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ABSTRACT 

To plan a water resource survey data collection programme, it is 

vital to first establish the purpose for which the gathered data are 

to be used, and the degree of precision of the information at a particular 

confidence level that will be adequate. Purpose will determine the 

required data precisiono Precision requirements will in turn dictate 

minimum record lengths of each variable necessary to estimate population 

parameters at a point, and the network density needed for parameter 

estimation over an area. 

This study is concerned with the data requirements and analyses 

for the planning of an irrigation scheme in the Maniototo Plains and 

Styx Basin, Central Otago. The 95 percent confidence level is adopted 

for required data precision. Allowable standard errors of population 

parameter estimates are stated to be 10 percent for streamflow and 

precipitation and five percent for temperature. 

Measured monthly, seasonal, and annual parameter values of these 

variables are summarised and discussed. Although the data collection 

networks are shown to be theoretically acceptable for most purposes, 

the measured data do not allow estimation of all the needed total - and 

sub-catchment population parameters at the required precision level. 

Record synthesis is necessary in order to increase the amount of inform­

ation contained at this stage in the precipitation and streamflow data 

series. 

Techniques chosen for time series extension and spatial extrapolation 

are linear 7 curvilinear and multiple regression analyses, water balance, 

conceptual and stochastic models. Each model is described, and limit­

ations or advantages outlined. Also discussed are the theoretical 
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aspects which concern precision of population parameter estimates from 

blended data, standard errors of prediction for synthetic records, and 

the relative simulation and prediction abilities of the models chosen. 

Split-record techniques are used to evaluate within and between model 

efficiencies. 

Addition of synthesised records to the precipitation and streamflow 

data series still does not permit estimates of all required population 

parameters at the levels of precision stated as needed. In some 

instances, record extension results in a decrease in statistical 

information. For design of any irrigation scheme to proceed now, 

therefore, the chosen error criteria must be judged too stringent for 

the Upper Taieri data. If the calculated standard errors cannot be 

accepted, all precipitation and streamflow records from the study area 

will require extension by additional observationso 

The study is also used as an opportunity to check the validity of 

commonly. accepted concepts of 'regional hydrology', at least within the 

East Otago Region. It is concluded that for low flows, hydrological 

homogeneity cannot be assumed to equate with uniformity of basin character­

istics. Regions are better defined in terms of allowable areal variation 

for stated hydrological parameters. The study area is not hydrologically 

homogeneous by the defined criteria. Further, the boundaries of hydrolog-

ically similar regions vary dependent on which streamflow parameter is 

considered. 

Results are presented in British units throughout this study, since 

these are the units in which the basic data were measured cmd analysed. 
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CHAPTER 1: INTRODUCTION 

TYPES OF DATA REQUIRED FOR ~!ATER RESOURCE SYSTEM DESIGN 

This project is concerned wtih the data requirements and 

analyses for the planning of an irrigation scheme in the Maniototo 

Plains and Styx Basin, Central Otagoe 

~he general objective of water resource planning is to make 

the most effective use of the available water supply to meet all 

the foresc3able short-and long-term needs of a region. To this 

end, a survey of the water resources of a region is intended to 

provide an estimate of the sources, excent, characteristics, magnitude 

and dependability of this supply. From such a survey one can realise 

the advantages of multiple use, reconcile conflicting interests, and 

achieve optimum coordination between all interests concerne.~. 

These objectives stated by Linsley {1958), Kuiper {1965) and 

Clark & Bruce (1966), are reflected in the water resources investigation 

and determination aspects of the New Zealand Water and Soil Conservation 

Act (J.967). The Act also implies that a further objective of such 

investigations is to develop methods for water resources assessment. 

The present Upper 'I.'aier.i study is an initial step towards achieving 

this goal, and gives attention to methods adopted in the absence of 

hydrological data. Simple standard or appropriately modified techniques 

are used to provide useful information with least cost in time and money. 

The development of dependable water supplies from agricultural 

watersheds requires a knowledg,s of the runoff characteristics of the 

watersheds throughout the range of meteorological conditions that thP:'/ 

can be expected to experience. For a few watersheds there exist 

stream gauging records of sufficient length to accurately assess the 
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water yield characteristics. When these reco~ds are available, they 

are by far the best source of hydrological information for the basin 

(Haan, 1972(a)). 

However, it is more than likely that some streamflow records in 

a drainage basin have missin.Jyears, or have unequal length, or should 

be extended backwards in time. There are two main approaches towards 

the extension or synthesis of streamflow records in such cases: 

(a) the use of existing streamflow dat;1 from adjacent streams or 

other rivers in the region; 

(b) the use of climatic data from weather stations in the area; these 

are often more numerous and have longer periods of record than 

flow stations .. 

Thus it becomes necessary to collect not only runoff data but also 

records of meteorological variables such as precipitation, temperature, 

wind movement, insolation and relative humidity, To achieve a satis-

factory evaluation of water resources or determination of their use and 

management, any water resources survey requires an examination of the 

variation of all phases of the hydrological balance in space and time 

over the area concerned (Gibbs, 1964; Kuiper, l965)e It must be 

understood, hov1ever, that synthetic streamflow data derived from 

climatological or other hydrological records to augment a short actual 

streamflow record are only a substitute for measured streamflow v?,.lues. 

DA!l''A PRE'CISION REQUIREMENTS POR DESIGN APPLICATION 

General: 

To plan a data collection programme it is vital to first establish 

clearly the purpose for which the gathered data are to be used, and the 

deg:r:ee of precision of the information at a particular confidence level 
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that will be adequate (Montgomery & Hart, 1971)~ The purpose will 

ultimately determine the required data precision. Precision 

requirements will in turn dictate the minimum record lengths of each 

variable necessary to estimate population parameters at a point, and 

the network density needed for parameter estimation over an area. 

It is necessary to understand the relationship between precision and 

the data required to obtain it if a sampling programme is to be 

established at a point or over an area on a sound scientific basis. 

Quantitatively, the precision is defined as equal to half the range 

between two limits, and defines the extent of uncertainty that is 

acceptable in the value of the parameter measured. The confidence 

level is the percentage of occasions on which individual measured 

values will be between these limits. 

. 
The suggested approach in this study is to use the existing 

data to statistically establish the network design and period of 

sampling which would be needed to estimate pa.rameters of the 

populations with stated precision at a stated level of confidence. 

It should be noted that regardless of the record length, there is 

still some finite probability that an unacceptable error will occur. 

A numerical statement as to what data precision is required for water 

resource system design may be different for each parameter and may 

refer to any number of variables over whateve:r. time period. 

The precision and confidence level required of a result must be 

chosen with care. Confidence is often set somewhat arbitarily at 

95 percent, and this will be satisfactory for most purposes. However, 

a higher level of confidence might be required in connection with 

disputes, or in other critical situations. In accord with many other 

hydrological studies the 95 percent confidence level is adopted in this 



study as regards required data precision. The specified value of 

preci§ion is critical in deciding the data required and should not 

be made smaller than necessary; an excessive data collection 

programme will result. For instance, if there is a need to know 

mean annual runoff to within plus or minus 20 percent, there is no 

need to have extremely long records. On the other hand, if an 

estimate that is five percent too high can result in severe water 

shortages because a reservoir is too small, many years of records 

may be needed (Haan, 1972(b)). 

Stream flow: 

To make a numerical statement or statements as to what data 

precision is required for this study is not simple. The primary 

purpose for which the gathered water resources dc:.ta are to .~e used 

is the design of an irrigation scheme, operating on either a •run-of-

river' or storage reservoir basis. No firm commitment as to 

required data precision could be offered . by planners of the proposed 

irrigation scheme and neither was such a statement located in a 

survey of the literature. 

A solution suggested here is to consider the problem from two 

points of view: 

(i) The maximum degree of precision likely to be achieved irrespective 

of either record length or network density, because of random 

and systematic errors inherent in the basic data measurement and 

processing. 

(ii) The minimum acceptable precision as deduced from logical consid0r­

ation of the design criteria (Murray, 1972). 
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A range of acceptable precision is thus proposed. The lower 

limit is determined by the design criteria and the upper value is 

that beyond which it is either impossible or impracticable to 

proceed in point or areal estimation of the required popula.tion 

parameters. 

Records of streamflow provide the basic information for most 

water supply studies and should be continuous for a period of time 

sufficient to include conditions which are likely to be met in 

operating the project. The longer the record of st::-:eamflow, the 

smaller will be the sampling error {Clark & Bruce, 1966). For 

adequate estimation of streamflow characteristics Yevdjevich (1963) 

suggests that the minimum length of continuous records from all 

stations should be 30 to 40 years. 

Hardison (1969) and Hidore (1963). 

This conclusion is confirmed by 

Hidore further concludes that 

for most rivers he has studied with a 50-year record, the true mean annual 

runoff deviates less than 10 percent from the sample mean, and in many 

cases by only five or six percent, at the 95 percent confidence level. 

However, it is also shown that no particular length of record will 

produce a reliable indication of the true mean for all streams, and 

that even a 50-year record may be insufficient to give an estimate 

of the mean annual runoff to within 10 percent. 

Such results are no surprise when the likely sources of error 

listed by Yevdjevich {op.cit) and Jackson & Aron (1971) are considered. 

There is a 95 percent probability that discharge measurement errors 

will be less than 5 percent for ~ptirnurn conditions (Carter & Anderson, 

1963). However additional errors from rating table and other causes 

in deriving daily flow values, can give a total error of the order of 

five to 15 percent (Veitch & Shepherd, 1971). 
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Ittherefore appears unlikely that station estimates of stream­

flow parameters from measured data in the study area could be expected 

to be within 10 percent of actual at the 95 percent probability level. 

Although records of strearnflow provide the basic information 

for most water resources studies, the planning and development of these 

resources often cannot be delayed for a long period of observation and 

record accumulation. The hazards of poor design ca.nnot be ignored, 

but hydrologists are often required to provide design criteria for 

rivers with few years of discharge data, or none at all. Since 

information may be increased by use of the information contained in 

related series, estimates of streamflow parameters may therefore need 

to be determined by analytical methods used to extend or translate 

discharge data (Matalas & Langbein, 1962). If the correct model is 

chosen, the principal sources of error will be the incorrect estimation 

of the input parameters, regardless of the type of model (Haan, 1972b). 

The required precision of measured tempera.utre and precipitation data 

must therefore also be considered, assuming for the present that 

temperature is an index of evapotranspiration. 

Eva-po t1•anspiration: 

Little information was located in the literature on the maximum 

degree of precision likely to be achieved from measured temperature data. 

However, as a guide to the likely effects of random and systematic errors 

in evapotranspiration data input tc, models of streamflow synthesis, 

reference may he made to Parmele (1972} and Ibbitt (1972). Both 

conclude that random errors of the s.ize normally encountered in 

hydrological records would have a negligible effect on estimates of the 

true strearnflow parameter values. However, P a:cmele {op. c it) cone 1 ude s 

that a constant bias in the evapotrc1.nspiration ini:mt data has a. cumulative 
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effect and results in considerable error in hydrograph peaks and 

recession characteristics. As a. general rule estimates of 

evapotranspiration to better than 20 percent may not be necessary 

when total annual yield of a basin is of the order 40 to 50 inches. 

For areas with considerably less runoff it may be necessary to 

estimate evapotranspiration to better than 10 percent to achieve good 

fit between simulated and observed water yields. 

It .is therefore suggested for this study that estimates of 

temperature parameters from measured data should be within 10 percent 

of actual at the 95 percent confidence ~evele 

Precipitation: 

For many purposes, and in particular the assessment of water 

resources, Hutchinson (1970 (b)) considers that to work with .·less than 

monthly rainfall totals is unnecessary. As such, when considering 

in this study the required precision of measured precipitation data 

input to models of streamflow synthesis, monthly values are taken as 

the minimum time unit. 

Point estimates of rainfall parameters from measured data are 

known to be affected by random and systematic errors and nonhomogeneity 

(Ye,rdjevich, OPw cit); errors of rainfall measurement are the ma:i.n 

causes of inaccuracy in most rainfall-runoff simulation s'tudies {Dawdy 

& Bergrrann, 1969). Likely causes and effects of such errors on 

parameter estimation in the Upper 'l'aieri area are outlined by Hutchin.son 

(1968, 1S69 (a) , (b) , 1970 (a) 1 (b)) and Hutchinson c. Walley (1972). These 

studies form a useful basis for ·work in the present project. 

For a small exposed site Hutchinson (1969(b)) shows that random 

errors of monthly rainfall can be ·Ctp to plus er minus 4.. 2 percent cf 
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the sample mean for 95 percent confidence limits. Further, possible 

total inaccuracy of raingauges is stated as being of the order 20 percent 

or more at the same probability level (Hutchinson, 1968, 1969(a); Jackson 

& Aron, 1971). When the magnitude of likely total error is considered, 

it is not surprising to find a sample r:eco:cd length in excess of 30 years 

quoted as being the minimum necessary for stable parameter estimates from 

measured point rainfall data (Malone, 1951; McDonald & Green, 1960; 

Hutchinson, 1969(a)). 

However, for most hydrological studies it is increasingly 

important to establish the mean rainfall over an area for particular 

periods of time. Methods of doing this from measurements at sample 

points vary from subjective to geometrical. Because rainfall measure-

ment is a sampling method, estimates of the mean areal rainfall differ 

from the true mean due to the random and systematic errors of the point 

sample and the additional systematic errors attributable to extra­

polation of point data to a 'representative' area (Clarke & Edwards, 1972). 

It is essential, therefore, not only to be able to determine the 

mean rainfall over an area, but also to be able to estimate the precision 

of this determination from a given network (Hutchinson, 1970(b)). 

Conversely, if the required precision for an area is stated then it is 

possible to determine the minimum network density that will ensure that 

degree of precision. Gauge density will of course increase for a 

specified degree of precision as the sampling time interval decreases 

(Alvarez & Henry, 1970). Observations are not independent hmrnver, 

since correlations between adjacent gauges will usually be high. 

Normal methods to estimate the error of a mean therefore cannot be used. 

Several techniques have been proposed to overcome this difficulty (see 

Hutchinson, 1972) and "these are considered further under network design. 
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In this study the preferred method for resolvinq the problems of 

network design and calculation of standard error is that developed 

by Czelnai et al. (1963}, and used by Gandin (1970) in USSR and 

cislerova and Hutchinson (1973) in Zambia. 

To determine the order of maximum precision likely to be 

achieved in estimating monthly and annual mean areal rainfall in the 

Upper Taieri project area, reference was made to Sutcliffe (1966) 

and Cislerova & Hutchinson (op.cit). Both studies show that 

estimation of areal mean rainfall to within 17 to 20 percent of 

actual is often possible at the 95 percent confidence level. For 

some areas of Zambia however, it was not possible to use these values 

as criteria to determine optimum network density, since they also 

approximated the total errors at individual stations. This 

'theoretical stringency limit' could be overcome by adopting a 95 

percent probability allowable error of 30 percent, though this is 

considered unacceptably high for engineerirg and water resources 

purposes. 

When the likely sources of total error in estimating point 

and areal values of mean monthly and annual rainfall are considered, 

it is suggested that in this study estimates of these parameters 

from measured data should be within 20 percent of actual at the 95 

percent confidence level. However, this degree of precision is 

likely to be achieved only if the sampling network ha·s uniform spacing 

(Sanderson & Johnstone, 1953; Ga.ndin, 1970) and does not possess 

systematic errors due to alt.itudinal bias (Hutchinson & Walley, 1972). 

Further, the random and systematic errors associated with the catch 

at individual gauges will ultimately determine the limit of estimated 

parameter precisiono 
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It must be remembered, however, that if "the measured rainfall 

data are used to simulate mean streamflow values at less than monthly 

intervals, then considerably greater errors are probable. For 

example, Dawdy & Bergmann (1969) show that 'prediction of flood peaks 

cannot be made with better accuracy than about 20 to 25 percent 

standard error by rainfall-runoff simulation models which use data from 

a single raingauge whose records have been adjusted to be representative 

of mean basin co~ditions'. 

Data precision requir•ed by the design eriter-ia: 

'I'o determine the minimum acceptable precision of parameter 

estimates from measured or synthesised data requires logica.1 consideration 

of the purpose for which the data are to be used and the associated design 

criteria. 

Within any irrigation system of optimum des:i.gn it is ,;\•ell known 

that water transmission and application losses can. produce an overall 

'irrigation efficiency' to the order of 60 percent, irrespective of 

available supply (Bolt, 1970). If this efficiency is assumed for the 

proposed irrigation scheme in the study area, then it is suggested that 

estimates of measured or synthesised parameters to within plus or minus 

20 percent of actual at the 95 percent probability level could be 

accepted. 

Although errors of such magnitude are undesirable no eYidence 

was found to refute the belief that when necessary they could be largely 

offset by increased operating efficiency of the irrigation scheme. This 

belief is 1>.1 essence rein.forced by Basinski (1960), who !;Oncludes that 

for economic reasons it is generally impracticable to aim at water 

supplies sufficient to satisfy full requirements for more than 75 to 

90 percent of years. 
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Swrona.ry : 

It is· now possible to make numerical statements a.s to what 

data precision is considered desirable for the design of the 

proposed Maniototo/Styx Basin irrigation schemes. These state-

ments should not be assumed to be transferrable to other water 

resources projects, except in concept, and in the light of further 

experience may yet prove inappropriate even for the study area. 

At this stage, therefore, it is proposed that: 

(i) Estimates of measured or synthesised streamflow parameters to 

within 20 percent of actual at the 95 percent probability 

level would be acceptable. It appears unlikely, however, that 

station estimate::=: of streamflow parameters, even from measured 

data, could be expected to have greater precision than plus o~ 

minus 10 percent at the same confidence level, irrespective of 

record length. 

(ii) If estimates of streamflow parameters need to be determined by 

analytical methods which use measured precipitation and temper-· 

ature input data, then errors in these variables need to be as 

small as possible. Errors of precipitation measurement will 

be the limiting factor; estimates of point and areal mean 

monthly and annual rainfall in this study should be within 20 

percent of actual at the 95 percent confidence level~ Estimates 

of temperature parameters should be within 10 percent of a.ctual 

at the same confidence level. 
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STUDY OBJECTIVES 

A statement of study objectives now follows ·automatically and 

may be given as a series of hypotheses: 

{a) That the available measurements of precipitation, temperature 

and strearnflow in the catchment permit estimates of the station, 

total and sub-catchment monthly, seasonal and annual mean, 

variability and extremes of the variables at the required level 

of precision. Should this hypot!1esis be rejected:-

{b) That the following techniques of data synthesis increase the 

information contained in the precipitation, temperature and 

streamflow data series, as compared with the measured series 

alone, and enable estimates of the population parameters from 

ob,jective (a) to be derived at the required precision level: 

{i) Regression analysis for time series extension and spatial 

extrapolation of precipitation, temperature and strea.~­

flow data - linear, curvilinear ar~d multiple regression. 

(ii) Alternative deterministic models for time series extensio_n 

and spatial extrapolation of streamflow data - water 

balance and conceptual models. 

{iii)Stochastic model for time series extension of streamflow 

data. 

The most appropriate geographical unit for water resources 

planning is the river drainage basin. It is thus suggested that 

the concepts and objectives of 'regional hydrology',as demonstrated 

by representative basins, are funda~entally similar in purpose to 

the regional assessment of water. resources. The study area lies 

within the East Otago Region and accords in all respects with the 
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general regional classification of R2P2S3 given by Toeb~s & Palmer 

(1969). A further function of this study is thus the opportunity 

to test the within-catchment variations of yield and flow character-

istics from a single 'representative' basin in a region which is 

supposedly hydrologically homogeneous. From this it is theoretically 

possible to check the validity of the basic concept of 'regional 

hydrology', at least within the East Otago Regiona That is, by 

defining the hydrological characteristics of a region, to use these 

directly for data extrapolation within that region from the assU111pti.on 

of homogeneity. The third objective of this study may thus be stated 

as:-

(c) To define regional homogeneity as implied by the representative 

basin approach to areal water resource assessment, by stating 

permissable limits of areal variation in annual yield and low 

flow characteristics. Hence, to determine whether the study 

area is hydrologically homogeneous by the stated criteria, using 

the parameters annual yield, Lane & Lei (1949) variability ind~x, 

base flow recession constant and unit area ba.se flow. AJ1 

assumed variation. of precipitation with a.ltitude is allowed for. 

The principal objectives of this study ar~ shown to be only 

partly achieved. However, the region's usable surface water resources 

are determined and analysed for their areal distribution and time 

variation, and provide 'information of both local and national importance. 

Results presented show that with some care and using readily available 

analysis techniques, conside:i::able valuable information can be obtained 

which involves a wide spectrum of catchment clima.tic and -1=·1 .L-1..0"ll character-

istics. With the large amount of generally unprocessed basic hyd:coloqical 

data currently available in New Zealand,. this study is most timely. 
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It is therefore postulated that although similar studies have 

in the past been stated to be precluded by a lack of sufficient data, 

or carried out with results of dubious benefit, two problems have 

been the paucity of overall project planning and a lack of. awareness 

of the wide range of available analysis and synthesis techniques. 

By demonstrating here the value of some of these procedures, it is 

hoped that multipurpose planning and the use of a. region's water 

resources by scientists and engineers can henceforth be achieved 

with less uncertainty. 
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CHAPTER II: GENERAL CATCHMENT DESCRIPTION 

GEOLOGY 

The Upper Taieri catchment study area covers 285 square miles 

and lies 40 miles northwest of Dunedin in Central Otago, New Zealand 

(Figure 1). The geology and associated structural features of the 

basin and surrounding areas have been well documented previously. 

For detailed descriptions reference may be made to Benson (1935), 

Williamson (1939), Cotton (1939(a},(b}), Raeside (1949}, and more 

recently Mutch (1963), Wood (1963), Mccraw (1965 (a)), McKellar (1966) 

and Leslie (1966). 

Major tectonic movements in late Cenozoic time have warped and 

faulted a cretaceous peneplain that has been partly covered with Tertiary 

sediments. The resulting fault angled depressions and tilted 'block' 

features give Central Otago its distinctive range and valley topography. 

The Upper Taieri and Maniototo plains together occupy one of these fault­

angle depressions and dip to the northeast from the high schist plateau 

of the Lammerlaw Range. 

The Upper Taieri portion of this larger Maniototo depression is 

bounded to the west by Rough Ridge, to the east by the Rock and Pillar 

and Larmnermoor Ranges, to the south by the Lammerlaw Range, and to the 

north by a low ridge of schist basement rock-which separates the Styx 

Basin from the extensive Maniototo plain. The area is one of 

accentuated relief and combines areas of swampy and poorly drained land 

around the Taieri River within the Styx Basin, deeply dissected hills, 

and the Larnmerlaw Plateau (refer frontispiece and plates 1-10). 

Elevations range from 4756 feet on the Rock and Pillar Range ta 1280 

feet at the Patearoa-Paerau gauging site (Figures 2 and 3). Mean 

catchment elevation is 2807 feet, with the 1800 feet contour enclosing 

much of the low lying Styx Basino 
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PLATE 1: Looking daum the Taieri River t<JbXZT'ds the Paerau Gorge 
from the Paerau Rd. Br. gauging site 

PLATE 2: Looking east up the Styx Ck. gol'ge from the bottom of 
the Old Dunstan Rd. 
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PLATE 3: Looking north from the Old Dunstan Rd. to the Paera:u Gorge 
(Taieri River) and beyond to the Ma:niototo basin. 

PLATE 4: Looking south-west across the Styx basin towards 
the headwaters from near the Paerau Gorge 
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PLATE 5: Looking north-east down the Styx basin towards 
the Paerau Gorge (far right), Jr>om the aacess 
track to Smith's raingauge 

PLATE 6: Looking south-west across U:e upper end of the 
Styx basin towards Bottle Roe~, from the access 
traak to 8mith's raingauge 
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PLATE 7: From the Great Moss SWarrrp raingauge looking 
north (Gauge 75 cm. capacity; fibreglass; 
6 ins. diam. orifice; altitude 3050 feet) 

PLATE 8: Looking south-west over the Great Moss SWarrrp 
from the Round Hill raingauge site 
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PLATE 9: Looking east across the upper aatchment and the 
Taieri River from Bottle Rock 

PLATE 10: Looking south towa:t>ds the headwaters, Lconmerlaw Top 
and the Lconmerlai.u Range, from the Onslohl Rd. raingauge 
(Gauge 75 cm. capacity; fibreglass, 6 ins. diam. 
orifice; altitv.de 2?70 feet) 
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FIGURE 2: Upper Taieri catchment hyd:rv>logiaaZ installations 
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Basement rocks are of the Haast schist group chlorite subzone 

IV, with the present Styx Basin and the Great Moss Swamp depressions 

subsequently infilled with Pleistocene and Recent gravels and swamp 

deposits (Figure 4). Other isolated patches of last, penultimate and 

earlier glaciation outwash gravels occur mainly in the south and west 

of the basin and lie unconformably on the planed schist undermass 

surface of the Cretaceous peneplain (Wood, 1963). 

The distributions of the main formations shown on Figure 4 are 

derived from the "Geological Maps of New Zealand, 1:250,000" of Mutch 

(op. cit) and McKellar (op. cit} - Oamaru and Dunedin sheets. 

For subsequent analysis or synthesis of the water resources of 

the Upper Taieri basin, it is assumed that the low ridge of schist 

basement rock which separates the Styx Basin from the Maniototo plain 

to the north acts to a large degree as an underflow barrier at the 

Patearoa-Paerau and Paerau gauging stations (McKellar, 1970). It is 

thus cons·idered that the flows measured at these stations represent 

total outflow from the catchment, rather than surface runoff plus an 

unknown proportion of groundwater discharge. 

SOILS 

The pattern of soil formation in Central Otago is simplified 

by the wide distribution of parent materials ·derived from schist. 

Most soils are developed either on basement schist or on alluvium, 

loess, or solifluction debris derived from schist. Because of the 

similarity of parent materials it is possible to demonstrate in a 

striking fashion the effect of climate i~ soil formation. 

A detailed description of the soils in the Upper Taieri catchment 

is unavailable, but generalised accounts of the major soil groups found 
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FIGURE 4: Upper Taieri catchment geology 
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in the area have been given by Mccraw (1965(b}}, Raeside & Cutler (1966), 

Leamy (1966) and in Soil Bureau Bulletin No. 27 (1964)0 

been drawn from sheets 11 and 13 of this last publication. 

Figure 5 has 

The soils of the Upper Taieri Basin may be divided into groups 

as follows: 

YelZow-griey earths and related hill and steepland soils - dry 

subhygrous Middlemarch, Blackstone, Matarae and Arrow soil sets, and 

dry hygrous Pukerangi soils. The soils occur in a position periphera:i. 

to the brown-grey earths of the Maniototo Basin and are transitional 

from them. They cover some 20 percent of the total basin area and 

occur generally in areas where the mean annual rainfall is between 

18-35 inches (Leamy, bp. cit}. 

YeZZow-braum earths and related alpine and steepland soils 

of the uplands and mountains - hygrous Teviot and Dunstan soils, and 

the hygrous to hydrous high country podzolised Maungatua soil·~ The 

soils essentially occupy the balance of the Upper Taieri catchment to 

the south, west and east above the low-lying Styx Basin, and cover some 

72 percent of the total basin area. In general, yello~-brown earth 

features appear in the soils where the mean annual rainfall exceeds 

about 30 inches, and where the mean annual rainfall is greater than 

40 inches they are dominant. 

Up'land organia Kaherekoau soil localised in and around the 

Great Moss Swamp. 

Gl-ey r>eaent and R,ecent Paerau, Fraser, Clutha and Gladbrook 

soils, confined mainly to the floodplain of the Taieri River in the 

Styx Basin. 
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VEGETATION 

Early botanical records of the Maniototo Basin and Upper Taieri catch­

ment during the 1860s and 1870s show vegetation associations already rr,odified 

by fire and grazing {Buchanan, 1868). The vegetation appears to have been 

tussock grassland dominated by Festuca novae-zeaZa:ndia (fescue tussock). 

Further deterioration or destruction of the tussock grasslands was 

evident by the 1920s, due to several decades of excessive burning and 

cultivation, cropping, stocking and rabbit infestation. By 1920 the healthy 

lowland tussock grasslands had vanished and with them nearly all palatable 

and burn-sensitive species of the former association. Early reports of 

the general vegetation associations of the area are well documented by 

Buchanan (op. cit} and Petrie (1896), with subsequent summaries and observ­

ations by Mark (1965), Raeside & Cutler (op., cit). 

The extensive changes in the native grasslands over the past 100 years 

are aptly shown by the i.ndigenous vegetation associations now found in the 

Upper Taieri catchment. 

£()1.;) altitude fescue tussock grassland - dominated by Festuca novae­

zealandia (fescue or hard tussock) and generally occurs between the 

cultivated areas on the valley floor and the 2500 feet contour. Almost 

all areas of fescue tussock in the catchment have exotic weeds and grasses 

present between tussocks. 

Low altitude silver tussock grassland - dominated by Paa caespitosa· 

(silver tussock) and found only on damper, well drained sites within the 

low altitude fescue tussock grasslando 

Red tussock g1~assland - ChionochZoa rubY'a (red tussock) dominates 

on several large areas within the Upper Taieri catchment where marshy 

conditions prevail; e.go near the Great Moss Swamp and along the courses 

of small ephemeral streams where dainage is impededo 

occurs at altitudes below 3500 feet. 

The association 
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Mixed snow/fescue tussock grassland - although this grassland 

occurs over wide areas in the catchment, it is essentially an 

artificial community created by management practices. The result is 

co-dominance of hard tussock on sites which, before European settlement, 

were probably completely dominated by the narrow leafed Chionochloa 

rigida (snow tussock). Mixed snow/fescue tussock grassland occurs 

above 2500 feet between the hard and snow tussock zones. 

Snow tussock grassland - the association is characterised by 

complete dominance of ChionochZoa rigida and remains only in areas 

where burning followed by heavy grazing has not occurred. 

High altitude blue tussock grassland - blue tussock occurs 

near the summits of the Rock and Pillar, Lammerlaw and Lammermoor 

Ranges. The dwarf form of blue tussock (Paa coZensoi ) is dominant 

and snow tussock may be locally important. 

Alpine cushion vegetation - the association occurs in places 

on the Rock and Pillar summit ridge and along the tops of the 

Larnrnermoor and Lammerlaw Ranges. It is dominated by low mat-forming 

plants. Tarns and boggy patches are connnon on the range sununits 

so this association is apt to merge with the following cormnunities. 

Alpine bog - a common feature of the summit areas of the Lammerlaw 

Range. Many tarns are present and species around these have the 

same prostrate habit as the alpine cushion vegetation. 

Alpine herbfieZd - herbfields occur when grasses relinquish 

dominance to the large mountain daisies (Celmisia spp.). They are 

found around Davidson's Top in association with snow tussock where 

grazing has followed fires, and also on the flat summit of the Rock 

and Pillar Rangeo 
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swamp vegetation - there are quite extensive areas of swamp 

within the catchment, notably the Great Moss Swamp at the head of the 

Loganburn. These areas are dominated by sedges and rushes. 

Subalpine scrv.h - a narrow, discontinuous zone of scrub dominated 

by Hebe odora is present between the snow tussock grassland and alpine 

vegetation on the Rock and Pillar Range. 

The above 11 associations have been divided into eight classes 

of suppose~ hydrological similarity, with the areal distributions of 

each shown in Figure 6. Although no experimental work has been 

carried out to substantiate these divisions, it is suggested that 

plants of similar physiognomy will have similar effects on the 

hydrological regime. For example, silver tussock and fescue tussock 

are relatively similar in size and shape, so associations i~_which they 

dominate are classed as short tussock for the sake of simplicity. 

Similarly, snow tussock and red tussock associations are classed as 

tall tussock. The vegetation classes used in the map are cultivated 

areas with exotic pasture or crops, short tussock, mixed short and 

tall tussock, tall tussock and tall herbfield, swamp, subalpine scrub, 

short herbfield (Celmisia visaosa) and low alpine cushion. 

!'..ark (1965) proposed that there is a close ·correlation between 

vegetation and climatic factors, as suggested by the distinct altitudinal 

zonation of the vegetation on the mountains of Central Otago. With 

the partial exception of the mixed short and tall tussock association 

this correlation is conside:r:ed valid for the Upper Taieri area, when 

associated factors such as altitude, exposure and drainage are also 

considered. The mixed short a.nd tall tussock association is undoubtedly 

expanding due to the activities of man. Snow tussock associations 

continue to degrade into mixed snow and fescne tussock, or even pure 
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fescue tussock, as a result of repeated fires at altitudes below 

2500-3000 feeto At higher altitudes where fescue tussock is not 

present to take over, snow tussock which has been killed by burning 

and grazing is replaced by herbfields of less palatable Celmisia spp. 
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CHAPTER III: NETWORK DESIGN AND BASIC DATA 

PROBLEMS OF DATA COLLECTION IN THE STUDY AREA 

The principal problems faced in the establishment and maintenance 

of a basic collection network in the Upper Taieri basin were limited 

finance, poor access and a severe climate. 

Road access and all resident observers are limited to an altitude 

of up to about 2000 feet. Above this, access to the remainder of the 

catchment is by way of dry weather tracks which require a four-wheel 

drive vehicle. These tracks are subject to wash-outs, snow drifts and 

infrequent maintenance, and may be impassable for up to four months per 

year, particularly over the period June-September. 

Of the flow measurement sites, none is ideal and all suffer from 

one or more of the problems: varying upstream or downstreall) .. controls; 

variable or irregular gauging section; too low or uneven velocity 

distributions; weed or other vegetative obstructions; bank overflow 

and site bypass through culverts. The relative importance of each 

factor at any station is dependent on stage. 

However, the climate has created the most critical ~rcblei~s of 

data collection network establishment, maintenance, and operation in 

the study area. Access is seasonally sporadic and problems associated 

with discharge and water level measurements in frozen river channels 

are common in winter. Early solution has been necessary of such 

difficulties as frost protection of all precipitation gauges, inter­

pretation of the effect of freeze-thaw cycles on automatic water 

level recorder ch~rts, and the evaporation of raingauge catch. 
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BASIC DATA NETWORK DESCRIPTION - STREAMFLOW AND CLIMATE 

General: 

Hydrometeorological data are collected to provide information 

to develop and manage the water resources of a country, and also to 

serve research. 

Networks for each type of data have historically been considered 

separately in the light of station density required to attain a suitable 

level of precision in describing the time and areal variations of the 

element under study. However, Linsley & Crawford (1965) and W.M.O. (1965) 

suggest that it is more rational to design a data acquisition network 

to provide a satisfactory solution to the specific needs for which the 

total network is being established. The inter-relations of the various 

elements of the hydrorneteorological data should be considered. Such 

comments have particular relevance in this study of the Upper Taieri 

basin surface water resources. 

There is also widespread agreement that a logical approach to 

network design is by means of primary and secondary stations, in which 

the long-term primary stations sample the time variability and the 

short-term stations the space variability (Rainbird, 1965; Uryvaev, 1965; 

W.M.O., op. cit). Improvements in the accuracy of information for 

individual areas usually results. 

More specifically on the basic principles governing network design, 

Uryvaev (op. cit), Dawdy et al. (1970) and Gandin (1970) conclude that 

to design a data gathering system properly the relative value of alter­

native types of data should be assessed , The value of any type of data 

is measured in terms of its ultimate uses. The importance determines 

the precision required, and hence the period for which individual stations 
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should be maintained, the network density, and the maximum feasible cost 

necessary to obtain that level of precision. 

For a precipitation network, the rainfall catch is useful only to 

the extent that it represents the actual rainfall in the surrounding 

region. Rainbird (op. cit) and Alvarez & Henry (1970) conclude that 

it is impractical to derive a universally acceptable procedure for the 

design of precipitation gauge networks. The density of gauges required 

in any region will depend on the size of the area, the type of precipit­

ation, the purposes to be served by the data, and whether the data 

requirements are for daily rainfall values, monthly, or long-term mean 

totals. Without a statement on such factors the problem of the number 

of gauges needed to determine the rainfall for an area within acceptable 

confidence limits thus remains. 

However, for this study it is considered that there is sufficient 

information for a practical solution of the problem - the purpose for 

which the data are to be used, the minimum time unit, and the data 

precision required for design application have all been stated. 

Upper Taieri network (pre 1966): 

Records of precipitation and streamflow'in the Upper Taieri basin 

to 1966 were sparse. They were limited to daily precipitation records 

at Paerau (N.Z. Meteorological Service Station I59491) for the period 

1908-1940 and mean daily flow records for the Taieri River at the 

Paerau gauging station for the 27 year period 1912-13, 1916-28, 1936-39, 

part 1940, 1941-44, and 1947-50. No temperature records were available 

within the study area to 1966. Several records of precipitation and 

temperature, of varying length, were available outside this area provided 

by the N.Zo Meteorological Service and private observers (Figure 7). 
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and temperature records - 1900 to 1970 
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These records form a basis for subsequent analysis. However, 

it is obvious from both the general principles and objectives of 

network design and the data requirements for the proposed irrigation 

scheme designs, that data available to 1966 for the Upper Taieri basin 

were insufficient for a water resources appraisal of the area. 

Consequently, the data collection network within the 285 square mile 

Upper Taieri basin was extended as shown in Figure 2. Confirmation 

of this decision has since been provided by Hutchinson (1970(b)) who, 

inter alia, demonstrates the inadequacy of the pre-1966 Upper Taieri 

precipitation network to estimate daily or monthly areal mean rainfall. 

Post 1966 network - streamf7,01JJ: 

Flow observations in the area have been substantially expanded 

since 1966, with a series of routine gauging stations established on 

the Taieri River at Patearoa-Paerau Bridge, Paerau and Upper Styx 

Valley Bridge, and on the tributaries Styx Creek and Loganburn at Paerau 

and Serpentine Creek at McDonald's Bridge. Data from these stations 

are used to supplement a sporadic series of discharge measurements at 

various sites on the main river and principal tributaries made prior 

to 1966. Continuous water level recorders were also installed at 

Paerau and Patearoa-Paerau Bridges and on the Loganburn. 

Post 1966 ne~work - Precipitation: 

The precipitation gauge network has been extended over the whole 

catchment since 1968 and now includes two automatic recorders and 13 

storage or daily manual gauges (Figure 2). Individual gauges installE:rl 

are identified in Table 1, and examples of the storage gauge stations 

are shown in Plates 7 and 10. 
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TABLE 1: Current Upper Taieri Precipitation Network 

Gauge Name Type Altitude {feet) -
Elliot Casella weekly nat. siphon 2020 
Elliot 'Marquis' daily manual 2020 
Mulholland II fl " II 1880 
Aitken II " II II 1970 
Onslow ~d. 75 cm capacity fibreglass storage 2770 
Bottle Rock Nth. II II II II II II 2950 
Great Moss Swamp II II " " II II 3050 
Bottle Rock II II II II II 3200 
Round Hill " " II II " 3370 
Smith 100 cm capacity " " 2950 
Long stone II " II II II 3220 
Musterer's Huts II 11 II II II 3500 
Lammerlaw Top " " II " 11 3970 
Trig 'H' II II II II " 3750 
I! II Fischer & Porter weighing 3750 

With regard to eventual determination of catchment mean rainfall, 

the sampling network was distributed with spacing as uniform as allowed 

by available access (Sanderson & Johnstone, 1953). Care was also taken 

to minimise altitudinal bias in the network, in order to reduce the 

considerable systematic errors which are a feature of many general and 

particular networks at present. The validity of this approach has 

since been demonstrated by the work of Gandin (1970) and of Hutchinson & 

Walley (1972). 

Post 1966 net'l.uork - Tempe-r•ature: 

Maximurn-minimu..'n thermometers were installed at Elliot in 1968 and 

at Smith in 1969. 

ADEQUACY OF NETF10HK DESIGN - STREAMFLOW AND CLIMATE 

General: 

It is clear that any sampling network must serve the purpose for 

which the measured data are to be.used. 



39 

For streamflow data, design requirements will dictate desirable 

measurement site locations and required data precision. The required 

precision is a function of the sample variance of the at point time 

series, and will in turn determine the record length necessary to 

estimate population parameters at a point. 

In order to estimate population parameters of precipitation and 

temperature over an area, required data precision will dictate the 

optimum network density. However, to determine this optimum network 

density may require the assumption that at least one station in the 

network has a record of sufficient length to estimate total error at 

a point within allowable precision limits. Given an optimum network 

density therefore, it may be deduced that errors of areal population 

parameter estimates in excess of required precision limits, are the 

result of individual station sample variances and hence insufficient 

record length or inadequate measurement technique. The random and 

systematic errors associated with measurements at individual stations 

will ultimately determine the limit of estimated parameter precision 

over an area, even given an optimum network density. 

Streomfl.,01.,J: 

With flow observations at three sites on the main river and on 

each of the principal tributaries, it is concluded that sufficient 

sites are being sampled to satisfy the location requirements for design 

of the proposed 'run-of-river' or single storage reservoir irrigation 

schemese However, whether or not the records from these sites are of 

sufficient length to g·ive the data precision stated as required for 

design purposes will be discussed in subsequent chapters. 
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Precipitation: GeneraZ 

Statements in the literature of the type 'a general survey of wa.ter 

resources may be served by a relatively scanty multipurpose gauge network' 

(Linsley, 1958), are of little value to determine the adequacy of the 

present Upper Taieri precipitation network. 

When hydrological networks are planned, it is essential to be able 

to determine for each specified purpose the raingauge network density 

required to assess the rainfall over an c>rea to a given precision. 

General estimates based only on the area to be gauged have been suggested 

for the design of networks without adequate data (W.M.O., 1965). However, 

as in this study, the gauge network must usually be installed before 

sufficient data have been accumulated for objective statistical analysis. 

The,.diffi.culty in estimating the errors and hence optimum network 

density, lies in the fact that observations are not independent. 

Earlier attempts, such as outlined by Sanderson & Johnstone (1953) and 

Sutcliffe {1966), were based on the assumption that the point measurements 

are random samples which independently assess the true mean. The error 

of estimate of the total rainfall is thus deduced from the variance of 

the point measurements - the standard error of the areal estimate is 

taken as the standard deviation of the individual observations divided 

by the square root of the number of gauges. There are objections to 

such a procedure and several methods have been used to overcome the 

difficulty. 

McGuiness (1963) carried out an analysis of records from a dense 

network of gauges at Coshocton and suggested a tentative relationship 

between error, rainfall characteristics, and required gauge density. 

The method assumes that determination of mean rainfall from the dense 
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network is liable to negligible error, and suffers from the practical 

difficulty of needing a dense network of gauges if the technique is 

to be applied elsewhere. 

Sutcliffe (1966) has derived the formula (i-r. sx, 
n 

(1) 

for the standard error of estimate. Sx is the standard deviation; 

n, the number of gauges; and r the correlation coefficient between 

data from the gauge network for two independent time periods. The 

difficulty with this method, particularly for short time periods, is 

that no unique result can be arrived at, since r will vary according 

to which two time periods are chosen. 

A third approach suggested by Hershfield (1965) a.nd Hutchinson 

(1969(a)), is to arrange tharaingauge density such that the product 

moment correlation coefficient between any pair of adjacent .. gauges 

is 0.9 or more. Since the method does not assess the errors of 

estimate of the mean, this correlation-distance relationship can only 

give a relative, rather than an absolute assessment of the standard 

error (Hutchinson, 1972). However, Zawadzki (1973) concludes that the 

0.9 inter-gauge correlation seems to give a very high precision in 

area-averaged rainfall amounts. The method is based on the assumption 

of homogeneity between gauges. However, in a study on the effect of 

inhomogeneity on correlation estimates, McDonald & Green (1960) show 

that 20 percent record inhomogeneity is not serious for most purposes. 

Precipitation: Uppe:r• Taieri net?.Jo1~k design by use of inter-station 
corre Zation 

An acceptable lower coefficient limit of 0.9 is adopted in this 

study. It is thus deduced from the work of Hutchinson (1969(a); 

1970(a)) on the decay of correlation with distance between adjacent 

gauges in the Otago area, that for annual data this value should be 
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equalled or exceeded by all stations in the present networko In 

order to verify that Hutchinson's results may be applied in the Upper 

Taieri basin, correlation coefficients were derived for all stations 

in the present network, using Elliot as the primary station (Table 2). 

TABLE 2: Upper Taieri Catchment Raingauge netzvork correlation 

coefficients (base station Elliot) 

Station Name 

Mulholland 
Aitken 

Onslow Rd. 
Smith 

Bottle Rock Nth. 
Great Moss Swamp 
Bottle Rock 
Longs tone 
Round Hill 
Musterer's Huts 

Trig 'H' 
Lammerlaw Top 

Correlation Coeffici~nt (r) 
(significance level 99%) 

0.858 
0.882 
0.974 
0.911 
0.977 
0.987 
0.983 
0.991 
0.981 
0.971 
0.943 
0.979 

Distance from Base 
station (miles) 

4.4 
5.5 
6.4 
2.4 
7.6 
6.4 
7.6 
8.9 
.6. 6 

11.7 
15.9 
13.8 

Correlation coefficients are all significant at the 99 percent level, 

and with the marginal exception of Mulholland and Aitken accord with 

the adopted standard of r equals 0.9 or more. 

The results are plotted in Figure 8, which also shows Hutchinson's 

correlation coefficient - distance relationship for annual data, derived 

from 465 data sets. 

Hutchinson also demonstrates that for monthly and annual data 

altitudinal difference, or local relief, has a significant effect on 

between station correlation. However, he shows that for annual data 

and a correlation coefficient of 0.9, the maximum distance between 

stations in the Otago area is approximately 6.5 miles. This accords 
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with the average spacing of 5.3 miles for the present network as gi\ren 

by Figure 2. 

Monthly correlation coefficients for the Upper Taieri-Maniototo 

area also follow in general the pattern of variability demonstrated 

by Hutchinson (1969 (a)). If the results are accepted as applicable 

specifically to the Upper Taieri basin, it may be concluded that the 

present 5.3 mile station separation gives an insufficient gauge density 

to produce correlation coefficients of 0.9 or better for all months. 

The results suggest that the present network density is quite 

adequate to satisfy the 0.9 inter-station correlation coefficient 

criterion for annual data and for 75 percent of months. For practical 

purposes however, it may not be feasible to establish a network of 

sufficient density to g,ive estimates of mean areal rainfall to the 

required precision for every month. 

Precipitation: Upper Taieri nef;u)ork design by use of the struatura1 
function 

Hutchinson (1972) shows that although the correlation-distance 

relationship has its uses, the technique has now been supe.rseded for 

determining mean or minimum grid distances. The preferred method to 

resolve the problems of network design and calculation of standard 

error is that developed by Czelnai (1963), and involves the use of 

the structural function. The method is adopted by Gandin (1970) and 

by Cislerova & Hutchinson (1973), and is very similar to the serial 

variation function described by Hutchinson (1970(b)}. In brief, the 

structural function is used to give minimum admissable distances between 

hydrometeorological stations for specified accuracies, for interpolation 

of areal quantities. It is further shown by Gan.din (op. cit) that 

the minimum admissable distance bet~1een stations varies over a reg:i.on 

in proportion to a function of the time variance at each station. 
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The basis of the theory is that the estimate of the random 

error at any. ungauged point increases with the distance between the 

ungauged point and any adjacent gauged point. In the simplest case, 

the error increases linearly from a value fixed for all gauges in 

the network, and the maximum error will occur at a point equidistant 

from any set of adjacent gauges. Hence the theory is first developed 

on this basis of linear interpolation, but since this overestimates 

the actual errors, is further developed on the basis of optimum 

interpolation. This last refinement provides a more convenient 

estimate of the errors. A basic assumption for the method is that 

of homogeneity and isotropy for the rainfall field. 

Two types of error contribute to the random errors of estimation 

at any ungauged point. One is due to the distances between the point 

and the nearby gauges, and the other to the random instrumental and 

microclimatological errors at the gauges themselves. This latter type 

of error cannot be measured exactly, and must be estimated by the 

extrapolation of a standardised covariance function to zero distance. 

The standardised covariance function is recognised in the theory as the 

inter-station correlation coefficient. 

If optimum instead of equal weighting is assumed, as recommended 

by Gandin (op. cit) for precipitation networks, then the standard error 

YE will be reduced and is calculated as: 

E = [1 2µ2 (L/2) J 
~ - 1 + n + µ(L) (2) 

01~ E - (3) 

~ is the station sample variance; 
L 

µ( /2) and µ(L), the correlation 

coefficients between pairs of stations (L/2) and (L) apart, determined 

directly from the correlation coefficient-distance relationship; and 
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n is the difference between 1.00 and the intercapt of the correlation 

coefficient~distance function at zero distance, i.e. 1-µ
0

• 

Data used in the calculations for this study were taken from the 

combined Paerau and Elliot record of annual and monthly rainfalls for 

the years 1908-1940 and 1968-69. It is initially assumed that this 

combined 35 year record is of sufficient length to determine stable 

parameter estimates from the measured point data, and thus allow 

estimates of total error at a point in the present network to within 

permissable precision limits. It is also assumed from results shown 

thus far that the monthly and annual correlation coefficient-distance 

relationships given for the Otago area by Hutchinson (1969(a)) will 

also apply specifically to the Upper Taieri area. 

the assumption of homogeneity is reasonably valid. 

Figure 8 shows that 

The monthly and annual correlation coefficient-distance relation-

ships and values for n are shown in Figure 9. As reflected by the 

correlation coefficient, it was expected that the season would have 

affected the between station correlation due to the different atmospheric 

conditions and rain producing mechanisms. The degree of correlation 

should be less in summer, typified by a greater proportion of smaller, 

highly variable convectional rainstorms than in winter, in which more 

general rainfalls dominate. However, although wide differences do 

occur in the correlation coefficient from month to month, a well defined 

seasonal pattern is not evident. One answer to this apparent anomaly 

could lie in the use of monthly data. Such a time interval may mask 

the true convectional effect in .summer, though be insufficient to 

minimise the areal variability of snowfall within the region in winter. 

Snowfall is common in and around the Upper Taieri basin between May and 

September. The degree of between station correlation in this period 
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may also only reflect the relative ability of the gauges to sample 

precipitat~on of this type. 

From equation (2) and Figure 9 it was thus possible to obtain 

the monthly and annual£ t function-distance relationships shown in op 

Figure 10. The field of existing standard error of interpolation may 

be calculated, if the values of£ and the derived monthly and annual 
opt 

rainfall sample variances (~) given in Table 3 are combined by way of 

equation (3). 

TABLE 3: Monthly and a:anuat mean rainfaU and sample variance (m J 
k 

for stations I59491 Paerau (1908--40) and Elliot (1968-69) 

combined. 

J F M A M J J A s 0 N 

Mean 
Rainfall 

(ins.) : 2.99 2.37 2.62 2.50 2.28 2.13 1.43 1.89 1.77 2.53 2.60 

n(years): 33 33 33 33 33 33 33 34 34 35 35 

~(ins.): 2.76 2.82 2 .. 85 2.07 1. 77 2.12 o. 72 2.19 0.88 1.88 1.53 

[ n 
- x} 2 /n-l ] mk = rcx. 

i-1 
1 

These standard errors of interpolation were recalculated as 

percentages of mean monthly and annual rainfall and are shown in 

Table 4 for varying between station distances. 

D 

3.15 

35 

2.66 

Year 

28.28 

33 

36.91 
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TABLE 4: Values of standai:•d error of interpcilation rli) as a 

percentage of mean station rainfall, for, distance L (miles) 

0 5 10 20 30 40 50 60 (miles) 

January: 15 16 17 20 22 24 26 28 

February: 18 23 27 31 37 42 46 49 

March: 8 13 16 22 27 31 35 38 

April: 10 15 18 24 29 33 36 39 

May: 7 12 14 20 23 26 29 32 

June: 14 18 22 28 33 37 31 45 

July: 19 21 24 27 31 33 37 39 

August: 17 21 23 31 36 40 44 47 

September: 9 13 16 21 25 29 32 35 

October: 0 0 0 14 22 31 36 40 

November: 15 19 22 26 30 34 37 39 

December: 15 17 18 21 23 25 27 29 

Annual: 5 6 7 8 10 11 12 13 

For network design purposes it is not sufficient to show the 

distribution of errors. The basis of network design is to select the 

density and placement of the gauges such that for no part of the area 

does the error estimate exceed a predetermined value or design criterion 

(Cislerova & Hutchinson, 1973). 

For the stated error criterion for point and areal mean monthly 

and annual rainfall - v'E less than 20 percent of mean at the 95 percent 

confidence level - the results in Table 4 suggest that the present 

network density is quite adequate for annual data. Maximum admissable 

distances between gauges of up to 30 miles would satisfy the design 

criterion. 

Results for the monthly data are less promising. Seven months 

of the 35 year combined record contain relative standard errors of 

interpolation in excess of 10 percent. These errors a.re the random 
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instrumental and microclimatological errors at the gauge. In only 

42 percent.of months, therefore, would it be possible to interpolate 

to values of less than 20 percent of actual at the 95 percent 

confidence level, no matter how dense the network. Further, by this 

me~hod, in no month does the present network density allow parameter 

estimation to within the design criterion. On this basis the chosen 

allowable error appears to be too stringent a criterion for the study 

area, though as concluded by Cislerova & Hutchinson (op. cit) a 

higher value would be unacceptable for engineering and water resources 

purposes. 

To lower the calculated values of YE for the measured monthly data 

requires either a decrease in the values of sample variance~ through 

an increase in record length, or increases in the values of 1-l with 

corresponding decreases inn. For example, if£ t is assumed to be op 

at an optimum value for January with a 10 mile gauge spacing, a 

reduction in v'E to the stated criterion would require a record leng·th 

of 103 years. Similarly, it may be shown that the existing network 

density would require a January record of about 88 years. 

Precipitation: ConoZusions 

With a mean gauge density of approximately one for each 22 square 

miles of catchment area, the present network more than adequately 

complies with the WMO (1965) minimum density requirements for this 

climate and relief type. Although the network has known deficiencies 

due to poor access, network designs by use of inter-station correlation 

and the structural function confirm that the established gauges are 

wi_thin the bounds of acceptable density and location to satisfy the 

allowable error criterion of project design for annual data. 

gauge distances of up to 30 miles could be tolerated. 

Between 
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The results are less conclusive for monthly data. Although the 

correlation-distance relationship can only give a relative assessment 

of the standard error, analysis shows that the present network density 

is adequate to satisfy the 0.9 inter-station correlation coefficient 

criterion for only 75 percent of months. From structural function 

analysis using sample variance for one long-term station, in no 

month does the existing network allow mean areal rainfall estimation 

to within 20 percent of actual at the 95 percent confidence level. 

However, although Figure 8 shows that the assumption of homogeneity 

is reasonably valid for the general Otago area and the Upper Taieri 

basin, the plotted points suggest that in the test area the mean Ota.go 

curves have a tendency to underestimateµ for small distances. This 

increases E t and hence the calculated value of v'E. op Unfortunately 

insufficient data are available to statistically verify thi's conclusion .. 

It is therefore deduced that although it may not be feasible to 

establish a network of sufficient density to give estimates of mean 

areal rainfall to the required precision for every month, the present 

5.3 mile average station separation may be adequate to satisfy the 

allowable error criterion for some months. 

Temperatu:r>e: Upper Taieri network design by use of the 
structural function 

Use is again made of structural function analysis in order to 

determine the network density that will ensure estimation of monthly 

and annual mean temperature parameters over the study area to within 

the required 10 percent of actual at the 95 percent confidence level. 

Optimum interpolation is again used to calculate the rational distar • ..;c 

between stations, as recommended by Gandin {1970), rather than the less 

accurate linear interpolation. 
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Data used in the calculations were taken from the records of 

monthly and annual mean temperatures for stations I50001 Naseby State 

Forest, I59361 Manorburn Dam, I50212 Waipiata Sanatorium, I59921 

Tapanui, and Elliot. With the exception of the Elliot data, monthly 

records vary from 25 to 43 years in length and annual records from 

16 to 39 years. It is initially assumed that these records are of 

sufficient length to determine stable parameter estimates from the 

point data, and thus allow estimates of total error at any point in 

the general region to within permissable precision limits. 

Although distances between stations vary from 11 to 76 miles, 

the necessary basic assumption of homogeneity and isotropy for the 

mean temperature field is considered valid. The N.Z. Meteorological 

Service show that temperature departures from normal do not vary 

greatly over distances of 50 to 100 miles for inland Ota.go and Southland 

(Finkelstein, 1969). The long-term data from Tapanui were included 

in the analysis since the record is known to be satisfactory and 

homogeneous, has the advantage for this study of an inland location, 

and has no known station site changes for the complete period 1900-1970. 

Monthly and annual correlation coefficient-distance relationships 

and values for n were calculated from the available data. The results 

are shown in Figure 11. Correlation coefficients are all significant 

to at least the 95 percent level. Of immediate interest is that the 

illustrated decay of correlation with distance is considerably less 

than that shown previously for the monthly and annual precipitation data~ 

From equation (2) and Figu~e 11, monthly and annual mean temperature 

£ function-distance relationships were determined and are shown in opt 

Figure 12. The field of existing standard error of interpolation was 
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thus calculated by equation (3), from the combined values of€ and 
opt 

derived monthly and annual mean temperature sample variances (~) given 

in Table 5. Records for Naseby State Forest were used to calculate 

the~ values, since this station is located at the same altitude as 

Elliot and is the closest station to the Upper Taieri area with a 

long-term continuous record. Also, comparison of the post 1968 records 

for Elliot and Naseby State Forest show that the two stations have 

markedly similar characteristics with respect to mean monthly, monthly 

maximum and minimum, and mean daily maximum and minimum temperatures 

for each month. 

TABLE 5: Monthly and annual mean temperature and sample variance (mk) 
for station I50001 Naseby State Forest /1923-6?). 

J F M A M J J A s 0 N D 

Mean 
Tempera- 56.1 55.9 52.5 47.3 40.8 36.0 34.7 37.6 42.7 47.4 50.4 54.1 

0 ture ( F): 

n(years) : 45 45 45 45 45 45 45 45 44 45 45 44 

~ (OF) :5.38 4.43 4.05 4.74 3.52 4.57 4.99 3.67 2.58 3.56 6.16 6$30 

The standard errors of inte.rpolation were recalculated as percent­

ages of mean monthly and annual temperatures and are sho,m in Table 6 

for varying between station distances. 

Year 

46.3 

43 

0.62 
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TABLE 6: VaZues of standa.rd er1~or of interpolation (./E) as a percentage 

of mean station tempera tu.re, for distance L (mites) 

0 5 10 20 30 40 50 60 80 (miles} 

January: o.8 0.9 1.1 1.2 1.4 1.5 lo6 1.7 1.8 

February: o.8 0.9 0.9 0.9 0.9 1.0 lol 1.2 1.4 

March: 1.2 1.2 1.2 1.2 1.3 1.3 1.3 1.4 1.4 

April: 0.4 o.s o.s o.7 0.1 a.a 0.8 0 .. 9 0.9 

May: la7 loB 1.9 2.0 2.1 2ol 2.2 2o2 2.3 

June: 2.0 2.0 2.1 2.1 2.2 2.,3 2.3 2.3 2.4 

July: 2o3 2.4 2.6 2.8 2.9 3.0 3.1 3.,2 3.3 

August: 1.8 1.8 lo9 1.9 2o0. 2.,1 2ol 2.2 2.2 

September: 1.7 108 1.8 2.0 2.1 2.1 2.2 2.2 2.3 

October: 1.5 1.6 1.7 1.8 1.9 1.9 2.0 2.1 2.1 

November: Oo3 o.3 o.3 0.3 0.4 o.4 o.4 o.s 0.9 

December: 0.1 o.7 0.8 0.9 1.1 1.2 1.2 1.2 0.2 

Annual: 0.2 0.3 0.4 o.s o.s 0.6 0.6 Oa7 o.7 

Terrrperatu.re: CancZusions 

The results indicate that the existing Meteorological Service 

network is quite adequate to satisfy the study design criterion for 

point and areal estimates of monthly and annual mean temperatu:t·e -

/E less than 10 percent at the 95 percent confidence level. 

Although the installation of an additional station at Elliot provides 
. 

useful information on temperature parameters at less than monthly 

intervals in the Upper Taieri basin, the station is shown not to be 

needed when monthly or annual mean data are considered. 

For a station separation of up to 80 miles, monthly values of 

vE are still less than four percent of the mean, and the equivalent 

annual value is less than one percent. It is therefore concluded 
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that for calculations which involve monthly and annual mean 

temperature data in the Upper Taieri area, the use of Naseby State 

Forest records will introduce only minor errors. For example, 

Table 6 shows that for Elliot, some 30 miles from Naseby State Forest, 

Ii has a maximum value of only 2.9 percent of the mean for monthly 

data, and for Trig 'H', v'E becomes 3.1 percent for a distance of 50 

mileso 

To estimate percentage errors at stations with elevations different 

from that at Naseby State Forest, it is of course necessary to first 

assume that mean temperature decreases with an increase in altitude, 

in accordance with known seasonal lapse rateso Such an assumption 

is basic to subsequent calculations of potential evapotranspiration 

in the study area. 

Of further interest is the minimum length of record necessary 

to achieve the stated design criterion. The present Meteorological 

Service. network is used to represent conditions in the Upper Taieri 

area. July is considered in this calculation since l'E is shown to 

be higher in this month than in any other, and will thus require the 

longest record to produce an acceptable value of station sample 

variance. If£ is assumed to be at optL~um values for 30 and 50 
opt 

mile gauge spacing, record lengths for v'E to the stated criteria may 

be calculated as 17 and 19 years respectively. This corresponds 

well with the 15 to 25 years suggested as necessary by Malone (1951} 

in order to obtain a stable frequency distribution of temperature for 

a region such as the Upper Taieri. 
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RECORD HOMOGENEITY AND DATA CORRECTION 

General: 

Although for most hydrological purposes a long record is 

preferred to a short one, the user should recognise that the longer 

the record the greater is the chance that there has been a change 

in the physical conditions of the basin or in the methods of data 

collection. If these are appreciable, the composite record would 

represent only a nonexistent condition, and not one that existed 

either before or after the change. Such a record is inconsistent. 

The use of a double-mass curve is a convenient way to check 

the consistency of a record, and such a check is one of the first 

steps in any analysis, except when the scarcity of other old records 

makes it impossible. The theory of the double mass curve is based 

on the fact that a graph of the cumulation of one quantity against 

the cumulation of another quantity during the same period, will plot 

as a straight line so long as the data are pr~portional. The slope 

of the line represents the constant of proportionality between the 

quantities. 

As a prerequisite to subsequent analysis, all available streamflow, 

precipitation and temperature records from Ministry of Works, N.Z. 

Meteorological Service or private observer summaries for the area within 

and surrounding the Upper Taieri basin, were collated and examined for 

missing or inconsistent data. The records used are shown in Figure 7. 

Where possible, the test used for data consistency was the graphical 

double-mass curve technique illustrated by Sea:>:cy & Hardison {1960), 

with covariance analysis and the F statistic to test the significance 

of apparent breaks in slope (Scarf, 1971; Snyd3r, 1971). 
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StreamfZow: 

Records of streamflow to 1966 were sparse and limited largely to 

mean daily flow records for the Taieri River at Paerau for the 27 year 

period 1912-13, 1916-28, 1936-39, part 1940, 1941-44 and 1947-50. The 

only other data available were records of infre~~ent discharge measure-

ments made at various other sites in the study area. Since 1966 the 

flow network has been expanded, with regular data collection stations 

established on the main river at the Patearoa-Paerau, Paerau and 

Upper Styx Valley Bridges, and on the tributaries Styx Creek, Loganburn 

and Serpentine Creek. 

However, with the exception of the Paerau Bridge record, a lack of 

measured streamflow data over an extended period within the study area 

precludes application of the chosen record consistency test. 

are by necessity thus assumed to be consistent and homogeneous. 

Tempe,:,atu:t'e: 

'l'he records 

Records included for analysis were monthly mean temperatures for 

Elliot (1968-70), Tapanui (1900-70), Naseby State -Forest (1923-70), 

Waipiata (1925-65), and Manorburn Dam (an incomplete record over the 

period 1928-70). 

A lack of data over an extended period in the general study region 

again precludes the use of double-mass curve techniques to test the 

available record consistency& The data must therefore be assumed 

consistent and homogeneous, though Finkelstein {1969) suggests that 

such an assumption is valid for the data used. 

Precipitation: 

The records included initially were monthly and daily falls for 

I59491 Paerau (1908-40), and monthly totals for I59361 Manorburn Dam 
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(an incomplete record for 1913-65 and 1961-70), !50112 Waipiata 

Sanatorium . (1915-70), I50213 Waipiata Station View (1914-28), I59391 

Patearoa No. I (1912-28), I50201 Patearoa No. II (1927-70), a private 

observer, Mrs Bo Smith, at Puketoi (1939-65 and 1969-70), and !59581 

Great Moss Swamp (1909-31). A sporadic record from Lake Onslow 

(1931-38, 1940-42, 1949-51, 1953) was also collated, but was sub­

sequently rejected on the grounds of inadequacy for further analysis. 

Necessary corrections to data from the present Upper Taieri basin 

research network are considered separately. 

As an initial test for homogeneity of-regional precipitation 

patterns throughout a year, mean monthly rainfalls for each station 

were calculated for the periods indicated and.the results plotted in 

Figure 13. 

Since the records presented in this way may cover time intervals 

which vary, it could be argued that such a comparison is invalid on 

the grounds that one station may have operated during a pericid of 

high precipitation, while another covered a particularly draughty period. 

However, it is maintained that since each record is 15 yea.rs or greater 

in length, the use of mean monthly data gives an adequate indication 

of the climatic regime at each station irrespective of time interval. 

It is assumed that on a long-term mean basis, records of precipitation 

from stations of similar climatic regime will generally parallel each 

other as in Figure 13, irrespective of individual quantities and whether 

derived from a generally wet or dry period. 

When the Paerau records are considered as a base for comparison, 

the Great Moss Swamp data are also excluded from subsequent analysis. 

Results from this station are shown to be atypica.l of the general 

Upper Taieri-Maniototo climatic pattern, particularly for the months 
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April to August. Reasons for the differences are not known. All 

other stations tested accord generally with the Paerau mean monthly 

rainfall distribution. 

A frequent problem in regional generalisation of hydrological 

data arises from the fact that stations have varying periods of 

records. To test the consistency of the historic records it was 

thus necessary to use two sequential time intervals in order to use 

an optimum period of record. The periods are 1916 to 1940 and 1941 

to 1961. Results of the calculated double-mass curves are sho~m in 

Figures 14 and 15. 

Figure 14 gives results for Paerau, Manorburn Dam, Waipiata 

Sanatorium and combined Patearoa No. I and No. II for the period 1916-40. 

With the ,.exception . of a discontinuity in the Manor burn Dam record in 

1918 the data appear consistent and homogeneous. Brief changes in 

slope of double-mass curves could arise from chance. The W.M.O. (1965) 

thus suggests that no segment of less than about five points should be 

accepted as valid demonstration of inconsistency. A change in slope 

is generally only accepted as real if substantiated by other evidence 

or well defined for a long period. (For these reasons, the break in 

slope shown for the Manorburn Dam record in 1918 was not im.restigated 

further). 

For the period 1941-61, Figure 15 shows results for Patearoa No. II, 

Smith (Puketoi), Waipiata Sanatorium, and a further station outside 

0 the study area, I59691 Deep Stream - located at Lat. 45 40'S and Long. 

169° 58'E. Except for Waipiata Sanatorium discontinuities in the 

records are evident, being slight for Patearoa No. II in 1952 and more 

marked for Smith and Deep Stream in 1954. Covariance analysis and F 

tests show that these breaks in slope a.re only marginally statistically 



. 64 
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significant at the 95 percent level. In the ~ase of Patearoa No. II, 

the 1952 bl;"eak in slope is a rather arbitrary choice. 

