out numbers in the previous 

method, for the output punch can only punch out single digits at the 

rate of 100 per second. 
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5 .2. Analysi~ .. of. data presented in integer form 

This programme, see appendix I, pp. 26-33, follo¥rs the basic 

procedure set out under the heading "First analysis a to f" {page 81'). 

Initially a short length of data tape, containing three numbers, 

i·ras read into the computer store. The first number gave information on 

the placing of leap years. If the first years rainfall-runoff data 

contained a February of 29 days then the number read in was 4. If the 

rainfall-runoff data was for the first year after a leap year, then the 

initial number was 1, the second year after a leap year it "1-Tas 2 and the 

third year after 3. The second number on the short data tape gave 

information on the number of years of rainfall-runoff record "1-Thich uas 

to be analysed. The maximum number of years data which could be handled 

by this programme was eleven, but for testing purposes only two or three 

years data I·Tas read in. The third number was the number of A.P.I. groups 

into i·Thich a seasons data was to be d.i vided. For this analysis it was 

decided that ten A.P.I. groupings should be used. 

'rhe next step was to read in the integer values of rainfall and 

runoff in the form sho¥m in appendix I, p.63. These integer values 1-1ere 

obtained by processing the original rainfall-runoff data using a 

program 1-1hich is sho¥m in appendix I, p.25. They "1-Tere read, in chrono­

logical order, into four blocks of store locations. The particular 
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block chosen was dependent on the season. The block containing autumn 

values was labelled from Al to Al012, the block containing the vTinter 

values, Wl to r/993, the spring block ran from Vl to VlOOl and the 

summer, Sl to 81012. wnen all the eleven years values had been read 

into these blocks the computer came to a WAIT instruction. Again a 

short length of data tape was read in. This contained information on 

the recession factor to be used for the analysis, the A.P.I. value on 

the morning of September 30th of the previous 'tvater year and t'he rain­

fall which fell on that d~. 

The computer then. started to calculate the A.P.I. values, d~ by 

day, ~n chronological order, us~ng the rainfall part of the 7 digit 

number. As each d~s A.P.I. value was calculated it was attached to 

the front part of the 7 digit number representing rainfall-runoff on 

that d~, thus forming an 11 digit number. All of the eleven years data 

was processed in this way. 

The next step was to sort all the values in a season according to 

the magnit~de of the A.P.I. A separate block of locations labelled Bl 

to Bl012 was reserved for sorting, so that all the rainfall-runoff values 

could be retained in their original chronological order. Each of the 

seasons values i·Tere copied in turn, in 11 digit form, into the B 

locations, then the 11 digit number in the seasonal store location vTas 
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broken dmm into t\-TO parts, a 4 digit A.P.I. value, "1-Thich was then 

discarded and a 7 digit rainfall-runoff value, which was left in its 

original store location for future use. All the 11 digit numbers in the 

B locations were then sorted according to the magnitude of the A.P.I. 

The sorted numbers "1-rere then divided into ten approximately equal groups 

and a statistical analysis was carried out on all the rainfall-runoff 

pa~rs in each group (approx. 100 pairs). The results of this analysis 

"1-Tere printed out in the form shown in appendix I, pp. 64-74. \'/"hen the 

analysis of· one seasons values was completed, the process of copying 

the next seasons values into the sorting store locations Bl to Bl012 

was commenced, the old values ~n these locations being wiped out by the 

new· ones which replaced them. Hhen the analysis of the four seasons 

data was complete, the computer jumped to the WAIT instruction, reference 

number 8, ready to repeat the analysis "1-rith a ne\v value of K should this 

be required. 

The time taken by this programme, to analyse eleven years data 

us~ng one particular K value was 20 minutes, whereas with the previous 

method the time taken was nearer 8 hours. It was therefore possible 

to analyse the data using K values which ranged from 0.85 to 0.95 in 

steps of 0.01 i.e. eleven sets of analysis. 

The tabulated results are shovm ~n appendix I, pp. 64-74. Each 
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line contains the statis.tical information for one A.P.I. group. The 

number of rainfall-runoff pairs in each group is given under the heading 

N and the maximum A.P.I. value in the group is given under the heading I. 

There are ten groups per season, the lowest A.P.I. group in the autumn 

season being numbered 1 and the highest 10. The lowest A.P.I. group 

in the winter season is numbered 11 and the highest 20. In spring the 

numberings run from 21 to 30 and 1n summer from 31 to 40. 

The highest A.P.I. values in a season are shown on the lines 

numbered 10, 20, 30 and 40. The lowest A.P.I .•. values are not printed. 

The nomenclature for the other columns is as follows:-

p = Average rainfall group. 

Q = Average runoff for group. 

M = Slope of regression equation. 

c = Intercept of regression equation. 

E = One standard error of estimate. 

The 3( which follows the data on each page 1s a trigger symbol 

which will be used in following programmes. 

5.3. Graphs of results for a range of recession factor 

It was difficult to interpret the results of the last programme 

because there were so many values to compare. It was thought that it 
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would help if curves could be dra\orn for 1\f, C and E for each of the four 

seasons; autumn, winter, spring and summer. If the reference numbers 

were to be marked out in uniform steps along the X ax~s and if the 

values of M, C or E were scaled in the Y direction then a curve could 

be plotted through each of the points representing the ten A.P.I. groups 

per season. Eleven such curves could be plotted on each graph, one for 

each of the K values from 0.95 to 0.85 inclusive and it should then be 

possible to see which is the smoothest and which has the lowest standard 

error of estimate. These curves could be drawn by the graph plotter 

an.d the tape which was data output from the previous programme. This 

1-10uld save time in punching out data and what is more important 1·10uld 

eliminate the inevitable human errors which result when data is copied on 

a teleprinter. If this procedure was followed computing time would be 

used for reading figures which would not be required for the programme 

but the time lost in this process would be very small. 

If a set of eleven curves '\oTas to be plotted on one graph then a 

great deal of computing time could be saved by arranging for the plotter 

pen to draw the first curve starting from reference number 1, then the 

curve for the next K value in the reverse direction, starting with 

reference number 10, and so on, the direction of the pen travel being 

reversed for each curve representing a K value. 
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Such a programme was vTritten, see appendix I, pp. 34-36. The 

computer first output a length of blank tape and then read in the 

statistical output data, see appendix I, pp. 64-74, line by line, 

storing all the values read. When all the values relating to a 

particular K value had been read the trigger 3( was reached and the 

computer waited until the next length of data tape was inserted and the 

WAIT cleared. When all the eleven sets of data for the K values, 0.95 

to 0.85 inclusive, had been read into store a short length of data 

tape carrying three numbers was placed in the reader. The computer 

was then given a keyboard instruction to proceed from reference number 

16 on the programme. The first number on the tape was the number of 

A.P.I. groups in each season. e.g. 10. The second number was 4,5,6,7 

or 8, depending on whether P,Q,~il,C or E was to be plotted and the last 

number was 1,11,21 or 31 depending on w·hether the autumn, winter, 

spring or summer season values were to be graphed. 

The working store locations were g~ven the labels Ul to u441 and 

subroutines, labelled 4,5,6,7 or 8, were used to place the particular 

values of P,M,Q,C or E into these working store locations. The count of 

the suffix reference number Z for each working store location UZ was 

quite complex because· ·Of the decision to graph each curve in the reverse 

order to the previous one. For example, the plotter pen had to travel 

from the origin of the graph to a point ••hose Y co-ordinate was Ul, with 
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the pen raised. The pen was then lowered and the curve through the 

Y co-ordinates U2 to UlO i-ras draim vri th the pen dovm. The pen i'l'as 

raised and moved to the position of Y co-ordinate U50. The pen vras 

lowered and the curve through the Y co-ordinate U49 to U41 dra•m, in 

that order. The pen was then raised and moved to the position of Y 

co-ordinate U81, the pen was loi·Tered and the curve drawn through the Y 

co-ordinates U82 to U90, and so on. In this i'l'ay a set of curves i·Tere 

drawn for each season vri th a minimum of pen travel and thus computer 

time. The graphs shovring curves of M, the regression coefficient, C, 

the intercept of the regression equation and E, the standard error of 

estimate, for each of the four seasons, are shmm in appendix II, pp. 

18-23. 

5.4. Interpretation of the results 

The graphs of the regression coefficient M are not smooth. 

Considering the curve for any one particular group, it vras noticed that 

small changes in the recession factor K could bring about large changes 

in the regression coefficient M, but it was also noticed that where 

this had occurred, the value for M in the adjacent group had moved in 

the opposite direction. The explanation for this could be that when 

the recession factor K was changed in value, all the A.P.I. values 

throughout the seasons changed. As a consequence one or more rainfall 

runoff pairs could have their A.P.I. value changed so that they i'I'Ould 
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fall into an adjacent grouping. If these pairs which have changed over, 

have rainfall or runoff values i·rhich are high in comparison with others 

in the group, then they would have a great effect on the slope of the 

regression equation and on moving over into the adjacent group they 

•rould modify its IVi value, thus. producing a see-saw effect. An example 

of this is shown below. 

Group reference number 12 13 14 

Regression coef. IVi for K= .91 138.7 42.5 94.1 

Regression coef. M for K= .90 25.5 67.7 89.9 
(doi-m) (up) 

The graphs for the 1·rinter season, reference numbers 11 to 20, ivere 

the most erratic but this uas to be expected. The low temperatures and 

snOi-T i-Thich occur in i-Tinter will obviously delay the runoff following 

rainfall and i·rill consequently spoil the correlation between daily 

rainfall-runoff values. 

The curves shOi·ring the variation of the intercept of the regress~on 

equation C, with various values of K are shown in appendix II, pp. 20-21. 

The curves are fairly smooth ru1d lie close to each other. As a 

consequence, a change in K has little effect on the value of the inter-

cept. It should be possible to develop an equation so that the value 

of C can be determined for any A.P.I. value and a given K value. 
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Considering the graphs of the standard error of estimate E, 

appendix II, pp. 22-23. These were most erratic. There was no one 

curve obviously lower than another for any of the four seasons. It 

1-10uld appear that the choice of the recession factor K has little 

effect on the scatter of the rainfall-runoff values in any group. 

A decision had to be made as to the choice of K for each season, 

and so an alternative approach was tried. It was thought that the most 

suitable K value vTOuld be the one which gave the lo1·Test standard error 

of estimate for each of the ten A.P.I. groups in a season. Unfortun­

ately that 1-ras not a straightforward choice. The graphs show that a 

particular K value can give a low E value in one group and a high E 

value in another. It was decided that the best K value would be the 

one which·· gave ·the lowest mean standard error of estimate for all ten 

values in a season, but consideration would be given to the scatter of 

the E values vrithin this group of ten. The mean E and the standard 

deviation of E for each group of ten were therefore calculated for all 

eleven K values and each of the four seasons. The results are shown 

on the table g~ven on page111· Each seasons values were also plotted, 

by hand, see appendix II, p.24. An inspection of these graphs shm-rs 

that so far as the spring and summer seasons are concerned, the recess~on 

factor K, had little effect on the mean E or the standard error of 

estimate of E. For the winter months, the results were erratic, the 
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AUTUMN 

K .950 .940 .930 .920 .910 .900 .890 .880 .870 .860 .850 

Iviean E 34.7 33.4 32.8 32.2 31.7 31.2 31.1 30.7 30.1~ 31.2 31.2 

~E 23.4 23.6 23.7 24.3 23.0 23.6 23.4 23.0 23.2 25.0 25.0 

HilliTER 

K .950 .940 .930 .920 .910 .900 .890 .880 .870 .860 .850 

Mean E 55.5 55.8 54.4 57.3 57.9 55.4 55.2 56.8 56.8 56.3 56.8 

crE 22.2 21.0 22.3 15.9 14.5 21.5 21.9 17.1 17.5 18.1 17.8 

SPRING 

K .• 950 .940 .930 .920 .910 .900 .890 .880 .870 .860 .850 

l•1ean E 13.9 13.9 13.8 13.8 13.9 13.9 13.7 13.7 13.6 13.9 14.1 

crE 11.0 10.9 11.2 11.2 11.3 11.3 11.4 11.4 11.5 . 11.6 11.5 

SUMI~ER 

K .950 .940 .930 .920 .910 .900 .890 .880 .870 .860 .850 

Mean E 20.0 19.5 19.2 19.3 19.1 19.2 19.2 19.3 19.2 19.2 19.2 

aE 21.6 21.4 21.7 22.0 22.1 22.0 21.8 21.8 21.8 21.9 21.8 
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standard deviation of E came dolm as the mean came up and vice versa. 

It was not possible to discern a tread. For the autumn there was a 

lolv mean E at K = 0.87 and the standard deviation was also lo1·T at this 

K value. 

The 40 regression equations obtained by using a recess~on factor 

of 0.87, l·Tere drawn out by the plotter using the programme described 

earlier on page 42. The graphs of the ten regression equations for each 

of the four seasons are sholVJn in appendix II, p.25. The arrangement 

of the ten equations for the summer season follows the expected pattern 

and is good. The results for the winter season are again shown to be 

the worst. 

After g~v~ng the matter due thought it was decided that a K value 

of 0. 87 should be used for all seasons in future calculations. It vras 

obviously the best for autumn and the choice of K seemed to make little 

difference for the other three seasons. 
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6. THE FINAL SCHEr-fE OF \oTORK 

6 .1. The analysis of values on dry days 

Consideration of the graphs shown in appendix II, pp. 20-21, 

'·Thich shm-1 the variation of the values of the intercept of the regression 

equation C, for each of the ten A.P.I. groups, had led to the conclusion 

that an equation could be developed between A.P.I. and c. Since C is 

the intercept of the regression equation it represents the daily run-

off on days vThen there has been no rainfall. This being so, it \-Tould 

seem reasonable to assume that this relationship between A.P.I. and 

C could be best determined by making an independe~t analysis of all 

the days on which there \-Tas no rainfall, instead of just considering 

the ten group values. 

A new programme was written to do this (appendix I, p. 37). It 

followed the previous programme, for the sorting and analysis of all 

rainfall-runoff values, up to the point where the data was grouped 

according to season and then each seasons values sorted in order of 

A.P.I. magnitude. The rest of the programme, which followed the 

Elliott machine code sorting routine, was discarded and instead of 

carrying out a statistical analysis on groups of data a new page was 

written to separate the rainfall days from those on which no rainfall 

fell. rfuen a day was found on which there had been no rainfall, the 
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A.P.I. value on that day and the runoff value on that day were printed 

out. This procedure was followed until a whole seasons values were 

processed, a trigger 1( was then printed and this was followed by a 

number representing the number of days, in that season, on which no 

rainfall had fallen. A length of blank tape vras then output and 

calculations for the next season started. Since all the values being 

processed were in integer form, the print out of A.P.I. was in the 

units of, inches x 100, and the units of runoff were M.G.D. x 10. The 

p~ece of programme vrhich follmred on after the Elliott sorting routine 

was fully annotated and is shom1 in appendix I, p. 37. An example of 

the print out of A. P. I. and runoff Q, vrhen the rainfall on a day is 

zero, is shown in appendix I, pp. 75-76. 

A statistical analysis could have been carried out on the results, 

•ri thout printing them all out, as had been done in the previous 

programme, but since nothing l·ras known of the distribution of the A.P.I. 

against Q values it was thought that a clearer picture would be obtained 

if a scatter diagram of all A.P.I. against Q values was produced for 

each of the four seasons. A calculated regression equation ·could then 

be super imposed on each of these diagrams. A small, simple programme 

was written to produce this plot. This can be found in appendix I, 

p. 38. The data input to this programme was the pairs of A.P.I. and Q 

values output by the previous programme. As each pair of these values 
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was read into the computer the point representing these pairs was 

plotted. This procedure was follmred until the trigger 1( was read. 

The computer then came to a WAIT instruction ready for the next seasons 

values to be fed in. When the scatter diagrams had been produced each 

seasons A.P.I. and Q values were fed into the computer with a programme 

to analyse an ungrouped bivariate distribution. The regression 

equations \oThich w·ere output are sho\m on the follmring page and the 

scatter diagrams can be seen 1n appendix II, pp. 26-27. Each 

regression equation was drawn on the appropriate scatter diagram, by 

hand. 

The number of points on each of the vertical lines of the 

scatter diagram gives an indication of the distribution of A.P.I. 

values. It vrould appear that the distribution of these values is skevr, 

the spring season being farthest from a normal distribution. The 

distribution of runoff on dry days is indicated by the number of points 

lying betvreen pairs of horizontal lines on the scatter diagrams. The 

distribution of these runoff values is also skew and again, Spring, 

would appear to be farthest from the normal. 

An investigation •ras carried out on sample values of A.P.I. and 

runoff to see if transformations of log.A.P.I., log.Q, square root or 

log. arithmetic type, would force the data into a better approximation 



RELATIOliTSHIP BETHEEN A.P.I. AND RUNOFF ON DRY DAYS 

Units:- Q in m.g.d. A.P.I. in inches. 

Season Number Values Mean Standard Regression equation Correlation 

of pairs Deviation Coefficient 

A.P.I. .613 • 474 
Autumn 429 Q = 40.l(A.P.I) + 2.55 .758 

Q 27.1 25.1 

A.P.I. .644 .446 
\·Tinter 442 Q = 29.7(A.P.I) + 17.2 .432 

Q 36.4 30.7 

A.P.I. .450 .373 
Spring 551 Q = 30.9(A.P.I) + 2.64 .684 

Q 16.6 16.8 

A.P.I. .608 .517 
Summer 504 Q = 23.3(A.P.I) - 0.95 .740 

Q 13.2 16.3 

Standard 

Error of 

Estimate 

Q on A.P.I • 

16.4 

27.6 

12.3 

10.9 

... 

I 

' 
I 
I-' . ...... 

·.0'\ 

I 



of the normal dist~ibution but only the spr~ng data proved to be 

amenable to this kind of treatment, it was obviously much too severe 

for the others as they all showed pronounced curvature after the 

transformation had been carried out. The best straight line for spring 

was obtained when the logarithm of runoff on dry days was plotted 

against arithmetic A.P.I. values. The amount of calculation required 

to synthesise runoff values would obviously be less if use is made of 

the regression equations which have been obtained on the assumption 

that the distribution is near normal. In the summer season this could 

lead to negative values of river flow. The equation Q = 23.3 (A.P.I.) 

-0.95 shows that this could occur when the A.P.I. value falls to 

o.o4 inches or less. Such low values of A.P.I. would only occur at 

times of severe drought and then only for a short period of time, and 

it was thought that the few negative daily values would not effect 

the accummulated values to any great extent. 

6.2. Graphs of A.P.I. and runoff on wet days 

The modification of a single line in the penultimate programme, 

i.e. a change from Jill4P lF P = 0 to JUMP lF P greater than 0 would 

enable data to be output which could be used to draw scatter diagrams 

of runoff on rainfall days against A.P.I. These would be of interest, 

if not of direct use. The diagrams which were produced are shown in 

appendix II, pp. 28~31. The scatter of points.in each of these four 



diagrams follo1·T curves and these curves might ••ell be straightened 

if logarthms of runoff on rainfall days Here plotted against arithmetic 

A.P.I. 

6.3. Recapitulation 

The procedure described under the heading "First analysis" (see 

page Sf i has been completed up to· ·paragraph f. Paragraph g reads, 

g) Using the set of regression equations associated vTi th the most 

suitable K value for a season, generate synthetic runoff values from 

actual rainfall data and calculated A. P. I. values. 

In a previous programme sets of regression equations "for various 

values of the recession factor, K, had been determined and a value of 

K = 0.87 had been chosen as the best of· all four seasons (see page 1.~~. 

There vrere ten regression equations for each of four seasons and 

these equations could be used for the generation of synthetic runoff 

values if the rainfall data was first sorted into the A.P.I. groups, 

shown in the left hand column under the heading I. The objection to 

this procedure was that some of the graphs of t'I, C and E plotted 

according to A.P.I. groups (see appendix II, pp. 18-23) 1-1ere erratic 

and it appeared unlikely that a reasonably accurate value of runoff 

could be calculated from these eauations as they stood. 
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The graph of C against A.P.I. group number had led to the idea 

of correlating the runoff on dry d~s against A.P.I. Scatter diagrams 

were produced using these values (see appendix II, pp. 26-27) and 

regression equations were calculated for each of the four seasons. 

Using a similar programme, scatter diagrams were also produced of 

runoff on rainfall days against A.P.I. (see appendix II, pp. 28-31). 

Although the values in the column headed C (appendix I, pp. 64-74) 

represent the intercept of the regression equations and will therefore 

give the theoretical value of runoff on a day when the rainfall equals 

zero, the value of the runoff on a dry day calculated from one of the 

four equations given on page 116, could not be used in place of C. 

This is because all values of runoff were used in the calculation of 

the original C. If the data for the runoff on dry days had been 

omitted from the original calculation then different values from M and 

C would have been obtained. 

If the four equations, relating runoff on dry days to A.P.I. are 

to be used for the generation of synthetic runoff values then another 

correlation of rainfall-runoff values will have to be carried out. 

This time the data will have to be further sorted after all the A.P.I. 

values have been calculated so that runoff values on dry d~s are 

excluded from the analysis. 
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6.4. Correlation of values on wet days, in moving groups 

In the previous analysis, the value of the regression coefficient 

M varied considerably in adjacent A.P.I. groups. It was thought that 

smoother transitions may be obtained if a different system of grouping 

w·as used. Instead of sorting the rainfall-runoff values into ten 

groups of approximately a hundred pairs, according to the range of 

their A. P. I. values, the rainfall-runoff pairs 1·Tould be sorted into 

order of magnitude of A.P.I. values, lowest first. Then the first 

fifty of the rainfall-runoff values would be analysed. When the 

results of this analysis had been printed out on a line, the fifty 

rainfall-runoff pairs lying between the 5th and 56th lowest A.P.I. 

values would be analysed. The statistical analysis i·Tould be repeated 

on each group of fifty values formed by moving through the full range 

of A.P.I. values in steps of five. 

The programme which had been used previously to sort and analyse 

the eleven digit integer numbers was applicable up to the end of the 

sorting routine of 11 digit integers. A ne1:1 piece of programme was 

vrri tten to follo1-1 on from this point, the setting instructions of the 

old programme being modified to suit. This replacement part is shown 

in appendix I, pp. 39-41. This p~ece of programme first broke down 

the eleven digit integer into A.P.I., P and Q. The value of P vras then 

inspected to see if it vras greater than zero. If it i-Tas not greater, 
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then the value of A.P.I., P and Q, l·Tere ovenrritten by ne-.;-r :v.a.lues 

derived from the next eleven digit integer. If P was greater than zero 

then the computer jumped to instruction which directed it to store 

the values A~P.I., P and Q in a numbered location, to calculate and 

store P2, Q2 and P x Q in separate locations -vri th the same suffix 

number, and to sum A.P.I., P,Q, P2, Q2 and P x Q values as they were 

calculated, until fifty values of each had been summed. Hhen these 

fifty sets of values had been summed the computer jumped to a block of 

instructions to carry out a statistical analysis using the sum of these 

six values as initial data. The results of this analysis being printed 

out on a single line under the following headings (see appendix I, 

pp. 77-79 for sample). 

I = Average A.P.I. for these 50 values. 

N = Number of values analysed (first line). 

Steps of moving average (subsequent lin~. 

p = Average rainfall of these 50 values. 

Q = Average runoff of these 50 values. 

i'-1 = Slope of regression equation for these 50 values. 

c = Intercept of the above equation on the runoff axis. 

E = One standard error of estimate. 

Reference number of group. 
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When the results of the analysis of the first fifty values had 

been printed out, a jump instruction sent the computer back to the end 

of the sorting routine to break do•m the next eleven digit integer and 

to test to see if there rTas rainfall on that day. If so, the value 

of A.P.I., P, Q, P2, Q2 and P x Q fifty days before rtas subtracted 

from the current values of A.P.I., P, Q, p2, Q2 and P x Q. The 

difference, which could be positive or negative in value, was then 

added on to the fifty day totals of A.P.I., P, Q, p2, Q2 and P x Q. 

This process was repeated five times and then the computer was 

instructed to jump to the block of instructions "\·Thich carried out the 

statistical analysis, using the six nerT values of fifty day totals as 

data. 

This procedure •ras repeated throughout a season. If the number 

of days on which rainfall .fell was not exactly divisible by five, then 

the last fifty values analysed w·ould not have moved five steps from the 

pre~ous one, but only by the number of steps ~n the remainder. This 

movement is printed out in the column headed N. 

In order to keep the requirement for computer storage down to 

workable limits the programme had to be •rri tten so that each value, 

fifty days before the one being currently used, was overwritten. This 
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made the programme a little more complicated, but using this method 

fifty values of each A.P.I., P, Q, P2, Q2 and P x Q could be stored 

in three hundred locations, instead of using more than the three 

thousand, which would have been required if cyclic ovenrriting had 

not been employed. An additional three thousand values could not have 

been stored in our Elliott 803 computer and the analysis could not 

have been performed on this machine. 

A sample of the results of the statistical analysis is shoim in 

appendix I, pp. 77-79. These results were graphed on the plotter using 

a programme similar to that shown in appendix I, pp. 34-36. The only 

difference in the new programme was that instead of moving along the 

horizontal axis in uniform steps of 1 em. at each change in A.P.I. 

group, the movement vras made proportional to the difference between 

the A.P.I. values of each group. The graphs of M against A.P.I. and 

C against A.P.I. are shown in appendix II, pp. 32-37. The best 

straight line through these curves was determined by correlating the 

M and A.P.I. values and by correlating the C and A.P.I. values. The 

regression equations obtained are shown over. 
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Season No. of Regression equation Regression equation 
groups of M on A. P. I. of C on A. P. I. 

analysed 

Autumn 108 iVI = 93.3(A.P.I) + 0.2 c = 55.6(A.P.I) - 5.6 

Hinter 102 M = 45. 3(A.P .I) + 30.0 c = 45.8(A.P.I) + 21.0 

Spring 82 M = 72.4(A.P.I) - 1.0 c = 31.2(A.P.I) + 0.5 

Summer 93· M = 105.6(A.P.I)-3l.l c = 27.l(A.P.I) - 3.0 

The line representing each equation was dra1m on the appropriate 

curve by hand. 

6.5. Observations on the results of the moving group analysis 

The curves of M against A.P.I. are still erratic. If a larger 

number of pairs of rainfall and runoff had been grouped together for 

analysis (say 100 pairs instead of 50) a smoother· curve vTOuld have been 

obtained, but the lowest of the average A.P.I. values would have been 

considerably larger and the highest of the average A.P.I. values w·ould 

have been lm-rer. Since these extreme values are important it 1·1as 

felt that the best compromise had been adopted and that nothing would 

be gained by repeating the analysis vrith groups of hundred pairs. 

The regression equations of ivl on A.P.I. and of C on A.P.I. have a. 

negative intercept in some instances. 'I'his means that at 101-1 A .P. I. 

values negative runoff \·Till be obtained from these equations. It 



would appear that the skew distribution. of rainfall and runoff is 

responsible for this effect. A closer approximation to a straight 

line may be obtained for some seasons if the logarithm of runoff 

values were analysed. 

6.6. Calculation of runoff from rainfall and equations 

The analysis of the run off values on days w~en there had been 

no rainfall gave four equations, one for each season, each of >vhich 

related Q to A.P.I. for a particular value of the recession factor 

K. i~ith a K of 0.87 the equations >vere as follm·rs:-

Autumn 

Hinter 

Spring 

Summer 

Q = 
Q = 

Q = 

Q = 

40.1 (A.P.I.) + 2.5 

29.7 (A.P.I.) + 17.2 

30.9 (A.P.I.) + 2.6 

23.3 (A.P.I.) 1.0 

The runoff on wet days was related to the rainfall by an equation of 

the form Q = PM + C where P is the rainfall,M is the slope of a 

straight line and C is the intercept of this line of the Q axis. This 

equation was applied to a group of rainfall-runoff values occurring on 

days >vhen the A.P.I. fell within certain limits. The values of i'-1 and 

C were found to be related to the A.P.I. calculated from a recession 

factor of 0.87 by the following equations:-



- :1::26-

Autumn M 93.3 (A.P.I.) 

Winter £;1 = 45.3 (A.P.I.) 

Spring M = 72.4 (A.P.I.) 

Summer ~1.! = 105 .6(A.P .I.) 

+ 0.2 

+ 30.0 

1.0 

31.1 

C = 55.6 (A.P.I.) 5.6 

C = 45.8 (A.P.I.) + 21.0 

C = 31.2 (A.P.I.) + 0.6 

C = 27.1 (A.P.I.) 3.0 

Before these equations can be used a daily A.P.I. value must 

be calculated for a recession factor of 0.87. This is a simple 

calculation vrhich requires only a knm-Tledge of the previous days 

A.P.I. value and the previous days rainfall. 

The progra.nnne i-Thich was written to calculate the runoff is 

shown in appendix I, pp. 42-43. First the slopes of and the intercepts 

of the three equations, for each of the four seasons, were read into 

store. The computer then 1-1ai ted for information on K, A.P .I., 

precipitation and date from the previous vrater year. lfuen this had 

been read in it again i·Tai ted for the first years data on rainfall to 

be inserted. The rainfall data was presented in the form shown in 

appendix I, p.50 and was complete with date, daily rainfall values, 

monthly totals and triggers. ·The date vras first checked to ensure 

that the rainfall data vThich had been inserted followed on ~n 

chronological order from the last date read. The first rainfall value 

was then read and a count of days and months started. A running total 

of rainfall was also kept so that a check could be made at the end of 
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the vrater year, to see that rainfall values had not been misread. 

The A.P.I. was then calculated for this .day and if the rainfall, P, 

'vas zero the appropr~ate equation for calculating runoff from this 

A.P.I. value was called out of store and used. If the rainfall value 

was greater than zero the two equations for calculating M and C for 

a particular A.P.I. value were first used and then this calculated 

value of M and C was used to determine the runoff using the days ra1n­

fall value. The calculated runoff value vras then printed out in a 

similar format to that used for actual runoff values. 

This procedure vras follovred until a 'vhole years rainfall data 

had been processed. At the end of the year the following values 'vere 

printed out after a run of forty blanks:-

Annual rainfall, annual runoff (calculated), recession factor, A.P.I. 

on September, 30th of current year, rainfall on September, 30th of 

current year and date of commencement of the water year which has just 

been processed. These last four values 'vere required as data for the 

start of the next years calculations. They did not need to be read 

into the computer if the next years calculations ,.ras to follow on 

immediately, for the programme 'vas vrritten so that a WAIT instruction 

could be cleared immediately after inserting a new years rainfall data, 

without having to re-read all the preliminary data. 
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The twelve years of rainfall record from 1st October, 1953 to 

30th September, 1965 •rere processed as described. A sample of the 

output can be seen in appendix I, pp. 80-81. The calculated results 

gave negative daily flows on some days, as was to be expected from 

the formula used, but this did not cause undue concern because it 

was realised at the outset that the calculated daily value could 

differ considerably from the actual runoff value on any one day. If 

however, the calculated runoff is used to build up a diagram of 

accummulated deficiencies or excesses from a mean value, then the over­

estimates of one days calculated runoff may well be cancelled out by 

under-estimates on preceding or subsequent d~s. 

6.7. Graph of accummulation of daily runoff deficiencies 

The programme to plot the accummulation of daily runoff 

deficiencies or excesses from an eleven year mean runoff is shorrn ~n 

appendix I, p.44. It is similar in form to the first programme in 

this thesis but the re-arrangement of the form of presentation of the 

runoff data, and the inclusion of the trigger 1( at the end of each 

month has allovred a great simplification. 