Relative to the pattern, the breaks indicate an increase in 

precipitation for Deep Stream a.fter 1954, and decreases for Patearoa 

No. II and Smith after 1952 and 1954 respectivelye Trends and changes 

in slope of a double-mass curve may be caused by changes in exposure 

or location of the gauge, changes of procedure in processing data,etc. 

However, if similar breaks occur at several stations, their geographical 

location may indicate a regional climatic anomaly. The breaks due to 

this anomaly do not necessarily indicate inconsistent records, but may 

indicate which stations should be grouped in a pattern. 

Although the discontinuities shown in Figure 15 occur in 1954, 

opposite,. in character, it is difficult to postulate whether the cause 

is climatic or statistical in origin. That is, either the area 

represented by the Deep Stream gauge is climatically anomalous with 

that surrounding Smith and Patearoa No. II, c:.r.. the results are indicative 

of insufficient stations to define the pattern and reflect compensating 

inhomogeneity from one or more of the data sets. 

On the basis of insufficient evidence to warrant change, the 

original historical data are retained for subsequent analysis as necessary. 

The records fro~ at least the Patearoa No. II and Waipiata Sanatorium 

stations are thus considered to be consistent. 

Correction of present Upper Taieri network data: 

Data from the post 1968 Upper Taieri basin precipitation network 

were also examined for missing or inconsistent records. Such a study 

served to highlight some of the sampling and operational problems 

associated with the field operation of storage raingauges under di.fficult 

conditions. The solution of these probl<::!ms ahd resultant recomrnenda.tions 
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for future operation of such networks are worthy of further discussiono 

Gauges first subjected to analysis were those located at Longstone, 

Musterer's Huts and Trig 'H' (Figure 2). Each had an approximately 

six month record. For initial evaluation purposes, each site was 

equipped with a standard five inch daily manual raingauge as well as 

the listed fibreglass storage gauge (Table 1). Each storage gauge 

contained kerosene as an anti-evaporant, as did the other storage 

gauges in the Upper Taieri network at that time. 

A plot of cumulative manual versus cumulative storage gauge values 

disclosed two major anomalies. Firstly, significant discontinuities 

were recorded in the Longstone and Trig 'H' records on 31.3.69 and 

22.4.69 respectively (Figure 16). These were isolated occasions, 

did not occur concurrently at the three stations, and are ~~tributed 

to undercatching by the manual gauges during two autumn snow storms. 

It is concluded that since the storage gauges with an open orifice 

record a more r9alistic catch under these conditions, the manual gauge 

records are amended accordingly. No such discontinuities were observed 

in the Musterer's Huts records, and the cumulative curve is thus not 

plotted in Figure 16. 

Secondly, the cumulative plots show that all three storage gauge~ 

were undercatching relative to the daily manual gauges. If the manual 

gauge records are assumed to be correct, leakage from the storage gauges 

may be discounted because the phenomenon is similarly recorded at all 

stations. The differences are thus attributed to catch evaporation 

even though kerosene was used in each storage gauge. For such differences 

to be entirely due to different orifice height was largely discounted 

because of the magnitude and non-uniformity of the effect over the time 

interval considered~ Further analysis was thus carried out for the 

thJ:ee stations. The results are shown in Table 7 t·md Figure 17 .. 
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LONGSTONE AND TRIG H. 
CUMULATIVE MANUAL GAUGE - INCHES 
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TABLE 7: RainfaZZ Loss Investigation - Longstone, Musterer's Huts, Trig 'H' 

A. Longstone: 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Date ·Manual ·EManual ·stora9:e ·Estorage (2} ... (4) · Period ( 2)..;. ( 4) · · CC'>m.r2uted Ste'>ra9:e ·% ·Error % Error 

(ins.} · · (ins.) · (ins!._} · (ins._) J_ins.} · _(d_ays) _(ins~/\vk) · (ins.) (2)&(4} (2)&(9) ---
10.10.68 0 0 0 0 

28.11.68 4.15 4.15 3.86 3.86 0.29 48 0.042 3.86 -7~0 -7.0 

2.1.69 1.67 5.82 1.65 5.51 0.02 35 0.004 1.57 -1.2 -6.0 

16.1.69 2.29 8.11 1.79 7.30 a.so 14 0.250 2.17 -17.5 -5.2 

12~2.69 1. 77 9.88 1. 75 9.05 0.02 27 0.005 2.41 -1.1 +36.2 

18.2.69 a.so 10.68 0.62 9.67 0.18 6 0.210 0.74 -20.0 -7.5 0,. 

'° 6.3.69 0.65 11.33 0.51 10.18 o.14 17 0.058 0.88 -21.5 +35.4 

12.3.69 0.63 11.96 0.51 10.69 0.12 6 0.140 0.65 -19.0 +3.2 

17.3.69 0.49 12.45 0.27 10.96 0.22 5 0.308 0.39 -44.9 -20.4 

31.3.69 *2.44 14.89 2.57 13.53 -o.13 14 -0.065 2.90 +5.3 +21.2 

22.4.69 2 .. 05 16.94 1.87 15.40 0.1a 22 0.057 2.15 -8.8 +4.9 

6.5.69 Off99 17 .. 93 0.66 16.06 0,.33 14 0.165 0.83 -33.3 -16.2 

15.5.69 0.20 18.13 0.23 16.29 -0.03 9 -0.023 0.34 +15.0 +70.0 

* Correct value - see double mass curve storage/manual (Fig. 16) 



TABLE ?: Continued 

B. Musterer's Huts: 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11} 
Date Manual £Manual Stora~e Zstora9:e (2)-(4) ·Period {2)-(4) Coin£uted Storage % Error ·% Error 

· (ins.) · (ins.) · (ins.) · · (ins.) (ins.) ·· (days) · (irts~/wk) · · (ins.) · (2)& (4) ' (2)&(9) 

10.10.68 0 0 0 0 

28.11.68 5.86 5.86 6.77 6.77 -0.91 48 -0.132 6.77 +15.5 +15.5 

2.1. 69 2.20 8.06 2.18 8.95 0.02 35 0.004 2.10 -0.9 -4.5 

16.1.69 2.27 10.33 1.72 10.67 o.ss 14 0.275 2.10 -24.2 -7.5 

12.,2.69 3.52 13.85 3.00 13.67 o.52 27 0.134 3 .. 66 -14.7 +4.0 

18.2.69 1.09 14.94 0.94 14.61 0.15 6 o.176 1.06 -13. 7 -2.B 

6 .. ~.69 0.85 15.79 0.66 15.27 0.19 17 0.078 1.03 -22.3 +21.2 'I 
0 

12.3.69 1.57 17.36 1.48 16.75 0.09 6 0.106 1.62 -5.7 +3.2 

17.3.69 1.04 18.40 0.78 17.53 0.26 5 0.364 0.90 -25.0 -13.5 

31.3.69 2.99 21.39 2.50 20.03 0.49 14 0.245 2.83 -16.3 -5.4 

22.4.69 4 .. 04 25.43 . 4.56 24.59 -0.52 22 -0.165 4.84 +12.8 +19.8 

7.5.69 1.84 27.27 1.60 26.19 0.24 14 0.120 1. 77 -13.0 -3.8 

14.5.69 0.64 27.91 0.62 26.81 0.02 8 0.017 o. 71 -3.l +10.9 



TABLE ?: Continued 

c. Trig 'H': 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Date ·Manual ·EManual ·storage · Estdrage .· (2)-(4) ·Period (2)-(4) ComEuted Stora~e % Error % Error 

· (ins.) · (ins.) · (ins.) · (ins.) . (ins.) . (days) .. (irts.;/wk) · (ins.) (2)&(4) · "(2}&{9) 

16.1.69 0 0 0 0 

21.1.69 1.13 1.13 0.86 0.86 0.27 5 0.378 1.00 -23.8 -11.5 

29.1 .. 69 1.06 2.19 0.66 1.52 0.40 8 0.350 0.88 -37.7 -17.0 

12.2.69 3.46 5.65 2.96 4.48 o.5o 14 0 .. 250 3.26 -14.4 -5.8 

18.2.69 1.31 6.96 1.28 5.76 0 .. 03 6 0.035 1.40 -2.3 +6.9 

6.3.69 1.13 8.09 0.93 6.69 0.20 17 0.082 1.30 -17.7 +15.0 

12.3.69 2.31 10.40 2.10 8.79 0.21 6 0.246 2.24 ""'9.1 -3.0 ....... -
18.7.69 1.08 11.48 0.93 9.72 0.15 6 0.176 1.07 -13.9 -0.9 

31.3.69 3.11 14.59 2.85 12.57 0.26 13 0.139 3.16 -8.4 +1.6 

22.4.69 *9.13 23.72 8.07 20.64 1.06 22 0.337 8.35 -11.6 -7.7 

6.5.69 1.72 25.44 1.64 22.28 0.08 14 0.040 1.,81 -4.6 +5.2 

15.5.69 0.60 26.04 0.51 22.79 0.09 9 0.069 0.62 -15.0 +3.3 

* Corrected value - see double mass curve storage/manual (Fig. 16) 
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The daily manual gauge data are assurned as a base, and values 

of loss or gain per week are calculated from the differences between 

the individual manual and storage gauge readings at each site. 

Although the curves display some scatter, a logical seasonal pattern 

is described. The relationship for each station between loss or 

gain per week and altitude is not well defined, and mean monthly 

values are thus calculated from the combined data for all three 

stations (Figure 17). The four months January to April show loss 

values of o.192, o.144, 0.165, and 0.090 inch per week respectively. 

New values of storage gauge catch are hence calculated, and the initial 

and amended percentage errors between the storage and daily manual 

gauge values compared (Table 7). 

An overall appraisal of the method and results obtained indicates 

that the approach is realistic. All Upper Taieri basin records from 

a four month period of storage gauge readings {January-April, 1969) 

were thus amended by these monthly factors before further analysis. 

From these results and the conclusions of Hamilton and Andrews 

(1953), the use of kerosene as an anti-evaporant in the network 

storage gauges was discontinued, and i·;as replaced by a light oil. 

The oil used is BP Energol WM2, and possesses the properties of flash 

point 365°F, specific gravity o.845 at 60°F, pour point 10°F, and a 

kinematic viscosity of 15.7 at loo°F. Compared with an amount of 

0.15 inch per gauge as suggested by Hamilton and Andrews (op. cit), 

the quantity added to each storage gauge in the Upper Taieri network 

is about one centimetreo 

To test the validity of such a decision in the study area, a 

further controlled experiment was initiated at Smith (Figure 2) and 

maintained ov8r a 12 month period f_rom April 1969 to March 1970. 



74 

Three 100 centimetre capacity fibreglass storage gauges were installed 

in the same enclosure, with normal exposure and all orifices at the 

same height above ground. A maximum-minimum thermometer was also 

placed in the enclosure, two feet above ground level, unshielded and 

south facing. The three gauges, designated 'A', 'B' and 'C', contained 

respectively rainfall catch and one centimetre kerosene, catch and one 

centimetre WM2 o:i.l, and rainfall catch only. Although gauge 'A' was 

withdrawn after only seven months' record, the cumulative plots of 

all readings showed marked differences {Figure 18). Losses from 

kerosene plus water are consistently intermediate between oil plus 

water and water only. 

Over 12 months the water only catch was 52.7 percent of the water 

plµs oil gaug·e catch. The remaining 12.17 inches were lost by 

evaporation. Also shown on Figure 18 are the site maximmn, minimum 

and mean temperature readings. 

A further J.oss analysis was thus carried out for gauges 'A', 'B' 

and 'C' by the same procedure as previously outlined. The gauge 

containing oil was used as a ba.se, and was assumed to have no evaporation 

losses. Results of the analysis are shown in Table 8 and Figure 19. 

A simple cyclic pattern over the 12 month period is evident, 

as expected, with a maxL~um loss for the water only gauge of 0.417 inch 

per week in ~~ebruary, 1970, · and a minimum loss of zero for June, 1969. 

Although the evaporation losses show a similar cyclic pattern to that 

of the mean temperature record, attempts to predict these losses by 

correlation with on site or Elliot mean temperatures proved unsuccessful. 
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TABLE 8: Raingauge Loss Investigations - Smith's Road (2,950 ft) 

('A'= Water and Kerosene; 'B' = Water and Oil; 'C' = Water only) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
Date Smith 'B' Smith 'A' Smith 'C' · · (2)- (3) (2)-(4) Period B/il. Period B/C (2)- (3) (2)-(4) 

(ins.} · (ins.} · (ins.} (ins.} {ins.) _(Days} (Days) · · (ins./wk) (ins~/wk) 

19.3.59 o.oo o.oo o.oo o.oo 0.00 

25.3.,69 0.63 0.63 0.43 o.oo 0.20 6 6 0.000 0.232 

2.4.69 0.91 0.87 0.83 0.04 0.08 8 8 0.035 0.070 

15.4.69 2.20 2.01 1.89 0.19 0.31 13 13 0.102 0.166 

22.4.69 0.28 0.24 0.04 0.04 0.24 7 7 0.040 0.240 

29.4.69 0.31 0.31 - o.oo - 7 - 0.000 

13.5.69 0.75 0.67 0.87 0.08 -0.12 14 21 0.040 -0.040 

" 19.5.69 0.31 0.47 0.24 -0.16 0.07 6 6 -0.186 0.081 
a,. 

28.5.69 1.69 1.57 1. 77 0.12 -0.08 9 9 0.093 -0.062 

7.8.69 4.33 3.70 2.52 0.63 1.81 71 71 0.062 0.178 

24.9.69 2.28 2.09 1.30 0.19 0.98 48 48 0.027 0.142 

22.10.69 0 .. 87 0.16 -0.28 0.11 1.15 28 28 0.177 0.287 

27.ll.69 1.30 (Gauge removed -0.67 - 1.97 - 36 - 0.383 

7.1.70 5.87 - leaking) 3.86 - 2.01 - 41 - 0.343 

5.2.70 1.54 - -0.28 - 1.82 - 29 - 0.439 

12.2.70 0.24 - -0.20 - 0.44 - 7 - 0.440 

19.2.70 0.04 - -0.55 - 0.59 - 7 - 0.590 

24.2 .. 70 0.31 - 0.16 - 0.15 - 5 - 0.211 

25.3.70 1.85 - 1.61 - 0.24 - 29 - 0.058 

(All gauges 100 ems. Fibreglass storage type) 
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Correlation coefficients were respectively -0.18 and +0.53 for the 

relationship between gauges 'B'-'A' and 'B'-'C' inches loss per week 

and mean temperature. No information on local wind run was ava.ilable. 

From these results at Smith it is concluded that open orifice 

storage gauges such as those used are most suitable for high country 

precipitation sarnplingo However, considerable doubt must be placed 

on the catches recorded if other than a light oil is used as an anti-

evaporant in areas with a high potential evaporation. The oil chosen 

is also a useful additive in winter. Although the precipitation catch 

may freeze, an oil film stops the ice ~rom adhering to the inside of the 

gauge, and hence prevents the gauge from splitting under frost action. 
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ESTIMATES OF POPULATION PARAMETERS FROM 
THE MEASURED DATA 

MONTHLY, SEASONAL AND ANNUAL STATION MEANS AND VARIABILITY 

Precipitation: seasonal distribution 

Measured monthly, seasonal and a.nnual data for the combined station 

records at I59491 Paerau and Elliot to cover the periods 1908-40 and 

1968-69 are listed in Tables 9 and 10. 

Equating the station at Paerau with that at Elliot proved to be a 

valid assumption. Although separated by a short distance, both stations 

show equivalence on a long-term mean annual rainfall isohyetal pattern 

derived for the area. Also, synthetic monthly and annual data derived 

by correlation and regression for Paerau from Manorburn Darn and Patearoa 

No. II, w~re essentially identical for 1968-69 with the catches concurrently 

recorded at Elliot. 

Rainfall patterns and causes in Central Otago have been analysed by 

Brov.'!le (1958), who showed that three factors with their associated weather 

systems influence the rainfall patterns of the region. These are: 

(i) Cold fronts which move across Central Otago from the west are the 

major single system causing daily rainfalls of 0.25 inch or more, 

with the rain heavier and more frequent in the northwesto 

(ii) Cold fronts which cross Central Ota.go from the southwest and follow 

southwesterly airstreams, generally give little or no rain except 

to areas in the south, or southeastern areas if the flow is southerly 

or southeasterly. 

(iii}Deprc~sions which cross the South Island and are accompanied by 

southerly or easterly winds, give most rain in the south and east 

of Central Otago. The central, northern and western areas receive 

little rain~ 
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'I'ABLE 9: Paerau/ElUot measu:Iied monthly rainfall record (inches) -

(I59491-Paer•au-1908 to 1940; R.A.W. Elliot - October 

1968 to 1969). 

Year J F M A M J J A s 0 N D - - - - -
1908 1.28 1.47 1.82 0.94 3.43 
1909 4.43 1.39 3088 2.50 Oo60 2.59 0.95 1.69 1.01 3.35 2.11 1.68 
1910 1.87 1.84 1.43 1.43 1.09 1.84 1.32 0.87 1.84 3.60 1.32 2.06 
1911 2.32 0.37 1.31 1.52 0.68 2.08 1.36 1.12 1.36 o.74 4.,40 2.51 
1912 l·.17 2.43 3.27 1.46 1.33 4.54 1.62 1.85 1.61 4.25 2.30 0.61 
1913 3.55 1.48 3.29 1.49 1. 71 0.97 2o56 5.00 1.50 2.04 3.19 4.83 
1914 3ol4 3.16 1.82 2.22 2.95 5.13 o.48 0.95 1.67 Oo70 2.11 3.03 
1915 2.06 4.16 2.02 1.40 1.70 2.82 o.47 0.37 Oo75 3~19 3.14 2.46 
1916 2.50 2.36 3.90 1.46 1.72 1.54 1.89 2.39 lo 79 1.68 4.18 0.,62 
1917 1.32 1.05 2.25 1.78 5.08 0.84 0 .. 69 0.88 2.74 4.44 L74 4.01 
1918 4o33 1.02 3.52 1.73 1.54 2.32 2.98 3.69 2.12 2Q70 2.44 4 .. 12 
1919 8.84 o.55 0.87 5.25 1.86 3.9_7 2.00 6.96 5.11 1.04 3.51 4.56 
1920 3.06 1.99 o. 77 2.27 3.45 1.00 2.85 1.96 3.76 0.85 4.54 3e37 
1921 2.63 1.49 4.44 2.03 1.44 3.09 2.47 1.49 1.31 3.04 LOl 5.18 
1922 5.89 0.77 3.26 2.14 1.74 0.74 1.53 1.44 1.20 1.75 4.37 5.40 
1923 2.81 2.96 3.53 5.95 6.12 1.56 o.oo 1.60 1.03 1.32 1.95 2.25 
1924 2.05 4.98 1.80 3.62 2.61 1.75 1. 77 0.19 1.27 5.66 1.59 2.81 
1925 1.27 2.09 3.95 2.60 1.,64 0.76 2.47 5.85 2.60 3.89 3.39 3.14 
1926 4.50 4.75 1.42 lo89 3.12 1.41 a.so 1.79 2. 02 : -3.61 3.97 4.22 
1927 2.45 2.78 4.43 3.10 1.73 Oo59 lo4D 1.98 2.39 1.87 4.35 2.35 
1928 1.09 2.53 0.74 4.48 lo67 1.12 1., 38 lo40 1.58 3.70 1.31 1.93 
1929 2662 0.57 3.36 Oo65 0.62 3.79 3o26 0.66 loJ.2 OaOS 3.61 2.70 
1930 2.39 0.88 0.10 0.85 1.40 1.39 1.19 1.30 1.49 4.36 3.05 2.13 
1931 5088 5.58 0.55 0.73 1.26 1.78 0.94 2.54 1.81 2o74 1.49 2.25 
1932 3.59 1 .. 54 lo67 2.60 2o45 2.66 0.39 1.82 1.33 2.37 0.66 2.25 
1933 1.90 1.85 1.48 6.12 3.60 1.71 1.25 1.71 o. 77 3.71 3.39 S.80 
1934 3o00 3.52 3.24 3.21 3.50 2.48 1.87 1.45 2.40 2622 1. 78 2.35 
1935 3.98 3.36 6.35 1.90 4.11 6.72 0.21 1.91 0.74 0.70 4.89 2.48 
1936 0.96 2.62 7.92 2.71 2.68 1.03 2o25 2.41 3.82 2o49 3.96 4.07 
1937 3o26 7o90 3.09 4.16 3.22 1.58 1.33 laBS 1.17 Oo43 1.41 6.15 
1938 1.21 Oo64 1.89 4.40 1.35 3.91 o.s7 0.19 1.53 3.26 2s52 7.68 
1939 2o08 1.20 o.ss 1.63 1.32 L89 2oll 2.42 2.87 1.15 2.26 0.95 
1940 3.16 4.48 3.56 1.15 3.26 1.00 1.21 0.55 1.50 1.38 2.80 lo60 
1968 2.60 1.60 1.30 
1969 3.96 1.07 2.18 2.37 2.45 1.14 Oo74 1.61 1.30 1.59 o.aa 4.10 
Mean: 2.99 2.37 2.62 2.50 2.28 2.13 1.43 1.89 1.77 2.53 2.60 3.15 
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TABLE 10: PaePau/EUiot measUY'ed seasonal and annuaZ PainfaU record 

(inches) - PaePau (1908-40); EZUot (1968-9). 

Year Sununer Autumn Winter Spring Annual,. 
(Dec-F'eb) (Mch-May) (Jun-Aug) (Sept-Nov) 

1908 4.23 
1909 9.25 6.98 5.23 6.47 26.18 
1910 5.39 3.95 4o03 6.76 20.51 
1911 4.75 3.51 4.56 6.50 190 77 
1912 6.11 6.06 0.01 8.16 26.44 
1913 5.64 6.49 8.53 6.73 31.,61 
1914 11.13 6.99 6.56 4.48 27.36 
1915 9.25 5.12 3.66 7.08 24.54 
1916 7.32 7.08 5o82 7.65 26.03 
1917 2~99 9.11 2.41 8.92 26.82 
1918 9.36 6.79 8.99 7.26 32.51 
1919 13.51 7.98 12.93 9.66 44.52 
1920 9.61 6.49 5.81 9. J.5 29.87 
1921 7.49 7.91 7.05 5.36 29.62 
1922 11.84 7.14 3.71 7.32 30.23 
1923 11.17 15.60 3.16 4.30 31.08 
1924 9.28 8.03 3.71 8.52 30.10 
1925 6.17 8.19 9.08 9.88 33.65 
1926 12.39 6.43 3.70 9.60 33.20 
1927 9.45 9.26 3.97 8;61 29.42 
1928 5.97 6.89 3.90 6.59 22.93 
1929 5.12 4.63 7.71 4o78 23.01 
1930 5.,97 2.35 3.88 8.90 20.53 
1931 13.59 2.54 5.26 6.04 27.55 
1932 7.38 6.72 4.87 4.36 23.33 
1933 6.00 11.20 4.67 7.87 33.29 
1934 12.32 9.95 5.80 6.40 31.02 
1935 9o69 12.36 8.84 6.33 37~35 
1936 6.06 13.31 5.69 10.27 36.92 
1937 15.23 10.47 4.76 3o01 35.55 
1938 s.oo 7.64 4 .. 97 7.31 .29.45 
1939 10.96 3.80 6042 6.28 20.73 
1940 8.59 7.97 2.76 5.68 25.65 
1969 6.33 7.00 3.49 3.77 23.39 

·Mean: 8.56 7.51 5.66 6.93 28.28 
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From the general aspects of Paerau rainfall distribution presented 

in Tables 9 and 10, and in Figures 20(a) and 21(a), precipitation shows 

a distinct seasonal character with a fairly marked surnrr~r maximum. 

Maunder {1965) concludes that this seasonal variation, at altitudes of 

less than 3,000 feet,is principally due to increased insolation in the 

stlil'mer months which results in an intensification of normal rain 

producing systems. Thus, cold fronts which cross Central Otago in the 

summer are subject to convectional uplift on a much larger scale than 

in winter. Similarly, rain producing depressions in the east are likely 

to produce more rain in eastern and southern areas of Central Otago in 

the warmer months than in the colder months. 

Mean annual rainfall for Paerau is 28.28 inches. Although the 

summer maximum is evident,in no month is the average catch less than 

1.43 inches. December, January and March are the wettest months, and 

the driest months on average are July, August and September. On average, 

30 percent of the mean annual rainfall occurs in summer, whereas the 

comparable figure for the winter period is only 20 percent. For the 

months December to March, this value rises to 40 percent of the annual 

mean. 

The Paerau results confirm trends shown by Coulter (1968), Leslie 

(1966) and the M.O.W. (1967) for other areas of Central Otago. Suromer 

concentration of the low mean annual rainfall accentuates the dryness 

of the area, since a large proportion of the rain comes when temperature, 

insolation and evaporation are all high. Significant moisture deficiencies 

are thus produced within the lowland areas. 
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Figures 20 a11d 21 also show the monthly, seasonal and annual 

extremes of both maximum and minimum falls for the period of record. 

The 1919 maximum annual rainfall is 57 percent above average and the 

1911 minimum value is 30 percent below average. The highest monthly 

rainfall of 8.84 inches in January 1919 is equivalent to 31 percent 

of the average annual value, and the record shows that months occurred 

in which there was no precipitationo 

Of interest from Figures 20 and 21, is that the 1919 annual rainfall 

maximum was caused by moderately above average summer conditions followed 

by an average autumn fall, the maximum recorded winter fall and above 

average spring total. The 1911 minimum annual total resulted from below 

average (thou.gh not minimum recorded) suxmner and autumn values, with the 

winter and spring rainfalls only slightly below average. 

Preaipitation: Va:t'iabil-ity 

In association with mean and extreme values derived from the Paerau 

record, some indication is desirable as to the possible deviation from 

the mean in any one year. The simplest measure of these variations is 

the percentage variability. This is shown by Seelye (1940, 1946} to 

be the average departure of the monthly, seasonal or annual totals from 

their mean, expressed as a percentage of the mean. 

Results of such an analysis are not given herer since the use of 

residual mass curves, or curves of cumulative departure from the mean, 

are considered of more value at this stage in a preliminary descriptive 

account of rainfall seasonal distribution and variabilitya Such curves 

appraise the long-term trends of precipitation and provide a more suiL.:i.ble 

presentation for purposesof comparison with long-term flow records. 

Residual mass curves developed for Paerau seasonal and annual rainfalls 
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are sho\'m in Figure 22. Successfully used by Grant (1969), and many 

other authors, the method is based on the· principle that when the 

positive and negative departures from the mean are accumulated, a 

period of above average rainfall is indicated by an upward slope, 

while below normal falls correspond to a downward slope. A horizontal 

line between any two points represents a period of average rainfall. 

With only minor variations, the trends shown in Figure 22 are 

similar to those derived by Finkelstein (1962) for Otago-Southland, 

by Seelye (1946) and by de Lisle (1961). Series of successive wet 

and dry years occur with an average fluctuation periodicity of 

approximately seven years, and thus demonstrate the expected persistence 

of type. Long-term fluctuations in the pattern of the annual mean 

are difficult to detect. However, precipitation data from nearby 

stations suggest that in recent years values to 1969 have gradually 

decreased since a minor maximum in the late 1950s. Estimates of 

earlier fluctuations in the long-term annual mean pattern would be 

only speculative from the data presented, and have not been attempted. 

However, it would appear that the range of variation between high 

and low water yield years has been smaller since 1946 than during the 

preceding recorded period - a conclusion also made by Grant (op. cit) 

for the Hawke's Bay area, though extending from 1940 in his case. 

It is concluded that dry periods in the Upper Taieri were 1909-17, 

1928-32, 1939-43, 1946-54, and n~re recently 1964-69. Subsequent 

data from the a.rea indicates that the most recent dominant trend has 

further continued through 1970 to 1971. Periods of above average 

rainfall comprised the intervening years 1918-27, 1933-38, 1944-45 and· 

1955-63. Summer and autumn falls appear to have the major affect on 
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the annual trends shown, particularly during dry periodso With 

figures 22(q) and (b) drawn to the sarr~ time scale, the relative 

importance of individual seasonal values can be readily determined. 

For example, during the dry period 1928-32, summer and autumn rainfalls 

shared the most significant decrease, while winter and spring values 

contributed to only a minor extent. 

Precipitation: Monthly., seasonal and annual rainfall frequena·i-es 

In addition to the information alre~dy presented, of importance 

for engineering design purposes are the rainfall distributions depicted 

by 11 rainfall duration" curveso Such a graphical distribution of 

rainfalls is erroneously referred to as a 11 duration11 curve, as the word 

11 dur.ation" implies a period of time (Hoyle, 1962). Since the curve 

describes a non-sequential distribution, it is more accurately a 

"cumulative exceeded frequency" curve. 

The curves are a convenient way to indicate the variations in 

rainfall catch, and show the deviation of the rainfalls from the meano 

When used with conside.rable caution and in realisation of the dominant 

affects of the extreme values on the distribution (Siron~rs, 1962), the 

curves may also be used to indicate possible return periods of known 

rainfall amounts. 

Frequency curves have been calculated on a monthly, seasonal and 

annual basis for the measured Paerau/Elliot record, and are shown in 

Figures 23 and 24. The calculations were made as outlined by Searcy 

{1959) and Hoyle (op. cit), with the percentage exceedence axis plotted 

to a logart~hmic scale for ease of curve determination. 

In all but three months (July, August and September} there is a 

50 percent chance that at least two inches of rain will be received 

per month~ The chance of a monthly rainfall ih excess of 2.5 inches 
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is much lower, although in all months this amount can be expected in 

10 percent of years. Monthly totals in excess of six inches are seen 

to be rare. Only in February can such totals be expected more frequently 

than 5 percent of the time. 

From the annual curve of Figure 24, it is of interest to note that 

in about 16 of the 33 years of record precipitation varies between 25.3 

inches and 31.6 inches - a fluctuation range of 6.3 inches between lower 

and upper quartile values. Also, in 90 percent of years the rainfall 

exceeds 22.5 inches. Seasonal rainfall also fluctuates within moderate 

limits, and totals of less than three inches can be expected in only one 

year out of 11. In three-quarters of the years the winter rainfall can 

be expected to exceed 4.1 inches and the summer rainfall 607 inchesa 

Other monthly, seasonal or annual values of either amount for a known 

occurrence frequency or frequency of a given amount can be derived as 

required from the Figures. 

Precipitation: Significant Rainfall analysis 

Any discussion of the rainfall regime of an area would be incomplete 

without some analysis of fall intensity values. To this end, the 

combined ~aerau/Elliot records for 1909-37 and 1968-69, were subjected 

to further study on the basis of rain per wet day and rainfall received 

during a period of wet weather. The initial calculations made were 

similar to those presented by Slatyer (1960) and Osborn (1968). Summaries 

of the results are given in Tables 11 to 13. 

Table 11 shows the monthly and mean monthly rain per wet day, with 

any precipitation in the form of snow recorded as equivalent rainfall . 

'When expressed as rainfall per wet day, intensities increase from 0.17 

inch in late winter to o. 32 inch in sununer and early autumn. The overall 
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TABLE 11: Rain per wet day for Paerau/E'lZiot (inches) -

1909-1937, 1968-1969 

Year J F M A M J J A s 0 N D -
1909 0.23 0.35 0.43 0.25 0.15 0.17 0.16 0.14 OalO 0.24 0.18 0.19 
1910 0.21 0.31 0.11 0.18 0.10 0.23 0.12 0.15 0.26 0.45 0.26 0.26 
1911 0.39 0.12 0.33 0.17 0.17 0.15 0.17 0.22 0.15 0.07 0.31 0.16 
1912 0.20 0.20 0.25 0.15 0.12 0.27 0.16 0.14 0.13 0.28 0.18 0.12 
1913 0.27 0.19 0.33 0.19 0.13 0.14 0.20 0.56 0.17 0.19 0.20 0.51 
1914 0.39 0.45 0.26 0.17 0.27 0.39 0.10 0.10 0.21 0.12 0.18 0.23 
1915 0.17 0.38 0.29 0.14 0.21 0.28 0.07 0.19 0.15 0.40 0.26 0.22 
1916 0.25 0.20 0.35 0.24 o.16 0.26 0.24 0.24 0.26 0.13 0.32 0.31 
1917 0.15 0.10 o.32 0.22 0.42 0.17 0.12 0.15 0.30 0.30 0.44 0.33 
1918 o.48 0.17 0.59 0.25 0.13 0.17 0.21 0.41 0.30 0.18 0.16 0.37 
1919 0.59 o.18 0.15 0.40 0.19 0.40 0.20 a.so 0.57 Oo09 0.22 0~38 
1920 0.34 0.2s 0.19 0.25 0.23 0.20 0.22 0.20 0.24 0.11 0.27 0.37 
1921 0.29 0.37 0.32 0.23 0.21 0.39 0.22 0.14 0.12 0.34 0.13 0.52 
1922 o.74 0.26 0.20 0.24 0.35 0.37 o.17 0.24 0.24 0.19 0.29 0.42 
1923 0.23 0.33 0.39 0.99 0.68 0.26 o.oo 0.40 0.26 0.22 0.65 Oa32 
1924 0.23 0.83 0.36 0.52 0.37 0.29 0.25 0.19 0.32 0.51 0.40 0.40 
1925 o.42 0.35 0.49 0.37 0.33 0.19 0.41 0.73 0.22 0.43 o.31 0 .. 39 
1926 o.64 Oo40 0.28 0.32 0.31 0.28 0.17 0.36 0.34 0.30 o.44 0.42 
1927 0.31 0.46 0.40 0.31 0.22 0.12 0.13 0.17 0.30 0.17 0.23 0.21 
1928 o.16 0.42 0.19 0 • .31 0~19 0.14 0~28 0.20 0.16 0.23 o.13 0.21 
1929 0.37 0.10 0.48 0.13 0.10 Oo32 0.25 0.09 0.10 o.os Oo28 0.14 
1930 0.17 o.44 0.10 0.17 0.18 0.11 0.20 0.26 0.12 0.36 0.25 0.24 
1931 0.35 o.s6 0 .. 09 0.09 0.11 0.25 0.19 0.21 0.36 0.39 0.21 0.38 
1932 Oo 213 0.22 0.33 0.22 0.31 0.27 0.07 0.23 0.27 0.34 0.07 0.23 
1933 0.17 0.14 0.25 0.47 0.33 Ool7 0.14 0.21 0.13 0.27 o.48 0.36 
1934 Oo33 0.39 o.19 0.32 6.29 0.28 0.16 0.21 0.22 0.17 0.20 0.29 
1935 0.31 0.42 o.79 0.17 o.41 0.52 o.os 0.19 0.09 Oo09 o.31 0.31 
1936 o.14 0.22 o.79 0.45 0 .. 30 0.15 0.17 0 .. 24 0.29 0.28 0.33 0.45 
1937 0 .. 27 0.56 0.21 0.35 0.36 0.18 0.33 0.26 0.13 0.11 0.20 0.47 
1968 0.10 0.17 0.15 0.16 
1969 o.4o 0.18 o.18 0.15 o • .1s OolO 0.06 0.16 0.13 0.13 0.10 0.27 

Mean Rain 
per wet day 0.32 0.32 0.32 0.28 0.2s 0.24 0.11 0.25 0.22 0.24 0.27 0.31 



TABLE 12: 

Month 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 
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NwnbeY' of rain days per month at Paerau/EZUot on which 

faZZs of specified amount aan be expected (1909-193?, 

1968-1969) 

Amount of Rainfall (inches) 

0.01- 0.11- 0.26- 0.51- 1.01- 2.01-
0.10 0.25 0.50 1.00 2.00 4.00 

3.37 2 .. 87 2.13 1.13 0.53 
3.10 1.93 lol7 0.93 Oo47 0.01 
2.93 2.47 1.60 0.90 Oo47 0.07 
3.87 2.23 1.63 1.03 0.23 0.13 
3.73 2.93 1.57 0.83 0.23 0.07 
3.30 2.80 2.07 0.70 0.10 
4.20 2 0 37 1.20 0.40 0.10 
3.23 2.57 1.40 0.70 0.17 Oo07 
4.16 2.48 1.16 0.81 0.13 
4.55 2.90 1.61 0.87 0.35 o.o3 
4.58 2.81 1.87 1.32 0.19 0.03 
3.71 2.52 2.06 1.23 0.55 0.06 

4,01-
6.00 

0.03 

0.03 
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TABLE' 13: E~"[)ected number of occurrences per month at Paerau/EUiot 

of wet periods of amount or duration equal to or exeeed1:ng 

'that specified (1909-193?; 1968-1969) 

Month p.mount of Rain per period (inches) 

0.01 o.os 0.25 o.so 1.,00 2.00 3.00 4.00 5.00 6.00 

January: 4.63 4.23 2.86 1.96 1.03 0.16 0.06 0.06 0.03 0.03 
February: 3.40 3 .. 23 2.00 1.33 0.86 0.19 0.09 0.06 0.03 

March: 4ol2 3.79 2.26 1.63 0.90 0.33 0.10 0.03 0.03 0~03 
April: 4.05 3. 72 2.19 1.59 0.96 0.26 0.06 0.03 

May: 4.15 3.62 2.29 1.39 0.66 0.23 0.13 0.03 
June: 3.89 3.56 2.13 1.56 0.56 0.16 0.03 0.03 Oo03 
July: 4.00 3.63 1.70 1.20 0.30 0.03 

August: 4.30 4.00 2.27 1.20 0.47 0.10 0.07 0.07 
September: 4.40 3.95 2.08 1.15 o.s1 0.03 

October: 4o58 4.19 2.64 1.45 o.77 0.16 Oo03 
November: 4o39 4.10 2.94 1.84 0.87 0.16 0.03 
December: 4o48 4.13 2.71 1.84 1.00 0.35 0.12 0.06 0.03 

Duration of period (days) 

Month 1 2 3 4 5 6 8 10 12 14 

January: 4.64 2.57 1.67 0.97 0.57 0.34 0.07 
February: 3.39 1.89 1.29 o.79 0.62 o.19 0.06 0.30 

March: 4.13 2.13 1.30 0.87 0.54 0.27 0.10 
April: 4~07 2.34 1. 77 0.97 0.47 o.3o 0.10 0.03 0.03 0.03 

May: 4.16 2.33 1.83 1.00 0.60 0.30 0.03 0.03 
June: 3.90 2.10 1.47 0.84 0.67 0.40 0.10 
July: 4.00 2o47 1.40 0.53 0.30 0.23 0.03 

August: 4.29 2.16 1.33 0.53 0.30 0.10 
September: 4.41 2.35 1.22 0~77 0.29 0.13 0.03 

October: 4.,58 2.64 1.70 0.96 0.48 0.32 0.16 Oe06 
November: 4.38 2.64 1. 77 1.45 a.so 0.48 Ool6 
December: 4.47 2.63 1.60 0.99 0.64 0.41 0.09 0.03 0.03 
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level of intensity is normal for this climatic zone, as are the higher 

intensity values from summer rainfall sources. The data are further 

amplified in Table 12 to show the number of daily falls of various 

amounts which can be expected in any one month. 

The Table shows the general features apparent in Table 11. 

However, it should be noted that in the interests of simplicity the 

figures displayed in the bulk of the Table are discrete amounts and 

only relevant to the rainfall ranges under which showne That is, a 

value sho\\rn in the 0.26-0.50 inch rainfall range is not included 

cumulatively under the 0.01-0.10 inch and O. ll·-0.25 inch ranges, 

although such an amount would obviously have fallen to give the higher 

range total. 

A high proportion of the daily rainfalls are less than Oo50 inch, 

particularly during winter. The higher mean rainfall per wet day in 

summer is caused by the greater number of falls in excess of 0.50 inch~ 

The greatest number of falls in the range 0.01-0.10 inch occur in July 

and the spring months September to November. Daily rainfalls in excess of 

two inches in winter are very rare, a little more common in spring and 

sununer months, and most common during autumn. Such a conclusion does not 

contradict that drawn previously on the reason for a higher mean rainfall 

per wet day during summer. Table 12 shows this to be valid, though only 

to the limit of 2.00 inch daily falls. 

Summer ground surface temperatures are often high in the Upper 

Taieri area, vegetation and soil surfaces parched, and evaporation losses 

greato As a result, light showers in this period serve little purpose 

for the provision of excess moisture for plant growth. To show the 

likely affect of this, a daily value of 0.25 inch of rain is chosen as 
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the minimum amour.t necessary to meet this provision for plant growth 

(Osborne, 1968)0 Table 12 thus shows that for the total number of 

rain days per month of all specified amounts, significant rainfall 

(in excess of Oe25 inch) was recorded on only 39 percent of the days 

in Dece~ber as a maximum, with a minimum value of 21 percent in July. 

However, expression of rainfall intensity as rain per wet day 

does not provide any indication of intensity within any one fall, or 

of the total received during a period of wet weather. Data on the 

first aspect are not available for the study area except for 1968-69, 

but for the latter can be obtained from.the daily rainfall records. 

Basinski {1960) concludes that the total rainfall received in a wet 

period is the primary factor which influences water penetration and 

runoff, rather than the rainfall received per wet day within the period. 

To examine this feature, Table 13 has been constructed from the measured 

daily Paerau/Elliot records for 1909-37 and 1968-690 

The Table expresses the expected wet period amounts or duration 

occurrences per month which equal or exceed that specifiedo A wet 

period is defined as a period of persistent wet weather which is broken 

by two or more consecutive rainless days. A single dry day within a 

wet period is not regarded as terminating the pe:i;iod. In this instanc.e 

the values give.n under both amount and duration are curnulatb.re. That 

isr occurrences listed under.an amount of 0.25 inch rain per period or 

three days duration, are ·also included in the 0.05 inch and 0.01 inch 

and the two and one day groups respectively. The reason is that the 

distributions presented are essentially "open ended". They are compiled 

on the ha.sis of being equal to or exceeding the value specified, but less 

than the next highest group. 
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The number of wet periods increase from 3.4 per month in late 

summer to 4.6 per month in spring. In all months about one-half of 

these periods are of two or more days duration. Except for March, 

August and September approximately one-third are three or more days, 

and only in March and November are about one-quarter of the wet periods 

of four or more days duration. The likelihood of wet periods greater 

than six days is small, particularly in win:ter, and in no month.can 

such periods be expected more than one year in fiveo The months in 

which the longest west periods occur are February, April, May, October 

and December. With the exception of May, in each of these months 

periods of eight days or longer can be expected at least one year in 10. 

The amount of rain received per wet period varies widely but only 

rarely exceeds 4.00 inches. In general the amount of rain per wet 

period is highest in summer and auturr~. However, in all months the 

rainfall in about one-half of the periods is less than a.so inch and 

in at least one-third of the periods comprises falls which total 

between 0.25 inch and 0.99 inch. In more than 90 percent of the 

periods the rainfall is less than 2.00 inches, but except for July is 

greater than 1.00 inch for more than 10 percent of the periods. 

Temperature: SeasonaZ distribution 

Until the installation of a maximum-minimum thermometer at Elliot 

in 1968, no temperature records were available from within the study area. 

However, an assumption of Elliot and Naseby State Forest record 

equivalence is found to be valid. The stations are located at the same 

altitude and Naseby State Forest is the closest station to the Upper 

Taieri area with a long-term continuous record. Network design by 

structural function analysis demonstrates that for point and areal 
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estimates of monthly and annual mean temperature to within 10 percent 

of actual at the 95 percent confidence level, the measured Naseby State 

Forest data quite adequately represent the Upper 'Iaieri area. Comparison 

of the measured post-1968 records for Elliot and Naseby State Forest 

further shows that the two stations have markedly similar characteristicso 

The results are given in Table 14 for the years 1968 and 1969. 

Although the mean monthly temperature regimes for both stations are 

very similar, some slight differences are apparent on closer examination 

of the other listed parameters. ¥,ax.imum and minimum temperatures are 

in general a little higher in summer for Elliot than for Naseby State 

Forest, and lower in winter. Mean daily maximum and minimum temperatures 

are generally lower throughout the year for Elliot, though for the period 

September 1968 to January 1969 the reverse is true for mean daily minimum 
. 

values. It is thus concluded that the characteristics of monthly mean 

temperature and range of mean daily temperature are very similar, though 

some differences are evident. when the extreme ranges are considered. 

Greater variability of the extremes (as defined by the range) is suspected 

for Elliot than has been previously recorded for Naseby State Forest. 

However, since the most extensive use likely for the long-term 

temperature data is for calculation of the evapotranspiration component 

in a water balance, it is on this basis that final comparison of data 

from the two stations is ma.dee With similar mean monthly temperature 

characteristics, the minor variations displayed by the extreme values 

are of little consequence in this analysis, though are acknowledged to 

be present. Potential evapotranspiration was calculated for Elliot 

and Naseby State Forest by the Thornthwaite (1948) method for each month 

of 1968 and 1969. The technique used was not entirely standard, however, 

but contained a built-in option of altitudinal corrections dependent on 



TABLE 14: 0 PaeT"au-Naseby State Forest temperatu:t'es ( F) (1968-1969) 

(a) Ma.zimwn temperature: (1968) 

J F M A M J J A s 0 N D - -
Paerau 58.0 63.0 69.0 78.0 
N.S.F. 86.0 88.5 83.0 74.0 67.8 54.8 51.6 59.2 61.0 66.0 69.0 76.6 

(b) Mini"rum temperature: (1968) 

Paerau 23.0 24.0 29.0 29.0 
N.S.L 31.0 29.4 36.0 26.0 24.4 20.4 11.S 19.8 23.0 20.6 28.0 28.0 

(c) Mean daily maximv.m tempeY"atUI'e: (1968) 

Paerau 49.7 54.4 59.0 66.7 
N.S.F. 69.7 71.9 67.9 54.4 53.6 44.4 40.4 49.0 52.3 56.5 60o5 64.4 

'° '° (d) Mean daily minimu.~ temperature: (1968) 

Paerau 32.0 34.6 39.l 41.5 
N.S.F. 43.9 44.8 46ol 35.0 35.3 27.1 23.6 29.5 31.4 33.6 37.4 39.5 

(a) Maximum temperatv.:l'e: (1969) 

Paera.u 80.0 83.0 77.0 72.0 65.0 54.0 51.0 59.0 66.0 70.0 79.0 79.0 
N.S.F. 78.3 82.0 76.5 70.0 66.0 53.4 53.7 60.6 67.4 72.0 80.5 80.2 

(b) Minimum temperature: (1969) 

Paerau 34.0 31.0 30.0 25o0 17.0 12.0 14.0 20.0 28.0 22.0 26.0 28.0 
NoS.F. 31.,5 29.5 30 .. 0 26.0 23.5 13.0 16.0 22.0 29.0 23.2 28.5 35 .. 0 



TABLE 14: Continued 

J F M A M J J A s 0 N D - - - -
(a) Mean daiZy maximum temperature: (1969) 

Paerau 66.3 69.7 65.3 56.4 48.0 42.9 43.5 50.2 56.7 55.6 68.5 67.9 
N.S.F. 67.3 68.4 66.0 56.7 49.5 43.6 44.5 50.4 57.2 56.5 68.5 68.5 

(d) Mean da.iZy minimum temperature: (1969) 

Paerau 43.l 40.0 40.0 33.5 28.3 23.0 24.0 28.0 34.9 32.4 40.1 42.1 
N.S.F. 42.8 41.8 41.8 36.2 32~5 25.1 26.8 33.7 35.9 34.8 41.1 44.2 

(a) Mean monthly temperature: (1968) 

Paerau 39.6 40.9 44.5 49.l 54.1 
N.S.F. 39.2 41.8 45.0 49.0 52.0 

(b) Mean monthly temperature: (1969) 0 
0 

Paerau 54.7 54.8 52.7 44.9 38.2 32.9 33.8 39.l 45.8 44.0 54.5 55.0 
N.S.F. 55.0 55.1 53.9 46.4 41.0 34.4 35.6 39.5 46.6 · 45.6 54.8 56.3 
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variable seasonal lapse rates (Coulter, 1967; Mark, 1965). Values 

of potential evapotranspiration could thus be computed for any specified 

altitude from one set of basic data at a known height above sea level. 

Results of the analysis are given in Table 15. The Table shows 

calculated values of potential evapotranspiration for Elliot and Naseby 

State Forest for the months August 1968 to November 1969, and for the 

cumulative 12 month period December 1968 to November 19690 Also shown 

are the theoretical differences in derived potential evapotranspiration 

between the two stations, for altitudes which vary frcm 1,800 to 3,400 

feet in 200 and 400 feet intervals. 

Monthly calculated differences remain essentially constant with 

increases in altitude, and for the period of record range from 0.00 to 

0.38 inch. Maximum differences occur in May and December. For the 

cumulative values over the period December to November, Elliot-Naseby 

State Forest differences vary from 0.25 to 0.51 inch (1.1 and 2.2 percent 

respectively of the calculated totals). 

On this evidence, it is concluded that the direct use of Naseby 

State Forest data to represent Elliot conditions would produce only a 

very minor but acceptable error in the calculation of water balance 

potential evapotranspiration values. 

Measured mean monthly, seasonal and annual temperature data for 

the com.bined station records at !50001 Naseby State Forest and Elliot 

to the period 1923-69, are thus presented in Tables 16 and 17 and in 

Figures 25{a) and 26(a). 

The temperatures show a well defined seasonal character with a 

summer maximumg Mean annual temperature is 46.3°F. Comparable 

mean seasonal values are 55.4°F for summer, 47.o°F in autumn, 36.1°F 
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TABLE 15: Comparison of Naseby State Fo1•est and Paerau (Elliot) 

monthly and annual potential evapotranspiration for 

parts 1968 «rid 1969 (inches) (P = Paerau; N = Naseby 

State Forest) 

A. 

Altitude Station A s 0 N D J F M -
1800 1 p 1.57 1.47 2.70 3.54 4.49 3.69 3o09 2.79 
1800 1 N 1.53 1.58 2.80 3.56 4.24 3.64 3.04 2.85 
2000' p 1.49 1.45 2.68 3.52 4.51 3.70 3.10 2.77 
2000 1 N 1.45 1.56 2.78 3.55 4.26 3.65 3.06 2.83 
2400 1 p 1.·35 1.38 2.62 3.49 4.49 3.63 3.04 2.72 
2400' N 1.31 1.51 2.74 3.53 4.25 3.58 3.00 2.79 
2800 1 p 1.18 1.30 2.57 3.48 4.50 3.56 2.98 2.68 
2800 1 N 1.12 L45 2.69 3.52 4~25 3.51 2.94 2o74 
3000' p 1.07 1.26 2.54 3.48 4.51 3.53 2.96 2.66 
3000' N loOl 1.41 2.68 3.53 4.27 3.48 2.91 2. 72 
3400' p o. 77 1.15 2.48 3.49 4.57 3.48 2.92 2o62 
3400 1 N 0.66 1.33 2.64 3.56 4.32 3.42 2.87 2.68 

A M J J A s 0 N Dec.-Nov. - - - ---
1800 1 p 1.59 o.78 0.22 0.34 1.00 1.46 1.92 3.50 24.87 
1800' N 1.68 1.00 0.33 0.49 0.98 1.47 2.04 3.45 25.,21 
2000' p 1.57 o.76 0.14 0.26 0.93 1.45 1.90 3.48 24.57 
2000' N 1.66 0.98 0.27 0.42 0.92 1.46 2.03 3.43 24 .. 97 
2400 p 1.52 0.68 0 0.04 0.81 1.40 1.83 3.42 23.58 
2400' N 1.61 0.92 0.11 0.27 0.80 1.42 1.97 3.37 24.09 
2800' p 1.46 0.57 0 0 0.67 1.36 1.75 3.37 22.90 
2800' N 1.56 0.85 0 0.04 0.67 1.38 1.90 3.32 23.16 
3000 1 p 1.43 0.51 0 0 0.58 1.33 1. 71 3.35 22. 57 
3000 1 N 1.54 0.81 0 0 0.58 1.35 1.86 3.30 22.82 
3400' p 1.37 0.34 0 0 0.33 1.28 1.62 3.31 21 .. 84 
3400' N 1..48 0.72 0 0 0.37 1.31 1.78 3.25 22.20 

B. Differenae in potential evapotl?anspiration for Paerau. and Nasehy State 

Forest at alt-itude indicated:-

Altitude A s 0 N D J F M 

1800' 0.04 0.11 0.10 0.02 0.25 a.as o.os 0.06 
2000 1 0.04 0.11 0.10 0.03 0.25 o.os 0.04 0.06 
2400' 0.04 0.13 0.12 0.04 0.24 0"05 0.04 0.07 
2800' 0.06 0.15 0.12 0.04 0.25 o.os 0.04 0.06 
3000' 0.06 0.15 0.14 o.os 0.24 Oo05 0.05 0.06 
3400' 0.11 0.18 0~16 0.07 0~25 Oo06 0.05 Oo06 

A M J J A s 0 N Dec.-Nov. --~·-
1800' 0.07 0.22 0.11 0.15 0.02 0~01 0.12 o.os 0.34 
2000' 0.09 0.22 0.13 0.16 0.01 0.01 0.13 0.05 0.40 
2400' 0.09 0.24 0.11 0.23 0.01 0.02 o.14 a.as o.s1 
2800' OolO 0.28 0 0.04 0 0.02 0.15 0.05 0.26 
3000' 0.11 o.3o 0 0 0 0.02 0.15 0.05 0.2s 
3400' 0.11 0.38 0 0 0.04 0~03 0.16 0.06 0.36 
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TABLE 16: EZUot/Naseby State Forest measv.:Y'ed mean monthly temperature 

record (°F) - Naseby State Forest (1923-68); R.A. W. Elliot 

(1969) 

Year J F M A M J J A s 0 N D - - - - - -
1923 52.1 51.5 51.1 43.6 40.5 36.3 28.9 34.9 43.7 45.4 56o2 57.2 
1924 58.6 57.6 52.3 51.7 42.0 36.3 36.3 38.1 46.6 49.9 52.8 53.0 
1925 57.6 53.9 50.l 47.7 38.7 32.7 35.7 34.9 39.2 46.8 48.0 53.0 
1926 56.l 52.9 52.0 51.9 39.1 37.7 35.9 37.1 43.6 44.9 46.6 52.2 
1927 57.3 55.7 50.8 45.8 39.7 29.9 35.2 35.5 41.3 45.9 46.3 53.2 
1928 56.9 57.9 54.1 49.2 40.2 36.0 37.5 38.3 42.4 46.5 49.7 52.5 
1929 54.6 55.4 52.0 46.9 39.0 38.2 34.8 38.2 44.2 50.9 50.8 51.4 
1930 52.7 57.2 50.0 47.3 41.6 35.2 32.3 35.1 40.3 43.8 46.3 54.3 
1931 53.6 55.1 52.0 45.8 43.4 35.2 33.6 36.4 39.0 47.6 51.0 54.2 
1932 52.6 54.6 52.2 48.7 40.8 36.6 39.0 35.8 41.8 47.4 50.4 52.5 
1933 56.1 56.8 53 .. 9 44.8 39.1 34.2 3_5.2 38.0 42.8 46.8 49.2 56.2 
1934 53.6 57 .5 51.1 49.3 39.8 37.4 33.2 37.6 43.0 47.4 53.4 60.6 
1935 58.0 59.6 55.1 48.5 39.9 35.4 33.6 39.2 39.0 46.0 48.0 59.3 
1936 56.2 55.0 47.0 49.8 41.0 39.2 35.7 41.0 43.0 48.4 49.2 53.9 
1937 53.4 52.3 53.9 46.8 43.8 34.4 35.2 40.4 42.8 47.2 54.2 57.6 
1938 60.0 62.1 57.0 51.8 43.2 36.4 30.1 38.6 44.0 49.5 51.0 51.7 
1939 53.3 56.8 56.0 49.0 42.8 40.0 32.5 34.8 43.4 46.2 52.0 56.6 
1940 57.6 52.3 52.3 45.0 40.8 38.0 36.8 40.2 43.7 47.6 49.2 56.6 
1941 57.6 58.1 54.4 46.2 42.9 32.0 35.8 34.4 44.0 46.8 50.4 52.1 
1942 55.5 53.6 51.7 48.4 42.1 38.8 35.9 39.8 44.5 49.6 50.8 52.6 
1943 55.9 55.8 50.9 47.6 40.0 37.2 31.3 34.8 40.3 46.1 52.7 55.6 
1944 56.8 54.6 51.0 4806 39.4 36.5 3608 38.5 42.2 46.9 49.3 50.8 
1945 56.5 54.8 51.2 47.7 39.2 34.0 33.2 40.6 42.3 44 0 1 52.9 48.0 
1946 55.4 56.6 54.3 47.6 42.2 36.7 38.4 40.0 43.7 45.8 44.0 51.8 
1947 54.8 55o0 56.6 45.8 43.l 35.7 34.3 40.8 46.6 53.9 56.2 
1948 59.8 56.5 53.2 45.6 41.2 35.5 37.2 39.2 42.4 46.8 48.7 55.9 
1949 53.8 58.3 51.1 44.0 39o5 3408 37.2 37.1 43.3 50.3 Slol 51.9 
1950 56.4 55.4 50.8 45o7 43.8 35.0 3606 35.4 44.2 49.1 52.0 53.8 
1951 54.8 54 .. 5 53.4 4508 38.3 31.6 35.8 38.4 43.4 46.2 49.6 50.6 
1952 53.6 56o4 51.4 47.3 40.0 34.6 32o7 39.0 44.2 48.4 48.0 
1953 54 .. 0 53.4 51.2 46.6 40.4 34ol 33.6 38.1 42.5 46.4 51.6 54.5 
1954 56.3 58.7 52.8 44.0 42.6 39.4 33.5 36.0 42 0 3 47.6 54.5 54.6 
1955 57.2 56.1 52.6 49.0 43.0 34.7 31.6 38.6 44.8 49.2 49.6 56.7 
1956 62.2 55~4 51.9 52.6 3906 37.5 34.1 37.2 43.6 47.4 49.5 53.2 
1957 56.0 58.0 55.4 47.2 40$8 38.0 33.3 37.8 43.l 44e7 53.0 51.2 
1958 53.5 56.8 53e7 44.6 40.3 38.l 31.2 38.0 42.1 so.a 53.4 54.6 
1959 59.6 56.2 53.1 48.9 35.2 37.6 36.2 37.6 44~2 44.2 52.4 55.8 
1960 58.9 55o2 49.4 46.4 40.8 35.8 37o4 37.4 41.8 48.8 49.8 53.0 
1961 57.0 56.l 50.0 46.9 40.0 35o2 34.6 36o9 40.4 52.1 51.6 58.2 
1962 59.8 54.9 53 .. 6 45.6 44~5 39.0 36.9 39.2 42.8 49.0 51.0 54.8 
1963 59 .. 2 57.2 51.1 44.0 42.3 33.2 32.4 35.7 42.0 so.a 47.9 51.6 
1964 53.4 55.9 51.9 46.2 38.6 35.9 36.7 38.2 43.4 46.7 50.l 56.6 
1965 56.6 53.0 51.6 46.3 39·. 5 37.2 32.6 36.2 44.4 46.3 49.4 54.4 
1966 54.9 59.6 55.6 49.0 38.8 36.6 34.2 37.1 43.0 48.0 49.3 53.3 
1967 56.2 56.6 54.0 47.7 43~2 37.2 35.6 4lo2 40.6 47.6 46.7 54.0 
1968 5608 58.3 57v0 44.7 44.4 35 .. 8 32.0 39.2 41 .. 8 45.0 49.0 52.0 
1969 54 0 7 54.8 52.7 44.9 38.2 32.9 33.8 39.l 45.8 44.0 54.5 53.4 
Mean: 56.2 55.B 52.4 47.3 40 .. 8 36 .. 0 34.7 37.6 42.8 47.4 50.5 54.,2 
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TABLE 17: EZliot/Naseby State Forest measured mea:n seasonal and 

annual temperature riecord 0 ( F) - Naseby State Forest 

(1923-68); Elliot (1969) 

Year Summer Autumn Winter Spring Annual 
(Dec-Feb} (Mch-May) (June-Aug.) (Sept. -Nev.} 

1923 52.6 45.1 33.4 48 .. 4 45.1 
1924 57.8 48.7 36.9 49~8 47.9 
1925 54.8 45.5 34.4 4-4. 7 44.9 
1926 54.0 47.7 36.9 45.0 45.8 
1927 55.1 45.4 33o5 44.5 44.7 
1928 56.0 47.8 37.3 46.2 46.6 
1929 54.2 46.0 37.1 48.6 46.4 
1930 53.8 46.3 34.2 43.5 44.7 
1931 54.3 47.l 35.1 45.9 45.6 
1932 53.8 47.2 37.1 46.5 46.0 
1933 55.l 45.9 35.8 46$3 46.l 
1934 55 .. 8 46.7 36.l 47.9 47.0 
1935 59.4 47.8 36.l 44.3 46.8 
1936 56.8 45.9 38.6 46.9 46.6 
1937 53.2 48.2 36.7 48.l 46.8 
1938 59.9 50.7 35.0 48.2 48.0 
1939 53.9 49.3 35.8 47.2 47.0 
1940 55.5 46.0 38.3 46.8 46.7 
1941 57.4 47.8 34.1 47.1. 46.2 
1942 53.7 47.4 38.2 48.3 46.9 
1943 54.8 46.2 34.4 46.4 45.7 
1944 55.7 46.3 37.3 46.1 46.0 
1945 54.0 46.0 35.9 46.4 45.4 
1946 53.3 48.0 38.4 44.5 46.4 
1947 53.9 48.5 36.9 47.8 47.1 
1948 57.5 46.7 37.3 46.0 46.8 
1949 56.0 44.9 36.4 48.2 46.0 
1950 54.6 46.8 35.7 48.4 46.5 
1951 54.4 45.8 34.1 46.4 44.9 
1952 53.5 46.2 35.4 46.9 45.8 
1953 53.9 46.1 35o3 46.8 45.5 
1954 56 .. 5 46.5 36.3 48.l 46.9 
1955 56.0 48.2 35.0 47.9 46.9 
1956 58.l 48.0 36.~ 46.B 47.0 
1957 55.7 47.8 36.4 46.9 46.5 
1958 53.8 46.2 35.8 48.5 46.4 
1959 56.8 45.7 37.1 46.9 46.8 
1960 56.6 45o5 36.9 46.8 46.2 
1961 55.4 45.6 35.6 48.0 46.6 
1962 57.6 47.9 38.4 47.6 47.6 
1963 57.1 45.8 33.8 46.6 45.6 
1964 53.6 45.6 36.9 46.7 46.1 
1965 55.4 45.8 35.3 46.7 45.6 
1966 56.3 47.8 36.0 46.8 46.6 
1967 55.4 48.3 38.0 45.0 46 .. 7 
1968 56o4 48.7 35.7 45.3 46.3 
1969 53 .. 8 45.3 35.3 48.1 45.7 
Mean: 55.4 47.0 36.1 46.9 46.3 
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in winter and 46.9°F for spring. Figures 25 and 26 also show the mean 

monthly, seasonal and annual temperature extremes for the period of 

measured record. The maximum mean annual temperature occurred in 

0 0 
1938 with a value of 48.0 F - 1.7 For 3.7 percent above average. 

The highest mean monthly temperature of 62.2°F in January 1956 is 10 

percent above the mean figure for January. Similarly, the maximum mean 

seasonal value recorded in summer 1938 of 59.9°F is 7.7 percent above 

the mean summer figure. 

To consider the minimum mean recorded temperatures, the 1927 and 

1930 mean annual value of 44.7°F is l.6°F or 3.5 percent below average. 

On a monthly basis the lowest mean monthly temperature of 28.9°F in July 

1923 is 17 percent below the July mean. 

0 33.4 F, recorded in winter 1923. 

The minimum seasonal value is 

The 1938 mean annual temperature maximum resulted from maximum 

recorded summer and autumn value.s, above average spring values, but below 

average winter temperatures.· Similarly, the 1927 and 1930 minimum mean 

annual temperatures were a direct consequence of minimum or near minimum 

winter and spring values. 

Although not discussed here, a comparison with the previously 

derived rainfall graphs (Figures 20 and 21) is of interest. The 

simultaneous study of such curves can be of .assistance when attempting 

to define the relative significance of the major climatic elements 

which contribute to either events of high or low mean flow in an area, 

or climatic drought occurrences. 

Temperature: Variability 

Cumulative departure curves from the mean are shown in Figure 27 

for the 1923-69 Elliot/Naseby State Forest mean annual and seasonal 
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temperatures. Their interpretation is as already described for 

similar preGipitation curves. 

The curves show an alternating series of years with above and below 

average mean annual temperature (46.3°F), with an average fluctuation 

periodicity of nine years for above average periods and 11 years for those 

years below average. Comparison of trends with those given by the 

precipitation data does not show any marked in or out of phase pattern. 

That is, for annual data at least, the association of either above or 

below average rainfalls with below average temperatures (or vice versa), 

is a matter of conjecture from the data presented. However, it is 

intended to continue this study at a later date though using data from 

the seasonal trends. A detailed investigation here of such an aspect 

is not considered relevant to the present study. 

Long-term fluctuations in the pattern of mean annual temperature 

are difficult to define with any degree of accuracy. However, Figure 

25 and temperature data from other stations in the same climatic region 

suggest that maxima have occurred in the early 1910s, late 1930s and 

early 1960s, with minima in the mid 1920s, and late 1940s. Over recent 

years these trends accord with those reported by Grant (1969), with the 

period 1963-69 of generally below average mean annual temperature and 

rainfall. 

Warm periods in the Upper Taieri area were 1903-11, 1934-42, and 

1954-62. Cooler periods of below average mean temperature comprised 

the intervening years 1912-33, 1943-53 and 1963-69. With Figures 27(a) 

and 27(b) dra\<m to the same time·scale, the rel::i.tive importance of 

seasonal values in the overall pattern of annual change can again be 

readily determined if needed. 
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Tenrperat'l.a'e: Frequency curves 

Frequehcy curves derived for the 1923-69 Elliot/Naseby State 

Forest record are shown in Figures 28 to 31. Figures 28 and 29 

display frequency curves calculated on a mean monthly, seasonal and 

annual basis for the 1923-69 record, while Figures 30 and 31 show 

monthly curves of maximum and minimum temperatures for the period 

1930-69. The latter graphs are included since they display readily 

usable frequency distributions of the monthly extremes. 

Of more immediate value to design problems would have been to 

plot the mean monthly, seasonal and annual evapotranspiration frequency 

curves instead of temperature. However, such a procedure would pre-

suppose a preference for a particular method of evapotranspiration 

derivation for the Upper Taieri area, which could well be proved in 

error when additional data became available. 

Temperature values for a stated occurrence frequency can be 

readily obtained from the presented curves, for subsequent use in any 

method of evapotranspiration derivation. This approach becomes of 

added importance for design purposes when the calculation of open 

water evaporation from known evaporation-potential evapotranspiration 

relationships is considered. 

StreamfZO/JJ: Seasonal distribution 

Water resource investigations and studies involve a determination 

of the source, extent, magnitude and dependability of water resources, 

and an evaluation of opportunities for control and development (Clark 

& Bruce, 1966). The most direct measure of the surface water resources 

of a region are records of streamflow. Measured runoff from drainage 

basins thus establishes the best basis for comparison of runoff character­

istics, provides a historic record for the station and furnishes a basis 
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on which to estimate the magnitude and distribution of future flows 

(Dawdy, et qZ. 1970}. 

All the available continuous flow records and discrete discharge 

measurements in the Upper Taieri area were collated from Ministry of 

Works summaries, and subjected to quality screening before analysis. 

Stage-discharge rating tables and other relevant site infor~ation for 

the six stations with measured data, are given in Table 18 and require 

no further discussion. 

To plan the utilisation of streamflow, the first requirement is 

a quantitative description of the flow characteristics. The character-

istics most indicative of the potential supply are the mean and variability 

of monthly and annual flows as obtained from continuous records at a 

gauging s~ation (Riggs, 1969}. Measured mean monthly, seasonal, January-

March, October-March and annual mean discharges and yields for the Taieri 

River at Paerau and Patearoa-Paerau Bridges, and the Loganburn at Paerau, 

are presented in Tables 19 to 22. The periocs of record available are 

1912-13, 1916-28, 1936-39, 1941-44 and 1947-50 for the Taieri River at 

Paerau Bridge, and 1966-69 for all three stationso 

Detailed discussion of the results is not intended at this point, 

though the data are important for engineering design pruposes. However, 

for the total catchment to Paerau Bridge average annual discharge is 

calcul~ted as 288 cueecs. On a monthly mean basis streamflow varies 

between a minimum of 2lo3 cusecs for March 1920 and a maximum of 1322 

cusecs for September 19390 Annual mean discharge varies between 126 

cusecs (1950} and 478 cusecs (1939}. The general characteristics of 

total catchment mean flows to Paerau Bridge are further presented in 

Figures 32 and 330 Similar curves are not shc~n for Patearoa-Paerau 

Bridge and the Loganburn because of the small amount of measured data. 
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TABLE 18: Stage-Dis~harge Rating Tables - 1/10 ft by cusecs 

1. Taieri River 743000 . at Pae11au Rd. Br. (site No. 74316); Reference 

S145:66?261; R.L. Zero 66.12 ft (Ass.) 

(a) Period 20.5.08 to 18.2.49: (R.L. Zero 68.12 ft Ass) 

G.H. (Ft) o.o 0.1 0.2 0.3 0.4 0.5 0.6 Oa7 0.8 0.9 

0 13 18 23 28 35 43 52 62 73 84 
·1 96 109 123 138 155 174 194 215 237 260 
2 284 309 335 362 390 419 449 479 509 539 
3 569 599 629 659 689 719 749 779 810 842 
4 874 906 938 970 1003 1036 1070 1105 1140 1175 
5 1210 1244 1279 1315 1352 1389 1427 1466 1506 1546 
6 1586 1626 1666 1707 1748 1789 1830 1871 1912 1953 
7 1995 2038 2082 2126 2171 2217 2264 2312 2360 2408 
8 2456 2504 2552 2600 . 2649 2698 

(b) Period 26.7.55 to 18.4.67: (R.L. Zero 66.12 ft Ass) 

1 
2 38 43 51 61 73 87 
3 102 118 135 153 172 192 212 233 254 276 
4 298 321 344 368 392 416 441 466 491 516 
5 542 568 594 620 647 674 702 730 

(~-= Staff gauge lowered 2.00 ft on 24.5.62. All gaugings for 
period 26.7.55 to 24.5.62 are plotted as G.H. -1· 2.00 ft) 

2. Taieri River ?43000 at Patearoa-Paerau Br. (74314); M.R. S145:6?53?4; 

R.L. Zero 1189.19 ft 

(a) Pe11iod 1.1.66 to 31.12.69: 

0 15 23 32 
1 43 54 65 76 88 100 112 124 137 151 
2 165 180 196 213 231 250 270 291 313 336 
3 360 384 409 434 460 486 512 539 566 594 
4 622 650 678 707 737 768 801 836 873 912 
5 953 996 1041 1088 1137 1188 1241 1296 1353 1413 
6 1477 1545 J.618 1695 1776 1860 1946 2034 2123 

3. Taieri River 743000 at Upper Styx Valley Bridge (74317); M.R. S33:5518; 

R.L. Zero 92.8? ft Ass. 

(a) Period 24.5.62 to 31.12.66: 

1 28 35 42 49 57 64 72 79 87 
2 95 103 111 119 128 136 145 154 163 173 
3 183 193 203 214 224 234 244 255 266 277 
4 298 300 312 325 338 352 366 381 396 412 
5 428 
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TABLE 18: Cont-inued 

(b) Period 1.1.6? to 31.12069: 

G.H. (Ft) o.o 0.1 0.2 0.3 0.4 0.5 0.6 o.7 0.8 0.9 

0 16 21 
1 26 32 38 44 50 56 62 69 76 83 
2 90 98 106 114 122 130 138 146 154 162 
3 171 180 189 198 207 216 225 234 244 255 
4 266 278 291 305 319 334 

(Notes: (1) Change in gauging cross-section on 5.l.67t 
(2) R.L. Zero changed to 92.73 Ft Ass. on 2.9.69. Rating 

Q equivalent to G.H. + 0.14 Ft from 2.9.69 to 31.12.69) 

4. Loganburn ?43860 at Paerau Br. (74346); M.R. 3144:62421?; 

R.L. Zero 91.40 Ft Ass. 

(a) Period 1.1.66 to 11.3.69: 

0 1.0 2.5 6.0 11.5 18.9 28.1 
1 39.0 51.6 65.8 81 97 115 135 157 181 206 
2 232 259 287 316 346 377 409 441 473 505 
3 537 569 601 633 665 698 731 

(b) Period 11.3.69 to 31.12.69: 

0 0.9 5.0 9.7 15.2 21.6 29.2 38.,0 47.8 
1 58.6 70.6 84 99 116 135 156 179 204 232 
2 262 292 323 355 388 422 457 

5. Styx Creek ?43840 at Paerau (?4345); M.R. 833:6?26; 

R.L. Zero ?6.9? Ft Ass. 

(a) Period 1.1.66 to 31.12.66: 

1 6 9 14 20 27 35 43 

(b) Period 1.1.6? to 24.?.6?: 

1 5 7.5 10 15 21 

(c) Period 24.7.67 to ?.9.67: 

1 6 9 14 20 27 35 43 

{d) Period ?.9.67 to 22.?.68: 

0 3.5 6 
1 9 12 16 22 28 36 45 55 65 75 

(e) Period 22.?~68 to 31.12.69: 

0 3.8 6.5 
1 9.7 13.3 17.S 22.4 29.2 37.7 46.8 56.7 67.5 80.5 
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TABLE 18: Continued 

6. Serpentine Creek 743870 at McDonald's Br. (?4347); M.R. S33:5724; 

R.L. Zero 88066 Pt Ass. 

(a) Period 24.5.62 to 31.12069: 

G~H. (Ft) o.o 0.1 0.2 0.3 0.4 o.s 0.6 0.7 a.a 

1 
2 1. 70 1.80 1.90 2.10 2.30 2.60 3.00 3.40 3.90 

·3 s.20 6.00 6.90 7.90 9.10 10.5 12.1 13.9 15.9 
4 20.4 23.3 26.9 31.4 37.o 43.8 52.0 61.8 73.4 

0.9 

1.60 
4.50 

18.0 
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TABLE 19: Taieri River at Paerau Bridge measUPed mean discharge 

record (cusecs): 1912-1913; 1916-1928; 1936-1939; 

1941-1944; 1947-1950; 1.6.66-31.5.69 

(catchment area above station - 233 square miles) 

Year J ·F M A M J J A s 0 N D - - -
1912 158 151 296 157 408 625 395 324 620 831 549 175 
1913 91.0 106 200 286 457 379 320 573 702 440 398 531 
1916 106 79.4 105 124 141 193 230 373 584 302 287 95.9 
1917 50.6 237 155 106 377 420 211 168 369 486 149 238 
1918 222 61.9 242 196 321 476 177 548 647 616 511 375 
1919 533 316 58.6 295 197 349 424 534 539 489 285 270 
1920 145 27.8 21.3 39.5 103 361 610 279 458 557 484 131 
1921 34.5 5106 125 296 306 231 256 388 333 352 2,2 157 
1922 286 86.9 169 234 199 105 143 204 332 173 266 355 
1923 248 171 207 475 622 235 194 269 939 506 157 45.4 
1924 54.0 31.6 27.1 35.1 137 170 180 305 258 325 185 67.0 
1925 61.6 27.7 103 189 114 53.8 326 391 587 936 329 434 
1926 118 281 220 131 496 250 198 263 612 586 456 405 
1927 174 96.7 212 396 527 167 396 289 559 558 387 181 
1928 78.3 44.6 34.4 234 215 107 443 198 322 831 354 112 
1936 90.l 76.5 268 317 460 197 285 465 785 439 408 511 
1937 358 641 670 468 873 430 214 603 559 437 256 129 
1938 126 22.1 21.5 53.7 162 371. 224 289 395 345 327 507 
1939 426 199 102 90.8 204 328 320 345 1322 llOO 951 343 
1941 110 103 159 242 264 320 317 406 508 483 556 524 
1942 406 221 269 376 290 219 253 379 374 461 487 304 
1943 172 69.0 254 245 305 186 124 153 671 748 349 91.3 
1944 25.9 187 171 436 227 452 450 568 458 458 355 440 
1947 338 96.7 77.6 96.0 96.0 109 149 236 388 667 248 109 
1948 96.0 96.0 96.0 95.6 111 120 149 116 151 367 220 177 
1949 38.9 44.7 169 188 123 260 527 281 293 400 108 so.a 
1950 74.0 66.7 48.7 98.0 40.9 93.1 242 154 286 153 102 151 
1966 135 272 258 440 206 147 248 
1967 68.6 44.6 52.3 85.8 484 301 168 173 283 190 226 111 
1968 45.6 43.3 253 550 262 402 221 394 457 623 305 99.6 
1969 66.0 79.6 86.8 338 379 

Mean: 160 125 162 229 297 268 281 331 508 502 337 246 
Mean: 
(inches) 

0.792 o.559 o.ao1 1.097 1.469 1.283 1.390 1.638 2.432 2.484 1.614 1.217 

{maxima and minima underlined) 
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Taieri Riven? at Paerau B17idge measured mean seasonal 

discharge record (cusecs): 1912-1913; 1916-1928; 

1936-1939; 1941-1944; 1947-1950; 1.6.66-31.5.69 

Year Dec-Feb Mch-May Jun-Aug Sept-Nov Jan-Mch 
(Summer) (Autumn) (Winter) (Spring) 

Oct-Mch Annual* 
(Calendar yrs) 

;1912 
1912-13;1913 

;1916 
1916-17;1917 
1917-18;1918 
1918-19;1919 
1919-20;1920 
1920-21;1921 
1921-22;1922 
1922-23;1923 
1923-24;1924 
1924-25;1925 
1925-26;1926 
1926-27;1927 
1927-28;1928 

;1936 
1936-37;1937 
+_937-38; 1938 
1938-39;1939 

;1941 
1941-42;1942 
1942-43;1943 
1943-44;1944 

; 1947 
1947-48;1948 
1948-49;1949 
1949-50;1950 

1966/1967 
1967/1968 
1968/1969 

Mean: 
Mean (inches/ 

month): 

124 

124 
178 
411 
150 

73.0 
180 
261 

43.9 
52.9 

277 
229 
102 

498 
94.8 

383 

389 
185 

99.6 

100 
88.4 
63.7 

123 
67.0 
81.8 

175 

0.856 

288 
314 
123 
214 
254 
182 

54.7 
242 
200 
434 

66.7 
135 
284 
378 
160 
349 
673 

79.3 
133 
221 
311 
268 
276 

89.8 
101 
160 

62.1 
209 
353 
267 

229 

1.122 

446 
424 
266 
264 
399 
437 
417 
292 
151 
233 
219 
259 
237 
285 
251 
317 
416 
294 
331 
348 
284 
154 
490 
165 
128 
357 
164 
223 
213 
338 

293 

1.437 

668 
513 
390 
336 
592 
438 
500 
319 
256 
534 
256 

· 621 
552 
502 
506 
543 
418 
355 

1124 
515 
441 
591 
424 
437 
248 
268 
180 
264 
233 
463 

450 

2.177 

203 
133 

97~2 
145 
179 
302 

65.6 
71.0 

184 
210 

37.7 
65.4 

204 
163 

52.6 
146 
553 

57.8 
244 
124 
301 
168 
127 
173 

96.0 
85.5 
63.0 
55.5 

116 
77.4 

150 

o.717 

(* 1966 to 1969 data from 1 June to 31 May) 

(Maxima and minima underlined) 

328 

187 
236 
402 
208 
232 
222 
238 
138 
130 
388 
325 
215 

503 
167 
3~b 

412 
294 
262 

220 
171 
126 
129 
145 
212 

248 

1.245 

391 
375 
218 
247 
367 
358 
269 
234 
214 
339 
148 
298 
33:i 
330 
249 
359 
469 
238 
478 
334 
337 
281 
352 
218 
150 
208 
126 
205 
217 
288 

288 

1.398 
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TABLE 21: Taieri River at Patearoa-Paerau B1•idge measured mean dir;charge 

record (cusecs): 1. 6. 66-31. 5. 69 (CatchJnent area above station -

(a) 

Year 

1966 
1967 
1968 
1969 
Mean: 

285 ·sq miles) 

Mean monthly data: 

J F M A 

73.3 48.4 56.5 91.4 
49.5 47.l 266 575 
70. 7 85.0 92.5 354 
64.5 60.2 138 340 

M 

50.6 
275 
396 
392 

Mean(ins): 0.261 0.220 o.558 l.331 1.586 

(b) Mean seasonal and annual data: 

Year 

1966/67 
1967/68 
1968/69 
Mean: 
Mean 

(ins/month} : 

Dec-Feb ----
(Surmner) 

130 
71. 7 
87o2 
96.3 

0.377 

March-May Jun-Aug. 
(Autumn) (Winter) 

219 234 
370 223 
280 354 
290 270 

1.158 1.083 

(* Data from 

J J A s 0 N D 

143 285 271 459 216 155 259 
315 177 182 297 200 238 117 
421 232 413 478 651 320 106 

293 231 289 411 356 238 161 
1.147 0.934 1.169 1.609 1.440 0.932 0~651 

Sept.-Nov. Jan-Mar. Oct. -r-'.ar. Annual* __ ,_ 

(Spring) 

276 59.7 136 215 
244 122 153 228 
484 82.6 222 302 
335 88.1 170 248 

l.327 0.346 0.677 0.984 

1 June to 31 May) 

TABLE 22: Loganburn at Paerau measured mean discharge recm."'d ( cusecs): 

1.6.66-31.5.69 (Catchment area above station - 58 sq miles) 

(a) Mean monthly data: 

Year J F M A M J J A s 0 N D -
1966 28.2 41.4 45.0 74.2 51.2 20.1 30.4 
1967 16.8 6.0 6.9 14.2 67.4 56~4 32.2 25.l 53.4 28.4 55.9 23.6 
1968 7.2 4.7 78.0 120 56.5 125 58.9 102 70.6 102 37.5 11.9 
1969 22.7 2.6 1.5 30.6 62.6 
Mean: 15.6 4.43 28.8 54.9 62.2 69.8 44.2 57.4 66.1 60.5 37.8 21.9 

Mean(ins): 0.310 0.080 0.572 1.055 1.235 1.341 0.878 1.140 1.270 1.201 o. 726 0.435 

(b) Mean seasonal and annual data: 

Year Dec-Feb March:~ Jun-Auq. §ept.-Nov. ,Tan-Har. Oct.-Mar. AnnuaJ'~ --- ---- -.--.... -
(Summer) (Autumn) (Winter) (Spring) 

1966/67 18.2 29.7 38.3 48.5 10.l 22.2 33.7 
1967/68 12.0 84.4 37.7 45.7 30.5 33.l 45~0 
1968/69 12.8 31.6 94.7 70.5 9.2 30.2 52.6 
Mean: 14.3 48.6 56.9 54.9 16.6 28.5 43~8 
Mean 

(ins/month): 0.275 0.954 1.119 1.066 0.321 0.554 0.854 

(* Data from 1 June to 31 May) 



,. 

V) 

u 
UJ 
V) 

::> 
u 
I 

UJ 
(!) 

122 
1500,------------------1500 

Max. monthly 
o:: 1000 1000 
<( 

:r: 
u 
V) -
0 

>-
__J 

:r: 
·.f-
z 
0 
2 

z 500 <( 500 
UJ 
2 
:, 
<( 

0:: 
UJ 
<( 
a.. 

Min. monthly 

0-t----t----+---+--t---+---+---------if----+---4-----1-0 
J FM AM J JASON D 

MONTHS 

500 

100 t----+--+--t---+--+--i-----+---+-----l-_.__+---+-100 
1910 1920 1930 1940 1950 1960 1970 

Y EARS 

FIGURE 32: Paerau Bridge mean annual and mean monthly discharge 
distribution (1912-13; 1916-28; 1936-39; 1941-44; 
1947-50; 1966-69) 
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Streamflow shows a well defined seasonal pattern, though the 

marked spring maximum and summer minimum do not reflect the presented 

mean rainfall distribution for the area. Mean spring rainfall is only 

0.80 of the summer mean rainfall, but mean spring runoff for the total 

basin is 2.6 times sunnner mean discharge. The spring maximum is 

undoubtedly the result of thaw and sno'WITlelt from the upper catchment, 

releasing winter accumulated precipitation and moisture from surface 

storage. Kidson (1950) reports that snowfall frequency in the Upper 

Taieri area varies from above 15 to above 30 days per year dependent 

on altitude. Snowfall is mainly concentrated in the period May-

September, though the frequency and amount vary considerably from 

year to year. However, contrary to the conclusion of Haupt (1960) 

from studies in Idaho, it cannot be concluded from the data available 

that rainfall at the time of spring thaw has created a more critical 

peak runoff condition than snowmelt alone in the Upper Taieri area. 

Recent studies by Hutchinson & Simmers (1971) of individual flood 

hydrographs recorded at the Paerau Bridge gauging station reveal a 

further characteristic of total catchment outflows, which reflects the 

signigicant modifying influence on net system output imposed by catchment 

storage. From time of travel estimates, flood hydrographs are abnormally 

attenuated for a basin of this size. Peak discharges occur a.t the Paerau 

Bridge between two and four days after each rainstorm recorded at Elliot. 

Figures 32 and 33 further demonstrate the runoff extremes for the 

period of record. The 1939 mean annual runoff maximum resulted from 

maximum recorded spring flows whtch followed above average mean winter 

discharges, though the basic causes are largely unexplained by the 

precipitation records already described. The causes could well have 

been a combination of an isolated rainfall event unrecorded by the Paerau 
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gauge, the demonstrated above average winter precipitation accumulation, 

below average winter temperatures and above average spring temperatures 

(Figures 21 and 26}. 

The second highest maximum (1937), resulted from peak mean flows 

for summer and autumn, though the mean winter and spring values which 

followed were only average. Reason for the event is sho~m by Figure 

21, where summer 1937 is seen to have had the second highest rainfall 

on record for that season. The annual rainfall maximum in 1919 produced 

high winter runoff, but only a secondary maximum in the mean annual 

discharge record. The maximum mean winter flow recorded in 1933 was 

caused by above average precipitation and temperatures, but on an annual 

basis produced a runoff value which was only moderately above average. 

The 1950 minimum recorded mean annual discharge resulted from 

minimum or near minimum flows for all seasons, but although the rainfalls 

recorded for autumn, winter and spring were below average, the summer 

falls were slightly above average. Although not recorded, :i.t is 

concluded from the general flow characteristics that the 1911 minimum 

annual rainfall would not have produced minimum flow values for the year. 

Rainfalls were lowest during the period of least mean flow and approximately 

average for winter and spring. Other comparisons which relate recorded 

flows to mean temperature and rainfall over the long-term record can 

be made as desired by reference to the presented graphs. 

Careful study of such curves can give a valuable insight into the 

basic hydrology of any river basin, and in this instance gives some 

indication of the approxiITate likely magnitude of mean seasonal or annual 

flows not recorded. Figures 20 and 21 suggest that high flow conditions 

could be expected for 1945, 1955, 1957, 1958, 1961 and 1963. The 

existence of such conditions has been confirmed by do'l<mstream discharge 

records and flood reports. 
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StreamfZow: Variability 

The measured data for Paerau Bridge show that mean monthly runoff 

is more variable in the summer and autumn months than for the remainder 

of the year. Maximum variability generally occurs in the period 

December to March, doubtless due to the type of rainfall experienced 

during this period and the state of soil moisture levels at the time 

of runoff producing rains. There is a tendency for the variability 

to have a negative correlation with mean flow amount, in that months 

which show higher rnean flows have the lower variabilities and vice versa. 

Cumulative departure curves from the mean are given in Figure 34 

for the Paerau Bridge mean seasonal and annual flows. The curve deriv-

ation and principles of their use are as described for the precipitation 

and temperature records. The curves show an alternating series of 

years with above and below average mean annual discharge, which generally 

reflects the trends already found for precipitation. The broken record 

limits the value of Figure 34 and as such the direct determination of 

short- and long-term fluctuation periodicities, without use of the 

rainfall data, has not been attempted. 

However, it can be seen that periods of below average mean annual 

discharge occurred during the late 1940s to at least 1950 (c.f. below 

average annual rainfalls for the period 1946-54) and again from the 

middle to late 1960s. Some recovery of the most recent trend is evident 

during 1968, but current records indicate that the below average condition 

has subsequently resumed up to at least early 1971. 1968 provides only 

a temporary respite. With figures 34 (a) and (b) dravm to the same tilne 

scale, the relative importance of individual seasonal values in the 

overall pattern of annual change can again be readily determined. 
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StreomfZow: Frequency curves 

Percentage exceedence curves of mean monthly, seasonal and 

annual discharges for the Paerau Bridge station are given in Figures 

35 and 36. When used with caution the curves may be used to indicate 

possible return periods of known mean flows, or conversely, to determine 

the mean flow values for stated return periods. 

In all but three months (January, February and March) there is a 

50 percent chance that a total catchment mean monthly outflow of at 

least 200 cusecs will be recorded. The chance of recording mean monthly 

flows in excess of 300 cusecs is much lower, though in all months this 

amount can be expected in about 10 percent of years. Mean monthly flows 

in excess of 650 cusecs are infrequent, and occur only in September and 

October more often than 10 percent of the time. For the lower mean 

monthly flows, January-March record values of less than 100 cusecs for 

up to 35 percent of the time. 

From the seasonal and annual curves of Figure 36, in approximately 

fifteen of the thirty years of record mean annual discharge varies between 

250 and 350 cusecs - a fluctuation range of 100 cusecs between lower and 

upper quartile values. Further, in 90 percent of years the mean annual 

flow exceeds 200 cusecs. Mean seasonal discharges also vary between 

moderate limits, and values of less than 50 cusecs at the Paerau Bridge 

can be expected in only one year out of twenty. In three-quarters of 

the years the total basin mean summer flows can be expected to exceed 

75 cusecs and spring mean flows 330 cusecs. 

Comparison of the above data with the long-term average flow values 

given in Tables 19 and 20, demonstrates the dangers of accept.i.ng long-

term average discharges for use in engineering design. The data in 
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Figures 35 and 36 display skewed distributions about the long-tenn mean. 

Further, there is a tendency for a strong positive correlation between 

the degree of skewness and the data variability - months of greatest 

variability show the greatest departure from a normal distribution. 

The skewness decreases as the time interval increases, and is less for 

mean seasonal discharges than for the individual monthly values. The 

mean annual data display an almost normal distribution about the long-

period mean. 

From the results obtained it is thus suggested that the median 

discharge is a more meaningful statistic than the mean for purposes of 

engineering design and logical comparison of catchment flow characteristics. 

However, a major problem is that the median is not as readily calculated 

as the mean, and this tends to reduce its inunediate value. 

For example, Figure 35 shows that for mean February discharges at 

Paerau Bridge, the flow equals or exceeds 73 cusecs for 50 percent of 

the time!" However, the average mean monthly discharge for February 

is calculated as 125 cusecs, and the Figure shows that this value is 

equalled or exceeded only 30 percent of the time over the period of 

record. That is, for 70 percent of the total period the mean February 

flow is less than the calculated Iong-term average. Other monthly or 

seasonal values may be calculated as required from Figures 35 and 36 

and Tables 19 and 20, though the 40 percent negative departure of the 

median value from the long-term mean displayed by the February data is 

the maximum experienced for this station. 

PRECISION OF PARAMETER E'STIM4TES AND CO/v!PARISON rvITH 
REQUIRED PRECISI01V LEVELS 

Gener•al: 

The previous data presentation format provides valuable basic 

information on parameter estimates for design purposes and also gives 
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a necessary insight into the general hydrology of the Upper Taieri 

area. However, if records are short the parameters may be poor 

estimates of the population parameters. Ultimate value for engineer-

ing design can thus only be achieved when the available measured data 

are considered in terms of the first study objective. That is, to 

what degree of precision are the parameters estimated, and how does 

this compare with the required precision levels? 

Statistical. parameters considered at this stage are the mean, 

standard deviation and coefficient of variation of measured monthly, 

seasonal and annual station precipitation, temperature and streamflow. 

Measured extreme values are considered separately. Also calculated 

for each variable is the number of samples required to achieve a 

stated precision level. 

For the sake of simplicity the data are at this stage considered 

to be either normally or log-normally distributed and without serial 

correlation. Hutchinson (1969(a)) has concluded that monthly and 

annual rainfalls are distributed normally and follow the Central Limit 

Theorem. Similar results are also demonstrated for mean annual rm1off 

by Haan (1972), Hardison (1969) and Fiering (1963). Analysis of the 

Upper Taieri data by the probability plotting technique outlined by 

Montgomery & Hart (1971), shows that the distributions of monthly, 

seasonal and annual precipitation and temperature data are normaL 

Distributions of mean seasonal and annual streamflows are also found 

to be normal, whilst the mean monthly flows are log-normally distributed. 

In all cases except for the mean _monthly streamflows, the hypothesis 

of a normal distribution could not be rejecte.d by a Chi-square test of 

normality (Snedecor & Cochran, 1969)0 



133 

The assumption of true randomness in the data is of course incorrect. 

Consecutive values of the variables considered will usually not be 

independent, and to accord strictly with the laws of statistics it is not 

permissable to apply to such a population the calculations based on 

properties of random distributions of independent datao Nevertheless, 

it is probably justifiable in this instance to treat the data as if 

they were independent, since consecutive mean monthly values in each 

series are separated by an interval of 12 months and are therefore 

similar in nature to the annual series. Serial correlation coefficients 

for both the monthly and annual values are thus likely to be low -

Yevdjevich (1961) shows that coefficients to the order of 0.2 are 

characteristic of mean annual streamflow series. For an account of 

the effects of autocorrelation on effective length of record and 

information content of the mean, reference should be made to Matalas & 

Langbein (1962). 

A brief survey of the statistical formulae used at this stage 

to estimate the population parameters required by the first study 

objective, is as follows: 

(i) The arithmetic mean of a sample of n items, each of which has a 
n 

numerical value x., is given by X = l. E 
1 ni=i 

and has a standard error (SEx) of s ;.;;; 

Sis the sample standard deviation. 

(ii) The variance of the sample is defined by 
n 

x. 
1 

s2 = ..l E (x. - x} 2 
n-1. 1 

J.=i 
(iii)The sample standard deviation is given by it';2, and has a 

standard error (SEsd) of s //2n 

(iv} Another commonly used measure of variability is the 

coefficient of variation, defined as Cv = s/x ~~~~~~ 

and has a standard error (SE ·) of~ • ll+2cv2 
CV 12n 

(4) ' 

(5) • 

(6) • 

(7) • 

(8) , 

(9). 
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Although the above formulae assume stationary time series of 

independent, normally distributed data, they are used for each of the 

presented measured records including the mean monthly streamflows. 

Where interest lies principally in estimates of record variability and 

accuracy of the mean, Hardison (1969) shows that it is quite valid to 

assume normality for log-normally distributed data. He demonstrates, 

inte~ atia, that the relationship between Cv and SEx is independent of 

distribution type, and that the determination of SEx for monthly and 

annual streamflows can be achieved even if the data are assumed to be 

normally distributed. Further, if the logarithms of independent 

events are normally distributed, the coefficient of variation of the 

events can be estimated from Iv, the standard deviation of the coI!Lrr;on 

logarithms, by the expression Cv2 = exp [c2. 3026 Iv) ~J -1. This 

relationship is adapted· from an equation given by Chow. (1964). 

· (v) If sampling frequency is to be established on a sound scientific 

basis it is vital to un.derstand the relationships between precision 

and the number of samples required to obtain it. The relationship 

is well established for normal and log-normal distributions. To 

estimate the mean of a normal distribution with precision P, at a 

stated level of confidence, the number N, of samples required is 

(ks/P}2 (10). 

k is a coefficient whose magnitude depends on the confidence level choseno 

However, when n is less than about 30, the calculation should be made 

with t for (n-1) degrees of freedom instead of k, in order to correct 

for the error in estimating standard deviation from a small sample. 

The value of N required to define the arithmetic mean of log-normally 

distributed data, with a stated precision and confidence levelt is given by 

N = [-k_f_s _ ____ l 
Jog qlt - log iJ ··------- (11). 
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f is a correction factor which depends on the percentile of the 

distribution at which the mean occurs (Table 23). Log x is the common 

logarithm of the arithmetic mean, and q 4 the upper confidence limit of 

a given percentile (Montgomery & Hart, 1971). 

instead of k when n is less than about 30. 

Again t should be used 

TABLE 23: Values off for given percentiles (After Montgomery & Hart, 

1971) 

Percentile 50 40 30 20 16 10 5 1 
(median) 

60 70 80 84 90 95 99 

f 1.25 1.27 1.32 1.43 1.52 1.71 2.09 3.67 

The value of N is only an estimate whose accuracy depe!'lds on the 

accuracy with which s predicts the true dispersion of results for the 

sampling period. s cannot be expected to give a necessarily accurate 

prediction however well it represents the dispersion of the existing 

data. In general, the prediction will be best when sis calculated 

from as many results as possible. Another source of error is that 

the basic formulae used to calculate N are strictly only applicable 

when the data are independent. 

Precipitation: 

Results of the required statistical analyses on data listed in 

Tables 9 and 10 for Paerau/Elliot measured rainfalls, are shown in 

Tables 24 and 25. 

The general seasonal characteristics shown in Figures 20 and 21 

are again evident and need no further comment. For monthly and 

annual rainfalls, variabilities as given by the coefficient of variation 



TABLE 24: Monthly mean r-ainfaZZ par-ameter-s for stations I59491 Paerau (1908-40) and Elliot (1968-69) aombined 

J F M A M J J A s 0 N D 

n (yrs): 33 33 33 33 33 33 33 33 34 35 35 35 
Mean (x)ins: 2 . 99 2.37 2.62 2.50 2.28 . 2.13 1.43 1.89 1.77 2.53 2.60 3.15 

SEx: 0.28 0.29 0.29 9.24 0.23 0.25 0.14 0.25 0.15 0.23 0.20 0.27 
Std. Deviat'n (S): 1.66 1.67 1.68 1.43 1.33" 1.45 0.84 1.47 0.93 1.37 1.23 1.63 

SEsd: 0.20 0.20 0.20 0.17 0.16 0.17 0.10 0.17 0.11 0 . 16 0.14 0.19 
Coe ff. var w (Cv) ; 0.55 0.10 0.64 o.57 o.ss 0068 0.58 0.77 0.52 0.54 0.47 o.51 

SEcv: OoOB 0.12 0.10 0.08 0.09 0.11 0.09 0.13 0.07 0.08 0.06 0.07 
SEx as% x: 9.36 12.2 11.1 9.60 10.1 11.7 9.79 13.2 8 .. 47 9.09 7.69 8.57 

N (yrs): 32 51 41 33 35 48 35 62 28 30 23 27 

Notes: (i) see equations (4)-(10) for derivation of x, SEx, s, SEsd, cv, SEcv, and N 
(ii) N = (t0.05 s/p) 2

, where p = 20% of x at 95% confidence level; t0.05 = 2.032 (34d.f.); 
2.034 (33d.f.); _2 .. 036 (32d.f.). 

TABLE 25: Seasonal and annual mean rainfaZZ par-ameters for stations I59491 Paerau 

(1908-40) and EZZiot (1968-69) combined 

n (yrs): 
Mean (x) ir1s :· 

Sex: 
Std. Desriat'n (S): 

SEsd: 
Coeff. var.(Cv): 

SEcv: 
SE.x as% x: 

N (yrs): 

Notes: (i) 
(ii) 

Summer Autumn Winter Spring Annual 

33 33 33 34 33 
8.56 7.51 5.66 6.93 28.28 
0.51 0.49 0.39 0.31 1.05 
2.96 2.90 2.31 1.85 6.07 
0.36 0.35 0.28 0.22 o.74 
0.34 0.38 0.41 0.22 0.21 
0.04 o.os o.os 0.03 0.02 
6.0J. 6.61 7~00 4.57 3.73 

12 15 17 7 5 

see equations (4)-(10) 

N = ~t0.05 s/p)
2

, where again p = 20% of x at 95% confidence level; 
t0.05 = 2.036 (32d 0 f.); 2.034 (33d.f.) 

w 
°' 
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accord with the pattern of percentage variabilities obtained by Seelye 

(1946) for the general area. On a seasonal basis, winter has the 

highest value of Cv and spring the lowest. There is a slight tendency 

for the variability to have a negative correlation with the average 

rainfall amount, in that the wetter months have lower varia.bility than 

those in the drier season. 

The degree of precision to which the parameters are estimated from 

the measured data is obtained from the calculated standard error values 

of the mean, and standard deviation or coefficient of variation. 

Discussion as to how the precision of these estimates compares with the 

required precision levels, is restricted here to consideration of the 

monthly, seasonal and annual means. Shown in Tables 24 and 25 are 

values of SEx in terms of percentage of the mean, and from equation (10} 

the number of years required to achieve the required precision level. 

· If needed similar calculations may be made for the standard errors of 

standard deviation and coefficient of variation, by the transformation 

of equations (7) and (9). 

The precision level suggested as necessary is for estimates of 

the mean to within 20 percent of actual at the 95 percent confidence 

level. The analyses confirm the overall results already presented 

during estimation of optimum network density by means of the structural 

function. Mean seasonal an9 annual station precipitation may be 

estimated from the measured data with standard errors of less than 10 

percent. In fact the stated criterion could be satisfied by five 

year I s records for an annual mean, and by up to 17 year' s data fo:c a 

seasonal mean. 

Results for the monthly data are less promising. Table 24 shows 

that six of the twelve months from the 33 to 35 year record contain 
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standard errors in excess of 10 percent. Further, calculations of 

N suggest that up to 60 years of record may be required to achieve 

the stated criterion for all months. Alternatively, the chosen 

allowable error must be considered too stringent a criterion with 

respect to estimates of population paramete.rs of mean and variability 

at a point in the study area. 

TemperatUPe: 

Results of analyses on data listed in Tables 16 and 17 for Naseby 

State Forest measured mean temperatures, are given in Tables 26 and 27. 

Again the previously demonstrated seasonal characteristics of the area 

are evident. Variability as given by the coefficient of variation has 

a winter maximum and spring minimum. Of interest is that the winter 

maximum is associated with the greatest seasonal rainfall variability, 

while the spring minimum occurs with the lowest seasonal rainfall 

variability. 

Discussion bn the degree of precision to which the required 

parameters are estimated from the measured data, and how the precisions 

of these estimates compare with the levels stated as necessary, is again 

largely restricted to consideration of the mean monthly, seasonal and 

annual values. The required precision for estimates of mean temperature 

is to within 10 percent of actual temperature at the 95 percent confidence 

level. Again the results of Tables 26 and 27 confirm the general 

conclusions drawn during estimation of optimum network density by means 

of the structural function. 

Mean monthly, seasonal arid ,annual station temperature may be 

estimated from the measured data with standard errors of less than five 

percent. In fact the calculated standard errors given by SEx are all 



TABLE 26: Monthly mean temperatur>e parameters for station I50001 Naseby State Forest (1923-67) 

J F M A M J J A s 0 N D - - - - -
n (yrs): 45 45 45 45 45 45 45 45 44 45 45 44 

- 0 56.1 55.9 52.5 47.3 40.8 36.0 34.7 37.6 42.7 50.4 Mean (x) F: 47.4 54.1 
SEx: 0.34 0.31 0.29 o.32 0.27 0.31 0.33 0.28 0.24 0.28 0.36 0.37 

Std. Deviat'n (S): 2.31 2.10 2.01 2.17 1.87 2.13 2.23 1.91 1.60 1.88 2.48 2.50 
SEsd: 0.24 0.22 0.21 0.22 0.19 0.22 o.23 0.20 0.17 o.19 0.26 0~26 

Coe ff. var. (Cv) : 0.04 0.04 0.04 0.05 o.os 0.06 0.06 o.os 0.04 0.04 a.as o.os 
SEcv: 0.004 0.004 0.004 o.oos 0.005 0.006 0.006 0.005 0.004 0.004 0.005 0.005 

SEx as% x: 0.60 0.55 0.55 0.67 0.66 0.86 0.95 0.74 0.56 0.59 o. 71 0.68 
N (yrs): 0.7 0.6 0.6 1.0 0.9 1.4 1.7 · 1.0 0.6 0.6 1.0 0.9 

Notes: (i) see equations (4)-(10) for derivation of x, SEx, s, SEsd, Cv, SEcv, and N 
(ii) N = (t0.05 s/p) 2

, where p = 10% of x at 95% confidence level; t0.05 = 2.018 (42d.f.); 
2.016 (43 d.f.); 2.015 (44d.f.) 

TABLE 27: Seasonal and annv..czl mean temperature parameters for station I50001 Naseby State Forest (1923-6?) 

n (yrs}: 
- 0 Mean (x) F: 

SEx: 
Std. Deviat'n (S): 

SEsd: 
Coe ff. var. (Cv) : 

SEcv; 
SEx as% x: 

N (yrs): 

Notes: 

Sununer Autumn --- -~.~-

45 45 
55.4 46.9 
0.25 0.19 
1.68 1.25 
0.1s 0.13 
0.03 0.03 
0.003 0.003 
0.45 0.40 
0.4 0.3 

(i) see equations (4) - (10) 

Winter 

45 
36.l 
0.21 
1.38 
0.15 
0.04 
0.004 
0.57 
0.6 

Spring 

45 
46.8 

0.20 
1.33 
0.14 
Oa03 
0.003 
0.42 
0.3 

Annual 

45 
46.3 

0.12 
0978 
OeOS 
0.02 
0.002 
0.25 
0.1 

..... 
w 
-0 

(ii) N = (t.0.05 s/p) 2 , where again p = 10% of x at 95% confidence level; t0.05 = 2.015 (44d.f.) 
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less than one percent, and for all time intervals considered the 

stated criterion could be satisfied by only two years of records. 

However, similar calculations for the station data variability 

estimates suggest that the complete measured record is needed to meet 

the required precision criterion. It is concluded, therefore, that 

the available measurements of temperature do permit estimates of the 

station monthlyv seasonal and annual mean and variability at the 

required precision level. 

St11eamjlo1J: 

Results of analyses on data listed in Tables 19 to 22 for Paera.u 

Bridge, Patearoa-Paerau Bridge and Loganburn measured discharges, are 

shown in Tables 28 and 29. 

The well defined seasonal characteristics shown by Fig"tires 32 and 

. 33 are again evident. For the Paerau Bridge data, values of Cv suggest 

that mean monthly runoff is more variable in summer and autumn than 

during the remainder of the year. Again, Cv values show the tendency 

for the Paerau Bridge streamflow variability to have a negative correlation 

with mean flow amount. 

Calculated values of mean and variability given for Patearoa-Paerau 

Bridge are obviously inconsistent with the long-term Paerau Bridge data. 

The differences doubtless arise from the small sample available for 

analysis. Results from.both the Patearoa-Paerau Bridge and Loganburn 

stations must therefore be used with considerable caution •· the likely 

errors involved are given by the listed standard errors of the mean, 

standard deviation and coefficient of variation. 

Consideration of the precision of parameter estimates and comparison 

with required levels, is again centred around discussion of the mean 



TABLE 28: Monthly mean disaharge parameters for stations Paerau Bridge (1912-13; 1916-28; 1936-39; 

1941-44; 1947-50; 1.6.66-31.5.69), Patearoa-Paerau Bridge (1.6.66-31.5.69) and Loganburn 

(1.6.66-31.5.69) 

A. Paer-a:u Bridge 

J F M A M J J A s 0 N D -
n (yrs): 30 30 30 30 30 30 30 30 30 30 30 30 

Mean(x) cfs: 160 125 162 229 297 268 281 331 508 502 337 246 
SEx: 24o2 22.6 23.1 25.9 33.7 25.1 22.0 24.8 42.l 41.0 31.4 28.8 

Std. Deviat'n (S): 133 124 127 142 185 138 121 136 231 225 172 158 
SEsd: 17.1 16.0 16.3 18.3 23.8 1788 15.6 17.5 29.8 29.0 22 0 2 20.4 

Coeff. var. (Cv): 0.83 0.99 o.78 0.62 0.62 0.51 0.43 0.41 o.45 0.44 0.51 0.64 
SEcv: 0.16 0.21 0.14 0.10 0.10 0.08 0.06 0.06 0.06 0.06 0.08 0.11 

SEx as% x: 15.1 18.1 14.3 11.3 11.3 9.40 7.86 7.50 8.30 8.18 9.31 11. 7 
N (yrs): 94 134 84 52 53 36 25 23 28 27 35 56 

B. Patearoa-Paerau Br-idge -.ll,. -n (yrs}: 3 3 3 3 3 3 3 3 3 3 3 3 
Mean (x) cfs: 64.5 60.2 138 340 392 293 231 289 411 356 238 161 

SEx: 7.56 12.4 64.6 139 66.4 80.8 31.1 66.9 57.4 148 47.6 49.2 
Std. Deviatin (S): 13.1 21.5 112 242 115 140 54.0 116 99.4 256 82.5 85.3 

SEsd: 5 .. 35 8.78 45.7 98.8 46.9 57.2 22.0 47 .. 3 40.6 104 33.7 34.8 
Coeff. varo(Cv): 0.20 0.36 0.81 0.71 0.29 0.48 0.23 0.40 0.24 0.72 0.34 0.53 

SEcv: 0.08 0.16 0.50 0.41 0.14 0.24 0.09 0.19 0.10 0.42 0.15 0.27 
SEX as% x: llo7 20.6 46.8 4Ll 16.9 27.6 13.5 23.2 13.9 41.5 20.0 3006 

N (yrs): 25 77 400 306 52 139 33 97 35 313 73 170 

c. Loganburn 

n (yrs): 3 3 3 3 3 3 3 3 3 3 3 3 
Mean (x) cfs: 15.6 4.43 2808 54.9 62.2 69.8 44.2 57.4 66.1 60.5 37.8 21.9 

SEx: 4.52 0.99 2406 32.8 3.15 28.7 7.85 23.0 6.41 21.8 10.3 5.40 
Std. Deviat'n (S): 7.82 1.71 42.7 56.9 5.46 49.8 13.6 39.9 11.1 37.7 17.9 9,.36 

SEsd: 3.19 0.10 17.4 23.2 2.23 20.3 5.55 16.3 4.53 15.4 7.31 3.82 
Coeff. var~(Cv): 0.50 0.39 1.48 1.04 0.08 On71 0 .. 31 0.70 0.17 0.62 0.47 o.43 



TABLE 28: Continued 

SEcv: 
SEx as% x: 

N (yrs}: 

Notes: 

J 

0.25 
9o67 
152 

(i) 
(ii) 

F M A M J J A s 0 N · o - -
0.18 1.40 o.76 0.03 0.41 Ool4 0.40 0.07 0.34 0.23 0.20 
7 .42 28.S 59.8 5.07 41.2 17.8 40.l 9.70 36.0 27.3 24.7 

90 1334 651 5 309 57 293 17 236 136 111 

see equations (4)-(11} for derivation of x, SEx, S, SEsd, CV, SEcv, and N 
N = (t.0.05.f.s./log q 4 -logx) 2

, where p = 20% of x at 95% confidence level; 
t0.05 = 2.045 (29d.f.}; 4.303 (2d.f.); f given by Table 23 

TABLE 29: SeasonaZ and annual mean disaha:rge pa:rameters for stations Paerau Bridge (1912-13; 1916-28; 

1936-39; 1941-44; 1947-50; 1.6.66-31.5.69); Patea:roa-Paerau Bridge (1.6.66-31.5.69) and 

Loganburn (1.6.66-31.5069) 

A. Paerau Bridge 

SUITu""!ler Autumn Winter. spring Oct-Mar. Jan-Mar. Annual 

n (yrs): 25 30 30 30 25 30 30 
Mean (x) cfs: 175 229 293 450 248 150 288 

SEx: 25.2 23.9 17.9 33.2 20.0 18.9 16.1 
Std. Deviat'n {S): 126 131 98 .. 4 182 100 104 88.2 

SEsd: 17.8 16.9 12.7 23.4 14.1 13.4 11.3 
Coe ff. var ~ (Cv): o. 72 0.57 0.33 , 0.40 0.40 0.69 0.30 

SEcv: 0.14 0.09 0.04 0.06 0.06 0.12 0.04 
SEx as% x: 14.4 10.4 6.13 7.38 8.06 12.6 5.59 

N (yrs): 55 34 12 17 17 50 10 

B. Patea:roa-Paerau Bridge 

n (yrs): 3 3 3 3 3 3 3 
Mean (x) cfs: 96.3 290 270 335 170 88.l 248 

SEx: 17.4 43.9 41 .. 9 75.,0 26o3 18.2 27.1 
Std. Deviat'n (S): 30.2 76.0 72. 7 130 45 .. 5 31.5 46.9 

_. 
,I:>.. 

"" 



TABLE 29: Continued 

·sUinn'ler · ·Autumn ·winter spring - ·oct-Mar. ·Jan-Mar. Annual 

SEsd: 12.3 31.0 29.7 53.1 18.6 12.9 19.l 
Coeff. var. (Cv): 0.31 0.26 0.27 0.39 0.27 0.36 o.19 

SEcv: 0.14 0.11 0.12 0.18 0.12 0.16 0.08 
SEx as% x: 18.l 15.1 15.5 22.4 15.4 20.6 10._9 

N (yrs): 45 32 33 70 33 59 16 

c. Loganburn 

n (yrs): 3 3 3 3 3 3 3 
Mean (x) cfs: 14.3 48.6 56.9 54.9 28.5 16~6 43.8 

SEx: 1.94 17.9 18.9 7.85 3.26 6.93 5.49 
Std. Deviat'n (S): 3.37 31.0 32.7 13.6 5.65 12.0 9.51 

SEsd: 1.38 12.6 13.3 5.55 2.31 4 .. 90 3.88 
Coeff. var.(Cv}: 0.24 0~64 0.57 0.25 0.20 o. 72 0.22 

SEcv: 0.10 0.35 0.30 0.11 0.08 0.42 0.09 
SEx as% x: 13.6 36.8 33.2 14.3 11.4 41.7 12.5 

N (yrs): 25 188 153 28 18 242 22 :,.. 
w 

Notes: (i) see ~~e;ions (4)-(9) and (11) 
(ii} N =( ·P • 5

) 2 , where again p = 20% of x at 95% confidence level; 
t0.05 = 4.303 (2d.f.); 2.064 (24d.f.}; 2.045 (29d.f.) 
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monthly, seasonal and annual discharge values. Although values of SEx 

in terms of percentage of the mean have been calculated for the monthly 

data from equation (5) for normal distributions, it should be noted that 

the equivalent values of N have been calculated from equation (11) for 

log-normal distributions. 

The precision criterion suggested as necessary is for estimates of 

mean discharge to within 20 percent of actua.l discharge at the 95 percent 

confidence level. Results for the Paerau Bridge analyses are considered 

first. Mean annual, winter, spring and October-March discharges may be 

estimated from the 25 to 30 years of measured data with standard errors 

of less than 10 percent. For these time intervals the error criterion 

could be satisfied by no more than 17 years records. However, for summer, 

autumn, and approximately half the months, standard errors in estimating 

the mean exceed 10 percent. 

For all seasons and for every month except February, the available 

measured data at Paerau Bridge would allow estimates of the mean to 

within 30 percent at the 95 percent confidence level. However, such 

errors are probably too high for normal acceptance in the engineering 

design of water resources projects (Cislerova & Hutchinson, 1973). 

Population estimates to within 20 percent at the 95 percent probability 

level could theoretically be achieved by an increase in record length. 

The calculated values of Nin Tables 28A and 29A suggest that although 

such a solution is reasonable for the seasonal values and some months, 

it is quite impractical for the months December to March. For 

practical reasons it is evident 1:-hat a less stringent error criterion 

must be accepted for these summer and early autumn monthso As an 

alternative, the allowable error should perhaps be a stated discharge 

value, rather than a percentage of the mean. 
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Results from the Patearoa-Paerau Bridge and Loganburn analyses 

may be considered together. Reliable estimation of mean monthly, 

seasonal or annual discharge is not possible for either station to 

within the allowable error criterion given the available measured 

data. Although little reliance should be placed on the listed 

numerical values of N, the clear implication is that both records are 

of insufficient length. Standard errors of up to 42 percent are 

shown for the Loganburn mean seasonal discharges, and up to 22 percent 

for the Patearoa-Paerau Bridge data. Monthly standard error values 

are considerably higher, and reach 60 percent for the Loganburn and 

47 percent for the Patearoa-Paerau Bridge record. In some instances 

the sample standard deviations exceed the value of the mean. It is 

thus concluded that only for Paerau Bridge do the available measurements 

of mean discharge allow estimates of at least some of the monthly, 

. seasonal and annual parameters at the required precision level. 

EXTREME VALUES - PRECIPITATION, TEMPERATURE, DISCHARGE 

Precipitation: General 

The occurrence frequency of various rainfall amounts is important 

in applications such as the assessment of the susceptibility of soils 

to erosion and in aspects of engineering design. Most cmmnonly used 

in studies of this type is the annual series of extreme values. Data 

for such an analysis are more readily available than for a partial­

duration series, and there is a good theoretical basis to extrapolate 

annual series data beyond the range of observation. 

Limitations of annual series data are that each year is represented 

by only one event and the accuracy of any analysis of extreme values is 

determined by the length of available record. Extrapolation can involve 

considerable errors. For long return periods the short record has a 



146 

large error and computations cannot be taken as precise estimates. 

In this study, depth-duration-frequency curves have been calculated 

for Paerau using the available daily rainfall data for the period 1909-37. 

For comparative purposes, two methods have been used to derive the curves 

- as described by Seelye (1947) and Robertson (1963). Both are based 

on the theory of extreme values proposed by Gumbel (1958). The theory 

and calculation methods are well documented and need not be repeated 

here. 

The limited nature of available data from the area precludes 

calculation of rainfall depth and frequency values with a duration of 

less than one day. Analysis is thus restricted to the maximum one, 

two and three day rainfalls for Paerau presented in Tables 30 to 32. 

PPeoipitafion: Seelye method (1947) 

The method is a modification of Gumbel's theory of extreme values 

and involves the calculation of u and k values in the equation 

X = (u ± 8u) + (k ± 8k) log T ~~~~~~~ 
T 

( 12) , 

where X is the required rainfall, u and k are statistical parameters 

estimated from the annual rainfall maxima, Cu and ck are the standard 

errors in u and k, and T the recurrence interval in yearso Such an 

equation is suitable when T is at least unity, though to give results 

satisfactory for most purposes Robertson (1959) concludes that it is 

only applicable where records in excess of 20 years are available. 

From the data presented in Tables 30 to 32, calculations on an 

annual and seasonal basis have been made of XT for T equals, l, 2, 5, 

10, 20, 50 and 100 years for the durations (t) one, two and three days. 

Table 33 gives the results of this analysis, and shoW3 computed values 

of X and klogT for the indicated recurrence intervals T, and also u, k, 
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TABLE 30: Maximum 1 day rainfalls - Paerau (inches) (1909-193?) 

Year J F M A M J J A s 0 N D - - -
1909 0.70 o.72 1.30 0.59 0.39 0.70 0.45 o.53 0.22 1.45 o.54 0.74 
1910 0.48 1.50 0.42 o.77 0.20 Oa42 o.48 0.35 1.03 2.44 o.58 o. 96 
1911 1.30 0.22 0.41 0.40 0.47 Oo58 o.4o 0.79 0.60 0.15 3.02 0.53 
1912 o.so 0.78 o.s2 0.50 Oo30 0.80 0.65 0.45 o.45 lo20 a.so 0.22 
1913 1.11 0.37 1.25 Oa63 o.5o Oa29 0.82 1.76 0.10 0.95 1.27 2.17 
1914 0.97 1.85 1.13 Oa43 0.97 1.96 0.12 0.11 o.56 0.22 0.85 0.56 
1915 o.42 1.38 0.63 0.50 0.80 0.61 o.13 0.13 0.31 1.06 o.75 0.91 
1916 1.33 0.89 1.21 0.62 0.62 0.49 0.72 0.52 0.76 0.42 1.64 D.47 
1917 0.44 0.30 0.96 0.77 2.31 0.40 0.39 0.29 0.71 1.07 On91 0.96 
1918 1.75 0.76 1.24 0.92 0.55 0.60 0.85 1.08 0.57 o .. 56 0 .. 76 1.47 
1919 1.95 0.31 0.27 2.63 0.49 1.17 0.56 2.38 1.53 0.24 0.79 1. 57 
1920 1.57 0.89 0.38 0.84 o.56 0.35 1.14 0.62 lo95 0.21 1.37 2.42 
1921 0.55 0.89 0.82 0.53 0.39 0.83 o.46 0.56 0.37 0.86 0.31 2.00 
1922 1.40 0.63 0.63 0.66 0.64 0.47 0.47 o.so 0.40 0.82 0.64 1.36 
1923 1.04 0.82 0.96 2.85 2.22 0.73 o.o.o 0.68 0.64 0.40 0.89 lol3 
1924 0.52 3.11 1.37 2.06 0.68 0.52 0.62 0.19 0.66 1.98 0.67 0.89 
1925 0.82 1.20 1.88 0.92 0.66 0~37 1.14 2.94 0.85 1.46 o.94 0.93 
1926 1.47 1.07 0 .. 55 0.75 0.59 0.69 0.24 0.76 0.95 0.95 1.12 1.05 
1927 1.05 1.25 1.90 1.05 0.90 0.20 0.41 0.43 0.94 0.64 0.80 On53 
1928 0.21 1.47 0.36 1.20 0.30 0.30 0.50 0.51 0.43 0.85 0~35 0.36 
1929 0.60 0.18 2.05 0.24 0.19 0.61 1.30 0.16 0.30 0.05 0.46 0.48 
1930 0.87 o.ss 0.10 0.51 a.so 0.30 a.so 0.70 0.40 1.09 o. 77 1,.05 
1931 1.12 ,. 1.84 o.17 0.25 0.47 a.so a.so 0.92 0.92 0.93 0.53 1.15 
1932 0.83 0.51 L38 1.07 le21 0.61 0.11 0.48 0.64 1.29 0.16 0.66 
1933 0.79 0.41 0.75 2.10 1.58 0.35 0.37 0.58 0.39 1.85 1.08 1. 77 
1934 0.91 0.88 0.83 1.56 1.27 1.55 a.SB 0.42 0.75 0.57 0.80 a.so 
1935 1.24 1.55 4.31 1.03 1.90 4.41 0.08 0.45 0.22 0.20 0.85 1.10 
1936 0.29 0.82 2.20 1.29 1.90 0.30 0.41 0.90 0.97 0 .. 70 1.49 1.73 
1937 0.85 2.12 a.so o. 76 1.35 0.71 o.56 0.53 0.31 0.37 0.54 1.41 
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TABLE 31: Maximum 2 day rainf at Zs - Paerau (inches) (1909-193?) 

Year J F M A M J J A s 0 N D - -
1909 0.90 0.12 1.59 1.11 0.39 1.20 0.55 0.77 0.32 1.81 0.59 0.74 
1910 0.57 1.63 0.52 0.95 0.30 0.62 o.58 0.35 1.33 3.01 Oa58 1.01 
1911 1.32 0.22 o. 79 0.49 0.47 0.88 0.46 0.79 0.66 0.21 3.32 1.03 
1912 o. 79 0.90 0.97 0.60 0.40 0.95 0.97 0652 0.57 1.28 o.so 0.42 
1913 1.41 o.45 1. 71 0.69 0.55 0.52 0.82 2.46 0.10 1.05 1.32 ·3.44 

1914 0.97 1.92 1.38 0.60 1.24 2.63 0.20 0.19 0.67 o.43 0.85 0.87 
1915 0.56 2.10 0.90 o.56 1.09 1.07 0.13 0.25 0.31 1.06 0.84 0.93 
1916 1.72 1.00 1.66 0.66 0.80 0.65 o. 72 o. 79 1.35 o.42 1.64 0.47 
1917 0.44 0.40 1.20 0.86 2.40 0.61 0.39 0.36 1.36 0.39 0.91 1.54 
1918 1. 75 0.82 1.78 0.92 0.55 0.88 1.44 1.57 1.04 0.65 1.06 1.47 
1919 3.82 0.31 0.30 2.79 0.76 2.11 1.01 2.57 1.75 0.24 0.93 1.66 
1920 1.57 0.98 0.38 1.41 1.03 o.64 1.35 0.88 2.18 0.28 1.37 2.83 
1921 1.01 0.98 1.32 a.as 0.39 1.21 0.78 0.69 0.37 0.93 0.36 2.00 
1922 2.06 0.63 o.73 a.so 0.64 0.47 0.69 0.60 0.45 0.92 1.00 1.89 
1923 1.17 0.87 1.19 4.48 3.68 0.73 o.oo 1.21 0.64 0.40 1.06 1.13 
1924 0.93 3.35 1.37 2.59 0.92 0.82 0.62 0.19 0.11 1.98 0.67 0.89 
1925 1.08 1.43 2.03 1.05 o.73 o.56 1.19 4.11 1.08 2.21 0.94 1.20 
1926 2.28 1.08 0.87 1.04 0.83 0.95 0.24 0.76 0.95 1.13 1.53 1.68 
1927 1.35 1.25 1.90 1.36 0.99 0.20 0.52 0.69 1.03 0.94 1.11 0.53 
1928 0.40 1.47 o.47 1.20 0.53 0.48 o.66 o.s1 o .. 43 0.96 0.37 0.63 
1929 1.04 0.32 2.63 0.30 0.23 1.51 1.99 0.22 0.40 o.os 0.86 0.88 
1930 1.02 0.85 0.10 0.51 a.so 0.35 1.00 0.79 o.59 1.30 0.94 1.13 
1931 2.07 '2.20 0.25 0.35 0.63 0.55 o.53 1.16 0.92 0.93 o.53 1.38 
1932 0.96 0.51 1.47 1.34 1.50 1.03 0.13 0.56 0.64 1.29 0.26 0.66 
1933 0.92 0.78 o.75 2.10 2.36 0.60 0.12 0.93 0.40 1.86 1.83 2.65 
1934 1.53 1.45 0.98 1.62 2.04 0.47 o.79 0.74 o.75 0.57 0.90 lo25 
1935 1.60 2.76 5.63 1.09 2.00 5.01 0.15 Oo80 0.39 0.20 1.53 L57 
1936 0.29 1.34 3.36 1.29 2.09 0.30 o.77 1.04 1.02 1&37 2.49 2 .. 23 
1937 0.85 2.24 0.65 1.42 1.35 0.90 0.67 L04 0.31 0.39 0.55 2.21 
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TABLE 32: Maximum 3 day rainfaUs - Paerau (inches) (1909-193?) 

Year J F M A M J J A s 0 N D - - - - - -
1909 1.04 0.72 1.69 1.11 0.39 1.27 0.55 0.77 0.32 2.02 lel2 o.74 
1910 0.57 lo63 0.52 1.06 0.45 0.62 0.68 Oo35 1.53 3.01 0.58 l.36 
1911 1.32 0.32 0.79 0.54 0.47 0.88 Oo60 o.79 0.66 0.29 3.37 1.33 
1912 o.79 0.96 1.02 0.60 0.40 1.10 0.97 0.52 Oo67 1.64 0~70 a.so 
1913 1.44 0.64 1.86 1.09 o.55 0.64 0.87 2.84 0.10 1.05 L36 3.51 
1914 0.1s 1.95 1.38 0.60 1.43 2.72 0.20 0.28 0.99 Oo47 0.85 0.87 
1915 0.56 2.38 0.90 0.56 1.29 1.42 0.19 0.25 0.31 1.24 0.84 0.93 
1916 1.79 1.31 1.66 1.13 0.86 o.79 a.so 1.00 1.44 0.45 1.76 0.47 
1917 0.44 0.40 1.20 0.85 2.40 0.61 0.39 0.38 L59 1.58 0.91 1.67 
1918 1.75 0.86 2 0 41 0.92 0.83 0.88 1.62 Io57 1.34 0~81 1.09 1 0 47 
1919 4.28 0.31 0.30 2.86 0.97 2.44 1.15 3.32 1.65 0.34 lo07 2.49 
1920 1.57 0.98 0 . 38 1.62 1.21 0.64 1.35 o.ss 2.43 0.24 1.76 ~.83 
1921 1.12 OQ98 1.32 1.32 0.66 1.44 1.02 o.69 Oo57 0.93 0.47 2.35 
1922 3.46 Oc.70 o.76 0.80 0.64 0.47 0.81 0.98 0.56 0.92 1.26 2.22 
1923 1.17 0.87 1.19 4.60 4.17 o.73 o.oo 1.21 0.64 0.40 1.06 1.34 
1924 0.93 3.48 1.37 2.70 1.03 0.82 0.62 0.19 0.71 1.82 0.67 0.89 
1925 1.08 1.63 2.03 1.05 o.73 o.56 1.19 4.29 1.08 2.42 1.06 1.20 
1926 2.28 1.43 0.87 1.04 0.83 0.95 0.24 0.97 1.32 1.38 1.53 1.99 
1928 o.51 1.47 0.47 1.45 0.11 0.53 0.78 0.51 0.48 1.12 0.36 0.49 
1929 1.04 0.32 2.63 0.30 0.39 1.90 2.23 o.33 0.40 0.05 1.31 0.8B 
1930 1.06 0.85 0.10 0.62 a.so o.39 1.00 0.79 0.63 1.81 1.04 1.15 
1931 2.53 2.29 0.2s o •. 35 0.63 o.71 0.10 1.16 0.77 0.94 0.53 1.38 
1932 0.96 0.51 1.47 1.73 1.56 1.24 0.13 0.81 0.64 1.30 0.26 0.66 
1933 0.94 0.89 0.1s 2.10 2.48 0.65 0.76 0.93 0.40 1.86 1.83 3.,67 
1934· 1.53 1.84 1.13 1.76 2.75 1.55 0.84 0.81 0.75 0.62 0.90 1.25 
1935 1.91 2.86 5.73 1.09 2.89 5.02 0.15 0.92 a.so 0.35 2.03 1.57 
1936 0.29 1.39 3.36 1.15 2.10 0.30 0.87 1.13 L02 1. 37 2.59 2.23 
1937 1.66 2.30 0.85 2.07 1.35 0.99 Oo67 1.04 0.31 0.39 o.ss 2.21 
1927 1.35 1.25 2.10 1.56 1.07 0.20 o.56 o.72 1.04 0.96 1 .. 17 0.62 
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TABLE 33: Seelye depth-duration-frequency analysfs for Paerau rainfalls 

(X = u + k log T) 

A. 24 hour rainfalls: 

(1) Annual (2) Spring (September-November) 

T k log T X l.14X T k log T X l.14X - -
1 o.o lo 777 2.03 1 o.o 0.933 1.06 
2 0.3811 2.158 2.46 2 o. 31.l lo244 1.42 
5 0.8849 2.662 3.04 5, 0.121 1.654 1.89 

10 1.266 3.043 3.47 10 1.032 l.965 2.24 
20 1.647 3.424 3.90 20 1.343 20276 2.60 
50 2.151 3.928 4.48 50 1.753 2.686 3.06 

100 2.532 4.309 4.91 :i.00 2.064 2.997 3.42 
u=l.777; k - 1.266 u = 0.933; k = 1.032 

ou = o.134o;ok = 0.2045 OU= o.1092;ok = 001667 

(3) Summer (December-February) (4) Autumn OJarah-May) 

T k log T X 1.14X T k log T X l.14X 

1 o.o 1.297 1.48 1 o.o 1.151 1.31 
2 0.308 l.605 1.83 2 0.481 1.632 1.86 
5 p. 716 2.011 2.29 5 1.116 2.267 2.58 

10 1 0 025 2.319 2.64 10 1.597 2.748 3.13 
20 1.333 2.627 3.00 20 2.078 3.229 3.68 
50 1. 741 3.033 3.46 50 2.713 3.864 4.41 

100 2.050 3.347 3.82 100 3.194 4.345 4.95 
u = 1.297; k == 1.025 u = 1.151; k == 1.597 

OU= o.1104; ok = 0.1685 ou = o.1690; ck = 0.2580 

(5) Winter (June-August) 

T k log T X 1.14X -
1 o.o o. 703 0.80 
2 0.428 1.131 1.29 
5 0.995 1.698 1.94 

10 1.423 2.126 2.42 
20 1.851 2.554 2.91 
50 2.418 3.121 3o56 

100 2.846 3.549 4o05 
u = 0.703; k = 1.423 

OU= 0.1506, ok = 0.2300 
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TABLE 33: Continued 

B. 48 hour rainfalls: 

(1) Annual (2) Spring 

T k log T X l.06X T k log T X l.06X - ---
1 o.o 2.072 2.20 1 o.o 1.075 1.14 
2 0.567 2.639 2.80 2 0.368 1.443 1.53 
5 1.318 3.390 3.59 5 0.856 1.931 2.05 

10 Io885 3.957 4.19 10 1.224 2.299 2s44 
20 2.452 40524 4.80 20 1.592 2.667 2e83 
50 3.203 5.275 5.59 50 2.080 3.155 3.34 

100 3. 770 5.842 6.19 100 2.448 3.523 3.73 
u = 2.072; k = 1.885 u = lo 075; k = 1.224 

ou = 0.200; ok = 0.305 OU= o.1296; ok = 0.1977 

(3) Summer (4) Autumn 

T k lo.2:..._! X l.06X T k log T X l.,06X 

1 o.o 1.563 1.66 1 o.o 1.389 1.47 
2 o.454 2.017 2.14 2 o.581 1.970 2.09 
5 1.054 2.617 2. 77 5 1.350 2.739 2.90 

10 1.508 3.071 3,26 10 1.931 3.320 3o52 
20 'l.962 3.525 3.74 20 2.512 3.901 4.14 
50 2.562 4.125 4.37 50 3.281 4.670 4.95 

100 3.016 4.579 4.85 100 3.862 5.251 5.57 
u = 1.563; k = 1.508 u = 1.389; k = 16931 

Ou= 0.1624; ok = 0.2479 Ou= 0.2044; ok == 0.3120 

(5) Winter 

T k log T X l.06X 

1 o.o 0.956 1.01 
2 0.516 1.472 1.56 
·5 1.198 2.154 2.28 

10 1.714 2.670 2.83 
20 2.230 3.186 3.38 
50 2.912 3.868 4. 10 

100 3.428 4.384 4 .. 65 
u = 0.956; k = 1.714 

Ou= 0.1814; ok = 0.2769 
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TABLE 33: Continued 

c. 72 houri rainfalls: 

(1) Annual (2) Spring 

T k log T X 1.05x T k log T X 1.osx 

1 OoO 2.386 2.51 1 o.o 1.303 1.37 
2 o.s6o 2.946 3.09 2 0.363 1.666 lo75 
5 1.301 3.687 3.87 5 0.844 2~147 2.25 

10 1.861 4.247 4.46 10 1.207 2.510 2.64 
20 2.421 4.807 5a05 20 1.570 2.873 3.02 
50 3.162 5.548 5.83 50 2.051 3.354 3.52 

100 3. 722 6.108 6.41 100 2.414 3. 717 3.90 
u == 2.386; k = 1.861 u = 1.303; k = 1.207 

OU= 0.1970; ok = 0.3007 OU= 0.1278; ok = o.1950 

(3) Summer (4) Autwrm 

T k log T X 1.05x T k log T X l.OSX - ---
1 o.o 1.626 1. 71 1 o.o lo501 1.58 
2 0.555 2.181 2.29 2 o.596 2.097 2.20 
5 1.289 2.915 3.06 5 1.385 2.886 3.03 

10 1.844 3.470 3.64 10 1.981 3.482 3.66 
20 2.399 4.025 4.23 20 2.577 •. 4.078 4.28 
50 3.133 4.759 s.oo 50 3.366 4.867 5.11 

100 3.688 5.314 s.sa 100 3.962 5.463 5.74 
u = 1.626; k = 1.844 u = 1.501; k = 1.981 

ou = 0.1086; ok = 0.3031 ou = 0.2097; ok = 0.3199 

(5) WinteY' 

T k ·log T X 1.osx 

1 o.o 1.012 1.06 
2 0.548 L560 1.64 
5 1.273 2.235 2.40 

10 1.821 2.833 2.98 
20 2.369 3.381 3.55 
50 3.094 4.106 4.31 

100 3.642 4.654 4.89 
u = 1.012; k = 1~821 

OU= 0.1927; ok = Oe2942 
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OU and ok. Seasonal data are calculated as an extension to the standard 

method, since Sill'.rners (1962) has concluded. that such a parametric approach 

to the problem is of value for some design applications. In this way, 

the seasonal characteristics of the rainfall regime are not masked by the 

development of curves which use maximum rainfalls for each year, irrespective 

of time of occurrenceo 

From the one, two and three day values of XT shown, a further 

adjustment is necessary to convert the figures to maximum 24, 48 and 72 

hour falls (Robertson, 1963). As reported, the conversion factors are 

1.14, 1.06 and 1.05 fort= 24, 48 and 72 hours respectively. 

values of XT are also shown in Table 33. 