Before the calculations could be started it was necessary to 

sum up the total runoff over the eleven year period. This need had 

been anticipated and all that ,.ras required was to add up the eleven 
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yearly totals, that had been printed up by the computer at the bottom 

of each page of calculated runoff. The first step was to read in this 

total runoff value which was immediately divided by 4018 days to give 

the average daily runoff. The computer then read in the plotting 

scales in the X andY directions. At the WAIT instruction the 

calculated runoff data for the first water year was inserted and the 

computer then plotted the accummulated deficiency or excess from the 

mean, day by day as it i·ras read in. At the end of each month, when 

the trigger 1( was read, the computer ,.,as instructed to draw a vert­

ical line 1 em. long and at the beginning of the calendar year, to 

draw a vertical line 2 em. long. vfuen a full years data had been 

read in the computer returned to the WAIT instructions and the next 

years data could then be inserted. 

Calculated runoff values for twelve years were read in to be 

plotted. The twelfth years values were outside the period of record 

used for the correlation analysis. 

Using the same programme, actual runoff values were plotted 

onto the same graph. The programme was then modified and daily rain­

fall values from the rain gauge vrhich lay outside the catchment, but 

which had been used for the correlation of rainfall-runoff values, 

were plotted onto the same sheet of graph paper. These graphs are 

S~iuviil iu C:L"ppenerix II, p. 36. 
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7. COMMENTS AND CONCLUSIONS 

7.1 CumUlative deficiency diagrams 

These can be quickly and accurately plotted by computer. Daily 

runoff records from a river gauge close to the dam site can be 

adjusted and used with variable draw off rates to produce a graph OI' 

a numerical print out of quantities to be stored in a reservoir at any 

given date. The graphical output, shows at a glance, the critical 

period, the maximum storage and the dates and magnitudes of overflows 

for a given initial reservoir condition. Variable evaporation rates 

can be included with the variable draw off and compensation 1-rater 

data. These were omitted from the Derwent data because evaporation 

rates are low in South Northumberland. A check was made using figures 

for potential transpiration and evaporation from free water surfaces 

which are given in a Ministry of Agriculture bulletin {Ref. 38). 

These results showed that the difference between the evaporation from 

a free water surface of 1000 acres and the potential evaporation from 

the original vegetation on this area only amounted to 1 m.g. per year. 

An inspection of the Cumulative deficiency diagram for the Derwent, 

appendix II, p.l, shows a very high utilization of runoff. If it is 

assumed that the reservoir was just full on April, 4th, 1955 then the 

maximum draw down would occur on the 13th November, 1959 i.e. in 
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approx;i.mately four and a half years. It would not fill up again 

until February 5th, 1961 i.e. taking almost six years to refill. It 

would then overflow up to February 15th; during this ten day period 

483 m.g. would be lost. In April, 1962 it would overflow again, 173 

m.g. being lost, and in April, 1964 the loss would be 225 m.g. It 

would not overflow again in the period under review which ends in 

September, 1965. Hence in the ten and a half years from April 1955 

to September 1965 only 

483 + 173 + 225 = 881 million gallons would be lost. 

The total inflow over the ten and a half year period (i.e. 3833 

days ) would be 

(3833 x 26.5) + 881 = 101575 + 881 = 102456 m.g. 

The actual yield will be 101575/102456 x 100% of the runoff over this 

period, which is more than 99%. 

Ruffle, in his I.W.E. paper (ref.35) gives the effective avail­

able storage as 8,400 m.g. If it is assumed that the condition of the 

reservoir on October, 1st 1953 was such that it would lead to a draw down 

o.f 8,400 m.g. on November 13th, 1959 then 62 m.g. would overflow 

between 11th and 15th of February, 1962·, a further 173 m.g. would over­

flow in 1962 and 225 m.g. would overflow in 1964. This makes the 

total overflow over the twelve year period of record from October 1st 
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1953 to September 3oth 1965 equal to 

62 + 173 + 225 = 460 m.g. 

The total inflow over this period (4383 days) would be 

(4383 x 26.5) + 460 = 116150 + 460 = 116610 m.g. 

The actual yield \-Tould be 

116150/116610 X 100% 

of the runoff, which equals 99.6% of the runoff. 

With regard to the critical period of reservo1r depletion R.w.s. 

Thompson (Ref. -39) states that the length of the critical period will 

be greater where, 

a) the storage 1s large in relation to the mean annual runoff 

b) the variability of the runoff, both annually and seasonally 

is the· greatest. 

As was stated previously, the critical period for a reservoir 

of 7,979 m.g. capacity exceeds four and a half years. If the reservoir 

1s assumed to be drawn down 8,400 m.g. on November 13th, 1959 then the 

reservoir would be expected to have a critical period exceeding this. 

An inspection of the cumulative deficiency curve, (Appendix II, p.l) 

shows that the reservoir would not fill up in the six years prior to 
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November 195.9 and even if it is assumed that the years preceding 

October, 1953 were dry and followed a pattern similar to the 1955-59 

period, then the reservoir would not pass from full to a draw down of 

8,400 m.g. in a period of ten years. 

7.2. Histograms of Runoff 

The graphs, appendix II, pp. 2-4, show that frequency distrib­

utions of daily runoff are positively skewed. The months of December 

and January are nearest to normal with few extremely high flows and 

few low flows. At the other extreme we have the example of August 

where there are the highest daily flows and a large number of days 

when the flow is in the minimum flow range. 

Positive skewness is a characteristic of the distribution of 

daily rainfall values, for these are limited by zero values on the 

lef't, but are unlimited on the right. Since rainfall is the largest 

input to the runoff cycle it is to be expected that the distribution 

of the runoff will have similarities to that of rainfall distribution. 

7.3. Moving average of a grouped period of runoff 

The graphs of 15,30 and 91 day periods, (appendix II, p.5) show 

the attenuation of.the peaks and troughs and also the smoothing effect, 
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which occurs when daily values are averaged over a period. The graph 

of the 91 day values is easiest to follow. 

There is normally one peak and one trough each year on this 

graph but the dates on which they occur vary from year to year. In 

1954 there was a very small trough followed by a very large runoff in 

the latter part of the year. This was fortunate when one considers 

the low total runoff which occurred in 1955. Three and a half years 

later there is a further period of eighteen months with very low run­

off and a low peak over the winter period. It is the proximity of 

these two low runoffs that results in the critical period of four and 

a half years for the reservo~r of 7979 m.g. capacity. 1956 was an 

unusual year ~n that two peaks and one deep trough occurred in a ten 

months period. 

The graphs show that there is not a close relationship between 

calendar date and runoff rate on the Derwent catchment. As a conseq­

uence, it was decided that it would be best to correlate a large number 

of events in four seasonal groups rather than a smaller number of events 

in monthly groups. 

7.4. Graphs of regress~on equations 

In the original analysis the ten straight lines, representing the 
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regression equations for each of the ten A.P.I. groups, showed a 

definite pattern, (appendix II, pp. 14-17). The equations for the 

values in the ~ower A.P.I. groups had the smallest intercepts and 

slopes whilst ~n the higher A.P.I. groups the regression equations had 

higher intercept values and steeper slopes. This was promising. How­

ever, in the first analysis, the number of pairs of values, in each 

of the ten A.P.I. groups, was variable and in some instances the 

number of pairs was so small that the result was not valid. This 

difficulty, together with the problem of handling the thousands of 

values in and out of the computer led to the abandonment of this method. 

The new method of analysis using sorted integer values allowed 

a more complete analysis to be made, with a predetermined number of 

values in each A.P.I. group and using various recession factor values, 

all in a fraction of the time of the original method. This however 

brought its own problems in that with the eleven K values used, there 

were now four hundred and forty equations to assess. Once again, use 

was made of the graph plotter. Previous work had shown that the slope 

of the regression equation could be expected to increase in the higher 

A.P.I. groups, as could the value of the intercept. It was hoped 

that the values of the slope and the intercept would increase ~n a 

smooth fashion. In order to view the effect of the recession factors 

on this rate of increase the new graphs were plotted in the form 

shown in appendix II, pp. 18-23. 
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An· inspection of these graphs reveals the following features:-

a) The seasonal effects on correlation are apparent. In every case 

the curves for spring and summer are smoother than those for winter. 

b) The correlation between the intercept of the regression equation 

c, and the A.P.I. grouping, ~s sufficiently good to give a reason­

ably smooth curve for all four seasons. 

c) The recession factor K, appears to have little effect on the 

correlation. 

7.5. Choice of recession factor 

The marginal effect of the recession factor on the correlation was 

confirmed by the graphs shown ~n appendix II, p. 24. These were plotted 

on a false origin so that the scale could be made large enough to show 

the slight differences which did occur. After studying these graphs it 

was decided that a recession factor of 0.87 would be used for the 

remainder of this work. 

7 .6. Runoff on Dry Days 

The intercept of the regression equation is the runoff value 

obtained from the equation when the rainfall is zero. The correlation 

between the intercept of the regression equation and the A.P.I. group 

value was good. This suggested that it would be worthwhile to separate 

the data referring to runoff and A.P.I. on dry d~s from the total data. 

The runoff on dry days could then be correlated with the A.P.I. and the 

runoff on wet days correlated with rainfall according to the A.P.I. group. 
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The scatter diagrams of the A.P.I. and runoff on dry days are 

shown in appendix II, pp. 26-27. These show that the distribution of 

both values is positively skewed and that once again, the correlation for 

the winter quarter is worst. On each of the four seasonal graphs .there 

is a lol-Ter line of dots which is almost horizontal. On the autumn and 

spring graphs there are further distinct lines of dots where the A.P.I. 

is less than 0.1 inches. These are possibly due to rain falling on dry 

ground, where it would have little effect on the runoff on subsequent 

dry days. The A.P.I. value would rise at 9.0 a.m. on the day following 

the rainfall. A better correlation may be obtained if anticedent 

conditions index values l-Tere plotted against runoff on dry days. 

A statistical analysis was carried out on these values, assuming 

a normal distribution, and the regression equations were drawn on each 

of the graphs. These equations give runoff values which do not accord 

with those actually recorded at the lower end of the A.P.I. range. 

This may be due to.the skewed distribution of both the A.P.I. and runoff 

values. 

1.1. Runoff on Wet Days 

The scatter diagrams of A.P.I. and runoff on wet days are shown 

in appendix II, pp. 28-31. The scales differ from those used to plot 

the runoff on dry days because the range of both A.P.I. and runoff values 

was much greater on wet days. 



- 138-

The correlation coefficients for each of the four seasons for 

both the dry day and wet day analyses are !'>et out below. 

A.P.I. and dry days 

A.P.I. and wet days 

Autumn 

.76 

.68 

Winter 

.43 

.32 

Spring 

.68 

.63 

Summer 

.74 

.68 

As can be seen, there is a higher correlation between A.P.I. and 

runoff on dry days than there is between A.P.I. and runoff on wet days, 

when rainfall is obviously a causative parameter. Since the A.P.I. is 

in part derived from rainfall figures for the previous day and since it 

~s known that the probability that rain will fall on a given day is much 

greater if it fell the preceding day, (ref. 37) it is difficult to know 

what value to plac·e on the coefficient obtained by correlating runoff on 

wet days with A.P.I. 

The correlation of runoff on wet days with rainfall on those days 

was carried out on groups of fifty pairs of values, the values being 

grouped according to A.P.I. range. The regression equations obtained 

were therefore associated with a certain mean A.P.I. value for the 

group. The regression coefficients and the intercepts of the regression 

equation were plotted against mean A.~.r. for each of the four seasons 

and these are sho~-m in appendix II, pp. 32-37. 
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The slQpes and intercepts of the regression equations did not 

~ncrease smoothly with increasing A.P.I. and so the equation for the 

best fit straight line was calculated for each of the eight graphs. 

These lines gave the relationship between slope and A.P.I., and 

between intercept and A.P.I. for the regression equations relating 

runoff on wet days to rainfall on that day. 

The equations for the summer season could g~ve a negative value 

for the runoff when the A.P.I. falls below 0.3 inches, but there are 

only a few days when lol·T A.P.I. is associated with heavy rainfall and 

so these negative quantities would not be expected to have a great 

influence on the final graph. 

7 .8. Calculation of Runoff 

The daily runoff values w·ere calculated from the equations 

reiating runoff to A.P.I. on dry days, when there was no rainfall. On 

days when rain fell, the eight equations relating A.P.I. to the slope 

and intercept of the regression equations for rainfall and runoff were 

used. As expected, a few of the values were negative, but these were 

used with all the others to plot the curve showing the accumulation 

of daily runoff, (deficiencies or excesses), from the daily mean run­

off, which was calculated from the first eleven years of derived run-
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off. Similar curves were plotted for actual runoff and for rainfall 

at the Tunstall gauge. 

Th~ actual runoff over the eleven year period amounted to 150622 

m.g. whilst the calculated runoff over this eleven year period amounted 

to 155226 m.g. The percentage error equals 

155226 - 150622 X lOO = + 3%. 
150622 

Considering the water year 1964-65, which was outside the period of 

analysis, the actual runoff for the year amounted to 14275 m.g. and the 

calculated total amounted to 14094 m.g. The percentage error equals 

14275 - 14094 X lOO 

14275 

7.9. Cumulative Curves 

1.3%. 

The following points were borne in mind when studying the curves 

(see appendix II, p.38). 

a) Since for each of the three curves the excess or deficiency has 

been calculated from their individual eleven year means, then 

all three curves should coincide initially and the end of the 

eleven year period. 
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b) At the· date when a curve crosses the horizontal ax~s representing 

the mean, the total rainfall or runoff between October 1st, 1953 

and that date is equal to the daily average multiplied by the 

number of days from October 1st, 1953. 

c) If a part of a curve is parallel to the horizontal axis 

representing the mean, for apy period of time, then during that 

.period the rainfall or runoff is at the average rate. 

d) On days when there is no rainfall, the rainfall curve will be a 

straight line of negative slope, which is equal in magnitude to 

minus the average daily rainfall. 

The curves derived from the calculated and the actual runoff 

show that all the major peaks and troughs occur in the correct sequence 

and that many of the smaller irregularities on the actual curve are 

reproduced on the calculated one. 

Unfortunately, the magnitude of the deficiencies and excesses do 

not agree. 

A detailed inspection of the three curves, season by season, 

reveals the following. 

Hinter. 

For eight of the twelve vTinters, the calculated runoffs are less 



than the actual, and-two are in close agreement. The winters of 1962 

and 1963 show different patterns for the actual and calculated values. 

It is believed that this is due to precipitation being retained on the 

catchment in the form of snow and ice. 

Spring. 

There is fair agreement between actual and calculated values for 

this quarter but it is noticed that where the first month of the 

season was dry the calculated response to rainfall is too high. 

Summer. 

Five seasons gave good agreement, for the others it was noticed 

that if rainfall was preceded by drought the calculated values responded 

immediately to the rainfall, whilst the actual values did not. The 

opposite effect occurred if heavy rainfalls followed a period of 

average rainfall, the actual runoff increased much more than the 

calculated. 

Autumn. 

This seasons calculated values responded to rainfall in the 

same manner as the summers. If the ground is dry due to a low rainfall 

then the calculated values respond too quickly to rainfall. If the 

rainfall ~n the preceding months has been sufficient to saturate the 

ground then the actual response to rainfall is greater than the cal­

culated. 
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During the winter, the correlation between daily rainfall and 

runoff values is not particularly good, but an inspection of the 

cumulative runoff values at the beginning and end of each winter season 

shows that the daily errors have not accumulated. It may be that 

frost and snow have held up the water on the catchment for a limited 

period, so that the runoff on any one day cannot be directly related 

to th~ rainfall on that day. Over the whole of the winter period 

however, the daily errors are averaged out and the majority of rain­

fall falling in the winter season ultimately appears as runoff. 

The major errors 1n spr1ng, summer and the early part of autumn 

are possibly due to rainfall replenishing a groundwater deficiency. 

Between 80 - 85% of transpiration losses occur 1n the spr1ng 

and summer season, the losses possibly exceeding the rainfall during 

this period. lih.en this occurs, the deficit has got to be replaced 

by rainfall before there is any appreciable increase in runoff rate. 

The ant¢cedent precipitation index is an index of ground moisture 

conditions preceding the onset of rainfall. It is most commonly used 

with a coaxial correlation technique for forecasting runoff from storm 

rainfall. Since the A.P.I. rises on the day following a rainfall day 

by an amount equal to that day's rainfall and decreases daily according 
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to a logarit~ic recession, it is a good index of soil moisture 

conditions at the·surface, but it does not allow sufficiently for 

moisture. content below the surface. Runoff in spring and summer ~s 

possibly more closely related to groundwater deficiency, than it ~s 

to surface moisture conditions and the A.P.I. may not be the most 

suitable index to use for correlation during these months. 

The Ministry of Agriculture, Fisheries and Food, Technical 

bulletin Number 4 (Ref. 38.) describes a method for calculating the 

groundwater deficit, using monthly averages of potential trans­

piration, sunshine hours and \-Teighting factors. Tables are supplied 

giving values for England and Wales, Scotland and Northern Ireland 

based on the years 1930 to 1949. 

A refinement is described whereby the average monthly potential 

transpiration figures can be adjusted to allow for actual sunshine 

hours, if these are available. Since the actual sunshine hours do 

not vary greatly from place to place the same hourly sunshine figures 

can be used over quite large areas, possibly a county or half a county. 

7 .10. An alternative approach 

Bearing in mind the foregoing observations, the following 

alternative method is suggested as a means of synthesising daily 
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runoff from daily rainfall, usins a corr-elation technique. 

First group the data into four quarters, Spring, Summer, Autumn 

and Winter and then determine the regression equations for each 

quarter following the procedure described belol-r. 

Spring and Summer. 

a) Calculate the daily potential transpiration, making adjustments 

for sunshine hours. 

b) Subtract the daily potential transpiration value from the daily 

rainfall value. 

c) Correlate the modified daily rainfall value with the actual 

runoff value. (Some of the modified daily rainfall values will 

be negative, in '-1hich case they represent groundwater deficit.) 

d) If the modified daily rainfall value is negative then add an 

equal positive value to the next days potential transpiration 

when it has been calculated 

Repeat the above procedure each day for all spr~ng and summer 

seasons. A negative, modified daily rainfall value on September 3oth 

should be carried fo~-1ard into the Autumn season where it will be 

steadily reduced, until there is no groundwater deficit. 



Winter rainfall days 

Plot a scatter diagram of all rainfall and runoff values. If 

it appears necessary, modify rainfall or runoff values, or both, to 

allow for a skew distribution, then determine the regression equation. 

Winter, dry days 

If a dry day is preceded by a wet day, correlate the runoff on 

the dry day with the previous days rainfall, ~n a group of pairs of 

values with a reference number 0. If a dry day is preceded by one 

dry day, correlate the runoff on the last dry day ,.Ti th the rainfall 

two days previously, in a group of pairs of values with a reference 

number 1. 

et·seq. 

Autumn 

If the modified rainfall figure for September, 30th is negative 

then modify the daily rainfall on-October, 1st by this amount and 

correlate the modified rainfall value on October, 1st with the runoff 

on that day. If the new modified rainfall is still negative repeat 

the above procedure for each subsequent day until the modified rain­

fall is positive. When this occurs, carry out the procedure as des­

cribed for the winter quarter. 
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The cal~ulation of daily runoff from the regression equations, 

the daily rainfall data and daily sun hour data, in spring and 

summer would then be performed as follows 

Spring and Summer 

Calculate the modified daily rainfall day by day and then use 

this modified value and the appropriate regression equation to 

calculate the daily runoff. 

Winter, rainfall days 

Use rainfall value and appropriate regression equation to 

calculate runoff. 

Winter, dry days 

Count the number of preceding dry days and then. use the value 

of rainfall on the last wet day with the regression equation, derived 

from the data in the group with the number equal to the count, to 

calculate runoff. 

Autumn 

If the modified rainfall figure for September 30th is negative 

use the procedure for spring and summer. When the modified rainfall 

becomes positive use.the procedure for winter. 
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The calculation or-monthly potential-transpiration is fully 

described in Ref. 38 (Page 16 table 10). A simple modification to 

the equation given in this publication allows the calculation of an 

approximate daily potential transpiration value. 

A modified equation is given below. 

P.d. = 1/N (P.m. + W(H.d. - H.m.)) 

where P.d. is the approximate daily potential transpiration. 

P.m. is the average monthly potential transpiration (Table 10). 

W. is the weighting factor (Table 10). 

H.m. is the average sun hours per day (Table 10). 

H.d. is the actual sun hours per day. 

N. is the number of days per month. 

7.11. Summary of Conclusions 

The 53 graphs which have been produced for this thesis 

demonstrate that a graph plotter, coupled to a digital computer, is 

a most useful tool for the analysis of hydrological data. 

The distribution of daily runoff values ~s positively skewed. 

The magnitude of the skew is dependent on the season, the distribution 

in winter months being nearer to normal. 
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The correlation between A.P.I. and runoff is better in spring 

and summer than it is in winter. 

The choice of recession factor, within the range 0.85 to 0.95, 

does not materially effect the correlation with runoff values. 

The curves of cumulative excess, produced from the calculated 

runoff values, show that a much closer relationship exists between 

these values and actual runoff than with the original rainfall and 

actual runoff. 

A close inspection of the curves of cumulative excess has led 

the author to suggest that calculation based on potential transpiration 

values would lead to a more accurate curve than that which was 

obtained from the analysis using daily A.P.I. values. Minor 

modifications could be made to the programmes given in appendix I 

which would allow them to be used for an analysis based on potential 

transpiration. 
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APPENDIX I 

PROGRAMMES. Pages l to 44. 

SM~PLES OF INPUT AND OUTPUT DATA. Pages 45 to 81. 



::GRAPH PLOTTER AUTOCODE 
::CUMULATIVE DEFICIENCY DIA~RAH 
::DERWENT·RESERVOIR 
SETV· TCJ)XCJ)YC2)LDCJ66JBCJ66JRC2)CCJ66JEFMNWC,)SC2JHZA 
SETS QJIK 
SETF FRAC I NT NOD G.RAPH PLOT 
SETR ~7 
1 )READ H:: 
READ X:: 
READ XJ: : 
READ. 51:: 
READ S2:: 
READ CO:: 
X1=0 
X2=0 
2)~JAIT:: 
CYCLE ~=1:1:100 
OUTPUT 0:: 
REPEAT Q 

H=-1FRINT H=+1PRINT AND GRAPH 
MILL GALS PER .1MM STEP 
NO OF 0.1MM STEPS PER DAY 
RESERVOIR Y1ELD OCT- MARCH 
RESERVOIR YIELD APR - SEPT 
CAPACtTY OF·RESERVOIR ON SEPTEMBER 

INSERT ANNUAL DATA 

100 BLANKS 

JUMP IF H$0®~7:: GRAPH NOT REQUIRED 
\iJ1=1. 
~12=0 
E=PLOT ~J1.W2:: 
E=O 
E=t.RAPH O. E:: 
W1=0 
\1}2 =50 

HOVE ON ONE DAY. TO 1 ST. OF OCT. 

PEN DOHN 

JOTH. 

F=G.RAPH t>J1. \•12:: 
~12=-100 

DRAW VERTICAL LINE AT START OF MONTH 

F=G:RAPH ~11. W2 
\•J2=50 
F=G;RAPH ~J 1. \•12 
E=O 
E=PL OT O. E:: 
t-!1=-1:: . 
~12=0 
E=PLOT bJ1.~J2 
~])READ Y1:: 
READ Y2: : 
READ N 
Y1=Y1-1900 
Y1=Y1•10000 
Y2=Y2-1900 
Y2=Y2• 10000 
12=0 
J=O 

PEN UP 
MOVE BACK ONE DAY 

YEAR 1 
YEAR 2 



J).J =J+ 1 
T0=T2 
READ DJ:: 
JUMP IF DJ$1000@4 
BJ=Y1+DJ:: 
JUt-iP ®5 
4)8J =Y2+DJ:: 
5)TJ=DJ/100 
T2=FRAC TJ 
T2=100•T2:: 
T1=1NT TJ:: 
READ R:: 
READ R1:: 
R1=R1•21550 
R1=R1/29150 

MONTH DAY 

YEAR NONTH DAY 

YEAR j\iONTH DAY 

DAY 
~10NTH 

RAINFALL 
RUNOFF 

JUMP IF T1$10®6:: BEFORE SEPTEMBER 30TH. 
JUI"iP @8 
6)JUMP IF T1%J®7::AFTER MARCH 31ST. 
8)R1=R1-S1:: WINTER 
JUt .. lP ®9 
'~PR1=R1-S2:: 
9)CJ=CCJ-1)+R1:: 
JUMP IF H$0®12:: 
R2;:R1/X 
X2=X2+R2:: 
X1=X1+X3 
E=O 
E=G';RAPH· 0, E:: 
E=GRAPH X 1, X2 
l'i=DJ,...101 
t·1=t·10D N 

SUMMER 
-CUMULATIVE EXCESS 

GRAPH N0T REQUIRED 

PREVIOUS RESIDUAL +SCALED EXCESS 

PEN 00\IJN 

JUMP IF M$0.1®10::JUMP AT JANUARY 1 ST. 
OM=DJ-930 
t1=NOD N 
JUMP IF M$0.1®11::JUMP AT END OF SEPT/TAPE 
JUMP IF T2%T0®3:: JUMP AT START-OF MONTH 
W1=0 ·. 
~12=50 
F=G',RAPH ~11, \d2:: 
\•12=-100 
F=G,RAPH W 1, \•12 
\•12 =50 
F=G,RAP H \•J 1, \ol2 
Jli~~P ®J 
10 )~J 1 =0 
l•J2 =100 
F=G$APH laJ 1, \~2: : 

: .l•J 2 =-200 

DRAW VERTICAL LINE AT START OF MONTH 

DRAW VERTICAL LINE AT START OF YEAR 



F=c;RAPH·W1.\iJ2 
W2=100 
F=G.RAPH ~J 1. l•/2 
JUf>1P ®3 
11)CYCLE Q=1:1:100 
OUTPUT 0:: 100 BLANKS 
REPEAT·Q 
WAIT:: JUMP ®2 FOR GRAPH PLOT ONLY 
JUf~P ®13 
12)f-i=DJ-930 
f·i=t·!OD M 
JUMP IF M$0.1®13::JUMP AT END OF SEPTEMBER TAPE 
JUMP ©3 
13)C0=CJ:: CAPACITY OF RESERVOIR ON SEPT. )0 TH. 
WAIT:: JUMP AT 2 IF NO PRINT UP REQUIRED 
TITLE 

DATE EXCESS DATE EXCESS DATE EXCESS 
T2=0 
L=O 
1=0 
15)1=1+1 
TO=.T2 · 
TJ=DI/100 
T2=FRAC TJ 
T2=100oT2:: DAY 
JUMP IF T2%T0®14::JUMP UNLESS END OF MONTH 
LINES·2 
L=O 
14)PRINT Bl.6:0:: Y~AR MONTH DAY 
PRIN1·CI,4:1:: CUMULATIVE EXCESS 
K =J-1 . · 
K=NOD K 
Z=STAND K 
JUMP IF Z$0.1®16::END OF WATER YEAR 
SPACES 2 
L =L+ 1 
N=L/.3 
N=FRAC N 
JUMP IF N%0.1®15::.3 DAYS DATA PER LINE OF PRINT UP 
L I.NE .· ·. 
JUfvlP ©15 
16)LINES 10 
CYCLE Q=1:1:100 
OUTPUT 0 
REPEAT Q 
JUMP ©2 
START 1 



::RIVERFLOW INTO DERWENT RESERVOIR 
::HISTOGRAM SHOWINQ NUMBER OF DAYS OF FLOW IN GIVEN RANGE 

SETV ABC(2)DEF(4200)G(2)HIJK(2)LMN 
SETS ZYXWVUTS -
SETF I NT FRAC GRAPH PLOT 
SETR 6. 

1)READ E:: 
READ L: : 
READ M: : 

N=]OO/E: : 
N=N+.Q1:: 
T= I NT N: : 
S=12•T:: 

CY C LE Z =0 : 1 : S : : 
FZ=O:: 
REPEAT Z 

2)WAIT:: 
X=O: : 
C2=0 
READ A:: 
READ A:: 
READ A: : 
Y=O 

J)READ B:: 
C=C2 
C1=B/100 
C2=FRAC C1: : 
C2=100•C2:: 
JUMP IF C2%C@4: : 

Y=Y+1 
JUMP IF Y=12®2:: 

X=X+T:: 

INCREMENT OF FLOW M.G.D. E.G.2 
NUMBER OF 0.1MM STEPS/UNIT VERTICALLY 
NUMBER 0~ Q.1MM.STEPS/UNIT HORIZONTALLY 

700 M.G.D. EXCEEDS MAX.FLOW EVER RECORDED 
ADD SMALL NUMBER TO ENSURE CORRECT INTEGER 
NUMBER OF STEPS ALONG HORIZONTAL AXIS , 
EACH MONTH WILL REQUIRE T·STORE LOCATIONS 

RESERVE S STORE LOCATIONS FOR COUNTING 
SET INITIAL VALUES IN·STORE LOCATIONS TO 0 

INSERT NEW DATA TAPE OR 
PRESS READ BUTTON THEN KEY IN 6 

YEAR DATE. NOT REQUIRED 
YEAR DATE. NOT REQUIRED 
YEAR DATE. ·NOT REQUIRED 

MONTH-DAY E.G.1001 

DAY E.G •• 01 
DAY E.G. 1 
(IF TODAYS DATE IS GREATER THAN YESTERDAYS 
( IF NOT THEN FIRST DAY OF NEl•J t·iONTH 

END OF YEAR 

NEXT MONTHS STORE LOCATIONS START AT FX 



4)READ A:: 
READ D:: 
D=D/E:: . 
Z= I NT D: : 
Z=Z+X: : . 
FZ=FZ+ 1: : 
JUMP ®J 

RAINFALL. NOT REQUIRED 
RUNOFF I.E.RATE OF FLOW M.~.D. 
(NUMBER·OF STEPS ALON~ BASE 
( I. E. FLOl~ RAN~E 
STORE LOCATION FOR THIS RAN~E AND MONTH 
SUM NUMBER OF DAYS IN·EACH FLOW RAN~E 

6)CYCLE U=1:1: 100:: ( 
OJT PUT 0: : (OUT PUT 100 BLANKS 
REPEAT U: : ( 

VARY W=O:T:12:: 
~2=0 
H=O 
1=0 
I=~RAPH 0,1:: 

V MY V =0: 1: T: : 
Z=W+V 
~1=8 
~2=~2+FZ: : 
~2=~2-H: ·: ·· 
G.2=~2 •L:: 
J=~RAPH ~ 1, G2:: 
K1 =M: : 
K2=0 
J=~RAPH K1,K2:: 
H=FZ:: 
REPEAT V 

1=0 
I =PLOT 0 , I : : 
CYCLE U=1: 1:400:: 
a.JT PUT 0: : 
REPEAT U: : 

WAIT 
REPEAT l~ 

STOP 
START 1 

~RAPH DAYS IN EACH RAN~E 1 MONTH AT A TIME 

LOWER PEN 

START OF EACH MONTHS ~RAPH PLOT 

RES I DUAL AND NUMBER OF DAYS t"N RAN~E Z 
H=NUMBER OF DAYS IN PREVIOUS-FLOW RAN~E 
NUMBER OF DAYS •SCALE 
DRAW VERTICAL LINE 
NUMBER OF·.1 MM~ STEPS HORIZONTALLY 

DRAW HORIZONTAL LINE 
NUMBER OF DAYS IN PREVIOUS FLOW RAN~E 

RAISE PEN 
.( . 

(OUTPUT 40 BLANKS 
( 



\ 

::CONVERSION OF RAINFALL DATA FORMAT 
::CHECKING OF RAINFALL DATA MONTHLY TOTALS 

SETS ZDN 
SETV RC1) 
SETR 8 

•. 