Adjusted 

data. 

Depth-duration-frequency equations have not been derived for the 

For practical purposes it is usually more convenient and accurate 

to list the data as in Table 33 or to graph the calculated values of X(T,t) 

on log-log paper, one curve for each selected value of T. 

The presented data need little discussion. Since the records used 

were only 29 years in length, the inclusion of extrapolated values for T 

equals 50 and 100 years is scarcely justified. If these latter results 

are to be used it should only be with due recognition of the possible 

errors involvedo When maximised standard error.values of ou and ok .are 

assumed for the Seelye equation, possible standard errors in XT may be 

calculated as listed in Table! 34. The errors are shm-m in inches and 

as a percentage of XT for the annual and seasonal series, with T equals 

1, 2, 5, 10, 20, 50 and 100 years. 

For maximum values of ou. and Ok, standard errors of X less than 
T 

10 percent generally occur only for estimates of the annual extreme 

values of one, two or three day rainfall at T less than about five years, 
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TABLE 54: PossibZe standard errors of XT for Paerau rainfaUs (1909-3?) 

from SeeZye equation: XT = (u ± 8u) + (k ± ok) Log 'P. 

(Maximised vaZues of ou and ok from TabZe 33 are asswned) 

A. ONE DAY RAINFALLS: 

Annual Summer Autumn Winter Spring 

Error in XT (inches) 
for T equals: 1 o.13 0.11 0.17 0.15 0.11 

2 0.20 0.16 0.25 0.22 0.16 
5 0.28 0.23 0.35 0.31 0.23 

10 0.34 0.28 Oo43 0.38 0.28 
20 0.40 0.33 a.so 0.45 0.33 
50 o.48 0.40 0.61 0.54 0.39 

100 0.54 0.45 0.68 0.61 o.44 

Error in XT (as % XT) 
for T equals: 1 7.54 8.48 14.7 21.5 11.7 

2 9.08 10.1 15.1 19.5 12.8 
5 10.4 11.5 15.4 18.3 13.7 

10 11.1 12.1 15.5 17.9 14.0 
20 11. 7 12.7 15.6 17.6 14.3 
50 12.3 13.2 i5.7 17.3 14.6 

100 12.6 13.4 15.8 17.2 14.8 

B. TTIO DAY RAINFALLS: 

Error in XT (inches} 
for T equals: 1 0.20 0.16 0.20 0.18 0.13 

2 0.29 0.24 0.30 0.26 0.19 
5 0.41 0.34 0.42 0.37 0.27 

10 o.s1 0.41 0.52 0.46 0.33 
20 0.60 0.48 0.61 0.54 0.39 
50 0.12 0.58 0.73 0.65 0.47 

100 0.81 0.66 0.83 0.74 0.53 

Error in X (as% X) 
T T 1 9.65 10.4 14.7 12.0 for T equals: 18.9 

2 ll.1 11.7 15.1 17 .. 9 13o2 
5 12.,2 12.8 15.4 17.4 13.9 

10 12.8 13.3 15.5 17.2 14.3 
20 13.2 13o7 15.6 17.0 14.5 
50 13.6 14.1 15.7 16.B 14.8 

100 13.9 14.4 15.8 16.8 14.9 
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TABLE 34: Continued 

c. THREE DAY RAINFALLS: 

Annual Summer Autumn winter Spring 

Error in XT {inches) 
for T equals: 1 0.20 0.11 0.21 0.19 0.13 

2 0.29 0.20 0.31 0.28 0.19 
5 0.41 0.32 0.43 0.40 0.26 

10 o.so 0.41 o.s3 0.49 0.32 
20 o.59 o.so 0.63 0.58 0.38 
50 0.11 0.62 0,,75 0.69 0.46 

100 0.80 0.72 0.85 0.78 o.s2 

Error in XT · (as % XT) 
for T equals: 1 8.25 6.67 14.0 19.0 9.80 

2 9.76 9.17 14.6 18.1 11.2 
5 11.0 11.0 15.0 17.4 12.3 

10 11.7 11.9 15.2 17 .2 12.9 
20 12.2 12.5 15.4 17.0 13.3 
50 12.7 13.1 15.5 16.9 13.7 

100 13.1 13.4 15.6 16.8 13.9 
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and for very low recurrence intervals of the summer extremes. The 

higher return period values of annual XT and the seasonal results 

which remain, show possible standard errors greater than the 10 percent 

proposed as acceptable. Annual values of up to 14 percent are 

evident for large values of T, and for the seasonal extremes 21 percent 

is the maximum shown by Table 34. Standard errors of the seasonal 

data are lowest for summer and greatest for winter. 

It is thus concluded that the available measurements of daily 

rainfall allow estimates of XT at the required level of precision for 

only annual values at T less than about five years and for summer with 

T generally two years or less. 

Precipitation: Robertson method (1963) 

In developing the .mathematical theory of extreme wilues, Gumbel 

(1958) shows that when the number of independent observations is 

large, the distribution of the largest values tends to describe an 

asymptotic curve which may take one of three forms. In the present 

analysis of rainfall data concern is only with the exponential Gumbel 

Type I curve, with asymptotic probability given by an equation of the 

form P(X) = exp [-e -a(x-u)] (13). 

a(x-u) is the reduced variate and a and u are parameters estimated 

from the observed largest valueso To estimate the parameters a and u, 

Robertson adopts the least-squares method based on the use of a special 

extreme value probability paper, whereas Seelye (1947) adopts the method 

of moments. 

A limitation of the Gumbel method is that the annual rainfall 

maxima do not comply exactly with all the conditions upon which the 

distribution given by the equation for the Type I curve is based. When 
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the annual extremes are plotted on extreme-value probability paper, 

the points may show some curvature or scatter and thus reveal little 

about the probable nature of the theoretical distribution. There 

is a problem to decide whether the departure from linearity is due 

to the records not being a representative sample of the long-term 

rainfall at the station, or whether there is some local climatic 

factor which influences the frequency distribution. 

To compare this method with that described by Seelye (1947), the 

1909-37 maximum daily rainfalls for Paerau listed in Table 30 were 

again analysed for the annual extreme series. A summary of results 

is given in Table 35, though the inclusion of rainfall amounts for 

the higher return periods is again hardly justified. 

Although not illustrated, the observed maximum daily rainfalls 

show an increase in scatter about the theoretical curve above about. 

T equals 10 yearso Unadjusted values of XT from the Seelye calculation 

lie with.in the two control curves and confirm the conclusions made by 

Simmers (1962) that both methods are equally acceptable and generally 

comparable in accuracy. However, there is a tendency for either 

overestimation of XT for higher values of T by the Gumbel method, or, 

conversely, underestimation by the Seelye method in the same range. 

The reverse occurs with values of X for T less than about three vea.rs. T • 

An explanation of this trend is not attempted. 

The standard errors of XT given by the two control curves are 

listed in Table 36. Except for higher values above about T equals 

10 years, the results are comparable with those already presented and 

discussed. No change of the previous conclusion is thus considered 

necessary. 
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TABLE 35: Swronary: Ma.ximwn daiZy rainfaZZ frequency analysis fo1.• 

Paerau (1909-1937) - GumbeZ method 

Rainfall in Return period Control Curves: 
inches in years Lower Limit Upper L:Lmit 

0.63 1.01 Oo35 0.92 
0.83 1.03 Oo61 le05 
1.11 1.10 0.94 1.29 
1.32 lo20 lol6 1.49 
1.47 1.30 1.30 1.64 
1.68 1.so 1.51 1.85 
2.02 2.00 1.82 2.21 
2.84 5.00 2.54 3.14 

.3.39 10.00 2.93 3.85 
3.70 15 3.13 4.27 
3.91 20 3.26 4.57 
4.08 25 3.37 4.79 
4.59 50 3.76 5.43 
5.10 100 4.27 5.93 
2.17 2.33 Mean annual extreme 

TABLE 36:,. Standard er!'ors of XT for Paerau maximwn da.iZy rainfaZZs 

(1909-1937) from GumbeZ analysis of annuaZ extreme values 

T equals:-

2 5 10 20 50 100 (years) 

Std. Error of XT 

(inches): 0.20 0.30 0.46 0.65 0~83 0.83 
Std. Error XT 

(As% of XT): 9.90 10.6 13.6 16.6 18.1 16.3 
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Temperature: 

Temperature extremes do not feature prominently in analyses for 

this study, though for completeness some descriptive account of them 

is warranted. 

Table 37 is given to show a summary of recorded Naseby State 

Forest and Elliot mean daily, monthly and seasonal maximum/minimum 

temperatures and ranges for the period 1923-69. 

A marked seasonal variation in temperature extremes is apparent, 

0 0 from mean monthly maxima in the order of 80-83 F for sum.."'Tler to 55-60 F 

in winter. 0 0 Corresponding minima are 30-31 F and 14-17 F for summer 

and winter respectively. An absolute maximum temperature of 93.3°F 

has been recorded for January, and the six months No~rember-April all 

0 
have maximum temperatures in excess of 80 F. Absolute minimum 

temperatures fall below 20°F in each of the months May-October. The 

range between the highest and lowest recorded values for the years 

1930-69 has an absolute value of 88o3°F (93.3 to s°F). 

Average daily maximum readings in summer are between 67 and 69°F. 

Average daily minimum temperatures fall below 32°F during May-September, 

0 with a minimum in July (25.8 F). The greatest average daily range of 

0 temperatures occurs in January and February (25.3 F) and the least in 

0 
June (17.3 F). The difference between the average daily maximum 

temperatures of the warmest and coldest months is 25.6°F and for the 

minimum values the figure is 17.7°Fo 

Sfa'•eamflow: Genera i 

A knowledge of the magnitude of floods and minimum flews is 

important for engineering design. The problem here is to analyse 

present records and to forecast 'values of these extreme variates as a 
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Summary: Paerau/Naseby State Forest measured mean daily, 

monthly, seasonal maximwn/minimum temperatures and ranges 

(°F) 1923-1969 

A. Mean Daily Maxinrum Temperatures (1923-1969: 

J F M A M J J A S O N D Year 

68 0 8 68.6 64.8 58 0 3 50.5 44.6 43 0 2 47.3 53.6 58 0 8 62.3 66.5 57.3 

B. Mean Da~Zy Mininrum Temperatures (1923-1969): 

43.5 43.3 40 0 3 36.l 31.l 27.3 2508 28ol 31.9 35.7 38 0 6 41.9 35.3 

C. Seasonal MP-an Daily Maxirmun/Minimum Temperatures (1923-1969): 
Summer Autumn Winter Spri~ 

(a) Maximum 68.0 57.9 45.0 58.2 
(b) Minimum 42.9 35.8 27.1 35&4 

D. Mean Monthly Maxinrum Terrrperatu:t'es (1930-1969): 

J F M A M J J A S O N D Yea r 

82.8 82.l 78.1 70.4 62.9 55.7 54.5 58.6 64.4 70.9 75.0 79.7 8 4& 9 

Highest Maximum: 

93.3 88.5 85.6 80.2 70.0 64.0 60.5 66.0 70.0 77.0 84.0 89.0 93.3 

E. Mean Monthly Minimum Temperatures (1930-1969): 

30.8 31.1 28.9 25.6 20.4 16.7 13.8 17.0 21.6 24.4 26.9 29.7 12~6 

Lowest Minimum: 

25.0 25.1 25~0 22.2 10.8 7.0 5.0 9.4 12.0 17.0 21.0 23.2 

F. Seasonal Mean Monthly Maximv.m/Minimum Temperatures (1930-1969): 

(a) 
(b) 

Maximum 
Minimum 

Summer Autumn Winter Spring . 

81.5 70.5 56.3 70.l 
30.5 25.0 15.8 24.3 

(Dec-Feb) (Mar-Mi3-y) (Jun-Aug) (Sept-Nov) 

G. Extreme Range of Temperatures (1930-1969): 

J F M A M J J A S O N D Year 

68.3 63.4 60.6 58.0 59.2 57.0 55.5 56.6 58.0 60.0 63.0 65.8 88.3 

H. Average Daily Range of Temperatures (1923-1969): 

25.3 25.3 24.5 22.2 19.4 17.3 17.4 19.2 21.7 23.l 23.7 24.6 22.0 

I. Annual Range of Temperatures (1923-1969): 

Average daily max. Range · ~~rage .E!:_:!:_ly min. Range 

Jan. 68.8 July 43.2 25.6 Jan. 43.5 July 25.8 17.7 
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function of time. The statistical methods imrosed by the irregularity 

of the phenpmena are adequate under the limiting conditions of record 

homogeneity and stationarity. For probabilistic frequency analysis 

the records should be random, independent a.nd homogeneous, without 

trend or periodicity. 

known. 

However, such conditions exist and are well 

Floods and minimum flows are the extremes of the daily discharges 

and may be analysed by the statistical theory of extreme values by way 

of an annual extreme-value series. The theory and mechanics of the 

method are well documented and need not be reviewed here. Gum.':)el (1958) 

shows that annual maximum floods constitute a series which can be fitted 

to the Type I theoretical extremal distribution {equation (13)). 'I'he 

distribution holds for the condition of X lying between limits-~ to +oo. 

For minimum flows there is no alternative. Since the discharges are 

positive variates, use of the Type III probability function of smallest 

values is required. 

The Type III distribution has a finite lower limit, which may be 

zero, and takes the form of the equation 

p (X) [- (X - £) et] = exp u _ £ (14). 

x is the minimum flow, and E, a and u are parameters estimated from one 

of several methods (Gumbel, 1958; Deininger & Westfield, 1969). The 

value of x equals u is the characteristic minimum flow, and£ is t:b.e 

smallest possible minimum or base flow and the lower limit of the 

distribution. The distribution thus holds for the conditions of x 

greater than or equal to s, and~ greater than£. 

To carry out frequency analyses of extreme values for the study 

area, annual maximum and minimum series were co~lated from the measured 

Paerau Bridge mean daily flow records for the periods 1912-13, 1916-28, 
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1936-39, 1941-44, 1947-50 and 1967-69. The possibility of similar 

calculations for the three year records at Patearoa-Paerau Bridge and 

Loganburn was not considered. Computer programmes used for the 

statistical calculations are listed in Appendix II. 

Caution should be exercised in application of the results. Sources 

of error can arise in any of several ways. One possible error source 

for the Upper Taieri data is that except for 1967-69 the annual extreme 

values used wer~ by necessity only mean daily rather than instantaneous 

djscharges. However, this should not contribute a gross e~ror to the 

maximum or minimum series, since the attenu·ated nature of the flow 

hydrographs should produce only small differences between the maximum 

or minimum mean daily and instantaneous extreme values. 

Streamfl,ow: FZood frequency analysis 

As shown for the analysis of rainfall maxima, concern here is with 

the Type I extremal probability curve. Results of the computer analysis 

for the Paerau Bridge data are given in Table 38. Listed are values of 

~ for specified return periods, the upper and lower control curve limits 

and the mean annual flood discharge defined by T equals 2.33 years. 

Values of XT are given for T equals 50 and 100 years, though again the 

inclusion of these values is barely justifiable. Also shown are the 

flood discharges in terms of cusecs per square mile, which are of value 

for inter-catchment comparison. 

Although not shown here, the observed flood discharges display a 

very reasonable scatter about the theoretical curve when plotted in 

accordance with the standard Weibull relationship. The sta.ndard 

errors of XT given by the two control curves are listed in Table 39. 

Use of the data for return periods in excess of about 10 years should 

be in awareness of the possible errors involved_. 
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TABLE 38: Annual flood frequency analysis (Gumbel) summarry for the 

Taieri River at Paerau B1.•idge (1912-13; 1916-28; 1936-39; 

. 1941-44; 1947-50; 1967-69) 

Return Period Flow in Flow in Control Curves 
in years cusecs. cusecs/sq~rnl. Lower Upper 

Limit Lindt 

1.01 306 1.31 131 481 
1.03 420 1.80 288 552 
1..10 586 2.51 479 692 
1.20 710 3.05 609 811 
1.30 796 3.41 695 897 
1.50 919 3.94 815 1023 
2.00 1116 4.79 1000 1233 
5.00 1601 6.87 1420 1782 

10 1922 8.25 1656 2187 
15 2103 9.02 1782 2423 
20 2229 9.56 1870 2588 
25 2327 9.98 1938 2716 
50 2628 11.3 2147 3108 

100 2926 12.6 2438 3414 
2.33 1206 5.17 (Mean Annual Extreme) 

TABLE 39: Standard errors of XT for Paerau Bridge mo..ximwn daily 

discharges (1912-13; 1916-28; 1936-39; 1941-44; 

1947-50; 1967-69) 

T equals:-

2 5 10 20 50 100 (years) 

Std·. Error of XT 
(cfsY: 116 181 265 359 480 488 

Std., Error X 
(As %TXT): 10.4 l].3 13.8 16.1 18.3 16.7 
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The available measurements of daily mean discharge do not allow 

estimates of X at the required precision level for any value of T. 
T 

Calculated standard error is only 10.4 percent for T equals two, but 

values of up to 18 percent are evident for the higher recurrence 

intervals. 

Streamflow: Minimum jlou) frequency ana"lysis 

Many theoretical probability distributions have been advanced to 

describe low flows, but the Gumbel Type III asymptotic distribution of 

smallest values has become the most conunonly accepted (equation (14)). 

Because of its engineering implications, estimation of the lower 

limit of the distribution (£) is ofparticular concern. The estimate 

should be positive and should also be smaller than the smallest 

observed minimum flow • . If the number of observations is large enough 

to ensure that the sampling error is small, the theoretical distribution 

curves obtained can be used to estimate the most severe rninirnum flows 

expected within a given number of years. Such information may be helpful 

in solving storage and irrigation problems. However, estimation of 

realistic values for£ is a problem since with limited available data, E 

may vary markedly with additional informationo 

Results of the computed minimum flow frequency analysis for the 

Paerau Bridge data are given in Table 40. ·Sho~m are the values of XT 

and their logarithmic transformations for specified return periods, 

the theoretical frequency and control curves, and minimum daily discharges 

in terms of cusecs per square mile,. 

Although not shown here, deviation of the measured discharges from 

the theoretical curve is marked beyond about T equals fiv·e years~ The 

average standard errors of XT given by the two control curves have been 
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Annual minimum flow frequency anaZysis (Gumbel) surrrma1,y 

for the Taieri River at Paerau Bridge (1912-13; 1916-28; 

1936~39; 1941-44; 1947-50; 1967-69) 

Note: E: = ll.99 cusecs. 

Return Period Flow in Flow in L05:l Flow Control Curves 
in l'.ears cusecs. cusecs/s9:.ml. (= loq e(Q-E:)) Log 

Lower 
Limit 

1.01 188 0.806 5.1701 4.7524 
1.03 136 0.585 4.8225 4.4431 
1.10 86~8 0.373 4.3154 3.9921 
1.20 63.2 0.271 3.9350 3.6471 
1.30 51.4 0.220 3.6734 3.3861 
1.50 39.0 0.167 3.2965 2. 999.5 
2.00 26.8 0.115 2.6953 2.3624 
s.oo 15.4 0.066 1.2157 0.6987 

10 13.3 0.057 0.2362 -0.6173 
15 12.7 0.055 -0.3165 -1.4210 
20 12.5 0.054 -0.7035 -1.9838 
25 12e4 0.053 -1.0016 -2.4172 
50 12.13 0.052 -1.9198 -3.4089 

100 12.05 0.0516 -2.8312 -4.3203 

TABLE 41: Average standard errors of XT for Paerau Bridge minimum 

daily discharges (1912-13; 1916-28; 1936-39; 1941-44; 

1947-50; 1967-69) 

·Log 
Upper 
Limit 

5.5878 
5.2018 
4.6387 
4.2230 
3.9607 
3.5936 
3.0282 
1.7328 
1.0896 
o. 7880 
0.5768 
Oe4141 

-0.4306 
-1.3420 

(After Hardison (J.969) where Iv= 0.2738. Iv is the standard 
deviation of the common logarithms of the population of annual 
events) 

T equals:-

2 5 10 20 50 100 (years) 

Std. Error X 
(As % xTT: 11.1 13.,5 15.0 17.1 19.4 21.3 

(average) 
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calculated as shown by Hardison (1969) and are listed in Table 410 

The results show that use of the data beyond the limit of T equa.ls 

five years should be with caution. 

Again the available measurements of daily discharge do not allow 

estimates of XT at the required precision level for any value of T. 

Calculated standard error is 11.1 percent for T equals two years, 

and increases to 21 percent for higher return periods. 

CATCHMENT MEAN PRECIPITATION AND YIELD 

Pr>eaipitati.on: 

It has become increasingly important for many hydrological purposes 

to accurately establish the mean rainfall over an area for particular 

periods of tirneo For example, the digital simulation of hydrological 

system performance is possible to a high degree of accuracy, yet the 

ultimate usefulness of such models depends on the accuracy of the input 

precipitation data. 

Measured data available to determine estimates of monthly, seasonal 

and annual catchment mean precipitation for the Upper Taieri area, are 

limited to the 1908-40 daily record for !59491 Paerau and monthly values 

for 1968-69 at the thirteen stations listed in Table 1. However, 

Simmers (1970) and Hutchinson (1970(b)) have already demonstrated that 

considerable errors are involved when one gauge is assumed to represent 

the precipitation regime over the whole 285 square mile project area. 

Direct estimation of catchment mean precipitation is thus limited to 

the period 1968-69. 

The first study objective is conce.:.:,1ecl with average catchment mean 

precipitation values. Calculation of the month by month areal mean 

values for 1968-69 is therefore not attempted at this stage. Justifica.tior> 
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for such a decision is found in the results presented for determination 

of optimum network density by means of the structural function. Gandin 

(1970) shows that if the precipitation stations are evenly distributed, 

the standard error of an areal mean depends on the statistical structure, 

the accuracy of observation, the distance between neighbouring stations, 

and on the area over which the averaging is carried out~ 

Standard errors of interpolation are given by equations (2) and (3). 

Average areal mean standard errors may thus be estimated for the Upper 

Taieri basin, by assuming the mean monthly and annual values of E: opt 

from Figure 10, a measured mean gauge spacing of 5.3 miles, and a 

weighted mean station variance. 

vf = [i\ [1 - 2µ2 (~) 
] 

1 + n + µ (L) 

That is, an equation of the form 

]~ (15), 

where Lis the mean interstation distance, and~ the mean station 

standard deviation given by~= a1s1 + a2s2 + as /A. 
n n 

(Ganclin, 

op. cit.; Sanderson & Johnstone, 1953). sis the standard deviation 

for each station, a the s.ub-area represented by each station, and a1 + a2 

+ a = A. 
n 

£ would thus remain as previously calculated, but the station 
opt 

variance may change when the weighted mean derived from individual 

stations in the network is considered. Areal mean standard errors 

may thus vary from the values already sho\'m, since the data on standard 

errors of interpolation presented in Table 4 have been calculated 

assuming variance from only the combined Paerau/Elliot record. 

However, results presented-show that even the combined 35 year 

record was not sufficient to give estimates for long-term areal mean 

ra:i.nfall to within 20 percent of actual at the 95 percent confidence 

level for all months. Further, in the initial calculations, the 
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long-term record was also assumed to have statistical characteristics 

representative of all stations in the network. 

It is therefore unlikely that the required parai~eters may be 

estimated from two year's data with a precision level greater than 

that already found unsatisfactory for other than annual values from 

a. 35 year record. The present network density is shown to be in 

part theoretically acceptable. However, Table 4 and the discussion 

of Tables 24 and 25 suggest that all station records from the present 

network will require extension if estimates of the long-term annual, 

and at least some monthly, catchment mean precipitation values are 

needed to within the stated error criterion. It does not appear 

possible to estimate areal population parameters to the required 

precision with the measured data available. 

Similar conclusions are reached for the sub-catchment estimates 

needed for the first study objective, and thus no attempt it made 

to calculate these values at this stage. 

YieZd: 

Aspects of total catchment yield have already been considered 

in the discussion of Tables 28A and 29A for Paerau Bridge, and need 

not be reconsidered at length. Available yield measurements for the 

total area allow estimates of the annual and at least some of the 

monthly and seasonal parameters at the required precision levela 

Only the Loganburn station has sufficient measured data to 1:-0.ake 

any estimates of sub-catchment yield possible. However., Tables 28C 

and 29C s:.vw that the available records are of inst1fficient length 

to assure reliable estimation of mean monthly, seasonal or annual 

yield to within the allowable error criterion 0 The other stations 
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on the major tributaries (Styx and Serpentine r.reeks) and on the upper 

reaches of _the main river (Upper Styx Valley Bridge), have insufficient 

available data to make any direct parameter estimates possible. Data 

for these sub-catchments are limited to sporadic discharge measurements 

prior to 1966, and regular gaugings since that time at approximately 

one to two weekly intervals. 

It is thus concluded that the measured data available for the 

principal sub-catchments do not allow direct estimation of monthly, 

seasonal or annual yield parameters to within the stated error criterion. 

Sufficient sites are at present sampled to.satisfy engineering design 

requirements as regards location. However, Tables 28 and 29 suggest 

that considerable extension of records on each of the major tributaries 

will be required, if recourse is not to be made to other ways of obtain­

ing parameter estimates at the required precision level. 

CONCLUSIONS 

Summaries of measured monthly, seasonal and annual precipitation, 

temperature and streamflow data have been presented and discussed. 

The largely descriptive initial emphasis provides basic information of 

value for engineering design and gives an insight into the general 

hydrological characteristics of the Upper Taieri areao 

Since parameters derived from short records may be poor estimates 

of the population parameters, the measured data are further analysed 

as required by the first study objective. That is, the degree of 

precision to which the parameters are estimated is calculated for 

each vari;:,ble, and compared with the required precision levels. The 

statistical parameters considered are the mean, variability and extremes 

for time intervals which vary from da:i.ly to average annual values. 
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Although recognised as an approximation of actual conditions, the data 

are considered to be stationary time series of either normal or log­

normal distribution, and without serial correlation. 

It is suggested that estimates of point and areal average 

precipitation parameters for the Upper Taieri basin are required to 

be within 20 percent of actual parameters at the 95 percent probability 

The results show that mean seasonal and annual station 

precipitation may be estimated from the measured data with standard 

errors of less than 10 percent. The error criterion could be satisfied 

by five year's data for an annual mean and by 17 year's records for a 

seasonal mean. However, half of the months from the 35 year available 

measured record have standard errors in excess of 10 percent, and 

calculations show that up to 60 years of data may be needed to achieve 

the stated criterion for all months. 

It is also deduced from the results that estin~tion of total and 

sub-catchment long-term areal mean precipitation to within 10 percent 

of actual precipitation is highly unlikely with the measured datao 

All station records from the post-1966 network would need considerable 

extension in order to allow direct estimation of areal population 

parameters with less than the allowable total error. 

For maximum one, two and three day raip.falls, standard errors of 

less than 10 percent generally only occur for estimates of the annual 

extreme values at T less than about five years, and for very low 

recurrence intervals of the summer extremes. Higher return period 

values of annual X and the seasonal results which remain, show possible 
T 

standard errors in excess of the 10 percent stated as acceptable. 

Estimates of measured temperature pa.rameters are rc.,quired to be 

within 10 percent of actual paramet.ers at the 95 percent confidence leveL 

The results show that the available tempera.tu.re data allow estimates 
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of station monthly, seasonal and annual mean and variability at the 

required precision level. Calculated standard errors of the mean 

for the 45 year record are all less than one percent, and for the 

time intervals conside.red the stated criterion could have been 

satisfied by only two years of records. 

Estimates of measured strearnflow parameters are to be considered 

acceptable for design purposes if within 20 percent of actual parameters 

with 95 percent probability. The results show that total catchment 

mean annual, winter, spring, and October-March discharges may be 

estimated from the 25 to 30 year measured record at Paerau Bridge with 

standard errors of less than 10 percentG For these time intervals the 

error criterion could have been satisfied by 17 year's records. For 

the seasons which remain, and half _the months, standard errors in 

estimating the mean are greater than 10 percent. 

Streamflow population estimates with standard errors less than 

10 percent may be possible with an increase in record length, though 

this is shown to be an impractical solution for the months December 

to March. It is evident that a less stringent error criterion must 

be accepted for the summer and early autumn months. 

Available measured data for the principal sub-catchments do not 

allow direct estimation of monthly, seasonal or annual discharge 

parameters to within the alluwable total error. Stations other than 

Loganburn have insufficient data of a type suitable for any direct 

form of parameter estimationo The continuous measured record for 

Loganburn is shown to be of insufficient length - standard errors of 

up to 42 percent are calcu·lated for the mean seasonal discharges, and 

up to 60 percent for monthly values. 
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Available measurements of daily mean or instantaneous discharge 

do not allow estimation of total or sub-catchment annual flood or 

minimum flows at the required precision level for any return period. 

Standard errors of about 11 percent are calculated for both the 

flood and minimum flows at T equals two years, and values of up to 

21 percent are evident for the higher recurrence intervals. 

Although the precipitation, temperature and streamflow network 

design is judged to be theoretically acceptable for most purposes, 

it is evident that the first study objective has not been realised 

in full. The available measured data do not allow estimation of 

all the required population parameters at the required precision 

level. All precipitation and streamflow station records from the 

post-1966 network will need to be extended, unless indirect ways are 

used to obtain parameter estimates to within the stated preci sion 

level. Alternatively, the chosen allowable errors must be considered 

too stringent, though an increase may be unacceptable for the engineer~ 

ing design of water resources projects. 
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CHAPTER V BASIC DATA SYNTHESIS 

NECESSITY FOR DATA SYNTHES.TB 

General 

Although hydrological records are carefully kept with due 

attention to accuracy and the needs of consistency over the years, 

records are often either short, or scant, or bathe Nearly every 

water development project requires some estimates or extension of 

available data. 

For example, it would be ideal to have long-term records of 

streamflow which are continuous for a period of time sufficient to 

include conditions likely to be met :i.n the operation of a specific 

project. This ideal is seldom met. 

It is not possible to operate a gauging station with continuous 

flow records on every stream for which discharge data may be rcquiredb 

It is common practice, therefore, to define flow characteristics at 

one or more sites and transfer this information by one of several 

methods to the other stations. The many methods available are varied 

in their approach and degree of complexity, though most basically 

involve either some form of correlation, or make use of climatic data 

from the weather stations in the areae 'rhere should never be any 

doubt that such calculated values are only a substitute for measured data. 

Upper Taieri Catahment: 

It is obvious that the above cormnents have direct application to 

the Upper 'I'aieri area. The first study objective has been only partially 

realised. Methods for data synthesis .:.re now necessary in order to 

increase the amount of information contained at this stage in the 

precipitation and streamflow data series, as compared with the measured 
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series alone. In this way, it may thence be possible to estimate 

the population parameters from the first objective at the required 

precision levels. 

To determine the long-term runoff and mean flow characteristics 

for the total area and each principal subcatchment, it was initially 

assumed that the historic Paerau Bridge record was of adequate length 

to acceptably define the required parameters and hence be used for areal 

extrapolation •. By the use of simple linear correlation and regression 

techniques and the available measured data, streamflow prediction equations 

could then be defined for the five stations which remain, and give records 

equivalent in length to that available for Paerau. 

The above assumption is shown by Linsley (1958), Hidore (1963), 

Yevdjevich (1963), Ward (1968), and Moss (1970) to be generally valid 

for a 30 year record. However, results already presented show that 

the measured Paerau Bridge record is not of adequate length to satisfy 

the stated error criterion for all months or seasons. Extension of 

the Paerau Bridge record and synthesis of streamflows for the subcatchment 

stations are therefore necessary by way of techniques which use measured 

climatic data from within and peripheral to the study area. 

Some extension of the measured temperature and precipitation data 

is also required in order to be fully effective for long-term strea.mflow 

synthesis, and to perhaps better satisfy the study objectives as regards 

precision of point and areal mean precipitation estimates. Basically, 

therefore, to satisfy the stated objectives of the study, it is .consider­

ed necessary t.o develop long-ter-m records of precipitation, terr.perature 

and streamflow from the available measured data to cover a common period 

of historic record. The periods of synthetic record to be derived are 

shown by Figure 37. 
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Yet to be considered are theoretical questions of whether 

increased information in the statistical sense is added by such time 

extension and spatial extrapolation of the records. Also to be 

discussed are the factors:- precision of population parameter estimates 

from blended data, standard errors of prediction for the wholly synthetic 

records, and the relative simulation and prediction abilities of the 

models chosen. For example, Fiering (1963) showed that extension of 

a shor;t record by correlation with data from another site may not 

always be desirable. Under certain circumstances, estimates of the 

population parameters mean and variance based on the extended record 

will be less reliable than those based on the unextended recordo 

OUTLINE OF MODELS USED 

Parametric and Stochastic modeZZing: General 

Regardless of the methods adopted for hydrological simulation, 

this study is based on the concept that the development of any 

relationship between elements of the hydrolog5.cal cycle, however simple, 

may be classified as a model (Toebes & Ouryvaev, 1970). Further, as 

a basis for discussion of the various types of model available within 

the framework of hydrological system investigation, distinction must 

also be made between the terms 'system analysis' and 'system synthesis'. 

The study is conceptually guided by the approaches of Arnorocho & Hart 

(1964)r Dooge, (1968), Freeze & Harlan (1969), Dawdy & Kajinin (1970), 

and Clarke (1973). 

The methods of system investigation fall into two principal 

categories - parametric and stochastic hydrology., Differences in the 

methods are evident, but two characteristics which theoretically limit 

the generality of the solutions are: 
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(i) the dependence of parameter values on historical records; 

(ii) the assumption of stationarity or time invariance of the hydrological 

systems. 

In brief, parametric hydrology is concerned with deterministic 

models, whereas stochastic hydrology is concerned with probabilistic 

models. A brief discussion of methods embraced by the two categories 

is desirable at this stage. 

Parametric and stochastic modeZling: Parametric hyd.rology 

Among the earliest models used in hydrology were those of correlation 

analysis, or linear normal models. Multiple correlation methods have 

also been commonly used, though judgement is required to avoid the use of 

physically irrelevant parameters or parameters which possess strong 

interdepe;ndence. The methods of correlation analysis are powerful tools 

when used to test well grounded hypotheses in hydrology. Other less 

common methods are partial system synthesis with linear analysis and 

general non-linear analysis. 

To establish quantitative relationships between strearnflow and 

meteorological data, a technique currently, receiving considerable 

attention is that of computer simulation of the hydrological cycler o:.:: 

system synthesis. Model construction is based on the continuity equation .. 

The principles and operation of conceptual models have been well described 

in the literature, and for further information en these aspects reference 

may be made to Kohler (1964) f Crawford & Linsley (1966), Boughton (1965, 

1966, 1967, 1968), Nash & Sutcliffe (1970), Hutchinson & Simmers (1971). 

Methods of parameter optimisation are described by Rosenbrock (1960), 

Boughton (1968 (a}), Decoursey F., Snyder (1969) 1 Chapman (1970) and Clarke 

(1973). 
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Numerous modifications to the basic conceptual model of streamflow 

simulation have been proposed. The changes are demanded by factors 

such as different catchment size, and whether the model is intended 

exclusively for flow forecasts from a particular basin or for transfer 

in general form to ungauged catchments by way of the model parameters 

and basin characteristics (Wiser, 1966; Fenwick & Kingston, 1968}. 

Conceptual models developed to date have generally proved reasonably 

reliable for general system synthesis, and are developing into a 

powerful tool with many applications in water resource investigationso 

Catchment water balance techniques also have a very real place 

in the framework of parametric hydrology, and have been described by 

Edwards & Rodda (1970} as simplified conceptual models. Streamflow 

values may be determined from climatic data, and periods of moisture 
. 

surplus and deficit derived. The method also affords the means to 

study the fundamental processes within the hydrologic cycle. Reference 

may be made to Thornthwaite & Mather (1955, 1957}, McDonald (1963), 

or Raghunath et aZ. (1970), for details of water balance model principles 

and operation. 

Parametric and Stoahastio modeZZing: Stochastic hyd:MZogy 

One of the most significant advances in recent years for generation 

of extended forecasts of basin yield, ha.s b~en the use of probabilistic 

rather than deterministic concepts of simulation. Fundamental differ-

ences between parametric and stochastic models are described by Maas et al. 

(1962), A.'llorocho & Hart (1964), and Chow (1964}. 

Critical flow sequences may not be adequately represented by an 

observed record. However, mathematical statistics make possible the 

generation of hypothetical sequences of events ·which have the same 
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probability characteristics of the past. Critical pat.terns of high 

and low flows are produced, which although not observed, could be 

expected on statistical considerations. An obvious limitation is 

that since the statistical parameters of the generated data population 

are the same as those estimated from the historical record, the new 

information is limited by the errors of measurement and sampling 

inherent in the observed data. The chief merits of the method are 

the extended information it provides beyond that of observed records, 

and the possible application to the design of multipurpose, multistructure 

systems (Payne et al. 1969; Young et al. l969). Sequential streamflow 

generation by stochastic models yields hydrological information of 

practical use in water resources development and management, particularly 

when the system is relatively complex. 

Thomas & Fier:i.ng (1962) introduced a widely accepted model which 

overcame weaknesses of earlier attempts. The model has sufficient 

flexibility to be used for either normally distributed or skewed weekly, 

monthly, seasonal or annual flow data, and incorporates serial correlation 

between successive flows to accord with an observed record (Boughton & 

McKerchar, 1968). The method has been extended by Harms & Campbell (1967). 

For a more comprehensive assessment of the theory, reference may also be 

made to Matalas (1967) and Pearson (1968). 

More recent streamflow simulation methods which involve both single 

or multi-station flow generation and different time intervals, have been 

described by Yevdjevich & Roesner (1966), Young & Pisano (1968), Quimpo 

(1968), Fayne (opo cit), Young (op. cit), Moreau & Pyatt (1970), and 

Chow & Kareliotis (1970). 
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Upper Taieri models: 

In an attempt to satisfy the study objectives, the following 

techniques of data synthesis have been selected from the many 

available:-

(i) Linear, curvilinear, and multiple regression analyses for time 

series extension and spatial extrapolation of precipitation, 

temperature and streamflow data. 

(ii) Alternative deterministic models for time series extension and 

spatial extrapolation of streamflow data - water balance and 

conceptual models. 

(iii) Stochastic models for time series extension of streamflow datao 

Other approaches of varying complexity are excluded for several 

reasons. The method outlined by Eakin et aZ. (J.965), Riggs & Moore 

(1965) and Moore (1968), is precluded since there are insufficient 

streamflow records from a wide range of altitude and basin orientationo 

Methods .which adopt an antecedent precipitation index (API) approach, 

as outlined by WMO (1965), Boughton (1968(b)), Moore (op. cit) and 

Sittner et aZ. {1969), are also not specifically considered in this 

study. Such methods are only a basic approximation of the conceptual 

model approach. Also, although the general method should apply to 

most streams, Moore (op. ci.t) concluded that exceptions would be those 

which are affected by regulation or snowrnelt. 

The technique proposed by Riggs (1969, 1970),. is thought to have 

merit, but is precluded from this study since details of the method 

were not available in sufficient time to initiate a suitable data 

collection programme .. However, it is considered desirable to test 

the value of this method under New Zealand conditions for future water 

:r.esource studieso 
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Precision of neuY parameter estimates and comparison of modets~ 

Theory: Regression modeZs 

Statistical techniques may be utilized to examine the validity 

of using linear correlation analysis to augment data for any variable, 

when concurrent and additional data for the same variable are available 

at a nearby station. 

Results from the theory of sampling give the variance of the 

first two statistical moments for a record of length n1, taken to 

include only measured data. If correlation estimates are used to 

provide n 2 additional values, the result is a combined record which 

consists of n 1 measured values and n2 estimated values. If the 

variance of a parameter computed from this blended record exceeds that 

computed from the record of size n1 alone, the combined record provides 

a less precise estimate of the parameter. However, if the variance is 

less than that computed from the original record alone, the correlation 

technique has provided a more precise estimate and should be usedu 

For any particular parameter with known values of n1, n2 and p 

(population correlation coefficient), the relative information ratio, I, 

may be defined as the ratio of the variance of that parameter estimated 

from the or.iginal record, to that estimated from the combined record. 

I can vary from zero to infinity. When I exceeds unity, the variance 

of the estimate of a moment made from the original record alone is 

larger than that of the estimate made from the corobined record, and 

thus the more precise estimate is computed from the combined data. 

When I is less than unity, the correlation analysis has introduced 

additional variance, or loss of precision. Correlation should not be 

used to augment the original data when I is less than LO . 
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For the above situation of n1 measured values and n2 additional 

estimated values, a weighted estimate of the mean of variable y is 

given by 

= n1Y1 + n2Y2 
n1 + n2 

(16); 

Y1 and Y2 denote the estimates of the mean of y based on n1 observations 

and n2 regression estimates respectively. Matalas & Langb:2in (1962), 

Fiering (1963), and Frost & Clarke (1973) hence show that if the variables 

x and yin the array 

... 

,, 
are random and reasonably normally distributed, the variance of µy from 

equation (16) is given by 

Q"A 2 = 0 2 r - n2 µy ...L "'Cn1 + n2 ) 
n1 

rr2 ,1-p2'Jn L - (111- 3)- U . (17) 

p is the coefficient of cross correlation of x and y. 

The relative information ratio is given by 

I ~ [1 - ( ~, + n
2

) [p2 
- ~~l= i:) ]J' (18) 

For the case of I equals unity, the critical value of p 2 

is calculated as p2 ~ 1/(ni - 2) {19). 

If inequality (19) is not satisfied, the n2 regression estimates 

will provide an unreliable estimate of the plean of y,. Consequently, 

I will be less than 1.0, and additional information about the mean of y 

can only be obtained by an increase in n1 (Matalas & Langbein, op. cit). 

Clark & Bruce (1966) further show that the effective period of 

record of a combined short-term and exb=inded record is approximately 

n1 + n2 
N = ---------

1 + n2 2 

(--2) ~ (1-p ) 
111-

r may be substituted for p. 

(20). 
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Correlation may also be used to improve estimates of the 

population variance. Fiering {op. cit) shows that the mean square 

error of the variance is given by 

MSE (Var(y)} = 20Y
4 

+ nzOY
4 

2 [2A + {n2 + 2)B 
n1-l (n1+n2-l) 

+ (ni + nz _ l)C _ (n1 + 1) {2n1 + n2 - 2}] 
n1 - 1 

in which A = (n1-l)p 4 + (n1 +4) p2
· (1-p2 } + 

(n1+l) 
(ni-3) 

6p 2 (1-o2
) 3 (l-p 2 ) 

B = p4 + . + (ni-3) (ni-5), (111-3) and 

C = 2 (n i -4) (1-p2
) 

(ni-3) 
. 

The relative information ratio is given by 

I= 2cry 4 /(n1-1) 
M SE(Var(y)) 

(1-p2)2, 

The above solution shows that I exceeds l.O when p is of the order 0.8 .. 

Conditions for hnproved estimates of the variance are therefore more 

restrictive than those needed to improve estimates of the mean. 

Tabular solutions of I are listed by Fiering (op. cit) for 

estimates of mean and variance given n1, n2 and p. The results show 

that the use of least squares regression can yield significant improve-

ments in estimates of population parameters. Indiscriminant use of 

poor correlations may produce poorer estimates of parameters than could 

( 21) 

{22)., 

be obtained from the original data alone. However, the above equations 

apply only to data which may be, or are transformed_to be, reasonably 

normally distributed and wi~hout serial correlation. Most bydrologicaJ. 

sequences are serially correlated, and each observation repeats part of 

the information contained in past observations. Sequential correlation 

in hydrological series reduces the effective length of the series and 

also tends to impair the effectiveness of cross-correlation between seri.eso 

Nevertheless, large values of cross-correlation can offset the loss of 

information due to autocorrelation$ 
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" For cross-correlated non-random series the variance of PY is 

given by 

(23) • 

r1 is the first-order autocorrelation coefficient and n equals n1 +n2. 

cry2 
The value of I can be derived if is divided by a" 2 as given from 

n1 µy 

( 23) • 

However, as concluded previously, it is again proposed that 

assumptions of data randomness are probably justifiablef since serial 

correlation coefficients are likely to be low. The question of 

estimate precision for parameters derived from cross-correlation of 

non-random series is therefore not considered further.in this study. 

Equation (17) for the estimation of CT" 2 applies to a blended µy 

record ot any variable with n1 measured values and n 2 additional 

values estimated by linear correlation and regression. Howe'\rer, 

regression theory affords a more general solution for correlation 

of either similar or dissimilar variables (e.g. precipitation versus 

streamflow), with application to linear, curvilinear, or multiple 

regression models. 

The estimated standard error in prediction by linear regression 

of the population mean y, given x, is shown by Snedecor & Cochran 

{1969) to be 

" Sp 
YcX 

1 ( - 2)~ = Sy.x(- + C11 x-x) 
n 

(24) 
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with (n-2) degrees of freedom. Sy.x is the standard error of 

estimate from regression; n the number of items in the correlation; 

C1 1 is 1/(n-1) {Sx) 2 , where Sx is the standard deviation of x values. 

For x equals x,Sµ 2 is given by {Sy.x) 2/n. Hence, if Sµ 2 for n2 
y.x y.x 

CJy2 
regression estimates is added to -- given by n1 measured values, the 

n1 

weighted average variance of the population mean for the blended data 

will approximate that given by equation (17). 

A 

Similar logic may be applied to estimate precision ofµ - for y.x 

curvilinear and·multiple regression models. However, for second and 

third order polynomials and multiple regression, equation (24) for 

A 

sµy.x becomes respectively, 

A 

sµ = y.x 
( 25) 

with (n-3) degrees of freedom, 

y .x , ' , , sµA = Sy.X X
2 x 3 [ (X-X x2-x2 x 3-x 3

) 

with (n-4) degrees of freedom, and 
A 

sµ = sy.x1,x2 
y.x1,x2 -J ~ i --(27). 

The degrees of freedom are (n-3) for x1,x2 only in equation (27). 

For 95 percent confidence limits, equations {24) to (27) must be 

multiplied by the appropriate value of t
0005 

given in standard statistical 

tables. In equations (24) to (26) for first, second and third order 

• S 2 3 • , / polynomials, y.x,x ,x 1.s given by sbi/v'Ci 
1

, where sb
1 

is the standard 

error of the b1 coefficient. 

Howeverr Osborn et al. (1971)and Hardison {1971) have suggested 

that interest may also be in the prediction standard error of an 
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individual y, given x. The two prediction problems should not be 

confused. In this instance, equation (24) becomes, for the 95 percent 

confidence level, 
,. 1 ~ 

Syx = to.OS Sy.x (1 + ~ + C11(x-x)
2

) 

Similarly, equation (25) becomes 

Syx = to.OS Sy.x,x (x-x,x -x) A 2 [ - 2 -2 

etcetera. Dixon & Massey (1957) show that the confidence level is 

correct for a single prediction, but is not correct for repeated 

predictions from the same sample. 

(28) 

(29) 

Sufficient theory has now been outlined to allow the second study 

objeQtive to be tested, as far as is applicable to linear, curvilinear 

and multiple regression models~ 

Theory: water balance and conceptual models 

Unlike the regression models just discussed, precision limits of 

parameter estimates derived by water balance or conceptual models are 

not readily quantifiable (Clarke, 1973). However, it is obviously 

desirable to establish objective numerical criteria for evaluating the 

goodness of fit of a model. An index of agreement or disagreement 

between the observed and computed values is required. 

Linear regression analysis suggests a ·sum of squares criterion, 

such that the error function, or residual variance, may be defined as 

the cumulated sum of differences between computed and observed data. 

That is, 
n 

F 2 = L.(x 1-x~ 2 
1 

F 2 is the index of disagreement and x 1 , x the computed and observed 

concurrent values (Nash & Sutcliffe, 1970). F2 is analagous to the 

(30). 
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residual variance of a regression analysis. Alternatives to equation 
ln 

(30) are the mean squared error F 2 = -E(x1-x) 2 (31), m n 1 

or the root mean squared error. All three forms are widely used in 

goodness of fit evaluation for simulation and prediction by a single 

model, or when the goodness of fit of several models is compared. 

Theor>zJ: between mode i comparison 

Clarke (op.cit) suggests, inter alia, that there is a need for 

comparison between the efficacy of conceptual models and simple 

regression models. In this study, the goodness of fit, or model 

efficiency measure proposed for comparative purposes is: 

var(x)-F 2 
R

2 = m 
var(x) 

(32) • 

ln ln 
var(x) is the initial variance given by ni (x-xj 2

, where x = ntx; n is 

the number of evenly spaced values in the record, and Fm2 iP as given by 

equation (31). R2 is dimensionless and analagous to the coefficient of 

determination. 

Other goodness of fit criteria are given by _Nash & Sutcliffe (op.cit}, 

March & Eagleson (1965), Jackson & Arqn (1971), and Ibbitt & O'Donnell (J.971) ,, 

If the relative behaviour of models is to be considered, it is 

insufficient to compare them on the grounds of how well they fit a given 

record. They should also be required to reconstruct a record, preferably 

preceding that to which the model was fittedo In this way the effect of 

serial correlation is minimised, and the "goodness of reconstruction11 ca.n 

be assessed independently of the goodness of fit. Objective comparisons 

of the reconstruction ability of the different models can then be made. 

Split record techniques such as described by Murray (1970}, and Dick~-~1son 

& Douglas (1972) are therefore used in this study to test the between 

and within model simulation and prediction abilities. Prediction results 

test the utility of the model. 
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REGRESSION ANALYSIS FOR PRECIPITATION AND TEMPERATURE TIME SERIES 

EXTENSION AND SPATIAL EXTRAPOLATION 

Precipitation: Paerau record extension 

In order to determine a long-term data series at each of the 

present stations in the Upper Taieri network, it is essential to 

extend the historic record for Paerau and assume equivalence of this 

station· with that at Elliot. Provided acceptable correlation can be 

demonstrated, extension of the Paerau data is also proposed as a means 

to satisfy the study objectives as regards precision of parameter 

estimates at a point. 

Two basic premises control any attempt to extend the 1908-40 

Paerau record by correlation methods and hence to derive data for the 

period 1941-68. Any long-term station used in the correlation must 

have a record of sufficient length concurrent with Paerau to satisfy 

the demands of acceptable between-station correlation, and secondly, 

cover the period required for the extension. 

Figure 7 shows that the only stations which could possibly satisfy 

both the above requirements for Paerau record extension are Manorburn 

Dam, Waipiata Sanatorium and Patearoa No. II. Of these, Manorburn Dam 

has a broken record for the period 1946-60 and is thus of limited value. 

Further, use of the Patearoa No. II record is dependent on the assumption 

that Patearoa No. I and No. ~I data can be combined for the initial 

correlation with Paerau without loss of consistency. The desirable 

requirements of record length for between station correlation studies 

proposed by McDonald & Green (1960) are satisfied. Also, the factors 

of between station distance and altitudinal difference lie within the 

limits shown by Hutchinson (1969) as theoretically allowable for this 

area, if monthly and annual correlations are to be significant at the 

99 percent level. 
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Standard methods of simple linear and curvilinear correlation 

and regression are used, and involve no greater than third degree 

polynomials. Prediction equations for Paerau rainfall are developed 

for both monthly and annual data. The equations given in Table 42 

and more fully defined in Appendix I(l), are derived with Paerau data 

as the dependent variables (Y) and in turn Manorburn Dam, Patearoa 

No. II, and Waipiata Sanatorium records as the independent variables (x). 

Record lengths used in the correlations are 1914-40 for Paerau-Manorburn 

Dam and 1916-40 for the remainder. 

Monthly correlation coefficients follow the pattern of v-ariability 

demonstrated by Figure 9. Maximum values occur in January and October 

with figures of 0.90 or better. Minimum coefficients are generally 

found for June, July and September, and it is only in these months that 

values of r fall below 0.60. With one exception, F tests show that 

correlations from the three sets of analyses are significant at the 95 

percent level, and most are also significant at greater than the 99.9 

percent level. 

The three sets of correlations are considered satisfactory for 

record extension purposes. In all cases inequality (19) for the critical 

value of p2 is satisfied, the relative information ratio I is greater 

than 1.00, and hence a more precise estimate of the mean may be computed 

from the blended data. However, conditions favourable for improved 

estimates of the variance are found for only January, May and October. 

In other than these months, therefore, poorer estimates are produced by 

the correlations than could be obtained from the original data alone. 

The question of obtaining increased estimate precision of population 

variance is hence not pursued. 
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TABLE 42: Monthly and annual rainfaZZ regression equations 

for Paerau record extension 

(~: x = Manorburn Dam, Patearoa or Waipiata Sanatorium 
monthly or annual rainfall in inches. 

Y = I>aerau predicted monthly or annual rainfall in 
inches). 

A. Paerau-Manorburn Dam 

(i) 
(ii) 

(iii) 
(iv} 
(v} 
(vi) 

(vii) 
(viii) 

January: 
February: 

March: 
April: 

May: 
June: 

July: 
August: 

{ix) September: 
{x} October: 
{xi} November: 
{xii} December: 
(xiii} Annual: 

B. Paerau-Patearoa 

(i) 
(ii) 
(i~i) 

(iv) 
(v) 
(vi) 
(vii) 
(viii) 

January: 
February: 

March: 

April: 
May: 

June: 
July: 

August: 

(ix) September: 

{x) October: 
(xi) November: 
(xii) December: 
{xiii) Annual: 

Y = 3.010 + 1.109 (x-2.400). 
Y = 2.574 + 0.179 (x-1.706) + 0.313 (x2 -3.907). 
Y = 2.638 + 30074 (x-1.813) - 0.470 (x2-4.642). 
Y = 2.660 + 1.385 (x-2.014). 
Y = 2.500 + 1.805 (x-1.870) - 0.151 (x2-5~320). 
Y = 2.111 - 4.134 (x-1.404} + 4~242 (x2-2.499) 

- 0.924 (x 3-5.308}. 
Y = 1.431 + 1.203 (x-0.999). 
Y = 1.879 + 6.129 (x-1.077) - 4.360 (x2 =1.501) 

+ 1.109 (x 3-2.510). 
Y = 1.857 + 0.801 (x-1.294). 
Y = 2.355 + 1.116 {x-1.757}. 
Y = 2.755 + 1.071 (x-2.027). 
Y = 3.322 + 3.284 (x-2.011) - 0.448 (x2-4.802). 
Y = 29.092 + 6.004 (x-20.372) - 0.110 (x2 -430.794)o 

Y = 3.042 + 1.291 (x-2.020). 
Y = 2.487 + 1.638 (x-l.386)g 
Y = 2.695 + 6.729 (x-1.266) - 4$874 (x 2-2.061) 

+ 1.318 (x 3-3.774). 
Y = 2.728 + 1.242 (x-1.405). 
Y = 2.514 + 1.710 (x-1.058). 
Y = 1.962 + 1.125 (x-0.824). 
Y = 1.508 + 2.192 (x-0.860) - 0.532 (x2-1.202). 
Y = 1.976 - 0.066 (x-0.859) + 3.543 (x2-l.081) 

- 1.438 (x 3-l.675). 
Y = 1.909 - 1.518 (x-0.955) + 3.229 (x2 -l.241) 

- 1.047 {x 3-l.992). 
Y = 2.388 + 1.994 (x-1.351) - 0.183 (x2 -3.075). 
Y = 2.765 + 2.837 (x-1.345) - 0.545 (x 2 -20329). 
Y = 3.368 + 1.512 (x-1.825). 
Y = 29.344 + 150.475 (x-15 . 151) 

- 9~774 (x 2-233.389) + 0.209 (x 3-3657.175). 
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TABLE 42: (Continued) 

C. Faerau-Waipiata Sanatoriwn 

(:i.) January: y:,: 3.042 + 1.150 (x-2.066). 
(ii) February: y = 2.487 + 1.589 (x-1.504). 
(iii) March: y = 2.695 + 1.888 (x-1.290). 
(iv) April: y = 2.728 + 1.101 (x-1.613). 
(v) May: y = 2.514 + 1.236 ix-1.303). 
{vi) June: y = 1.962 - 17 ~434 (x-l.020j + 17.281 (x2-l.314) 

- 4.572 (x 3-2.052). 
Cvi.i) July: y = 1.508 + 1.333 (x-0.972)~ 
(viii) August: y = 1.976 + 5.115 (x-L040) - 4.969 (x2-l.525) 

+ 1.597 (x 3-2. 724). 
(ix) September: y = 1. 909 ·- 2.814 (:x:-1.124) + 3.800 (x2-l.638) 

- 1.039 3 (x -2.893). 
(x) October: y = 2.388 + 1. 383 (x-1.358). 
(xi) November: y = 2.765 + 2.413 (x-1. 566) 0.411 :.: . - (x -3.124). 
(xii) December: y = 3.368 + 1.073 (:x:-1.989). 
(xiii) Annual: y = 29.344 - 4.284 (x-16.845) + O.J.50 (:,,:2-289. 336). 
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Results of the analyses are given by Table 43. New standard 

errors of the monthly and annual blended means are given by cr~ from µy 

equation (17), or for second and third order polynomials, from the 

weighted average of measured standard error of the mean (SEy) and s;.-. -· µy.x 

from equations (25) and (26). Results of standard error calculations 

from equation (24) were found to approximate those of equation (17), 

when weighted for n1 and n2 by SEy. Although introducing a small 

additional error it was assumed that x for the n2 regression estimates 

would equate with the x used in the original determination of equations 

(24) to (26). 

The data in column (6) (Table 43) correspond to the SEx values of 

Table 24, and suggest that the most precise parameter estimates will be 

obtained from the blended record derived from Manorburn Dam. Values of 

mean monthly and annual rainfall for the total period 1908-69 could thus 

be derived (Column (2)), and the new standard errors computed as a percent­

age of this blended mean, for comparison with Table 24 results. 

Estimates of mean seasonal and annual station precipitation are now 

available to greater precision than for the measured series alone. Mean 

annual rainfall is estimated to within seven percent at the 95 percent 

confidence level. Results for the mean monthly data show that only 

August now has a standard error in excess of 10 percent. Months •ihich 

previously indicated unacceptable errors were February, March, May, June, 

July and August. Further, for the monthly data derived by combining 

the measured values and linear regression estimates, equation (20} indic­

ates that effective record lengths have increased by up to 20 years. 

The second study objective is satisfied in part. Addition of 

regression estimates to the measured Paerau record now allows detenuina.tion 

of the mean station rainfall at the required precision level for all months 



TABLE 43: Paerau mean monthly and annv.aZ rainfall par-ometers for the blended measured and synthetic record 1908-69 

Parameter values as derived from:-

Manorbii.rn DdJil Patearoa Wai Diata Sanatoriwn 

1908-69 
A I " A 

Month Mean Rainfall n1 n2 d.f crµ (6) As % d.f crµ I (6) As % d.f crµ (6) As% 
(inches) (yrs) (yrs) (ini) y col.(2) (ini) y col. {2) (in¥} v col.(2) 

(l} I (2) (3) ( 4) . (5) (6) (7) (5) (6) (7) (5) (6) (7) 

Jan. 2.95 33 27 25 0.24 8.13 23 0.23 7.80 23 0.24 8.13 
Feb. 2.69 · 33 27 24 0.24 8.92 23 0.25 9.29 23 0.25 9.29 
Mar. 2.96 33 27 24 0.25 8e44 21 Oo27 9.12 23 0.25 8.44 
Apr. 2.42 33 27 25 0.21 8.68 23 0.23 9.50 23 0.22 9.09 
May 2.29 33 27 24 0.19 8.30 23 0.19 8.30 23 0.20 8.73 
June 2.23 33 27 23 0.22 9.86 23 0.2,4 10.8 21 0.24 10.8 
July 1.37 33 27 25 o.13 9.49 22 0.14 10.2 23 0.12 8.76 
Aug. 1.69 33 27 23 0.21 12.4 21 0.23 13.6 21 0.21 12.4 
Sepo 1.83 34 27 25 0.12 6.56 21 0.15 8.20 21 0.15 8.20 
Oct. 2.37 35 27 25 0.18 7.59 22 0.19 8.02 23 0.19 8.02 
Nov. 2.70 35 27 25 0.18 6.67 22 0.19 7.04 22 0.19 7.04 
Dec. 3.08 

I 
35 27 24 0.24 7.79 23 0.25 8.12 23 0.25 8.12 

!Year 28~57 33 27 24 0.95 3.32 21 1.05 3.67 22 1.03 3.61 

Notes: Column (2) - values derived from the combined 1908-40 and 1968-69 measured records, and the optimum 
· synthetic record from regression. analysis. 

Column (3),(4) - years of measured data and adoitional estimated values respectively. 
Column (5) - degrees of freedom available for determining· t 

05
• " 

Column (6) - see equation (17). Also used are weighted va2ues of sµ _ from equation (24) and the higher 
Pxlynomial versions, equations (25) and (26). All valuisxcorrespond to SEx of Table 24. 

Column (7) - oµ as a percentage of the 1908-69 blended mean. Corresponds to SEx as %'.Kin Table 24. y 

_. 
-0 
w 
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except August. Monthly, seasonal and annual Paerau data for the 

period 1941-68 are listed in Tables 44 and 45. The total record for 1908-69 

is obtained by combining these data with those in Tables 9 and 10. It 

should be noted however, that the individual values in Table 44 are subject 

to the prediction standard errors defined by equations (28) and (29). 

The data now available for Paerau are considered satisfactory, and 

a mass curve of precipitation versus time for 1908-69 shows no discontinuity 

at the end of the measured record in 1940. It is hence not necessary to 

derive the missing Paerau record by more sophisticated techniques. 

Precipitation: Catchment me(lYI, precipitation 

To define the long-term complete and sub-catchment mean rainfall for 

the Upper Taieri area, an initial step is to derive the long··term relation­

ships betvreen Elliot/Paerau and other gauges in the present network. 

Prediction equations are developed for all stations with Elliot as the 

independent variable, by way of simple linear correlation and regression 

and the corrected precipitation values from th~ network. Results of 

the analyses are given in Tables 46 to 48 and in Appendix I(2). 

The correlation coefficients displayed are significant at the 99 

percent level, vary from 0.86 to 0.99, and the relationships are considered 

satisfactory for spatial extrapolation of the Paerau data. If the 1908-69 

mean monthly rainfalls for Paerau are substituted in the listed prediction 

equations for each station, long-term station rainfalls are determined as 

shown by Table 47. 

Since the regression equations v.;rere developed from approximately 

monthly da'!::.;., annual values are given by the sum of the monthly values. 

The derived 1908-69 mean annual precipitation varies from 22 inches at 

Mulholland in the north, to 63 inches at Lammerlaw Top and Trig Hin the 

southern upland area. 
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TABLE 44: PaePau synthetic monthly rainfaZZ record (inches 1941 to 1968 

Year J F M A M J J A s 0 N D - -
1941 3.6 1.6 3.2 2.5 2.0 1.1 1.2 1.7 1.3 1.6 3.6 4.7 
1942 2.9 3.5 2.4 lol 2.3 1.4 1.7 L4 1.8 4.1 1.9 3.8 
1943 1.9 2.8 3.9 2.6 1.4 2.2 1.1 1.7 2.0 1.7 2.0 1.4 
1944 1.9 7.9 2.6 4.4 1.6 3.8 1.2 2.0 1.8 1. 7 2ol 4.8 
1945 3.2 9.7 3a2 4n6 4.1 1.0 1.1 1.4 2o3 2.3 2.4 4.9 
1946 4.2 1.7 0.8 1.5 2.1 2.2 l.5 1.5 5.3 2.3 1.5 3.1 
1947 2.2 2.3 0.6 2.3 2.1 4.7 0.6 1.8 1.6 4.9 1.8 2.3 
1948 2.4 2.6 4.6 L6 1.4 1.9 lol o.o 2.0 2.7 3.5 2.2 
1949 2.9 4.7 4.0 1.7 2.0 1.9 2.2 1.6 1.4 1.8 1.4 3.0 
1950 3.3 3.8 2.1 1.6 1.0 1.5 lo4 1.6 1.4 2.2 3.3 2~7 
1951 3.7 1.4 3.1 2.1 1.5 2.0 1.1 1.,4 1.6 2.7 3.8 2.5 
1952 2.2 2.6 1.8 1.9 2.1 1.9 1.1 0.1 2.7 4.1 3.1 3.2 
1953 3.3 2o0 4.8 3.6 1.5 1.5 0.6 106 1.3 1.2 3.2 2.5 
1954 2.0 2.0 5.0 1.2 2.0 2.3 1.5 1.4 1.3 1.6 2.3 2.3 
1955 3.8 1.4 5.4 1.2 3.2 3.4 3.1 1.2 1.3 2.4 3.6 1.2 
1956 3.0 o.6 0.4 3.2 5.2 1.9 0.7 l.2 1.2 2.3 3.3 4ol 
1957 2.3 2.6 5.0 2.3 4.9 2.4 o .. 7 o.o 1.8 3.7 3.5 3.9 
1958 5.0 5.7 4.6 3.3 3.5 1.6 0.6 1.0 1.6 2.0 1.9 4.3 
1959 2.7 1.8 2.9 1.9 3.,4 1. 7 0.6 0.3 1.3 1.6 3.1 3.6 
1960 2.3 3.6 5.5 1.3 1.9 2.6 1.0 1.6 3.1 1.5 3.7 1.8 
1961 2.9 5.3 4.1 1.8 a.a 3.6 2.6 1.7 2.1 1.5 3.4 0.4 
1962 3.2 2.8 4.1 2.9 1.7 3.9 1.7 2.2 1.4 . . 3. 2 2.1 2.4 
1963 2.4 3.6 3.0 1.9 2.6 2.2 0.8 4o4 2.4 2.6 2.4 3.2 
1964 1.8 1.1 4.1 1.0 2.0 1.3 0.7 2.0 1.3 1.8 2.6 4.8 
1965 4o0 3.6 3.1 2.4 3.4 3.2 1.1 1.8 1.7 2.3 2.5 1.2 
1966 s.o 2.0 3.8 1.4 1.1 4.1 0.6 Oa5 1.5 0~9 3 .. 3 2.2 
1967 1.6 1.3 2.8 3.5 1.4 1.7 0.9 1.1 2.8 2.2 3.4 4.7 
1968 1.8 2.0 2.8 4.2 2.3 2.7 4.0 1.7 1.5 2.6 1.6 1.3 
Mean: 2.95 2.69 2.96 2.42 2a29 2.23 1.37 1.69 1.83 2.37 2.70 3.08 
{1908-69) 



. 196 

TABLE 45: Paerau synthetic seasonal and annual rainfall record 

(inches) 1941 to 1968 

Year Summer Autumn Winter s12rinSl: Annual 
(Dec-Feb) (Mar-Yiay) (June-Aug) (Sep-Nov) 

1941 6.8 7.7 4.0 6.5 28.1 
1942 11.1 5.8 4.5 7.8 28.3 
1943 8.5 7o9 5.0 5 .. 7 24 07 
1944 llo2 8.6 7.0 506 35.8 
1945 17. 7 11.9 3.5 7.0 40a2 
1946 10.8 4 .. 4 5.2 9.1 27.7 
1947 7.6 5.0 7.1 8.3 27.2 
1948 7o3 7.6 3.0 8.2 26.0 
1949 908 7.7 5.7 4.6 27.6 
1950 10.1 4.7 4.5 6.9 25.9 
1951 708 6.7 4.5 B.l 26.9 
1952 7.3 5.8 3. 7 · 9.9 27.4 
1953 8.5 9.9 3.7 5&7 27.1 
1954 6.5 8.2 5.2 5.2 24.9 
1955 7.5 9.8 7.7 7.3 31.2 
1956 4.8 8.8 3.8 6.9 27o2 
1957 9.0 12.2 3.1 9.0 33 .. 1 
1958 14.6 11.4 3.2 5.5 35.1 
1959 8.8 802 206 6.0 24.··9 
1960 9.5 8.7 5.2 8.3 29.9 
1961 10.0 6.7 7.9 7a0 30.2 
1962 6.4 8.7 7.8 6.7 31.6 
1963 8.4 8.5 7.4 7.4 31.5 
1964 6.1 7.1 4.0 5.7 24.5 
1965 12.4 8.9 6.1 6.5 30.3 
1966 8.2 6.3 5.2 5.7 26o4 
1967 5.1 7.7 3.7 8.4 27.4 
1968 8.5 9.3 8.4 5.7 28.5 
Mean: 8070 7.68 5.29 6.92 28.57 
(1908-69) 
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TABLE 46: Upper Taieri catchment raingauge net-work regression equations 

(Base station EZZiot (=Pae17au) is x) 

Station Name Regression Equation Correlation Coefficient 

Mulholland y = 0.805x - 0.049 0.858 
Aitken y = 0.915x + 0.133 0.882 
Onslow Road y = 0.887x + 0.031 0.974 
Smith y = o.909x + Ou321 0.911 
Bottle Rock North y = 1.304:x: + 0.022 0.977 
Gr.eat Moss Swanp y = 1.233x - 0.115 0.987 
Bottle Rock y = l.308x + 0.198 0.983 
Longs tone y ·- 1.130x + 0.227 0.991 
Round Hill y = lel4lx - 0.076 0.981 
Musterer's Huts y = l.865x + 0.223 0.971 
Trig H y = 2.018:x: + 0.471 0.943 
Lanunerlaw Top y = 2.079x + 0.303 0.979 

Prediction standard errors of mean monthly and annual station 

rainfall, where x is the 1908-69 mean Paerau data, a:r:·e given by Table 48. 

The listed data are values of sµy.x from equation (24), and are given as 

a percentage of y from Table 47. The results indicate that for the stated 

Paerau values, the mean annual station rainfalls may be estimated by regressior 

with standard errors of less than eight percent. Weighted average monthly 

and annual standard errors for the catchment are further shown by Table 48 

to be as low as five percent. 

Standard errors of the long-term station arithmetic means are not 

readily quantifiable for the derived data inter.ms of the second study 

objective a The Paerau/Elliot values used in the regressions al'.'e not 

error free, but are subject to the standard errors previously accorded to 

the data listed in Tables 43 and 44. However, provided the additional 

errors in the Paerau data are random and normally distributed, Snedecor 

& Cochran (1969) have suggested that equation (24) may still be used to 

determine standard errors of prediction. The standard errors listed in 
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TABLE 4?: 1908-69 mean monthZy and annuaZ rainfaZZ determination for 

the Upper Taieri raingauge ne-twork 

J F M A M J J A s 0 N D Year 

Paerau: 2.95 2.69 2.96 2.42 2.29 2.23 1.37 1.69 1.83 2.37 2.70 3.08 28.57 
Mulholland: 2.32 2.12 2.33 1.90 1. 79 1.74 1.05 L31 1.42 1.86 2 .. 15 2.43 22.42 
Aitken: 2.83 2.59 2.84 2.34 2.23 2.17 1.39 1.68 1.81 2.30 2.60 2.95 27.73 
Onslow Road: 2.65 2.42 2.66 2.18 2.06 2.01 1.25 1.53 1.65 2.13 2.42 2.76 25.72 
Smith: 3.00 2. 77 3.01 2.52 2.40 2.35 1.57 1.86 1.98 2.47 2.78 3.12 29.83 
Bottle Rock · 

North: 3.87 3.53 3~88 3.18 3.01 2.93 1.81 2.23 2.41 3.11 3.54 4.04 37 .54 
Gt. Moss 

Swamp: 3.52 3.20 3.53 2.87 2.71 2.63 1.57 1.97 2.12 2.81 3.21 3.68 33.82 
Bottle Rock: 4.06 3.72 4.07 3.36 3.19 3.11 1.99 2.41 2.59 3.30 3.73 4.23 39. 76 
Longstone: 3.56 3.27 3.,57 2.96 2.81 2. 75 1.78 2.14 2.29 2.91 3.28 3. 71 35.03 
Round Hill: 3.29 2.99 3.30 2.68 2.54 2.47 1.49 1.85 2.01 2.63 3.00 3.44 31.69 
Musterer's 

Huts: 5.72 5.24 5.74 4.74 4.49 4.38 2.78 3.37 3.64 4.64 5.26 5.97 55.97 
Trig H: 6.42 5.90 6.44 5.35 5.09 4.97 3.23 3.88 4.16 5.25 5.92 6.69 63.30 
Larnmerlaw 

Top: 6.44 5.90 6.46 5.33 5.06 4.94 3.15 3.82 4.11 5.23 5.92 6.71 63.07 
Weighted average 
basin rainfall: 

3.40 3.11 3.41 2.80 2.66 2.59 1.63 1.99 2.14 2.75 3· .. 12 3.54 33.,13 

Notes: (i) 1908-69 mean monthly and annual data for Paerau are as given by 
Table 43. Monthly values for the remaining stations are derived 
from the regression equations in Table 46, assuming x is the 
1908-69 Paerau meano 

(ii) Mean annual values for other than Paerau are given by the sum of 
individual mean monthly data. 

(iii)Weighted average basin rainfall derived from station mean monthly 
data and Thiessen weighting factors. 
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Prediation standard errors of mean monthZy and annuaZ bas-in 

ra.infaZZ where x is the 1908-69 mean Paerau data 

J F M A M J J A s 0 N' D Year 

Mulholland: 
Aitken: 
Onslow Road: 
Smith: 
Bottle Rock 

North:· 
Great Moss 

Swamp: 
Bottle Rock: 
Longstone: 
Round Hill: 
Mustered, 

Huts: 
Trig H: 
Lammerlaw 

Top: 

7.99 7.73 7.99 7.49 7.39 7 0 34 7.43 7.02 7.06 7.44 7.66 8.08 
6.67 6.44 6.68 6.18 6.02 5.97 5.16 5.36 5.50 6.12 6.45 6.77 
4.01 4.04 4.00 4.14 4.21 4.25 5.92 4.97 4.71 4.17 3.80 4.01 
6.15 6.06 5.19 6.03 6.03 6.02 7.11 6.75 6.24 6.04 6.06 6.20 

3.79 3.87 3.80 4.00 4.09 4.14 5.93 4o93 4o82 4.03 3.87 3.77 

2.93 2.98 2.93 3.07 3.13 3.17 4.46 3.72 3.55 3.09 2.98 2.92 
4.08 4.23 4.08 4.47 4.61 4.69 7.01 5.78 5.42 4.51 4.23 4.03 
2.41 2 0 46 2.41 2.58 2.65 2.76 3.94 3.28 3.08 2.60 2o46 2o39 
3.24 3.29 3.24 3.38 3.43 3.47 4.79 4.04 3.83 3.39 3.29 2.72 

4.54 4.67 4.54 4.95 5.04 5.12 7.66 6.31 6.02 4.94 4.66 4~49 
5.75 5.79 5.75 5.90 5.97 6.02 7.79 6.78 6.50 5.92 5.79 5.73 

4.64 4.82 4.64 5.10 5.26 5.35 7o90 6.56 6.15 5.15 4.81 4c58 

Weighted average 
standard error: 

7.55 
6.1.1 
4e35 
6.16 

4.24 

3.24 
4.76 
2.75 
3.51 

5.25 
6.14 

5.41 

5.28 5.31 5.22 5.30 5.27 5.41 6.31 5.98 5.35 5.21 J.09 5.21 4.99 

Notes: (i) 
A 

The listed data are values of Sµy.x from equation (24), c.md are 
given as a percentage of y from Table 47. x values for equation 
(24) are assumed to be the mean monthly rainfalls from Table 47, 
and error free. 

(ii) Mean ar .. nual values are the average of suI!l.1.--ned individual mean 
monthly data. 

(iii) Weighted average standard errors are derived from the station 
data and Thiessen weighting factors. 
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Table 48 will therefore be minimum values, since the true values of x 

are not directly known. If the values of x are maximised and minimised 

in accordance with the error distributions given in Table 43, a range of 

new rainfall data may be calculated for Table 47. The weighted average 

standard errors in Table 48 are in turn recomputed to be in the order of 

25 percento 

Since the rainfall predictions for the 12 stations are unlikely to 

be improved, because of the Paerau/Elliot standard errors shown by Table 

43, data derivation by alternative means are considered unnecessary. 

For example, Hutchinson 1 s (1968) results show that multiple correlatiori 

techniques using topographic factors do not necessarily produce results 

of any greater accuracy than those derived above. 

Techniques of areal integration of point rainfalls to establish the 

mean value over an area, rely largely on the Thiessen polygon, or arithmetic 

mean methodso When used with appreciation of their limitations, they 

generally give realistic results in most circumstances. Values of total 

and sub-catchment mean precipitation, and the relationship of these amoun.ts 

to the long-term Paerau/Elliot record, are thus derived using the. simple 

standard techniqueso Although more sophisticated methods a.re not 

considered here, their importance is sufficient to warrant a separate 

study of relative merits. 

Average basin mean month·ly and annual rainfalls for the period 

1908-69 have been calculated by three methods: 

(a) Station mean annual rainfalls from Table 47 are plotted on a 

catchment outline map and isohyets for the period 1908-69 derived 

as shovm on Figure 38. 

{b) The Thiessen polygon technique applied to the plotted station mean 

annual rainfalls. 
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Calculation of the 1908-69 catchment mean annual rainfall by the 

above two methods gives a value of approximately 33 inches in each 

case (Table 47). The 1908-69 arithmetic mean value of 38 inches 

is not considered reasonable, since the station Thiessen weight 

factors suggest that undue emphasis would thus be given to the 

higher rainfalls for Lamrnerlaw Top and Trig H~ 

(c) Liriear correlation of approximately monthly catchment mean rainfalls 

derived by the Thiessen polygon method, with equivalent period 

Elliot totals. Results of the analysis are given in Table 49. 

The table shows the calculations for 21 rainfall 'events', and 

the Thiessen weight factors appropriate to each gauge, dependent on 

the available records and hence variations of polygon used. The 

equation which relates average catchment 'event' values (Y) to the 

Elliot totals (x) is given as 

Y = l.28x + 0.004 inches (33) 0 

Other relevant statistics are d.f. = 19; Sx = 1.84 inches; Sy.x = 0.42 

The correlation inches; C11 = 0.0148; x? 2.32 inches; r = 0.988. 

coefficient is significant at the 99 percent level. Long-term average 

basin rainfalls and standard errors of prediction a:r:·e thus derived in the 

same manner as described for Tables 47 and 48. The results are given in 

Table 50. 

Catchment mean annual rainfall is calculated as 36 inches. The 

prediction standard errors show that for the given monthly Paerau data, 

mean values of average basin rainfall may be estimated by regression to 

within six percento Howeverr the above standard errors must again be 

considered as minimum values since :x: is not error free. If the 

calculated standard errors for x are again considered, it can be shown tha.t 

" the above error values may increase by up to 40 percent relative to µy. 



TABLE 49: Catchment mean rainfall - event Thiessen polygons 

*Gauges included in Thiessen polygons for dates shown (points rainfall) 

Inclusive dates (1) (2) (3) (4) (5) (6) (7) 
Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF 

RF RF FF RF RF RF RF RF RF RF RF RF RF RF 

10 33 10 4 8 3 
2/3.1.69-15/16.1.69 220 022 180 059 240 024 279 011 - - 227 018 229 007 

10 33 10 4 10 3 
26/28.11.68-2/3.l.69 140 014 174 057 089 009 244 010 - - 220 022 167 005 

8 19 10 4 10 3 
26/28.11.68-15/16.l.69 360 029 354 067 329 033 523 021 - - 447 045 396 012 

8 19 12 5 5 
15/16.1.69-21/22.l.69 031 002 021 004 013 002 113 006 051 002 

8 19 12 5 5 
21/22.1.69-12/13.2.69 082 006 134 025 100 012 452 023 514 026 - - - - tv 

0 
8 19 12 2 4 6 3 w 

15/16.1.69-12/13.2.69 113 009 155 029 113 013 784 016 565 023 352 021 177 005 
12 19 12 2 4 7 4 

12/13.2.69-18.2.69 068 008 030 006 OOO OOO 131 003 140 006 109 008 080 003 
12 19 12 2 4 7 4 

15/16.1.69-18.2.69 181 022 185 035 113 014 696 014 705 028 461 032 257 010 
12 19 12 2 4 7 4 

18.2.69-5/6.3.69 025 003 027 005 010 001 066 001 075 003 085 006 065 003 
8 19 9 2 4 5 3 

5/6.3.69-12.3.69 011 001 007 001 OOO OOO 278 005 188 007 157 008 063 002 
8 19 9 2 4 5 3 

12.3.69-17/19.3.69 026 002 034 006 033 003 107 002 098 004 104 005 049 001 
8 19 9 2 4 5 3 

17/19.3.69-31/3.l/2.4.69 142 011 146 028 152 014 312 006 268 011 299 015 241 007 
8 19 9 2 4 5 3 

5/6.3.69-31.3.1/2.4.69 179 014 187 035 185 017 679 014 554 022 560 028 353 010 



TABLE 49: Continued 
Cl) (2) (3) (4) (5) (6) (7) 

Inclusive dates Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF 
RF RF RF RF RF RF RF RF RF RF RF RF RF RF 

7 19 10 4 7 3 
31/3.1/2.4.69-22.4.69 193 013 173 033 100 010 905 036 - - 404 028 205 006 

7 19 10 4 7 3 
5/6.3.69-22.4.69 372 026 360 068 285 028 1602 064 - - 964 067 558 017 

8 19 10 4 10 3 
22.4.69-13/15.5.69 088 007 051 010 085 008 232 009 - - 248 025 261 008 

8 19 10 4 10 3 
5/6.3.69-13/15.5.69 460 037 411 078 370 037 1834 073 - - 1212 121 819 025 

9 19 12 4 10 3 
12/13.2.69-13/15.5.69 553 050 468 089 380 046 2031 081 - - 1406 141 964 029 

8 19 12 2 4 6 3 
15/16.1.69-31/3~1/2.4.69 385 031 399 076 308 037 1459 029 1344 053 1106 066 675 020 

9 19 12 4 10 3 t-) 

15/16.1.69-13/15.5.69 666 060 623 118 493 059 2417 079 - - 1758 176 1141 034 0 
,I:,.. 

8 19 12 4 7 3 
15/16.1.69-22.4.69 578 046 572 109 408 049 2364 095 - - 1510 106 880 026 

*Gauges included: (1) Elliot (4) Trig H (7) Long stone (10) Onslow Rd. {13) Great Moss Swamp 
(2) Aitken (5) Lammerlaw Top (8) Bottle Rock (11) Smith 
(3) Mulholland (6) Musterer's Huts (9) Bottle Rock Nth. (12) Round Hill 



'I'ABLE 49: Continued 
(8) (9) (10) (11) (12) (13) Catchment 

Inclusive Dates Tot. WF Tot. vW Toto WF Tot. WF Tot. WF Tot. WF Mean Event 
.. RF . RF .. RF RF . RF ·RF RF RF RF , RF RF RF Total (ins.) 

9 3 12 9 
2/3.1.69-15/16.l.69 199 018 207 006 156 019 190 017 - - - - 2.01 

5 12 13 
26/28.11.68-2/3.l.69 - - 225 011 120 014 086 Oll - - - - 1.53 

5 11 12 12 6 
26/28.11.68-15/16.l.69 - - 432 022 276 030 276 033 350 042 391 023 3.57 

10 11 11 12 6 
15/16.1.69-21/22.l.69 078 008 043 005 - - 067 007 055 007 065 004 0.47 

10 11 11 12 6 
21/22.1.69-12/13.2~69 105 010 120 013 - - 127 014 137 016 100 006 1.51 

8 11 9 12 6 
·15/16.1.69-12/13.2.69 183 015 163 018 - - 194 017 192 023 165 010 1.99 

10 11 12 6 ....., 
12/13.2.69-18.2.69 066 007 038 004 - - - - 031 004 062 004 0.53 0 

10 11 12 6 O'I 

15/16.1~69-18.2 ~69 249 025 201 022 - - - - 223 027 227 014 2.43 
10 11 12 6 

18.2.69-5/6.3.69 025 002 025 003 - - - - 025 003 025 001 0.31 
8 3 12 9 12 6 

5/6.3.69-12~3.69 051 004 043 001 047 006 098 009 008 001 011 001 0.46 
8 3 12 9 12 6 

12.3.69-17/19.3.69 043 003 031 001 040 005 028 002 028 003 024 001 0.38 
17/19.3.69-31/3.l/2.4.69 385 031 183 005 148 018 151 013 079 0 09 058 003 1.71 

8 3 12 9 12 6 
5/6.3.69-31/3.1/2.4.69 479 038 257 008 2~-..,:::, ;028 277 025 115 014 155 009 2.62 

9 3 11 9 12 6 
31/3.1/2.4.69-22.4 ~69 175 016 222 007 113 012 245 022 150 018 175 010 2.11 

9 3 11 9 12 6 
5/6.3.69-22.4.69 654 059 479 014 348 038 522 047 265 032 330 020 4.80 



TABLE 49: Continued 
(8) (9) (10) (11) (12) (13) Catchment 

Inclusive Dates Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Tot. WF Mean Event 
RF . RF RF 'RE_ RF RF RF RF RF RF RF RF 'Total (ins.) 

5 11 12 12 6 
22.4069-13/15.5.69 - - 137 007 120 013 105 013 082 010 054 003 1.13 

5 11 12 12 6 
5/6.3.69-13/15.5.69 - - 616 031 468 051 627 075 347 042 384 023 5.93 

13 12 12 6 
12/13.2.69-13/15.5.69 - - 679 088 - - 813 098 403 048 471 028 6.98 

8 11 9 12 6 
15/16.1.69-31/3.l/2.4.69 753 060 483 053 - - 657 059 363 044 407 024 5.52 

13 12 12 6 
15/16.1.69-13/15.5.69 ... - 787 102 - - 1007 121 595 071 636 038 8.76 

9 11 9 12 6 
15/16.1.69-13/15.5.69 928 084 705 078 - - 902 081 513 062 582 035 7.71 

t,.J 

*Gauges included: (1) Elliot (4) Trig H (7) Long stone (10) Onslow Rd. (13) Great Moss Swamp 0 
0.. 

(2) Aitken (5) Larnmerlaw Top (8) Bottle Rock (11) Smith 
(3) Mulholland (6) Mustered;; Huts (9) Bottle Rock Nth. (12) Round Hill 



TABLE 50: 

Average 
basin 
rainfall 
(ins.): 

,... 
Sµy.x as 
% of y: 

Notes: (i) 
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1908-69 average catchment rainfall determination and standard 

errors of prediction for the mean values, vhere x is the long­

·term mean Paerau data 

J F M A M J J A s 0 N D Year 

3.78 3.44 3.79 3.10 2.94 2.86 1.76 2.17 2.35 3.04 3.46 3.95 36.64 

2.57 2.72 2.64 2.96 3.12 3.21 5.89 4.47 4.04 3.01 2.71 2.52 3.32 

Monthly rainfall values are derived from equation (33) with x 
the 1908-69 Paerau means from Table 43. 

(ii) 
(iii) 

The annual value is the sum of all monthly values. 
Standard errors are given by equation (24) and are shown as a 
percentage of average basin rainfall. x values are again 
taken as the 1908-69 Paerau means. 
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Average areal mean standard errors are thus still not readily 

calculable in terms of the second study objective. Although estimated 

catchment mean rainfall values are shown to be in close agreement from the 

three methods, standard errors will not be less than those given by Table 50& 

It is therefore concluded that since the earlier extension of the 

Paerau record does not provide improved estimates of the station variance, 

weighted mean station variance required for equation (15) will not be 

reduced. Standard errors are thus unlikely to be less than those shown 

by Table 4 for network design by means of the structural function. It 

does not appear possible to estimate areal population parameters to the 

required precision with the data available. 

If the value of 36 inches is assumed correct, the minor under 

estimation produced by methods (a) and (b) may be attributed to inadequate 

rainfall sampling in the headwater areas of the Rock and Pillar stream 

and Serpentine Creek. However, a lack of access precludes the installation 

and ready maintenance of additional gauges in these areas. Since the 

problem areas produce only a minor proportion of the available water in 

the Upper Taieri river system, the possible sampling errors may be accepted 

and the isohyetal map (Figure 38) used without further modification. 

The data displayed by Table 47 suggest a strong positive correlation 

between mean annual rainfall and altitude in the study area. The 

equation which relates the 1908-69 mean annual station rainfalls (Y) and 

altitude is given as 

Y = 0.0154x - 9.12 inches (34}. 

Related statistics are d.f. = 11;- Sx = 665 feet; Syx = 7.74 inches; 

C11 = 0.00; x = 2969 feet; r = Oo81; s.l.<0.01. Mean annual r,dnfalls 

of about 40-45 inches and 55-60 inches could thus be e:xpected in the upper 

areas of the Serpentine Creek and Rock and Pillar Stream respectively. 
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95 percent confidence limits for the estimates are calculated by 

equation (24) to be plus or minus 10 percent. 

It is thus concluded that mean annual rainfall varies from 23 to 

63 inches over the 285 square mile areao Highest values occur to the 

south on the elevated plateau (35-63 inches), intermediate values in 

general on the eastern hill country (30-35 inches) and the lowest totals 

(generally less than 30 inches) to the north and west of the Taieri River 

and on the floor of the Styx Basin. 

On the basis of these results and the vegetation distributions 

shown by Figure 6, the basin is divided into three zones (Figure 38). 

Area 2 is further divided because of suspected at:ypicai yield character­

istics produced by the Great Moss Swrunp at the hee.d of the Loganburn. 

Although not entirely coincident with drainage boundaries, these areas 

are subsequently considered as 'sub-catchments' of the whole basin. 

Mean rainfalls for the sub-catclunents are computed from the station 

mean values listed by Table 47 and the appropriate 'l'hiessen weight factors. 

Results for mean annual data are given in Table 51. Also shown arE:, the 

sub-catchment areas, mean altitudes, and the ratio of Elliot to sub-catchment 

mean rainfall. For an assumed total catchment mean rainfall for 1908-69 

of 36 inches, sub-area figures for the same period are 25 inches for area 1; 

29 inches for area 2a, 30 inches for area 2b, and 41 inches for area 3. 

Standard errors of estimate are again not less than those deduced for the 

total catchment. 

Temperatu:r>e: Naseby State Forest record extension 

It has been shovm that available mc.::..aured data already allow estimates 

of station temperature parameters at the required precision levele Ho·wever, 

for long-term water balance r::tudies and for some models of strearnflow 

synthesis, it is desirable to have l'ong-terrn temperature data concu.rrent 
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TABLE 51: Subcatchment mean rainfall (1908-69) 

Station Name 

Mulholland: 
Aitken: 
Elliot: 
Onslow Road: 
Smith: 
Bottle Rock North: 
Great Moss Swamp: 
Bottle Rock: 
Longstone: 
Round Hill: 
~usterer~ Huts: 
Trig H: 
Lammerlaw Top: 

Station Mean 
Annual RF (ins) 

(1908-69) 

22.42 
27.73 
28.57 
25.72 
29.83 
37.54 
33.82 
39.76 
35.03 
31.69 
55.97 
63.30 
63.07 

Total rainfall (inches}: 

Sub-catchment area (sq.rnls}: 

Ratio Elliot: sub-catchment 

Mean Annual RF(ins) x Thiessen 
weighting factor (%) 

Area 1 Area 2a Area 2b 

7.55 
9.14 
0.63 
8.01 

25.33 

77.2 

1.3. 73 

16.00 

29.73 

0.23 
4.84 
5.99 

0.98 
7.75 

81.1 

Area 3 

0.85 
2.30 
4.52 
3.13 

8.99 
2.18 

9.16 
4.15 
8.07 

43.,35 

97.0 

mean rainfall: 1: 0.887 1 :l.041 1:1.068 l: 1.517 

Sub-catchment mean 
altitude (feet): 2400 3400 2800 3000 
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with the period of record available for other variables. Figure 57 

shows that extension of the combined Naseby State Forest/Elliot record 

is thus necessary, in order to cover the period 1908-22. 

Data considered initially for the analysis are the monthly and 

annual mean temperatures for Tapanui, Waipiata and Manorburn Dam. 

Only the Tapanui records are found to be suitable for Naseby State 

Forest data extension. Prediction equations are developed for mean 

monthly Naseby State Forest temperature, using linear and cunrilinear 

correlation and regression. No greater than third degree polynomials 

are included, and the equations are given in Table 52 and more fully 

defined in Appendix I(3). 

1923-65. 

Record length used in the correlations is 

Correlation coefficients follow the pattern given by Figure J.l. 

Maximum values of about 0.8 occur in January, February and March. Minimum 

values of 0.5-0.6 are found in September and December, and it is only in 

these months that the coefficients fall below 0.6. The correlations are 

significant at greater than the 99.9 percent level, and are considered 

satisfactory for extension purposes. 

The critical value of p2 is satisfied, the relative information 

ratio is greater than 1.00, and hence a more precise estimate of the 

mean may be computed from the blended data. However, poorer estimates 

of the variance are again produced by the correlations than from the 

original data alone. 

Since interest lies principally in extension of the Naseby State 

Forest record, the calculations which dernonstra~e increased parameter 

precision are only needed to confirm that the statistical information 

content is not significantly reduced when the bL,mded record is used. 
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TABLE 52: Monthly mean temperature regression equations for Nasehy 

State Forest record extension 

(Note: x is Tapanui monthly mean temperature °F; 
Y is Naseby State Forest monthly mean temperature °F). 

Tccpanui-Naseby State Forest: 

(i) January: y = 560160 + 0.657 (x-57.547). 
(ii) February: y :.= 55.830 + 0.552 (x-56.688). 
(iii) March: y = 52.353 + 0.606 (x-54.102). 
(iv) April: y = 47.260 + 0.572 (x-49.856). 
(v) May: y = 40.807 + 0.530 (x-44.579). 
(vi) June: y = 35.981 + 0.620 (x-40.100). 
(vii) July: y = 34.670 - 73.283 (x-39.535) 

+ 1.907 (x2 -1570.ll2) - 0.016 
(x 3-62618.7). 

(viii) August: y = 37.567 - 7.077 (x-42.172) 
+ 0.091 (x2 -1783.281). 

(ix)September: y = 42.756 + 0.380 (x-46.030). 
(x) October: y = 47.379 - 10.464 (x-49.798) 

+ 0.110 (x2 -2485.708j. 
(xi) November: y ::: so.SOO - 7.228 (x-52.535) 

+ 0.075 (x2 -2767.287). 
(xii)December: y = 54.156 - 4.984 (x-55.133) 

+ 0.051 (x2 -3052.208). 

TABLE 53: Elliot/Naseby State Forest synthetic mean monthly tempe2,.,a.ture 

record (OF) - 1908 to 1922 

Year J F M A M J J A s 0 N D - - - -
1908 59.3 58.l 54.4 46.7 41.3 37.5 34.6 37.2 44.0 48.7 51.3 54.9 
1909 56.l 60.6 58.4 46.0 43.0 37.6 35.4 39.0 43.8 43.8 55.5 58.3 
1910 59.9 61.4 56.2 49.l 45.2 39.4 34.7 39.6 43.9 48.7 54.5 56.5 
1911 57.2 57.8 55.8 50.4 42.6 37.2 34.7 38.9 42.9 47.5 48.7 52.3 
1912 55.2 55 .. 0 51.1 47.3 40.3 35.7 35.l 38.6 43.3 47.1 50.2 55.0 
1913 57.1 55.0 52.3 46.5 39.5 36.3 35.4 37.5 43o7 48.l 50.3 53.4 
1914 58.8 55.2 53.7 47.3 39.3 35.9 35.3 38.0 42.9 47.7 49.0 52.4 
1915 56.3 54.6 52.0 46.7 40.2 35.l 35.6 38.8 44.1 47.9 50.0 54.5 
1916 55.9 56.4 55.1 48.4 41.1 38 .. 6 34.4 37.1 43.1 47.9 51.5 56.0 
1917 58.l 56.3 53.7 47.9 41.8 37.2 35.6 36.7 43ff6 48.3 5lo9 54.2 
1918 57.5 58.6 53.9 46.9 41.2 36.0 33.5 36.4 41.4 47.2 48.0 52.6 
1919 53.0 55.7 51.9 45~3 40.8 37.0 35.2 37.4 42.1 46.3 48.4 53.8 
1920 55.7 57.3 52.8 47.2 39.6 37.9 35.9 35.7 42.7 47.5 47.9 53.6 
1921 56.5 55.7 51.6 46.8 42.1 37.6 35.2 38.2 43 .. 4 47.4 50.2 53.4 
1922 56.9 57.7 49.9 47.1 40.4 34.9 33.~ 37.4 42.9 46.5 50.3 54.2 
Mean: 56.4 56.3 52.9 47.3 41.0 36.2 34.7 37.7 42.8 47.4 50.6 54.2 
(1908-69) 
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TABLE 54: EZZiot/Naseby State Forest synthetic mean seasonal and 

a:nnuaZ temperature reeord (°FJ - 1908 to 1922 

Year Summer P..utumn Winter Spring Annual 

1908 57.9 47.5 36.4 48.0 47o3 
1909 57.2 49.1 37.3 49.4 48.5 
1910 59.9 50.2 37.9 49.0 49.1 
1911 57.2 49.6 36.9 46.4 47.2 
1912 54.2 46.2 36.5 46.9 46.2 
1913 55.7 46.1 36.4 47.4 46.3 
1914 55.8 46.8 36.4 46.5 46.3 
1915 54.4 46.3 36.5 47~3 46.3 
1916 55 .. 6 48.2 36.7 47.5 47.1 
1917 56.8 47.8 36.5 47.9 47.1 
1918 56.8 47.3 35.3 45.5 46.l 
1919 53.8 46.0 36.5 45.6 45.6 
1920 55.6 46.5 36.5 46.0 46.2 
1921 55.3 46.8 37.o 47.0 46.5 
1922 56.0 45.8 35.4 46.6 46.0 
Mean: 55.6 47.1 36.2 46.9 46.5 
(1908-69) 
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Monthly, seasonal and annual Naseby State Forest data may thus be 

derived for the period 1908-22, and are listed in Tables 53 and 54. 

The total record for 1908-69 is obtained by combining these data with 

those given in Tables 16 and 17. However, it should be noted that 

the individual values of Table 53 are subject to the standard errors 

of prediction defined by equations (28) and (29). 

REGRESSION ANALYSIS FOR TOTAL CATCHMENT STRE.4.MFLOv1 TIME SERIES 

EXTENSION 

Paerau Bridge reao1:'d extension: simpZe rainfaU-runoff correlation 

and regression models 

It has been shown by Tables 28A and 29A that the available 

yield measurements for the total catchment allow estimates of the · 

annual and at least some of the monthly and seasonal pararr-.eters at the 

required precision levelo The measured Paerau Bridge"record is not of 

adequate length to satisfy the stated error criterion for all months or 

seasons. 

, Population estimates to within 20 percent at the 95 percent 

probability level could theoretically be achieved by an increase in 

record length. Because of a lack of nearby long-term streamflow data, 

it is necessary to extend the Paerau Bridge record by way of techniques 

which use measured climatic data. The first of four such techniques to 

be used in this study is simple rainfall-runoff correlation and regression. 

Simple linear or curvilinear regression models which correlate mean 

runoff and precipitation are convenient tools for flow prediction when 

rainfall records extend beyond the period of observed flow data (Diskin.,. 

1970). The method is particularly applicable for prediction of annual 

or seasonal discharges in e. basin where two or more distinct seasons 

are present. However, the value o:!; the technique rapidly decreases in 
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conditions where there is appreciable lag between rainfall and runoff. 

Basic data used in this analysis comprise the measured mean 

discharge time series for Paerau Bridge and catchment mean precipitation. 

An initial requirement for correlation purposes is to convert the measured 

mean monthly and annual discharge records from Table 19 into equivalent 

yield. Results of this conversion are shown in Table SS. 

Prediction equations for total catchment monthly and annual mean 

yield are thus developed~ using no greater than third degree polynomials. 

The equations are given in Table 56 and are more fully defined in Appendix 

I (4). Poor. correlations are found for the spring months September to 

November, and necessitate the use of cubic relationships. However, the 

other correlations are significant at between the 95 and 99 percent levels, 

and the coefficients vary between 0.61 and Oa76 with summer maxima. The 

poor spring correlation coefficients doubtless reflect the runoff lag 

condition described previously. 

The·correlations are considered overall as only marginally 

satisfactory for record extension purposes. However, results of combining 

the measured Paerau Bridge data with a synthetic record from regression 

analysis are given by Table 57. 

Monthly and annual mean yield values do not differ markedly from 

the measured data listed in Table 55. Nevertheless, for the blended 
,., 

record, the estimated standard errors of µy given x equals x suggest 

that little :information has been gained by the analysis. If the data 

in column (6) of Table 57 are compared with the SEx of Tables 28A and 

29A,the standard error appears to have been reduced in all but three 

months. When the results are compared on the basis of standard error 

as a percentage of the mean, in only ,January, March and May is any 

improvement sho'\'m over that given b:¥ the measured record alone. 
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TABLE 55: Paerau Bridge measui~ed mean yield (inches) 

1912-13; 1916-28; 1936-39; 1941-44; 1947-50; 

1.6.66-31.5.69 

Year J F M A M J J -
1912 0.782 0.699 1.465 0.752 2.019 20992 1.954 
1913 0.450 Oe474 0.990 1.369 2.261 1.815 1.583 
1916 0.524 0.367 o.s20 0.594 0.698 o.924 1.138 
1917 0.250 1.059 0.767 0.508 1.865 2.011 1.044 
1918 1.098 0.277 1.197 0.938 1.588 2.279 o .. 876 
1919 2.637 1.412 0.290 1.412 0.975 ·l.671 2.098 
1920 0.71'7 0.129 0.105 0.189 0.510 1.728 3.018 
1921 0.171 0.231 0.619 1.417 1.514 1.106 1.267 
1922 1.415 o·. 388 0.836 1.120 0.985 00503 o.708 
1923 1.227 0.764 1.024 2.274 3.078 1.125 0.960 
1924 0.267 0.146 0 .. 134 0.168 0.678 0.814 0.891 
1925 0.305 0.124 o.510 0.905 0.564 0.258 1.613 
1926 0~584 1.256 1.089 0.627 2.454 1.197 0.980 
1927 0.861 0.432 1.049 1.896 2.607 0.799 1.959 
1928 0.387 0.206 0.170 Ll20 1.064 o.512 2.192 
1936 0.446 0.354 1.326 1.518 2.276 0.943 1.410 
1937 1. 771 2.865 30315 2.241 4.320 2.059 1.059 
1938 0.623 0.099 0.106 0.257 0.801 1.776 1.108 
1939 2.018 0.889 0.505 0.438 1.009 1.570 1.583 
1941 0~·544 0.460 o.787 1.159 1.306 1.532 1.569 
1942 2.009 0.988 1.331 1 .. 800 1.435 1.048 1.252 
1943 0.851 0.308 1.257 1.173 1.509 0.891 0.614 
1944 0.128 0.865 o.846 2.087 1.123 2.164 2.227 
1947 1.672 0.432 0.384 0.460 0.475 o.s22 o.737 
1948 0.475 0.444 0.475 0.458 0.549 o.574 o .. 737 
1949 0.192 0.199 0.836 0.900 0.609 l.245 2.608 
1950 0.366 0.298 0.241 0.469 0.202 0.446 1.197 
1966 0.646 1.346 
1967 0.339 0.199 0.259 00411 2.395 1.441 00831 
1968 0.226 0.200 1.252 2.633 1.296 1.925 1.094 
1969 0.326 0.356 0.429 1.618 1.875 
Mean: 0.792 o.ss9 0.801 1.097 1.469 1.283 1.390 
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TABLE 55: continued 

Year A s 0 N D Annual 

1912 1.603 2.969 40112 2.629 0.866 22.842 
1913 2.835 3.361 2.177 1.906 2.627 21.846 
1916 1.846 2. 796 1.494 1.374 0.475 12.750 
1917 0.831 1.767 2.405 0.713 1.178 14.498 
1918 2.712 3.098 3.048 2.447 1.856 21.414 
1919 2.642 2.581 2.420 L365 1.336 20.839 
1920 1.380 2.193 2.756 2.317 0.648 15.690 
1921 1.920 1.594 1.742 1.302 o. 777 13.660 
1922 1.009 1.590 0.856 L274 1.757 12.441 
1923 1.331 4.496 2.504 0.752 0.225 19.760 
1924 1.509 1.235 1.608 0.886 0.332 8.668 
1925 1.953 2.811 4.631 1.575 2.147 17.378 
1926 1.301 2.930 2.899 2.183 2.004 19.516 
1927 1.430 2.676 2.761 1.853 0.895 19~225 
1928 0.980 1.542 4.112 1.695 0.554 14.546 
1936 2.301 3.759 2.172 1.954 2.528 20.793 
1937 2.,984 2.676 2.162 1.226 0.638 27.323 
1938 1.430 1.891 1. 707 1.566 2.509 13.865 
1939 1.707 6.330 5.443 4.553 1.697 27.847 
1941 2.009 2.432 2.390 2.662 2.593 19.458 
1942 1.875 1. 791 2.281 2.332 1.504 19.633 
1943 o. 75.7 3.213 3.701 1.671 0.452 16.370 
1944 2.810 2.193 2.266 1.700 2.177 20.564 
1947 1.168 1.858 3.300 1.187 0.539 12.700 
1948 0.574 0.123 1.816 1.053 0.876 8.763 
1949 1.390 1.403 1.979 0.517 0.251 12.117 
1950 0.762 1.369 0.757 0.488 0.747 7.340 
1966 1.277 2.107 1.019 0.704 1.227 11.943 
1967 0.856 1.355 o.940 1.082 0.549 12.,642 
1968 1.950 2.188 3.083 1.460 0.493 16.825 
1969 
Mean: 1.638 2.432 2.484 1.614 1.217 16. 778 
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TABLE 56: Sirrrple reg:r>ession equations for Upper Taieri Catchment 

mean rainfall - Paerau Bridge monthly and annual mean 

yield (inches) 

(~: x = monthly or annual rainfall in inches; 
Y = monthly or annual predicted yield in inches). 

(i) January: y = 0.728 + 0.156 (x-3.514). 
(ii) February: y = 0.517 - 0.215 (x-3. 540) + o.o3o (x2 -18.331). 
(iii) March: y = 0.706 + 0.098 (x-3.717). 
(iv) 'April: y = 0.897 + 0.151 (x-3.357). 
(v) May: y = 1.220 + 0.258 (x-2.783). 
(vi) June: y = 1.094 + 0.146 (x-2.476). 
(vii) July: y = 1.231 + 0.231 (x-2.104). 
(viii) August: y = 1.462 + 0.176 (x-2.738). 
(ix)September: y = 2.126 - 11.187 (x-2.541) + 4.055 (x 2-7.534) 

- 0.435 (x3 -25.987). 
(x) October: y = 2.197 - 1.869 (x-3 .. 302) + 0.575 (x2 -13. 819) 

- 0.049 {)( 3 -67.310). 
(xi) November: y = 1.430 + 3.007 (x-3. 451) - o. 775 (x2 -13. 760) 

+ 00064 (x3 -60.890). 
(xii)December: y = 1. 08 5 + 0. 173 (x-4.368). 
(xiii) Annual: y = 14.641 - 5.183 (x-37.712)+ 0.072 (x2 -1447.3). 



TABLE 57: 

Month 

(1) 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 

Year: 

Notes: (i) 
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Paerau Bridge mean monthly and annual runoff paramete1"e 

fo1" the 1908-69 blended record 

1908-69 Col. {6) as % 
"' of- ~ an Yield Mean Yield ~ E,g_ d.f. sµ -

(inches) (yrs.) (yrs.) 
y.x Col. (2) 

(inches) 

(2) (3) (4) (5) (6) (7) 

0.800 30 31 22 0.109 13.7 
00449 30 31 21 0.097 21.6 
Oo764 30 31 22 0.106 13.9 
0.947 30 31 22 0.112 11.8 
1.,379 30 31 22 0.152 11.0 
1.240 30 32 22 0.117 9.46 
1.279 30 32 22 0.112 8.76 
1.457 30 33 22 0.115 7.86 
2.038 30 33 20 0.252 12.4 
2.190 30 33 20 0.,637 29ol 
1.606 30 33 20 0..492 30.7 
1.077 30 33 22 0.129 12.0 

15.186 30 32 21 1.102 7.26 

Column (2) - values derived from the 
records (Table . SS) and the synthetic 
regression analysis. 

combined measured 
record from simple 

(ii) Columns (3), (4) - years of measured data and additional 
estimated values respectively. 

(iii) Column (5) - degrees of freedom available for determining 

to os· "' 
(iv) · Column (6) - estimated standard error of µy given x is error 

free and equal to x for the blended record; determined from 

(v) 

h 

the weighted values of SEy (Table 28, 29) and Slly"x from equations 
{24) to (26) o Values correspond to SEx of Tables 28~,, 29A. 
Colunm (7) - Column (6) as a percentage of the 1908-69 blended 
mean. Corresponds to SEx as a percentage of x in Tables 28A, 
29A. 
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Standard errors of. up to 31 percent of the 1908-69 means are shown for 

October and November, and in only three months is the value less than 

10 percept. Calculations from equation (20) indicate that the maximum 

gain in effective record length is only 11 years. 

The analysis does not satisfy the second study objective. Extension 

of the Paerau Bridge streamflow record by simple rainfall-runoff correlation 

and regression does not allow parameter estimation to markedly greater 

precision levels than for the measured series alone. As a result, synthetic 

monthly and annual data are not tabulated here for the period of missing 

record. Further, the standard errors ?hown by Table 57 must also be 

considered as minimum values, since the rainfall data used in the regressions 

are not error free. 

Although the precision limits of the straamflow parame~:rs are not 

readily quantifiable, it is concluded that with the exception of the spring 

months no marked loss of information results from the above record extens:l.on. 

The second study objective has not been realised, but a useful extension 

to the study is to now evaluate the model efficiency. Such a procedurE, 

can hence be applied to each model tested, and thus allow the deterministic 

models used in this study to be objectively compared for simulation and 

prediction ability. 

Estimates of the population parameters may not be derived at the 

required precision level, buf. simulation of the missing flow records 

will be achieved with minimised errors of predict.ion. Subjective 

graphical studies of the measured and synthesised streamflow hydrographs 

are insufficient for between method comparison. The indices used, 

therefore, are as given by equations (31) and (32). 
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Split record techniques such as described by Murray (1970) are 

used in this study to test the between and within model simulation and 

prediction abilities. The period 1916-25 is taken for each model as 

a test interval for comparative purposes, and is the only occurrence 

in the measured Paerau Bridge record of an unbroken ten year data series. 

The first five years have been excluded from previous calculations to 

determine the runoff-climate relationships,·and may thus be used to 

evaluate the "goodness of reconstruction11 for each model. The period 

1921-25 formed part of the original analyses, and is used to test the 

"goodness of fit" for each model. 

Results of efficiency calculations for the simple rainfall-runoff 

regression models are summarised in Table 58. Monthly and annual values 

of var(x), F2 , Fm2 and hence R2 for the periods 1916-20 and 1921-25 are 
,. 

calculated from equations (30), (31) and (32). 

Squared differences between computed and observed runoff values 

give a residual variance of 20.761 for the period 1921-25, with the mean 

square error thus calculated as 0.346. overall simulation efficiency 

of the simple rainfall-runoff models is shown to be 58.7 percent for 

monthly yield data. However, the results for 1916-20 indica.te that 

when the models are used for prediction purposes, the efficiency index 

falls from 0.587 to 0.507 for monthly data and from Oe221 to 0.005 for 

annual values. 

Monthly and annual root mean square errors given in Table 58 

further suggest that the simple rainfall-runoff regression models give 

somewhat unsatisfactory results.· The calculated average monthly root 

mean square error for 1921-25 is 49 percent of the mean monthly yield, 

and ranges from 26 to 93 percent. Results for the mean annual data are 

lower, though the root mean square error is sho.-m to be 23 percent for 

the interval 1921-25. 



TABLE 58: Paerau Bridge residual variance and index of effiaienay calculations for the simple rainfall-run.off 

regression models 

squared differences between computed and observed runoff for:-

Year J F M A M J J A s 0 N D ·Annual - - - ·- -
1916 0.024 0.000 0.097 0.006 0.138 0.009 0.027 0.107 1.134 0.150 0.013 0.000 0.086 
1917 0.037 0.311 0.020 0.051 0.097 1.256 0.009 0.120 1.996 0.064 0 .. 472 0.001 3.069 
1918 0.003 0.019 0.171 0.046 0.334 1.239 0.561 0.814 0.972 0.878 0.697 0.378 41.538 
1919 1.160 · o. 616 0.019 0.052 0.000 0.129 0.794 0.193 0.398 0.004 0.055 0.047 7.980 
1920 0.005 0.063 OQlll 0.411 1.279 0.653 2.045 · 0.002 0.470 0.195 0.479 0.182 7.284 
1921 0.285 0.041 0.078 0.402 0.288 0.041 0.043 0.365 0.092 0.275 o.537 0.488 0.601 
1922 0.002 0.027 0.007 0.100 0.008 0.136 0.240 0.087 0.270 1.042 0.073 0.054 00525 
1923 0.236 0.175 0.057 0.539 0.312 0.010 0.046 0.000 3.564 0.276 0.574 0.362 36.639 
1924 0.103 0.175 Oal87 0.848 0.469 0.060 0.141 0.236 0.553 0.006 0.160 0.384 19.483 
1925 0.016 0.061 0.107 0.000 0.230 0.381 0.019 0.131 0.019 4.076 0.006 1.261 1.040 Iv 

l'v 
l'v 

1916-1.920:- 1921-1925:-
Month I F 2 Measured Monthly Fm F2 Measured · ·Monthlv Fm ----- -Mean Yield as% Column · Mean Yield ·as % Column 

(inches) (3) (inches) {3) 

(1) I (2) (3) (4) (2) (3) (4) 

January: 1.229 1.045 47.4 0.642 0.677 52.9 
February: 1.009 0.649 69.~ 0.479 0.331 93.5 

March: 0.418 o.576 50.2 0.436 0.624 47.3 
April: o.566 o. 728 46.2 1.889 1.177 52.2 

May: 1.848 1.127 53.9 1.307 1.364 37.5 
June: 3.286 1.723 47.0 0.628 0.761 46.6 
July: 3.436 1.635 50.7 0.489 1.088 28.7 



TABLE 58: 

Month 

(1) 

August: 
September: 

October: 
November: 
December: 

Annual: 

Continued 

F2 

(2) 

1.236 
4.970 
1.291 
1.716 
0.608 

59.957 

1916-1920:­
Measured 

Mean Yield 
(inches) 

(3) 

1.882 
2.487 
2.425 
1.643 
1.099 

17 .038 

Monthly Fm 
as% Column 

(3) 

(4) 

26.4 
40.l 
20.Q 
35.8 
31.7 
20.3 

Mean monthly yield: 1.418 ins. 
Monthly data var(x): o.730 
II " 11 Fm2: 0.360 
II II 11 R2: 0.507 

1 

Annual data var(x): 12.oso 
II H 11Fm2 : 11. 991 
1:t " 

11 R2 : 0.005 

F2 

(2) 

0.819 
4.498 
5.675 
1.350 
2.549 

58.288 

1921-1925:­
'Measured 

Mean Yield 
(inches} 

(3) 

1.541 
2.345 
2.268 
1.158 
1.048 

14.381 

·Monthly·Fm 
as %·colurr,.n 

(3) 

(4) 

26.2 
40.4 
47.0 
44.9 
68.1 
23.7 

Mean monthly yield: 1.198 ins. 
Monthly data var(x): 0.839 
II II II Fm2: 0.346 
II " " R2: 0.587 
Annual data var(x): 14.968 

" " "Fm2: 11.657 
II " "R2: 0.221 

tv 
I\..) 

w 
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However, 63 percent of the sum of squared differences for the 

1921-25 annual data are accounted for by the 1923 value. Further, 

September 1923 and October 1925 together contribute 37 percent of 

the monthly squared differences for 1921-25. It is thus evident 

that root mean square values, or efficiency indices, need not prove 

to be reliable goodness of fit indicators without further close 

inspection of the results. The previous data show that if the 

occurrence of occasional large errors is acceptable, the calculated 

predicted values may be considered a reasonable represento.tion of 

the measured record. 

Paerau Bridge record extension: l<JuZtipZe rainfaZZ-runoff 

correlation and regression models 

A more useful relationship for flow prediction is one which 
,. 

treats runoff for a period as a function of current and antecedent 

precipitation. The method is particularly relevant for basins with 

substantial carry-over storage from one period to the next, and the 

relationship may be expressed by an equation of general form: 

(35) • 

x2 is precipitation for the current period; x 1 is precipitation from 

the period which precedes the current period; a, b, c, d and e are 

constants. 

Basic data used in the analysis is that employed for the simple 

correlations and regressions. Prediction equations for total catchment 

monthly and annual mean yield are thus developed by standard methods of 

multiple correlation. The equations are gi~,en in Table 59 and are more 

fully defined in Appendix I(S). 

Generally poor correlations are shown by the results. .Multiple 

correlation coefficients vary from 0.37 to 0.86 with a January ma}dmum, 
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TABLE 59: MuZtipZ.e regression equations for Upper Ta'leri Catchment 

mean rainfall - Paerau Bridge monthly mean yield (inches) 

(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
(viii) 
(ix) 
(x) 
(xi} 
(xii) 
(xiii) 

(Note: General equation of form Y =a+ b(x1-c) + d(x2-e); 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 

Annual: 

Y = predicted monthly yield in inches; x1 = rainfall 
during the previous month in inches; x2 = rainfall 
during the current month in inches; a, b, c, d, e = 
constants). 

y = 0.691 + 0.066 (xi-4~ 281) + 0.184 (x2-4.0l8). 
y = 0.452 + 0.088 (xi-4.018) + 0.023 (xz-2. 876). 
y = 0.552 + 0.007 (:x::1-2. 876) + 0.100 (xi-3.415). 
y = 0.869 + 0.172 (xi-3.415) + 0.225 {x2-3.658). 
y = 1.223 + 0.057 (xi-3.658) + 0.178 (x2-3.279). 
y = 0.984 + 0.115 (xi-3.279) + 0.242 (x2-l.950). 
y = 1.233 - 0.099 (xi-1.950) + o.186 (x2-2.115). 
y = 1.370 + 0.144 (xi-2.115) + 0.139 (xz-2.963). 
y = 2.056 + 0.183 (x1 ··2. 963) - 0.165 (:x:2-2.738). 
y = 2.182 + 0.308 (xi-2. 738) + 0.154 (xz-3.478). 
y = 1.298 - 0.002 (xi-3.478) + 0.137 (xz-3. 700). 
y = 0.936 + 0.129 (xi-3.700) + 0.198 (:x:2-4.229). 
(simple regression equation only). 
y = 14.641 - 5.183 (x-37.712)+ 0.072 (x2-1447.3). 
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and in only four months are the correlations significant at greater 

than the 95 percent levelo Inspection of the partial correlation 

coefficients suggests that some prediction improvement could be 

expected by use of the additional antecedent precipitation variables. 

The results show that in seven months a marked contribution is made 

to the degree of correlation from the rainfalls for the previous month. 

To determine the duration of this rainfall-runoff response lag in the 

Upper Taieri bas.in, November was chosen for further analysis. 

Multiple correlation calculations are thus repeated, using from 

two to six independent variables to rep!esent monthly precipitation 

from June to November inclusive (Table 60 and Appendix I (5)}. The use 

of six independent variables for prediction of November yield improves 

the multiple correlation coefficient from 0.48 to 0.67. However, no 

change in the level of significance results from the additional calculationso 

Further, rainfall for July is the only appreciable antecedent contribution 

to the degree of correlation for the total period June-Novernbero Wj_nter 

storage is known to considerably affect the annual flow distribution, 

but the four month lag suggested by these results is not thought represent-

ative of field observations. Comprehensive use of up to six independent 

variables for flow prediction thus appears unjustified, and subsequent 

calculations are made from the two independent variable equations given in 

Table 59. 

The correlations are again considered only marginally satisfactory 

for record extension purposes. However, results of combining the 

measured Paerau Bridge record with synthetic data from multiple regression 

analysis are shown in Table 61. 

A 

E~timated standard errors of ]Jy given x1 and x2 equal x1 a.nd x2, again 

suggest that little information has been gained by the analysis. When 



227 

TABLE 60: Multiple rqgression equations for Upper Taieri Catchment 

mean rainfall - Paerau Bridge November mean yield (inches) 

(~: General equation of form:-

Y =a+ b1(xt-c1) + b2(xJ-c2) + b3(xi-c3) + b4(xi-c4) 
+ bs(xi-cs) + bs(xJ-cG), where 

Y = predicted November yield in inches; Xi = rainfall 
during June in inches; x} = July rainfall; x~ = 
August rainfall; x4 = September rainfall; x~ = October 
rainfall; }{i = November rainfall; a, b1, b2, b3, bi+, bs, 
bs, c1, c2, ca, c4, cs, and cs = constants). 

(i) For x June-November: y = 1. 298 + 0.048 (xi-1. 950) + 0.170 (x!-2.115) 
- 0.003 l (xr2. 963) + 0.044 l (x4-2.738) 
+ 0.018 l (xs-3.478) + 0.139 l (x5 ·-3 .. 700). 

y 1.298 + 0.180 (x!-2.115) + 0.001 l - (x3-2. 963) 
(x4-2.738) (x!-3.478) 

(ii) For x July-November: 

(iii) 

(iv) 

For x August-November: Y 

+ 0.044 + 0.006 
+ 0.115 1 (xs-3.700). 

= 1.298 + 0.033 (x§-2.963) + 0.063 (x4-2.738) 
+ 0.018 (x~-3.478) + 0.123 (xl-3.700). 

For x September-November: 
Y = 1.298 + 0.093 (x4-2.738) + 0.012 (x!-3.478) 

1 + 0.122 (x 6-3.700). 

(v) For x October-November:Y = 1.298 - 0.002 (xg-3.478) + o.137 (xi-3.700). 



TABLE 61: 

Month 

(1) 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 

Year: 

228 

Paerau Bridge mean monthly and annual runoff parameters 

for the 1908-69 blended record 

1908-69 
Mean Yield 

(inches) 

(2) 

o.717 
o.s13 
o.702 
0.911 
1. 297 
1.272 
1.183 
1 .. 362 
2.170 
2.180 
1.429 
0.983 

140737 

!:.!. 
(yrs) 

(3) 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

El.. 
(yrs} 

(4) 

31 
31 
31 
31 
31 
32 
32 
33 
33 
33 
33 
33 
32 

d.f. 

(5) 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
21 

" sµ -y.x 
{inches} 

(6} 

0 .. 111 
0.105 
0.070 
0.115 
0.190 
0.164 
0 .. 205 
0.119 
0.223 
0.253 
0.149 
0.,140 
1.102 

. 

Col. (6) as % of 
mean yield 

Col. (2) 

(7) 

15.4 
20.5 
10.0 
12.6 
14.6 
12.9 
17.4 
8.72 

10.3 
11 .. 6 
10.4 
14.3 

7.48 

Notes: (1) Column (2) - values derived from the measured records (Table 55) 
and the synthetic record from multiple regression analysis. 
The annual value is the sum of monthly values shown. 

(ii) Columns (3), (4), (5), (7) - as for Table 57. 
" (iii) Columns (6) - estimated standard error of 11y given x is error 

:free and equal to x for the blended record; determined from 
the weighted values of SEy (Table 28, 29) and sµ _, x2 from 
equation (27). Values correspond to SEx of Tablisx~BA, 29A. 
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column (6) data of Table 61 are compared with SEx of Tables 28A and 29A, 

standard errors are shown to be reduced in half the months. However, on 

the basis of standard error as a percentage of the mean, only March shows 

any improvement over that given by the measured record alone. Nevertheless, 

standard errors as a percentage of the 1908-69 means are shown to be reduced 

overall compared with the simple regression analysis results of Table 57. 

The high values previously calculated for October and November have now 

been reduced to less than 12 percent. 

The second study objective is again not satisfied by the analysiso 

Extension of the Paerau Bridge streamflow record by multiple regression 

does not allow parameter estimation at precision levels which are markedly 

greater than for the measured series alone. The standard errors shown in 

Table 61 must also be considered as minimum values, since the rainfall data 
. 

used in the regressions are not error free. Synthetic monthly and annual 

streamflow data are thus not tabulated here for the period of missing record. 

However, model efficiency is now evaluated in the same manner as shown 

for the simple re9ression models. Results of these efficiency calculations 

for the rainfall-runoff multiple regression models are summarised in Table 

62. Monthly and annual values of var(x), F2 , Fm2 and R2 for 1916-20 and 

1921-25 are again calculated from equations (30) to (32). 

Mean square error for 1921-25 is calculated as 0.334, and overall 

simulation efficiency is 60.2 percent for the monthly yield data. Improved 

efficiency is shown over that derived for the simple r.ainfall-·runoff models. 

However, Table 62 shows that when the multiple regression models are used 

for prediction purposes, the efficiency index falls from 0.602 to 0.567 

for monthly data, and from 0.324 to zero for annual values. 

Average monthly root mean square error for 1921-25 is calculated as 

48 percent of the mean monthly yield, and ranges from 22 to 76 percent. 



TABLE 62: Paerau Bridge residua.l variance and index of efficiency calculations for- the rainfaZZ-r>unoff 

r,rultiple regression models 

squared differences between computed and observed runoff for:-

Year J F M A M J J A s 0 N D ·Annual 

1916 0.003 0.000 0.036 0.021 0.054 0.004 0.022 0.175 0.421 0.119 0.023 0.000 0.001 
1917 0.047 o.719 0.078 0.001 0.021 o. 753 . 0.002 0.011 0.030 · 0.125 0.144 o.781 4.161 
1918 o.oos 0.074 0.298 0.042 0.462 1.440 0.327 o. 727 0.514 0.771 1.508 0.576 39.980 
1919 0.988 0.347 0.000 0.389 0.007 0.131 1.179 0.537 0.034 0.013 o.oos 0.129 23.338 
1920 0.001 , 0.094 0.040 0.008 0.764 0.601 2.053 . 0.022 0.315 0.094 0.527 0.333 2.647 
1921 0.162 0.020 0.023 o.1s1 0.368 0.038 0.001 0.297 0.196 0.031 0.112 0.104 0.007 
1922 0.006 o.:no 0.049 0.101 0.000 0.014 0.354 0.033 0.210 00587 0.081 0.002 4.919 
1923 0.194 0.107 0.126 0.105 0.672 0.157 0.016 0.154 5.636 1.071 0.148 0.083 26.276 
1924 0.006 0.069 0.109 0.528 0.373 0.061 0.115 0.246 0.257 0.658 0.031 0.069 14.861 
1925 0.010 0.012 0.042 0.030 0.185 0.124 0.000 0.046 0.001 4.141 0.037 1.369 40511 

~ 

1916-20:- 1921-25:-
<..) 

0 

Month I F 2 Measured MonthlX Fm F 2· ·Measured Monthly Fm 
Mean Yield as %·column Mean Yield as %·column 

(inches) (3) (inches) (3) 

(1) I (2) (3) (4) (2) (3) (4) 

January: 1.044 1.045 43.7 0.378 0.677 40.6 
February: 1.234 0.649 76.5 0.318 0.331 76.2 

¥.arch: 0.452 0.576 52.2 0.349 0.624 42.3 
April: 0.461 0.728 41.7 0.927 1.177 36.6 . 

May: 1.308 1.127 45.4' 1.598 1.364 41.4 
June: 2.929 1.723 44.4 0.394 0.761 36.9 
July: 3 .. 583 1.635 51.8 0.494 1.088 28.9 

August: 1.472 1.882 28.8 0.776 1.541 25.S 
September: 1.314 2.487 20.6 6.300 2.345 47.9 



TABLE 62: Continued 

1916-20:-
Month I F2 ·Measured · Monthly ·Fm 

Mean Yield · · as % ·column 
(inches) (3) 

(1) (2) (3) (4) 

October: 1.122 2.425 19.5 
November: 2.210 1.643 40.5 
December: 1.819 1.099 54.9 

Annual: 70.127 17.038 22.0 

Mean monthly yield: 1.418 ins. 
Monthly data var(x): 0.730 
II II " Fm2: 0.316 
" " " R2: 0.567 
Annual data var(x): 12.050 
II " " Fm2: 14.025 
II II 11 R2: 0.000 

F2 · 

(2) 

6.488 
0.409 
1.627 

50.574 

1921-1925:­
·Measured 

Mean.Yield· 
(inches) 

(3) 

2.268 
1.158 
1.048 

14.381 

· ·Monthly Fm 
· ·as % ·column 

(3) 

(4) 

50.2 
24.7 
54.4 
22.1 

Mean monthly yield: 1.198 ins. 
Monthly data var(x): 0.839 
II " " Fm2: 0.334 

" II 11 R2: 0.602 
Annual data var(x): 14.968 
" " 11Fm2: 10.115 
II II 11R2: 0.324 

"' w ..... 
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Although the average value is similar to the 49 percent given for the 

simple regression models, nearly 50 percent of the sum of squared 

differences are accounted for by the combined September 1923 and 

October 1925 values • . 

Root mean square error for the 1921-25 mean annual data is 

22 percent of the mean, though 52 percent of the sum of squared 

differences are accounted for by the 1923 value. 

Results therefore again show that if occasional large errors are 

acceptable, the calculated predicted values may be considered a 

reasonable representation of the measured record. It is also concluded 

that in this study the multiple regression models are generally superior 

in simulation and prediction ability, compared with the previous simple 

regression models. 

ALTERNATIVE DETERMINISTIC MODELS FOR TOTAL CATCHMENT 

STREAMFLOW TIME SERIES EXTENSION 

Paerau Bridge record extension: water balance model 

The basic water balance approach to system synthesis is described 

by Edwards & Rodda (1970) as a simplified version of a conceptual model. 

However, the information provided by the determination of a water 

balance is of utmost utility in many different fields of research. 

For example, knowledge of the moisture deficit, changes in soil moisture 

storage and the temporal relationships between these factors and moisture 

surplus, is fundamental to the economic or practical feasibility and 

scheduling of irrigation. 

In this study, the term water balance refers to the climatic balance 

between the income of water from precipitation and the outflow of water 

by evapotranspiration. The magnitude of other related moisture parameters 

such as the water surplus, deficit, soil storag~ and runoff are determined 
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by comparison of the seasonal march of precipitation and evapotranspiration. 

The method of water balance determination proposed by Thornthwaite & 

Mather (1955, 1957) is used throughout this project. Modifications 

such as described by McDonald (1963), or Edwards & Rodda (op.cit} are 

not pursued in the interests of simplicity and generality. If these 

objectives are abandoned, there is little left to recommend the water 

balance method for runoff simulation in favour of the more sophisticated 

conceptual model techniques of say Boughton (1965, etc.} or Crawford & 

Linsley (1966). 

Basic data used in the analysis comprise monthly values of catchment 

mean precipitation and potential evapotranspiration, and an average soil 

water holding capacity for the area of four inches, calculated from 

Table 63 and the percentage area represented by each soil (Figure 5). 

TABLE 63: 

Soil 

Middlemarch 
Blackstone 
Matarae 
Arrow 
Pukerangi 
Teviot 
Dunstan 
Fraser Sand 
(sandy loam) 
Clutha 
Gladbrook 

Average moistures of soils indiaated (water holding aapaaity) 

Available moisture in inches 
·soil depth 0-"12 inches ·soil depth 0-16 inches 

2.2 3.1 
2o5 3.2 
2.3 . . N.A. Generally <16 inches deep 
2.s 3.2 
2.3 2.8 
3.1 4.3 
3ol 4.3 
2.2 3.1 

2.9 3.8 
2.9 3.8 

The available moisture values listed in Table 63 were derived by Cossens 

(1969), and cover the major soil.sets fo':1Ild in the Upper Taieri basin. 

Since the effective root depth of most plants in the study area is 

12-16 inches, the data used here are those given for the 0-16 inches 

soil depth. An exception is the Matarae soil, where the 0-12 inch 
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available moisture figure applies. 

Potential evapotranspiration is computed from the Elliot/Naseby 

State Forest mean monthly temperature record by a modified version of 

the method proposed by Thornthwaite (1948). The present technique 

contains an option of built-in altitudinal corrections dependent on 

variable seasonal lapse-rates (Coulter, 1967). It is thus possible 

to calculate values of potential evapotranspiration for any specified 

altitude, from one set of basic data at a known height above sea level. 

Appendix II lists the computer programme used , and Table 64 gives 

the results for the mean annual datao Long-term mean annual potential 

evapotranspiration is hence determined for the total Upper Taieri 

catchment and for each of the previously designated sub-catchments. 

The values are 21.84 inches for areal, 19.66 inches for area 2a, 

20.93 inches for area 2b and the total catchment, and 20.49 inches for 

area 3. 

Long-term total catchment monthly and annual mean yield data sets 

are thus computed, assuming initially a 50 percent carryover of water 

available for runoff (see Appendix II). Unlike the previous regression 

analyses, precision limits of parameter estimates derived by water 

balance or conceptual models are not readily quantifiable (Clarke, 1973) • 

. 
Standard errors of prediction cannot be calculated directly as shown 

for the simple and multiple regression models, and hence it is not 

possible to test the new blended records for the second study objective. 

Whether or not additional information is gained by inclusion of the new 

synthetic records is not directly known • . 