8)$UBR 6:: 
OUTPUT 2 7: : 

OUTPUT lO BLANKS AT STA~t OF WATER YEAR 
OUTPUT FIGURE SHIFT 

LINE 
OUTPUT 19:: 
OUTPUT ~ 7:: 
LINE 
READ D:: 
P R I· NT D i 7: : 
Ll NE 

. OUTPUT 2:: 
OUTPUT ~ 7:: 
LINE 
Sl:JBR 6:: 
Z=O 
R=O 
N=O 
JUMP ®7 

OUTPUT ) 
OUTPUT C • 

DATE 
PRINT YEAR MONTH PAY. E.C .• 551001 

OUTPUT 2 
OUTPUT ( 

OUTPUT )0 BLANKS AFTER YEAR I";ONTH DAY 

5)SUBR 6:: OUTPUt JO BLANKS .AT START OF NEW MONTH 
Z=O 
R=O 
N=O 

4)READ D •• .. 
' 7) ~EAD P.1 : : 

R=R+R1:: 
PRINT R1.1:2:: 
N=N+1 
Z=Z+1 

DATE 

~AINFALL 
ACeUMULATE RAINFALL 
RAINFALL· 

-JUMP IF N=28®2::WHEN 28 VALUES OF RAINFALL HAVE BEEN READ 
JUMP IF Z$10®4::THERE ARE 10·VALUES PRINTED ON EACH LINE 
Z=O 
JUMP IF N=J0®2::WHEN JO VALUES HAVE BEEN READ IN 
LINE 
JUMP ®4 

6 



2)l~AIT:: 

JUt'iP @4 

1)READ·D:: 
. F.EAD R1: : 

R=R+R1:: 
Ll NE 
PRINT R1,1:2:: 

))Ll NE 
OUTPUT 1:: 
OUTPUT 17:: 
LINE 
PRINT R,2:2:: 
Ll NE 
OUTPUT 2: : 
OUTPUT ~7:: 
LINE . 
JUt1P ®5 

6)CYCLE 2=1:1:.30 

IF 28 DAY MONTH AT FIRST WAIT READ 9 
IF 29 DAY MONTH AT FIRST WAIT READ 1 
IF JO DAY MONTH CLEAR. © SE80ND WAIT READ ' 
IF J1 DAY MONTH CLEAR. ® SECOND WAIT REAP 1 

PATE 
RAINFALL 
ACCUMULATE RAINFALL 

RAINFALL 

OUTPUT 1 
OUTPUT C 

ACCUMULATED MONTHLY TOTAL 

OUTPUT 2 
OUTPUT ( 

OUTPUT 0: : OUTPUT )0 BLANKS 
REPEAT Z 
EXIT 

START 8 

7 



::PRODUCE DATA TAPE OF DAILY RAINFALL -RUNOFF WITH TR(GGERS 

SETS DC1)ZYXWVUSPCC1J) 
SETV ARC601)QC601) 
SETR 19 

17)READ 

~JAIT:: 

15)READ 

D •• . . 

A •• . . 
))SUBR 6.:: 
OUTPUT 27:: 
LINE 
OUTPUT 19:: 
OUTPUT ~7:: 
LINE 
READ 01:: 
PRINT D1i7:: 
D=B+ 10000:: 
JUt'IP UNLESS 
LINE:: 
OUTPUT 2:: 
OUTPUT ~7:: 
LINE 
St:JBR 6:: 
Y=-50 
X=O 
P=O 
R=O 
READ A •• . . 

8)Z=Z+Y 

16) READ Fa: : 
H=R+RZ:: 
Z=Z+ 1 
JUf'iP ®16:: 

READ IN DATE OF PREVIOUS YEAR E.(.54100t 

INSERT RAINFALL TAPE IN READER 

TRIG~ER TO REFERENCE J) 

OUTPUT JO BLANKS 
OUTPUT FIG,URE SHIFT 

OUTPUT ) 
OUTPUT C 

D~TE 
PRINT DATE 
CHANGE DATE TO THIS YEAR 

D1=P®18::0ATES MUST CHECK IF CORRECT 
IF 01 DOES NOT EQUAL 551001 
0UTPUT 2 
OUTPUT C 

OUTPUT JO BLANKS 

TRIGGER TO REFERENCE 2) 

TAPE I NSERTEP. 
JUf•iP TO 15 

READ RAINFALL AND STO~:E IN LOCATio'N RZ 
ACCUMULATE RAINFALL 

UNTIL TRIGGER IS READ 



1)JUI•iP IF X=1@4:: 
READ A:: . 

P =P+ 1: : 
CP=Z-1:: 
READ A:: 

2)Y=Y+50:: 
2=1 
JUf-iP IF P=12®7:: 
JUHP ®8 

' 7 )X =1 
Y=O 
Q=O 
P=O 
~JAIT:: 

11)Z=Z+Y 

5)READ (12:: 
~]=Q+Q2:: 
2=2+1 
JUNP ®5:: 

4)P=P+1 
2=2-1 

IF X=1 RUNOFF DATA ·Is BEING READ 1~, SEE=7) 
MONTHLY TOTAL NOT·REQUIRED 

NUMBER OF MONTH E.C.FEBRUARY =5 
DAYS IN.MONTH E.G. C5=29 
TRIGGER TO REFERENCE 2 

50 STORE LOCATIONS ALLOCATED EACH ~ONTH 

WHEN 12 MONTHS DATA HAS BEEN READ IN 

INSERT RUNOFF TAPE AT APPROPRIATE POI~T 

READ RUNOFF AND STORE IN LOCATIO~ QZ 
ACCUMULATE RUNOFF 

UNTIL TRIGGER IS READ 

JUMP UNLESS CP=2®18::CHECK WITH NUMBER OF RAINFALLS DAYS READ 
Y=Y+50· 
2=1 
JUMP IF P=12©1D:: END OF YEARS DATA 
JUI'"iP @11 

10)2=1:: 
Y=O 
P=O 

SET TO 1 FOR START OF PRINT INSTRUCTIONS 



12)P=P+1 
V=O 
Z=Z+Y 

CYCLE S=Z:1:.CP:: 
V=V+1 
PRINT RS,2:2:: 
PRII\T QS, 5:: 
JUMP I.F V$4®13:: 
LINE · 
V=O 
1))REPEAT S 

JUMP IF CP=28®19:: 
·U·NE · .. 
19) OUTPUT 1 : : 
OUTPUT ~ 7:: 
LINES 2 
Y=Y+50 
Z=1 
X=1 
SUBR 6:: 
JUMP IF P=12®14:: 
JUMP ® 12 

14)TI TLE 

E.G. FOR MONTH 1. 

PRINT RAINFALL 
PRINT RUNOFF 

S VARIES FROM 1 TO J1 

THERE ARE 4 PAIRS OF DATA PRINTED/LINE 

28 IS DIVISIBLE BY 4. LINE NCT REQUIRED 

OUTPUT 1 
OUTPUT C 

.30 BLANKS 
END OF YEARS PRINTINC 

TOTAL R 
LINE : 

TOTAL Q 

PF. I ~T F., J: 2: : 
SPACES 5 
PRINT ~.6:1:: 
LINES 5 
SI:JBR 6:: 
~lA IT: : 
J UfvlP ®15 

6)CYCLE U=1:1:30 
o·UTPUT 0:: 
REPEAT U 
EXIT 

18)CYCLE U=1:1:)00 
OUTPUT 0:: 
REPEAT U 
~JAI T:: 
START ~7 

ACCUI·;ULATED ANNUAL RAINFALL 

ACCUMULATED ANNUAL RUNOFF 
.. 

'0 BLANKS 
ENTE~ NEW RAINFALL TAPE AND CLEAR WAIT 

OUTPUT '0 BLANKS 

OUTPUT JOO BLANKS 

ERRORS. RESET AND ENTER NEW LEADER TAPE 

10. 



::qRAPHS OF ~ROUPED DAILY FLOVJS 

SETS ZYXHVUTSRP 
SETV ABC4400)CD(J)E(2)fHI(2)JKC4)LMN 
SETF STAND MOD ~RAPH PLOT 
SETR 6 

5)8=0 
Z=1 . 

. 4)~JAfT:: 
Y=O:: -

J)READ BZ:: 
Z=Z+1 :: 
JWHP ©J 

1) Y =Y+1 :: 
JUHP· I F-Y=12®4:: 
JUi"iP ®J · 
6)READ ~J:: 
READ V:: · 
READ J:: 

CYCLE S=1 :1:100:: 
OUTPUT 0:: 
REPEAT ·S:: 

E=O . 
E=~RAPH 0, E:: 

D=O 
D1 =0 
Z=Z:--1 
F=STAND 
f=F /J:: 
H=O 
L=STAND 
12 ==0 
K1 =.0 
11 =0 
f'~2 ==0 
I(J=O 
R=~J-1:: 

W •• . . 

V •• . . 

CENTER TRI~~ERED RUNOFF VALU£S AND CLEAR 
C\'H·!EN LAST TAPE ENTERED READ 6 ON KEYBOARD 

DAILY RUJ' .. iOFF 
COUNT OF DAYS 

COUNT OF MONTHS 
\mEN ONE Y£ARS DATA HAS BEEN STORED 

NUi-iBER OF EVENTS TO BE ADDED E.G..JO 
NUHBER OF ·1i·l.i"l. STEPI/DAY IN X DIRECTION 
NUMBER OF .1M.H. STEPS/M.~.D. IN Y DIRECTION 

( 

(OUTPUT 100 BLANKS 
( 

PEN DQt.JN 

f=FLOATINQ POINT FORM OF W 
EVENTS TO BE ADDED/SCALE 

L=fLOATIN~ POINT FORM OF V 

1 LESS THAN NUMBER OF EVENTS TO BE ADDED 

II 



-CYCLE T=1: 1: R:: 
D=D+BT: : 
REPEAT T: : 

CYCLE T=lll: 1: Z:: 
P=7T-W 
D=D+BT:: 
H=H+BP: ·: 
K=D-H: : 
K=K/F: : 
K4=K-K 1: : 
11=L+I1:: 
12=K4+12:: 
N=~RAPH 11,12 
KJ=KJ+K4: : 
K1=K 
REPEAT T:: 

E=O 
E=PLOT 0, E: : 

KJ=-KJ 
I =PLOT K2, KJ: : 

CYCLE S=1: 1:500:: 
OJTPUT 0:: 
REPEAT S: : 

M=STAND Z:: 
DJ=D/!'1:: 
D2=DJ•J:: 
I =PLOT D1, D2: : 
E=O 
E=~RAPH 0, E:: 
E1=100 
E2=0. 
E=~RAPH E1,E2: : 

CYCLE S=1:1:100:: 
OJTPUT 0:: 
REPEAT S: : 
LINE 

P.R INT z .5: : 
PRINT BZ, 5: : 
PRINT D, 7: : 
PRINT DJ,5:: 

t•!.~ rr 
START 5 

( 
(D=SUM OF FIRST W VALUES OF RUNOFF 
( 

Z=TOTAL NUMBER OF VALUES READ IN 

SUM OF T VALUES OF RUNOFF 
SUM OF (T-W)YALUES OF RUNOFF 
MOV IN~ SUM OF W VALUES OF RUNOFF 
W DAY AVERA~E TO SCALE 
·1 M.M~ STEPS FROM LAST PEN POSITION 
NUt1BER OF ·1 M.M.STEPS/DAY IN X·DIRECTION 
NUt·1BER OF .1 M.M.STEPS IN Y DIRECT ION·· 

P-OSITION RELATIVE TO ORI~IN IN Y DIRECTION 

UNTIL ALL Z VALUES HAVE BEEN PROCESSED 

RAISE PEN 

MOVE WITH PEN UP, TO X AXIS 

( 
(OUT PUT 5 00 BLANKS 
( 

M=FLOATIN~ POINT FORM OF Z 
AVERA~E·DAILY·RUNOFF FROM Z VALUES 
AVERA~E DAILY RUNOFF TO SCALE 
MOVE WITH PEN UP TO AVERA~E VALUE 

LOWER PEN 

DRAW HORIZONTAL LINE 1 CM.LON~ 

( 
(OUTPUT 100 BLANKS 
( 

NUMBER OF VALUES USED 
LAST VALUE READ IN 
TOTAL RUNOFF (DAYS +M.~.D.) 
AVERA~E DAILY RUNOFF FROM Z VALUES 

12. 



::PRO~RAMME TO DETERMINE INITIAL A.P.J. FROM TRI~~ERED 
::RAINFALL DATA · · · · 

SETS Z · 
SETV KI(1)P(1)D 
SETR 5 · 

5 )"READ K:: 
READ· I::· · 
READ P:: 
Z=O 
WAIT:: 

READ D:: 
3)READ· D:: 
READ ·"0:: 

2)READ P1:: 
11=1•K 
I 1 =I 1 +P: : 
I= I 1 

P=P1 
JUMP ®2:: 

RECESSION FACTOR 
ASSUMED VAW E OF A .P. I. ON SEPT ·30TH, 195 2 
RAINFALL ON SEPTEMBER·30TH, 1952 

INSERT RAINFALL TAPE FOR 1952-53 

TR I~~ER TO REFERENCE 3) 
DATE -NOT REQUIRED · 
TR I~G; ER T 0 REFERENCE 2) 

RAINFALL 

A • P • I • 0 N MORN I N~ OF 0 CT OB ER 1ST , 195 2 

UNTILTRI~~ER 1( ~S READ 

1 )READ D:: MONTHLY TOTAL OF RAINFALL. Nor REQD. 
Z=Z+1 
JU MP. IF Z= 12®4: : END OF YEARS OAT A 
READ D: :. . - · TR I~~ER T0 REFERENCE 2) 

4 ) V AR Y Z =0 : 1 : 2 0 
OJT PJT 0:: 
REPEAT Z-­
OJTPJT 27:: 
LINE 
PRINT K,1:2:: 
PR I NT I , 1 : 2: : 
PR I NT P , 1 : 2·: : 
LINE 
WAIT 
JUMP @) 
START 5 

aJT PUT 20 BLANKS 

UJTPUT F I~URE SH 1FT 

RECESS ION FACTOR 
A.P,;. I. ·ON SEPT EMBER 30TH, 195 3 
RAI"NFALL ON SEPTEMBER 30TH, 1953 



::TO CALCULATE A.~.I.VALUES AND PRINT OUT GROUPS OF RAINFALL 
~:RUNOFF ACCORDING TO SEASON AND A.P.I.RANGE· 

SETS SBLM<40>D<2>NETFG<40)~J<I>ZU<40>YV<2> 
SETV K<I>I<I>P<2>Q<2>X<2>A<6000>C<l>R<2> 
SETF 1t~RAC INT 
SETR 22 

19 >READ K:: 
READ I0:: 
READ P0:: 

ASSUMED RECESSION FACTOR 
A·P·I· ON SEPTEMBER 30TH 
PRECIPITATION ON SEPTEMBER 30TH 

WAIT:: ENTER RAINFALL RUNOFf TAPE WITH TRIGGERS 

9 >TITLE 
SORTING Of API VALUES fROM 

READ X 1: : 
3>READ Vt:: 
PRINT V1~7:: 
READ V2:: 

2>LINE 

CYCLE L=0:1:4000:: 
AL= 0: : 
REPEAT L •• . . 
TITLE 
VALUE OF K = : : 
PRINT K~t:2 

SUBR 13:: 
S=0 

CYCLE L=0:1:40:: 
ML=-1:: 
REPEAT 

V=-1 

8 >J=0 
J 1=0 
D=0 
D1=0 
Q2=0 
P2=12'• 
Z=0 
Llt\1~ 

L •• .. 

TRIGGER 3< 
DATE 
PRINT DATE 
TRIGGER 2< 

( 

( SET STORE LUI,;AT IONS 
( 

RECESS ION FACTOR 

OUTPUT 2fl BLANKS' 

( 

A0 

( SET STORE LOCATIONS M0 
( 

TO A4000=0 

TO M40=- I 

I+ 



1 1 > Z= Z+ 1 
RI!:AD PI:: 
RI!:AD QJ:: 
P2=P2+P1:: 
Q2=Q2+Q1:: 
I1=10*K 
ll=ll+P0:: 
PRINT 11 .. 1:2 
I 0= I 1 
P0=P 1 

JUMP lF 11&2. 2@5:: 
N=9 
JU1'"1P @7 

PREC IP ITAT I01\i 
RUNOi'r 
ACbUMULATI!: PRECIPITATION 
ACCUMULATE: RUNOFf 

A.P. 1. ASSOCIATED WITH P1 AND Ql 

lr A.P.I. IS GREATER THAN 2.2 N=9 

5>JUMP IF I1&1.7@6:: Ir A.0.I. IS GREATER THAN t.7 N=8 
N=8 
JUMP @7 

6>JUI"IP Ii' 11&1.4@4:: IF A.P.I. IS GREATER THAN 1.4 N=7 
N=7 
JU1YlP @7 

4>JUMP li' 11%0.25@22::11'. A·P·l• IS GREATER.THAN 0·25 N=0 
l\!=0 
JU1"1P @7 

22) c 1 = 11 *5: : 
N= !NT C 1: : 

E·G· H. A.P.I·=1.21 THEN C1=6·05 
F.:·G· lr C1=6·05 N=6 

7>R=STAND N:: FLOATING POINT FORM FOR N 
N=N+J:: AUTUMN J=0 0&N&t0. WINTER J=10 10&N&20 
R=R*1.5:: <START OF CALCULATION TO ALLOCATE: STORE 
R2=STAND Jl:: <LOCATIONS TO EACH GROUP OF RAINrALL 
R=R+R2:: <RUNOF"I' VALUI!:S. 150 LOCATIONS ARE 
Rl=R*100:: <AVAILABLE FOR EACH GROUP DESIGNATED 
R1=Rt+.0t:: <BY ANN VALUE· 'I.E. 75 i'OR RAINFALL 
I!:=INT Rt:: <AND 75 fOR RUNOFF. 
MN=MN+1:: COUNT NUMBER 01' DAYS IN EACH GROUP 
I!:=E+MN:: STORE LOCATION REFERENCE NUMBER 
AE=P1:: PUT Pt INTO APPROPRIATE STORE LOCATION 
A<E:+75>=Q1:: PUT Ql INTO APPROPRIATE STORE LOCATION 
JUMP UNLESS Z=10@11::<sTART NEW LINE WHEN 10 VALUES HAVE 
LINE:.: <BE~N PRINTED UUT 
Z=0 

15 >JUMP @ 1 1 

1 >D=D+l:: 
..JUI"IP lt' Z= 1@ 10 
LINE: 

COUNT i\JUI"''BE R o~· MONTHS F" R!.liVJ OCTO BE P 

15 



10>0UTPUT 1:: 
OUT PUT. 17 : : 
LINE 
Z=0 
JU tvl P I F D & 3 @ 1 1 : : 
J= J+ 10 
J1=J1+15 
D=0 
D1=D1+1:: 
JUMP IF D1&4@11:: 
T=0 
r=e. 
H=0 
LINES 8 
SUBR 14:: 

PRINT K,1:2 
SUBR 1 3:: 
Z=0 

12>VARY Y=0:1:40 
Z= Z+1 

OUTPUT 
OUTPUT < 

AT START Of NEXT SEASON 

COUNT NUMBER Of SEASONS FROM AUTUMN 
IF D&4 REPEAT CALCULATIONS 

OUTPUT 40 8LANI<S 

OUTPUT 20 BLANKS 

UY=MY+J:: NUMBER OF DAYS IN EACH GROUP 
PRINT UY,4 
JUMP UNLESS Z=10@18:: <START NEW LINE WHEN 10 VALUES HAVE 
LINE:: <BEEN PRINTED OUT 
Z=0 

18>REPEAT Y 

LINES 8 
TITLE 

VALUES ON SEPTEMBER 30 TH. 
TOTAL P TOTAL Q K D0 P0 

PRINT P2,2:2:: 
SPACES 2 
PRINT Q2,5: 1:: 
SPACES 4 
PRINT 1<,1:2:: 

TOTAL PRECIPITATION IN WATER YEAR 

TOTAL RUNOFF IN WATER YEAR 

THE ASSUMED RECESSION FACTOR 
PRINT I 0, 1 : 2: : 
PRINT PfZi,1:2:: 

THE A.P.I.QN LAST DAY OF WATER YEAR 
PRECIPITATION ON LAST DAY OF WATER YEAR 

LINES 8 
Y=e 
Z=0 
WAIT: : 
JUMP @8:: 
JU tVJ P 6' 8 : : 

<IF STORE ADEQUATE ENTER NEXT TAPE AND 
<CLEAR IF NOT READ 21· I.E. PRINT OUT 
c F'P lf'!f(!LL !\ND i-;U;\JJff Vr:.LUC::;S li'i Gf<liUP;::, 

16 



21 > SU 8 R 14: : 
PRINT K,1:2:: 
PRINT T,2:: 
T=T+l 
SUBR 1 3:: 
JUMP IF UY&l@17::. 
L=0 
S=0 

16>PRINT AZ,1:2:: 
PRINT A<Z+75> .. 4:: 
L=L+1 
JU!YIP IF L&4@20:: 
LINE:: 
L=0 

20>Z=Z+l 
S=S+ 1 
JUMP IF S&UY@16:: 
LINE: : 

17 > Y= Y + 1 
F=F+150:: 
Z=F:: 

CYCLE L= 1: 1: 1 e•:: 
OUTPUT 0:: 
REPEAT L: : 
OUTPUT 1:: 
OUTPUT 17:: 
LINE 
JUMP IF T&40@21:: 
ltJAIT:: 
JUf"'P @ 9 

13>CYCLE L=1: 1:20:: 
OUTPUT 0:: 
REPEAT L:: 
OUTPUT 27:: 
LINE 
EXIT 

14>CYCLE L=1: 1:40:: 
OUTPUT 0:: 
REPEAT L:: 
OUTPUT 27:: 

. LINE:: 
EXIT 

START 19 

OUTPUT 40 BLANKS 
K VALUE 
GROUP REFERENCE NUMBER 

OUTPUT 20 BLAN~S 
I~ NO VALUES lN THIS GROUP JUMP @17 

RA INF"ALL VALUt:: 
ASSOCIATED RUNOFF VALUE 

<START NEW LINE WHEN 4 PAIRS OF 
<VALUES HAVE BEEN PRINTED 

<IF S=UY THE LAST PAIR OF VALUES IN GROB 
<HAS BEEN PRINTED .. SO START NI;:W LINE 

<THE NEXT GROUPS STORE LOCATIONS START 
<AT li"+15fZJ 

( 

<OUTPUT 10 BLANKS 
( 

OUTPUT 
OUTPUT < 

REPEAT UNTIL ALL 39 GROUPS PRINTED 
ENTER NEXT TAPE AND CLEAR WAIT. 

<SUB-ROUTINE TO OUTPUT 20 BLANKS 
<FOLLOWED 8Y A FIGURE SHIFT AND 
<NEW LINE 
( 

<SUB-ROUTINE TO OUTPUT 40 BLANKS 
<FOLLOWED BY A FIGURE SHIFT AND 
<NEW LINE 
( 

( 

17 



::TO CORRELATE RAINfALL AND .RUNOFF VALUES IN EACH Of TEN 
::A. p. I • GROUPS/ QUART£ R AND TO GRAPH EACH REGRESS I ON EQU.AT I ON 

SETS ZT<1>YXNWILE , 
SETV AK< 1 >M<39>P<40f2l>Q<400>R<31 >F< 1 >S<2>VU<2>B<2>CD 
SETf SQRT GRAPH PLOT TRI 
SET.R 21 

10>LINES 1121 
SUBR ·1 9: : 
TITLE 

1 9: : 

I N 

OUTPUT 20.BLANKS 

p Q M c 

·OUTPUT 20 BLANKS 

E 

SUBR 
READ 
READ 
READ 

K 1 : : 
T 1: : 
y: : 

A·P·I· VALUE FOR THIS CALCULATION 
REFERENCE NUMBER Of A.P. I. GROUP 
NUMBE~ Or DATA TAPES IN 11 YEAR PERIOD 

CYCLE X=0:10:30 
E=X 
CYCLE C=0~·25~.4~·6~·8~1·0~1·2~1·4~1·7~2·2 
ME=C 
E=E+1:: 
REPEAT C 
REPEAT X:: 

N='f21 
W=IZI 
WAIT:: 

8 >READ K •• . . 
JUMP If K= K 1 @ 9 
WAIT: : 
JUMP @8:: 
9 >READ T:: 
JUMP If T=T 1 @2 
WAIT:: 
JU.MP @8:: 

2 >READ PN:: 
READ QN:: 

SET M0=0 Ml=·25 M2=.4 M3=·6 ETC· 

SIMILARLY Ml0=0 Mlt=.25 ETC. 

ENTER 1ST SORTED RAINfALL RUNOff TAPE 

THIS SHOULD CHECK WITH K1 EACH TIME 

INCORRECT TAPE. ·· ENTER CORRECT TAPE 
AND CLEAR 
THIS SHOULD CHECK WITH T1 

INCORRECT POSITION ON TAPE. 
POSITION AND CLEAR WAIT 

RAINFALL 
ASSOCIATED RUNOff 

CORRECT 

N=N+1:: COUNT NUMBER Of PAIRS Or VALUES READ IN 
JUMP @2 

l>W=~J+1 

JUMP If W=Y®3:: 
':J A IT: : 
JUMP @8 

CHECK NUMBER OF DATA TAPES READ IN 
ENTE~ NLXT TAf~ ~~D CLiAK 
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3>CYCLE Z=0:2:8:: 
RZ= 0:: 
REPEAT z:: 

VARY I= 0: 1: N 
R= PI +R:: 
F"QI+R2:: 
R3=P I *PI:: 
R4=R3+R4:: 
RS= Q I *Q I: : 
R6=R6+RS:: 
R7= PI *Q I:: 
R8= R8+R7:: 
REPEAT I 

D=STAND N 

R?=R/0:: 
R10=R2/D:: 
R11=R4/D:: 
R12=R6/D:: 
R 1 3= R 9 * R 9: : 
R14=R10*R10:: 
R15=R11-R13:: 
R 16 = S Q RT R 15 : : 
R17=R12-R14:: 
R 1 8= SQRT R 17: : 
R 1 9= R 1 6 * R 1 8 : : 
R20= R8/D­
R21=R9*R10:: 
R22= R20- R21: : 
R23= R22/ R 1 9: : 
R24= R 18/ R 16: : 
R25= R23*R24:: 
R26=R2S*R9:: 
R27= R 10- R26:: 
R28=R23*R23:: 
R 2 9= 1 - R 2 8: : 
R30=SQRT R29:: 
R31=R18*R30:: 

LINE 

( 

<SET SUMMING VARIABLkS R0~R2~R4~~6~R8~0 
( 

SUtlli OF" P 
SUM OJo~ Q 

P SQRD·-
SUt"' OF" 
Q SQRD. 
SUM 
p * 
"SUtVi 

AV. P 
AV.Q 

OF" 
Q 
OF" 

p 

Q 

p 

SQRD· 

SQRD. 

* Q 

1/N <SUM OF" P SQRD. > 
1/N <SUM OF Q SQRD. > 
<AV.P>SQRD. 
CAV.Q>SQRD. 
<STANDARD DEVIATION Or P>SQRD· 
<STANDARD DEVIATION OF" P> 
<STANDARD. DEVIATION Or Q > SQRD. 
<STANDARD DEVIATION Or Q 
STAND P * STAND Q 
1/ N < SUM 0 fo~ C P * Q )) 
<AV.P>*<AV.Q> 
1/N -<SUM OF" <P*G>>-<AV·P*AV.Q> 
R=CORRELATION COErriCIENT 
STAND Q/ STAND P 
M=REGRESSION COErriCIENT 
M*<AV·P> 
C=<AV.Q>-M<AV.P> 
R SQRD· 
1- < R SQRD. > 
S Q RT < 1 - < R S Q R D • > > 
STANDARD ERROR Or ESTIMATE 



JUI"lP Ir T& 30@4:: 
TITLE 
SUMMER 
SUBR 1 9:: 
JUMP @7 

4>JUMP Ir T&20@5:: 
TITLE 
SPRING 
SUHR 19:: 
JUMP @7 

S>JUMP Ir T&10@6:: 
TITLE 
WINTER 
SUBR 1 9:: 
JUMP @7 

6>TITLE 
AUTUMN 
SUBR 19:: 

?>SPACES 2 
p R I NT MT I 1 : 2 : : 
PRINT N~3:: 

PRINT R9.,1:2:: 
PRINT R10~3:1:: 

PRINT R25~3:2:: 

PRINT R27 ~3: 1:: 
PRINT R31~3:t:: 

L=T+1 
PRINT L12:: 

SUBR 18 
lfJAIT:: 
JUMP ®20 

21>81=0 
B2=0 
R=0 
F=0 
s 1= 0 
S2=0 

SUMMER QUARTER Ir T%29 

OUTPUT 20 BLANKS 

TEST FOR SPRING 

OUTPUT 20 BLANKS 

TEST FOR WINTER 

OUTPUT 20 BLAI\IKS 

OUTPUT 20 BLANKS 

!=LOWEST VALUE Or A.p. I. GROUP 
N~NUMBER Or PAIRS IN GROUP 
p:MEAN DAILY PRECIPITATION FOR GROUP 
Q=MEAN DAILY RUNOFF FOR GROUP 
M=SLOPE Or· REGRESSION EQUATION 
C=INTERCEPT Or REGRESSION EQUATION 
E=STANDARD ERROR Or ESTIMATE Or Q 

REFERENCE NUMBER 

READ 21 IF GRAPHS ARE REQUIRED 
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. .,:· 

;:~~\; 
VARY I=0:1:N'·';.( 
JUMP If PI%. 7 5@ 11; : 
JUMP If QI%150@11:: 
12>R1=PI*2000:: 
f1=QI*ll2l:: 
Z= 1 
JUMP @13 

1 1 > R 1 = P I *4 0 0: : 
f 1 = Q I *2:: 
Z=0 
JUMP @ 13 

17>REPEAT I 

S1=S1.-R:: 
S2=S2-f:: 
SUBR 16:: 

V=R27-R31:: 
V=V*10 
S2=S2+V:: 
s 1=0 
SUBR 16:: 

V=R31 +R31:: 
V=V*10 
S2=S2+V 
SUBR 16:: 
V=R31*10:: 
S2=S2-V 
SUBR 16:: 

S1=Sl+1500:: 
V=R25*·75:: 
V=V*10 
S2=S2+V:: 
A=0 
A=GRAPH 0.,A:: 
A=GRAPH Sl.,S2:: 
A=0 
A=PLOT 0.,A:: 
SUBR 18:: 

'. 

JUMP Ii' RAINFALL %0.75 INCHES/DAY.· 
JUMP If RUNOFF %150 M.G.D./DAY 
PLOTTER INCREMENTS 1 INCH=200 M.M. 
PLOTTER INCREMENTS 1 M.G.D.=l M.M. 