Parameter precision limits may be qualitatively deduced, however, 

by comparing calculated model efficiency with the values derived for 
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TABLE 64: Upper> Taie:r>i Catchment mean annual potential 

evapot:r>anspipation (inches) 

Year 2000 1 2500' 3000 1 3500' 4000' 

1909 23092 22.80 21.63 20.46 19.56 
1910 24017 23.07 22.03 20.93 19.86 
1911 22.98 21.89 20.80 19.67 18086 
1912 22.69 21.60 20.43 19.44 18.65 
1913 22.73 21.63 20.31 19.35 18.56 
1914 22069 21.52 20.30 19.24 18.37 
1915 22.78 21.68 20.53 19.54 18.72 
1916 23.10 21.99 20.89 19.80 19.00 
1917 23.13 22.04 20.76 19.82 19.11 
1918 22043 21.25 20.01 19.22 18.42 
1919 ~2.36 21.30 20.08 19003 18034 
1920 22.54 21.44 20.12 19.15 18.33 
1921 22.84 21.81 20.68 19.53 18.85 
1922 22.50 21.30 20.25 19.30 18.54 
1923 22.11 21.04 19.92 19.21 18.43 
1924 23.46 22.40 21.11 20.14 19.44 
1925 21.86 20064 19.50 18.67 17.56 
1926 22.31 21.26 19.96 18.82 17.94 
1927 21.78 20.67 19.53 18. 78 17.92 
1928 22.88 21.83 20.57 19.35 18.50 
1929 22.74 21.68 20.60 19.36 18.44 
1930 21.55 20.42 19.36 18.65 17.86 
1931 22.31 21.11 19.95 19020 18.31 
1932 22.56 21.55 20.31 19.34 18.54 
1933 22.59 21.39 20.27 19.17 18.22 
1934 23.06 21.95 20.84 19.68 18.83 
1935 22.89 21.67 20.53 19.38 18.09 
1936 22.92 21.97 20.93 19.94 18.81 
1937 23.06 21.95 20.97 20.12 19.10 
1938 23038 22.36 21.24 20.21 19.37 
1939 22.78 21.72 20.81 19.95 19.02 
1940 23.07 22.10 20.97 19.77 18.69 
1941 22.38 21027 20.27 19.56 18.86 
1942 23 .. 08 22.13 21.07 20.03 19.06 
1943 22.28 21.21 20.16 19.23 · 18. 36 
1944 22.56 21.55 20.28 19010 18.21 
1945 22.07 20094 20.09 19 .. 18 17.83 
1946 22.57 21.62 20.52 19.30 18.20 
1947 23.16 22.05 ·21.02 20.14 19009 
1948 23.06 21. 98 . 20. 77 19.61 18.64 
1949 22.57 21.45 20.24 19.16 18.34 
1950 22.82 21.68 20049 19.77 19.16 
1951 21.75 20065 19.56 18.80 18.01 
1952 22.33 21.26 20.36 19.39 18.54 
1953 22.33 21.16 20.26 19.27 18.56 
1954 22.95 21.83 20.;13 19.81 18.88 
.1955 22.93 21.93 20.99 20.03 19.30 
1956 22.94 21. 79 20.64 19.52 18;.65 
1957 22.64 21056 20.51 19.27 18.48 
1958 22.72 21.78 20.74 19.49 18.68 
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TABLE 64: Continu.ed 

Year 2000' 2500' 3000' 3500' 4000' 

1959 22.88 21.70 20.25 19.14 18.46 
1960 22.78 21.72 20.45 19.32 18057 
1961 22.99 21.75 20.56 19.62 18. 73 
1962 23.47 22.49 21.37 20.14 19.19 
1963 22009 20.98 20.00 19.27 18.52 
1964 22.68 21.61 20.30 19.14 18.24 
1965 22.28 21.24 20.06 19.20 18.43 
1966 22.67 21.50 20.28 19.26 18.33 
1967 22.89 21.88 20.74 19.74 18. 73 
1968 22.43 21.45 20.38 19.39 18.44 
1969 22.42 21.;27 20.34 19.26 18.23 

Mean: 22.70 21.61 20.49 19.49 18.61 
(1909-69) 
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the simple and multiple regression models of known minimum error. 

Model efficiency is evaluated in the same manner as before, and results 

of the calculations are summarised in Table 65. Monthly and annual 

values of var(x), F2 , Fm2 and R2 for 1916-20 and 1921-25 are again 

calculated from equations (30) to (32). 

The predicted record is not a good reproduction of the measured 

series. An overall determination of prediction ability is shown when 

the Table 65 values are compared with the simp1e and multiple regression 

model results in Tables 58 and 62. Both five year intervals may be 

considered for "goodness of reconstruction" in this instance, since 

neither period contributed data for initial model development. Further, 

a two year pre-test interval warm-up period was allowed for the model. 

Mean square error for the 1921-25 monthly data is calculated as 

1.138, and for 1916-20 the value is 0.372a overall model efficiency 

is zero for the 1921-25 monthly and annual yield data, but has a value 

of 49 percent for the 1916-20 monthly yields. 

annual values is 0.330. 

The 1916-20 figure for 

Average monthly root mean square errors are 89 percent of the mean 

monthly yield for 1921-25 and 43 percent for 1916-20, with a variation 

of from 25 to 188 percent for the ten year interval. However, 49 percent 

of the sum of squared differences in 1921-25 are accounted for by the 

combined May, June and September 1923 and August 1925 values. Annual 

data for 1916-20 are a good reproduction of the measured values, 

particularly since 78 percent of the sum of squared differences occur 

in 1919. 

The results suggest that the second study objective is unlikely 

to be satisfied by the record extension, and t.~at the method as presented 

is generally unsatisfactory for Upper Taieri runoff prediction purposes. 



TABLE 65: Paerau Bridge residual, varianae and index of effiaienay ccitautatione for the 1"ater balance model, 

(50% carryover faator and 4 inahes hlater holding capaaity assumed) 

squared differences between- computed and observed runoff for:-

Year J F M A M J · J A s 0 N D Annual 

1916 0.045 0 .. 044 0.228 0.000 0.106 0.149 o.-528 0-.230 0.910 0.270 0.-196 0.187 1.937 
1917 0.042 0.692 0.426 0.203 0.015 o.518 0.000 0.024 0.000 0.068 0.384 0.025 2.155 
1918 0.004 0.252 0.449 0.117 0.513 0.167 0.003 0.159 0.005 0.012 0.201 0.044 0.593 
1919 1.423 0.253 0.446 0.120 0.004 o.497 0.008 3.024 2.859 0.080 0.044 0.038 31.595 
1920 0.002 0.063 0.007 0.009 1.478 0.156 0.334 1.113 0.902 1.404 0.051 0.799 4.064 
1921 0.360 0.024 o.430 o.063 · 0.223 1.537 2.208 0.033 0.044 0.019 0.250 0.541 12.138 
1922 1.597 0.904 0.001 0.020 0.060 0.346 0.667 0.249 0.305 0.037 0.291 0.828 23.892 
1923 0.138 o.475 0.591 3.294 6.200 6.661 o.797 0.384 11-.567 3.826 0.228 0.008 18. 524 
1924 0.039 0.181 0.023 1. 724 1. 755 1.562 1.459 0.210 0.328 1.498 0.281 0.141 43.204 
1925 0.002 0.003 0.000 0.027 0.515 o.146 0.118 8.750 1.435 1.397 1.243 0.210 28. 729 

IV 
<,.) 

1916-20:- 1921-25:- 0) 

Month I p2 Measured ·MonthlX Fm p2 ·Measured Monthly Fm 
Mean Yield ·as ·i column ·Mean Yield · as % · Column 

(inches) (3) (inches) {3) 

Cl) I (2) (3) (4) (2) ( 3) (4) 

January: 1.516 1.045 52.7 2.136 0.677 96.S 
February: 1.304 0.649 78.'7 1.587 0.331 170.2 

March: 1.556 0.576 96.8 1.045 0.624 73.2 
April: 0.449 o. 728 41.1 5.128 1.177 86.0 

May: 2.116 1.127 57.7 8.753 1.364 97.0 
June: 1.487 1.723 31.6 10.252 0.761 188.2 
July: 0.873 1.635 25.5 5.249 1.088 94.1 

August: 4.550 1.882 50.7 9.626 1.541 90.0 
September: 4.676 2.487 38.9 13.679 1.345 70.5 



TABLE 65: Continued 

1916--20:- 192l-2S.:-
Month I p2 Measured · · Mcmthll: Fm · p2 · ·MP.asured ·Monthli ·Fm 

·Mean Yield ·as , ·column Mean Yield ·as % Column 
(inches) (3) (inches) (3) 

( 1) (2) (3) (4) (2) ( 3) (4) 

October: 1.834 2.425 25.0 6.777 -2.268 51.3 
November: 0.876 1.643 25.5 2.293 1.158 58.5 
December: 1.093 1.099 42.5 1. 728 1.048 56.1 

Annual: 40.344 17.038 16.7 126.489 14.381 35.0 

Mean monthly yield: 1.418 inches Mean monthly yield: 1.198 inches 
Monthly data var(x): 0.730 Monthly data var(x): 0.839 
" " " Fm2: o. 372 II " " Fm2: 1.138 
" " " R2: " II 11 R2: "" 0.490 0.000 (.,.) 

Annual data var(x): 12.050 Annual· data var(x): 14.968 -0 

II II " Fm2: 8.069 II II " Fm2: 25.298 
" " " R2: 0.330 " II " R2: 0.000 
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However, inspection of the larger squared differences shows that 

a consideral?le proportion of the listed errors may be ascribed to 

incorrect determination of within year runoff distributions. Further 

study into the effects on the runoff distributions by a change of the 

percentage carryover factor is considered appropriate at this stage. 

Changes of this type only modify the monthly flow distribution and do not 

materially affect the annual total. To reduce the calculated annual 

totals requires either a change in the average waterholding capacity 

value, or reduction in mean precipitation, or an increase in actual 

evapotranspiration. 

Table 65 shows that the method tends to grossly over estimate peak 

winter and spring runoffs, with only slight over estimation of summer 

values. Runoff prediction calculations are thus repeated, with the 

same water holding capacity value and an increased carryover factor of 

70 percent. The results are summarised in Table 66. 

Comparisonsof Tables 66 and 65 show that model efficiency has 

increased from 0.490 to 0.605 for the 1916-20 monthly yield data and 

from 0.330 to 0.397 for the annual data. Model efficiency is still 

zero for the 1921-25 annual data, and the monthly data value has increased 

to only 0.160. 

Average monthly root mean square error has reduced to 38 percent of 

the mean for 1916-20 and to 70 percent for 1921-25. 

Some improvement in runoff prediction has been achieved by increasing 

the lag in runoff response from a constant 50 to 70 percent. However, 

the end result has been to proportionally sacrifice prediction accuracy 

over the summer months. Normally low yields in summer and early autumn 

are increased to unacceptable levels by the predictions. These trends 

are confirmed by additional calculations for 1966-69 with constant 



TABLE 66: Paerau Bridge residual varianae and index of efficienay caleu.lations for the water balance model. 

(700hcarryover factor and 4 inches water holding capaaity assumed) 

squared differences between .. computed and observed runoff for: -

Year J F M A M J J A s 0 N D Annual 

1916 0.008 0.004 0.060 0.000 0.024 0.023 0.116 0.001 1.164 0.068 0.083 0.473 0.173 
1917 0.318 0.239 0.135 0.052 0.412 0.815 0.000 0.026 0.100 0.100 o.561 0.061 2.752 
1918 0.187 0.632 0.133 0.024 0.484 0.632 0.026 0.061 0.045 0.001 0.066 0.035 1.136 
1919 0.165 0.470 1.352 0.002 0.078 0.101 0.011 0.523 1.048 0.010 0.205 0.074 27.794 
1920 0.273 :0.546 0.252 0.056 0.630 0.284 1.250 0.461 0.162 0.882 0.068 1.184 4.460 
1921 1.090 0.383 0.391 0.052 0.165 0.584 0.980 0.009 0.000 0.004 0.017 o.so4 16.241 
1~22 0.607 1.318 0.098 0.001 0.071 o.433 0.480 0.175 0.177 0.002 0.061 o.132 20.711 
1923 0.174 0.607 0.484 0.716 1.488 5.934 2.350 1.059 7.684 1.682 0.008 0.134 28.580 
1924 0.022 0.217 0.086 0.872 o. 722 o. 797 0.891 0.051 0.064 0.335 0.416 0.547 36.156 
1925 o.198 0.161 0.015 0.000 0.282 0.258 0.003 2.409 0.373 2.056 1.461 0.000 1,5.202 

~ 

1916-20:- 1921-25:-
.,:,.. ..... 

·Month I F2 Measured Monthly Fm p2' Measured Monthly Fm 
Mean ·Yield as% Column Mean Yield ·as % Column 

(inches) (3) (inches) (3) 

(1) (2) (3) (4) (2) (3) (4) 

January: 0.951 1.045 41.7 2.091 0.677 95.5 
February: 1.891 0.649 94.7 2.686 0.331 221.4 

March: 1.932 0.576 107.9 1.074 0.624 74.2 
April: 0.134 0.728 22.5 1.641 1.177 48.7 

May: 1.628 1.127 50.6 2. 728 1.364 54.1 
June: 1.855 1.723 35.3 8.006 o.761 166.2 
July: 1.403 1.635 32 .. 4 4.704 1.088 89.1 

August: I 1.012 1.882 24.6 3.703 1.541 55.8 
September: I 2.519 2 .. 487 28.5 8.298 2.345 54.9 



TABLE 66: Continued 

Month 

(1) 

October: 
November: 
December: 

Annual: 

F2 

(2) 

1.067 
0.983 
1.827 

36.315 

1916-20:­
Measured 

· · Mean · Yield 
(inches) 

(3) 

2.425 
1.643 
1.099 

17.038 

Monthly Fm 
· as % Column 

(3) 

(4) 

19~0 
27.0 
55.0 
15.8 

Mean monthly yield: 1.418 inches 
Monthly data var(x): 0.730 
" II II Fm2: 0.288 
II " 11 R2: 0.605 
Annual data var(x): 12.050 
II " 11 Fm2: 7.263 
" II 11 R2: 0.397 

p2 

(2) 

4.079 
1.963 
1.317 

116.890 

1921-25:­
·Measured 

Mean Yield 
(inches) 

(3) 

2.268 
1.158 
1.048 

14.381 

Monthly ·Fm 
as% column 

(3) 

(4) 

39.8 
54.l 
48.9 
33.6 

Mean monthly yield: 1.198 inches 
Monthly data var(x): 0.839 
II II II Fm2: 0.10s 
II II 11 R2: 0.160 
Annual data var(x): 14.968 
" " " Fm2: 23.378 
" " " R2: 0.000 

"" .i:.. 

"" 
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carryover factors of SO, 60 and 70 percent. For some aspects of 

irrigation design in the study area it is- important to be able to 

accurately determine monthly or seasonal runoff data for periods when 

soil moisture deficiency is either imminent or being experienced. 

over-estimation of water surplus lost as winter or early spring runoff 

is thus not critical and need not be corrected for. 

The results show that the water balance model is unreliable overall 

as a runoff prediction method for the Upper Taieri basin. The second 

study objective is again unlikely to be satisfied by the record extension. 

Although the version with a 70 percentcarryover factor is found to be the 

most efficient of models considered thus far for the prediction of 1916-20 

yields, this performance is not maintained for the 1921-25 predictions. 

More consistent performance is demonstrated by the multiple regression 

models, though with slightly lower efficiency values.· 

Paerau Bridge reaord extension: modified water balance model 

The·general water balance technique proposed by Thornthwaite & Mather 

(op. cit) is not satisfactory for Paerau Bridge runoff predictions. 

When a constant percentage carryover factor of water surplus is used in 

the yield calculations, the result is an inaccurate within year distribution 

of an otherwise reasonably predicted annual moisture excess. 

Determination of a more realistic within year runoff distribution 

is considered desirable at this stage. The benefits of the original 

method are largely lost when changes are introduced, but a useful simple 

model may thus be developed specifically for the Upper Taieri basin. 

The approach considered here is to ilSe a constant 60 percent 

carryover factor and a variable direct response dependent on season. 

Winter surface runoff is delayed in storage and in this way the natural 
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catchment conditions are more closely simulated. 

balance is also retained for the system. 

An annual input-output 

Data used are monthly values of catchment mean precipitation and 

evapotranspiration for the period of measured yield, and an assumed 

four inches water holding capacity. 

given by the relationships:-

New values of predicted runoff are 

(i) MPRO (Jan.-May, July, Aug., Nov., Dec.) = 0.60 MPRO + 0.40S. 
X x-1 X 

(ii) MPRO (June) = 0.60 MPRO (May) + 0.10 s (June). 

(iii) MPRO (Sept.)= 0.60 MPRO (Aug.)+ 0.40 s (Sept.) + 0.24 s (June). 

(iv) MPRO (Oct.) = 0.60 MPRO (Sept.) +0.40 s (Oct.) + 0.06 s (June). 

MPRO is modified predicted runoff and Sis moisture surplus. The original 

predicted runoff (PRO) values used for comparison are derived from an 

equation of form: 

PRO 
X 

(Jan.-Dec.) = 0.50 (PRO + Sx). 
x-1 

Results of the analysis are summarised in Table 67. Although the 

values shown are not directly comparable with previous results for the 

ten year test interval, marked improvements in prediction are evident 

when the modified model is used. Mean square error for the monthly data 

is reduced from 0.433 to 0.092 with the new version. Average monthly 

root mean square error is thus reduced from 47 to 21 percent of the mean 

monthly yield. However, these values and the results for each month 

suggest that the use of a modified water balance model for record 

extension is again unlikely to satisfy the second study objective. 

Paerau Bridge record extension: conceptual model 

Mos~ digital simulation models reported in the literature have 

been applied to situations where sufficient data has been available. 

It is thus of interest to consider whether these models can be 

successfully applied to conditions which are not ideal and where the 



TABLE 6?: 

Month 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 
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Monthly and. annual mean yield for Paerau Bridge predicted from 

a modified water balance model. 

capacity assumed). 

(4 inches water holding 

Abbreviations used (all units in inches):- PE= potential 
evapotranspiration; P = precipitation; S = moisture surplus; 
RO= measured runoff from available discharge records; 
PRO= predicted runoff using a standard water balance model with 
50% carryover factor {i.e. PRO (Jan.-Dec.) = 0.50 {PRO + Sx); 

-- X X-1 MPRO = modified PRO assuming:-

(i) 
(ii) 
(iii) 
(iv) 
(v) 

p 

4.02 
3.56 
3.94. 
2.72 
3.06 
3.20 
1.47 
1. 77 
2.17 
2.81 
3.42 
3.58 

MPRO (Jan-May, Nov., Dec.) = 0.60 MPROx-i + 0.40Sx. 
MPROx (June) = 0.60 MPRO {May) + O.lOS (June). 
MPRO (July,Aug.) = 0.60 MPRO + 0.40 Sx. 
MPROx(Sept.) = 0.60 MPRO (Ang~)1+ 0.40S (Sept.) + 0.24S (June) 
MPRO (Oct.} = 0.60 MPRO (Sept.) + 0.40S (Oct.} + 0.06S (June). 

squared differences 
between computed and 

PE s RO PRO MPRO observed runoff for:-
PRO MPRO 

3.57 0.45 0.792 0.53 o.73 0.068 0.004 
2.96 0.60 0.559 0.56 0.68 0.000 0.014 
2.51 1.43 0.801 1.00 0.98 0.039 0.032 
1.58 1.14 1.097 1.07 1.04 0.001 0.003 
0.81 2.25 1.469 1.66 1.53 0.036 0.004 
0.17 3.03 1.283 2.34 1.22 1.117 0.004 
0.07 1.40 1.390 1.87 1.29 0.230 0.010 
0.35 1.42 1.638 1.65 1.34 0.000 0.089 
0.95 1.22 2.432 1.43 2.02 1.004 0.170 
2.04 o.n 2.484 1.10 1.70 1.915 0.614 
2.59 0.83 1.614 0.96 1.35 0.428 0.069 
3.31 0.27 1.217 0.62 0.92 0.356 0.088 

Annual:35.74 20.93 14.81 16.778 14.79 14.80 3.952 3.912 

Monthly data Fm2: 0.433 0.092 
Annual data Fm2: 3.952 3.912 
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available data i~ limited. 

Taieri basin. 

Such conditions are found in the Upper 

(i) 'Boughton' version - the model used in this study is a modified 

version of that developed by Boughton (1965, 1966, 1968(a), (b)). 

Boughton's original model was designed particularly for 'small' catchments, 

with application to the problems of agricultural hydrology and in 

particuiar for the design of farm dams. 

The structure of the original model is shown in Figure 39 and 

consists of an interception store (CEPMX) and two soil moisture stores 

(USMAX, SSMAX). Each soil moisture store has two divisions (DRMAX plus 

USMAX, and SDRMX within SSMAX)1 one division is depleted by drainage 

and the other by evapotranspiration loss. CEPMX is depleted only by 

evapotranspiration loss (when CEP is less than CEPMX), independent of 

soil moisture level. 

The time unit in model operation is one day, and each adjustment 

of current moisture levels is made in three stages - wetting, drainage 

and drying cycles. If the amount of rainfall added to the interception 

store exceeds CEPMX, the excess (EX) is added to the upper soil and 

drainage stores. If these stores also overflow, surface runoff occurs 

in accordance with the equation RUN= EX-F tanh (EX/F), as does 

infiltration into the sub-soil store (SSMAX} in accordance with the 

equation F = FC + (FO-FC)/EXI;'(AAK.SS) - see Boughton (1968(b)). 

Evapotranspiration losses occur from the interception, upper soil 

and sub-soil stores, with that from the interception store at potential 

rates. Losses from the remainder are determined in accordance with 

_the relationships defined by Denmead & Shaw (1962), and Slatyer & Denmead 

(1963). 
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Finally, Weter is lost to groundwater from the sub-soil store 

by way of the expression SS (1.0-AAC), but only if the sub-soil moisture 

level (SS} is above a minimum value. 

In the original model no attempt is made to separate interflow 

from surface runoff and the groundwater contribution to runoff is 

ignored. As a result, the major modifications introduced are the 

addition of a groundwater store and the provision for interflow and 

groundwater components in the total runoff (Hutchinson & Simmers, 1971}. 

(ii) Modified 1Boughton 1 version - the structure of the modified model 

is shown in Figure 40. The upper soil store represents that part of 

the soil moisture capacity which can immediately accept precipitation 

excess (EX). When US exceeds USMAX, surface depression storage occurs, 

as does flow into the subsoil store. The latter store represents that 

part of the soil moisture capacity which governs the flow to groundwater. 

In the original model there is no direct flow between the upper 

and subsoil stores, nor is there any flow out of the subsoil store when 

SS falls below a level SSMAX-SDRMX. Interflow occurs in the modified 

model, so that after a dry spell SS can be greatly reduced while the 

water in the upper soil store is only slowly reduced by evapotranspiration. 

An impossible situation is thus developed, and necessitates the direct 

transfer of water from the upper to sub-soil stores to maintain a balance. 

There is no theoretical relationship to apply to this water 

transfer since the two stores are not separate physical entities. However, 

it is argued that since interflow occurs at a greater than proportional 

rate to the moisture in the soil as the moisture increases, movement from 

upper to sub-soil stores should also be at greater than a proportional 

rate. Although the relationship should be exponential, it is simpler 

to assume that between store movement is proportional to the square of 
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the water in the upper soil store. However, the relationship is 

subject to available space in the sub-soil store, otherwise the excess 

water is held in the upper soil store. 

It is assumed that interflow occurs from the sub-soil store. 

When total runoff is calculated, it is necessary to ensure that the 

shape as well as the volume of the derived hydrograph matches the 

measured records. Inspection of the basic precipitation and flow 

data shows that hydrograph peaks occur between two and four days 

after each rainstorm, and suggests a time of travel through the soil 

of up to four dayso This time of travel is accommodated in the model 

by delay mechanisms which are depicted as dummy variables. The procedure 

is a variation from most models, which normally account for this delay 

by use of a further storage, usually called 'channel storage'. 

A further complication occurs when daily rainfall exceeds 1.5 inches. 

Figure 40 shows that this could result in an overfull sub-soil store, with 

the excess depicted as Y. The sub-soil store thus centains more than the 

specified maximum, can be considered supersaturated, and would provide the 

conditions for rapid slips and slumps on steep ground. Y is also subject 

to a delay mechanism and is depleted to both interflow and groundwater. 

A continuous flow to groundwater is retained from the original model, 

with the sub-soil depleted by a constant factor SS(l.0-AAC). 

The groundwater store is an addition to the original model, and 

provides a reservoir and regulator for the groundwater component of runoff. 

Water flows into the store from Y and the sub-soil store, and is lost by 

groundwater runoff provided there is more than a minimum in the store. 

The minimum value BBC corresponds in . physical terms to the condition 

where the water table level is below the bottom of the stream bed. Since 
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the groundwater contribution to runoff will not be linearly dependent 

on water table level, a squared relationship is again chosen to represent 

this depletion. 

(iii) Paerau Bridge predicted yields - precision limits of parameter 

estimates are again not readily quantifiable. Whether the second study 

objective is satisfied by record extension from digital simulation must 

therefore be qualitatively deduced. Model performance is evaluated on 

a daily and monthly basis, by way of the same split record technique 

shown for the simple and multiple regression analyses and the 1916-25 

test interval. 

study. 

The choice of an error function depends on the purpose of the 

Model efficiency is evaluated in the same manner as before for 

the monthly data to allow between model comparison. However, efficiency 

indices from equation (32) were not calculated for the computed daily 

data, and performance is assessed from the sum of squared differences 

between estimated and measured runoff {Chapman, 1970). 

Optimised values of the catchment parameters and variables required 

for model operation were derived for 1921-25 using the computer prograrmne 

listed in Appendix II. The results are shown in Table 68 and were 

initially determined by steepest-ascent methods (Boughton, 1968{b)). 

Input data were the mean catchment daily precipitation, and daily 

evapotranspiration calculated as the fraction of previously derived 

monthly potential evapotranspiration. 

The optimised values from Table 68 were thus used to compute daily 

runoff for the full ten year period, and the results compared with the 

measured records (Table 69). 

Sum of squared differences between estimated and measured daily 

runoff for 1921-25 total 1.9030 ·Average root mean square simulation 



TABLE 68: 

Symbol 

CEPMAX 
DRMAX 
USMAX 
SSMAX 
GWMAX 

PCUS 

FO 

FC 
AAK 

XX 

xz 

MC 

ABC 

BBC 

C 
CEP 

DR 
us 
SS 
GW 

QQ, RR, ST, 
Q, R, S 
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Modified aonceptuaZ model, aatchment parameters., variables 

and values given (see also Boughton., 1965., 1968(b) and 

Hutchinson & Simmers., 1971) 

(Note: (i) op= value optimised before simulation; 
(ii) all selected values are in inches) 

Selected value 

0.100 (op) 
0.400 (op) 
1.000 (op) 
0.900 (op) 
9.000 (op) 

60.000 (op) 

1.800 {op) 

0.100 (op) 
0.600 (op) 
o.soo {op) 

o.2so (op) 

0.800 {op) 

0.002 (op) 

1.000 (op) 

0.10-2.10 

TT 

Meaning 

Capacity of the Interception Store 
Capacity of the Drainage Store 
Capacity of the Upper Soil Store 
Capacity of the Subsoil Store 
Capacity of the Groundwater Store 
% of evapotranspiration loss from 
the Upper Soil Store 
Dailyinfiltration rate at subsoil 
moisture level zero 
Minimum daily infiltration rate 
Exponent Kin infiltration equation 
Maximum limit of evapotranspiration 
rate 
Coefficient of transfer from Upper Soil 
to Subsoil Store 
Factor for depleting Subsoil moisture 
by drainage 
Factor for depleting groundwater into 
runoff 
Level of the groundwater store at which 
no contribution is made to runoff 
Monthly adjustment to the Upper Soil Store 
Moisture level of the Interception Store 
Moisture level of the Drainage Store 
Moisture level of the Upper Soil Store 
Moisture level of the Subsoil Store 
Moisture level of the Groundwater Store 
Dummy variables of Interflow delay mechanism 
Dummy variables of depletion to Groundwater 
delay mechanism 



TABLE 69: · Sum of squazoed differences between estimated and measured mean daiZy runoff (inches) for Paerau Bridge 

Month: I 1916 1917 '1918 1919 1920 · 1921 · '1922 ' 1923 1924 1925 

January: 0.0038 0.0059 0.0177 0.0381 0.0272 0.0250 0.0996 0.0089 0.0040 0.0059 
February: 0.0012 0.0368 0.0154 0.0568 0.0217 0.0133 0.0395 0.0061 0.0313 0.0094 

March: 0.0025 0.0090 0.0744 0.0317 0.0161 0.0128 0.0160 0.0083 0.0189 0.0115 
April: 0.0063 0.0011 0.0157 0.0321 0.0081 0.0155 0.0077 0.0689 0.0165 0.0070 

May: 0.0063 0.2953 0.0392 0.0070 0.0104 0.0140 0.0037 0.0284 0.0208 0.0124 
June: 0.0115 0.0439 0.1046 0.0423 0.0233 0.0078 0.0066 0.0459 0.0093 0.0116 
July: 0.0060 0.0046 0.0435 0.0598 0.1429 0.0222 0.0166 0.0267 0.0189 0.0538 

August: ·0.0211 0.0113 0.0922 0.1767 0.0355 0.0302 0.0096 0.0331 0.0256 0.0669 
September: 0.0508 0.1251 0.1174 0.4221 0.0291 0.0138 0.0208 0.4804 0.0100 0.0646 

October: 0.0048 0.0269 0.0767 0.0085 0.0753 0.0270 0.0048 0.1322 0.0199 0.1176 
November: 0.0180 0.0155 0.0543 0.0034 0.0518 0.0185 0.0068 0.0082 0.0128 0.0087 
December: 0.0101 0.0161 0.0295 0.0065 0.0207 0.0041 0.0131 0.0074 0.0123 0.0298 

F2: 0.1430 0.5915 0.6806 0.8850 0.4621 0.2042 0.2448 0.8545 0.2003 0.3992 ...., 
CJ, 

1916-20 Total F 2 : 2.7622 I 1921-25 Total F 2 : 
w 

1.9030 
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error is thus 0.032 inches, or 82 percent of the average 1921-25 mean 

daily flow. However, the results for 1916-20 show that when the 

model is used for prediction purposes, F2 increases to 2.762 and Fm 

is calculated as 83 percent of the average daily mean values. 

The results do not appear promising. Closer inspection shows, 

however, that much of the error is contributed by a very few days. 

For example, 25 percent of the 1921-25 total sum of squared differences 

is given by the September 1923 value, and 15 percent of the 1916-20 total 

is contributed by the September 1919 value. Since most of the larger 

errors occur between late autumn and early spring, it is concluded that 

a lack of knowledge as regards snowmelt is the major cause of apparent 

failure of this model to simulate daily runoff. There are also occasions 

when a hydrograph peak occurs in the observed record without rainfall being 
. 

collected by the Paerau gauge. This demonstrates the random errors which 

may occur when a single gauge is considered to be representative of the 

total area for daily rainfalls. 

A characteristic of this type of catchment model is that pairs or 

groups of parameters may be interdependent, and result in minor maxima 

or minima on the response surface. The steepest-ascent optimisation 

used by Boughton (1968(a)) need not result in truly optimum parameter 

values. To test the results obtained, therefore, a rotating coordinate 

automatic parameter optimiser developed by Rosenbrock (1960} was fitted 

to the computer programme .• The final reduction in sum of squared 

differences amounted to only 0.12 for 1921-25 and 0.18 for the 1916-20 

prediction interval. 

It is thus concluded that the model is relatively insensitive to 

changes in value of variables near the optimum point. Marked differences 

between the previous and new optimised upper soil, sub-soil and infiltration 
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values were evident, but differences between the two 1921-25 runoff 

patterns produced by simulation were .barely distinguishable. A more 

detailed search to determine the absolute optimum set of values is 

considered unnecessary. 

Efficiency of the model to generate monthly data is evaluated in the 

same manner as for the simple and multiple regression and water balance 

models. Results of the calculations are shown in Table 70. 

Simulation and prediction ability of the model appear to be no 

better than previously demonstrated by the alternative simpler methods. 

Mean square error for 1921-25 is calculated as o.529 and the simulation 

efficiency is 36.9 percent for monthly yield data. The results for 

1916-20 indicate that when the model is used for prediction purposes, 

the efficiency index remains the same for monthly data but falls from 

0.434 to 0.038 for annual values. 

Further, the average monthly root mean square error for 1921-25 

is 61 percent of the mean monthly yield, and ranges from 19 to 205 percent. 

Results for the mean annual data are lower, though the root mean square 

error is shown to be 20 percent for both intervals. However, 51 percent 

of the sum of squared differences for the 1921-25 annual data are accounted 

for by the 1924 value. For 1916-20, the 1919 squared difference is 70 

percent of the total. Also, nearly 36 percent of the monthly sum of 

squared differences for 1921~25 is given by the September 1923 figure. 

Although the second study objective is unlikely to be realised by 

use of the modified conceptual model for Paerau Bridge record extension, 

the computed monthly data are a reasonable representation of the measured 

record. Occasional large errors are evident, but the results appear 

superior to those derived by Wood & Sutherland (1970) from the same data 

and the Stanford Watershed Model IV of Crawford & Linsley (1966). However, 



TABLE 70: Paerau Bridge residual variance and index of efficiency calculations for the modified 

conceptual model 

squared differences between computed and ob~erved runoff (inches) for:-

Year J F M A M J J A s 0 N D Annuai - - -
1916 0.024 0.012 0.018 0.175 0.000 0.016 0.000 0.000 1.048 0.058 0.071 0.320 o.248 
1917 o.1s1 0.371 0.133 0.001 1.141 0.150 o •. 064 0.032 0.531 0.453 0.464 0.011 5.354 
1918 0.054 o.419 0.015 0.007 0.515 1.395 0.841 0.193 0.479 1.605 1.153 0.383 9.666 
1919 0.356 0.954 0.954 0.045 0.132 0.025 1.100 0.119 5.116 0.278 0.066 0.081 40.870 
1920 0.760 0.626 o.so1 0.228 0.240 0.069 0.111 0.518 0.348 1.214 0.365 o.490 1.844 
1921 o.752 0.325 0.142 0.096 o.243 0.021 0.438 0.051 0.052 0.343 0.186 0.047 1.030 
1922 1.638 1.094 0.071 0.013 0.038 0,206 0.199 0.051 0.422 0.026 0.027 0.000 8.071 
1923 o.054 0.048 0.200 0.135 0.186 1.478 0.637 0.022 11.330 2.842 0.003 0.201 1.958 
1924 0.099 0.597 0.586 0.443 0.610 0.268 0.559 0.016 0.145 0.140 0.157 0.333 21.697 
1925 0.154 0.249 0.356 0.089 0.397 0.356 0.069 0.299 o.799 1.395 0.003 0.019 8.585 

~ 
1916-20:- 1921-25:- 0,. 

Month I p2 Measured Monthly Frn p2 ·Measured Monthly Frn 
Mean Yield as % _Column ·Mean Yield · ·as % cc:,lumn 

(inches) (3) (inches) (3) 

(1) I (2) (3) (4) (2) (3) (4) 

January: 1.375 1.045 50.2 2.697 0.677 108.5 
February: · 2.382 0.649 106 .. 3 2.313 0.331 205.4 

March: 1.621 o.576 98.8 1.355 0.624 83.4 
April: 0.456 0.728 41.4 o. 776 1.177 33.4 

May: 2.036 1.127 56.6 1.474 1.364 39.8 
June: 1.655 l. 723 · 33.4 2."329 0.761 89.7 
July: 2.716 1.635 45.1 1.902 1.088 56.7 

August: 0.862 1.882 22.l 0.439 1.541 19.2 
September: 7.522 2.487 49.3 12.748 2.345 68.1 



TABLE 70: Continued 

·Month· 

(1) 

October: 
November: 
December: 

Annual: 

.F2 

(2) 

3.608 
2.119 
1.285 

57.982 

· 1916--20:­
. ·Measured 

· ·Meart Yield 
(inches) 

(3) 

2-425 
1.643 
1.099 

17.038 

· ·Monthly ·Fm· · 
· ·as ·i ·column 

(3) ~ 

(4) 

35.0 
39.6 
46.1 
20.0 

Mean monthly yield: l.418 inches 
Monthly data var (:x:) ~· o. 730 
" " "Fm2 : 0.460 
" II " R2: 0.370 
Annual data var(x): 12.050 
" " " Fm2: 11.596 
II II 11 R2: 0.038 

F2 
1921-25:­

·Measured ·Monthly ; Fm, 
as ·, ·column 

(3) 

(2) 

4.746 
0.376 
0.600 

42.341 

· ·Mean Yield 
(inches) 

(3) 

2.268 
1.158 
1.048 

14.381 

Mean monthly yield: 
Monthly data var(x): 
H H II Fm2: 
II II 11 R2: 

Annual data var(x): 

" II "Fm2 : 

" II 11 R2: 

(4) 

42.9 
23.7 
33.0 
20.2 

1.198 inches 
0.839 
0.529 
0.369 

14.968 
8.468 
0.434 

~ u, 
~ 
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it is acknowledged that the results presented by Wood & Sutherland 

(op. _cit)were obtained by matching peak flows rather than flow volumes. 

Optimum prediction thus resulted in computed flow volumes which were 

too high in all cases. 

The final results of the present study fall short of what is 

desired for water resource assessment purposes. Principal limiting 

factors are considered to be the random errors of daily rainfall 

measurement which result from the use of only one gauge to represent 

the total area, and a lack of knowledge as regards snowmelt. The model 

developed should be capable of much improved performance, given basic 

data which are more suited to the general method, and addition of the 

automatic parameter optimisation technique (Rosenbrock, op. cit). 

The method has only limited value if used to compute the balance 

of missing flow records for Paerau Bridge, since daily data are required 

for model input. Runoff determination beyond 1940 is precluded by a 

lack of precipitation data for the area. This problem could be overcome 

by the use of Monte Carlo generated daily rainfall sequences as model 

input, but such an approach is considered beyond the scope of the present 

water resource study and is not attempted. 

COMPARISON OF DETERMINISTIC MODELS USED FOR EXTENSION OF 

THE TOTAL CATCHMENT STREA'MFLOW RECORD 

The available yield mea9urements for Paerau Bridge allow estimates 

of the annual and at least some of the monthly and seasonal population 

parameters to within 20 percent of actual at the 95 percent confidence 

level. The measured record is not of adequate length to satisfy the 

stated error criterion for all months or seasons. It was thus necessary 

to synthesise data in an attempt to increase at this stage the amount of 

information contained in the data series as compared with the measured 



series alone. Because of a lack of nearby long-term streamflow data, 

techniques which involve measured climatic data were used to extend the 

record. 

Little information was gained by the analyses. The addition of 

synthesised data to the measured Paerau Bridge record still does not 

allow population parameters to be determined for all months with the 

required degree of precision. It is further concluded that none of the 

models chosen for Paerau Bridge streamflow record extension allow 

parameter estimation to markedly greater precision levels than for the 

measured series alone. 

Precision limits of parameter estimates derived by water balance 

or conceptual models are not readily quantifiable; whether additional 

information is gained when the new synthetic records are included in a 

blended series is thus not directly known. However, parameter precision 

limits are qualitatively deduced by comparing the calculated model 

efficiency with similar values derived for simple and multiple regression 

models of known error. In this way, although estimates of the population 

parameters may not be derived here at the required precision level, all 

the models used can be evaluated for simulation and prediction ability, 

and missing flow records computed with minimised errors of prediction. 

Table 71 gives a summary of residual variance and index of efficiency 

calculations for the yield models discussed. The values are taken from 

Tables 58, 62, 65, 66 and 70, and do not require lengthy discussion. 

Conclusions reached above are hence determined by comparison of the 

Table 71 data with that already presented in Tables 28A, 29A, 57 and 61. 

The simple regression models do not accommodate the appreciable 

observed lag between rainfall and runoff. However, in common with all 

the models used, total error is com~osed of occasional large values. 



TABLE 71: Comparison of residuaZ varianae and index of effiaienay aataulations for Paerau Bridge yield models 
(see Tables 58, 62, 65, 66 and 70) 

water balance water balance 
simple rainfall/ multiple regression model (50% uodel (70% conceptual 
runoff models .models . carryover factor) carryover factor) model 

Month Fm as a percentaqe of measured mean yield for:-

1916-20 1921-25 1916-20 1921-25 1916-20 1921-25 1916-20 1921-25 1916-20 1921-25 

January 47.4 52.9 43.7 40.6 52.7 96.5 41.7 95.5 50.2 108 

February 69.2 93.5 76.5 76.2 78.7 170 94.7 221 106 205 

March 50.2 47.3 52.2 42.3 96.8 73.2 108 74.2 98.8 83.4 

April 46.2 52.2 41. 7 36.6 41.1 86.0 22.5 48.7 41.4 33.4 

. May 53.9 37.5 45.4 41.4 57.7 97.0 50.6 54.1 56.6 39.8 

June 47.0 46.6 44.4 36.9 31.6 188 35.3 166 33.4 89.7 

July 50.7 28.7 51.8 28.9 25.5 94.1 32.4 89.1 45.1 56.7 

August 26.4 26.2 28.8 25.5 50.7 90.0 24.6 55.8 22.1 19.2 

September 40.1 40.4 20.6 47.9 38.9 70.5 28.5 54.9 49.3 68.1 

October 20.9 47.0 19.5 50.2 25.0 51.3 19.0 39.8 35.0 42.9 

Novembe·r 35.8 44.9 40.S 24.7 25.5 58.5 27.0 54.1 39.6 23.7 

December 31.7 68.l 54.9 54 .. 4 42.S 56.l 55.0 48.9 46.1 33.0 

Annual 20.3 23.7 22.0 22~1 16.-7 · · 35.0 15.8 33.6 20.0 20.2 

Monthly data Fm2 0.360 0.346 0.316 0.334 0.372 1.138 0.288 o.705 0.460 0.529 

" II 11 R2 0.507 0.587 0.567 0.602 0.490 0.000 o.Go5 0.160 0.370 0.369 

Annual data Fm2 11.991 1L657 14.025 10.115 :8.069 25.298 7.263 23.378 11.596 8.468 

II II 11 R2 0.005 0.221 0 . 000 0.324 0.330 0.000 0.397 0.000 0.038 0.434 

~ 
0 
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If the occurrence of these large errors is acceptable, the predicted 

record may be considered a reasonable representation of the measured 

data. 

The addition of an antecedent rainfall component is relevant 

when there is substantial carryover from one period to the next. 

Paerau Bridge multiple regression models show improved flow prediction 

results compared with the simple methods, though occasional large errors 

are still produced. Of interest is that prediction ability is not 

greatly improved by the use of up to six precipitation variables. 

The modified conceptual model is generally unsatisfactory for 

Upper Taieri runoff prediction purposes. Although Table 71 shows 

improved simulation and prediction ability for the annual data, the 

monthly results are no better than those derived by the simpler 

alternative methods. Further, operation beyond 1940 is precluded by 

a lack of daily rainfall data for the area. 

The general water balance method proposed by Thornthwaite & Mather 

(1955) is a convenient and simple way to study the fundamental processes 

within the hydrological cycles. However, when used as a runoff prediction 

method for Paerau Bridge, the water balance model presented here is found 

to be unreliable overall. Although the version with a 70 percent 

carryover factor is the most efficient of all the models considered for 

the prediction of 1916-20 yields, this performance is not maintained 

for the 1921-25 predictions. More consistent performance is demonstrated 

by the multiple regression models, though with slightly lower efficiency 

values. A large proportion of the water balance runoff prediction errors 

can be ascribed to incorrect determination of within-year runoff 

distributions. Principal value of the method in the Upper Taieri area 

is thus to determine the spatial anp temporal variations in moisture 

deficit - critical for irrigation scheme design and operation schedules. 
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It is concluded that the multiple regression models are the most 

suitable for prediction of the missing Paerau Bridge streamflow records. 

Mean monthly, seasonal and annual values for the periods 1909-11, 1914-15, 

1929-35, 1940, 1945-46 and 1951-66 are thus calculated by the equations 

listed in Table 59, and the results given in Tables 72 and 73. The 

values may be used in conjunction with the measured data from Table 19 

or SS, and the long-term means calculated from the blended record are 

already listed in Table 61. 

However, use of the data must be in full awareness of the likely 

I\ 

errors involved. Estimated minimum standard errors of µy given x1 and 

x2 equal x1 and x2 are shown in Table 61 for the combined record. The 

data are derived from the weighted values of SEy from Table 28 and 
,. 

sµyox1,x2 as given by equation {27). 

If the values listed in Table 72 are considered as estimates of mean 

y for a particular x, then their minimum standard errors of prediction are 
,.. 

given by Sµy.x1,x2 from equation (27), and the statistics shown in 

Appendix I(S). However, if the Table 72 data are considered to be the 

predictions of individual y, given x, then the minimum standard errors 

are computed by the equation:-
,.. 

Sy.x1,x2 = t0.05 Sy.x1,x2 [ (x1-X1 ,x,-X,l 
(36}. 

For example, the new 19Q9-69 blended record minimum mean monthly 

discharge for April is shown to be 16.9 cusecs, but equation (36) gives 

a prediction standard error of plus or minus 98 cusecs. similarly, the 

new July minimum of 57.4 cusecs given in Table 72 has a prediction standard 

error of 330 cusecs. These are extreme examples and not typical of all 

the presented results. Equation (36) shows that the new maximum mean 

monthly discharge for June has a prediction standard error of plus or 



TABLE 72: Paerau Bridge predicted mean discharge record (cusecs): 1909-1911; 1914-1915; 1929-1935; 1940; 

1945~1946; 1951-31.5.66 

Year J F M A M .J J A s 0 N D Year - -
1909 264 157 173 264 185 262 230 279 549 460 296 97.6 268 
1910 61.8 81.3 96.2 47.2 194 221 275 260 455 553 261 89.5 217 
1911 96.4 83.5 89a2 47.8 172 224 270 273 495 367 400 243 231 
1914 202 131 111 127 313 552 123 225 469 396 298 182 261 
1915 102 106 120 78.4 228 322 195 199 483 425 342 189 233 
1929 111 94.2 155 98.3 153 358 328 339 569 310 365 223 259 
1930 114 89.8 52.2 142 201 197 282 272 499 556 337 164 243 
1931 305 235 76.6 136 191 223 255 316 556 509 269 108 265 
1932 174 127 103 147 291 337 195 259 539 443 232 74.2 244 
1933 77.4 82.1 97.6 395 420 305 275 294 563 455 353 408 311 
1934 214 130 157 280 362 362 287 311 459 540 282 127 293 
1935 199 158 256 359 372 720 57.4 255 576 305 422 261 328 
1940 122 137 170 147 311 236 295 241 454 412 328 121 248 
1945 205 186 170 380 420 268 289 273 462 534 310 311 318 
1946 265 152 75.9 16.9 252 288 275 296 306 827 269 119 263 
1951 190 134 148 191 229 249 258 273 499 486 372 218 271 I'-.> 

0,. 
1952 98.9 94.3 llO 102 259 264 261 243 398 662 340 234 256 w 
1953 177 127 203 396 256 210 244 259 528 384 347 194 277 
1954 87.0 86.8 210 231 241 291 269 291 516 403 306 144 257 
1955 187 137 221 254 309 424 331 356 504 442 364 129 305 
1956 118 103 60.8 120 457 380 237 246 504 438 350 298 276 
1957 138 100 211 312 424 408 221 194 405 554 358 294 302 
1958 291 209 205 363 363 293 241 233 476 452 288 253 306 
1959 165 107 143 164 332 297 237 202 450 403 342 259 259 
1960 127 105 229 266 237 312 233 278 431 574 369 170 278 
1961 124 141 189 224 184 349 296 355 491 476 355 70.2 271 
1962 113 130 183 306 255 407 233 336 558 491 296 143 288 
1963 108 112 150 170 287 307 233 391 636 559 310 205 290 
1964 89.7 70.6 179 166 237 212 256 282 552 413 319 313 258 
1965 251 161 153 212 341 416 220 291 518 476 314 83.8 287 
1966 234 179 172 178 194 - - - - - - - 229 

Mean: 162 127 151 204 280 323 247 277 497 47"' 326 191 272 
¥e-n· incnes) 0.655 00464 0.611 o.799 1.133 1.265 0.999 1.121 1.946 1.930 1.276 o. 773 12.97 
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TABLE ?3: Paerau Bridge predicted mean seasonai discha:t>ge record 

(cusecs): 1909-1911; 1914-1915; 1929-1935; 1940; 

"1945-1946; 1951-1966 

Year Summer Autumn Winter Spring Jan.-Mar. Oct.-Mar. 

; 1909 207 257 435 198 
1909-10; 1910 80.2 112 252 423 79.8 182 
1910-11; 1911 89.8 103 256 421 89.7 195 
1911-12; 189 274 
1913-14; 1914 296 184 300 388 148 312 
1914-15; 1915 130 142 239 417 109 201 
1915-16; 128 211 
1928-29; 1929 108 135 342 415 120 286 
1929-30; 1930 142 132 250 464 85.3 192 
1930-31; 1931 235 134 265 445 206 279 
1931-32; 1932 136 180 264 405 135 215 
1932-33; 1933 77.9 304 291 457 85.7 168 
1933-34; 1934 251 266 320 427 167 286 
1934-35; 1935 161 329 344 434 204 260 
1935-36; 146 241 
1939-40; 1940 206 209 257 398 143 488 
1940-41; 116 209 
1944-45; 1945 284 323 277 435 187 312 
1945-46; 1946 243 115 286 467 164 275 
1946-47; 192 292 
1950-51; 1951 161 189 260 452 157 150 
1951-52; 1952 137 157 256 467 101 230 
1952-53; 1953 179 285 238 420 169 291 
1953-54; 1954 123 227 284 408 128 218 
1954-55; 1955 156 261 370 437 182 233 
1955-56; 1956 117 213 288 431 93.9 203 
1956-57; 1957 179 316 274 439 150 256 
1957-58; 1958 265 310 256 405 235 319 
1958-59; 1959 175 213 245 398 138 235 
1959-60; 1960 164 244 274 458 154 244 
1960-61; 1961 145 199 333 441 151 261 
1961-62; 1962 104 248 325 448 142 221 
1962-63; 1963 121 202 310 502 123 217 
1963-64; 1964 122 194 250 428 113 236 
1964-65; 1965 242 235 309 436 188 268 
1965-66; 1966 166 181 233 277 195 243 
Mean: 165 211 281 428 146 239 
Mean (inches/ 

month: o.631 0.848 1.128 1.717 0.577 0.952 
(Annual: 1.081 ins./month) 
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minus 263 cusecs. However, this value is only 36 percent of the 720 

cusecs computed for 1923 in Table 72. 

Finally, since the multiple regression equations listed in Table 59 

can only be used to predict mean monthly yields, it is not possible to 

improve estimate precision of the Paerau Bridge extreme values. The 

standard errors of XT for maximum and minimum daily discharges given in 

Tables 39 and 41 remain unchanged. 

SUBCATCHMENT STREAMFLOW RECORD EXTENSION 

Simple correZation and regression modeZs: 

It has been concluded that the measured data available for the 

principal sub-catchments do not allow direct estimation of monthly, 

seasonal, or annual yield parameters to within the stated error criterion. 

Only the Loganburn station has sufficient measured data to make any 

estimates of sub-catchment yield possible. However, Tables 28 and 29 show 

that the records are of insufficient length - standard errors of up to 42 

percent are calculated for the mean seasonal discharges, and up to 60 percent 

for the monthly values. The other stations on the major tributaries 

(Styx and Serpentine Creeks) and on the upper reaches of the main river 

(Upper Styx Valley Bridge), have insufficient measured data available to 

make any direct parameter estimates possible. It is thus necessary to 

extend these other records in order to determine parameter estimates at 

the required precision level. 

The first method of record extension attempted is simple linear 

regression analysis. Basic data used are stream gauging records and 

rating t~les for all stations over the period 1965-70, and the continuous 

water level records from Paerau Bridge (1966-69}, Patearoa-Paerau Bridge 

(1966-70), and Loganburn (1966-70}. 
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Discharge prediction equations are thus developed for all flow 

measurement stations in the Upper Taieri basin, using the graphical 

technique outlined by Searcy (1960). The equations are given in Table 

74 and are more fully defined in Appendix 1(6). Discontinuities are 

shown for the three Taieri River relationships and these are allowed 

for in all subsequent analyses. 

With the exception of Styx Creek, correlation coefficients vary 

between 0~894 and 0.995, and are generally significant at greater than 

the 99 percent level. The value of o.742 for Styx Creek probably 

reflects the difficulty in obtaining a stable stage-discharge relationship 

at this gauging site, and the problems of runoff correlation from areas 

of different size (Searcy, op. cit). 

The correlations are all considered satisfactory for record 

extension purposes. Although equations (18) and (22) cannot be used to 

test for increased estimate precision of population means and variances, 

equation (20) shows that effective record extensions vary from nine to 

21 years. Mean monthly discharge records equivalent in length to the 

measured Paerau Bridge series are thus calculated for the major tributaries, 

Upper Styx Valley and the Patearoa-Paerau Bridge stations. Results of 

the analyses are summarised in Table 75. The data for Serpentine Creek, . . 

Styx Creek, Loganburn and Upper Styx Valley Bridge are assumed to be 

representative of sub-catchrn~nt areas 1, 2a, 2b and 3 respectively. 

Estimated standard errors of the Patearoa-Paerau Bridge and Loganburn 

mean discharges are calculated from the blended predicted and measured 

data. The results are given by the weighted average of measured 
,... 

standard error of the mean from Tables 28 and 29, and Sµy.x from equation 

(24). Values of x in equation (24) are initially assumed to be error 

free, and are the x data for Paerau Bridge given in Tables 28A and 29A. 
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TABLE '14: Disaha:t>ge regression equations for synthetia reaord 

determination (auseas) 

(~: Q = Taieri discharge at Paerau; Qpp = Taieri discharge 
at Patearoa-Paerau; Qus = Taieri discharge at Upper Styx 
Valley; QL = Loganburn discharge at Paerau; QSE = 
Serpentine discharge at McDonald's Br.; QST = Styx Creek 
discharge at Paerau). 

A. Taieri River at Paerau Bridge: 

(i) Q = 6.56 Q -p L 23.22 

(ii} Q = 1.04 Q -p pp 6.00 (For Q <200 pp cusecs). 

(iii) Q = 0.90 Q + 
P PP 

28.00(For Q ~200 pp cusecs}. 

B. Taieri River at Patearoa-Paerau Brid,ge: 

(i) Qpp = 0.90 Qp + 14.00 

(ii} Qpp = 1.07 Qp - 19.70 

(For Q <200 cusecs). 
p 

(For Q ~200 cusecs). 
p 

c. Taieri River at Upper Styx Valley Bridge: 

D. 

E. 

F: 

(i) 

(ii) 

Qus 

Qus 

= 0.61 Q - 6.00 
p 

= 0.44 Qp + 15.00 

Loganburn at Paerau: 

(i) Q = 0.15 Q + 
L p 

3.92 

(For Q <120 cusec~). 
p 

(For Q ~120 cusecs}. 
p 

Serpentine Creek at McDonald's Brid,ge: 

(i) QSE = 0.111 Qp - 1.38 

Styx Creek at Paerau: 

(i) Q = o.os Q + ST p 3.28 



TABLE 75: Mean disahax>ge parcuneters foP stations Patearoa-Paerau Bridge, Upper Styx Va'lley Bridge, Loganburn, 

Ser-pentine Creek and Styx Creek (1912--13; · 1916-28; 1936-39; 1941-44; 1947-50; 1.6.66-31.5.69) 

A. Taieri River at Patearoa-Paerau Bridge: 
{Catchment area above station - 285 square miles) 

J F M A M J J A s 0 N D - -
Mean discharge 

{cusecs): 168 133 171 241 311 281 294 346 530 524 353 257 
Mean yield 

(inches): 0.680 0.486 
"' 

0.692 0.943 1.258 1.100 1.189 1.400 2.075 2.120 1.382 1.040 
S~y.x (cfs): 4.53 5.48 20.8 45.0 22.5 26.8 12.8 22.8 22.1 48.4 17.3 17.7 
sµy.x as% 
mean discharge: 2. 70 4.12 12.2 18.6 7.24 9.55 4.35 6.58 4.17 9.23 4.89 6.88 
Maximum mean 
monthly discharge: 556 668 699 575 910 652 636 629 1377 1146 991 554 I\.) 

Minimum mean 0-
00 

monthly discharge: 28.9 25.4 24.3 38.8 44.3 58.0 131 122 159 162 108 49.2 

Summer Autumn Winter Spring Oct.-Mar. Jan.;-Mar. ·Annual 

Mean Q (cfs): . 184 241 307 469 260 158 301 
Mean yield (ins/mth): o.735 0.964 1.230 1.859 1.067 0.619 14.34 (ins) 
sQy.x (cfs): 8.55 18.l 15.6 26.1 11.8 6.87 11.8 
Sµy.x as% mean Q: 4.65 7.49 5.07 5.56 4.53 4.35 3.93 
Max. mean seasonal/ 
annual discharge: 520 701 512 1171 525 577 499 
Min. mean seasonal/ 
annual discharge: 47.7 58.9 136 189 133 41.2 133 

(n1 = 3 years, n2 = 27 years) 



TABLE 75: Continued 

B. Taieri River at Upper Styx VaZZey Bridge: 
(catchment area above station - 101 square miles) 

J F M A M 

Mean Q (cfs}: so.a 62.6 81.1 114 146 
Mxan yield (ins.): 0.913 0.645 0.926 1.259 1.667 
S~y.x (cfs): 3.89 4.07 3.90 5.70 8.70 
sµy.x as% mean Q: 4.86 6.50 4.81 5.00 :s. 96 
Max. mean monthly 

Q: 250 296 310 290 399 
Min. mean monthly 

Q: 9.80 7.00 6.80 15.2 18.5 

summer Autumn Winter 

Mean':? (cfs): 86.8 114 144 
Mxan yield (ins/mth): 0.976 1.284 1.631 
sµy.x (cfs): 4.07 5.70 8.51 

"' - 4.69 5.00 5.91 sµy.x as% mean Q: 
Max. mean seasonal/ 
annual Q: 234 311 231 
Min. mean seasonal/ 
annual Q: 20.6 26.3 6?.8 

(n2 = 30 years) 

J J A s 0 N D 

133 139 161 240 237 163 120 
1.496 1.587 1.838 2.651 2.705 1.801 1.370 
7.36 7.95 10.4 19.4 19.1 10.6 6.39 
5.53 5.72 6.43 8.08 8.05 6.53 5.32 

290 283 280 597 499 433 249 

26.5 68.5 63.9 79.8 81.0 53.4 21.4 

·spring · ·oct.-Mar. ·Jan.-Mar. Annual ~ 
0-
'() 

214 121. 75.0 140 
2.386 1.393 0.828 18.81 (ins) 

16.4 6.47 3.85 8.28 
7.66 5.35 5.14 5.91 

510 236 258 224 

91.6 62.2 16.9 64.2 



TABLE 75: Continued 

c. Loganburn at Paerau: 
(catchment area above station - 58 square miles) 

J F M A M J J A s 0 N D -
Mean Q (cfs): 28.1 22.2 28.8 38.6 48.6 46.6 46.7 54.8 80.5 79.8 54.6 40.3 
M~an yield (ins): 0.558 0.399 0.572 0.742 0.966 0.896 0.928 1.089 1.548 1.586 1.050 0.801 
S~y.x {cfs) : 1.71 1.03 7.85 10.4 1.88 9.20 2.89 7.51 3.88 7.62 3.78 ·2.12 
Sµy.x as% mean Q: 6.10 4.66 27.3 27.1 3.86 19.7 6.19 13.7 4.83 9.54 6.92 5.26 
Max. mean monthly Q:83.9 101 105 120 135 125 95.4 102 202 169 147 83.5 
Min. mean monthly Q: 7.20 2.60 1.50 9.20 9.70 12.0 22.5 21.2 26.8 26.8 19.3 10.7 

Sum.liler Autumn Winter Spring Oct.-Mar. Jan.-Mar. Annual 
i,.) 

Mean Q (cfs): 29.8 38.7 49.4 71.7 41.2 26.4 47.5 -~ 
M~an yield {ins/mth): 0.586 0.760 0.971 1.395 0.828 0.510 11.12 (ins) 
S).!Y .x (cfs): 1.14 5.78 6.17 3.=75 1.63 2.39 2.31 
sµy.x as% mean Q: 3.84 14.9 12.5 5.24 3.96 9.04 4.87 
Max. mean seasonal/ 
annual Q: 78.7 105 94.7 173 79.3 86.9 75.6 
Min. mean seasonal/ 
annual Q: 10.s 12.1 23.2 30.9 22.2 9.2 22.8 

(n1 = 3 years, n2 = 27 years) 



TABLE 75: Continued: 

D. Se'I"pentine Creek at MaDonaZd's Bridge: 
(catchment area above station - 41 square miles) 

J F M A M J J A s 0 N D -
Mean Q (cfs) ; 15.4 11.0 15.7 22.6 29.6 26.6 27.9 33.4 52.1 so.1 33.8 24.3 
Mxan yield (ins): 0.433 0.300 0.441 0.615 0.832 o. 724 0.784 0.939 1.418 1.409 0.920 0.683 
SJ<Y·~ (cfs): 2.76 3.01 2.75 2.59 2.87 2.70 2. 77 3.16 5.37 5.28 3.21 2.62 
Sµy.x as% mean Q: 17.9 25.5 17.5 11.4 9.71 10.1 9.93 9.45 10.3 10.5 9.51 10.8 
Max. mean monthly Q:54.3 65.4 68.4 56.0 89.5 63.6 62.0 61.4 136 113 97.7 54.0 
Min. mean monthly Q: 1.50 1.20 1.10 2.50 3.20 4.40 11.6 10.0 14.S 14.9 9.30 3.40 

Summer Autumn Winter Spring Oct.-Mar. Jan.Mar. ·Annual "' "' ..... 
Mean Q (cfs): 16.3 21.8 28.3 43.7 23.5 13.7 27.6 
M~an yield (ins/mth): 0.472 0.629 0.816 1.249 0.698 0.391 9.14 (ins) 
s:wy.x (cfs): 2.69 2.59 2.85 4.-56 2.62 2.83 2.81 
sµy.x as% mean Q: 16.5 11.9 10.0 10.4 11.2 20.6 10.2 
Max. mean seasonal/ 
annual Q: 48.6 66.0 47.8 111 49.0 54.1 46.5 
Min. mean seasonal/ 
annual Q: 3.10 4.20 11.6 16.8 11.3 2.50 11.4 

(n2 = 30 years) 



TABLE 75: Comtinued 

E. Styx Creek at Paerau: 
(catchment area above station - 16 square miles) 

J F M A M J J A s 0 N D 

Mean Q (cfs): llo3 9.60 11.3 14.3 17.6 16.4 17.2 19.6 28.3 28.0 19.9 15.5 
Mean yield (ins): 0.814 0.625 0.814 0.997 1.268 1.144 1.239 1.412 1.973 2.018 1.388 ·1.117 

A 

SJ,!Y·~ {cfs): 2.74 2.99 2. 72 2.34 2.15 2.20 2.17 2.14 2.98 2.94 2.15 2.27 
sµy.x as% mean Q: 24.2 31.1 24.1 16.4 12.2 13.4 12.6 10.9 10.5 10.5 10.a 14.7 
Max. mean monthly Q:2908 35.3 36.7 27.0 46.9 34.5 33.7 33.5 69.5 58.3 so.a 29.8 
Min. mean monthly Q: 4.50 4.30 . 4.20 4.90 5.30 5.90 9.40 9.10 10.9 10.9 8.40 5.10 

·summer Autumn ·winter ·spring Oct.Mar. Jan.-Mar. Annual 
t-J ---
;j 

Mean Q (cfs): 12.1 14.4 17.7 25.5 15.6 10.8 17.5 
Mean yield (ins/mth): 0.825 

A , 
10026 1.265 1.793 1.129 o.751 14.85 (ins) 

sµyox (cfs). 2.64 2o34 2.15 2.58 2.26 2.80 2.16 
"' sµy.x as% mean Q: 21.8 16.3 12.1 10.1 14.5 26.0 12.3 

Max. mean seasonal/ 
annual Q: 28.2 36.9 27.8 59.5 28.4 31.0 27.2 
Min. mean seasonal/ 
annual Q: 5.50 6.00 9.70 12.3 9.60 5.20 9.60 

(n2. = 30 years) 
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" For the other stations listed in Table 75, the values of sµy.x are the 

prediction standard errors as determined from equation (24) - x is again 

x for the long-term Paerau Bridge record. 

Marked improvements in mean discharge estimate precision are shown 

by the extended Patearoa-Paerau Bridge and Loganburn records when 

compared with the results in Tables 28 and 29. Standard errors as a 

percentage of the mean are reduced for all time intervals at both sites. 

Long-term mean monthly discharges for Patearoa-Paerau Bridge may be 

estimated by regression from the stated Paerau Bridge values, with 

standard errors of less than 10 percent in all but two months (March, 

April). The mean annual discharge is estimated to within four percent, 

and seasonal values to within eight percent. 

Loganburn long-term mean annual discharge is now estimated to within 

10 percent at the 95 percent confidence level. Results for the mean 

monthly data show that only March, April, June and August now have standard 

errors in excess of 10 percent. 

Prediction standard errors for mean discharge estimates at Upper 

Styx Valley Bridge are shown by Table 75 to be all less than eight percent. 

The values for Styx and Serpentine Creeks are higher, and all figures except 

for four months at Serpentine Creek are in excess of 10 percent. 

The Table 75 results suggest that the s~cond study objective is 

satisfied in part for the principal . sub-catchments. Addition of regression 

estimates to the measured Loganburn record now appears to allow determin­

ation of mean discharge at the required precis1on level for most time 

intervals of a month or more. Similar conclusions may be drawn for the 

Upper Styx Valley Bridge predictions, though not for the Styx and Serpentine 

Creek sub-catchments. 



However, the Paerau Bridge values used in the regressions are 

not error free, since the x data listed in Tables 28A and 29A represent 

~ 

µ with errors as indicated by the listed SEx values. 
X 

As such, if the 

mean discharges listed in Table 75 are to be considered as estimates of 
~ 

µy rather than y with x assumed to be error free, then the standard 

errors will exceed the values given. The x data may be maximised and 

minimised in accordance with the errors shown in Tables 28A and 29A, 

a range of new discharges calculated for Table 75, and the standard 

error recomputed~ Results of this analysis are summarised in Table 76. 

The data show that only the long-term mean annual discharges for 

the Patearoa-Paerau Bridge and Loganburn stations may now be estimated 

with a standard error of less than 10 percent. However, comparison 

of Tables 76, 28 and 29 shows that for Patearoa-Paerau Bridge and 

Loganburn stations, more precise estimates of mean discharge may still 

be made from the combined record than from the measured series alone. 

Although the second study objective is not realised, increased 

information is obtained from the blended records. 

Full summaries of the synthesised sub-catchment mean discharges 

for the period of record covered by the Paerau Bridge series are not 

listed here. However, use of the data should be in awareness of the 

likely errors ~nvolved, with reference made to equations (24) or (28) 

and the statistics given in Appendix I(G). 

Subaatahment extreme disaharge estimates from regression analysis: 

Available measurements of daily mean or instantaneous discharge 

do not allow estimation of total or sub-catchment annual flood or 

minimum flows to within 10 percent of actual discharge for any return 

period. Standard errors of about 11 percent are calculated for both 

the flood and minimum flows at T equals two years, and values of up to 

21 percent are evident for the higher recurrence intervals. 
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TABLE 76: Standa:r>d errors of long-tePm Patearoa-Paerau Bridge, 

Upper Styx Valley Bridge, Loganburn, Serpentine Creek, 

and Styx Creek mean discharges, where x is not error 
free 

A 
values of Sµy.x as a% of Table 75 mean discharges for:-

·patearoa-Paerau Upper Styx Loganburn Ser12entine Styx 
· ·Bridge Valley ·Br. Creek Creek 

(1) (2) (3) (4) (5) 

January: 15.5 17.6 18.9 34.4 35.0 
February: 19.5 22.4 19.8 46.6 43.6 

March: 24.0 17.5 38.9 33.4 34.0 
April: 30.3 14.9 37.0 24.3 25.5 

May: 17.7 15.7 14.4 22.3 21.6 
June: 19.2 13.5 27.7 20.3 20.7 
July: 12.2 12.9 13.3 18.6 19.2 

August: 14.1 13.0 20.4 17.4 16.B 
September: 12.6 15.4 12.7 19.4 18.0 

October: 17.6 15.6 17.0 19.5 17.7 
November: 14.2 14.4 15.4 19.5 18.1 
December: 19ol 15.8 15.9 23.8 23.8 

Summer·: 15.8 17.3 16.1 33.1 31.8 
Autumn: 17.4 14.0 24.0 23.8 24.6 
Winter: 11.1 11.1 17.8 17.1 16.9 
Spring: 13.0 14.0 11.6 18.6 16.5 

Oct-Mar: 12.7 12.4 11.1 20.4 20.5 
Jan-Mar: 15.2 16.5 19.7 35.7 34.2 

Annual: 9.63 10.7 9.68 16.3 1606 



Results from Tables 75 and 76 further suggest that regression 

analysis is of no help in the estimation of sub-catchment extreme 

values at the required degree of precision. Sub-catchment annual 

flood and minimum flows are computed by regression from the collated 

long-term Paerau Bridge maximum and minimum mean daily flow series, 

subjected to frequency analysis, and the results listed in Tables 77 

and 78. Minimum standard errors of xT comparable with Tables 39 and 

41 are not calculated, but may be readily determined from the listed 

control curve data if required. 

If the sub-catchment extreme events are initially assumed to 

equate with measured data, and hence not subject to standard errors 

of prediction, some features of interest arise from the results. 

Flood discharges per unit area decrease from the Upper Styx 

Valley Bridge through Paerau to the Patearoa-Paerau Bridge, and are 

greater for the main river than for each of the principal sub-catchments. 

The trib~taries show a maximum for Styx Creek and a minimumforSerpentine 

Creek. Calculated differences would reflect the integrating effects 

of different precipitation regimes and catchment storage characteristics. 

Also, values of zero baseflow are calculated for only Loganburn and 

Serpentine Creek. These features are generally in accordance with field 

observation and expected trends. 

However, although Tables 77 and 78 show marked differences in 

discharge per unit area between sub-catchments, any conclusions can only 

be of a tentative nature. Differences may be more apparent than real, 

since the data are subject to both standard errors of xT for the measured 

Paerau Bridge records and the prediction errors given by equation (28). 

The errors are likely to be greater than those listed in Tables 39 and 

41 for Paerau Bridge, and probably excessive. Highest percentage 
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TABLE 77: Annual flood frequenay analysis swrrmaries for the Taieri 

River at Patearoa-Paerau and _Upper Styx Valley Bridges, 

Logan.burn, Serpentine and Styx Creeks (1912-13; 1916-28; 

1936-39; 1941-44; 1947-50; 1967-69) 

A. Taieri River at Patearoa-Paerau Bridge: 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (c~s) ~are mile) Lower Limit Upper Limit 

1.01 320 1.12 138 502 
1.03 438 1~53 301 576 
1.10 611 2.14 500 722 
1.20 741 2.59 636 846 
1.30 830 2.91 725 934 
1.50 958 3.35 850 1066 
2.00 1163 4.07 1042 1284 
5.00 1667 5.83 1479 1855 

10 2000 7.00 1725 2276 
15 2189 7.66 1856 2522 
20 2321 0.12 1947 2694 
25 2422 8.48 2018 2826 
50 2735 9.57 2235 3234 

100 3045 10.66 2538 3552 . 
B. Taieri River at Upper Styx Valley Bridge: 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) square mile) Lower·Limit Upper Limit 

1.01 150 1.49 72.5 227 
1.03 200 1.98 142 258 
1.10 273 2.70 226 320 
1.20 328 3o25 283 372 
1.30 365 3.61 321 409 
1.50 420 4.16 374 465 
2.00 506 5.01 455 557 
5.00 719 7.12 640 799 

10 861 8.52 744 977 
15 940 9.31 799 1081 
20 996 9.86 838 1154 
25 1039 10.29 868 1210 
50 1171 11.59 960 1382 

100 1303 12.90 1088 1517 

c. Loganburn at Paerau: 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) squa:t::"' mile) Lower Limit Upper Limit 

1.01 49.8 0.86 23.5 76.1 
1.03 66.9 1.15 47.1 86.7 
1.10 91.8 1.5a 75.8 108 
1.20 110 1.90 95.3 126 
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TABLE 77: Continued 

c. Loganburn at Paerau ( continued) 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) square mile) Lower Limit Upper Limit 

1.30 123 · 2.12 108 138 
1.50 142 2.45 126 157 
2.00 171 2.95 154 189 
s.oo 244 4o21 217 271 

10 292 5.03 252 332 
15 319 s.so 271 367 
20 338 5.83 284 392 
25 353 6.09 295 411 
50 398 6.86 326 460 

100 443 7.64 370 516 

D. Serpentine Creek at McDonald's Bridge: 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) ~are mile) Lower Limit Upper Limit 

1.01 30.6 0.75 12.4 48.8 
1.03 42.4 1.03 28.7 56.1 
1.10 59.7 1.46 48.6 70.7 
1.20 72.6 1.77 . 62.1 83.1 
1.30 81.5 1.99 71.1 92.0 
1.50 94.4 2.30 83.6 105 
2.00 115 2.80 103 127 
s.oo 165 4.02 146 184 

10 199 4.85 171 226 
15 217 5.29 184 251 
20 231 5.63 193 268 
25 241 5.88 200 281 
50 272 6.63 222 322 

100 303 7.39 252 354 

E. Styx Creek at Paerau: 

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) square mile) Lower Limit Upper Limit 

1.01 18.6 1.16 9.82 27.3 
1.03 24.3 1.52 17. 7 30.9 
1.10 32.6 2.04 27.2 37.9 
1.20 38.8 2.43 33.8 43.8 
1.30 43.1 2.69 38.1 48.1 
1.50 49.3 3.08 44.1 54.S 
2.00 59.1 3.69 53.3 64.9 
~.oo 83.3 5.21 74.3 92.4 

10 99.4 6.21 86.1 113 
15 108 6.75 92.4 124 
20 115 7.19 96.8 133 
25 120 7.50 100 139 
so 135 8.44 111 159 

100 150 9.38 125 174 
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TABLE 78: Annual minimum flow frequency analysis swrrnaries for the Taieri 

River at Patearoa-Paerau and Upper Styx Valley Bridges, Loganburn, 

Serpentine and Styx Creeks (1912-13; 1916-28; 1936-39; 1941-44; 

1947-50; 1967-69) 

A. Taieri River at Patearoa-Paerau Bridge: (E = 13.65 cusecs) 

Return Period Flow 
(years) (cusecs} 

1.01 
1.03 
1.10 
1.20 
1.30 
1.50 
2.00 
5.00 

10 
15 
20 
25 
50 

100 

205 
151 
97.7 
71.9 
58.9 
45.1 
31.3 
17.9 
15.3 
14.6 
14.3 
14.15 
13.86 
13. 74 

Flow (cusecs/ 
square mile) 

o. 718 
0.527 
0.342 
0.252 
0.206 
0.158 
0.110 
0.063 
0.054 
0.052 
0.050 
0.050 
0.049 
0.048 

Log flow 
(=log (Q-E)) 

e 

5.2555 
4.9204 
4.4317 
4.0651 
3.8129 
3.4496 
~.8701 
1.4440 
0.4998 

-0.0329 
-0.4059 
-0.6932 
-1.5783 
-2.4568 

Control curves:­
Lower Limit Upper Limit 

(log) (log) 

4.8321 
4.5345 
4.1004 
3.7683 
3.5168 
3.1435 
2.5271 
0.9112 

-0.9356 
-1.4683 
-1.8413 
-2.1286 
-3.0136 
-3.8921 

5.6789 
5.3064 
4.7630 
4.3618 
4.1089 
3.7557 
3.2131 
1.9768 
1.9351 
1.4024 
1.0294 
0.7421 

-0.1429 
-1.0214 

B. Taieri River at Upper Styx Valley Bridge: (E = 0.57 cusecs) 

Return Period Flow 
(years} (cusecs) 

1.01 
1.03 
1.10 
lo20 
1.30 
1.50 
2.00 
5.00 

10 
15 
20 
25 
50 

100 

101 
74.6 
47.7 
34.2 
27.2 
19.6 
11. 7 

3.56 
1.82 
1.34 
1.11 
0.99 
0.76 
0.65 

Flow (cusecs/ 
square mile) 

1.005 
0.739 
0.472 
0.338 
0.269 
0.194 
0.116 
0.035 
0.018 
0.013 
o.oi1 
0.010 
0.008 
0.006 

Log flow 
(=log (Q-E) ) 

e 

4.6142 
4,3047 
3.8533 
3.5147 
3.2818 
2.9463 
2.4111 
1.0940 
0.2220 

-0 .. 2700 
-0.6145 
-0.8798 
-1.6972 
-2.5085 

Control curves:­
Lower Limit Upper Limit 

(log) (log) 

4.2219 
3,9474 
3.5470 
3.2407 
3.0084 
2.6636 
2.0943 
0.6020 

-1.1036 
-1.5956 
-1.9401 
-~.2054 
-3.0228 
-3.8342 

5.0065 
4.6621 
4.1597 
3.7888 
3.5553 
3.2290 
2.7280 
1.5861 
1.5476 
1.0557 
0.7112 
0.4458 

-0.3716 
-1.1829 
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TABLE 78: Continued 

c. Loganburn a~ Paerau: (E = 0.00 cusecs) 

Return Period Flow Flow (cusecs/ Log flow Control curves:-
(years) (cusecs) square mile) (=log (Q-E)) Lower Limit Upper Limit 

e (log) (log) 
1.01 27.80 0.479 3.3251 3.1310 3.5191 
1.03 24.32 0.404 3.1535 2.9742 3.3329 
1.10 18.24 0.314 2.9034 2.7453 3.0614 
1.20 15.12 0.261 2.7157 2.5713 2.8601 
1.30 13.28 0.229 2.5866 2.4426 2.7306 
1.50 11.03 0.190 2.4-006 2.2517 2.5496 
2.00 8.20 0.141 2.1040 1.9371 2.2709 
5.00 3.95 0.068 1.3740 1.1148 1.6332 

10 2°.44 0.042 0.8907 o.4877 1.2937 
15 1.86 0.032 0.6180 0.1135 1.1226 
20 1.53 0.026 o.4271 -0.1486 1.0027 
25 1.32 0.023 0.2BOO -0.3504 0.9104 
50 0.84 0.014 -0.1730 -0.9078 0.5617 

100 0.54 0.009 -0.6227 -1.3575 0.1120 

D. Serpentine at McDonald's Bridge: (E = 0. 00 cusecs) 

Return Period Flow Flow (cusecs/ Log flow Control curves:-
(years) (cusecs) square mile) (=log (Q-e;)) Lower Limit u;eper Limit e (log) (log) 

1.01 18.55 0.452 2.9206 2.5001 3.3411 
1.03 13.27 0.324 2.5855 2.2016 2.9694 
1.10 8.14 0.199 2.0968 1.7662 2.4273 
1.20 5.64 0.138 1.7301 1.4334 2. 0269 
1.30 4.38 0.107 1.4779 1.1819 1. 7740 
1.50 3.05 0.074 1.1147 0.8086 1.4208 
2.00 1.71 0.042 o.5352 0.1921 0.8782 
5.00 o.41 0.010 -0.8909 -1.4237 -0.3581 

10 0.16 0~004 -1.8351 -2.8830 -o. 7872 
15 0.09 0.002 -2.3678 -3.8032 -0.9325 
20 0.06 0.001 -2.7408 -4.1762 -1.3055 
25 0.05 0.001 -3.0281 -4.4635 -1. 5928 
50 0.02 0.000 -3.9132 -5.3485 -2.4778 

100 0.01 0.000 -4.7917 -6.2271 -3.3563 
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TABLE 78: Continued 

E. Styx Creek at Paerau: (e: = 3.84 cusecs) 

Return Period Flow Flow (cusecs/ Low Flow Control curves:-
(years) (cusecs) ~re mile) (=log (Q-e:)) Lower Limit u12per Limit e (log) (log) 

1.01 13.05 0.816 2.2206 1.7972 2.6439 
l.03 10.43 0.652 l.8858 1.4995 2.2714 
1.10 7.88 0.493 1.3967 1.0654 1.7280 
1.20 6.64 o.415 1.0301 0.7334 1.3268 
l.30 6.02 0.376 o .. 7779 0.4818 1.0740 
1.so 5.35 0.334 0.4146 0.1085 o. 7207 
2.00 4.69 0.293 -0.1649 -0.5079 0.1782 
s.oo 4.04 0.253 -1.5910 -2.1238 -1.0582 

10 3.92 0.245 -2.5352 -3.9705 -1.0998 
15 3.89 0.243 -3.0679 -4.5032 -1.6325 
20 3.87 0.242 -3.4409 -4.8762 -2.0055 
25 3.86 0.241 -3.7282 -5.1635 -2.2928 
so 3.85 0.241 -4.6132 -6.0486 -3.1779 

100 3.84 0.240 -5.4917 -6.9271 -4.0564 
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errors are likely to be produced for the series of annual minima. In 

any event, sub-catchment population parameters are unlikely to be deter­

mined for any month or season to the required degree of precision. 

WateP baZanae modeZ: 

Precision limits of parameter estimates derived by water balance 

models are not readily quantifiable. How~ver, the general water balance 

model proposed by Thornthwaite & Mather (1955) is shown to be unreliable 

for runoff prediction in the Upper Taieri area. The second study 

objective is thus unlikely to be satisfied by water balance derived sub-

catchment yield records. Nevertheless, a large proportion of the 

prediction errors can be ascribed to incorrect determination of within 

year runoff distributions. Principal value of the method in the Upper 

Taieri ar~a, therefore, is to determine the spatial and temporal variations 

in soil moisture deficit. It is hence of interest to now consider the 

relative areal effectiveness of precipitation input, as shown by these 

average spatial variations of moisture deficit or surplus throughout 

the year. Total and sub-catchment average water balances are computed 

from the previously derived . 1908-69 mean monthly precipitation and 

potential evapotranspiration values. The literature shows that this 

method is standard practice as a means of presenting such average water 

balance data. A four inch water holding capacity is assumed as before, 

and the results are summarised in Table 79. 

The seasonal changes of moisture surplus or deficit are clearly 

defined. Of interest is that although the average annual rainfall 

exceeds average annual water need in all areas, seasonal moisture deficits 

are shown for each of the sub-catchments except Area 3. Average annual 

rainfall exceeds need by about 16 inches for the total catchment, and the 

sub-catchment values vary from four to 23 inches. However, summer 
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Upper Taieri River average catchment mean and sub-areas 1, 2a, 

2b and 3 mean monthly water balance calculations (Thorntrl);)aite 

& Mather, 1957) for 1908-69 

(Notes: (i) 
(ii) 

Four inches water holding capacity is assumed 
Calculations are made using the 1908-69 mean 
precipitation and potential evapotranspiration 
data 

(iii)Abbreviations used (all units in inches): 
D = moisture deficit1 S = moisture surplus) 

Catchment 
Mean 

(Paerau Br.) 

Sub-Area 1 
(Serpentine 

Ck.) 

Sub-Area 2a 
(Styx Ck.) 

Sub-Area 2b 
{Loganburn) 

Sub-Area 3 
(U.Styx Valley 

Br.) 

D 

January: 0 
February_: 0 

March: O 
April: 0 

May: 0 
June: 0 
July: 0 

August: 0 
September: 0 

October: 0 
November: 0 
December: 0 

Summer: 0 
Autumn: 0 
Winter: 0 
Spring: 0 

Oct-Mar.: 0 
Jan-Mar.: 0 

Annual: 0 

s D 

0.21 0.03 
o.47 0.29 
1.28 0 
1.53 0 
2.15 0 
2.69 0 
1.68 0 
1.80 0 
1.39 0 
1.00 0 
0.85 0 
0.59 0.09 

1.27 0.68 
4.96 0 
6.17 0 
3.24 0 
4.40 0.68 
1.96 0.59 

15.71 0.68 

s 

0 
0 
0 
0 
0 

1.50 
1.03 
0.97 
0.62 
0.01 

0 
0 

0 
0 

3.50 
0.63 
0.01 

0 

4.13 

D 

0.01 
0.01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.02 
0 
0 
0 
0.02 
0.02 

0.02 

s 

0 
0 
0.10 
1.02 
1.73 
2.29 
1.42 
1.63 
1.05 
o.53 
0.28 
0 

0 
2.85 
5.34 
1.86 
0.91 
0 

10.05 

D 

0.02 
0.01 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.03 
0 
0 
0 
0.03 
0.03 

0.03 

s 

0 
0 
0.09 
1.01 
1.66 
2.22 
1.39 
1.43 
1.00 
0.49 
0.26 
0 

0 
2.76 
5.04 
1.75 
0.84 
0.09 

9.55 

D 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 

s 

0.90 
1.13 
2.00 
2.12 
2.73 
3.27 
2.04 
2.27 
1.85 
1.56 
1.50 
1.35 

3.38 
6.85 
7.58 
4.91 
8.44 
4.03 

22.82 
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moisture deficit~ which range from 0.68 to 0.02 inches are calculated 

by these average data for areas 1, 2a and 2b. Effective rainfall 

thus occurs in other than the summer months on average. 

Although average water balances give a useful indication of likely 

seasonal trends in the climatic and related moisture parameters, 

derivation from long-term average data as commonly found in the literature 

may lead to an over-generalised and incorrect picture. In an area where 

more than a minor seasonal moisture deficit is suspected, use of the 

average monthly data, as in Table 79, results in an under-estimation of 

water surplus and deficiency. Mean an~ual yields may be under-estimated, 

and moisture deficits may in fact occur in an area where the use of average 

data suggests no such condition. 

The above conclusion is demonstrated by Table 80. Mean monthly, 

seasonal and annual moisture deficits and surpluses have been recalculated 

for each sub-area, by taking the average of each variable month by month 

over the full 62 year record. Comparison of Tables 79 and 80 shows 

marked differences in the results. 

New values for the total catchment give a mean annual surplus of 

16.35 inches, and a mean deficit of 0.69 inches which extends from October 

to April. No deficit was calculated previously·. Such trends are also 

shown by the sub-catchment results. For Area 1, average annual moisture 

surplus has increased from 4:13 to 5.56 inches, and the deficit from 0.68 

to 2.22 inches. Area 2a has a surplus of 11.22 inches compared with 10.05 

inches, and a deficit of 1.15 inches. Comparable values for Area 2b are 

10.74 inches surplus and 1.22 inches deficit. 

. less marked, as expected. 

Changes for Area 3 are 

These results and general conclusions are important when estimates 

of mean monthly and annual runof~ are made from the basic water balance 
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Upper Taieri average catchment mean and suh-areas 1, 2a, 2b 

and 3 moisture surplus and deficiency calauZations (ThorntYl'lJ)aite 

& Mather, 1957) for 1908-69 

Notes: (i) Four inches water holding capacity is assumed 
(ii) D = moisture deficit (inches): S = moisture 

surplus (inches) 
(iii)Listed values are the averages of individual D 

and S calculations from the full 62 year year 
record 

Catchment 
Mean 

_{Paerau Br. ) 

Sub-Areal 
(Serpentine 

Ck.) 

Sub-Area 2a 
(Styx Ck.) 

Sub-Area 2b 
{Loganburn) 

Sub-Area 3 
CU.Styx Valley 

Br.) 

D 

January: o.15 
February: 0.21 

March: 0.14 
April: 0.01 

May: 0 
June: 0 
July: 0 

August: O 
September: 0 

October: 0.02 
November: 0.04 
December: 0.11 

Summer: 0. 4.7 
Autumn: 0.15 
Winter: O 
Spring: 0.06 

Oct-Mar.: 0.67 
Jan-Mar.: o.so 

s D 

o.56 
0.91 
1.16 
1.15 
1.99 
2.54 
1.68 
1.81 0 
1.39 0 
1.21 
0.98 
0.97 

0.61 
0.67 
0.34 
0.07 
0.01 
0 
0 

0.05 
0.13 
o.34 

2.44 
4.30 
6.03 
3.58 
5.79 
2o63 

1.63 
0.42 
0 
0.18 
2.14 
1.61 

Annual: 0.69 16.35 2.22 

S D 

0.12 0.29 
0.23 0.31 
0.09 0.25 
0.27 0.03 
0.55 0 
1.14 0 
0.87 0 
0.98 0 
0.60 0 
0.38 0.03 
0.16 0.06 
0.17 0.18 

o.s2 0.1a 
0.91 0.28 
2.99 0 
1.14 0.09 
1.15 1.13 
o.44 a.as 

5.56 1.15 

s D 

0.29 0.30 
0.45 0.33 
0.47 0.26 
0.59 0.04 
1.36 0 
2.13 0 
1.43 0 
1.64 0 
1.07 0 
0.77 0.03 
0.53 0.07 
0.49 0.20 

1.23 0.83 
2.42 0.30 
s.20 o 
2.37 0.10 
3.00 1.19 
1. 21 0.89 

11.22 1.22 

S D 

0.30 
o.47 
0.49 
0.59 
1.30 
2.00 
1.35 
1.46 
·l.00 
0.76 
0.52 
o.so 

1.27 
2.38 
4.81 
2.28 
3.04 
1.26 

o.oa 
0.16 
0.13 
0.01 
0 
0 
0 
0 
0 
0.02 
0.02 
o.oa 

0.32 
0.14 
0 
0.04 
0.49 
0.37 

10.74 a.so 

s 

1.07 
1.42 
1.93 
1.82 
2.71 
3.36 
2.19 
2.43 
1.94 
1.75 
1.55 
1.56 

4.05 
6.46 
7.98 
5.24 
9.28 
4.42 

23.75 
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equation given as Q = P-PE. The method has been demonstrated by Penman 

(1956), Kohler (1964), Clark & Bruce (1966) and Scarf (1972), and is 

recommended for regions where there are no streamflow records. These 

authors suggest that the method is most appropriate for long time 

intervals where changes in storage can be considered small or zero, 

and is further conditional on the absence of leaks in the hydrological 

system. 

Figure 41 is presented to test the assumption that the amount and 

areal distribution of surface water resources in the Upper Taieri basin 

may be adequately defined by a basic wa~er balance equation. The map 

shows isolines of 'potential' mean annual runoff for the period 1908-69, 

derived from the previously calculated long-term precipitation and 

potential evapotranspiration data. Maps of this type do not give 

values of runoff at a point directly, but first require isohyetal 

integration above the point. In this lies their value, since runoff 

data can be obtained from the map at any point on any stream by simple 

planimetering of between isohyetal areas. 

For comparative purposes, total and sub-catchment mean annual runoff 

values are calculated firstly from Figure 41 by the standard isohyetal 

method, and secondly, from the basic equation. The results are given 

in Table 81. Also listed are mean annual yield summaries from Tables 

55, 75, 79 and 80. Individ~al values do not require further discussion 

at this stage, though marked differences are shown between both methods 

and sub-areas. 

The data are subject to the previously calculated standard errors 

of mean-annual precipitation, temperature and yield determination. 

However, it is concluded that except for initial estimates, general 

application of the basic water balance equation cannot be recommended for 

yield calculations. 
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TABLE 81: Upper Taieri River totaZ and sub-aatahment mean annuaZ potentiaZ evapotranspiration (PE), 

precipitation (P), and yieZd (Q) summaries for lf/08-69 

(Note: see Tables so, 51, 55, 64, 75, 79, 80 and Figure 41) 

'Representative' 
station: 

Area (sq.miles): 
Mean altitude (ft): 
1908-69 mean annual 
PE (inches): 
1908-69 mean annual 
P (inches): 
1908-69 mean annual 
'potential' yield 
(Q = P-PE): 
1908-.',9 isohyetal 
mean annual potential 
yield (inches): 
1908-69 mean annual 
yield (inches) - ex 
Table 79: 
1908-69 mean annual 
yield (inches) - ex 
Table 80: 
Mean annual yield 
ex Tables 55, 75 
(inches): 

Area 1 

Serpentine Ck. 

77.2 
2400 

21.84 

25.33 

3.49 

3.54 

4.13 

5.56 

9.14 

Area 2a 

Styx Ck. 

29.8 
3400 

19.66 

29.73 

10.07 

10.66 

10.05 

11.22 

14.85 

Area 2b 

Loganburn 

81.1 
2800: 

20.93 

30.52 

9.59 

9.64 

9.55 

10.74 

11.12 

·Area 3 

u.styx 
Valley Br. 

97.0 
3000 

20.49 

43.35 

22.86 

18.76 

22.82 

23.75 

18.81 

·Total --catchment • 

Paerau Br. 

285 
2800 

20.93 

36.64 

15.71 

11.20 

15.71 

16.35 

16.78 

"' 00 
00 
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Between method yield differences tend to increase with greater 

values of computed mean moisture deficit. The total catchment mean 

annual yield calculated by the basic water balance equation is 

considered acceptable as a first estimate. However, percentage errors 

can be expected to rapidly increase when data are required for shorter 

time intervals, for non-watertight catchments, or when seasonal moisture 

deficits can be expected. The present results again suggest that 

precipitation amounts may be under estimated in the headwaters of 

Serpentine and Styx Creeks (Figure 38). 

STOCHASTIC MODEL FOR EXTENSION OF THE TOTAL· CATCHMENT STREAMFLOW RECORD 

Thomas & Fiering sequential generation model: general 

Stochastic flow simulation is a useful technique for generating 

hypothetical sequences of events from a shorter historical data series. 

The sequences have the same probability characteristics of the past, and 

include patterns of expected high and low flows not included in the 

measured record. 

A major limitation is that the quality of the new information is no 

better than the data from which generated. However, subsequent analyses 

are more reliable than when based on a single recorded sequence. The 

method has direct application to the design of multi-structure, multi­

purpose systems of water resource development and management. 

A stochastic model can thus be considered as an alternative means 

to synthesise missing flow sequences within the 1909-70 Upper Taieri record. 

Since historic monthly and annual flows are not reproduced by the simulation, 

it is not possible to directly c6mpare the results with those produced by 

parametric methods of streamflow generation. However, the computed data 

are equally valuable for engineering design purposes, and a flow series of 

any predetermined length can be generated. 
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The technique developed by Thomas & Fiering (1962) is used in 

this study to generate long-term flow series for the Taieri River at 

Paerau Bridge. Th~ model is formulated as a recursion equation for 

unit time intervals of months, and takes the form: 

2 ~ 
Q('+ ,-Q('+) + b. (Q.-Q.) + t.O("+ )(1-r.) 

11 Jl J 1] 1]1 J 
(37). 

Q. and QC. ) are discharges for the ith and (i+1)st month respectively, 
1 1+1 

reckoned from the start of the synthesised sequence; Q . and Q ( . ) are 
J J+1 

the mean monthly discharges for the jth and (j+1)st month respectively, 

within a repetitive annual cycle of 12 months; b. is the regression 
J 

coefficient to estimate flow in the (j+1)st month from the jth month; 

t. is a random, normal deviate with zero mean and unit variance; 
1 

is the standard deviation of flows in the (j+1)st month; r. is the 
J 

CJ (j+1) 

correlation coefficient between the flows of the jth and (j+1)st month. 

Equation (37) characterises a circular random walk, with discharge 

in the (i+1)st month comprising a component which is linearly related 

to that in the ith month, and a random additive element. Derivation of 

Q(. ) produces a continuous, unbounded, and serially correlated flow 
1+1 ' 

sequence for simulation studies. 

Thomas & Fiering sequential generation modeZ: Paerau Bridge streamfZow 

reaord generation 

Generation of streamflow records for the Taieri River at Paerau 

is achieved by way of the DASTAT and GENSYN computer programmes developed 

by Pearson (1968), and listed here in Appendix II. DASTAT is a programme 

for the statistical analysis of measured streamflow records, and GENSYN is 

a sequential generation programme to derive a synthetic long-term flow 

series. Basic data used in the analysis are the 1916-28 mean monthly 

flows recorded at the Paerau Bridge station. 
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Table 82 summarises results from the DASTAT analysis, and lists 

the flow parameters required for input to GENSYN. The serial correlation 

coefficients for seven of the 12 months are significant at the 90 percent 

level. Probable reasons for the weak May to September correlations are 

the variable nature of catchment storage in winter and the spring thaw. 

Several series of 70 year monthly flow sequences could hence be 

generated. A variety of predetermined random sequence initialising 

values and skew conditions were assumed for the GENSYN programme operation, 

and are given in Table 83. The random sequence initialising values are 

nine digit odd integers which specify the random number sequence, and 

hence determine the random component of the synthetic record. A large 

number of possible values may be chosen for this variable. In this 

simulation the values 999999999 and 100000001 are used. 

The variable 'skewmin' describes the conditions which limit the 

synthetic flow distribution. It takes a value of 1.00 if skew values for 

the original data are to be maintained in the synthetic flow record, though 

negative flows may appear in the results. These are automatically set to 

zero, and the method is shown by the literature to have general application 

to storage studies and problems other than when low-flows are critical. 

Skewmin takes a value of zero for low flow studies if skew values 

are chosen such that minimum values in the synthetic record are not less 

than the absolute minimum flows for each month. The absolute minimum 

flows used in the Upper Taieri analysis are given in Table 83(B), and are 

arbitrarily chosen to be one cusec less than the long-term recorded minimao 

When skewmin is set to zero, the skew values used for flow synthesis are 

not those derived from DASTAT in Table 82. In general, skewmin is set 

to zero for record generation where low flows are important, and 1.00 when 

the synthetic record is required to approach as closely as possible the 



TABLE 82: (DASTAT) StatistiaaZ anaZysis of river fZow: anaZysis of mean monthly fZow (au.seas) for Taieri River 

at Paerau Rd. Bridge 

(Notes: (1) D = dimensional; N = non-dimensional; (2) Length of record= 13 years; (3) SE= standard 
error; Std. Dev.= standard deviation; Reg. Co.= regression coefficient; Cor. Co.= correlation 
coefficient). 

Statistic J F M ' A M J J A s 0 , N D - - -
(1) Mean (D): 162 117 129 212 250 270 291 324 503 517 317 220 

SE of Mean: 38 28 22 36 36 38 39 33 51 58 33 38 
Mean+ SE: 201 145 151 248 286 308 330 357 554 574 350 258 
Mean - SE: 124 89 107 175 214 232 253 291 452 459 284 183 

(2) STD.DEV.CD): 127 101 78.3 131 146 141 135 131 185 209 137 130 
SE of Std.Dev: 25 20 15.4 26 29 28 27 26 36 41 27 26 
Std.Dev.+SE: 151 121 93.7 156 174 169 162 157 222 249 164 156 
Std.Dev.-SE: 102 81 62.9 105 117 113 109 105 149 168 110 105 

t-,) 

(3) SKEW(N): 1.569 0.965 -0.047 0.496 0.687 0.700 0.755 0.680 0.555 0.420 0.186 0.316 'O 
t-,) 

Sl.: of Skew.: 0.616 0.616 0.616 0.616 0.616 0.616 0.616 0.616 0.616 0.616 0.616 0.616 
Skew+ SE: 2.186 1.582 0.569 1.112 1.303 1.316 1.371 1.296 1.171 1.036 0.802 0.932 
Skew - SE: 0.953 0.349 -0.664 -0.120 0.071 0.084 0.139 0.063 -0.061 -0.197 -0.430 -0.300 

(4) REG .. CO. (N) : 0.382 0.228 0.759 0.832 0.131 0.039 0.024 o .. 098 0.197 0.309 0.474 0.560 
SE of Reg.Co.: 0.189 0.224 0.449 o.305 0.223 0.326 0.258 0.275 0.286 0.300 0.312 0.256 
Reg.Co.+ SE: 0.571 0.452 1.208 1.136 0.353 0.365 0.282 0.373 0.483 0.609 0.786 0.815 
Reg.Co. - SE: 0.194 0.005 0.310 0.527 -0.092 -p.288 -0.234 -0.177 -0.089 0.009 0.162 0.304 

(5) COR. CO. (N) : 0.521 0.492 0.454 0.413 0.174 0.036 0.028 0.166 0.298 0.404 0.490 0.551 

(6) MEAN ANNUAL FLOW (D): - 276 cusecs. 
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TABLE 83: (GENSYN) synthetio reoord of riveP floo: input statistics 

of monthly floos fol' Taie'l'i River at Pae!'au Rd. Bridge 

(70 yea,r synthetia 'l'eOo'l'd) 

A. SKEWMIN = 1.00; RANDOM SEQUENCE INITIALISING VALUE= 999999999 
(NINE DIGIT ODD INTEGER) 

Month Mean Std. Dev. Skew Reg . Co. cor. ·co. 

1 162 127 1.569 0.382 0.521 
2 117 101 0.965 0.228 0.492 
3 129 78.3 -0.047 0.759 0.454 
4 212 131 0.496 0.832 0.413 
5 250 146 0.687 0.131 0.174 
6 270 141 0.700 0.039 0.036 
7 291 135 o.755 0.024 0.028 
8 324 131 0.680 0.098 0.166 
9 503 185 0.555 0.197 0.298 

10 517 209 0.420 0.309 0.404 
11 317 137 0.186 0.474 0.490 
12 220 130 0.316 0.560 0.551 

B. SKEWMIN = O. 00; RANDOM SEQUENCE INITIALISING VALUE= 999999999 
(NINE DIGIT ODD INTEGER) 

·Month Mean Abs. Min. Std. Dev. Skew Reg. Co. Cor. Co. 

1 162 25.0 127 5.464 0.382 o.s21 
2 117 21.0 101 4.001 0.228 0.492 
3 129 20.0 78.3 1.560 0.759 0.454 
4 212 34.0 131 2.462 0.832 o.413 
5 250 40.0 146 4.255 0.131 0.174 
6 270 53.0 141 1.466 0.039 0.036 
7 291 123 135 1.689 0.024 0.028 
8 324 115 131 1.279 0.098 0.166 
9 503 150 185 1.099 0.197 0.298 

10 517 152 209 1.349 0.309 o.4o4 
11 317 101 137 2.427 0.474 0.490 
12 220 44.0 130 3.058 0.560 0.551 

(Abs. Min.= Absolute Minimum Q (cusecs)). 

c. SKEWMIN = O. 00; RANDOM SEQUENCE INITIALISING VALUE = 100000001 
(NINE DIGIT ODD INTEGER) - Input statistios as fol' B. 
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historic record from which the flow statistics were derived. 

The closeness of fit between the historic and synthetic series 

flow parameters is adopted here as the criterion of model acceptance. 

Generated sequences from GENSYN for different combinations of skewmin 

and random generator are thus further analysed by DASTAT, and the results 

summarised in Tables 84 to 86. The recorded maximum and minimum flows 

given in Table 86 are extracted from Table 19. The various model versions 

are hence evaluated by comparison of Tables 84 to 86 with Table 82. 

Good agreement is shown between the historic and synthesised flow 

statistics, except for expected deviations of the skew coefficients when 

skewmin is set to zero. Values from the generated series generally lie 

within the error limits given for the measured data. Reproduction of 

mean monthly flows is acceptable by all synthesis runs, though there is a . 
tendency to over estimate this parameter when the all nines random generator 

is used, irrespective of whether skewmin is set at zero or unity. 

The maximun, flows generated approximate those recorded for the long­

term Paerau Bridge series, but the minimum flow series is less well 

simulated. Zero or negative flows are produced in half the months for 

the sequence calculated from observed skew coefficients and the 999999999 

random generator. Such a result is improbable for the Paerau Bridge . 

station. Hence, if emphasis on low flows is required, results from this 

generated sequence cannot be·recommended for further analysis. Measured 

minimum flow conditions are more closely simulated by the model which uses 

zero skewmin and a random generator of 100000001. Values are slightly 

over estimated, but correction would require a better assessment of the 

absolute minima. This last version is concluded to be the most generally 

suited to stream.flow simulation for multipurpose engineering design. 



TABLE 84: (DASTAT) statistiaal analysis of river /lo'IIJ: analysis of synt'hetia m~an monthly flo'IIJ (au.seas) from 

Gensyn for Taieri River at Paerau Rd. Bridge. (Length of reaord = 70 years; Skewmin = 1.00; 

Random generator= 999999999) 

·statistic · J F M . A M J J A s 0 N D 

(1) Mean (D): 185 141 122. 222 260 269 303 327 502 538 350 239 
SE of Mean: 14 10 7.8 14 20 17 16 16 21 25 17 15 
Mean+ SE: 198 151 130 236 279 286 319 342 524 563 367 254 
Mean - SE: 171 131 115 208 240 252 287 311 481 514 333 225 

(2) STD. DEV.(D): 115 85.4 64.9 119 165 142 136 130 180 208 143 122 
SE of Std.Dev.: 9.7 7~2 5.5 10 14 12 12 11 15 18 12 10 
Std.Dev. + SE: 125 92.6 70.4 129 179 154 148 141 195 226 155 132 
Std.Dev. - SE: 105 78.2 59.4 109 151 130 125 119 165 191 131 112 

(3) SKEW {N): 0.111 0.796 0.298 0.444 0.537 0.565 0.259 0.808 -0.262 0.303 -0.243 0.145 IV 

SE of Skew: 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 ~ 
Skew+ SE: 0.997 1.082 o.585 o.731 0.823 0.851 0.056 1.094 0.024 0.590 0.044 0.432 
Skew - SE: o.424 0.509 0.011 o.157 0.250 0.278 -0.028 0.521 -0.549 0.016 -0.529 -0.141 

(4) REG.CO. (N): 0.323 0.160 0.599 0.903 o.149 0.092 -0.102 0.049 0.221 0.342 0.425 0.384 
SE of Reg.Co.: 0.081 0.090 0.209 0.129 0.103 0.116 0.115 0.168 0.138 0.072 0.089 0.103 
Reg.Co.+ SE: o.4o4 0.250 0.808 1.032 0.252 0.208 0.013 0.217 0.359 0.414 o.514 0.487 
Reg.Co. - SE: 0.241 0.070 0.390 0.775 0.046 -0.024 -0.216 -0.119 0.083 0.270 0.335 0.281 

(5) COR.CO. (N): 0.434 0.210 0.328 0.648 0.173 0.096 -0.107 0.035 0.191 0.497 0.499 0.413 

(6) Max. Value (D): 513 409 289 515 656 664 684 717 879 1181 685 510 

(7) Min. Value (D): o.o o.o 6.0 o.o o.o o.o 29.0 87.0 79.0 66.0 13.0 o.o 

(8) MEAN ANNUAL FLOW (D): 288 cusecs. 



TABLE 85: (DASTAT) statistiaal analysis of river fl,OIJ): analysis of synthetia mean monthly fl,OIJ) (auseas) for 

Taieri River at Paerau Rd. Bridge. (Length of record= 70 years; Sk.etJJmin = 0.00; Ra:nd.om _generator= 

999999999) 

Statistic J F M A M J J A s 0 N D -
(1) Mean (D): 173 119 126 208 234 271 289 337 553 526 333 231 

SE of Mean: 9.4 7.8 7.9 14 14 14 15 15 22 22 17 15 
Mean+ SE: 182 127 134 222 248 285 304 351 575 548 349 246 
Mean - SE: 163 111 118 194 219 256 274 322 530 505 316 216 

(2) STD. DEV.(D): 78.3 65.2 66.0 116 119 118 126 122 187 181 138 126 
SE of Std.Dev.: 6.6 5.5 5.6 9.8 10 10 11 10 16 15 12 11 
Std.Dev. + SE: 85.0 70.7 71.6 125 129 128 136 132 203 197 150 136 
Std.Dev. - SE: 71.7 59.6 60.4 106 109 108 115 112 171 166 127 115 

p) SKEW (N): 0.965 1.209 1.248 2.028 1.233 0.562 1.333 0.896 0.828 1.364 1.611 1.627 
SE of Skew: 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 o.287 0.287 0.287 0.287 ~ 

-0 
Skew+ SE: 1.252 1.496 1.534 2.315 1.520 0.849 1.620 1.183 1.115 1.650 1.897 1.914 0-

Skew - S~: 0.678 0.922 0.961 1.741 0.947 0.275 1.047 0.610' 0.541 1.077 1.324 1.340 

(4) REG.CO. (N): 0.4.55 0.134 0.767 0.806 0.321 0.127 -0.054 0.301 0.104 0.356 0.443 0.492 
SE of Reg.Co.: 0.084 0.122 0.191 0.078 0.114 0.128 0.118 0.182 0.117 0.082 0.096 0.048 
Reg.Co.+ SE: 0.540 0.256 0.958 0.884 0.434 0.255 0.063 0,483 0.220 0.438 0.539 0.540 
Reg.Co. - SE: 0.371 0.012 o.576 0.728 0.207 -0.001 -0.172 0.119 -0.013 0.274 0.347 0.444 

(5) COR. CO. (N) : 0.547 0.132 0.438 0.780 0.324 0.119 -0.056 0.196 0.107 0.467 0.487 o. 779 

(6) Max. value (D) 442 316 375 746 644 616 684 675 1204 1233 925 735 

(7) Min. value (D): 54.0 34.0 38.0 58.0 87.0 83.0 133 166 232 221 154 78.0 

(8) .MEAN ANNUAL FLOW (D): 283 cusecs. 



TABLE 86: (DASTAT) statistiaaZ anaZysis of river fZ(JI;): anaZysis of synthetia mean monthly fZO!J (auseas) from 

Gensyn for Taieri River at Paerau Rd. Bridge. (Length of reaord = 70 years; Skewmin = o.oo; 
Random generator= 100000001). 

Statistic J F M A M J J A s 0 N D -
(1) Mean (D): 156 107 129 196 235 272 283 330 511 542 308 208 

SE of Mean: 8.7 7.0 9.0 13 14 15 15 15 20 23 13 12 
Mean+ SE: 165 114 138 209 249 287 298 345 531 565 321 220 
Mean - SE: 147 100 120 183 221 257 268 314 490 519 296 196 

(2) STD. DEV.(D): 72. 7 58.2 75.1 110 118 125 127 129 171 194 106 103 
SE of Std.Dev.: 6.1 4.9 6.3 9.3 10 11 11 11 14 16 9.0 8.7 
Std.Dev. + SE: 78.9 63.2 81.4 119 128 136 1~8 139 186 210 115 112 
Std.Dev. - SE: 66.6 53.3 68.7 101 108 114 116 118 157 177 97.l 94.2 

· (3) SKEW (N): 0.960 2.000 1.486 1.844 1.028 o. 747 1.342 1.113 0.542 0.750 0.923 1.340 ..., 
SE of Skew: 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.201 'O 

Skew+ SE: 1.247 2.286 1. 773 2.131 1.315 1.033 1.629 1.400 0.829 1.037 1.210 1.627 '-I 

Skew - SE: 0.674 1.713 1.200 1.557 0.742 0.460 1.055 0.827 0.2.55 0.463 0.636 1.054 

(4) REG.CO.(N): 0 .'295 0.254 0.848 o. 772 0.236 -0.130 -0.040 -0.063 0.246 0.333 0.395 o.510 
SE of Reg.Co.: 0.090 0.153 0.145 0.090 0.125 0.122 0.123 . 0.161 0.134 0.053 0.108 0.059 
Reg.co.+ SE: 0.385 0.407 0.993 0.863 0.362 -0.008 0.083 0.098 0.380 0.385 o.so2 0.569 
Reg.Co. - SE: 0.205 0.100 0.704 0.682 0.111 -0.252 -0.163 -0.225 0.112 0.280 0.287 0.451 

(5) COR.CO. (N) : 0.368 0.197 0.580 0.719 0 •. 223 -0.128 -0.039 -0.047 0.218 0.608 0.407 0.722 

(6) Max. value (D): 349 359 411 654 621 602 739 811 951 1144 649 543 

(7) Min. value (D): 54.0 32.0 34.0 59.0 66.0 99.0 141 157 208 211 144 75.0 

(8) MEAN ANNUAL FLOW (D): 273 cusecs. 

(9) Recorded Max.: 533 641 670 550 873 625 610 603 1322 1100 951 531 

{10) Recorded Min.: 25.9 22.1 21.3 35.1 40.9 53.8 124 116 151 153 102 45.4 
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The method is shown to be successful overall as a generation model 

of mean monthly flow sequences for the Taieri River at Paerau Bridge. 

Tables 86 and 82 show excellent agreement between the measured and 

synthesised mean monthly flows, with an average monthly error of less 

than four percent. 

for the simulation. 

The average annual flow differs by only one percent 

However, the measured record used as model input does not allow 

estimates of flow parameters at the level of precision required by the 

first study objective. Therefore, although the model is shown to be of 

value, it cannot be used in this instance to satisfy the requirements of 

the second study objective. Long-term flow sequences generated from the 

available continuous measured data will not give population parameter 

estimates with standard errors of less than 10 percent. 

synthetic flow series is thus not tabulated here. 

CONCLUSIONS 

A long-term 

The available measured precipitation and streamflow data do not 

allow estimation of all the needed population parameters at the required 

precision level. Methods for data synthesis are thus necessary in order 

to increase the amount of.information contained at this stage in the data 

series, as compared with the measured records alone. 

In an attempt to satisfy the stated objectives of the study, long­

term records of precipitation, temperature and streamflow are developed 

from the available measured data to cover a common period of historic 

record. Techniques chosen for time series extension and spatial extra-

polation are linear, curvilinear and multiple regression analyses, 

water balance, conceptual and stochastic models. The opera~ion of each 

model is described, and the limitations or advantages are outlined. 
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The statistical theory needed to test the second study objective 

is defined. Also considered in detail are the theoretical aspects which 

concern precision of population parameter estimates from blended data, 

standard errors of prediction for synthetic records, and the relative 

simulation and prediction abilities of the models chosen. Split record 

techniques are used throughout to evaluate the within and between model 

efficiencies. The period 1916-25 is taken as a test interval for each 

model - the first five years to evaluate the "goodness of reconstruction", 

and the interval 1921-25 to test the "goodness of fit". It is also 

shown that extension of a short record may not always be desirable. 

Under certain circumstances, estimates of population parameters based on 

a blended record will be less reliable than those based on the measured 

record alone. In these instances, a decrease in statistical information 

is experienced by record extension. 

The results show that the second study objective has not been realised 

in full. Addition of synthesised records to the precipitation and stream-

flow data series still does not permit estimates of all required population 

parameters at the levels of precision stated as needed. 

principal conclusions reached is given as follows. 

A summary of the 

Estimates of mean seasonal and annual station precipitation are no~ 

available to greater precision than for the measured series alone. Mean 

annual rainfall is estimated to within seven percent at the 95 percent 

confidence level. Results for the monthly data show that only August 

now has a standard error in excess of 10 percent, and effective record 

lengths have increased by up to 20 years. However, conditions favourable 

for improved estimates of the station variance are found for only three 

months. 

Average catchment mean annual ~recipitation for the period 1908-69 
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is calculated as 36 inches, and varies from 23 to 63 inches. Highest 

values occur to the south, intermediate values on the eastern hill 

country, and the lowest totals to the north and west of the Taieri River 

and on the floor of the Styx Basin. Listed standard errors suggest 

that for the given monthly Paerau data, mean values of average basin 

rainfall may be estimated by regression to within six percent. 

However, these errors may increase to almost 40 percent if the independent 

variables are not considered error free. It is concluded that standard 

errors of total or sub-catchment mean precipitation determination are 

unlikely to be less than those shown for network design by way of the 

structural function. It does not appear possible to estimate areal 

population parameters to the required precision with the precipitation 

data available. 

The basin is divided into four sub-areas on the basis of displayed 

precipitation and vegetation patterns, with the principal stream in each 

considered as the 'representative' sub-catchment. 

chosen form the basis of subsequent analyses. 

Sub-catchments thus 

Measured temperature data already allow parameter estimates at the 

required precision level. However, extension of the existing record is 

shown to be necessary in order to complete streamflow synthesis by 

water balance and conceptual models. 

achieved without loss of information. 

Temperature record extension is 

Extension of the total catchment streamflow record is achieved by 

way of techniques which use measured climatic data. Little information 

was gained by the analyses. Th© addition of synthesised data to the 

measured Paerau Bridge record still does not allow population parameters 

to be determined for all months with the required degree of precision. 

In fact, none of the four deterministic models chosen for Paerau Bridge 
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record extension allow parameter estimation to markedly greater precision 

levels than for the measured series alone. 

Results for the simple rainfall-runoff regression models show that 

in only three months does the blended record give estimates of the long­

term mean which are any more precise than those calculated from the 30 

year measured record. Standard errors of up to 31 percent are shown for 

October and November, and only in the winter months is the value less 

than 10 percent. 

to be 11 years. 

The maximum gain in effective record length is shown 

However, in common with all the models tested, total error is 

principally composed of occasional large values. If these occasional 

large errors are acceptable, the predicted records may be considered a 

reasonable representation of the measured data. 

Paerau Bridge multiple rainfall-runoff regression models show 

improved flow prediction results compared with the simple regression method, 

though the second study objective is not satisfied by the analysis. 

Further, prediction ability is not greatly improved by the use of up to 

six precipitation variables. 

Precision limits of parameter estimates derived by water balance 

and conceptual models are not readily quantifiable. However, these 

limits may be qualitatively deduced by comparing the calculated model 

efficiency with similar values derived for simple and multiple regression 

models of known error. In this way, although population parameters may 

not be derived here at the required precision level, all the models can 

be evaluated for simulation and prediction ability, and missing flow 

records computed with minimised errors of prediction. 

The water balance model proposed by Thornthwaite & Mather (1955) 

is used here. However, a modifica~ion to the original model is that 
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potential evapotranspiration is now computed by a method which contains 

built-in altitudinal corrections dependent on variable seasonal lapse 

rates. It is thus possible to calculate values of potential evapo-

transpiration for any specified altitude, from one set of basic 

temperature data at a known height above sea level. The presented 

model is found to be unreliable overall when used as a runoff prediction 

method ror the Paerau Bridge station. Versions with 50 and 70 percent 

carryover factors of water available for runoff are tested. Although 

the version with a 70 percent carryover factor is the most efficient 

of all the models considered for the prediction of 1916-20 yields, this 

performance is not maintained for the 1921-25 predictions. More 

consistent performance is shown by the multiple regression models, though 

with slightly lower efficiency values. 

A modified water balance model is also developed for the Upper Taieri. 

Natural catchment conditions are thus more closely simulated by use of a 

constant 60 percent carryover factor and variable direct response 

dependent on season. 

the changes. 

However, the benefits of model generality are lost by 

A large proportion of the general water balance runoff prediction 

errors can be ascribed to incorrect determination of within year runoff 

distributions. Principal value of the method in the Upper Taieri area 

is thus to determine the spa~ial and temporal variations in moisture 

deficit - critical for irrigation scheme design and operation schedules. 

The results show seasonal moisture deficits which extend for all 

areas from October to April. Total catchment mean annual deficit is 

calculated as 0.69 inches and varies from 2.22 inches for area 1 to 0.50 

inches for area 3. Comparable values for area 2a and 2b are 1.15 inches 

and 1.22 inches respectively. 
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It is also shown, inter aZia, from these results that except for 

initial estimates, general application of the basic water balance equation 

cannot be recommended for yield calculations. Catchment mean annual 

yield may be given to within acceptable error limits. However, percentage 

errors can be expected to increase rapidly when data are required for 

shorter time intervals, for non-watertight catchments, or when seasonal 

moisture deficits can be expected. 

The conceptual model used in this study is a modified version of 

that developed by Boughton (1965, 1966, 1968(a), (b)). Since the 

original model was designed particularly for small catchments, the chief 

modifications introduced are the addition of a groundwater store, and 

provision for interflow and groundwater components in the total runoff. 

An automatic parameter optimisation technique was also tested. 

The results for Paerau Bridge fall short of what is required by 

the study objectives, and the modified model is generally unsatisfactory 

for Upper Taieri . runoff prediction. Monthly results are no better than 

those derived by the simpler alternative methods. 

The stochastic sequential generation model developed by Thomas & 

Fiering (1962) is shown to be successful overall for simulation of total 

catchment mean monthly flow sequences. However, the model cannot be 

used in this instance to satisfy the second study objective. The 

measured record used as mode1 input does not allow all flow parameter 

estimates to be made at the required precision level. Long-term 

sequences generated from these data will thus give population parameter 

estimates with standard errors greater than the 10 percent allowed. 

It is concluded that the multiple regression models are the most 

suitable for prediction of the missing Paerau Bridge streamflow records. 

However, use of the predicted values must be in full awareness of the 

likely errors involved. Since the multiple regression equations are 
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only used to predict mean monthly yields, it is not possible to improve 

estimate precision of the Paerau Bridge extreme values. The standard 

errors of XT for maximum and minimum daily discharges thus remain 

unchanged. 

Measured streamflow data available for the principal sub-catchments 

do not allow direct estimation of discharge parameters at the required 

precision level. The continuous measured record for Loganburn is of 

insufficient le~gth, and the other stations do not have recorded data 

of a type suitable for any direct form of parameter estimation. Sub-

catchment record extension is achieved by way of simple linear regression 

analysis. 

Effective record extensionsare. shown to vary from nine to 21 years. 

The results suggest that the second study objective is partly satisfied. 

Addition of regression estimates to the measured Loganburn record now 

appears to allow determination of mean discharge at the required precision 

level for most time intervals of a month or more. Mean annual discharge 

is estimated to within five percent from the blended record, and only 

four months have standard errors which exceed 10 percent. Prediction 

standard errors for Upper Styx Valley Bridge mean discharge estimates are 

also shown to be less than eight percent. Styx and Serpentine Creek 

values are higher and are generally in excess of 10 percent. 

However, the Paerau Bridge data used as independent variables in 

the regressions are not error free. If the sub-catchment mean discharges 

are to be considered as population estimates, then the standard errors 

increase and require recalculation as shqwn. Only the long-term mean 

annual discharge for Loganburn may now be estimated with a standard error 

of less than 10 percent. 
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Full summaries of the synthesised sub-catchment data are not 

listed, but use of any of the predicted values should again be in 

awareness of the likely errors. Finally, regression analysis is 

shown to be no help in the estimation of sub-datchment extreme values 

at the required precision level. Any conclusions from the results 

given can only be tentative, since the computed data are subject to 

both standard errors of prediction and the tabulated errors of XT for 

the measured Paerau Bridge records. Total errors are likely to be 

greater than those already given for the Paerau Bridge extreme values, 

and probably excessive. 

The overall results show that compared with the measured data 

alone, many more population parameters may now be estimated at the 

required precision levels from the extended records of each variable. 

However, the second study objective has not been fully'realised. It 

is thus evident that for engineering design of any proposed irrigation 

scheme to proceed now, the chosen error criteria must be judged too 

stringent for the Upper Taieri data, and the calculated standard errors 

accepted. If the presented standard errors are unacceptably high, all 

the precipitation and streamflow records from the post-1966 network will 

require extension by additional observations. 
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CHAPTER VI: REPRESENTATIVE BASINS AND REGIONAL HOMOGENEITY 

DESCRIPTION OF THE PROBLEM 

An essential feature in the hydrology of any country is the 

establishment of hydrological networks. In the past, observation 

stations have been established at points either where an immediate 

problem occurred, or in the near vicinity. Investigations have been 

generally restricted to larger catchments, and the number of stations 

necessarily curtailed for economic reasons. 

Continued network establishment by the above principles has 

become untenable because of population and development pressures. 

Problems develop faster than observation stations can be established 

and may occur in the swallest catchment. The cost of ad hoe hydrological 

observatipns becomes so great that the quantity and quality of information 

suffer as a consequence. 

The logical development is to establish primary and secondary 

observation stations in order to sample the time and space variability 

of hydrological variables. It is necessary to introduce a sampling 

technique for the long-term primary stations, and from this need has 

developed the concepts of regional hydrology and representative basins 

(Toebes & Ouryvaev, 1970). Representative basins, by definition, are 

selected as representative of a hydrological region within which 

hydrological similarity is ass\Ul\ed. A complete network of representative 

basins in any one country would thus sample the hydrology of the entire 

country. 

The ~urposes of representative basins have been stated by Toebes & 

Ouryvaev (op. cit). Since they represent hydrological regions, represent-

ative basins give an indication of regional hydrological features and 
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and can thus be used for data extrapolation within the regions. 

Further, since they represent an area or entire country, they are 

useful as a source of data for development of general prediction 

techniques. 

Regional classification is complex, since hydrological 

classification of an area with regard to one purpose or phase of 

the hydrological cycle may be quite different from the classification 

for another purpose or aspect. Every hydrological division is thus 

only approximate, and based on the most important factors. Several 

regional networks are equally likely, each based on the hydrological 

parameters considered most important. 

However, since the establishment of hydrological regions may be 

initially considered as an exercise in stratified hydrological sampling, ... 
some classification is essential, to enable representative basins to be 

selectedo Initial regional selection may be on the basis of natural 

physiographic regions. Where detailed hydrological data are not 

available, the literature suggests that regional selection must be on 

climatic, vegetational, geomorphological, pedological and geological 

characteristics. 

New Zealand was first classified into hydrological regions by 

Toebes & Neef (1962). In this initial classification, lithology and 

rainfall were considered to be the most important factors, since 

lithology appeared to be reasonably correlated with soil type and 

topography. Toebes & Palmer (1969) have .consolidated the earlier work 

with a quantitative classification into 90 regions. The variables used 

in the 1969 classification were precipitation, rock type and slope. 

Regional classification in New Zealand is thus based on the 

uniformity of basin characteristics alone - these are in turn assumed 
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to produce hydrological similarity within each region. The relative 

success of this division must await the establishment of representative 

basins in each hydrological region, the subsequent testing of basin 

representativity, and comparison between them. The Upper Taieri area 

lies within the East Otago Region, and accords with the general regional 

classification given by Toebes & Palmer {op. cit). A further function 

of this'study is thus the opportunity to test the within-catchment 

variations of yield and flow characteristics from a single basin which 

is assumed to be 'representative' of a hydrologically homogeneous region. 

From this, it is theoretically possible to check the validity of commonly 

accepted concepts of 'regional hydrology', at least within the East Otago 

Region. 

DEFINITION OF REGIONAL HOMOGENEITY 

Several New Zealand studies have been reported which attempt to 

demonstrate either the uniformity of basin characteristics within present 

hydrological reqions (Blake, et al., 1979), or the similarity of 

hydrological parameters from areas with like basin characteristics. 

For example, Waugh (1970(a), (b)) concluded that in Northland the 

rock type is the only major influence on low flow. He showed that for 

each major hydrological region the base-flow recessions form a distinct 

group recognisable by the slope of the recession curves, and the minimum 

flows. However, it is not possible to say that the present regional 

classification meets the ·requirements of other hydrological characteristics. 

Grant (1971) has also shown the influence of rock type on low flow 

characteristics. He concluded that on the East Coast, North Island, 

differences in mean recession rates from limestone, siltstone and 

argillite are significant, and that within a climatic regime there is a 

need to recognise rock type rather than broad hydrological region. 
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However, closer study of the above results suggests that the 

data do not entirely confirm the conclusions made. Inter-region 

differences of mean recession rate are quoted as significant, though 

no attempt is made to demonstrate this conclusion with standard tests 

of significance for between sample means. It is further suspected 

that the within region recession rate differences are equally as 

significant as those which supposedly demonstrate between region 

differences. Martin (1973) has recently reached the same conclusion 

with respect to the Northland results. 

Hydrological similarity thus cannot be assumed to equate with 

uniformity of basin characteristics, at least for low flows. A 

stratified hydrological sampling programme has been initiated, with 

'representative' basins chosen by physiographic criteria. However, 

thesecatchments need not be representative of regions which are 

hydrologically homogeneous. If, as stated, the purpose of representative 

basins is to extrapolate data within a region, then concern must be with 

regional homogeneity of hydrological parameters. 

Hydrological regions are thus better defined in terms of allowable 

spatial variation for any stated hydrological parameters. The parameters 

chosen, their permissable limits of spatial variation, and the size of 

hydrological region, will be related to the purpose for which the data 

are to be used. A nmnerical statement as to allowable variation may 

be different for each parameter and must be chosen with care. For 

example, a homogeneous region for river control purposes may be smaller 

than one for irrigation purposes~ In this way, a hierarchy of nested 

regions for a-given parameter or set of parameters is developed. The 

larger areas are those with the less stringent variation criteria 

(Hutchinson, 1973). 
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Such an approach is attempted here. Unless otherwise stated, 

plus or minus 20 percent from the 'representative' value is chosen as 

the permissable limit of areal variation for each parameter. Stream-

flow parameters selected to test the hydrological homogeneity of the 

Upper Taieri basin by this criterion are mean annual yield, variability 

index (Lane & Lei, 1949), base-flow recession constant, and unit area 

base-flow. 

TESTS OF REGIONAL HOMOGENEITY 

Mean Annual Yield: 

Tables 28 and 75 show that mean annual yield to Paerau Bridge is 

16.78 inches, and that the sub-catchment values range from 9.14 inches 

for area 1 to 18.81 inches for area 3. 

Measured mean yield for the total catchment is considered as a 

representative base for within-catchment comparison. If 20 percent 

is accepted as the allowable difference criterion, limits of spatial 

variation in meart annual yield become 13.42 and 20.14 inches. In terms 

of unit area discharge, the comparable range is 0.99-1.48 cusecs per 

square mile (csm). 

The results suggest that the study area is not hydrologically 

homogeneous by the stated criterion. Serpentine Creek and Loganburn 

cannot be included in the same area as the other sub-catchments. 

Although each of the values used are subject to the standard errors 

shown by Tables 28 and 76, appropriate corrections to the mean annual 

yields do not affect the above conclusion. 

The -spatial variations in mean an~ual yield appear to reflect 

the sub-catchment mean annual precipitation. Further, with the 

exception of the Loganburn and Serpentine Creek data, the sub-catchments 
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show markedly similar rainfall-runoff relationships when allowance 

is made for differences in mean altitude. 

Reasons for the apparently anomalous rainfall-runoff-altitude 

relationship for Serpentine Creek can only be tentative •. Variation 

from that expected may be due to inadequate estimation of precipitation 

or yield, or because of a different hydrological regime. Departure of 

the Loganburn relationship from the expected regional pattern can be 

explained by the dominant influence on the runoff characteristics of 

variations in Great Moss Swamp moisture storage. It is concluded that 

runoff opportunity is reduced by storage of water in the upper catchment, 

and that the area which contributes to the Loganburn runoff varies with 

season. In this .respect, area 2b is hydrologically dissimilar from the 

surrounding region, and yield characteristics defined for the Loganburn 

cannot be generally translated elsewhere. 

FZow-du:t'ation au:t'Ve variability indiaes: 

A flow-duration curve is a cumulative frequency curve that shows 

the percentage of time for which specified discharges are equalled or 

exceeded. The shape of the curve is determined by the hydrological 

and geological characteristics of the drainage basin, and may be used 

to compare the characteristics of one basin with · those of another (McMahon, 

1969). 

Average annual flow-duration curves have been computed from the 

total and sub-catchment daily mean discharge data sets, in accordance with 

the method described by Searcy (1959). The results are summarised in 

Table 87, and shcw discharges for given percentage exceedences. In this 

way the data are better suited to hydrological comp~risons than is the 

currently accepted format in New Zealand, which shows percentage exceedence 

for a given discharge. 
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TABLE 87: Upper Taieri catchment average flow dux,ation tables, 

percentile yields, and variability indices for 1912-13; 

1916-28; 1936-44; 1947-50; 1966-69 

(~: Column (1) is daily mean discharge in cusecs; 
column (2) is daily mean discharge in cusecs per square 
mile (csm) ; column (3) is percentile yield in inches) 

% Time discharge Taieri R. at Taieri R. at Loganburn 
equalled or exceeded Paerau Br. U~Styx Valley Br. at Paerau 

(1) (2) (3) (1) (2) (3) (1) (2) (3) 

0.1 1690 7.25 98.4 730 7.23 98.1 298 5.14 69.8 
0.5 1270 5.45 74.0 600 5.94 80.6 215 3.71 ~a.4 
2 980 4.21 57.1 450 4.46 60.5 161 2.78 37.7 
5 790 3.39 46.0 350 3.47 47.1 128 2.21 30.0 

10 630 2.70 36.6 279 2.76 37.5 100 1.72 23.3 
15· 525 2.25 30.5 236 2.34 31.8 83.0 1.43 19.4 
20 450 1.93 26.2 207 2.05 27.8 72.2 1.24 16.8 
25 390 1.67 22.7 184 1.82 24.7 63.5 1.09 14.8 
35 300 1.29 17.5 149 1.48 20.1 50.0 0.86 11.7 
45 235 1.01 13. 7 123 1.22 16.6 41.0 0.11 9.64 
50 220 0.94 12.8 110 1.09 14.8 38.0 0.66 8.96 
55 190 0.82 11.1 102 1.01 13.7 33.2 o.57 7.74 
65 146 0.63 8.55 83 0.82 11.1 

. 
26.9 0.46 6.24 

75 107 0.46 6.24 63 0.62 8.42 20.6 0.36 4.89 
80 89.0 0.38 5.16 53 o.52 7.06 17.8 0.31 4.21 
85 72.2 0.31 4.21 43 0.43 5.84 15.0 0.26 3.53 
90 54.1 0.23 3.12 30 0.30 4.07 12.1 0.21 2.85 
95 35.5 0.15 2.04 15 0.15 2.04 8.80 0.15 2.04 
99 20.8 0.09 1.22 6.0 0.06 0.81 4.25 0.07 0.95 
99.9 15.0 0.06 0.81 3.9 0.04 0.54 

variability index 
(Lane & Lei, 1949}: 0.409 0.395 0.352 
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TABLE 87: Continued 

% Time dischar2e Styx Creek .serpentine Creek at 
e s ualled or exceeded at Paerau McDonald's Br. 

(1) (2) (3) (1) (i) (3) 

0.1 85.2 5.33 72.4 170 4,.15 56.3 
o.5 67.2 4.20 57.0 133 3.24 44.0 
.2 51.5 3.22 43.7 100 2.44 33.1 
5 41.0 2.56 34.8 79.0 1.93 26.2 

10 33.0 2.06 28.0 62.0 1.51 20.5 
15 28.6 1.79 24.3 51.8 lo26 17.1 
20 25.6 1.60 21.7 45.5 1.11 15.1 
25 23.0 1.44 19.6 40.0 0.98 13.3 
35 19.0 1.19 16.l 31.2 0.76 10.3 
45 15.8 0.99 13.4 24.7 0.60 8.14 
50 15.0 0.94 12.8 21.0 0.51 6.92 
55 13.4 0.84 11.4 19.5 0.48 6.52 
65 11.0 0.69 9.37 15.0 0.37 5.02 
75 9.00 o.56 7.60 10.6 0.26 3.53 
80 8.30 0.52 7.06 8.55 0.21 2.85 
85 7.50 0.47 6.38 6.80 0.17 2.31 
90 6.68 0.42 5.70 4.90 0.12 1.63 
95 5.70 0.36 4.89 2.85 0.07 0.95 
99 4.42 0.28 3.80 
99.9 

variability index 
(Lane & Lei, 1949): · 0.269 0.433 
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The results cannot be used to conclusively demonstrate or refute 

hydrologica~ homogeneity in the Upper Taieri area by the stated criterion. 