PLOTTER INCREMENTS 1INCH=40 M.M. 
PLOTTER INCREMENTS 5 M.G.D.=1 M·M· 

UNITS TO ORIGIN IN X DIRECTION 
UNITS TO ORIGIN IN Y DIRECTION 
DRAW A SHORT HORIZONTAL LINE 

C-E 

UNITS FROM .ORIGIN TO LOWER E LINE 

DRAW A SHORT HORIZONTAL LINE 

2E 

DRAW A SHORT HORIZONTAL LINE 
E*l t2J 

DRAW SHORT HORIZONTAL LINE 

1500 UNITS IN HORIZONTAL DIRECTION 
SLOPE *·75 INCHES OF RAINFALL 

UNITS VERTICALLY FROM C TO TOP OF SLOPE 

LOWER PEN 
DRAW SLOPE Or REGRESSION EQUATION 

LIFT UP PEN 
OUTPUT 40 BLANKS 
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20>T1=T+1:: MAKE T1=TO NEXT REFERENCE NUMBER . 
N=0 
W=0 

JUMP @8:: READ IN NEXT LENGTH OF DATA TAPt 

1 3 > R= R 1 - R: : 
r=F1-F:: 
S1=S1+R:: 
S2=S2+F:: 
A=PLOT S1,S2:: 

PARTIAL COORD I NATE OF RAINFALL 
PARTIAL COORD !NATE Or RUNOF.F 
ADD IN RESIDUAL OF RAINFALL 
ADD IN RESIDUAL OF RUNOFF 
MOVE PEN TO PLOTTING· POINT 

JUMP IF Z= i@ 14 
A=TR I 3:: LOWER PEN DRAW TRIANGLE AND RAISE PEN· 
JUMP @15 

14>A=GRAPH 81,82:: 
A=PLOT 81,82:: 

15 > R= R 1: : 
r=F1:: 
JUMP @17 

LOWER PEN 
LIFT UP PEN 

REPLACE WITH NEW VALUE 
REPLACE WITH NEW VALUE 

16>A=PLOT S1,S2:: MOVE PEN TO PLOTTING POINT 
A=GRAPH 81,82:: LOWER PEN 
U2=0 
U1=-10 

' 

A=GRAPH U1,U2:: DRAW HORIZONTAL LINE 1 M.M.LONG 
u 1= 10 
A=GRAPH U1,U2:: RETURN ALONG SAME LINE 
A=PLOT 81,82:: LIFT UP PEN 
EXIT 

18>CYCLE Z=1:1:40:: < 
OUTPUT 0:: <OUTPUT 40 BLANKS 

·REPEAT z:: < 
EXIT:: < 

19>CYCLE Z=1:1:20:: < 
OUTPUT 0:: < OUTPUT 20 BLANKS 
REPEAT z:: < 
EXIT:: < 
START 10 

Z.2. 



' 
::TO DRAW RE~RESS.ION EQUATIONS FROM DATA OUTPUT BY 
::CORRELATION PRO~RAMME. 

SETS ZYQJXW 
SETV S{2)R{6)AVDBE 
SETF ~RAPH PLOT TR I 
SETR5 

5)W=1 
U=O 
Y=O 

1)VARY Z=Q:1:7 
READ RZ:: READ I,N,P,Q,M,C,E 
REPEAT Z-· 

READ C:: REFERENCE NUMBER 

S1=0 
S2=R5 -5:: POSIT I ON OF C TO SCALE 
A=O 
A=PLOT O,A:: PEN UP 
A=PLOT S1,S2:: MOVE TO INTERCEPT ON Y AXIS 

S1=S1+750 :: MOVE750 UNITS IN X DIRECT ION 
V=R4•3·75:: Y MOVEMENT·FROM POSITION C 
S2=S2+V 
A=Q 
A=~RAPH O,A:: PEN DOWN 
A=~RAPH S1,S2:: DRAW RE~RESSION EQUATION 
A=O 
A=P LOT 0 , A: : PEN U P 

C=C-tJ 
C=C•10 
JUMP IF C$100®2:: TEST FOR END OF SEASON 
U=l.J+1Q:: U=10 AT START OF WINTER QUARTER 
W=1 

2)E=STAND C 
S1=S1+E 
A=PLOf S 1 ,S 2:: MARK COUNT BY DOT POSIT I ON 
A=O 
A=~RAPH O,A:: PEN DOWN 
A=O 
A=PLar O.,A:: .PEN U.P 
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B=E+]50:: 
R2=R2 •1000: : 
B=R2-B:: 
D=RJ-R5:: 
D=D -5: :- -· 
D=D-V:: 
S1=S1+B 
S2=S2+D 
A=PLOf S 1 ,S 2:: 
A=TR I 3:: 

R2=-R2: : 
RJ=-RJ -5: : 
S1=S1+R2 
S2=S2+RJ 
A=P LOf S 1 , S 2 : : 
A=O 
A=~RAPH O,A:: 
A=O 
A=PLOT O,A:: 

UNITS FROt1 RUNOFF AXIS 
R2=P ANn 1 INCH OF RAINFALL =1000· UNITS 
X MOVEMENT FROM LAST POSITION 
POSIT I ON OF Q ABOVE C 
1 M•~•D•= 5 UNITS 
Y MOVEMENT FROM LAST POSIT I ON · 

MOVE TO POSITION OF AVERAGE P. AND Q. 
DRAW A SMALL TRIANGLE 

DISTANCE TO ORIGIN IN X DIRECTION 
DISTANCE TO ORIGIN IN Y DIRECTION 

MOVEMENT TO ORIGIN 

PEN DOWN 

PEN UP 

SU BR 4: : OUT PUT 200 BLANKS 
JUMP UNLESS W=1®1: :END OF SEASON 
W=O 

WAIT:: CLEAR TO ~RAPH NEXT SEASONS EQUATIONS 
JUMP ®1 

4)CYCLE X=1:1:200 
OUT RJT 0: : OUT PUT 200 BLANKS 
REPEAT X 
EX IT 

START 5 
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:: PRO~RAMME TO PRODUCE 7 DI~IT INTE~ER OF RAINFALL-RUNOFF 
:: WITH 1( TRI~~ER FROM MODIFIED RAINFALL-RUNOFF DATA 

SETS WXYZBC 
SETV A. 
SETR 5· 

5 }VARY W=1: 1:40 
UJTPUT 0 

( 
( CXJT PUT 40 BLANKS 
( REPEAT W 

LINE· 
X=O 

4)Y=O 

2)LINE 
Z=O· 

J)READ A 
A=A•100 
A=A+.O 1 
8= INT A 
8=8•10000 
READ A 
A=A•10 
A=A+.O 1 
C=INT A 
B=B+C 
Z=Z+1 
PRINT 8, 7 
JUMP UNLESS 
Z=O 
LINE 
JUMP ®J 

1)Y=Y+1 
JUMP UNLESS 
LINE 
ClJTPUT 1 
ClJTPUT 17 
LINE 
X=X+1 
JUMP UNLESS 

WAIT 
JUMP @5 
START 5 

E.~. 1·02 RAINFALL IN FLOATIN~ POINT FORM 
E.~. 1·01999 = 101·999 
ADD SMALL NUMBER TO ENSURE CORRECT I NTE~ER 
E.~. 102 
E.~. 1020000 
E.~. 236•5 RUNOFF IN FLOATIN~ POINT FORM 
E.~ • 2364·999 
E.~. 2365·009 
E.~. 2365 
E.~. 1022365 

7 DI~IT INTE~ER REPRESENTIN~ RAINFALL-RUNOFF 
Z=7®3 SEVEN-NUMBERS PER LINE OF-PRINT· 

RETURN TO READ IN NEXT DAYS VALUES 

COUNT OF MONTHS 
Y=3®2 AT END OF EACH QUARTER 

OUTPUT 1 
a.JTPUT ( 

COUNT OF QUARTERS 
X=4®4 AT END OF FOUR QUARTERS 

INSERT NEW YEARS DATA AND CLEAR 
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. -sORTIN~ Ai'iD STATISTICAL ANALYSIS OF RAINFALL-RUNOFF DATA 
~;PRESENTED IN INTE~ER FORM. DATA TO END WITH 8( 

SETS ~C1012)WC99J)V(1001)SC1012)8(1012)NC9)F(])H(5jE(8)CC1) 
ZY XUPQT!<. C2) 

SETV RCJ2)D(2) 
SETF SQRT INT 
SETR 15 

1 5 ) R EA D F 7 : : 
READ N1 :: 
READ i:~4:: 

\•lA I T: : 
Z=1 : : 
Y::1 
X=1 
U=1 
T=1 
H1 =1 000 
H2 =1 0000:: 
HJ =1 0000000: : 

1)T=T+1:: 
JUMP UNLESS T=6®T:: 
T=2 
JUi1P ®T:: 

2)R£AD AZ:: 
Z:::Z+1:: 
JUi~iP ®2 

J)READ \·JY:: 
Y:.:Y+1:: 
J UHP ©':\ 

-' 

4)READ VX:: 
X:::X+1:: 
JUf•iP ®4 

5 ) R t:A D S lJ : : 
U=U+1:: 
JUHP @5 

COUNT. F]=4 AT LEAP YEAR. 
NUI'1BER OF YEARS TO 8 E- ANAL.YSEO E. ~·11 
NUHBER OF API ~ROUPS/SEASON E.~.10 

(ENTER TAPE CONTAININ~ 11 YEAR VALUES AT 
CRAINFALL AND RUNOFF IN INTE~ER·FORM 

RUNOFF RC:PRESEHTED BY LAST 4 Dl G;l TS 
RAII,lFALL-RUNOFF R£PR£SEi'!"l"ED BY 7 Dl~ITS 

COUNT FOR SEASOI'!S. FOR AUTUHN T=2 
JUl'iP TO CORRECT SEASONAL (.!ROUP 

WINTER T=J, SPRING; T=4,· SUMMER T=5 

AUTUMN INTEG;ERS IN CHRONOLO~ICAL ORDER. 
COUNT OF AUTUf-iN NUf•!B ERS 

vJII,lTER IHTE(~ERS IN. CHROI'--!OLO~ICAL ORDER 
C0UNT OF WINTER NUMBERS 

SPRIN~ INTEf~ERS IN· CHROHOLO(]ICAL ORDER 
COUNT OF SPR I NGI NU!•IB ERS 

SU/"Ii"lER I HTEG;ERS Hi C HROi,lOLO~ I CAL ORDt:R 
COUNT OF SUMMER NUMBERS 
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8) \•iA IT:: 
READ F1 : : 
READ F2:: 
READC:: 
F=F7 
N6=0 
Z==1 
Y=1 
X=1 
U==1 

VARY 1'12=1 :1 :N1:: 

VARY H::Z:1:92:: 
®OQH/30A:: 
5038: 56H2: : 
20C1:000:: 

. ) : : 
SUBR 6:: 
AH=AH+FJ:: 
REPEAT H:: 
Z=H+1 : : 

F5=90: : 
F=F+1:: 
JUMP UNLESS F=5®9:: 
F5:=91 :: 
F =1 : : -

9)VARY H=Y:1:F5:: 
®QOH/30\4: :-
50 3 8 : 56 H2 : : 
20C1:000:: 
) : : 
SUBR 6:: 
\•IH:::\•IH+FJ:: 
REPEAT H:: 
Y =fH 1:: 

ENTER DATA TAPE AND CLEAR 
RECESSION FACTOR K•1000 
cA.P.I. ON SEPT. JOTH 1953 
(PRECIPITATION ON SEPT JOTH 1953)•100 

N1::::NUMBER OF YEARS TO E)E ANALYSED 

92 DAYS IN AUTUJ~N SEASON 
PUT THE CONTENTS OF AH INTO ACCUMULATOR 
• BY 2o&-J8: DIVIDE BY C10,000•2•v-J8) 
PUT CONTENTS OF ACCUMULATOR INTO C1. THE 
AGCUi-1. HOLDS liHEG,ER PART I.E. RAINFALL 
CALCULATION OF A.P.I. IN INTEG,ER FORM 
RA I i'!FALL RUNOFF I HTE(JER +(A.P .I ·•10000000) 
UNTIL ONE AUTUr·1HS I NTEG;ERS ARE COi"iP Lt:TED 
VALUE OF Z AT START OF NEXT AUTUMN CYCLE 

90 DAYS IN WINTER SEASON (NOT LEAP YEAR) 
COUNT 
IF F=5 THEN LEAP YEAR 
91 DAYS IN WINTER·SEASON IN LEAP YEAR 
START NEill COUNT-

f5=NUrlBER OF DAYS It·! WINTER SEASON 
PUT THE CONTENTS OF WH·INTO ACCUMULATOR 
n BY 2o~-J8: DIVIDE BY C10,Q00o2••-J8) 
PUT CONTENTS OF .ACCUMULATOR INTO C1. THE 
ACCUH. HOLDS INTEG,ER PART I.E. RAii'IFALL 
CALCULATION OF A.P.I. IN INTEG,ER FORM 
RAINFALL- RUNOFF IHTE(JER+(A.P.I.*"IOOO,QQQ) 
UHTIL ONE HINTERS INTE~ERS ARE COi"'lPLETED 
VALl:JE OF Y AT START OF HEXT vl INTER CYCLE 
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V 1-\R Y H=X : 1 : 91 : : 
®OOH/JOV:: · 

. 5038: 56H2: : 
20C1:000:: 
) 

SUBR 6:: 
VH:::-..:VH+F3:: 
REPEAT H:: 
X::H+ 1 : : 

VARY H=U: 1 : 92 : ·: 
®QOH/30S:: · 
5038: 56H2:: 
20C1:000:: 
) 

SUBR 6:: 
SH=SIH·F3:: 
REP EAT H:: 
U::H+ 1 : : 

REPEAT N2:: 

LINE 
OUTPUT 19:: 
OUTPUT 17:: 
S UBR 13 : : - -
Ll NES 10 
H1 =STAND F1:: 
R1 :::-.:R1 /1000:: 
TITLE 
E·= 
PRINT R1,0:3:: 
LINES 2 
TITLE 

I H P 
SUBR 13:: 
OUTPUT 2 7:: 

N:::Z-1 :: 
VARY H :::-.:1 : 1 : N 
BH=Al-!:i 
®QOH/)OA:: 
50J8: 56H3: : 
52 H3: 570:: 
OOH/07A:: 
OOH/20A: : 
) 

REPEAT H:.: 

SU8R 10:: 

91 DAYS IN SPRIN~ SEASON 
PUT THE CONTENTS OF VH INTO AC:CUi"iULA_TOR 
DIVIDE DOUBLE LEN~TH·NUMBER BY 10,000 
PUT·RAINFALL INTE~ER Ii·!TO LOCATIOH C1 

CALCULATE A.P.I. IN INTE~ER FORM 
MAKE UP 11 DI~IT INTE~ER OF A.P.I.P,Q. 
UNTIL ONE SPR I N~S · I NTE~ERS ARE C Of<!P LET ED 
VAL~E OF X AT-START .OF NEXT SPRIN~· SEASON 

92 DAYS IN THE SUMMER SEASON 
PUT THE CONTENTS OF SH INTO ACCUMULAPOR 
DIVIDE DOUBLE LEN~TH NUMBERS OF 10,000 
Pt:iT·RAINFALL INTE~ER INTO LOCATIO/'! C1 

CALCULATION OF A.P.I. IN INTE~ER FORM 
HAKE UP 11 Dl~IT 1NTE~ER OF A~P.J.P,Q. 
UNTIL ONE SUHNERS- I NTE~ERS ARE C0i"iP LETE 
VALUE OF U AT START OF NEXT SUMMER SEASON 

RETURN TO WORK THROU~H THE NEXT 4 SEASONS 

J 
( 
OUTPUT 20 BLANKS 

FLOATIN~ POINT FORf'l OF RECESSION FACTOR 1\ 

DECIMAL FORM OF K 

PRINT K VALUE 

Q H C E 
OUTPUT 20 BLANKS 
F I ~URE S.HI FT SYi"IBOL 

TOTAL NU/"iBER OF VALUES IN AUTUi·lN SEASONS 

COPY 11 Dl~IT INT£~ERS INTO SORTIN~ STORE 
PUT THE CDIHENTS OF AH I l-iTO ACC Ui"lULA TOR 
•BY 2••-38:DIVIDE BY C10,000r000•2~•-38) 
*BY C1Q,QQO,Q00•2••~J8: PUT IN ACCUM. 
SUBTRACT ACCUMULATOR FROM AH C11DIGITS) 
PUT 7 Dl GilT RA I !·!FALL -RUNOFF I NTE:CiER INTO AH 

I 

Ui!TI L ALL AUTU!-,;; SEASOiiS VALU[S TREATED 

SORT! i'I~ AND STATISTICAL Ai·iALYSIS 
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N:-.:Y-1 : : 
VARY H:::1 :1:N 
BH::\•/H: : 
©QQH/JO\•J:: 
5038: 56H3 : : 
52HJ:570:: 
OOH/0 7l•/: : 
OOH/20l•J: : 
) 

P.EPEAT H:: 

SUBR 10: : 

N:::X -1 : : 
VARY H=1:!:N 
BH.=VH:: 
®OOH/JOV:: · 
so;s: 56HJ:: 
52 HJ: 5 70: : 
OOH/07V:: 
OO~i/20V:: 
) 

REPEAT H:: 

SUBR 10:: 

N:::U-1 : : 
VARY H =1 : 1 : N 
BH:::SH:: 
®QOH/JOS:: 
5038: 56HJ:: 
52 H): 5 70:: 
OOH/07S:: 
OOH/20S:: 
) 

REPEAT H:: 

SUBR 10:: 

J Ui'lP ©8:: 
JUfv!P ®8:: 

TOTAL NUi"iBER OF VALUES IN ~J I !"HER SC:ASON 

COPY 11 DI~IT INT£~E~S INTO SORTIN~ StORE 
PUT THE CONTENTS OF ~JH INTO ACC UNULA TOR 
~sy 2•~-JS: DIVIDE BY 1C10,000,000•2•~-J8) 
o8YC10,000r000o2•*-J8):PUT IN ACCUM. 
SUBTRACT ACCUMULATOR fROM WHC11 DI~ITS) 
PUT 7 DI~IT RAINFALL RUNOFF INTEQER INTO WH. 

UNTIL ALL \•liNTER SEAS01'1S VALUES TREATED 

SORTIN~ AND STATISTICAL ANALYSIS 

TOTAL NUMBER OF VALUES IN SPRIN~ SEASON 

C.OPY 11 Dl~lt IHTE~ERS INTO SORTING! STORE 
·PUT THE COf'iTENTS OF VH I HTO THE ACC: UhULATOR 

DIVIDE THE DOUBLE LEN~TH NUMBER BY 10,000,000 
Pl:JT ·THE I :-aE~ER PART INTO ACC Ui'i. AS 11 Dl ~ITS 
SUBTRACT-ACCUMULATOR FROM VHC11 DIGITS) 
PUT 7 DI~IT RA!i·IFALL-RUNOFF INTC:~ER INTO VH 

UNTIL ALL SPRINl1 SEASONS VALUES TREATED 

SORTIN~ AND STATISTICAL ANALYSIS 

TOTAL NUMBER OF VALUES IN SUMNER SEASON 

COPY 11 Dl~IT INTE~ERS INTO SORTINQ STORE 
PUT THE CONTENTS OF SH INTO ACCUMULATOR 
DIVIDE THE DOUBLE LEN~TH NUMBER BY 10,000,000 
PUT INTEGER PART INTO ACCUM. AS 11 DIGITS 
SUBTRACT ACCUMULATOR FROM SH C11 DIGITS) 
PUT 7 DIQIT RAINFALL- RUNOFF INTEGER INTOSH 

Ul-JTIL ALL SUi·H1ERS SEASOI,IS VALUES TREATED 

SORTING; Al'iD STATISTICAL AHALYSIS 

END OF CALCULATIONS WITH GIVEN K VALUE 
SUBROUTI~ES FOLlOW ON·FROM HERE 



10)®731<: 1!014):: 
3 0 3 0 ' : 4 t.l2 ' : : 
3032' :202 5' :: 
3 0 31 ' : 2 31 9 ' ·-
2320, :2323, 
2J2tl, :2635· 
000,/302 
2 419, :.2-420, 
2 42 3· :2 42 4, 
000./301 
2 0 3 3 ' : 2 41 9, 
21123, :2034· 
4 71 2 ' : 30 2 5' 
0530, :4626, 
020: 1733· 
2 420, :2 42 4, 
2 73 4, :2 731!' 
2735, :JOJ5, 
20)6,: 4L125r 
0037,/270 
0037· /2 40 
3037· :053tl, 
·152 5 ' : 0 4 3 5 ' 
2037· /300 
0037· /050 
tl119, :3236, 
4123,: 3033· 
501 :422 9, 
4Ll14,:000 
ooo. /403 
4119' : 32 .3 6' 
778191/770 
4129,:3236, 
+o 
+o 
+o 
+o 
+.() 
) 

1 4)@ 402' :000 
7JK: 401 4) 
JON:207, 
73K1 :22K1 
22K1 :021<1 
OOK/200 
OOK/ 401 
000:000 
000:0081 
301' :000 
r~\ n ! • I r, .-. ....... • . 

- .... = ., -.:. -- •• 

) .. . . 

START OF ELL lOTTS SORT! N~ ROUT! NE FOR 
11 DI~IT INTE~ER VALUES STORED IN 
LOCATIONS ·81 TO 8 N 

L •• :u v.-· .JV!"\ 1 I J'i'-1 1>'-.IU.! i f"it.o 11 DJ G;J T I iiTL:.:(jt:RS 
SQRTED ACCORDING; TO·A.P.I.MA~NITUDE 
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. i\! 5 =1 
D:::STAHD J.l:: 
D2 ::::STAND N.1:: 
D:::D+ ·001:; · 
D=D/02:: ·· 
NJd 1\!T · 0:: 
J\17-J\iJ • • -. .._ . . . 
lh.l9 -·N A -1 .. . .._ --; .. 
N8=0 

D:::NUHBER OF VALUES TO BE Ai,lALYSE:D 
D2::::NUHBER OF ·A.P.I. 4ROUPS /SEASOi-~ 
ADD_SMALL NUMBER TO FLOATIN~ POINT FORM 
NUt·iBER OF VALUES Hi A.P.I;. G)ROUP 
NJ:::INTEGER ·PART OF D 
(NU!-iBER OF VALUES IN A .P. l. ~ROUP 
C NUi·1B ER OF A .P. J • ~ROUPS/SEASON) -1 

11)VARY H=0:2:5:: C 
EH=O: : (SET SUi·H-11 i'!G VARIABLES EO, E2, E4, E6, E8, ==0 
REPEAT H:: C 

VARY l·J-N5·1·t-J7•· I o • 1-_• • I • • e • 

®OOH/JOB:: 
50J8: 56H3:: 
20K2:000:-: 
52 HJ: 5 70: : 
OOH/078:: 
2 0 1 2 : 50 }5 : : 
56H2 :20P:: 
52 H2: 570:: 
0712 :2QQ-:: 
) .. . . 
E::P+E:: 
E2 =Q+E2:: 
EJ=PCl-P:: 
E4=EJ+E4:: 
E5==-.:Q*6.2::­
E6:c:E6+ E5: : 
E7,....P•Q: : ·­
E8=E8+E7::. 
-REPEAT H:: 

R::STANO E:: 
R=R/100:: 
R2 :::STA i'i8 E2:: 
R2=R2/10:: 
R4::STAi~D-·E4:: 

R 4=-.:R 4/10000:: 
RG:::STAIW E6 :·: 
R6=R6/1 00:: 
R 8 ,.:S T A i'l D EB : : 
RS:::RS/1 000:: 
D=STAND I-17:: 

I 

N7==NUHBER OF VALUES IN EACH A.P. l. GROUP 
PUT THE CONTENTS OF 8H INTO THE ACC Ui'·WLA TOR 
~BY 2•o-J8:·DIVJDE BYC10,QOQ,Q00•2••-J8) 
PUT INTEGER PART IHTO K2. I.E. A.P.I. 
PUT INTECER PART *HJ INTO ACCUM.c11 Dl~ITS) 
SUBTRACT ACCUi'!ULATOR f~Oi'i BH C11 Dl Gl TS) 
STORE 7 DIGITS IN LOCATJGf···i 12:•l8Y 211i•-J8 
DIVIDE BY C10,000~2•~-J8): PUT ACCU~. IN P 
PUT· INTEGER PART~~ H2 -Jl-.iTO ACCU!·1·C7 DlCliTS) 2 
SUB TRACT ACC Ui"i. P FROt·J· 7 Dl G J T NUi·1BER IN 
LOCATION 12• PUT 4 Dl~IT RESULT INTO Q· 
SUI"l OF P 
SUI"! OF Q. 
P S.QRD 
SUf-i OF P SQR D 
Q SQRD 
SUI·i OF Q SQRD 
P+:!Q 
SUi"l OF P•Q 
REPEAT. t•JITH Nt:XT RAIHFALL RUNOFF VALUE 

SUM OF RAINFALL TO FLOATING POINT FORM 
SUi'l Of RA I t,;FALL P J NC HES 
SUM OF RUNOFF TO FLOATING POINT FORM 
SUH OF RUi·!OFF Q. HoG• 
SUH OF P SQRD TO FLOATII'-i(l POI iH FORh 
SUH Of P SQRD( INCHES SQRD) 
SUi-1 OF Q S.QRD TO FLOAT! N~ POI NT FORH 
SUM Of Q SQRD (Mo(l.D. SQRD) 
SUM Of P a Q TO FLOATING POINT FORM 
S U H OF P o 0 C l :·~c H ES ;:, h. ~. D. ) 
NUHBER OF VALUES IN A .P. J. (lROUP 
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R9=R/O:: 
R1 O=R2/0:: 
R11 =R4/D:: 
R12=R6/0:: 
R1 j:::R9oR9:: 
R14=R10~R10:: 
R1 5==R 11 -R1J :· : 
H16:::SQRT R15:: 
R 1 7 =R 12 -R 1 4 : : 
R18:::SQRT RFJ:: 
R19=R16~R18:: 
f~2 O=R8/ 0: : ~ 
R21 =R9<!R10:: 

R2 2 =R2 0 -R21 : : . 
R2J::.:R22/R19:: 
i121l=R1B/R16:: 
R 2 5 :-.:R2 J t.", R 2 4 : : 
R26=R25oR9:: 
R27:-.:R10-R26:: 
R28=R2J*R2J:: 
R2 9:-.:1 -R2 8 : : 
P.Jl):::SQRT R29:: 
RJi =R18oRJO:: 

LINE 
. ®QQ H/JOB : : 
50JB: 56HJ:: 
20F6:000:: 
) 

01 :-.:STAND F6:: 
01 ::01 + • 000 1 : : 
D1 =01 =01 I 1 00 : : 

AVERA~E. P 
AVERA~E Q 
1/I'J(SUi·i OF P SQRD) 
1/NCSUi'i OF Q SQRD) 
CAVERA(~E P)SQRD 
CAVERA~E Q)SQRD 
(STANDARD DEVIATION OF P)SQRD 
STANDARD DEVlATI ON OF P 
(STANDARD DEVIATION OF Q)SQRD 
STANDARD DEVIATION OF Q . 
STAi~OARO DEV ePeSTAND.DEV .Q. 
1/NCSUM OF (PoQ)) 
AVERA~E P i!t AVERA~E Q 

1/NCSUM OF cP~Q))-(AV.PoAV.Q) 
R=CORRELAT I ON COEFF I C I t:l'!T 
STAND.DEV.Q/STAND DfViP 
1·1=REG;RESS I ON COEFFICIENT 
i'-J-!;(AV.P) · 
C -::.A V ,; Q - i"l* C A V • P) 
R.SQRD 
1 -cR .SQRD) 
SQRTC 1-cR SQRD)) 
E:::STAHDARD ERROR OF EST! !•lATE. 

PUT THE CONTENTS OF BH INTO ACCUfciiJLATOR 
~sy 2 ••-JS:DIVIDE BY 10,QOQ,OOOo2~•-J8 
PUT ~ DI~IT INTE~ER cA.P.I .)INTO F6 

PUT LAST A.P.I.INTO FLOATING; POINT FORM 
ADD SHALL NUi·iBER TO Ei,iSURE CORRECT INT. 
HI G;HEST A .P. I • I H G;ROUP C l NC HES) 
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P R I i·H D1 , 1 : 2 : : 
PRINT N7,3::· 
PRINT R9, 1 :2:: 
PRINT R10,3:1:: 
P R I i~IT · R2 5 , 3 : 1 : : 
PRfNT R27, 3:1:: 
P R I NT R} 1 , 3 : 1 : : 
1'·'6 ..... r.lo~" ·.-' 1 · · & •-a' • • 
PRINT N6,2 
N8=N8+1 :: 
N5 :::N:J+ i'i 1: : 
JUMP IF N~$N9®11:: 
JUMP IF N8~N4©12:: 
N7dl9>~t N]:: 
H7=N-N7: :· 
JUHP ®11:: 

12)SUBR 13 
EXIT:: 

13)LI NE . 
VARY· H=1 :1:20:: 
OUTPUT 0:: 
REPEAT H:: 
EXIT 

6)F 4==F2~F1:: 
®JQF 4:5038:: 
56H1:20F4:: 
) 

F 4::.:F 4+C:: 
F2 :::F 4: : 
C:::C1:: 
FJ:::F 4-~.t1 0000000:: 
FJ:I·T 

START 15 

l=HI~HEST A.P.I.VALUE IN THIS ~ROUP 
N:.:NUHBER OF PAIRS IN ~ROUP · 
P:::NEAN DAILY PREC IP I TAT I ON FOR ~ROUP 
Q=HEAN DAILY RUNOFF· FOR· GROUP 
f'l=:SLOPE OF REGRESSION EQUATI-ON' 
C=I NTERCEPT OF R E~R ESS I ON E~ UA T I ON 
E:STANDARD- ERROR OF EST! l·:r\ TE OF· Q 
REFERENCE NUMBER 

· NUHBER OF A.P .1. ~ROUPS ANALYSED SO FAR 
(NUMBER OF VALUES ANALYSED SO FAR)+1 
U~TIL ONLY ONE ~ROUP IS LEFT FOR ANALYSIS 
LAST OF THIS SEASONS ~ROUPS ANALYSED 
CCNU~18ER ·OF GROUPS)-! )•NUhBER If~ (~ROUP 
NU11BER OF VALUES IN LAST A.P.I;;G;ROUP 
TO ANALYSE-THE VAlUES IN THE LAST ~ROUP 

RETURi'i TO START OH HS\T SEASONS Ci\LCS 

( 
(OUTPUT 20 BLAi·-li::s 
( 

A.P.l.•CK*1000) 
PUT F4 INTO ACCUI-'1. :~BY 2••-JB 
DIVIDE BY 1000o2•~-38:PUT ANS.INTO F4 

A.P.I .-~~d</10QQ+YESTERDAYS RAINFALL 
A.P.I.AT 9·0 A.M. THIS HORNING; 
f:iAl< E · C.=TODAYS RA I NFP. LL 
~A.P.I. BY 1o,ooo.ooo E.G;.770oooooo 
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: :PR~RAMi·1E TO PLOT P OR Q OR M OR C OR E AG;AINST N 

SETS ZLNSTVRDWK(2)0 
SETV Al(441)U(441)P(440)Q(440)M(440)C(44Q)E(440)F(](440)HJX(2)BY 
SET F (]RAPH PLOT · 
SETR 16 

14)SU BR 1J: : 
Z=1 
0=1 

15 ) REA D I Z : : 
READ (]Z: : 
READ PZ: : 
READ QZ:: 
READ i"lZ: : 
READ CZ:: 
READ EZ:: 
READ V: ·:­
Z=Z+1 
u'U [vjp © 15 

J)WAIT:: 
0=0+1:: 
JUMP ©15 

16 )READ D:: 
W=D-1 
K1=J•D 
K1=K1+2:: 
K2=5 •D 
K2=K2-2: : 
1<=4 •D: : 
K=K•11: : 
Z=K+1 
IZ=G 

UZ=Q 

2) READ L: : 
SU BR L:: 

1)READ N:: 
S=N 
T=1 
V=O 
(]=O 
H=O 
X 1=1] 

X2=0 

OUT PUT 160 BLANKS 

Hl(]HEST A.P.I. VALUE IN (]Ra.JP 
NUMBER OF RAINFALL-RUNOFF PAIRS IN G;ROJP 
AVERA(]E RAINFALL FOR (]ROUP . 
AV ERA(]E RUNOFF FOR G,ROUP , 
SLOPE OF RE(]RESSION EQUATION 
INTERCEPT OF RE(]RESSIO.N EQUATION 

STANDARD ERROR OF ESTIMATE 
REFERENCE NUMBER OF (]ROUP 

J(TRI(]GER AT END OF SHEET OF DATA/K VALUE' 
COUNT !\lUMBER OF SETS OF K VAWES READ IN 

NU 1"1BER OF INCREMENTS PER SEAS ON 

(,:a.JNT TO FIND FIRST VALUE IN EACH SEASON 

CaJ NT TO FINO LAST V AWE IN EACH SEAS ON 
TOTAL NUMBER OF ·(]ROUPS PER K V·AWE 
TOTAL NUMBER OF (]ROU PS IN ALL SETS OF K 

P=4 -Q=5 M=6 C=7 E=8 
SET UZ=PZ. OR QZ. OR l'lZ. OR CZ OR EZ. 

A= 1 W = 11 V = 21 S = .3 1 



VARY R=1: 1:0:: 
A=O 
A=PLOf O,A:: 
Z=S 
SUBR 12:: 
S=S+T 
A=O 
A=~RAPH 0, A: : 

V ARY Z =S : T : W 
SU BR 10:: 
REPEAT Z-

JUt1P IF T=1©9:: 
S::S+K1:: 
T=1 
JUMP @11 

9)S=S+K2:: 
T=-1 

11) REPEAT R 

A=O 
A=PLar 0, A:: 
Z=K+1:: 
SUBR 12:: 
SUBR 1):: 
WAIT 
JUMP ®1:: 

10) F::::UZ:: 
F=F-H:·: 
X=ST AND T: : 
X= 100 •X: : 
Y=F•B:: 
X1=X1+X:: 
X2=X2+Y: : 
A=~RAPH X1, X2:: 
H=U Z: : 
EX IT 

O=NU MBER OF SETS OF K VALUES 

RAISE PEN 

MOVE PEN. READY TO START DRAW IN~ NEW LI.NE 

LOWER PEN 

DRAl•J LINE BET l•JEEN PRESENT V AWE AND LAST . 

R-EVERSE DIRECTION OF .PLOTTIN(l. SEE. SUBR 10 
~IRST VALUE IN·EACH SEASON· 

LAST VALUE IN EACH SEASON 

RAISE PEN 
IF·Z=K+1 THEN UZ=O 
RETURN-PEN TO X AXIS 
OUT PUT 16 0 BLANKS · 

START FOR NEW SEASON 

VALUE TO BE PLOTTED 
·VALUE TO PLOTTED LESS PREY IOUS VALUE 
X MOV Et~ENT. POSITIVE OR NE(lAT IV E 
1 00 •. 1 M. t1. STEPS I N X D IRE CT I E:l N 
B=SCALE. SEE SUBR·4,5,6;],8 FOR VALUES 
ADD ON RES I DUAL 
ADD ON RESIDUAL 
DRAW LINE BET ~JEEN PRESENT VALUE AND LAST 
SET H=·TO PRESENT VALUE 

' 
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12)F=UZ:: 
F=F-H:: 
X=O 
Y=F•B:: 
X1=X1+X:: 
X2=X2+Y-: ·: 
A=PLOT i<1, X2: : 
H=U Z:: 
EXIT 

V A LU E AT START 0 F NDJ L IN E 
VALUE TO BE PLOTTED LESS PREV IOJS VAWE 

B=SCALE. SEE SUBR 4,5,6, ],8 FOR VAWES 
ADD ON RES I DUAL 
ADD ON RES I DUAL 
!·'lOVE PEN READY TO START DRAlv IN~ NEtv LINE 
SET H= TO PRESENT VAWE 

1J)VARY 2=1:1:160:: ( 
a.JTPUT 0:: ( OJTPUT 160 BLANKS 
REPEAT Z:: ( 
EX IT 

4)8=1000:: 
V AR Y Z = 1 : 1 : I< : : 
U Z=PZ:: 
REPEAT Z:: 
EXIT 

5) B= 10: : 
VARY Z = 1 : 1 : K: : 
IJZ=QZ:: -
REPEAT Z:: 
EXIT 

6) 8=5: : 
VARY Z= 1 : 1 : K: : 
UZ=MZ:: 
REPEAT Z:: 
EXIT 

7) 8= 10: : 
VARy_ 2=1:1:1<:: 
UZ=CZ:: --- -
REPEAT Z: : 
EXIT 

8)B=1Q:: 
V AR Y Z = 1 : 1 : K: : 
UZ=EZ:: 
REPEAT Z:: 
EXIT 

START 14 

SCALE FOR MOVEMENT IN Y DIRECT I ON 
( 
(UZ= AVERA(lE RAINFALL VAWE FOR EACH (1ROJP 
( 

SCALE FOR t-10VE!-1ENT IN Y DIRECTION 
( 
(UZ=AVERA~E RUNOFF VALUE FOR EACH ~ROJP 
( 

SCALE FOR r10VE!'1ENT IN Y DIRECTION 
( 
(U Z=SLOPE OF EACH RE~RESS I 01\i EQU AT l ON 
( 

S GALE FOR 1"10V EMENT IN Y DIRECT I ON 
( 
(UZ=INTERCEPT OF EACH REG,RESSION EQUATION 
( 

SCALE FOR l'iOVEMENT IN Y DIRECTIOt'i 
( 
(UZ=EACH STANDARD ERROR OF EST I MATE 
( 
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LINES 8 
N)=O 
N5=0 
VARY·H=1:1:N:: N=TOTAL NUMBER OF VAWES PER·SEASON 
~OOH/)OB:: PUT THE CONT.ENTS OF BH INTO THE ACCU MU L..AT OR 
50)8:56H):: •BY 2••-)8:DIVIDE BY{10;000,000•2••-)8) 
20K2:000:: PUT INTEGER PART INTO K2 I.E. A.P.I •. 
52H):570:: PUT INTEGER PART •H) INTO ACCUM. {11 DIGITS) 
OOH/07B:: SUBTRACT ACCUMULATOR FROM BH (11 DI~ITS) · 
2012:50)8:: STORE ·7 DI~ITS IN LOCATION 12: •BY 2••-)8 
56H2:20P:: DIVIDE BY·{10,000•2••-)8):PUT ACCUM. IN P 
5 2H2:5 70: : PUT· INTEGER PART •H2 INTO ACCUM. ( 7 DIG ITS) P 
0712:20Q:: SUBTRACT ACCUM. P FROM 7 DIGIT NUMBER·IN 
):: LOCATION 12· PUT 4 DI~IT RESULT IN Q 
JUMP UNLESS P=0®12 
N)=N)+1:: COUNT. 5 A.P.I.-RUNOFF PAIRS/LINE 
N5 =N5 +1: : COUNT OF NUMBER OF DAYS WHEN P=O 
PR I NT K2; ) : : A • P. I • V AWE 
PRINT Q,4::- ASSOCIATED RUNOFF VAUJE 
JUMP UNLESS N)=5®12 
LINE 
N)=O 

12)REPEAT H 

LINE 
a.JTPUT 1:: 
a.JTFUT 17:: 
LINE 
PR I NT N5 , ) : : 
SUBR 1):: 
EX IT: : --

1))LINE 
VARY H= 1 : 1 : 2 0: : 
a.JTPUT Q:: 
REPEAT H:: 
EX·IT 

6)F4=F2•F1:: 
®)OF4:50)8:: 
56 H 1 : 2 OF 4 : : 
) 

1 
( 

PRINT NUMBER OF DAYS WHEN P=O EACH SESSION 
a.JTPUT 20 BLANKS 
RETURN TO START NEXT. SEASONS CALCULATIONS 

( 
(OUTPUT 20 BL..A·NKS 
( 

A. P. I. •( K•1 000) 
PUT F4 INTO ACCUMULATOR: • BY 2••-)8 
DIVIDE BY 1000•2••-)8: PUT ANSWER INTO F4 

F4=F4+C:: A.P.I.•(K•1000)+ YESTERDAYS RAINFALL 
F2=F4:: · A.P.I. AT 9 .o A.;·M. THIS MORN IN& 
C=C1::· MAKE·C=TODAYS RAINFALL 
F)=F4•10000000::A.P.I. •10;000,000 · E.G. 770000000 
EX IT · 

START 15 
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::~RAPH POINTS· API - C WHEN RAINFALL IS ZERO 

SETS NIZ 
SETV RCDFSC2)8C2)APC1000)QC1000) 
SETF ~RAP.H PI.!OT 
SETR 4 

4)R=0 
F=O 
S1=0· 
S2=Q 
81=0 
82=0 
CYCLE 2=1:1:160:~ 
OUTPUT 0:: 
REPEAT Z:: 

.J)READ PI:: 
READ Q I :: 
R=Pl-R:: 
F=Ql-F:: 
C=R•10:: 
D=F /2 :·: 
S1=S1+.C:: 
S2=S2+D:: 
A=P!.!OT S1,S2:·: 
A:;:~RAPH 81,82:,: 
A:i:PLOT 81,82:·: 
R=P 1 :: 
F=Q I:: 
JUI''JP ®.3:: 

1 )C =-R-•10: : 
D=...-F/2:: 
S1~S1+C:: 
S2=S2+D: :· 
A-:;PLOT S1,S2:': 
i\:;:~RAP!-1 81, 82 :·: 
A:;:PL OT 81, 82:,: 
~JAIT:: 

READ N:: 
JUf1P ®4 
ST-\RT 4 

( 

COUTPUT 160 BLAMKS 
( 

RAISE PEN 

A~P.I. VALUE ON DAY WITH NO RAINFALL 
RUNOFF ON SAME DAY 
A~P.I.-A~P.I.·ON PREVIOUS DAY 
RUNOFF-RUNOFF ON PREVIOUS DAY 
PARTIAL A~P.I.oSCALE·· 
PA~TIAL RUNOFF o SCALE 
PREVIOUS RESIDUAL + PARTIAL A~P.I. 
PREVIOUS RESIDUAU +-PARTIAL .RUNOFF 
MOVE·THROU~H·DISTANCE S1;S2 · 
LOWER PEN, MARK A!DOT 
RAlSE PEN . 
PREVIOUS DAYS A~Pel. 
PREVIOUS DAYS RUNOFF 
RETURN TO PlOT NEXT VAlUES 

SCAUED DISTANCE TO ORI~IN IN X DIRECTION 
SCAUED DISTANCE TO ORI~IN IN Y DIRECTION 
ADD ON RESIDUAL 
ADD ON RESiDUAL: 
MOVE THROU~H DISTANCE S1,S2 · 
LOWER PEN, MAmK AIDOT. 
RAISE PEN 
CLEAR WAIT TO PL:OT NEXT SEASONS VALUES 

NUMBER OF DAYS WHEN P=O 
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11).H=O 
T=Q 
~=21 
RJ2=0 
R=Q, 
R4=0 
R2=0 
R6=0 
RB=O 
NJ=O 

17)1-:!=f-1+1 
JUi"IP I I F. H%N®18:: 

_ ® QOH/JOB:: 
50J8:56HJ::-
2 oK 2 ~·ooo: : -
52!-13:570:: 
OOH/078:: 
2012:50)8:: 
5 6 H 2 :, 2 QP : : 
52H2:5JO:: 
0712:'20Q:: 
) .. -.. 
J (J HP I I F. P=Q~ 1 7 : : 
D1=STAND K2:;: 
R 1 =STI\ NO Q: : 
NJ=N7+1:: 
T=T+1:: 
RJ=R1:: 
R J=STAND P: : 
J Ui"'P @~:: 

22)D5=RJ-O"f:: -
OT=RJ::­
D6=RJ-ET:: 
ET=RJ:: 
DJ=D1®-L T: : -
L T=D1: : 
R=D6+R:: 
R 2=D5+R2 :' :· · 
R 32=DJ+RJ2 :' :­
DB=ET;:.ET:: · 
D9=D8-i'1T:: · 
t·IT=DB:: · 
R 4=D9+R4: : · 
D8=0T;:.OT:: · 
09=08-1 T:: · 
I T=DB:: · 
R 6=R6+D9: : 
D8=ETo-OT:: 
09=08-JT:: 
JT=DS:: 
R'-l=R'3+DO:: 

N=NUMSER OF VALUES/SEASON 
PLJT THE CONTENTS OF BH INTO THE ACCUi~ULATOR 
o BY :2•o-J8:DIVIDE BYttO,QQQ,OQOo2n•-J8) 
PWT INTE~ER PART. INTO Kz ·I .E. A.R~I. . 
PWT INTEGER PART_ oHJ I NTO·ACGUM. Ct1 DI~ITS) 
SUBTRACT ACCUMULATOR FROM BH C11 DI~ITS) 
STORE 7 DIQITS IN LOCATION 1~:oBY:2oo-J8 
DIVIDE BY:ct0,000•2o*-)3): ·Pl!JT ACC.UH. IN P• 
PWT· INTE~ER PART oH21INTO ACCUM. C7 DI~ITS) P 1 
SUBTRACT ACCUM.P•FROM·J Dl~IT·NUMBER IN· 
LOCATION 12• PijT 4 DI~JT·RESULT'IN Q 
CALCULATIONS ON RAINFA~L DAYS ONLY. 
FLOAT! N~ PQINT FORN OF DAILY :A.P~I. I. 
FLOAT IN~ P01 NT FORf"' OF DAILY: RUNOFF Q 
COUNT UP 1TO 5 I .E.STEPS OF NOV! NG. AV. 
COUNT UP • TO N4 · 
DAILY .RUNOFF Q 
FLOATIN~ P0INT FORM OF DAILY .RAINFALL P1 
JUMP·TO 21 FOR FIRST N4 VALUES THEN TO 22 · 

DAILY RUNOFF- DAILY.RUNOFF N4 DAYS BEFORE 
DAILY RUNOFF. 1-.14 DAYS BEFORE, ·OVERt.JRITTEN 
DAILY RAINFALL- DAILY 'RAINFALL N4 DAYS BEFORE 
DAILY:RAINFALL. N4 DAYS BEFORE, ·OVERWRITTEN 
DAILY .A.P,I. -DAILY:A~P~I. N4 DAYS BEFORE 
DAILY :A .P ,II • N4 DAYS BEFORE, · OVERWR I TTE:N 
SUti OF i'-14 P • + 0 I f.FERENCE IN P.1 · -
SUH OF N4 Q + D I f.FERENCE IN Q 
SUH OF N4 A.P,I~ + Dlf.FERENCE IN A.P~I. 
P: SQRD 
P1SQRD- P•SQRD N4 DAYS BEFORE 
P 1 SQRD • i'14 .DAYS 3EFORE 8 ·OVERWRITTEN 
sut1 oF N4 cP 1 sQRD) + 01 FFERENcE 1 N PI sQRD 
Q SQRD 
Q SQRD - Q SQRD N4 DAYS BEFORE 
Q SQRD. N4 DAYS BEFORE, ·OVER~JRITTEN 
SUt-1 OF 'N4 (Q SQRD)+ Dl f.FERENCE IN Q SQRD 
P·~ Q 
P • * Q- (PoQ) N4 DAYS BEFORE 
P:o Q N4 DAYS BEFORE, ·OVERWRITTEN 

T ~. 1 1 -.. 
1 111 I fit '\:! SUH OF '!-i (P "' ~)+ D!?F':~::!:;: 

J U~1P ·UNLESS 
JU!'IP ·UNLESS 

N7=5®1J:: ·REPEAT 5 TIMES 
T=N4]11B:: · CYCLE COf'IPh.ETE 

T=Q: :· . SET T=Q TO START NEW CYCLE OF N4 



18 )~4Q=R/1 00: : 
R 42=R2/1 Q: : · 
R 44=R4/1 0000: : · 
R46=R6/10Q:: · 
R48=R8/10QO:: · 
D=STAND N4: :- · 
R9=R4Q/D: :- · 
R 1 O=R42/D: :· · 
R 11 = R 4 4 /D : : · 
R 1-2=R46/D: : · 
R 1J=R9~R9:: 
R14=R1Qt.tR1Q:: · 
R 15=R 11-R 1J: : 
R 1 6 = SQ R T R 1 5 : : 
R17=R12-R14:: 
R 18=SQRT R17:: · 
R 19=R16•R18:: · 
R 20=R48 /D: : · 
R 21=R9•R1Q:-: 
R 22=R20-R21:: · 
R 2J=R22/R19:: · 
R 24=R18 /R16:: · 
R 25=R2JoR24:: · 
R 26=R25oR9: : · 
R27=R1Q-R26:: · 
R 2B=R2J~R2J:: · 
R29=1-R28:: · 
R JO=SQRT R29:: · 
RJ1=R1=3t;RJQ:: · 
R 40=RJ2/1QQ:: · 
R 40=R4Q/D:: · 

Ll i-IE 

SUt·l OF N4 DAYS RAINFALL IN INCHES 
SUM OF N4 DAYS RUNOFF IN·M.~.D. 
(SUM OF N4 DAYS RAINFALL IN INCHES) SQRD 
(SUM OF N4 DAYS RUNOF~ JN·M.~.D.) · SQRb 
SUM OF N4 DAYS P•* Q (INS~ M.~.D.) 
NUMBER OF VALUES IN A.P~I. ~ROUP1 
AVERAG)E p, 
AVERA~E Q 
1/N (SUM OF P) SQRD 
1 jN C SUN OF Q ) SQ RD 
(AVERAqE P) SQRD 
(A VERA~E Q) SQRD 
(STANDARD DEVIATION OF P) SQRD 
STANDARD DEVIATION OF P 1 

.(STANDARD DEVIATION OF Q) SQRD 
STANDARD DEVIATION OF Q 
STANDARD DEY~ P'* STANDARD DEY. Q 
1 /N . (SUM OF (P~)) 
AVERA~E P · • AVERA~E Q' 
1/N (SUM OF CP•Q))-(AV.P~AV.Q) 
CORRELATION COEFFICIENT R 
STANDARD DEV.QjSTANDARD DEV.P. 
RE~RESSION COEFFICIENT.· M. 
l•!o (A V. P) 
C=AV,;Q-M(;(AV.P) 
R SQRD 
1-R. SQRD 
SQRT C1-(R. SQRD) 
E:::STANDARD ERROR OF ESTIMATE 
SUI•! OF I -IN INCHES 
AVERAQE· I ~FOR G)ROUP, 

PRINT R4Q,1:2:;:· · AVERA~E I-FOR G)ROUP, 
PRINT N7,2': NUMBER IN A~P~I. G)ROUP,OR MOVEMENT·OF GlROUP! 
PRJ NT. R9, 1:2:': · AVERAG)E·P! 
PRINT R1QDJ:1:t · AVERA~E Q 
PRINT R25,4:1:: · RE~RESSION COEFFICIENT·M 
PRINT R27,3:1:~ · INTERSEPT·OF REG)RESSION EQUATION C 
PRJ NT RJ1, J: ·1:: · STA!i..JDARD ERROR OF ESTIMATE 
N6=N6+1:: · COUNT OF NUl'IBER OF G)RE>UPSjSEASON 
PRINT N6, J: : · PR II'>IT G)ROUP • REFERENCE NU NBER 
JUMP· IF H%N@12:': ·END OF SEASON · 
N7=0:: · . COUNT UP t TO 5 
JUi"'P ·@17:: · RETURN TO PROCESS ANOTHER ~ROUP ·OF VALUES 

+o 



12)LINE 
OUTPUT 19 
OUTPUT 17 
SUBR 1 J:: 
N6=0:: -· 
Ll NES 10 

. EXIT 

21 )OT=RJ:: 
ET=R7:: -
L T=D1:: 
R::ET+R:: 
R2=0T+R2:: 
RJ2 :::LT+RJ2:: 
I·IT=ET• ET: : -
R 4=f'iT +R 4: : 
I T=OT•OT:: 
R6~-=R6+ IT:: 
JT=ET•0T:: 
R8:::R8+JT:: 

J 
( 

OUTPUT 40 BLANKS 
COUNT OF REF. NUMBERS EACH SEASON 

DAILY RUNOFF Q. 
. DAILY RAINFALL P. 

DA I L Y A • P • 1 • I • 
SUi'·! OF P 
SUH OF Q 
SUfvl OF 1 
P S.QRD -
SUH OF P SQRD 
Q SQRD 
SU~·i OF Q SQRD 
p ;:. Q 
SUH OF P * Q 

JUHP UNLESS 
~==22:: -
T=O 

T=N4@ 17:: N4:::NUr·18 ER OF A .P. I • ~ROUP 

,J UHP ®18 

1J)LINE 
VA R Y H =1 : 1 : 40 : : 
OUTPUT Q:: 
REPEAT H:: 
EXIT 

6) F 4=F2~~<f1:: 
® JO f 4: 50 J8 : : 
56H1 :2Qf 4:: 
) 

f 4==f 4+C:: 
- F2=F 4::­
c ::C'1 :: 
FJ =f 4•1 0000000: : 
EXIT 

START 15 

De NOT RETURN TO REF ·21 AG,A IN THIS SEASON 

( 
( OUTPUT 40 BLANKS 
( 

A.P.l.lli(K;:t1QQQ) 
PUT F4 INTO ACCUf1:n BY 2 cH:. -;a 
DIVIDE BY 1000*2*•-JB:PWT ANS.INTO f4 

A.P.I./1000 -1- YESTERDAYS RAJ NFALL 
A.P.I.AT 9·0-A~M. THIS MORNING, 
fv!AKE·G::TODAYS RAJ NFALL 
• A.P.I. BY 1Q,QOO,OOO E.~. 770000000 
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::TO CALCULATE RUNOFF FROJvi EQUATIONS AND RAINFALL 

SETS ZXNC12)WVD(2)YUT 
SETV EC L!) FC L!) ~C 4) H( 4) I CJ66 )PC J66)AR( 366) CfviKBJ( L!) LC 4) 
SETR 12, · 

5) VARY Z =1 : 1 : 4 : : 
READ EZ:: 
READ FZ:-: 

. READ ~Z:: 
READ HZ:: 
READ JZ:: 
READ LZ:: 
REPEAT Z 

lolA IT: : 

READ K:: 

READ IN EQUATIONS FOR FOUR SEASONS 
INTERCEPT OF. C ~RAPH bJHEN P %0 
SLOPE OF C ~RAPH l•JHEN P%0 
IIHERCEPT OF M ~RAPH tmEN P~~O 
SLOPE OF f1 ~RAPH WHEN P %0 
INTERCEPT OF C ~RAPH vlHEN P=O 

. SLOPE OF C ~RAPH vlHEN P=O 

ENTER NEXT DATA TAPE 

RECESSION FACTOR E.~. 0•87 
READ I-:: 
READ P :·: 
READ- D-:: 

VAI,..UE GF SEPT- JQTH OF PREVIOUS ~lATER YEAR 
VALUE ON SEPT JOTH OF PREVIOUS WATER YEAR 
DATE AT START Of-PREVIOUS WATER YEAR 

L!)lllAIT:: ENTER TAPE OF RAINFALL DATA 

J)READ D2:: DATE OF FIRST RAINFALL ON TAPE 
D1:D+10000:: LAST YEARS DATE +10000 
JUMP--UNLESS D2=D1@4: :CHECI't THAT CORRECT TAPE HAS BEEN ENTERED 
D=D2:: ·SET VA_LUE OF D TO THIS YEARS VALUE 
SUBR- 8:: OUTPUT L!O BLANKS 
OUTPUT-27:: F I ~URE SHIFT ·SYf'!BOL 
LINES 6 
Z=1 
X=Q 

2)READ PZ:: 
Z=Z+1:: 
JUi•iP ®2 
1 )X=X+1:: 
NX=Z-t: ·: 
JU1'1P IF X=12®6:: 
READ A:: 
READ.A:: 

6)R=Q 
U=O 
T=1 
B=O 
X=1 
Z:-:Z-1 
V.I=O 

READ RAINFALL 
COUNT OF DAYS FROf1 OCTOBER 1ST 

COUNT OF MONTHS FROM OCTOBER 
NUMBER OF DAYS TO END OF HONTH X 
AT END OF blAT ER YEAR 
TOTAL MONTHLY RAINFALL 
TRI~~ER 2C 
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VARY V=1 :1 :Z:: 
B=B+PV:: 
IV=l*K:: 
IV =I V+P:: 
I =IV: :· -
P'.:PV:: 
JUHP-IF P$.001:: 
C=FTol V:: 
C::C+ET: :· · 
t1=HT•l V: : 
M=f1+~T:: 
RV::PV•f1:: 
RV=RV+C:: 
JUHP ®11:: 

. 
Z=NUMBER OF DAYS 1 N YEAR 
SUi'i YEARS RAINFALL: 
l=f eN PREVIOUS DAY •K 
J + PREVIOUS DAYS RAINFALL 
SET J EQUAL TO THIS DAYS VALUE 
SET P EQUAL TO THIS DAYS VALUE 
USE Dl FFERENT EQUATIONS 1 F P=O 
SLOPE·OF C EQUATION • A.P.I. 
INTERCEPT OF RE~RESSION OF·Q ON P 
SLOPE OF H EQUATION • A.P. I. 
SLOPE OF RE~RESSION EQUATION Of, Q ON P 
RAINFALL * SLOPE· 
CRAI NFALL ..-. SLOPE) + I NTERSEPT 
JUMP TO PRINT INSTRUCTI0N 

12)RV=LT•IV:: EQUATION ln!EN P =0 
RV =RV+JT:: - -· RUNOFF IIJHEN P =0 
11)W=W+1:: COUNT 
PRINT RVr4:: PRINT OUT CALCULATED RUNOFF VALUES 
JUMP UNLESS·W=8®10::El~HT NUMBERS PER LINE 
Ll NE 
H=O 

10)R=R+RV:: 
JUi··iP UNLESS 
t~=O 

SUi'-1 CALCULATED RUNOFF 
V=NX®9::JUI1P ©9 UNLESS AT END OF HONTH 

Ll NE 
OUTPUT 1:: 
OUTPUT 1/:: 
LINES 2 
SUBR 8:: 

U=U+1:: 

1 
( 

OUTPUT 40 BLANKS 
COUNT OF NONTHS 
COUNT UP TO QUARTERS 

JUJ-1P l;JNLESS 
T=T+1 :: 

U=J©9::JUMP ®9 UNLESS START OF NEW SEASON 
COUNT FOR NEl•J SEASONS EQUATIONS 

U=Q-· 
JUf·iP IF X=1J©7:: 

9)REPEA T V:: 

7)SUBR 8:: 
Ll NE 
PRINT B,2:2:: 
PRINT R,5:1:: 
PRINT K,0:2:: 
PR I NT I , 2 :2 : : 
PRINT P,1:2:: 
PRINT D, 6: : -
J U l"iP @ 4 : : --

8)VARY Y=1:1:40:: 
(): __ ITP I_)T 0: : 

REPEAT 
EXIT 

START 5 

Y • • .. 

END OF YEAR. PRINT OUT 

RETURN TO READ NEW RAINFALL VALUE 

OUTPUT 40 BLANKS 

ANNUAL RAINFALL 
ANNUAL RUNOFF (CALCULATED 
REG ESS I ON FACTOR 
A.P. I. ON SEPTEt'iBER JOTH 
RAINFALL ON SEPTEHBER JOTH 
DATE AT START OF WATER YEAR 
RETURN FOR NEW RAINFALL-DATA 

( 

( 
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::PRO~RAMME TO PLOT THE ACCUMULATION OF DAIL~ RUNOFF 
: ·:DEFICIENCY· OR EXCESSES FRON A DAILY MEAN OF AN ELEVEN 
::YEAR RECORD . 

SETS J 
S ETV QX ( 3) ER C 1) 
SETF· ~RAPH PLOT 
SETR 6 

6)READ Q:: 11 YEAR TOTAL E-~·155225•5 M.~.(CALCULATED) 
·Q==Q/ 4018:: 
READ X:: 
READ XJ:: 
X1=0 
X2=0 

AVERAGE DAILY FLOH OVER 11 YEAR PERIOD 
i'IILLIOH ~ALLS/0·1 f-H't STEP £.~·10 
Nl:JMBER OF 0·1 i-11"1 STEPS/DAY E.~.1 

5)WAIT:: INSERT ONE YEARS RUNOFF DATA 
VARY J=1:1:4Q::( 
OUTPUT 0:: - (OUTPUT 40 BLAf,fKS 
REPEAT J:: C 
J:O 
E=Q 
E=~RAPH O,E:: LOWER PEN 

2)READ R:: DAILY RUNOFF VALUE 
R=R-Q:: - SUBTRACT AVERAGE DAILY FLQl.J 
R1=R/X:: ACCUMULATION OR DEFICIENCY TO SCALE 
X2 :::X2+R1 :: ADD ON RES I DUAL 
X1 ==X1+XJ:: ADD ON RES I DUAL 
E=~RAPH X1, X2:: DRAW LINE BETWEEN PRESENT VALUE AND LAST 
JUVIP ®2:: - REPEAT· FOR NEXT VALUE 

1)J:J+1:: DATA HAS 1C TRI~~ER AT END OF l10NTH 
JUi'1P IF J=:J®J: :START OF CALENDAR YEAR 
X1 =Q+X1 - ·· 
X2=50+X2:: MAKE X2=5 H.f-1. 
E:~RAPH X1,X2::DRAW VERTICAL LINE 5 M.M.LON~ 
X2=-100+X2:: ·· i'fAKE X2=-1QM.N. 
E=~RAPH X1;-X2::DRA\•J VERTICAL LINE -10 i'i.N.LON~ 
X2 =50+ X2:: ··· J··1AI< E X2 =5 t'l. i''i• · 
E=~RAPH X1,X2::DRAW VERTICAL LINE 5 M.M.LON~ 
JUf'IP IF J=12®z1: :AT END OF WATER YEAR 
JUHP ®2 

J)X1 =Q+X1 :: ( 
X2=1QO+X2:: C 
E=~RAPH X1, X2:: C 
X2=-2QO+X2::- CORAl~ VERTICAL LINE 20 r1.M.LON~ TO 
E=~RAPH X1 ;-X2:: (MARK START OF NE\•J CALENDAR YEAR 
X2=100+X2:: -· C 
E=~RAPH X1,X2::( 
JUt·iP ®2 

4)E=O 
E=PLOT Q, E:: eRA I SE PEN 
JUi•IP ®5 

START 6 
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1954 
1955 
5 450000 
1001 0-.09 . 28·0 1002 o.oo 24·0 1003 o. 29 19 .o 
1004 o.OJ 150·0 1005 0·11 46.0 1006 o.oo 40·0 
1007 0·07 28·0 1008 o.oo 28-0 1009 o.oo 24·0 
'1010 0·05 24·0 1011 o.oo 20·0 1012 o.o6 20·0 
1013 0·34 19·0 1014 0-29 80.0 1015 0·31 100-0 
1016 o. 39 130·0 1017 0·58 190·0 1018 0-30 16 2·0 
1019 0·01 138·0 1020 o~oo 98.0 1021 o. 00 75.0 
1022 0·07 62·0 1023 0-83 93·0 1024 0-10 216·0 
1025 o.oo 92·0 1026 0·49 65·0 1027 0·34 149.0 
1028 1-06 221·0 1029 o.o6 201·0 1030 o.·o1 112· 0 
1031 0·21 110·0 

1101 o.oo 98·0 1102 0·05 75 .o 11 OJ o.o6 46.0 
1104 o.oo 42·0 1105 0-90 46·0 1106 0-22 166-0 
110 7 o.oo 112·0 1108 0·19 100·0 1109 0·05 90·0 
1110 0-48 85 .Q 1111 0·19 120.0 1112 0·07 1QQ.O 
1113 0·22 87·0 1114 o.oo 62·0 1115 o.oo 56-0 
1116 o.oo 42·0 1117 o.oo 42·0 1118 0-09 38·0 
1119 o.oo 36·0 1120 o.oo 33·0 1121 0-12 28.0 
1122 o. 40 28.0 1123 0·29 62-0 1124 0·30 71·0 
1125 o.OJ 135 .a 1126 o.62 120·0 1127 0·91 J59 .Q 
1128 o.o6 J2Q.Q 1129 0-54 18Q.Q 1130 o-63 320·0 

1201 o-66 275 .o 1202 0·34 310·0 1203 0·59 275 •. Q 
1204 0·33 290·0 1205 o.oo 2QQ.Q 1206 o.oo 70·0 
1207 o.oo 58-0 1208 0-96 99·0 1209 Q.Q8 137·0 
1210 o.oo 129.0 12.11 0·12 77 .Q 1212 0·29 73·0 
1213 o.oo 70·0 1214 Q.J1 327 .a 1215 Q.QQ 144·0 
1216 0·07 95 .a 1217 Q.Q8 76-0 1218 0·07 66-0 

. 1219 Q.Q8 8].0 1220 0·07 65 .o 1-221 0·09 58-0 
1222 Q.28 69-0 1223 o.oo 45 .Q 1224 0·12 25.0 
1225 0·34 85 .Q 1226 o.QJ 67·0 1227 0·10 50·0 
1228 0·09 56·0 1229 Q.QQ 52·0 1230 o.oo 34·0 
1231 Q.QQ 31·0 



/ 

DATE EXCESS DATE EXCESS DATE EXCESS 

541aa 1' 9a3·7 541aa2 895.7 541aa3 884.a 
5 41aa4 969· 2 5 41aa5 977·4 541aa6 981·3 
541aa7 976·2 5·41aa8 971·2 541aa9 963·1 
5 410 1a 955·1 541a11 944·2 5 41a 12 933· 2 
5 41a 13 9 21·5 541a14 954·9 541a15 1 aa3 ·1 
5 41a 16 1a73·4 541a17 1188.1 541a18 128 2· 2 
5 41a 19 135 8. 4 541a2a 14a5 ·1 541a21 1434·8. 
5 41a22 1454·9 541a23 1497 ·9 541a24 1631·9 
5 41a25 16 74·1 541a26 1696·4 541a27 178a.8 
5 41a28 1918·5 541a29 2a41· 3 I 541a3a 2a98. 3 
541a)1 215 3 ·9 

5 411a 1 22aa.6 5411a2 223a·3 5 411 a3 2238·6 
5 411a 4 2243·9 5411a5 225 2·1 5411 a6 2349 ·1 
5 411a7 24a6 ·1 5 411 a8 2454·3 5411 a9 2495. 1 
5 4111a 2532· 2 541111 2595.2 541112 2643.) 
5 41113 2681-9 541114 27a2.a 541115 2717·6 
5 41116 2722·9 541117 2728·2 541118 273a-6 
5 41119 . 2731·4 54112a 273a·1 .. 541121 2725 .a 
5 41122 . 272a.a 541123 27 4a ·1 541124 2766.8 
541125 284a·9 541126 29a3.8 541127 3143·5 
5 41128 335 4·3 5 41129 3461.6 54113a 3672·4 

5 412a 1 385a .a 5412a2 4a53· 4 5412a3 4231· a 
5 412a4 4419·6· 5412a5 4541· 7 5412a6 456 7. 7 
5 412a7 4584.8 5412a8 4632·3 5412a9 47a7. 8 
54121a 4777·4 541211 48a8.6 541212 4836·8 
541213 4862· 8 541214 5a78.8 541215 5159·5 
5 41216 5 2a4.a 541217 5234·4 541218 525 7·5 
541219 5 296 ·1 5 4122a 5 318.4 541221 5335 ·5 
5 41222 5 36a. 7 541223 5368·3 541224 5 361· a 
5 41225 5 398 ·1 5 41226 5421·9 541227 5 433· 1 
5 41228 5 448. 7 541229 5 461· 4 54123a 5 46a. 8 
5 41231 5 45 8.a 

55 a 1a 1 5 45 2·3 55a1a2 5446 ·1 55a1a3 5 444· 2 
55a1a4 5441·4 55a1a5 5437·4 55a1a6 5 432· 1 
55a1a7 5 425.7 55a1a8 5418·4 55a1a9 5 45 1·5 
55 a 11a 5695·6 55a111 5725 ·3 55a112 5 736.9 
55a113 5 739.7 55 a 114 5747·2 55 a 115 5747·5 
55a116 5 738 ·3 55a117 5731·1 55a118 5725 ·9 
55 a 119 5 719.7 55a12a 5711·3 55a121 5 712·5 
55a122 5 78a .a 55a123 58a4. 2 55a124 5947·6 
55a 125 6a42.8 55a126 6a8a.8 55a127 61a2·4 
55 a 128 6128.4 55a129 6159-a 55a13a 6185. 0 
t::C:I"\-t"')-1 6199·2 .).JV I.J I 
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550201 6209-6 550202 6218-9 550203 6·230·5 
550204 6253·7 550205 6270·9 550206 6 272· 8 
550207 6J06·5 550208 6J50·1 550209. 636 7 ·9· 
550210 6372· 7 550211 . 6370-8 550212 6366.8 
550213 6361·6 550214 6355·3 550215 6 348. 1 
550216 6335 ·1 550217 6326·9 550218 6)18-6 
55.0219 6305.6 550220 6294 ·5 550221 628J. 2 
550222 6270.7 550223 6258·5 550224 6246 •. 2 
550225 6233.8 550226 6220·0 550227 6204-6 
550228 6191· 4 

550301 6177·7 550302 6164.8 550303 615 2·3 
550304 6147·3 55 0305 614J.J 550306 6137·5 
550307 6130·0 550308 6128.0 550309 6124·0 
550310 6136.2 55 0311 6151-6 55 0312 6159 ·5 
550313 6168.7 550314 6204.8 550315 6 298. 1 
550316 6405 ·4 550317 6435 ·1 . 55 0318 6447·5 
550319 6450·3 550320 6448-2 55 0321 6442· 8 
550322 6436.7 550323 6439 ·1 550324 65 47.3 
55 0325 669 2· 4 550326 6743·5 55 0327 6 76 7.6 
550328 6784.4 550329 6 791· 7 550330 6 79 2· 2 
550331 6 794· 7 

'550401 6 795.4 550402 6799·2 55 0403 6807·7 
550404 6816·0 550405 6815·6 550406 6810·4 
550407 680·2·6 550408 6 794·4 550409 6 782·5 
550410 6 771· 4 55 0411 6 75 7 ·1 550412 6741-6 
550413 6 724· 7 550414 6707•2 550415 6689.2 
550416 66 70· 7 550417 6651· 8 550418 6632·8 
550419 661 3· 4 550420 6593·6 550421 65 73.8 
550422 655 3· 8 550423 6534·3 550424 ·6514·3 
550425 649 J· 8 550426 6473·2 550427 645 2·5 
550428 6431·5 550429 6410·5 550430 6389.2 

550501 6369-2 550502 6352· 4 55 05 OJ 6333.2 
550504 6315.3 55 05 05 6322·8 5505 06 6307·2 
55 050 7 6289.4 55 0508 6270 ·1 550509 625 2·6 
550510 6252·0 55 0511 6237.7 550512 6 219.9 
55 0513 6208.2 55 0514 6192·5 550515 6175 ·9 
55 05 16 615 7. 2 55 0517 61)8.2 550518 6121-6 
55 0519 610 4· 4 55 05 20 6085.6 5505 21 6065.7 
5505 22 60 46. J 55 0523 6029.6 5505 24 6012· 0 
55 05 25 5992·2 5505 26 5971· 4 55 05 27 595 o. 0 
55 05 28 5927·9 5505 29 5905.8 550530 5 883·5 
5505 31 5860·9 



DATE EXCESS DATE EXCESS I DATE EXCESS 

591001 -26 7· 2 59~002 -290· 7 59100.3 -.314·2 
591004 -.3.37·8 591005 -;61·4 591006 -J85 ·1 
591007 -408-7 591008 -4.32·2 591009 -455.7 
591010 -479 ·.3 ·591011 -502• 9 591012 -s 26 ·5 
59101.3 -sso.o 591014 -5 7.3 ·5 591015 -59 7. 1 
591016 -620.6 591017 -64.3·9 591018 -665·5 
591019 -688.0 591020 -710·9 591021 -7.3.3·7 
591022 -755.8 59102.3 -77 8. 7 591024 -801·0 
591025 -822·8 591026 -818.6 591027 -814·2 
591028 -8.31·0 591029 -851· 2 5910.30 -871·8 
5910.31 -89.3·0 

591101 -915.0 59110 2 -9.37 ·2 5911 OJ -959.6 
591104 -982.2 591105 -1004.8 591106 -1027·4 
59110 7 -10 49.8 591108 -1072·5 591109 -1085. J 
591110 -1104.8 591111 -1126·0 591112 -1147·6 
59111.3 -116.3·.3 591114 -1071·6 591115 -1010·5 
591116 -966-5 591117 -961· J 591118 -851·1 
591119 -7.30·9 591120 -68).6 591121 -664-1 
591122 -658· 4 59112.3 -660-9 591124 -667·0 
591125 -6JJ.6 591126 -601·1 591127 -59 2·9 
591128 -59.3·1 591129 -59.3·4 5911.30 -s 9.3·6 

591201 -588.7 591202 -591· 7 59120.3 -s 96.0 
591204 -596 ·4 591205 -5 79.1 591206 -s 21. J 
591207 -.320· 4 591208 -212·2 591209 -ss ·9 
591210 45 ·9 591211 106·0 591212 145 ·9 
59121.3 171·9 591214 188.7 591215 198.4 
591216 207-8 591217 2.32·9 591218 251·5 
591219 261· 8 591220 .30.3·5 591221 .324·9 
591222 J86.o 59122.3 437·0 591224 461·5 
591225 5.36·5 591226 645·6 591227 705.8 
591228 7J8.J 591229 788.J 5912.30 819·9 
5912.31 8.38·5 

600101 854·.3 600102 864-6 60010.3 86 7· 2 
600104 918·0 600105 958-8 600106 9.76·9 
600107 988.9 600108 1000·1 600109 1008.2 
600110 1008.2 600111 1007·7 600112 1009 ·5 
6 00 11.3 1007·4 600114 100.3·2 600115 99 7·8 
600 116 991· 2 600117 984.4 600118 1029.7 
600119 11.38·9 600120 1171·4 600121 1285.7 
600122 1481-9 60012.3 1580.2 600124 165 J. 4 
600125 1688.7 600126 1711· 4 600127 1729·1 
600128 1781-9 600129 1815. J 6001.30 1844·5 
(.~,,.A"') ..ll 
uuu 1.) I 2050. 1 
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531001 0·00 531-002. 0·00 5 31D03 0·00 531-004 0·00 
531005 0·00 531006 0·"00 531007 0·00 531008 0·00 
531009 0·00 531010 0·00 531011 0·00 53101-2· 0· 22. 
53101.3 o.ss 531014 0·00 531015 0·00 531016 0·05 
5 31017 0·00 531018 0·00 531019 0·00 531020 0·00 
531021 0·00 531022; 0·00 53.1023 0·10 531024 0·00 
531025 0·00 531026 0•56 531027 0·00 531028 0·00 
5.31029 0·05 531030 0·07 5 31031 0·31 

531101 0·35 531102. 0•03 531103 0·1.:3 5 31104 0·00 
531105 0·06 5 31106 0·03 5 31107 0·13 5 31108 0· 33 
531109 0·02" 531110 0•03 5 31111 0·02. 5 31112 . 0·12. 
531113 0•15 531114 0•28 5 31115 0·00 531116 0·00 
5 31117 0·00 531118 0·00 531119 0·03 531120 0·00 
5 31121 0·00 531122· 0·00 5 31123 0·00 531124 0·16 
531125 0·00 531126 0·12' 531127 0·05 5 31128 0·00 
531129. 0·00 531130 o.oo 

' 
531201 0·00 531202, 0·04 531203 0·17 531204 0·03 
531205 0·02' 531206 0·05 531207 0·03 531208 0·00 
531209 0·05 531210 0·00 531211 0·00 531212· 0·02. 
531213 0·12' 53121·4 0·15 531215 0·00 531216 o.oo 
531217 0·00 531218 0·10 531219 0·00 531220 0·00 
531221 0·02' 531222' 0·00 531223 0·18 531224 o.oo 
531225 0·00 531226 0 ·18 53"1227 0·00 53122g 0·00 
531229 0·02. 531230 0·15 531231 0·00 

5 40101 0·00 540102' 0·00 540103 0·08 530104 0·25 
540105 0·15 540106 0·09 540107 0·00 540108 0·05 
540109 0·00 540110 0·00 540111 0·00 540112 . 0·05 
540113 0·21 540114 0·18 5401-15 0·20 540116 ;~. 35 
5 40117 0·01 540118 0·15 540119 0·00 540120 1·25 
540121 0·04 .540122' 0·08 540123 0·00 540124 o.oo 
540125 0·00 540126 0·00 540127 0·00 5401"28 A 09 .... 
540129 0·22' 540130 0·24 540131 0·08 

540201 0·04 540202' 0·00 540203 0·00 540204 0·00 
540205" 0·00 540206 0·22' 540207 0·00 540203 o.o3 
540209 0·30 540210 0·15 540211 0·00 540212' 0·55 
540213 0·25 540214 0·04 540215 0·00 540216 0·07 
540217 O·GO 540218 0·06 540219 0·13 540220 Cl·O? 
5 40221 0·02' 540222' 0·04 540223 0·02. 540224 (hJ9 
540225 0· 45 5402?.5 0·00 5402~7 0·01) c:;4~~~3 1··14 



• 
3( 

5 31001 
2( 
o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo 
o.oo 0·22 o.88 o.oo o.oo 0-05 o.oo o.oo o.oo o.oo 
o.oo o.oo 0 ·10 o.oo o.oo 0-56 o.oo o.oo 0·05 0-07 
0-31 

1( 
2·24 

2(. 
0·35 0-03 0 ·18 o.oo o.o6 o. 0:3 0·13 0·33 0·02 0·03 
0-02 0 ·12 0·15 0-28 o.oo o.oo o •. oo o.oo o.o; o.oo 
o.oo o.oo o.oo 0 ·16 o.oo 0·12 0·05 . o.oo o.oo o.oo 

1( 
2-09 

2( 
o.oo o.o4 0·17 0·03 Oo02 0·05 0·03 o.oo 0·05 o.oo 
o.oo 0·02 0 ·12 0 ·15 o.oo o.oo o.oo 0·10 o.oo· o.oo 
0·02 o.oo 0-18 o.oo o.oo 0-18 o.oo o.oo 0·02 0 ·15 o.oo 

1( 
1·33 2( 

o.oo o.oo o.o8 0·25 0·15 0·09 o.oo 0·05 o.oo o.oo 
o.oo 0·05 0·21 0-18 0-20 0·35 0·01 0·15 . o. 00 1· 25 
0-04 o.o8 o.oo o.oo o.oo o.oo o.oo 0·09 0-22 0·24 
o.o8 

1( 
3. 77 

2( 
0-04 o.oo o.oo o.oo o.oo 0·22 o.oo o.o8 0-20 0·15 
o.oo 0-55 o. 25 0-04 o.oo 0·07 o.oo o.o6 0·13 0·05 
0-02 Oo04 0·02 0·09 0-45 o.oo 0·05 0-04 

1( 
2·55 

2( 
o.oo o. 25 0·02 0·24 o.oo 0·32 0-16 0·02 o.oo o.oo 
0·05 o.oo 0-02 o.oo o.oo o.oo o.oo o.oo 0 ·12 o.oo 
0-05 0·13 o.o8 o.o6 0-14 o.oo o.oo o.o6 0-40 0·10 
o.oo 

1( 
2-22 

2( 

50 



a.a4 a. 21 a.a4 a.a3 a.a2 a.aa a.aa a.ao. a.aa a.aa 
a.aa a.aa a.aa a.aa a.aa a.a4 o.a9 a.aa a.aa a.aa 
a.aa a.aa a.aa a.aa a.ao a. aa a.aa a.aa a.aa a. 25 

1( 
a-72 

2( 
d.aa a •75 a-73 a-23 a.a4 a.83 0·12 a.aa a.aa o.oo 

o.oo 0·12 a ·11 a-35 a.aa o.a2 a.aa a.aa o.oa . 0·05 
0. 27 a. 27 a.a3 a ·15 a.ao a.ao a.2a a.98 o.aa a.07 
o.aa 

1( 
5·32 

.2( 
a.ao a.ao a.ao a.ao a.aa a.18 o.2a a-36 a-31 a.a6 
o.oo o.aa 0·05 a.oo a.a9 o.aa o.a3 o.aa a.aa o.a5 
a.oo a.oa a.oa a.a3 a.o6 o.ao a-12 a.ao o.aa o.aa 

1( 
1·5 4 

2( 
a.a6 a.ao a ·11 a.o6 a.o2 a.a8 o.a7 a.aa a.aa o.oo 
o.ao a.a4 a.a9 a.oo a-03 a. 05 a.a3 a.a2 a.aa o~oa 
o.aa a.a5 a-32 a.ao a.oa 0·18 a-24 a.a8 a.aa o.aa 
o.oo 

1( 
1·53 

2( 
o.o8 a.ao a.aa a-15 a-45 a.a5 a-24 a.a2 a.2a a-12 
a.ao a.a4 a.a2 a.ao a.3a a.28 1-16 a-75 1·5a 0·45 
a-65 . a-22 a.5a a .o 1 o.aa a.aa a.aa a.a5. a-03 a.aa 
o.ao 

1( 
7 ·27 2( 

o.oa a.a7 a.ao a.oa o.aa 0·15 o.a1 a.a6 0-18 0·56 
0-02 a.a4 o.a5 a-05 a-45 a-10 o.a9 a.aa a-35 a.2a 
o.a6 a.ao 0·35 a. 26 a.aa . a.a5 o.a5 o.aa 0·3a a.a1 

1( 
3· 46 

2( 
34-04 

51 



RUNOFF DATA WITH TRJ"~~ER 1< 
·1953-54 

24·00 21·00 18-00 15·00 15·00 13·00 13·00 12·00 
12-00 12·00 12·00 12·00 45·00 50·00 28.QO 2B.oo -

28·00 25·00 23·00 21·00 18·00 14·00 12 ·00 12·00 
11 .oo . 115·0 . 132 .o 25·00 22·00 19-00 31·00 

1C 

57·00 55·00 40·00 33·00 31·00 29·00 42 .oo 60-00 
67-00 6o.oo 46•00 40·00 36·00 58-00 66.00 43·00 
37·00 31·00 27·00 24·00 23·00 21 .oo 20·00 21·00 
20-00 23·00 28·00 25·00 20·00 19-00 

1< 

18-00 18·00 20·00 23·00 22·00 19-00 19·00 18-00 
17·00 17·00 17·00 17·00 18.00 21·00 25·00 20·00 
16·00 17·00 17·00 16·00 15·00 14-00 40·00 62 ·00 
40·00 35·00 38·00 28.00 26-00 30·00 30·00 

1< 

24·00 22-00 23·00 31·00 31·00 22·00 21·00 22·00 
21·00 21·00 21·00 22·00 24~00 40·00 56-00 62 .oo 
70·00 145·0 220·0 385·0 232·0 130 .o 68.00 48·00 
36·00 30·00 27·00 25·00 23·00 23·00 22·00 

1C 

20·00 19·00 19·00 20·00 20·00 20·00 16·00 14·00 
15·00 17·00 21-00 22·00 22·00 54·00 82 .oo 9o.oo 
100·0 80.00 72·00 63·00 70·00 100-0 92-00 84-00 
70·00 52.·00 42 .oo 42 ·00 

1< 

43·00 40·00 33·00 31·00 29·00 159 .o 145·0 90-00 
86.00 90-00 80.00 77·00 70·00 50-00 36~00 29-00 
26·00 26·00 26·00 25·00 24·00 .3 5 .oo 39·00 31·00. 
28-00 27·00 24·00 22-00 22·00 19-00 19-00 

1 c 

52 



19·00 19·00 40·00 38·00 31·00 24·00 22·00 19·00 
16 .oo 15·00 15·00 15·00 15·00 15·00 15·00 15·00 
15·00 15·00 13·00 12·00 11·00 10·00 10·00 10·00 
10·00 10·00 10·00 9·000 9·000 9-000 

1-C 

14·00 70·00 110·0 55·00 112·0 231·0 58-00 35·00 
34'·00 30·00 28·00 30·00 35·00 60 •.00 40 .oo 29·00 
23•00 22·00 22·00 22·00 25·00 31·00 32·00 30·00 
27·00 23·00 22-00 170 .o 145·0 97·00 75·00 

1C 

56·00 37·00 26-00 23·00 22·00 22·00 24·00 34·00 
80.00 96·00 70-00 48.00 25·00 23·00 24·00 2 4·00 
23·00 23·00 21·00 18·00 17·00 16·00 16·00 16·00 
15·00 15·00 16-00 16-00 16·00 16-00 

1C 

15·00 14·00 12·00 12·00 12·00 12·00 12 ·00 12·00 
12·00 12·00 12·00 12-00 12·00 12·00 12·00 11·00 
11·00 11·00 10·00 9·000 8.000 7·000 6-ooo 7·000 
7·000 8.ooo 8.ooo 12 .oo 9·000 9·000 8.ooo 

1( 

7·000 z-ooo 7·000 6.ooo 6·000 9·000 7·000 6-ooo 
6-ooo .ooo 6·000 6·000 6·000 6·000 6-ooo 31·00 
76·00 318·0 288.o 314·0 473•0 300·0 165~0 18o.o 
8o.oo 6o.oo 58·00 46·00 38·00 26-00 17·00 

1C 

16-00 15·00 14·00 12·00 12·00 12·00 13·00 13·00 
14·00 20·00 23·00 20·00 16 .oo 16-00 20·00 120·0 
70·00 39·00 20·00 22·00 21·00 21·00 19·00 28.oo 
58-00 58-0d 47·00 47·00 40·00 35·00 

1C 

53 



3C 
531001 

2( 
0·00 24•000 0·00 21·000 0·00 18·000 0·00 15·000 o.oo 15·000 0·00 13•000 0•00 13·000 0·00 12-'000 
0·00 12·000 ·0·00 12··000 0·00 12·000 0·22. 12-'000 
Q.88 45·000 0·00 50·000 0·00 28 ·000 0·05 23· 000 
o.oo 28·000 0·00 25•000 0·00 23·000 0·00 c1·000 
0·00 18·000 0·00 1-4·000 0•10 12-'000 0·00 12··000 
o.oo 11•000 0·56 115· 00 0·00 1 32.00 0·00 25·000 
0·05 22·000 0•07 19·000 0•31 31·000 

1 c 

0·35 57·000 0•03 55•000 0·18 40·000 0·00 3 3· 000 
o.o6 )1·000 O•OJ 29·000 0•1J 42·000 O•JJ 60·000 
0·02. 67·000 0•0) 60•000 0•02. 46·000 0·12. LlO·OOO 
0·15 )6. 000 0•28 58·000 0·00 66·000 0·00 43· 000 
0·00 37 ·000 0·00 )1•000 0·03 27.000 0·00 24·000 
o.oo 2)·000 0•00 21•000 0·00 20·000 0·16 21· QOO 
o.oo 20•000 0•12. 23·000 0·05 zs. ooo 0·00 25·000 
0·00 20·000 0·00 19·000 

1 c 

o.oo 18·000 0·04 18·000 0•17 20·000 O•OJ 2 3· 000 
0·02 22·000 0·05 19·000 O•OJ 19·000 0·00 19. 000 
0·05 17 ·000 0·00 17·000 0·00 17.000 0· 02. 17. 000 
0·12. 18·000 0•15 21•000 0·00 25.000 0·00 20·000 o.oo 16.000 0•10 17·000 0·00 17·000 0·00 16·000 
0·02. 15·000 0·00 14•000 0·18 40·000 0·00 62•000 o.oo 40·000 0•18 35•000 0·00 38· 000 0· 00 2~. 000 

·0·02' 26·000 0•15 30·000 0·00 30·000 
1C 

0·00 24·000 0·00 22•000 0·08 23·000 0·25 )1·000 
0·15" 31·000 0·09 22•000 0•00 21·000 0·05· 22•000 
0·00 21·000 0·00 21·000 0·00 21·000 0·05 2:2.r000 
0·21 24·000 0·18 40·000 0·20 56·000 Q•35 52•'00Q 
0·01 70·000 0·15 145 ·00 0·00 220·00 1·25 J95·0D 
0·04 232•00 o.os 130·00 0·00 68·000 0·00 4':3·00') 
0·00 36·000 0·00 30·000 0·00 27·000 0·09 25·000 
·0·22. 2)·000 0·24 23·000 0·08 22•000 

1 c 

5+ 



SORTIN(l OF API VALUES FRON 531001 

VALUE OF K = 0.90 

1. 09 0.98 0.88 0.79 0.71 0.64 0.58 0.52. 0.47 0.42 
0.38 0.)4 O.SJ 1.35 1. 22 . 1.10 1.04 0.9) 0.84 0.76 
0.68 0.61 0 •. 55 0.60 0.54 0.48 0.99 0.90 0.81 0.73 
0.77 

"1 c 
1. 00 1.25 1. 16 1. 22 . 1.10 1.05 0.97 1. 01 1.24 1 • 1 J 
1.05 0.96 0.99 1.04 1.21 1.09 0.93 0.39 0.80 0.75 
0.67 0.61 0.54 0.49 0.60 0.54 0.61 0.60 0.54 '0 .48 

1 c 
0.43 0.39 0.39 0.52. o.so 0.47 0.47 0.46 0.41 0.42. 
0 .. ']8 0.)4 O.JJ 0.41 0.52. 0.47 0.42. 0.38 0.44 0.40 
O.J6 Q.J4 0.)1 0.46 0. 41 . 0.37 0.51 0.46 0.42. O.J9 
o. 50 

1( 
0.45 0.41 0.37 0.41 0.62. 0.71 0.7J 0.65 0.64 0.58 
0. 52 . 0.47 0.47 o.6J 0.75 0.37 1 .14 . 1.03 1.08 0.97 
2.-12 . 1. 95 1.34 1.65 1.49 1.)4 1.21- 1.03 1.07 1.18 
1.30 

1 c 
1.25 1.17 1.05 0.94 0.85 0.77 0.91 0. 82 . 0. 82 . 0 OJ 

·~ 0.99 0.89 1. 35 1.47 1.)6 1.22 . 1 • 17 1.05 1. 01 1.04 
0.98 0.91 0.86 0.79 0.80 1 .17 1.05 1 .oo 

1 c 
0.94 0.84 1.01 0.93 1.08 0.97 1. 19 1.23 1. 1 J 1.02 . 
0.91 0.87 0.79 0.73 0.65 0.59 o.sJ 0.48 0.43 0.51 
0.46 0.46 0.54 0.57 0.57 0.66 0.59 0.53 0.54 0.88 
0.90 

1 c 
0.81 0.77 0.90 0.85 0.79 0.73 0.66 0.60 0.54 o. 4:3 
0.4) 0.39 0.35 o. 32 . 0.28 0.26 0.27 0. JJ 0.30 0.27 
0.24 0. 22 . 0.20 0.18 0.16 0.14 0.13 0.12 . 0.10 0.09 

1 ( 
0 3"J . . ..) 1.05 1.68 1 .74 1. 60 2.-27 2.-17 1.95 1 • 76 1.58 
1. 42 . 1. 28 1.27 1. 25 1.48 1.33 1. 22 . 1.10 0.99 0.39 
0.85 1.0) 1.20 1 • 11 1.15 1.0) 0.9.3 1.04 1 • 91 1. 72 
1. 62 

1C 

55 
I 



1.46 
1. 40 
0.64 

1C 
0.)6 
0.)5 
0.27 
0.6) 

1C 
0.56 
1. 10 
4.02. 
2.06 

1 ( 
1.86 
1. 55 
1.5) 

1 ( 

0.90 
0 
0 

10 
1 

TOTAL P 
34.04 

1.)1 
1.26 
0.57 

0.)9 
0.)1 
0.24 

0.59 
0.99 
4.2} 

1. 6 7 
1. 42 
1.44 

14 
1 

10 
16 

1.18 
. 1.14 
0.52. 

0.)5 
0.)2. 
0.27 

0.5) 
0.9) 
4.06 

1.57 
1. )2 . 
1.29 

34 
20 
1) 
15 

VALUES ON 
TOTAL Q 
14)14.0 

1.06 
1.07 
0.47 

0. 42 . 
0.)8 
0.56 

0.48 
0. 86 
4.16 

1. 42 . 
L23 
1.51 

14 
13 
7 
5 

0.96 
0.97 
0.45 

0.44 
0.)4 
0.51 

0.58 
0.77 
).75 

1.27 
1.16 
1. 62 . 

12. 
23 
14 
7 

0.86 
0.96 
0.46 

0. 42 . 
0.)4 
0.46 

0.97 
0.99 
).)8 

1. 15 
1 .49. 
1.46 

12. 
19 
12 . 
1 1 

SEPTEMBER 30 TH. 
K 10 PO 

0.90 1•JJ 0.01 

0.96 
0.86 
0. 42 

0.45 
0.)5 
J.5 

o. 92. 
1.17 
).04 

1 • 18 
1.45 
1. 36 

6 
8 
9 
9 

1.06 
0.81 
0.50 

0.48 
0.)5 
0.77 

1.07 
2·22. 
2.74 

1.07 
1. )9 
1.28 

0 
J 
9 

13 

1. J 1 
0.7) 
0.45 

0.4) 
O.)J 
0.77 

0.98 
2.74 
2·51 

1. OJ 
1.25 
1 .15 

0 
J 
6 
2· 

1.49 
0.65 
0.40 

o. J9 
0.)0 
0.70 

1.09 
).97 
2.29 

1.10 
1.48 
1. JJ 

56 

0 
0 
1 

1) 



0-90 0 
0·03 3·020 0-05 3·000 o.oo 3·000 0·04 3·050 
o. 37 3·350 

1( 

0-90 1 
o.oo 12·00 0·22 12·00 o.o4 18-00 0·17 20-00 

·o.oo 17·00 0-02 17-00 0·12 18-00 0·10 17 .oo 
o.oo 16-00 0·02 15 .oo o.oo 14-00 0-18 40-00 
0 ·18 35 .oo 0·15 30·00 o.oo 3·100 o.oo 3·000 
0·02 3·000 o.04 3·000 o. 20 3·400 0·14 5 ·55 0 

1( 

0-90 2 
o.oo 13·00 o.oo 12-00 o.oo 12·00 o.oo 12·00 
o.88 45 .oo 0·10 12-00 o.oo 12·00 o.oo 11-00 
0-56 115 .o o.oo 20-00 0.16 21·00 0·12 23·00 
o.oo 25 .oo o.oo 20-00 o.oo 19 .oo o.oo 18-00 
0-03 23·00 o.02 22-00 0·05 19-00 0·03 19. 00' 
o.oo 18.00 0·05 17·00 o.oo 17·00 0·15 21·00 
o.oo 25 .oo o.oo 20-00 0··00 16-00 o.oo 17·00 
o.oo 62-00 o.oo 40-00 o.oo 38.00 o.oo 28-00 
0·02 26-00 o.oo 30·00 0-02 4·000 0·09 3·500 
o.oo 3·300 o.oo 3·400 o.oo 3·100 o.oo 3·100 
o.oo 3·500 0·30 4·200 0·27 5-800 o.oo 6-250 
0 ·02 6-000 o.oo 5. 750 o.oo 5·400 o.oo 5 ·350 
0 ·18 6.800 o.oo 7 ·100 0·15 15·55 o.oo 21·90 
0 ·19 12-00 

1( 

0-90 3 
o.oo 15 .oo o.oo 15 .oo o.oo 13·00 o.oo 21·00 
o.oo 18.00 o.oo 14-00 0·07 19·00 0·31 31·00 
0-03 27·00 o.oo 24-00 o.oo 23-00 o.oo 21·00 
o.oo 20·00 0·05 28.00 o.oo 20·00 o.oo 20·00 
0·27 19·00 0·21 8.800 o.oo 5·000 o.oo 4·700 
0·59 4-400 o.oo 5· 250 o.oo 5·000 o.o6 4·900 
o.64 9·550 0-05 6-100 0·03 6-100 o.oo 6-050 
o.oo 5·900 0·02 7·000 o.oo 6-600 o.oo 6-200 
o.oo 9 ·200 0·44 56·25 

1( 

0-90 4 
o.oo 21-00 o.oo 13.00 o.oo 25·00 o.oo 23·00 
o.oo 132·0 o.oo 25 .oo 0·05 22-00 0·13 42-00 
0·12 40-00 0·15 36-oo o.oo 37·00 o.oo 31·00 
o.oo 24-00 o.oo 24-00 0·13 80.00 0·20 100· 0 
0·47 130·0 o.oo 31·00 o.o8 7·830 0·14 5·900 
o.oo 5 ·500 o.oo 6·400 o.oo 5·ROO o.oo r-:. .onn 

--.,; --
o.oo 6-600 0·31 16-00 

1( 
57 



0-90 5 
o.oo 24·00 0·05 28·00 o.oo 28·00 0·35 57· 00 
0 ·18 40-00 o.o6 31·00 o.oJ 29·00 a-. 33 60-00 
o.OJ 60-00 0·02 46.oo 0-28 58·00 o.oo 43· 00 
o.o6 28.00 o.oo 28-00 o.oo 33·00 0·15 28-00 
o.JO 28.00 0·19 69-00 0·09 25·00 0·29 85.00 
o·.14 50·00 o.o6 56-00 0-01 52·00 0-02 34·00 
0 ·12 35"· 70 0-02 11-80 0·02 8.000 o.o6 10·63 
0. 21 12·12 0·11 20·25 0·12 14·75 0·30 18.83. 
o.oo 7 ·500 0·22 67-50 o.oo 26-oo o.oo 13·38 
0-49 89 ·35 0·55 18-50 

1( 

0-90 6 
o.oo 50·00 o.oo 28-00 o.OJ 55·00 o.oo 33· 00 
0·02 67-00 o.oo 66.00 o. 25 28-00 o.oo 24-00 
o. 26 19-00 0·05 150· 0 0·11 46.oo o.oo 40·00 
o. 45 190·0 0·24 75·00 o.81 93·00 1·13 46· 00 
0·02 36·00 o.JO 62·00 0 ·11 65·00 0·04 58-00 
o.oo 45 .oo 0·01 67-00 o.oo 24·63 0·51 26· 00 
0·05 9·300 o.oo 8.600 o.oo 16·50 o. 27 137·5 
o.o8 53· 75 0.18 75·00 0·41 92·50 

1( 

0·90 7 
0·17 162· 0 o.oo 138·0 o.oo 98-00 o.oo 62.00 
o.oo 42-00 o.oo 42-00 o.o4 42-00 o.oo )8.00 
0·33 71-00 0·15 135·0 0·75 120· 0 0·05 66-00 
o.oo 87-00 o.oo 13· 75 o.oo 11·00 0.16 42· 25 
0·15 41·5 7 0·05 42·75 o.oo 21·13 . o.oo 15.00 
o.o8 32-60 o.oo 80.00 0·25 156.2 o.oo 5 2·5 0 
0·13 42·50 

1( 

0·90 8 
0 ·13 216·0 o.oo 92-00 o.62 65 .oo o.o8 149 .o 
o.65 221·0 0 ·16 110· 0 o.oo 98-00 a-05 75 .oo 
o.oo 46.oa a-24 1oa.a o.a5 9a.oa o.4a 85.00 
0-28 120 .o a ·18 87-00 o.OJ 62-00 a.oo 56· 00 
o. 00 58.00 1· 4a 99-00 0·10 327·0 a.oo 144-0 
0-04 95 .oo . o.ao 76-ao 0~06 24·80 a.OJ 86.25 

1( 

0-90 9 
0·11 201·0 o.oo 112·0 0·17 166.0 o.o 1 112·0 
o.o8 1ao.o o-67 359·0 a.a4 J2a.o 0·35 18a.o 
a. 45 J2a.a o. 26 275 .a a.14 J1a.o a.J2 275 .o 
0·27 29a.o o.oo 200.0 o.oo 70·00 0-04 137·0 
o.oo 129· 0 o. 20 77·00 0-17 73·00 0-0!J 7n.nn ,_ .. _..., 

1( 
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N p Q ivJ c E 

At.JTUt1N o.oo 45 0.05 8.6 14.96 7-9 5.4 1 

AUTUi"'N 0.25 90 0.06 13.7 54.77 0 10.2 . 8.0 20 

AUTUi•iN 0.40 151 0.07 18.8 22.-11 17.2 ° 14.2 . 3 

At.JTUf·1N 0.60 16·4 . 0.09 22.-1 35. 31 . 19.1 1 r ,-o.o 4 

AUTUi''lN 0.80 110 0.07 J3.3 106.51. 26.0 22:>5 5 

AUTUm~ 1.00 107 0.12 . 43.6 164.53 24.6 32.-2. 6 

AUTUi·1hl 1.20 83 0.16 56.6 64.27 46.7 36.8 7 

AUTUMN 1.40 104 0.13 72.8 147.19 53.4 43.7 3 

AUTUHN 1. 70 32. 0 e 19 98.0 64.50 36.0 68.1 9 

AUTUi'iN 2.20 76 0.23 164.3 247.75 108.3 37.5 10 

l!ll NTE.R o.oo 48 0.05 14.6 a. 48 . 14.6 4.5 11 

vl INTER 0.25 65 0.05 26.0 195.67 16.9 45.2 ° 12 . 

vi INTER 0.40 129 0.05 34.7 90.03 29.8 6).9 13 

vii NTER 0.60 137 o.o9 48.9 '74.06 42.0 66.1 14 

l·J INTER 0. 80· 147 0.10 51.0 120.82 . )8.7 47.5 15 

l•ll NTER 1. 00 143 0.12 ° 51.) 100.78 .39 .2 0 45.3 16 

l•J INTER 1.20 103 0.10 6).5 35.08 60.1 70.3 17 

vl I NTEH 1.40 114 0.14 77.0 133.91. 58.5 - 58. 1 18 

l·ll NTER 1. 70 84 0.12 . 102.-4 1"13.85 88.2 . 82.-8 19 

WINTER 2.-20 23 0.11 118.8 264.63 90.5 a6.3 20 



SPRIN~ o.oo 122 . 0.05 7-5 17.89 6.6 3.8 21 

SPRINt; 0.25 138 0.04 9.8 11.48 9.3 4.9 22. 

SPRING 0.40 163 0.05 13.5 30.01 12.;0 14.5 2) 

SPHING; 0.60 124 0.06 16.0 24.93 14.7 8.2 24 

·SPHING 0.80 136 0.09 21.8 27.93 19.2 . 15.0 25 

SPRIN(.1 1.00 10.3 0.14 .32 .·2 ' 91.45 19.7 16.8 26 

SPRING! 1.20 77 0.10 40.5 105.28 .30.5 21.) 27 

SPRING; 1.40 58 0.09 5).1 79.)8 45.7 27.4 28 

SPRINt; 1. 70 26 0.06 71.5 -126.)5 79. 1 53.4 29 

SPRiNG 2.20 4 0.2) 155.2. -34.60 163.4 46.2 . JO 

SUt'-H·iER o.oo 76 0.05 ).6 5.8.3 J.J 1. 2 . 31 

SUMr·lER 0.25 87 0.06 6. 2 . .3.61 6.0 J. 2 . 32 . 

SUt1t1ER 0.40 150 0.08 7.6 15.02 . 6.4 4.7 33 

SUMt1ER 0.60 1)6 0.08 10.2. 21.01. 8.6 7-7 34 

SUt'I!1ER 0.80 152 . 0.12. 16.2 . 60.88 9.0 14.9 35 

SU11r·1ER 1.00 155 0.11 22e-1 47.62 . 17 .o 17.0 )6 

sum·iER 1..20 80 0.09· 29.6 4.59 29.2 . 23.3 J7 

SUt-H1E-R 1.40 71 0.14 39.0 44.)6 .32·9 .34.7 38 

SUt'WiER 1. 70 43 0.12 . 45.6 197.27 22.-3 34.4 39 

sur·H·1E R 2.-20 62. 0.21 1)1.4 275.0.3 7J.3 89.5 40 

6.0 



N p f"l /"' .... E 

AUTU~·1N 0·00 2· 0·04 2·9 -1·25 3·0 0·0 1 

AUTU !•iN 0·25 59 0·06 9·2· 34·53 7. 2. 6·5 2' 

AUTUi·!N 0· 40 99 0·07 16·8 39 •01 14·3 11·5 3 
' AUTUNN 0·50 128 0·08 17·3 21·86 15·5 1 3·8 4 

AUTUHN o.so 144 0·08 22·9 42·15 19·4 16·9 5 
AUTU~iN 1·00 104 0·07 31·5 101·89 24·3 23· 7. I' 

0 

AUTUI"IN 1•20 98 0·09 41·3 199·74 22•5 29·9 7 

AUTUI"'N 1· 40 107 0·14 1:)2·9 93·24 39.4 35·0 ~3 - ·-
AUTU!-11"-l 1·70 . 129 0•15 7 4· 5 85·06 61·5 50· 2' 1 

AUTUl"iN ?e,.,n 
L- ,_v 142 ()·19 

·~· 132·9 204·70 93·3 ') 4. 7 10 

vi INTER 0·00 14 0·08 11·7 -0-38 11·7 1·7 11 

~~INTER 0·25 46 0·04 16 ·1 35· 72. 1-4·7 5·5 12· 

~!INTER 0· 40 74 0·04 25·8 217·54 16·3 42·1 13 

vi INTER 0·60 100 0·06 42·7 190·77 30·5 75.2. 14 

\•I I-NTER 0·80 109 0·10 46 ·9 64-66 40·5 66·9 15 

\•II NTER 1·00 134 0•'10 51·1 115·86 39·7 50·4 1q 

viii-ITER 1•20 135 0·11· 48-8 117·12' 35·3 45·4 17 

\•i INTER 1· -40 139 0·11 58·7 28·27 55·7 ,.J -0 • J 13 

\•l INTER 1·70 177 0·12. 79·1 139·72. 62 .. 5 67·0 1a ,/ 

\•I INTER 2·20 65 0•13 111•5 115·51 96·6 76·6 21 

61 



SPRIN~ 0·00 45 0·04 6·9 -2·25 7·0 2·6 21 

SPRIN(l 0·25 102- 0·05 7•4 19·41 6·4 4·0 22-

SPR I~~~ 0·40 205 0·05 9·9 g. 09 9·5 4.8 23 

SPRIN~ 0·60 125 0·05 15·0 55.42 - 12·4 15·7 2:4 

I SPRIN~ 0·80 121 0·07 15•5 8. 35 15·0 8.) 25 
SPRIN~ 1·00 116 0•10 23·4 60·60 17·4 14·7 25 

SPRIN~ 1·20 101 0•13 30•5 97·98 18.2 . 16·3 27 

SPR I 1--l~ 1·40 114 0·09 )8.9 105 ·15 29· 2- 20·1 23 

SPRIN~ 1·70 63 0•07 57·6 31·33 55·5 36·1 29 

SPRIN~ 2•20 9 0·16 134·1 -72·52. 145·7 57·4 30 

SUM!·'IER 0·00 50 0•05 3•3 8·60 2·9 0·7 A 

• 
SU!vi!•IER 0•25 36 0·07 4·2' 1·71 4·1 1·6 )2' 

SUI·lr!ER 0·40 104 0·05 6·3 9·87 5·8 3·4 JJ 

sum1ER 0·60 135 0·07 6·9 7·53 6·3 J•1 )-4 

SU t'lriER 0·80 112- 0·09 10·6 19·99 8.8 !).6 35 
' SUHMER 1·00 123 0·11 16·7 67-86 9·3 15·7 36 

I ' SUI'ii"IER 1·20 141 0·1 J 20·9 48·07 14·9 15·9 37 
' . 

SUi-ii"!ER 1. 40 130 0·11 27 ·4 30·12- 24·0 21·9 33 

SUfvJf·lER 1·70 95 0·10 37 •2' 119·41 25·5 32··2. 39 

SUI'-1l•IER 2•20 86 _0·18 107·9 279·77 57·5 3Q.9 40 
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K = ·950 

N p Q !•1 c E 

0·87 101 0·07 11·6 38·3 8.7 9·5 1 
1·15 101 0·05 16·2 34·0 14·3 11·8 2 
1·34 101 0 ·10 21·3 33·0 18-0 17·7 3 
1·5 3 101 0-09 23·0 32·9 20 ·1 18-2 4 
1-78 101 0·07 30·8 129 ·5 21·9 26-6 5 
2·02 101 0-10 39·0 147·3 24·0 31·2 6 
2·39 101 0. 11 49 ·9 126.8 36-o 33·4 7 
2·84 101 0•14 68.4 108·3 5 2-8 56·0 8 
3 ·51 101 0-16 82 ·1 112·2 64-1 54· 7 9 
6-33 103 0·20 142·1 207· 0 100.8 87·7 10 

0-85 99 o.os 17·8 14·3 17·1 8.3 11 
1·30 99 o.o6 43·0 160.6 32·8 78-9 12 
1·5 7 99 0·10 5 2·6 155·5 36·7 77·5 13 
1· 79 99 0-10 49.8 17·6 48.0 5o. 3 14 
1·97 99 o.o9 43·2 108.0 33·2 36.2 15 
2·17 99 0-09 48-1 32·4 45·3 42· 3 16 
2-42 99 0 ·12 5 2·1 95·9 40·4 47·9 17 
2-68 99 0·12 73·9 93·3 63·0 83·0 18 
2·93 99 0-12 69-9 150-8 51·3 58·3 19 
4·5 8 102 0·11 102· 3 146·4 a6.4 72· 0 20 

0-61 100 o.o6 6.6 20·9 5·4 3·7 21 
0-81 100 0·07 8.1 8.6 7·5 3·6 22 
0·96 100 0-04 9·7 11·0 9·2 5·2 23 
1·14 100 0 ·05 11·1 19·5 10·2 4 ·1 24 
1· 30 100 0·06 15.8 26·3 14·3 18·2 25 
1·5 3 100 o.o7 17·8 56·4 13·7 9·0 26 
1· 76 100 0 ·10. 24·7 104·9 14·5 16·3 27 
1·9 8 100 0.10 29· 2 91-9 20·4 17·3 28 
2·22 100 0. 11 35·5 85-6 26 ·1 20·4 29 
3. 27 101 o.o7 59·9 57·0 55·9 40·7 30 

0·73 101 o.os 3·6 5·8 3·3 1·3 31 
1· 01 101 o.os 5·5 11-6 4·9 2·9 32 
1·24 101 o.o8 7·3 5·1 6-9 2-8 33 
1· 48 101 0-09 9·7 11·6 8.7 6·4 34 
1.68 101 0 ·10 12·4 35 ·1 8.8 10·3 35 
1·93 101 0-14 23· 2 68-5 13·9 16-2 36 
2-15 101 0 ·14 23·8 30·9 19·5 22-6 37 
2· 45 101 0-09 28·5 76-8 21.8 23·0 38 
2·95 101 0 ·11 34·5 138-9 18.6 38-6 39 
5·83 103 0 ·15 9 2·1 279.2 50·7 75·4 40 

- ' 
.J\ 
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K = -940 

N p Q t1 c E 

0-65 101 o.o7 11·9 4)·9 8.8 9-8 1 
0-91 101 o.o6 16-1 14-6 15·2 11·2 2 
1·07 101 0·09 19·4 )2.8 16-4 16·0 J 
1· 24 101 o .o9 25 ·1 42·1 21·4 19·3 ·4 

. 1. 46 1-01 o.o6 27·3 81·3 22~0 22-6 5 
1·6 7 101 0 ·10 39·5 194-6 20·9 28-J 6 
2·01 101 0·11 49 ·1 109.7 37·0 J6 .6 7 
2-41 101 0·16 69·1 78-9 56·4 55.7 8 
2-98 101 0-16 82.0 151·5 57·9 44·5 9 
5·62 103 0-20 144-8 206-J 104.2 90·2 10 

o.66 99 o. 05 17·1 14·1 16· 4 6-9 11 
1·00 99 0·05 41-6 262-8 27·6 78-0 12 
1·25 99 0-10 48.4 87·4 39·5 74·3 13 
1-44 99 0-10 54·8 159·5 J8.9 53·7 14 
1-61 99 0·10 44-0 74·4 J6-9 43·3 15 
1-79 99 o. 09 49-6 34·5 46-J J8-9 16 
2-04 99 0-11 45.7 78-6 36·7 50·1 17 
2·27 99 0-12 71·3 89.6 60· 7 68.6 18 
2·51 99 0-12 82.6 199·9 58-1 7 2· 4 19 
4-25 102 0-12 97-8 104·4 85.7 71·9 20 

0-46 100 o.o6 6-7 19-9 5·6 3·6 21 
o.62 100 o.o6 8.2 6.6 7·7 J-6 22 
0-74 100 o.o6 10·0 14·9 9 ·1 5·0 23 
o.89 100 0·04 11·4 20-8 10·7 5·2 24 
1·07 100 0·07 15 ·5 25 .o 1 3·9 17·9 25 
1-26 100 0-07 17.6 5 7·6 13·5 9·7 26 
1· 48 100 o.o8 22·7 73·7 16·5 14.8 27 
1-68 100 0-11 29·6 102·9 18-J 16·7 28 
1·91 100 0-12 37·4 84-0 27·5 21·5 29 
2·93 101 o.o6 59-4 82-4 54-2 40-9 JO 

0-58 101 o.o6 3·7 5·5 3·4 1·4 31 
0.81 101 o .·o6 5·9 12·8 5·2 J.Q 32 
1-00 101 0·07 7·0 6.0 6-6 2·9 JJ 
1· 21 101 0 ·1 0 9·7 15·2 8.2 5·6 34 
1·40 101 o. 09 12·9 34·4 9·7 10-8 35 ' 
1-62 101 0 ·14 22·1 . 68-2 12-6 16·5 J6 
1-81 ' 101 0-11 21·8 28-0 18-9 '19 ·1 37 
2·07 101 0-12 JQ.Q 40·1 25 ·1 26· 8 J8 
2·5 2 101 0.10 JJ.O 6J-6 26.7 32·9 39 
5 ·57 1 OJ 0-16 94-6 279·5 49.9 76 ·1 40 

J( 
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K = ·930 

N p Q H c E 

0·5 3 101 0-07 11·7 43'·1 8.8 9·6 1 
o. 75 101 o.o6 17·1 ;o.o 15.4 10·6 2 
o.89 101 0-11 18.2 24··2 15·6 15.7 3 
1·05 101 o.o8 23· 4 47·4 19·5 17·6 4 
1-25 101 o. 06 27·3 97·2 21·3 20·3 5 

.1. 45 101 0-10 41·7 189·7 22·9 30·9 6 
1· 76 101 0. 11 46 ·3 84-9 37·0 35 ·5 7 
2.08 101 0-17 69-5 88.9 54·7 53· 7 8 
2-62 101 0·15 81-9 145.7 60·3 42·9 9 
5 .o8 103 0-20 147·2 202·5 106·0 . 90·9 10 

0·53 99 o.os 17·1 11-8 16·5 6-9 11 
0-81 99 o. 05 J9. 8 263-9 25 ·5 77·5 12 
1·02 99 o.o8 48-5 65.8 42·9 74·7 13 
1-20 99 0-12 49·2 137·0 33·2 41·1 14 
1· 36 99 0-10' 49·2 12·0 48-1 50·9 15 
1·51 99 0·10 51·0 178·5 33·9 45.6 16 
1· 74 99 0-11 43·1 9-0 42·1 ;o.s 17 
1· 96 99 0-13 70·5 71·6 61·4 71·1 18 
2·21 99 0-12 82-0 210·4 56-9 70·0 19 
4. 01 102 0·11 102·4 109 .• 4 89·9 75·5 20 

o. 35 100 o.o6 6-9 19.4 5·8 ).6 21 
0-49 100 o. 05 8.1 8.) 7·7 3·5 22 
o.s 8 100 o. 06 10·0 10·0 9-4 5·3 23 
0-72 100 0-04 11· 8 21·0 11.0 5·3 24 
0·91 100 o. 05 15·8 63··1 12·7 17·3 25 
1· 08 100 o.o7 15·6 9·3 15·0 8.9 26 
1-26 100 0-10 24-6 74·0 17·1 14·9 27 
1-47 100 0.11 27·9 96-6 17·2 15·9 28 
1·70 100 0.11 37·9 93·4 27·5 21·1 29 
2·72 101 o.o8 59·8 61-4 55 ·1 42·0 30 

0. 46 101 o.o6· ).8 5·4 3·5 1·4 31 
0-66 101 o.os 6.4 15.4 5·6 3·4 32 
o.8J 101 0-07 6.8 ·7·1 6·3 2.8 33 
1·0 1 101 0 ·10 9-6 13·5 8.2 5·8 34 
1-20 101 o.o8 12-6 32·5 9·9 10·7 35 
1-38 101 0·15 21·3 61-8 12·1 17·5 36 
1·54 101 0-10 21· 4 41·4 17·3 16·2 37 
1. 81 101 0-12 28-5 32·0 24·7 23·4 )8 
2·25 101 0-10 34·6 87·3 25.8 32·6 39 
5. 37 103 . 0·17 95·5 276-8 48-9 77·7 40 

3( 
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K = ·920 

N p Q t1 c E 

0-43 101 o.o6 11-4 55. 3. 8.3 8.3 1 
o.61 101 o.o6 17·3 18·7 16·1 11·2 2 
o. 75 101 o.o9 18 ·1 18-9 16·4 14-8 3 
o.9o 101 0-10 22·9 43·5 1-8·7 18 ·1 4 
1· 08 101 o.o7 27·9 93·2 21·9 16·5 5 
1-28 101 Q.Q8 38-2 133·2 27·5 28·3 6 
1·5 4 101 0·12 47·7 137·5 31·5 37-8 7 
1·85 101 0-15 64·4 102-8 48.6 39 .·a 8 
2·37 101 0·17 87·4 95.8 71·4 56-8 9 
4-64 103 0·21 148.8 2QQ.8 106-8 90·9 10 

0. 45 99 o. 05 21·2 81-7 17·5 38.8 11 
o.6 7 99 0·05 34·4 136·7 27·2 71·0. 12 
0.86 99 o.o8. 44·9 37·4 41·. 9 70·0 13 
1·02 99 0-11 44.8 94·5 34·6 37·0 14 
1·17 99 0-10 56·7 156·1 41-0 56·3 15 
1· 31 99 0·12 48.6 126·5 33·6 47·3 16 
1·51 99 o.o9 48·3 7·5 47·6 36 .o 17 
1·74 99 0-12 66-2 80·1 56·5 70·6 18 
1·99 99 0·13 82-5 149 ·1 6J·5 62-9 19 
3·83 102 0-12 105.2 123·0 90·5 83·1 20 

0·27 100 0~06 7·1 19·3 5·9 3·6 21 
0-40 100 0 ·05 8.4 9·7 7·9 3·8 22 
0.48 100 o.o6 9·9 . 6 ·3 9-6 5·2 23 
o.61 100 o.o4 11·2 20·9 10·4 5·0 24 
0-78 100 o. 05 16-4 63·5 13·4 17·2 25 
0-94 100 o.o7 15·7 8.8 15·1 8.6 26 
1-11 100 o.o9 23·3 59·7 17·8 15 ·2 27 
1· 31 100 0·13 29·5 9 7.6 16·9 15·7 28 
1·5 4 100 0-10 37·0 93·9 27·6 21·1 29 
2-60 101 o.o8 59·9 61-6 55·0 42·3 30 

0.38 101 o. 06 3·8 5·3 3·5 1-6 31 
0-55 101 o. 05 6-5 11·1 6.0 3·4 32 
0·71 101 0-09 6.8 7·1 6-2 3·2 33 
0.88 101 o.o8 9-6 17·6 8.2 5·4 34 
1· 05 101 o.o8 12·4 43·8 9·1 11·0 35 
1·20 101 0-14 20·1 68-1 10·5 16-6 36 
1·35 101 0·12 22·2 41-6 17·3 16·5 37 
1·5 8 101 o.og 26· 2 20·0 24· 3 22·9 J8 
2· 01 101 0-12 37·1 42-6 32·0 33·6 39 
5 ·19 103 0·17 95.7 272·3 48.4 78-8 40 

..... / 

.H 
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K = ·91 0 

N p Q M c E 

0-37 101 o.os 10·9 49·0 8.4 7·9 1 
0·51 101 0-07 18-5 29·3 16·5 13·6 2 
o.65 101 Q.Q8 17-6 20·9 15·9 12·6 3 
0-78 101 0-10 22·2 43-2 18.0 17 ·2 4 
0 ·95 101 o. 07 28-3 78·9 23·0 19·2 5 
1· 15 101 a. 08 37·3 110·4 28.6 28-4 6 
1·38 101 0·12 48.8' 145.7 31·2 35.8 7 
1-66 101 0-17 63·5 103-6 46 ·3 37·9 8 
2-16 101 0-16 86.9 68.4 75·6 58·2 9 
4-28 103 0-20 150· 1 244.0 100·1 85.7 10 

0 ·37 99 Q.Q4 21·3 87·2 17·6 38.8 1 1 
o.s 7 99 o.os 34·0 138·7 26-9 71·0 12 
0-72 99 o.o9 45 ·5 42·5 41.8 7 Q. 7 13 
0.88 99 0 ·10 41·6 94 ·1· 32·7 35.0 14 
1-02 99 0-10 55·0 1 30·5 41-8 54·3 15 
1. 16 99 0·13 51· 4 121· 7 36.0 50·5 16 
1· 33 99 0-10 53 ·4 36 ·1 49.8 47·9 17 
1·5 4 99 0 ·11 62·4 68.Q 54-6 64-2 18 
1.81 99 0·13 83-0 149.7 63-8 62.8 19 
3-68 102 0·12 105 ·1 117·8 90.8 83-6 20 

0.21 100 Q.Q6 7·4 19. 1 6-2 3·7 21 
0-32 100 Q.Q4 8.3 9·2 7·9 3·6 22 
0-40 100 0-05 10·4 8.1 9·9 5·4 23 
0 ·50 100 0·04 11·1 5·2 1 0·9 5·1 24 
0.68 100 o. 05 16 ·1· 55·6 13·4 17·4 25 
0.83 100 0-07 16·3 20·2 14·9 8.4 26 
0-99 100 0-09 22·4 32·3 19·4 16·3 27 
1-18 100 0·15 30·3 93·0 16·7 16·1 28 
1·41 100 o.o9 35·5 96.8 27·1 19-8 29 
2·49 101 0-09 6o. 8 63·7 55·2 42·7 30 

0·30 101 o.o6 4·0 6-7 3·6 1·7 31 
0·47 101 o.os 6-6 9·4 6 ·1 3·5 32 
0-62 101 Q.Q8 7·0 5·5 6.6 3·3 33 
0. 77 101 Q.Q8 9·7 15·5 8.4 5·7 34 
0·94 101 o.o9 1: 3· 0 44·4 8.9 12 ·1 35 
1·07 101 0·13 18.6 65.2 9·9 15·5 36 
1·20 101 0·11 19·8 46·2 14.8 14·7 37 
1· 40 101 0-10 28.2 32·5 25 ·1 23·7 38 
1·83 101 0·12 36·4 43·7 31·3 31·1 39 
5·03 103 0.18 97·0 269 ·3 49.6 79·7 40 

J( 
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K = .goo 

N p Q M c E 

0 • .32 101 o.o6 11·0 4.3·9 8.5 7·8 1 
o. 45 101 0·07 18-9 59·2 14.8 15·1 2 
0·5 7 101 o.o6 16.8 4.8 16·5 8.4 .J 
0-69 101 0 ·10 22·1 .39·7 18.2 17·4 4 
0.85 101 .0.07 27-6 45·.3 24-6 18-.J 5 
1·04 101 o.og .37·7 10.3·.3 28.0 28-1 6 
1· 25 101 0-11 46.7 1.34-6 .31·7 .3.3·1 7 
1·51 101 0-16 6.3·9 96·2 48 ·1 .37·7 8 
2·00 101 0-18 89.6 82.6 75.0 60.6 ~ 
.J ·9 8 10.3 0·20 149·7 242·5 101·0 85·5 10 

0·.32 99 0-04 21·2 89.8 17·5 .38·7 11 
0.48 99 . 0-05 27·5 25·5 26.2 20-2 12 
o.6J 99 o.o9 51·4 67·7 45 • .J 96-6 1.3 
0.78 99 o.o9 42·9 89-9 .35. 0 40-1 14 
0-91 99 0-10 49·0 60-1 4.3. 2. 46 ·1 15 
1·04 99 0·1.3 54·0 150·8 .34·2 51·6 16 
1· 20 99 0-10 55·6 94·7 46-1 48-7 17 
1·42 99 0-11 6.3·2 46-5 58-0 66-2 18 
1·6 7 99 0-14 ao.o 140·7 6o. 7 59·9 19 
.J ·57 102 0-12 107·9 1.32·5 91·9 85·5 20 

0.18 100 o.o6 7·5 18-9 6-.J .J.8 21 
0-27 100 o.o4 8.6 7·5 8.2 . .J. 8 22 
0 • .35 100 0-04 10·4 14·5 9-8 5·1 2.3 
0-44 100 o.o4 11·4 -.J-9 11·5 6-.J 24 
o.6o 100 0·05 15·9 52·9 1)·1 17·2 25 
o. 76 100 o.o6 16·5 24·4 15-0 8-5 26 
o.9o 100 0-10 20·5 25·9 18-0 14-6 27 
1· 08 100 0. 1.3 .30·0 80-2 19·5 16-6 28 
1·.32 100 0.10 .37·2 105.7 26· 2 19·7 29 
2-40 101 o.o9 6o.6 65·0 54-8 . 4.3. 1 .30 

o. 26 101 o.o6 4-0 6.6 .J.6 1. 7 .31 
0-40 101 0-05 6-7 9·9 6-2 .3·5 .32 
0-54 101 o.o9 7·.3 6-5 6.8 .3·5 .3.3 
o-69 101 0·08 9·7 17·1 8.4 5·7 .34 
0-84 101 0 ·10 1 .J. 1 4.3·2 8.8 12·6 .35 
o. 96 101 0-12 17·8 66.6 9·5 15.0 .36 
1· 09 101 0-10 19.7 45.6 15·0 15·9 .37 
1·27 101 0-11 28.8 .3.3·5 25.2 2.3 ·1 .J8 
1·6 7 101 0-12 .35·6 4.3·9 .30·.3 .31·1 .39 
4-91 10.3 0.18 97-8 268 • .J 50-6 79·5 40 

.3( 

6q 



K = -890 

N p Q 1'1 c E 

0-25 101 o.o6 10·9 43·4 8.2 7·8 1 
0-38 101 o.o7 18.4 58·1 14-6 13·1 2 
o.s 0 101 o .o6 17.6 6.o 17·2 11·4 3 
0-62 101 o.o8 22·3 59-8 17·4 16·3 4 
0·77 101 o.os 26. 8· 20·1 25 ·3 18.8 5 
0-94 101 0-10 37·6 109 ·1 26-9 28·2 6 
1·13 101 0-12 48.1 134·3 32·1 33·1 7 
1·39 101 0.16 62-5 . 92· 7 47•3. 36 ·3 8 
1-83 101 0.16 87.8 80-1 74·9 59·3 9 
3·85 103 0. 21 152·0· 237·8 101-9 86 ·2 10 

0-28 99 o.o4 21·0 90·1 17·1 3B-6 11 
0·42 99 o. 05 27·7 24· 2 26-6 20·2 12 
0-55 99 o.o9 51-8 63·7 45.8 96· 7 13 
0.68 99 o.o8 41·7 107-8 33·3 39·2 14 
0. 81 99 0-09 46-5 30·6 43-8 43·7 15 
0·93 99 0-14 55·9 144-6 36·2 49.7 16 
1-08 99 0·11 59-8 76-6 51·7 69-4 17 
1·30 99 0-11 62.0 73·9 53·9 49.4 18 
1·5 3 99 0 ·14 77·3 112-6 61-4 60-2 19 
3·47 102 0-12 108.8 1 31· 2 93·0 85 ·3 20 

0·15 100 o.os 7·6 23·4 6-5 3·7 21 
0·23 100 0·05 8.9 4.8 8.6 4·2 22 
0-30 100 0-04 1 0·5 14·0 9·9 5·3 23 
0·39 100 0-04 11·2 -J.J 11.3 6.·2 24 
0 ·53 100 0·05 15·5 53·6 12·6 17·2 25 
o.68 100 o.o6 17·1 34·5 15·0 8.5 26 
0-81 100 0-09 18-7 0·5 18.6 10-0 27 
1· 00 100 0·13 31·5 82·3 20·6 18-7 28 
1· 21 100 0·11 )6.6 97.6 26.3 20·2 29 
2·32 101 0-09 61-0 69-5 54·4 43·1 30 

0. 21 101 o.o6 4·0 7·1 3·6 1 ··7 31 
0·35 101 o.os 6.8 7-8 6.4 3·5 -32 
0.48 101 0-09 8.0 15·8 6-5 5·3 33 
0-62 101 0-07 9-0 8.0 8.4 4·6 34 
0. 75 101 0 ·1 0 13·6 43·7 9·2 14.8 35 
0-87 101 0-11 15·8 52·1 10·2 12·1 36 
0-99 101 0·12 21·0 66-9 13·3 18 ·1 37 
1·16 101 o.1o 28.8 35·3 25 ·3 21·3 )8 
1·5 J 101 o.13 )4·7 42·1 29.2 31·3 39 
4-81 10.) 0.18 98.8 267·7 51·4 79·0 40 

3( 
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K = .880 

N p Q t1 c E 

0-22 101 o.o6 1 0·9 42-6 a.5 7·7 1 
0·34 101 o.o7 17·9 72·5 13·2 11 ·5 2 
0-45 101 o. 06 ·18 ·5 2·9 18·3 12·1 3 
0 ·57 101 o.oa 21·0 49-6 17·1 14.8 4 
0. 71 101 o.oa 28-0 20·3 26-4 22·0 5 
o.B6 101 0·11 37·8 112·3 25.8 23·7 6 
1·05 101 0-12 49·5 133·1 33·7 35.6 7 
1· 29 101 0-16 59-6 92·3 45·2 35 .a 8 
1· 71 101 0-17 87-1 7 7. 8 74·0 59·9 9 
3·74 103 Q. 21 153·6 247·0 102-4 83·5 10 

0·25 99 0·04 20-9 87·7 17·0 38-6 11 
0-38 99 0·05 28.8 43·6 26·5 23·4 12 
0-49 99 o.o9 43·9 92-1 36-1 75·8 13 
o.61 99 0-07 42·1 10·7 41·3 66.o 14 
0-74 99 0-10 49·9 69-0 43·3 49·1 15 
0-84 99 0-14 58·0 151· 6 37·4 50·1 16 
0-99 99 0.10 56-8 18.6 54·9 66.0 17 
1·19 99 0-11 63·7 92·0 5 J .6 53·0 18 
1·4J 99 0-15 81-4 121·9 62-7 60-8 19 
J·J9 102 0 ·12 107·1 129.6 91-8 85-4 20 

0-12 100 o. 05 7·7 23·2 6-5 J·7 21 
0-20 100 0·05 9·0 5·3 8-7 4-0 22 
0-26 100 0-03 10·4 J.8 10·2 4·7 23 
o. 35 100 o. 05 11·5 5·7 11·3 7·1 24 
0.48 100 o.o6 15·3 51·8 12·3 17·4 25 
o.62 100 0-07 16·3 35·7 14·0 7·6 26 
0-74 100 o.o9 19-8 -o.6 19·9 10·9 27 
0·92 100 0·12 30·1 84·7 20·0 18.6 28 
1· 15 100 0-11 J6.9 91·3 26-6 20·2 29 
2-26 101 0·10 61-4 69·1 54·5 43·1 30 

0-19 101 0-05 4 ·1 6.8 3·7 1·8 31 
0-30 101 0·05 6.8 8.6 6-4 3·6 32 
0-42 101 o.o9 8.4 14·2 7·1 5·4 33 
0·55 101 0 ·05 9·3 22·9 8.1 7·5 34 
0-69 101 0-12 13 ·1 28-1 9·8 14·4 J5 
0-79 101 0·12 15·1 47·1 9-6 11·8 36 
0 ·91 101 0.10 19-8 64.8 13·1 13·6 J7 
1· 07 101 0·10 29 ·9 49 ·1 25.2 23·9 38 
1·44 101 0 ·14 35 ·3 39·5 29.7 31·5 39 
4. 75 103 0-18 98-6 267-4 51·1 79·3 40 

3( 
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K = .870 

N p Q M c E 

0-19 101 o.o6 11·0 42·7 8 • .J 7·7 1 
0-29 101 o. 06 17·6 80.8 1.3·0 11·2 2 
0 ·40 101 o.o7 19-4 '15. 9 18-4 14·5 .3 
0 ·52 101 0 .o8 20·4 .35 ·1 17.;6 1.3·.3 4 
0-65 101 o.os 28-1 21·7 26.4 21-8 5 
o.8o 101 0 ·11 .J8.6 111-0 26·.3 24·2 6 
0-97 101 0 ·11 45 • .3 40·7 41-0 28.8 7 
1-20 101 0.16 62·5 129 • .3 41-8 .38·1 8 
1·5 8 101 0-17 87·0 81.6 72·9 61·1 9 
.3 .6 4 10.3 0. 21 154·1 245·4 102-9 8.3·5 10 

0-22 99 0-05 21·.3 88.0 17·.3 .J8.8 1 1 
0-.34 99 0·05 28-6 4.3-6 26 • .3 2.3 ·1 12 
0-44 99 o.o8 4.3·0 8.3·7 .36·4 75·7 1.3 
0·55 99 o.o8 4.3 ·5 .31·9 41-1 66·2 14 
o.67 99" o.o9 48-2 80-1 40.8 48.0 15 
0·77 99 0·1.3 56-8 162-2 .34·9 51·0 16 
0-92 99 0 ·1 0 60.6 65·.3 5.3-8 6 7·5 17 
1-10 99 0-11 61·1 77·2 52-6 50 ·.3 18 
1· .35 99 0-14 82.8 141·0 62-5 6 0 • .3 19 
.3·.31 102 0-12 106-6 95 .o 94-8 86.7 20 

0 ·1 0 100 0-05 7·8 22·5 6-7 .3·9 21 
0·17 100 o.o.J 9·.3 1·2 9·.3 4.6 22 
0-2.3 100 0-05 10·0 6-.3 9·7 4·.3 2.3 
0·.31 100 0-04 11·7 8.9 11·4 7·0 24 
0·4.3 100 o.o6 1.3·8 8.6 1 .3 • .3 B • .J 25 
0 ·57 100 o.o7 18·.3 87·5 12·6 16·5 26 
o-69 100 o.o9 19·7 -1·2 19-8 10·2 27 
0-85 100 0. 1.3 .30·0 82.1 19·5 19·2 28 
1-08 100 0-10 .34-8 78-9 26-6 18.2 29 
2·19 101 0·11 6 2· 9 79 ·1 54·4 4).8 .30 

0-16 101 o. 05 4·1 6-7 .J.8 1·9 .31 
0. 27 101 o.o6 6-7 7·4 6 • .J .3·5 .32 
o • .J8 101 o.os 8.5 16-7 7·.3 5·4 .3.3 
0-50 101 o. 06 9·.3 20·1 8.1 7·6 .34 
0-6.3 101 0-12 12· 7 21·.3 10-2 1.3·9 .35 
0-7.3 101 0.11 15.8 58.8 9·.3 11·5 36 
o.8.J 101 0-11 19-8 62·2 1.3·1 14·.3 .37 
1-00 101 0-10 28-4 45·6 2.3·7 22·4 .38 
1-36 101 0-13 .36·.3 40·.3 .30·9 32·.3 39 
4-70 103 0-18 98.8 26 7 ·1 51·3 79·2 40 

-·I 

.)\ 

72. 



K = .860 

N p Q t1 c E 

0-16 101 o.o6 10·9 41·0 8.5 7·3 1 
0-26- 101 0·05 17·3 86.o 12-8 10·0 2 
0·36 101 o.o8 20·0 16-6 18·7 15·2 J 
Q.48 101 o.o8 20-6 33·0 18.0 14·1 4 
0-59 101 o.o8 27-6 23·0 25 ·9 21·4 5 
0·74 101 0·10 37·5 106 ·3 27·0 22·1 6 
0 ·91 101 0-11 46 ·5 45.8 41·3 31·2 7 
1·11 101 0·17 61-5 129·4 40·0 37·4 8 
1·5 0 101 0-15 90·9 118·5 72· 8 62.6 9 
3·56 103 0-23 151·3 186-9 109.0 90 ·3 10 

0-19 99 0·04 21·9 86.4" 18.0 38·9 11 
o.3o 99 o. 05 28 ·1 45·4 25.7 23·3 12 

- 0 ·39 99 0·07 41·5 78·7 )6.1 7 2·4 13 
0-49 99 o.oe 45·7 47·3 41-8 69-6 14 
0·61 99 0-10 43·4 65·3 J6.8 37.8 15 
o. 72 99 0-12 57·9 206-4 33·4 53·0 16 
o. 85 99 0-12 62·7 33·1 58·7 69-0 1 7 
1·02 99 0-10 61·3 1 oo.o 51·4 50·1 18 
1· 28 99 0. 15 84.1 117·2 66-3 63-6 19 
3. 25 102 0·13 106-1 104·5 93·0 85 ·2 20 

o.oa 100 0·05 8.o 22·7 6.8 3·9 21 
0·15 100 Q.QJ 9 ·1 1·5 9·0 4·5 22 
0-20 100 o. 05 1.0• 4 4·8 10·2 4·4 23 
0-28 100 o.o4 11·5 16-7 10·9 6-9 24 
0·39 100 o.o6 1 3·6 1. 4 1 3· 5 8.J 25 
0·53 100 o.o6 18-J 87·3 12-8 16·2 26 
0.64 100 o.o9 20·4 18.0 18·7 11·5 27 
0·79 100 0·13 29·5 62·9 21-6 21·0 28 
1·02 100 0·11 35.0 79·2 26-5 18-1 29 
2·14 101 0·11 62.6 79·4 54·0 43·9 30 

0 ·14 101 o. 04 4 ·1 6.6 3·9 2·0 31 
0-24 101 o.o7 7·0 6-J 6·5 3·6 32 
0-34 101 o.o7 8.5 17·2 7·2 5·4 JJ 
0-46 101 o.o6 9·3 16-1 8.3 7·7 34 
0-5 7 101 0-10 12·0 22·4 9·9 12·3 35 
o.68 101 0·12 15·6 40·3 10-8 11.7 36 
0.78 101 0·12 20·2 64.6 12·7 14·2 37 
0·93 101 0-10 28.6 55·1 23·3 23·0 38 
1· 29 101 0·14 36-o 39·8 30·5 32·4 39 
4-64 1 OJ 0-18 99 ·1 266.4 51·8 79·2 40 

.)\ 
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K = .850 

N p Q t1 c E 

0-14 101 o.os 10·9 47-8 8.4 6-9 1 
0-24 101 o.o6 17·0 68 ·5· 12·8 10·7 2 
0-33 101 o.o8 20·0 17 ·1 18-7 15·2 3 
0-45 101. o.o6 20·5 24·8 18-9 13·3 4 
0·55 101 0-09 28.8 26-4 26.4 21 ·5 5 
0-69 101 0-10 36· 4 1 01· 7 26-5 22·9 

,. 
b 

o. 85 101 0·11 47.2 38·9 42·7 30·8 7 
1·04 101 0·17 61-2 130·8 39·5 3 7. 7 0 
1·42 101 0-16 91·0 118.1 72·5 62.6 9 
3-48 103 0-22 151·3 187-4 109·3 90·2 10 

0·17 99 o.o4 21·7 90·3 18 ·1 38-9 11 
0·27 99 o.o6 30·8 29-6 29·2 27 ·5 12 
0 ·36 99 o.o8 39·8 76·0 33·9 71·3 13 
0-45 99 o.o8 44·3 50·5 40.4 69-8 14 
o.s 7 99 0·09 42·5 66-2 36-6 35 .o 15 
o.6 7 99 0·11 55·4 171·4 37·3 52·4 16 
0-79 99 0-14 63·7 97-6 50 ·1 71·6 1 7 
0-96 99 0-10 63·2 101·4 52· 8 52·3 18 
1. 21 99 0·15 86.0 112·2 69 ·1 63· 7 19 
3 ·18 102 0·13 105 ·3 104·1 92·1 85·7 20 

0-07 100 0-04 s.o 23·9 6 ·9· 3·9 21 
0 ·13 100 0-04 9-2 -0·1 9·2 4·7 22 
0-18 100 o. 05 10·5 5·7 10·2 4·4 23 
0 ·25 100 o.oJ 11-8 21·8 11 ·1 7·0 24 
0-36 100 o.o6 13·5 2·9 13·4 8.4 25 
0·49 100 0·07 18·0 75-8 12.8 16·7 26 
0.60 100 0·10 21·3 29.8 18-4 13·0 27 
0-74 100 0·12 28-5 59·7 21·2 19·5 28 
0-98 100 0-11 34·9 75·8 26.8 19.8 29 
2·07 101 0 ·11 62.8 83·1 53·6 43·7 30 

0·12 101 o.os 4 ·1 6-3 3·8 1·9 31 
0-21 101 o.o6 7·0 7·7 6·5 3·6 32 
0-31 101 0-07 8.8 17·3 7-6 5·5 33 
0-42 101 0·07 9·5 12·5 8.6 7·8 34 
0·53 101 0-10 11·7 23·1 9·4 12·3 35 
0-63 101 0·12 16·2 38-9 11-6 11-8 36 
0-73 101 0-11 19·5 64-9 12·2 14·0 37 
o.ss 101 0 ·1 0 28·7 54·1 23·3 23·3 38 
1·21 101 0-14 35 ·9 39-8 30·2 32·5 39 
4-61 1 OJ 0-18 99·1 266-5 52·0 79·0 40 
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A .p .I. AND Q WHEN P · = 0 ~~ = .87 AUTUMN. 

3 81 4 8t 4 121 5 30. 5 88 
5 124 6 )O· 6 90 6 121 7 90 
8 30 8 123 9 90 9 92. 9 105: 

10 29 10 104 10 135 10 157 11 96 
11 -97 11 107 ·12. 29 12. 30 12. 106 
12. 144 13 89 13 . 100 13 101 13 102. 
13 120 14 29 14 . 90 14 91 14 108 
14 .1§~ 15 103 15 109 15 161 16 30 
16 16 100 16 103 16 125 ~~ 29 

~J 103 ~J 106 17 114 ~~ 159 87 
90 . 93 18 106 120 18 170 

19 30 ·19 1 Q,8 19 108 19 119 19 120 
20 30 20 30 20 53 20 118 20 118 
20 1·21 20 128 ·20 162. 21 100 21 110 
21 117 21 120 21 122 21 140 21 197 
22 30 22' 111 22. 114 22 124 ·22 128 
22 170 22 179 23 30 23 122 23 123 
24' 31 24 54 24 172 24 180 25 10~ 
25 120 25 124 25 130 25 131 25 18 
26 118 26 120 26 131 26 160 26 166 
26 170 26 186 26 205 ~l 128 ~J 128 
27 1)8 2.8 31 28 57 136 160 
28 186 28 190 28 400 29 108 29 120 
29 132 29 180 29 198 29 206 30 127 
30 128 . 30 170 . 30 200 31 172 31 212 
31 212 32. 135 32 13J 32· 222 33 31 
33 110 33 130 33 19 33 200 33 200 
33 280 33 365 33 620 34 35 34 112 
34 130 34 132. 34 136 34 139 34 199 
34 202 34 255 35 135 35 138 35 179 
35 210 35 241 36 62 36 71 36 142 
36 150 36 226 36 288 36 292 37 145 
37 300 J8 59 38 120 38 200 38 241 
38 250 38 380 J9 34 39 43 39 128 
39 140 39 178 39 206 39 250 39 296 
40 119 40 130 40 141 40 142 40 144 
40 146 40 179 .40 200· 40 208 40 224 
40 291 41 62 41 142 41 152 41 219 
41 230 42 62 42 92 42 228 42 240 
43 156 44 60 44 1~5 45 33 45 154 
45 159 45 180 45 234 46 124 46 150 
46 156 46 156 46 159 46 227 46 246 
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46 371 ~J 150 ~J 200 47 519 48 162. 
48 169 240 45 49 50 49 66 
49 90 49 254 49 296 50 16~ 50 2~4 
51 162. 51 220 52 143 52 16 52 . 1 3 
52 210 52 251 53 47 53 131 53 150 
53 265 53 328 5J 481 54 150 54 173 
54 181 54 259 .· 54 318 55 162 55 240 
55 738 56 176 56 181 56 258 §J 52. 
57. 307 57. 310 57 451 58 66 257 
59 169. 59. 186 59 J32. 60 230 60 262 
60 284 60 310 60 310 60 420 61 51 
61 88 61 215 61. 400 61 500 62 50 
62 139 62 1 ~0 62. 656 63 180 63 211 
63 243 63 2 4 64 169. 64 181 64 240 
65 195 65 196 65 289 65 404 66 58 
67 69 67 337 68 200 69 250 69 292 
69 310 69 554 70 250 70 370 71 61 
71 96 71 330 71 644 72 55 72 151 
72 225 7J 210 73 319 73 495 74 204 
74 280 74 359 J6 245 77 64 77 332· 
78 . 75 78 255 100 80 333 80 343 
80 1320 81 280 8-1 396 81 430 82 109 
82 248 82 450 82 850 8J 133 83 165 
83 216 84 228 84 460 84 460 85 240 
as 3.75 86 185 87 513 89 332 90 86 
91 400 92 336 92. 387 92 597 92 870 
93 315 93 J80 94 660 95 120 95 132 
95 345 9"6 179 96 260 97 345 97 393 
97 575 98 330 98 500 99 165 99 196 
99 240 ·100 246 101 688 102' 280 103 330 

103 588 106 375· 106 450 107 419 108 420 
1"09 290 110 1090 113 110 113 581 114 211 
114 232 114 620 ·116 )29 116 760 118 500 
118 500 118 

. ~~~ 118 8QO ·119 420 119 750 
120 3J9 120 :121. 525 123 788 12 4 575 
125 .392. 125 460 126 475 129 150 129 700 
1)0 285 1)0 351 131 137 131 719 132. 227 
132. 638 133 415 136 688 13~ 560 138 1380 
139 762 140 512. 146 374 14 838 149 925 
149 1440 150 454 151 575 158 sao 158 920 
160 980 161 775 165 aoo 168 612. 173 5J8 
1 ~4 700 175 460 182. 700 184 700 191 1120 
1 9 675 200 725 207 425 . 210 2000 229 994 
229· 1290 231 10201 287 775 331 1120 

1( 
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MOV IN~ AVERA~E P ~REAT ER THAN ZERO. 

K = .870 

N p Q M c. E 

0 ·13 50 0·.14 13·3 49· 7 6·5 10·3 1 
0·15 5 0 ·14 14·5 46·7 8.1 10·6 2 
0·17 5 0·15 15 .a 49·0 a.s 11·1 3 
0-18 5 0-14 16· 7 46·5 10·0 11·5 4 

. 0.·20 .5 0 ·15 18·0 51·9 10·4 11·0 5 
o. 21 5 0 ·15 19·2 42·6 1.2·8 11·.3 6 
0·23 5 0·15 22·1 65·0 12·1 16-8 7 
0·24 5 0·14 22·7 77·5 11·5 15.7 8 
0·25· 5 0·15 25.3 72·3 14·8 18 ·2· 9 
0·27 5 0·14 24·7 77·9 13·8 18·0 10 
0·28 5 0·14 24·8 72·9 14·6 18·7 11 
0·29 5 0.18 24·3 21·0 20~6 20·9 12 
0·30 5 0·16 23·0 19·4 19·9 20·6 13 
0·31 5 0 ··17 23·0- 18·2 20·0 20·3 14 
0·32 5 0·19 25 ·3 27·4 20·2 23·2 15 
0·33 5 0.18 24·0 25.7 19·5 22.8 16 
0·34 5 0 •16 21·0 14·8 18·5 18"•5 17 
0·36 5 0 ·17 21·0 12·6 18·9 18.8 18 
0·37 5 0.18 19·5 12· 4 17·3 15·5 19 
o. 38 5 0·19 22·3 22~4 18·1 19·5 20 
0.40 5 0·20 22·7 18~6 19·0 19·9 21 
0·41 5 0·16 22·7 43·2 15 .a 18·9 22 
0•42 5 0·17 23·7 36-8 17·5 19·2 2.3 
0·44 5 0-18 25·4 43·1 17·7 19·9 24 
0·45 5 0·16 22·-4 36·1 16·7 17·1 25 
0·47 5 0·17 23·8 45.7 16 ·1 17.4 26 
o.48 5 . 0·18 23·2 28.8 18·1 18·0 27 

. 0·49 -5 0·17 25·2 J6·7 19·0 19·2 28 
0·50 5 0·17 25·5. 36·0 19·2 19·8 29 
0•51 5 0·16 22·2 24·6 18.4 17 ·2 30 
0·52 5 0·16 26·1 32·6 20·8 20-6 31 
0·53 5 0-16 28-0 30·0 23·2 21·7 32 
0·54 5 0-16 28·6 34·5 23·2 22·1 33 
0·55 5 0·15 27·1 22·7 23·6 21·9 34 
0•56 5 0·15 29·1 23·5 25·4 24·0 35 
0·5 7 5 0·14 30·3 7·9 29·2 27·2 36 
0·58 5 0 ·13 .32·4 18·4 30·0 26 ·4 37 
o.6o 5 0·13 31·7 11·7 30·2 25·5 38 
0 ·61 5 0·12 31·5 16·2 29·6 25 ·3 39 
0·63 5 0·13 32·8 -0·2 32·8 24·7 40 
Oo6 4 5 0·12 31·5 18·3 29·2 23·8 41 
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0-65 5 0·13 31·5 23·9 28·4 22·8 42. 
o-67 5 0 ·13 31·4 14·7 29·5 22·4 43 
o.68 5 0·15 36-6 83-6 24·5 24.8 44 
0·70 5 0·15 41·6 123·2 22·8 29·7 45 
0·71 5 0·17 42·7 114·8 22·9 27·2 46 
0·72 5 0-18 43·8 113·0 23·9 27 ·3 47 
0·73 5 0·17 45 ·2 109·6 26·2 27·3 48 
0·74 5 0·19 49·4· 112·3 27·9 27·2 49 
o. 75 5 0-18. 51·4 123·0 29·8 25·0 50 
o. 76 5 0·17 50·7 121·4 30·6 25 ·3 51 
o. 77 5 0·17 50·3 116·4 30·8 26·5 52 
0·78 s. 0-16 54·2 124·0 JJ•8 31·0 53 
o.ao 5 Oo14 51·9 114·8 35·5 J0.8 54 
o.81 5 0·14 46·1 65·5 J6·9 27·9 55 
0-82 5 0·13 45·6 74·4 J6·J 28-6 56 
Oo84 5 0·13 46·J 68.8 37·4 29·.1 57 
o.as 5 0·15 49 ·1 96·3 J5 .o 31·0 58 
0.86 5 0·13 47·5 81·4 37·0 30·7 59 
o.87 5 0 ·15 49·9 50·0 42·4 J5 .6 60 
o.89 5 0·19 51·8 20·2 48·1 J5 ·9 61 

.o.go 5 0·19 53·7 20·4 49·9 J5 ·1 62 
0·91 5 0·21 52·8 16·1 49·5 29·9 6J 
0·92 5 0·22 56·6 85·7 37·9 46·3 64 
0-94 5 0·22 59·1 87·5 J9·5 44·7 65 
0·95 5 0·23 60·9 ao.o 42·8 46 ·9 66 
0-96 5 0·24 6J.6 82·3 44·1 47 ·2 67 
0·97 5 0·22 61·2. 74·1 45·2 45 .g 68 
o.98 5 0·21 61·4 74·5 45 ·5 45 ·9 6.9 
1-00 5 0·21 62·0 96·5 41·6 4Jo8 70 
1·01 5 0·20 66-J 173·9 32·2 42·1 71 
1·02 5 0·20 65•2 160· 7 33·1 43·9 72 
1·04 5 0·22 68-1 145·4 J6·5 46 ·9 7J 
1·C15 5 0·21 64·7 91·4 45.6 37·4 74 
1·07 5 0·21 67·4 103·7 45·5 J7•J 75 
t.08 5 0·23 69·7 129·6 39·6 J5 ·2 76 
1·10 5 0·22 68.J 129·5 40·3 J5 ·2 77 
1·12 5 0·23 71·1 1J6.o J9·6 J8.2 78 
1-14 5· 0·25 76·7 122·9 46·5 40.8 79 
1·16 5 0·24 78·9 122·2 49·5 41·5 80 
1·18 5 0·23 75·5 114·5 49·8 J9·5 81 
1·20 5 0·21 81·0 110·2 57·4 39·0 82 
1· 22 5 Oo18 79·2 148·5 51·9 J6·5 8J 
1·24 5 0·20 90·6 154·9 60·3 so.o 84 
1-27 5 o. 21 89·7 90·8 70·8 53·8 85 
1·29 5 0·21 9J·9 76·2 78·1 54·2 86 
1·31 5 0·21 97·9 66·5 84·1 56·3 87 
1·33 5 0·22 100·7 49·2 90·0 56·J 88 
1·36 5 0·23 96·1 45 .o 86.0 57 ·5 59 
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1·39 5 0-26 104·3 47·7 91·9 77·4 90 
1·41 5 0·27 105 ·3 47·1 92·6 76· 7 91 
1·45 5 0-28 115 ·1 42·7 103 .() 86.8 92 
1.48 5 0-.29 123·5 38·9 112·1 86·1 93 
1·5 2 5 0-28 114·4 46·4 101-3 81·4 . 94 
1·56 5 0·25 115·3 72·9 97·2 79·8 95 
1·60 5 0-23 112·4 7.1• 4 96·0 80•3 96 
1·64 5 0·24 120·3 91·0 98·4 86.5 97 
1.68 5 0·24 125· 7 110·3 9.9•2 85 ·9 98 
1· 73 5 0·24 1).8·3 159·3 99·5 87·9 99 
1-77 5 0·22 133·6 - 264-6 76·6 65·3 100 
1·82 5 0·22 145 ·1 263-6 86.1 65 ·6 101 
1·87 5 0·23 144·4 281·7 80.4 61-3 102 
1·93 5 0·24 161·5 287·1 91·4 73·4 103 
1·99 5 0-26 167·9 284·4 93·0 73·3 104 
2·07 5 0.28 176·4 261·3 104·0 80.6 105 
2·15 5 0-29 185.8 247·1 113·8 83·0 106 
2·25 5 0·32 187.8 217·5 118·9 96·4 107 
2·33 3 o.3o 193·6 210·4 130·2 100· 7 108 

3( 



36.71 32.27 28.40 25.04 22 ,;12 ; 19.57 17.36 15.43 . 
13.76 12.30 11.03 8.431 46.90 51.11 44.79 49.62' 
36.53 32 •' 11 28.27 24.92 ' 22.02' 19.48 18,;25 19.3 8 
17.19 28.75 36.09 31.73 32.54 31.72·· 44.53 

1 ( 

67.31 56.77 63.87 43.24 48.42' 42,74 45.23 62.07 
52.49 46.92' 41.08 42.:96 46.7-8 60.20 41.85 36.74 
32 ·30 28.;43 27.17 23.34 20.64 18.29 16.24 15.36 
19.33 18.72 ' 20.70 19.79 17.55 15.60 

1 ( 

13.90 8.996 12.:58 17.23 15.66 15.01 14.69 15.88 
11. 82 . 14.65 13.07 7.500 9.004 16.00 19.39 17.20 
15.29 12e35 16.21· 14.43 9.191 12 •34 9-795 17.18 
15.28 14.40 19.40 17.21< 12 .·66 15.06 18.92 . 

1 ( 

27.80 . 26.43 36.72 . 46.46 53.03 53.90 35.56 48.30 
32.59 30.60 28.86 38.88 46~47 53.99 61.28 77.35 
67.40 71.64 44.38 139.9 114.6 108.8 64.31 5 8.19 
52.-87 48.24 44.2l 63.09 70.94 78.98 73.79 

1 ( 

68.24 4.3.43 40.02 . 37.06 34.49 55.78 36.83 51.77 
58.78 62.53 39.89 84.41 92.87 80.73 50.24 70.42; 
44.30 61.24 63.64 60.09 55.72 . 53.41 50.11 51.19 
72 ·19 45.33 62.-03 ' 58.65 

1 ( 

38.22 . 63.60 58.24 68.02 ; 42•53 75.26 76.95 6 8. 25. 
43.66 40.22 . 54 • .:36 36. 12 ' 47.44 32~13 30.19 28.51 
27.05 25.77 37.43 27.27 )6.63 40.71 42•98 43.40 
47.60 32.-49 30.51 41.67 58.47 61.57 39.51 

1 ( 

22.-75 28.52 . 25.69 23.30 20.90 20.02 ; 17.76 15.80 
14.09 12.-60 11.31 10.18 9.201 8.)4.:3 7.607 5.305 
6.533 9'!768 8. 842 . 8.036 7-JJ5 6.725 6.195 5. 733 . 
5. 332 . 4. 982 . 4.678 4.414 4.184 . 2.:470 

1 ( 

24.42. 83.89 76.88 55.81 132.-2 . 83.87 62 .. 61 54.81 
43.03 42.-1 J 37.00 39.02 . )8.10 53.72 . 38.90 33.86 
30.71 27.06 23.89 21-.34 29.24 39.17 31.78 35.94 
29.99 26.44 30.96 79-53 53.97 52.-88 43.65 

1C 
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38.32 . 33.69 29.65 26.14 23.08 25 .. 84 31.46 45.-56 
56.52 . 43.95 37.37 32 .·86 30.13 27.06 26.40 .23. 90 
20.51 19.66 17.45 15.04 15.40 13.74 12 .·30 9.615 
9-986 11.66 10.58 13.13 11.81 10. 62 . 

1C 

2 .•62l 4.993 2.-159 5.253 5.818 5.21-8 6.616 . 7.617 
6.503 5.534 4.691 2.·343 2.·360 5.671 3.538 }.368 
4.020" ).930 4.764 4.021- ).375 .6624 -1.367 10.36 
8.891 8.334 15.73 18.43 14.59. 12 •'57 10.81 

1 ( 

10 .11 9.813 8.413 7.336 16.88 22.-79 30.70 23.32. 
30.45 29.68 20.41 . 20.72 ' 17.ao 14.39 21·.33 33.52. 
106.7 187.1 413.5 257.0 325.7 182.-4 264.6 97.50 
71.88 62.41 54.18 62 .os 51.76 37.06 32 •12 ' 

1C 

27.82 . )1.86 22.46 19.41 16.77 20.73 17.10 16~56 
19.88 41.45 )0.94 28.63 26.)0 23.90 43.83 37.52 ' 
34.75 23.61 44.86 46. 11 . )5.18 24.74 47.56 53.52 ' 
29. 11 31.77 28.67 21<.02' 35.89 25.21 

1 ( 

34.04 13323.1 • 87 1.01 o.o·1 . 531001. 
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