Likely standard errors of prediction given by equation (24) and Appendix 

I(6} for sub-catchment streamflow estimates, preclude reliable determination 

of within catchment discharge differences. However, the results suggest 

some possible sub-catchment variations which are of interest. 

Low flow portions of the frequency curve may be considered as indices 

of groundwater .contribution to streamflow. Sustained low flows are 

evident for Styx Creek and the Upper Styx Valley Bridge. However, the 

Loganburn ceases to show the effect of storage in the Great Moss Swamp 

beyond the 98 percent exceedence value, and suggests that zero flows are 

likely in drought periods. Similarly, Serpentine Creek results indicate 

poor base-flow contribution, and probable zero flows early in a drought. 

The above differences in sub-catchment flow-duration curves may 

also be quantified from the individual variability indices (Lane & Lei, 

1949). The calculated values are shown in Table 87, and vary from 0.433 

for Serpentine Creek to 0.169 for Styx Creek. Again, the magnitude of 

between catchment differences cannot be readily determined unless the 

sub-catchment discharge data are considered to be error free. 

inhomogeneity can only be suspected. 

Hydrological 

However, the presented data do demonstrate the skewed nature of 

the runoff distributions, and confirm that for flow studies the median 

discharge is a more meaningful parameter than the mean. The results 

from the measured Paerau Bridge data series show that the mean annual 

discharge is 1.3 times the median value, . and is equalled or exceeded only 

.36 percent of the time. This demonstrates the danger of attaching too 

much importance to the average flow. 
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Base-fiow recession aza,ve indices: 

Base-flow recession curves represent withdrawals from groundwater 

storage, and are shown by the literature to have many practical uses. 

Amongst these, Waugh (1970) has suggested that recession curves for each 

major hydrological region form distinct groups, recognisable by their 

slope and minimum flow. The 'representative' basin recession rate is 

thus a useful index of regional groundwater condition, and is of value 

for water resource determination over an extended area. 

Although the ideal base-flow does not plot as a straight line on 

semi-logarithmic paper (Singh, 1968), a non-linear recession curve can 

be adequately obtained from combinations of linear curves (Hall, 1968). 

The simple exponential expression is thus used in this study, and has 

the general form 

(38). 

-a Q
0 

is the initial discharge, Qt the discharge at time t, and K (equals e ) 

is the recession constant. 

Master recession curves are determined for each of the flow measure-

ment stations, using the methods described by Toebes et al. (1969). The 

basic data comprise all hydrograph recession current meter gaugings, and 

the measured daily mean discharges in the period 1913-69 for each sub-

catchment, Paerau Bridge and Patearoa-Paerau Bridge stations. 

gives a summary of the results. 

Table 88 

Spatial variability of low flow characteristics is assessed from 

the differences in presented K values and unit area base-flows. Breaks 

in slope ~~e found for all the recession curves, but separate equations 

for each section are only derived if the break is significant. From 

the work of Cross (1949), Hall {1968) and Schneider (1965), it is 
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Upper Taieri basin master discha,rge recession curve 

equations and parameters 

(~: K = e 
-a = recession constant; t

0 5 = time taken for 
baseflow of stream to halve {Martin, 1973); 

*Ql 
0 

{csm) = discharge in cusecs per sq.mile at t = 0 

*Q 1 {csm) = discharge in cusecs per sq.mile at t = 10 
10(*see text for location on recession curve) 

A. Taieri River at Patearoa-Paerau Bridge: 

{a) June 1966-August 1969: Fort >o days; Q <380 cusecs; 

Q = 380e-0 •096t (~ Q = 380(0.908)t). 

Q1 = 0.35 csm; Q1 = 0.14 csm; 
0 10 

K - o.908; t 0• 5 = 7.2 days. 

B. Taieri River at Paerau Bridge: 

(a) April 1913-August 1969: Fort ~14 days; Q )103 cusecs; 

Q = 490e-O.lllt (~ Q = 490(0.895)t). 

K = 0.895 

(b) April 1913-August 1969: Fort >14 days; Q <103 cusecs; 

Q = 103e-O.lOSt (or Q = 103(0.898)t); 

Q1= 0.44 csm; Q1 = 0.15 csm; 
0 10 

K = o.898; t
0

• 5 = 6.4 days. 

Co Taieri River at Upper Styx Valley Bridge: 

(a) June 1966-August 1969: Fort (14 days; Q ~56 cusecs; 

(b) June 1966-August 1969: 

D. Styx Creek at Paerau: 

(a) June 1966-August 1969: 

(b) June 1966-August 1969: 

Q = 178e-o.os3t (.£!:_ Q = 178(0.917)t); 

K = 0.917 

Fort >14 days; 
Q = 56e-0.137t 

Q1= 0.55 csm; 
0 

Q <56 cusecs; 
t 

(£rQ = 56(0.871) ); 

Q-1 = 0.14 csm; 
10 

K = 0.871; t
0

•
5 

= 5.o days. 

Fort ~15 days; Q )7.4 

Q = 2l.Be-0.072t(S?.E_ Q = 

cusecs; 
t 21. 8 (O. 935) ) ; 

K = 0.935 

Fort >15 days; Q <7.4 cusecs; 

Q = 7.4e-0 • 042t (~ Q = 7.4{0.962)t); 

Q1 = 0.46 csm; Q1 = 0.32 csm; 
10 0 . 

K = 0.962; t 0 • 5 = 18 days. 

days; 

days. 



TABLE 88: Continued 

· E. Loganburn at Paera:u: 

(a) March 1966-August 1969: 
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Fort >O days; 

Q = 63e-0.082t 
Q <63 cusecs; 

t 
(9!_ Q = 63 co. 926) ) ; 

Q1 = 0.31 csm; Q1 = o.14 csm; 
0 l 0 

K = 0.926; tO.S = 9.0 days. 

F. Serpentine Creek at MaDonaZd's Bridge: 

(a) March 1966-August 1969: Fort ~12 days; Q ~12.5 cusecs; 

Q = 39e-
0

•
095

t (~ Q = 39(0.909)t); 
K = 0.909 

(b) March 1966-August 1969: Fort >12 days; Q <12.5 cusecs; 

Q = 12~5e-O.l2Bt(~ Q = 12.S(0.881)t); 

Q1= 0.31 csm; Q1 = 0.09 csm; 
0 l 0 

K = o.881; t
0

•
5 

= s.s days. 
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assumed that base-flow conditions are represented by the portions of 

each recession curve below the breaks in slope. The discontinuity 

in each curve is thus assumed to be the initial reference point for 

groundwater discharge. 

Unit area values of Q1 at these points are seen to vary between 
0 

o.55 csm for the Upper Styx Bridge and 0.31 csm for Serpentine Creek. 

The main river shows a downstream reduction in Q1 from 0.55 csm through 
0 

0.44 csm to 0.35 csm at the Patearoa-Paerau Bridge. If 20 percent is 

again accepted as the allowable difference criterion, the Serpentine 

Creek Q1 value is the only exception to hydrological homogeneity. 
0 

Similar conclusions are made from the unit area base-flow discharge 

values ten days later (Q 1 ). 
10 

In this instance, both Serpentine and 

Styx Creek results are calculated to be outside the allowable variation 

limits of 0.12 to 0.18 csm. 

The Q1 and Q1 data in Table 88 show the variations of available 
0 10 

groundwater quantities in the Upper Taieri ar~a, and also give an 

indication of storage depletion rate. However, a more direct index of 

natural groundwater withdrawal is the base-flow recession constant. 

Sub-catchment K values are shown to vary from 0.962 for the Styx 

Creek to 0.871 for the Upper Styx Valley Bridge (Table 88). The 20 

percent difference criterion is obviously inappropriate when used to 

define allowable limits for K value homogeneity. Grant (1971) implies 

that an areal variation of up to plus or minus seven percent is acceptable 

for within region hydrological uniformity. A value of three percent is 

thus considered here as an initial test, ·though this may still be unaccept-

ably high. Styx Creek is found to have the only K value outside the 

limit of this criterion. 
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However, Martin (op. cit) suggests that the time taken for the 

base-flow of a stream to halve (t
0

• 5) is a more satisfactory parameter 

than the K value to determine recession rate differences. t 0 • 5 values 

If plus or minus 25 percent are given for each station in Table 88. 

is accepted as the t
0

•
5 

limits of within catchment variation, Styx Creek 

is again found to be hydrologically dissimilar from the surrounding 

region. t
0

•
5 

has an allowable range of from five to nine days by the 

stated criterion. 

Overall results from the total and sub-catchment recession curve 

analyses suggest that the Upper Taieri catclirnent is not hydrologically 

homogeneous by the stated criteria. However, the regional boundaries 

vary dependent on the parameter considered. If interest is in the rate 

of groundwater storage depletion irrespective of the amount available, 

then Styx Creek should be excluded from the adjacent hydrological region. 

From the basis of available groundwater quantities per unit area, 

Serpentine Creek is shown to be atypical of the remaining area. Ql 
0 

discharge for Styx Creek accords with the regional pattern, but a lower 

rate of recession is shown. The Serpentine Creek recession rate is 

within the limits allowed for hydrological homogeneity, but the low Q1 
0 

again suggests a poor base-flow contribution and zero flows early in a 

drought period. 

CONCLUSIONS 

The concept of regional hydrology is outlined and the principal 

uses of representative basins are discussed~ Regional classification 

is complex, but is concluded to be necessary so that a stratified 

hydrological sampling programme may be established on a national basis. 
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variables used in the New Zealand regional classification are 

precipitati~n, rock type, and slope (Toebes & Palmer, 1969}. Only 

the uniformity of basin characteristics has thus been considered in 

the definition of present regions. These uniform catchment character-

istics are in turn assumed to produce hydrological similarity within 

each region. 

Several New Zealand studies have been reported which attempt to 

demonstrate the .similarity of hydrological parameters from areas with 

like basin characteristics (Grant, 1971; Waugh, 1970(a), (b)). However, 

the results do not appear to entirely verify the conclusions reached. 

Although between region differences of low flow parameters are stated 

to be significant, no attempt is made to statistically verify this 

conclusion. Further, the demonstrated parameter differences within 

regions seem to be equally as significant as those which supposedly 

illustrate the between region differences. 

It thus appears that hydrological homogeneity cannot be assumed 

to equate with uniformity of basin characteristics, at least for low 

flows. Hydrological regions are better defined in terms of allowable 

areal variation for stated hydrological parameters. A numerical value 

for allowable variation may be different for each parameter. Further, 

the parameters chosen, their permissable limits of spatial variation, 

and size of hydrological region, will be related to the purpose for 

which the data are to be used. 

The permissable limit of hydrological homogeneity for Upper Taieri 

streamflow parameters is generally chosen as a variation of plus or 

~inus 20 percent from the 'representative' value. Different criteria 

are found to be necessary, however, when differences in the sub-catchment 

recession constant and half-flow period values are considered. 
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The results are disappointing overall. Standard errors of 

prediction for some of the sub-catclunent streamflow parameter values 

preclude reliable determination of within catclunent differences. 

Nevertheless, the sub-catclunent mean annual yields and base-flow 

recession parameters are sufficiently error free to suggest that 

the study area is not hydrologically homogeneous by the stated criteria. 

Furthermore, the boundaries of hydrologically similar regions are 

shown to vary dependent on the streamflow parameter considered. 

Serpentine Creek and Loganburn have mean annual yields which are atypical 

of the remaining area. However, comparison of sub-catchment recession 

curve parameters suggests that the Loganburn accords with the homogeneity 

criteria, but that Styx Creek and again Serpentine Creek are excluded 

from the region. Styx Creek recession rate is lower than the regional 

pattern, though unit area groundwater quantities are within the allowed 

limits of areal variation. Conversely, the Serpentine Creek recession 

rate is within the limits required· for hydrological homogeneity, but the 

low unit area base-flow quantities are not typical and suggest zero flows 

early in a drought period. 

Differences in hydrological characteristics are thus again evident 

for an area with basin characteristics classified as uniform by the 

present regional divisions. The variations in streamflow parameters 

tested are concluded to be largely due to spatial differences or catclunent 

precipitation and storage. 



322 

CHAPTER VII: UPPER TAIERI AGRICULTURAL HYDROLOGY 

CLIMATIC LIMITATIONS TO PLANT GROWTH 

Much has been written on the general climatic character of 

Central Otago and for a detailed description reference should be made 

to Kidson (1950), Maunder (1965), Mark (1965) and Leslie (1966). The 

area is one of climatic extremes. Summers are warm and winters very 

cold, with clear dry weather and high radiation levels common at any 

time. Sunshine hours are high; the average annual duration exceeds 

2,000 hours, or 46 percent of possible hours. Humidities below 50 

percent are very common at 9 a.m. in spring and summer. The overall 

effect of this climatic regime is to produce a wide range of annual 

and diurnal temperatures, a high likelihood of frost, and high potential 

evapotranspiration rates in the warmer months. 

The most significant features of climate in relation to plant 

growth and production are those which affect the length and characteristics 

of the growing period {Slatyer, 1960). In the Upper Taieri basin where 

pastoral farming predominates, the availability of soil water for plant 

growth and the influence of temperature conditions are of primary importance. 

Previous discussion and the data in Table 80, show that the summer 

concentration of a modest annual rainfall produces significant moisture 

deficits in the lowland area. 

can be expected are:-

However, the periods in which plant growth 

{a) in spring, using stored soil moisture and spring rainfall; 

(b) in summer and autumn, using the sporadic rains for flushes of growth 

which may continue into winter. 

The earlier such autumn rains occur the greater is the pasture output 

for the year. 
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Leslie (op. cit) has shown that continuous autumn growth can be 

expected to commence in late March for about three years out of five. 

This change from sporadic summer growth to a period of growth unimpeded 

by soil water, appears to be mainly attributable to the sharp drop in 

mean temperature. 

A lack of soil water does not appear to limit plant growth in October 

and November more often than one year in 2.3 for the Styx Basin. However, 

for only one year in three does uninterrupted growth occur until the end of 

December. For January and February, these recurrence values become nne 

year in seven and four respectively. The gradua1 cessation of spring growth 

is due to an increase ~n evapotranspiration rather than diminished rainfall. 

Frost incidence in the area also has considerable influence on 

agricultural diversity and production. The primary influence of frost is 

to limit the period of active growth. To determine the effect of this 

factor, Table 89 shows the incidence of screen and ground frosts, and the 

probability of ground frost in the growing season. The data are extracted 

from N. z·. Meteorological Service summaries for Naseby State Forest over the 

period 1923-60, and are considered to be representative of the lower valley 

floor areas of the Upper Taieri basin. 

TABLE 89: Frosts 

A. Number of days with ground frost: 
(Naseby State Forest: 1923-60; 2,000 feet) 

J F M A M J J A s 0 N D Year 

2.9 3.2 7.3 14.0 21.8 25.0 27.2 24.8 19.5 13.8 7.1 3.7 170.3 (46. 7%) 

B. Number of days with screen frost: 
(Naseby State Forest: 1923-60; 2r000 feet) 

J F M A M J J A s 0 N D Year 

1.1 1.2 3.6 8.2 17.8 22.7 25.4 22.5 16.0 9.0 4.5 1.6 133.6 (36. 6%) 
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TABLE 89: Continued 

c. P:r>obahi1ity of ground frost in the gr01.uing season: 

Sept. Oct. Nov. Dec. Jan. Feb. Mar. April 

1:1.54 1:2.25 1:4.26 1:8.38 1:10.69 1:8.75 1:4.25 1:2.14 

(Note: 78.4% of ground frost days have screen frost) 

Ground frost is common in winter, with an average of 27 days 

recorded in July. About 170 days of ground frost are experienced annually, 

and no month is entirely frost free. January and February are the least 

frosty months with only about three days each. Approximately 78 percent 

of the days with ground frost also have screen frost. Only isolated 

frosts which affect horticultural species or pasture can be expected after 

the end of October. Similarly, such events are likely to occur with 

increased frequency after the end of March. Frost incidence in the Upper 

Taieri basin effectively reduces the eight month active growing season 

common to most other agricultural areas in New Zealand, to the period 

November-March. Only limited growth can generally be expected in 

September and April. 

Periods of high temperature can also limit plant growth, particularly 

when accompanied by strong dry winds. Although the mean monthly temper-

atures in summer are not excessive (Table 14), a wide diurnal range is 

evident. The effects. are marked, however, since the highest temperatures 

tend to occur when there is low relative humidity, no appreciable cloud 

cover, and thus high insolation. 

The above climatic factors in combination give an air of uncertainty 

to pastoral farming in the area. In summary, plant growth in summer and 

autumn is largely limited by a lack of effective rainfall. Frost is the 

principal limitation to growth later in autumn. In spring, accumulated 
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soil moisture storage and rainfall are generally adequate to maintain 

uninterrupted growth until November. Although sporadic frosts can 

occur after the end of October, a decrease in available soil moisture 

is the general limitation to continued growth in late spring. Frost 

incidence may limit plant growth in September, even though the available 

soil moisture is sufficient to meet evapotranspiration demands. 

MOISTURE DEFICIT DISTRIBUTION AND FREQUENCY 

It has been shown that there is a need for irrigation in the Upper 

Taieri area if potential crop production is to be attained. Thornthwaite 

(1953) has concluded that water requirements for irrigation are best 

determined from soil moisture deficits calculated by a water balance 

approach. The total and sub-catchment monthly moisture deficits for 

1908-69 which were used to calculate Table 80, are thus analysed further. 

In this way, Upper Taieri basin water needs, in both space and time, may 

be derived for practical application. The results are summarised in 

Table 90. Only the growing season data are presented, since deficits 

which may occur in the period April to September for this area are not 

considered sufficiently important to warrant specific attention. 

The results presented are largely self explanatory, some have already 

been discussed, and further detailed comment is not required. However,· 

a few aspects of interest are only shown by the full data sets. The 

areal average data for the total basin show that zero deficits are quite 

common for all months or seasons. However, such a minimum value has 

occurred only twice on an annual basis in the 62 year record. Further, 

1956 is shown to be the only year since 1939 with an appreciable annual 

deficit. 

The Styx Basin lowlands are shown to be the area which is most 

critically in need of irrigation in~the Upper Taieri catchment. Subsequent 



TABLE 90: Upper Taieri total and sub-aatahment mean monthly, seasonal and annual moisture deficits in inches 

for the period 1908-69 (4 inches water holding capacity assumed) 

1. Total Catchment: 

J F M 0 N D ·Annual ·spring · ·summer ·Autumn ·oct-Mar. Jan-Mar. 

Mean: 0.147 0.214 0.145 0.025 0.03G 0.113 0.693 0.061 o.479 0.156 0.682 0.506 
Max: 1.259 1.633 1.373 0.591 0.528 1.056 2 .. 911 0.723 3.195 1.674 3.220 2. 799 

Year: 1917 1911 1956 1929 1937 1961 1911 1937 1917 1930 1956 1911 
Min: 0 0 0 0 0 0 0 0 0 0 0 0 

2. Sub-area 1 (Ser-pentine Creek): 

J F M 0 N D Annual Spring Summer Autumn Oct-Mar. Jan-Mar. 

Mean 0.607 0.666 0.335 0.052 0.130 0.340 2.221 0.184 1 .. 632 0 .. 423 2.144 1.608 
Max: 1.939 2.930 1.763 0.716 0.913 1.526 6.179 1.186 4.382 1 .. 949 6.087 5.017 (.,) 

I\.) 

Year: 1930 1938 1956 1929 1937 1939 1929 1937 1917 1929 1911 1930 °' Min: 0 0 0 0 0 0 0.217 0 0 0 0 0 

3. Sub-area 2a (Styx Creek): 

J F M 0 N £. Annual S.zrin2 Summer Autumn Oct-Mar. Jan-Mar. 

Mean: 0.285 0.311 0.249 0.029 0.062 0.183 1 .. 154 0.091 0 .. 787 0.284 1 .. 125 0.845 
Max: 1.434 1.891 1.477 0.567 o.666 1.043 4.110 0.868 3.561 1.961 4.341 3.675 

Year: 1917 1911 1956 1929 1937 1961 1911 1937 1917 1930 1911 1911 
Min: 0 0 0 0 0 0 0.027 0 0 0 0 0 



TABLE 90: Continued 

4. Sub-area 2b (Loganburn): 

J F M 0 N D Annual Spring ·sUitlmer Autumn Oct-Mar. Jan-Mar. -
Mean: 0.300 0.325 0.259 0.033 0.067 0.195 1.219 0.109 0.828 0.298 1.184 o.883 

Max: 1.499 1.993 1.563 0.601 0.688 1.106 4.386 0.923 3.753 2.074 4.559 3.849 
Year: 1917 1911 1956 1929 1937 1961 1911 1937 1917 1930 1911 1911 

Min: 0 0 0 0 0 0 0.021 0 0 0 0 0 

s. Sub-area 3 (U. Styx Valley Bridge): 

J F M 0 N D Annual Spring Summer Autumn · ·oct-Mar. Jan-Mar. -
Mean: 0.083 0.158 0.125 0.020 0.024 0.077 0.495 0.044 0.321 0.133 0.486 0.366 

Max: 1.073 1.455 2.380 0.579 0.372 0.997 2.741 0.579 2.744 2.380 3.087 2.741 
Year: 1917 1933 1956 1929 1937 1961 1956 1929 1917 1956 1956 1956 c.., 

Min: 0 0 0 0 0 0 0 0 0 0 0 0 t,..) 

....... 
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discussion is thus of the results derived for Area 1. 72 percent of the 

average annual deficit occurs between January and March. The maximum 

annual deficit was 6.18 inches (1929), and for summer, January-March, 

and October-March, the values were 4.38 inches, 5.02 inches, and 6.09 

inches respectively. 1956 was the only year since 1940 with an annual 

deficit in excess of 4.50 inches. Other years over the 62 year period 

were. 1910, 1911, 1929, 1930, 1937 and 1938. For October-March, a 

deficit of s.so inches was exceeded in 1909/10, 1910/11, 1929/30 and 

1937/38. Zero deficits have occurred in all months, but the minimum 

annual value calculated over the total period was 0.22 inches. 

The results from Areas 2a, 2b and 3 are not discussed. However, 

the trends are similar to those shown for Area 1, though the moisture 

deficit values are correspondingly lower. 

Total and sub-catchment monthly, seasonal and annual moisture 

deficits may also be shown as frequency distributions, in the same 

manner as given by Figures 23 or 24. Such curves are a convenient means 

to indicate the variations in calculated deficits, and illustrate the 

deviation of these values from the mean. The frequency curves may also 

be used to give estimates of return periods for stated deficit amounts, 

though the results should be applied with caution. 

Moisture deficit frequency curves are calculated by the procedure 

used previously for the rainfall, temperature and discharge considerations. 

The results for the total area and each sub-catchment are shown by Figures 

42 to 46. 

Disc~ssion is limited here to the Area 1 data in Figure 43, but 

-information for the total area or each of the other sub-catchments is 

readily obtained from the diagrams if required. For summer, January-
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March and October-March, there is a 50 percent chance that the moisture 

deficit will exceed 1.50 inches. In about one year in ten however, 

values for the same periods are likely to exceed 3.50 inches, and for 

one year in 20 these deficits increase to about four inches. Monthly 

deficits which exceed 1.50 inches are uncommon - only January, February 

and March have such values more frequently than five percent of years. 

In about 30 of the 62 years of record, annual moisture deficits show a 

fluctuation range of 1.70 inches between lower and upper quartile limits. 

STYX BASIN IRRIGATION REQUIREMENTS 

It is apparent from the above results that irrigation of the Styx 

Basin is necessary in almost every year for the period December-March. 

October and November are also months in which some irrigation could be 

beneficial in order to maintain regular crop production. It is assumed 

that frost severity and/or available moisture storage preclude economic 

irrigation between April and September. 

Provisional estimates of Styx Basin irrigation water needs are thus 

calculated from the Area 1 moisture deficit data, and the results 

summarised in Table 91. An irrigation efficiency of 60 percent is 

assumedo The data shown comprise monthly, seasonal, and annual moisture 

deficits, estimated gross irrigation requirements, and the percentage of 

years in which irrigation is not needed. The last aspect is computed 

with zero deficit in soil moisture storage as a reference point. 

Table 91 shows that in 98 percent of years moisture shortage prevents 

uninterrupted plant growth between October and March in Area 1. The 

average gross irrigation requirement for ' the period October-March is 3.57 

~nches, and for January-March the value is 2.70 inches. 

ment values are of course less. 

Median require-
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Estimated irrigation requirements in the Upper Taieri 

Styx Basin Area (Area 01): 1908-69 (62 years) 

(Based on Thornthwaite & Mather, 1957; 4 inches water 
holding capacity and 60 percent irrigation efficiency 
assumed) 

A. Moisture Deficit (Ins.) 
Mean Median Highest Highest 

in 75% in 90% 
of years of years 

Gross Irrigation Requirements (Ins.) 
Mean Median Highest Highest 

Period 

October: 
November: 
December: 
January: 

February: 
March: 

0.05 
0.13 
0.34 
0.61 
0.67 
0.34 

Annual: 2.22 
Spring:* 0.18 
SUilliiler:* 1.62 
Autumn:* 0.42 

Oct-Mar.:* 2ol4 
Jan-Mar. : * 1. 62,. 

o.oo 
o.oo 
0.14 
a.so 
0.50 
o.oo 

1.97 
0.10 
1.14 
0.03 
1.14 
1.00 

0.04 
0.14 
0.63 
1.10 
1.10 
0.60 

3.02 
0.24 
2.83 
0.95 
3.61 
2.80 

0.25 
0.40 
1.07 
1.56 
1.59 
1.40 

4.50 
0.53 
4.22 
1.81 
6.27 
4.55 

0.08 
0.22 
Oo 5'i 
1.02 
1.12 
0.57 

3.70 
0.30 
2.70 
0.70 
3.57 
2.70 

o.oo 
o.oo 
0.23 
Oo83 
0.83 
o:oo 

3.28 
0.11 
1.90 
0.05 
1.90 
1.67 

in 75% in 90% 
of years of years 

0.07 
0.23 
1.05 
1.83 
1.83 
1.00 

5.03 
0.40 
4.72 
1.58 
6.02 
4.67 

0.42 
0.67 
1. 78 
2.60 
2.65 
2.33 

7.50 
0.88 
7.03 
3.02 

10.45 
7.58 

(*seasonal data summed from individual monthly values) 

B. PERCENTAGE OF YEARS IN WHICH IRRIGATION NOT REQUIRED: 

0 

Area 01: 43 
Area 2a: 63 
Area 2b: 61 
Area 03: 79 
Total Area:75 

N 

43 
57 
59 
72 
70 

D J 

15 
36 
33 
64 
49 

F M Year Spr. Sum. Aut. Oct-Mar. Jan-Mar. 

34 
44 
44 
66 
56 

26 56 
36 62 
36 " 64 
56 74 
51 70 

0 
0 
0 
7 
3 

15 
33 
31 
52 
49 

2 
10 

7 
25 
17 

33 
48 
48 
69 
64 

2 
5 
5 

17 
12 

2 
11 

8 
26 
21 
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However, although the average October-March requirement amount to 

only 3.57 inches, irrigation need varies from year to year. It is 

generally impracticable for economic reasons to aim at water supplies 

sufficient to satisfy the full requirements every year. Hence, dependent 

on the type of irrigation enterprise, it is usual to adjust the extent of 

irrigated area to ensure sufficient water supply in 75 percent or 90 percent 

of years (Basinski, 1960). The maximum seasonal water requirements in a 

corresponding percentage of years are thus important. 

Table 91 suggests that in 75 percent of years the estimated highest 

requirement for October-March is about six inches, and increases to 10.5 

inches for 90 percent of years. Similar values for January-March are 

about 4.7 inches and 7.6 inches respectively. Further, the highest 

monthly requirements govern the capacity of the water distribution and 

application system. The maximum need values are thus those shown for 

February - 1.83 inches in 75 percent of years, and 2.65 inches for 90 

percent of years. 

These presented water need data should only be used as a guide. 

The values are probably conservative estimates of actual need, and 

practical experience is needed to confirm their validity. Monthly 

moisture deficit data may not show the full extent of the need for 

irrigation, since the precipitation may also be poorly distributed 

within a month. 

In terms of production, the uses to which irrigation could best be 

put in this area would appear to be for growing surmner-active species 

such as lucerne or fodder crops. Irrigation of clover pasture in 

spring and autumn could also be beneficial and result in marked production 

increases. However, the economics of production must be considered in 

terms of irrigation water availability, and the cost of irrigation equipment 
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installation. The former aspect has been discussed, but the latter 

question is beyond the scope of this study and is not considered further. 

DROUGHTS 

Gener-al: 

Closely associated with the presented analyses of moisture deficits 

and irrigation water needs, is a study of the severity and occurrence 

frequency of "drought" in the Upper Taieri and nearby areas. 

It i1:; difficult to establish universal "drought" criteria, since 

conditions which constitute a "drought" vary in different parts of the 

world dependent on the amount and reliability of the rainfall. Although 

a number of "drought" definitions may be cited, distinction must be made 

between the short period dry spell as defined by Blumenstock (1942) and 

Coulter (1966, 1968), and long-term drought as defined and applied by 

Palmer (1965), Herbst et at (1966), and Grant (1968, 1969). Drought 

can be considered as prolonged and widespread, while dry spells are 

generally of shorter duration and more or less random in their occurrence 

at points. This drought study is confined to an examination of dry 

spells, as determined by the concepts of "absolute 11 and "partial drought" 

(Coulter op. cit), and to aspects of long-term drought. 

ParotiaZ and absolute droughts: 

Analysis of these aspects requires daily precipitation data, and 

thus for the study area is restricted to the 1909-37 Paerau record. 

However, daily rainfall records from Waipiata (1915-60), Patearoa (1924-60) 

and Ranfurly (1943-60) are also considered for con~arative purposes, in 

order to demonstrate the areal variability of the two drought paramet,=s. 

Partial and absolute drought periods are determined .as defined in the 

literature, and the results are listed in Table 92. 
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TABLE 92: Po;rotiaZ and absolute cJ:roought swnmary 

1. PaPtiaZ Droughts: 

A. WAIPIATA (Sept. 1915-Sept. 1960) ~ 45 yea.PB 

Total No .. days Av. No. days/yr No. partial Av. length of 
partial drought partial drought droughts/.YE_. partial .drought 

period (days) 

Summer 422 9.38 o.3a 24.82 
Autumn 967 21.49 o.73 29.30 
Winter 1806 40.13 1.11 36.12 
Spring 1143 25.40 0.87 29.31 
Annual 4338 96.40 1.98 48.74 

B. PATEAROA (Jan. 1924-Sept. 1960) - 36.?5 yea.PB 

Summer 441 12.00 o.46 25.94 
Autumn 987 26.86 o.93 29.03 
Winter 1924 52.35 1.36 38.48 
Spring 1202 32.71 0.98 33.39 
Annual 4554 123.90 2.34 52.95 

c. RANFURLY (Apr. 1943-Sept. 1960) - 1?.5 year's 

Summer 150 8.57 0.29 30.00 
Autumn 323 18.46 0.63 29.36 
Winter 841 48.06 1.09 44.26 
Spring 357 20.40 o.74 27.46 
Annual 1671 95.49 1.11 55.70 

D. PAERAU (Jan. 1909-Dea. 193?) - 29 yea:ris 

Summer 98 3.38 o.14 24.50 
Autumn 166 5.72 0.21 27.67 
Winter 245 8.45 0.24 35.00 
Spring 149 5.14 0.11 29.80 
Annual 658 22.69 o.55 41.13 

E. PAERAU ( Jan. 1924-Dea. 193?) - 14 yea:ris 

Summer 12 0.86 0.01 12.00 
Autumn 84 6.00 o.14 42.00 
Winter 166 11.86 0.36 23.20 
SJ?ring 131 9.36 0.29 32.75 
Annual 393 28.07 0.64 43.67 

F. WAIPIATA (Jan. 1924-Dea. 193?) 14 yea:ris 

Summer 71 5.07 0.29 17.75 
Autumn 389 27.79 0.86 32.42 
Winter 419 29.93 1.07 27.93 
Spring 374 26.71 0.71 37.40 
Annual 1253 89.50 1.86 48.19 
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TABLE 92: Continued 

G. PATEAROA (Jan. 1924-Deo. 1957) - 14 years 

Total No. days A'!. No. days/yr No. partial Av. length of 
partial drought partial drought droughts/yr partial drought 

period (days) 

Summer 
Autumn 
Winter 
Spring 
Annual 

170 
419 
714 
506 

1809 

12.14 
29.93 
51.00 
36.14 

129.21 

0.57 
1.14 
1.57 
1.00 
2.64 

H. PAERAU (Sept. 1915-Dea. 1957) - 22.35 years 

Summer 
Autumn 
Winter 
Spring 
Annual 

40 
102 
245 
131 
518 

1.79 
4.57 

10.97 
5.87 

23.20 

0.09 
0.18 
0.31 
0.18 
0.54 

I. WAIPIATA (Sept. 1915-Deo. 1957) - 22.55 years 

Summer 
Autumn 
Winter 
Spring 
Annual 

191 
481 
655 
615 

1942 

2. Absolute Drpughts: 

8.55 
21.54 
29.33 
27.54 
86.97 

o. 40 
o.76 
1.03 
0.90 
1.93 

A. PAERAU (Jan. 1909-Dea. 1957) - 29 years 

Summer 
Autumn 
Winter 
Spring 
Annual 

284 
155 
241 
152 
847 

9. 79 
5.34 
B.31 
5.24 

29.21 

3. Longest Absolute Droughts: 

A. WAIPIATA (Sept. 1915-Sept. 

Summer 25.11.55 to 4.1.56 
Autumn 17.2.30 to 7.4.30 
Winter 27.7.57 to 31 .. 8.57 
Spring 20.9.29 to 21.10.29 

B. PATEAROA (Jan. 1924-Sept. 

$ummer 15.2.47 to 9.3.47 
Autumn 16.4.50 to 24.5. ~ 
Winter 31.7.48 to 3.9.48 
Spring 20.9.29 to 2.11.29 

1960) 

1960) -

0.66 
0.34 
o.52 
o.3B 
1.55 

- 45 years 

41 days 
SO . days 
36+ days 
32 days 

36.75 years 

23 days 
39 days 
34 days 
44 days 

21.25 
26.19 
32.45 
36.14 
48.89 

20.00 
25.50 
35.00 
32.75 
43.17 

21.22 
28.29 
28.48 
30.75 
45.16 

14.95 
15.50 
16.07 
13.82 
18.82 

(Sept. missing) 
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TABLE 92: Continued 

c. RANFURLY (Apr. 1943-Sept. 1960) - 17.5 yeaxis 

Summer 29.11.55 to 2.1.56 35 days 
Autumn 17.4.50 to 4.5.50 18 days 

8.4.55 to 25.4.55 18 days 
Winter 30.6.43 to 30.7.43 31 days 
Spring 1.10.54 to 25.9.54 25 days 

D. PAERAU (Jan. 1909-Dea. 1937) - 29 yeaxis 

Summer 22.1.11 to 17.2.11 27 days 
Autumn 23.2.30 to 27.4.30 32 days 
Winter 26.6.23 to 4.8.23 40 days 
Spring 12.11.23 to 7.12.23 26 days 

4. Longest partial droughts: 

A. WAIPIATA (Sept. 1915-Sept. 1960) - 45 years 

Summer 29.11.16 to 21.1.17 54 days (0.51" Rainfall) 
Autumn 1.2.30 to 15.5.30 104 days {0.95" Rainfall) 
Winter 22.6.23 to 10~9.23 81 days (0.79" Rainfall) 
Spring 14.9.41 to 6 .. 1L41 54 days (0.43" Rainfall) 

10.5.58 to 21.10.58 165 days (1.63" Rainfall) 
13.6.59 to 12.10.59 122 days (l.16" Rainfall) 
1.7.35 to 18.10.35 110 days (1.07"· Rainfall) 

B. PATEAROA (Ja:n. 1924-Sept. 1960) - 36.75 yeaxis 

Summer 25.1.29 to 17.3.29 52 days (0.43" Rainfall) 
Autumn 30.1.30 to 2704.30 88 days (0.85" Rainfall) 
Winter 1.7.38 to 14.10.38 106 days (0.92" Rainfall) 
Spring 3.9.29 to 2.11.29 61 days (0.50" Rainfall) 

15.4.50 to 14.10.50 183 days (1.82" Rainfall) 
9.5.58 to 24.10.58 169 days (1. 63" Rainfall) 

21.5.35 to 18.10.35 151 days (1.50" Rainfall) 

c. RANFURLY (Apr. 1943-Sept. 1960) ~ 17.5 years 

Summer 24.11.55 to 21.1.56 59 days (0.59" Rainfall) 
Autumn 16.4.50 to 12.7.50 88 days (0.83" Rainfall) 
Winter 13.6.48 to 3.9.48 83 days (O. 75" Rainfall) 
Spring 24.8.54 to 22.10.54 61 days (0.57" Rainfall) 

9.5.58 to 22.10.58 168 days (l.63" Rainfall} 
13.6.59 to 30.9.59 109 days (1. 08" Rainfall} 
30.4.53 to 10.8.53 103 days (0.95" Rainfall) 

D. PAERAU ( Jan. 1909-Dea. 1937) - 29 years) 

Summer 7.2.18 to 15.3.18 37 days (0.22 11 Rainfall) 
Autumn 17.2.30 to 27.4.30 70 days (0.36" Rainfall) 
Winter 26.6.23 to 21.8.23 57 days {0.14" Rainfall) 

19.6.35 to 16.8.35 57 days co. 57" Rainfall) 
Spring 10.9.29 to 2.11.29 54 days (0.49" Rainfall) . 
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The data are initially tabulated for the complete records available, 

and then for comparative purposes on the basis of common record periods. 

The full records cannot be used for partial drought comparisons between 

stations, since the differences shown in sections (l)E and (l)H of 

Table 92 reflect the trends given by the precipitation cumulative 

departure curves in Figure 22. 

Partial droughts decrease in frequency and severity away from 

Patearoa. Of the stations considered, the area represented by the 

Paerau gauge is the least susceptible to the phenomenon, and reflects 

the increase in precipitation from Patearoa outwards. At all stations, 

the incidence of partial drought is greatest in winter and least in 

summer. 

Table 92 suggests that the number of partial droughts per year at 

Paerau is only about one-quarter of that at Patearoa. The calculations 

show that partial drought occurs once in every two years at Paerau, with 

an average duration of 41 days. Partial droughts in winter occur on 

average one year in every four, and in summer one year out of seven. 

The probability of drought in the Maniototo is shown to be high, but 

considerably less so in the Upper Taieri area. 

The absolute drought data for Paerau have quite different 

characteristics from those derived for partial drought over the same 

29 year period. Absolute drought occurs three times in every two 

years, and has an average length of 19 days. On a seasonal basis, the 

phenomenon is recorded seven years out of ten in summer, one year out of 

two in winter, and one year in three for spring and autumn. 

pong-term dx>oughts and trends: Grant (1968, 1969) 

Partial and absolute drought studies are of only limited value to 

agriculture, since they do not allow for either the current water needs 
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of plants, or the antecedent meteorological and soil moisture conditions. 

While small daily rains will sustain grass and benefit some crops, frequent 

larger rains are necessary to replenish deep soil moisture and groundwater. 

This investigation of long-term droughts in the Upper Taieri Basin 

is initially based on a method proposed by Grant (op. cit). The technique 

involves a study of the relative periodic changes in "effective rainfall". 

A major disadvantage is that daily rainfall data are required, which again 

limits the Upper Taieri study to the period 1909-37. 

Paerau daily rainfalls are classified into four size groups, the 

frequency of rainfalls in each group in.each year determined for spring, 

summer, and autumn, and the results collated in periods of change for each 

season. The choice of periods is dictated by the cumulative departure 

curve trends given in Figure 22, and the record is separated into natural 

rather than arbitrary periods for analysis. Table 93 lists the Paerau 

rain size frequencies (F) and percentage number of years when the rains 

did not occur (N). 

1926 is the major spring change point for the period 1909-37. The 

frequency of rains in the higher size groups decreased markedly from 1926 , 

with a slight increase in frequency of rainfalls in the lower groups evident 

after this date. Four natural change periods are chosen for summer and 

autumn, and wide fluctuations in the values of F and N are evident. 

The average seasonal rainfall in each size group, for each period, 

is next considered as a percentage of the periodic mean. Results of 

these calculations are given in Table 94. Also shown are the rainfall 

effectiveness in<lex (RE index) values for each period - derived as 

described by Grant (1968). The higher the RE index the lower the drought 

severity. Average spring rainfall has decreased by 11 percent since 1926
1 

with smaller contributions from rains which exceed one inch. The reduction 

;in spring RE Index since 1926 suggests an increase i.n drought severity. 
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TABLE 93: Paerau rain size frequencies (F) and percentage number 

of years when rains did not oceur (N) 

A. SPRING: (September-November) 

Rain Group 1909-1926 1927-1937 
(inches) (18 years) (11 years) 

F N F N 

>l.50 0.33 72.2 0.09 90.9 
1.01-1.so 0.67 33.3 0.,36 63.6 

o.s1-1.oo 3.00 o.o 3.27 9.1 
0.01-0.so 25.94 o.o 25.36 o.o 

B. SUMMER: (Deaerriber-Feb1"UGI'y) 

Rain Group 1910-1916 1917-1926 1927-1929 1930-1937 
(inches) (7 years) (10 years) (3 years) (8 years) 

F N F N F N F N - - -
>1.50 0.29 85.7 a.so 40.0 o.oo 100.0 0.88 50.0 

1.01-1050 1.00 14.3 1.10 40.0 1.33 33.3 1.13 25.0 
o.s1-1.oo 2.14 14.3 4.00 10.0 2.33 o.o 3.88 o.o 
0.01-0.50 24.43 o.o 19.0 o.o 19.67 o.o 26.09. o.o 

c. AUTUMN: (Marah-May) 

Rain Group 1909-1921 1922-1926 1927-1931 1932-1937 
(inches) (13 years) (5 years) (5 years) (6 years) 

F N F N F N F N - -
>1.so 0.1s 84.6 1.00 40.0 0.40 60.0 1.17 33.3 

1.01-1.so Oo46 61.5 0.40 60.0 0.40 60.0 2.00 16.7 
o.51-1.00 2.54 7.7 s.oo o.o 1.00 20.0 . 2.67 o.o 
0.01-0.so 24.62 o.o 16.40 o.o 20.40 o.o 24.83 o.o 
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TABLE 94: Paerau rain size percentage contributions (Rainfall for 

each group as a percentage of period mean) and RE Indices 

A. SPRING: (September-November) 

Rain Group 1909-1926 1927-1937 
(inches) (18 years) (11 years) 

>lo50 9.38 2.53 
1.01-1.50 11.05 6.77 
0.51-1.00 29.07 35.10 
0~01-0.50 50.50 55.60 
Period mean (in.) : 7.44 6.65 
R.E. Index: 1.91 0.68 

B. SUMMER: (December-February) 

Rain Group 1910-1916 1917-1926 1927-1929 1930-1937 
(inches) (7 years) (10 years) (3 years) (8 years) 

>1.50 8.05 17.31 o.oo 15.99 
1.01-1.50 18.02 14.50 23.47 15.66 
0.51-1.00 22.85 31.03 23.47 30.23 
0.01-0.50 51.08 37.16 53.06 38.12 
Period Mean 

{in.) : 7.13 9.38 6.85 9.53 
R.E. Index: 2.52 4.37 2.10 4.41 

c. AUTUMN: (March-May) 

Rain Grou12 1909-1921 1922-1926 1927-1931 1932-1937 
(inches) (13 years) (5 years) (5 years) (6 years) 

>1.50 5.85 23.44 15.39 24.29 
1.01-1.50 8.68 6.23 B.77 23.39 
o.51-1.00 26.01 36.09 13.52 19.11 
0.01-0.50 59.46 34.24 62.32 33.21 
Period Mean 

(in.): 6.50 9.08 5.13 10.67 
RoE. Index: 1.11 3.83 1.64 9.72 
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Similar calculations for summer show that when the periods are 

ranked to accord with increases in drought severity, the order is 

1930-37, 1917-26, 1910-16, and 1927-29. For the autumn data, the 

intervals are ranked in order of increasing drought severity as 1932-37, 

1922-26, 1927-31 and 1909-21. 

The individual seasonal RE index curves, and those derived from a 

combination of the seasonal data, are shown in Figure 47. Grant (op. cit) 

has concluded that the important curves for pasture and crop growth are 

probably spring and summer, either alone or in combination, and that 

growth is related to curves (d) or (e). The data show that rainfall 

effectiveness was generally lowest for at least the interval 1927-30, and 

that this period thus recorded the greatest drought severity of the 29 year 

record. The next most stringent period was 1909-17. 

Long-term dl:ioughts and trends: Herbst et (1966) 

In order to check the previous results and to extend the Paerau 

analysis from 1937 to 1969, drought periods are recalculated by way of a 

technique which was developed by Herbst et al. (op. cit) for South African 

conditions. The present study is based on monthly records, though daily 

drought calculations are possible by the method. 

It is assumed that farming practice is adapted to a prevailing climatic 

pattern, and that because of rainfall variability, seasonal droughts of 

moderate proportion should not be included in an assessment of severe 

conditions. As such, only deficits which exceed the average deficit for 

any month are included in the drought evaluation. Calculations are thus 

made of drought occurrence, duration, and severity at Paerau, from a modified 

version of a computer programme provided by the Division of Hydrology, 

Department of Water Affairs, Pretoria (see Appendix II). The analysis 

results are summarised in Table 95; column headings are as defined by 

Herbst. 
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TABLE 95: Summary of data in periods identified as droughts at 

Paerau (1908-1969) 

Onset of End of Duration of Drought Drought 
drought drought drou~ht intensity severity 
mth. year mth. year (months) (xlOO) (xlOO) 

2 1909 7 1913 53 88.1 4671.0 
7 1914 9 1917 38 78.3 2976.l 
3 1920 7 1920 4 109.6 438.5 
2 1922 11 1922 9 54.7 492.1 
7 1923 2 1924 7 130.4 912.5 

11 1924 7 1925 8 63.3 506.B 
6 1927 10 1930 40 110.2 4406.3 
3 1931 4 1933 25 94.5 2362.8 
7 1935 3 1936 8 99.3 794.3 
9 1937 4 1938 7 170.6 1194.5 
2 1939 2 1940 12 110.B 1330.0 
4 1940 11 1941 19 62.0 1177 .6 
5 1943 2 1944 9 77.5 697.9 
3 1946 9 1946 6 88.1 528.7 

11 1946 6 1947 7 74.0 517.8 
12 1947 10 1948 10 49.l 490.7 

9 1949 1 1950 4 71.6 286.3 
4 1950 11 1950 7 68.7 481.2 
1 1952 9 1952 8 45.4 363.3 
6 1953 3 1955 21 47.2 991.3 

12 1955 4 1956 4 196.7 786.7 
9 1958 11 1959 14 so.a 711.4 
1 1964 12 1964 11 76.0 836.l 
4 1966 9 1967 17 85.2 1448.9 

11 1968 12 1969 13 106.1 1379.5 
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The droughts are ranked in order (1-10} of increasing severity 

as 1953-55, 1940-41, 1937-38, 1939-40, 1968-69, 1966-67, 1931-33, 1914-17, 

1927-30 and 1909-13. The results compare favourably with the cumulative 

departure rainfall trends in Figure 22, and the RE index curves for the 

period to 1937 (Figure 47}. 

Long-term droughts and trends: ConaZusions 

When the methods used in this study of long-term drought are compared, 

it is concluded that the technique proposed by Herbst et aZ (op. cit) is 

of better value overall than that developed by Grant (op. cit). 

Grant's method depends on the availability of daily rainfall records, 

and its operation cannot strictly be considered to represent a model of 

drought determination. Comparisons of drought duration or severity can 

only be made on an average basis within the limits of pre-determined periods 

of natural change. As a result, the values of the RE Indices used as the 

basis for comparison can be amended at will, by a re-definition of the 

periods of change. Relative ranking may alter accordingly. 

Herbst's method is preferred, since it is simple to operate by 

computer, and determines drought periods, trends, and indices of drought 

severity. Further, the model can be operated with only monthly rainfall 

data if required. 

Overall results from this Upper Taieri study indicate that the 

drought of 1909-13 was the most severe for the 62 years to 1969. The 

period 1927-30 is ranked next in severity, and it is of interest to note 

that the four most severe drought periods all occurred before the mid-1930s. 

Further, the droughts defined for the l~te 1960s were more severe than any 

other since the early 1930s, though were closely followed by the general 

drought period of the late 1930s to early 1940s. 
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UPPER TAIERI . OPEN WATER EVAPORATION 

Irrigation of the Maniototo has been investigated periodically 

since the early 1900s, and has caused considerable controversy. Two 

major proposals have been considered in recent years. The first was 

presented in 1961, and proposed the irrigation of 41,000 acres solely 

by gravity feed. The second scheme, in 1964, involved a pumping 

extension to the earlier gravity proposal, with a consequent increase 

in the irrigated area to 64,500 acres. 

Both these schemes rely on the construction of a storage dam below 

the Paerau Bridge, with inundation of about 9,500 acres of the Styx 

Basin lowlandso Details of the schemes have been summarised by Leslie 

(1966} and the Ministry of Works (1967}. More recent alternative 

proposals appear to favour either a run-of-river approach to irrigation, 

or the use of upland reservoir storage. 

However, should either the 1961 or 1964 proposals be adopted and 

the Styx -Basin become a storage reservoir, then estimates of open water 

evaporation will be required. 

Since the use of open water evaporation data has often been 

demonstrated as a viable method of potential evapotranspiration estimation, 

then the converse is also held to be true. That is, given a potential 

evapotranspiration/evaporation relationship, -it should be possible to 

determine a long-term evaporation record from the previously calculated 

Upper Taieri potential evapotranspiration values. 

In order to calculate such a relationship, and thus a long-term 

evaporation record for the Styx Basin, ~~asured evaporation pan data 

for 1948-55 have been collated and listed in Table 96. The data do not 

form a complete time series, and have been derived from a non-standard 

pan set at an altitude of 1800 feet in approximately the centre of ~he 
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TABLE 96: Styx Basin monthly open water evaporation and potential 

evapotranspiration at 1800 feet for the period 1948 to 1955 

(Note: Evaporation tank used was a 24 inches diameter 
galvanised iron tank, rim 12 inches above ground 
level, set in approximately the centre of the 
proposed storage reservoir area). 

Year Month Pan Evaporation E9.uiv. o;een water Potential EvaEo-
- inches evaporation-inches transpiration -

(24 ins.diam. (= Pan evap.x0.81; inches 
tank) after Young,1947) (Thornthwai te) 

1948 8 1.3 1.05 0.85 
·9 3.1 2.51 1.00 
10 4.2 3.40 2.06 
11 5.1 4.13 2.46 
12 6.0 4.86 3.70 

1949 l 6.6 5.35 3.40 
2 6.3 5.10 3.37 
3 4.0 3.24 2.47 
4 1.8 1.46 1.38 
5 0.1 0.57 0.82 
6 0.3 0.24 0.35 

1950 4 2.0 1.62 1.52 
5 1.1 0.89 .. . 1.19 
6 o.8 o.65 0.35 
7 1.8 1.46 0.53 
8 2.9 2.35 0.48 
9 3.4 2.75 1.18 

10 4.6 3.73 2.39 
11 5.1 4.13 2.95 
12 5.3 4.29 3.42 

1951 1 6.2 5.02 3.63 
2 5.3 4.29 2.99 
3 3.6 2.92 2.82 
4 2.5 2.03 1.63 
5 2.8 2.27 0.75 
6 1.4 1.13 0.06 
7 0.6 0.49 0.52 
8 0.6 0.49 0.47 
9 2.6 2.11 1.20 

10 3.9 3.16 2.14 
11 5.3 4.29 2.76 
12 3.5 2.84 3.10 

1952 1 4.4· 3.56 3.38 
2 4.6 3.73 3.15 
3 3.4 2.75 2.52 
4 2.3 1.86 1.73 
5 1.1 0.89 0.87 
6 o.3 0.24 0.33 
7 og5 o.41 0.17 
8 0.1 0.57 0.89 
9 2.8 2.27 1.22 

10 4.7 3.81 2.36 
11 4.5 3.65 2.46 
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TABLE 96: Continued 

Year Month Pan Evaporation Equiv. open water Potential Evapo-
- inches evaporation-inches transpiration -

(24 ins.diam. (= Pan evap.x0.81; inches 
tank) after Young,1947) (Thornthwai te) 

1952 12 4.1 3.32 3.55 
1953 1 6.1 4.94 3.47 

2 3.6 2.92 2.82 
3 3.3 2.67 2.52 
4 1.9 1.54 1.68 
5 1.2 0.97 0.93 
6 0.6 o.49 0.30 
7 0.2 0.16 0.28 
8 1.4 1.13 0.82 
9 2.8 2.21 1.09 

10 3.7 3.00 2.13 
11 4.9 3.97 2.99 
12 6.2 s.02 3.62 

1954 1 s.o 4.05 3.66 
2 s.o 4o05 3.34 
3 3.2 2.59 2o59 
4 1.8 1.46 1.31 
5 1.6 1.30 1.05 
6 1~5 1.22 0.69 
7 Oel Oo08 0.22 
8 1.2 0.97 0.52 
9 1.7 1.38 0.98 

10 4.8 3.89 2.15 
11 4.5 3.65 3.25 
12 7.0 5.67 3.49 

1955 1 5.2 4.21 3.78 
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proposed irrigation storage reservoir area. Also shown in Table 96 

are the equivalent values of open water evaporation using a pan-open 

water coefficient of 0.81 (Young, 1947), and the 1948-55 monthly 

potential evapotranspiration data calculated for 1800 feet. 

An open water evaporation prediction equation is thus developed 

by way of simple linear correlation and regression and the data from 

Table 96. 

in Table 97: 

TABLE 9?: 

The equation and other statistical information are given 

Styx Basin open water evaporation-potential evapotranspiration 

(Thornt7ThJaite) relationship for the period 1948-54 

(Notes: (i) 
(ii) 

(iii) 

All data are for .an altitude of 1800 feet; 
Y = open water evaporation in inches; 
x = potential evapotranspiration in inches; 
Pan-open water coefficient is 0.8J. (Young, 1947)). 

STYX BASIN EVAPORATION: Y = l.20x + 0.28 
n = 69; (n-2)d.f.; sy.x = 0.634 inches; C11 = 0.0106; 

x = 1.89 inches; sx = 1.18 inches; r = 0.91; 

s.1. <0.01 

The correlation coefficient of 0.91 is significant at greater than 

the 99 percent level, and the relationship is considered to be satisfactory 

for record extension purposes. Monthly, seasonal, and annual open water 

evaporation records are thus derived for the period 1909-69, and the results 

summarised in Table 98. Also shown are the standard errors of prediction 

for mean open water evaporation, as determined from equation (24). The 

values of x are the 1909-69 mean mqnthly, seasonal and annual Styx Basin 

potential evapotranspiration data calculated for 1800 feet, and are assumed 

to be error free. 



TABLE 98: 

Month/ 
season 

(1) 

January: 
February: 

March: 
April: 

May: 
June: 
July: 

August: 
September: 

October: 
November: 
December: 

Summer: 
Autumn: 
Winter: 
Spring: 

Jan-March: 
Oct-March: 

Annual: 

Notes: 
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Styx Basin mean monthly, seasonal and annual open water 

evaporation parameters for the period 1909-69 and an 

altitude of 1800 feet 

A 

1909-69 mean sµx.x Column (3) as Maximum Minimum mean 
012en water (inches) 12ercentage of mean. monthly/ monthly/ 
eva12oration Column (2) seasonal open seasonal open 

(inches} water eva2'n. water evap'n. 

(2) 

4o43 
3.68 
3.23 
2.09 
1.29 
o. 76 
0.66 
1.05 
1.35 
2.68 
3.37 
4.14 

12.25 
6.61 
2.47 
7.40 

11.34 
21.53 
27.86 

(i) 

(ii) 

(iii) 

(3) 

0.121 
0.098 
0.085 
0.080 
0.102 
0.123 
0.127 
0.111 
0.100 
0.076 
0.088 
O.ll5 

0.533 
0.233 
0.076 
0.274 
0.484 
1.035 
1.379 

(4) 

2.88 
2.65 
2.62 
3.83 
7.93 

16.2 
19.3 
10.6 

7.44 
2.85 
2.62 
2.79 

4.35 
3.53 
3.09 
3.71 
4.27 
4.81 
4.95 

(inches) 

(5) 

5.68 
4.67 
4.02 
2.92 
1 .. 77 
1.16 
1.23 
1.59 
1.90 
3.58 
4.62 
5.52 

15.87 · 
8.71 
3.98 

10.10 
14.37 
28.09 
29.60 

(inches} 

(6) 

4.11 
3.41 
2.62 
1.85 
0.71 
0.28 
0.28 
o. 72 
1.08 
2.32 
2.54 
2.48 

10.00 
5.18 
1.28 
5.94 

10.14 
17.48 
26.57 

Columns (2), (5) and (6) - values derived from the 1909-69 
synthetic record calculated by the potential evapo­
transpiration/evaporation relationship in Table 97. 

"' Column (3) - estimated standard error of µy, given x is 
error free and,,..equa.1 to x; determined from equation (24). 
Column (4) - Sµy.x values in Column (3) as a percentage 
of the 1909-69 means listed in Column (2). 



354 

The results show that mean monthly open water evaporation between 

October and March is estimated by regression with standard errors of 

less than three percent. Standard errors approach 20 percent in the 

winter months, though the evaporation is of course low. Mean seasonal 

and annual open water evaporation is also estimated by regression to 

within 10 percent at the 95 percent probability level. However, the 

standard errors given by Table 98 must be considered as minimum values, 

since the potential evapotranspiration data used in the regressions are 

not error free. Nevertheless, although the errors of evapotranspiration 

estimation are not readily quantifiable, they are considered to be small. 

Table 98 shows that the maximum monthly evaporation occurs in January, 

and the lowest in July. Mean annual open water evaporation is 27.86 inches, 

and on average 77 percent of this occurs in the period October to March. 

Mean summer evaporation is 12.25 inches, equivalent to·l.6 times the average 

summer·rainfall for low-lying areas of the Styx Basin. The average annual 

open water evaporation is calculated to be 110 percent of the average annual 

rainfall for Area 1. Although full summaries of the evaporation data 

derived for 1909-69 are not given here, use of the values should be in 

awareness of the errors involved - reference should be made to equations 

(24) or (28), and the statistics given in Table 97. 

Of further interest from the results is the calculation of mean 

reduction factors used to derive potential evapotranspiration from open 

water evaporation. Factors computed for the presented Styx Basin data 

are compared in Table 99 with the values proposed by Penman (1948) and 

Finkelstein (1961)0 

The two sets of factors are in close agreement overall, and suggest 

that the use of a 0.81 pan-open water coefficient was realistic for the 

measured pan data. The results a~so accord with the findings of Rickard 
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(1957} for the Canterbury Plains, in that the reduction factor for the 

combined months March, April, September and October is approximately as 

high as that given for November-February. 

TABLE 99: 

May-Augus;~: 

Styx Basin potential evapotranspiration/open water evaporation 

reduction factors 

(Notes: (i) Styx Basin reduction factor values for 1909-69 
are derived from the long-term evaporation data 
given in Table 98, and the 1909-69 mean monthly 
potential eval'otranspiration data calculated 
for 1800 feet. 

(ii} The presented Penman reduction factors have been 
converted to Southern Hemisphere climatic conditions 
(Finkelstein, 1961). 

Styx Basin Reduction 
factors for 1909-69 

o.s7 

Penman (1948) 
reduction factors 

o.6 
March, April, 
September, October: 0.79 0.7 
November-February: 0.83 o.a 

Year: 0.74 o. 75 
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CHAPTER VIII: CONCLUSIONS 

The objective of water resources planning is to make the most 

effective use of the available water supply to meet all the foreseeable 

short and long-term needs of a region. To this end, a survey of the 

water resources of a region is intended to provide an estimate of the 

sources, extent, characteristics, magnitude and dependability of this 

supply. From such a survey one can realise the advantages of multiple 

use, reconcile conflicting interests, and achieve optimum coordination 

between all interests concerned. 

To plan a data collection programme it is vital to first establish 

the purposes for which the gathered data are to be used, and the degree 

of precision of the information at a particular confidence level that 

will be adequate. The purpose will determine the required data precision. 

Precision requirements will in turn dictate the minimum record lengths of 

each variable necessary to estimate population parameters at a point, and 

the network density needed for parameter estimation over an areaa A 

numerical statement as to what data precision is required may be different 

for each parameter and may refer to any number of variables over whatever 

time period. 

This study is concerned with the data requirements and analyses fo-r 

the planning of an irrigation scheme in the Maniototo Plains and Styx 

Basin, Central Otago. Simple standard or appropriately modified 

techniques are used to provide useful information with least cost in time 

and money. 

The 95 percent confidence level is adopted for required data precision. 

Specified values of parameter precision for each variable are determined 

from the limiting factors of: 
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(i) the minimum acceptable precision as deduced from logical consider­

ation of the design criteria; and . 

(ii) the maximum degree of precision likely to be achieved irrespective 

of either record length or network density, because of random and 

systematic errors inherent in the basic data measurement and processing. 

Allowable standard errors of population parameter estimates are stated 

to be plus or minus 10 percent for streamflow and precipitation, and plus 

or minus five percent for temperature. 

Upper Taieri basin data analyses and result presentation are oriented 

towards three study objectives. 

of hypotheses:-

The first two may be stated in the form 

(i) That the measurements of precipitation, temperature and streamflow 

in the catchment p~rmit estimates of the station, total, and sub­

catchment monthly, seasonal and annual mean, variability,and 

extremes of the variables at the required precision levels. 

Should this objective not be realised, then:-

(ii) That deterministic and stochastic models of data synthesis increase 

the information contained in the data series for each variable, as 

compared with the measured series alone, and enable estimates of 

the population parameters to be determined at the required precision 

levels. The deterministic techniques chosen are simple and multiple 

regress_ion analyses, water balance, and conceptual models. 

A further function of this study is the opportunity to test the within­

catchment variations of yield and flow characteristics from a single basin, 

which is assumed to be 'representative' of a hydrologically homogeneous 

region. From this, it is theoretically possible to check the validity 

of commonly accepted concepts of 'regional hydrology', at le-ast within the 

East Otago Region. The third study objective is thus stated as:-
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(iii)To define regional homogeneity, by stating perrnissable limits of areal 

variation in annual yield and low flow characteristics. Hence, to 

determine whether the Upper Taieri area is hydrologically homogeneous 

by the stated criteria, using the parameters annual yield, variability 

index, base-flow recession constant and unit area base-flow. 

The principal conclusions reached in this study are summarised as 

follows:-

1. Records of precipitation and strearnflow in the Upper Taieri basin to 

1966 were sparse, and insufficient for a water resources appraisal of 

the area. 

Figure 2. 

The data collection network was thus extended as shown in 

2. It is essential to be able to determine the network density required 

to assess rainfall and/or temperature over an area to a given precision. 

Earlier techniques used to estimate the errors, and thus optimum 

network density, are rejected for this study, in favour of those 

described by Hutchinson (1969(a)) and Gandin (1970) - inter-station 

correlation and the structural function. 

3. Use of the inter-station correlation approach to precipitation network 

design shows that the present station separation of 5.3 miles is quite 

adequate to satisfy the 0.9 correlation coefficient criterion for 

annual data and for 7 5 perc.ent of months. However, the results 

suggest that for practical purposes it may not be feasible to 

establish a network .of sufficient density to give e·stimates of mean 

areal rainfall to the required precision for every month. 

4. Network design by structural function analysis supersedes the above 

inter-station correlation coefficient-distance relationships to 

determine mean or minimum grid di$~ances, since the correlation­

distance technique cannot give an absolute value of the standard 

error. However, assessment of the present network by way of 

structural function analysis confirms the results found for the 



previous inter-station correlation approach. The present network 

is quite adequate for annual data;distances between gauges of up to 

30 miles would satisfy the design criterion. Results for the monthly 

data are less promising. In no month does the present network allow 

mean areal rainfall estimation to within 20 percent of actual rainfall 

at the 95 percent confidence level. Further, in only five months is 

it possible to estimate values with standard errors of interpolation 

which are less than 10 percent, no matter how dense the network. The 

chosen allowable error thus appears too stringent a criterion for the 

study area, though a higher value may be unacceptable for engineering 

and water resources purposes. 

5. To lower the calculated values of IE from equation (3) for the 

Upper Taieri measured monthly precipitation data, requires either 

a decrease in the values of sample variance through an increase in 

record length, or increases in the values ofµ with corresponding 

decreases inn. However, it is suspected that the general Otago 

correlation-distance relationship under-estimatesµ for small 

distances in the Upper Taieri Basin. 

the value of IE. 

This increases Eopt and thus 

6. Structural function analysis also shows that the present Meteorological 

Service temperature recording network is adequate for areal estimates 

of monthly and annual mean temperatures to within the required design 

criterion. Values of IE are less than 10 percent at the 95 percent 

confidence level. For a station separation of up to 80 miles, monthly 

IE is less than four percent of the mean and the equivalent annual 

value is less than one percent. Naseby State Forest records may thus 

be used to represent monthly and annual mean temperature data in the 

Upper Taieri area with only minor errors introduced. 

7. Measured streamflow and temperature records in the Upper Taieri area 

are necessarily assumed to be consistent and homogeneous. The 
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precipitation data are shown to be consistent, though earlier data 

from the extended Upper Taieri network required correction for 

evaporation losses. Kerosene is found to be unacceptable as an 

anti-evaporant for storage gauge catch, and has been replaced by a 

light oil. The oil is also found to be a useful additive in winter 

if frost damage of storage gauges is expected. 

8. The presented SUll'.maries of measured monthly, seasonal and annual 

precipitation, temperature and streamflow data provide basic 

information of value for engineering design, and give an- insight 

into the general hydrological characteristics of the Upper Taieri area. 

However, if records are short, the parameters may be poor estimates 

of the population parameters. Ultimate value for engineering design 

can only be achieved when the available measured data are considered 

in terms of the degree of precision to which the parameters are 

estimated, and comparison of these values with the required precision 

levels. The statistical parameters considered in this study for each 

variable are the mean, variability and extremes for time intervals 

which vary from daily to average annual values. 

9. Although recognised as an approximation of actual conditions, all 

the measured data are considered to be stationary time series of either 

normal or log-normal distribution, and without serial correlation. 

10. Mean seasonal and annual station precipitation may be estimated from 

the measured Paerau data with standard errors of less than 10 percent. 

The error criterion could be satisfied by five year's data for an 

annual mean, and by 17 year's records for a seasonal mean. However, 

half the months from the 35 year measured record have standard errors 

greater than 10 percent, and calculations show that up to 60 years of 

data may be needed to achieve the stated criterion for all months. 

11. Estimation of total and sub-catchment long-term areal mean precipitation 

to within 10 percent of actual precipitation is unlikely from the 
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measured data. All station records from the post-1966 network need 

considerable extension in order to allow direct estimation of areal 

population parameters with less than the allowable total error. 

12. For maximum one, two and three-day rainfalls, standard errors of less 

than 10 percent only occur for estimates of the annual extreme values 

at T less than about five years. Higher return period values of 

annual~ show possible standard errors well in excess of the 10 percent 

stated as acceptable. 

13. Available measured temperature data allow estimates of station 

monthly, . se.asonal and annual mean and variability at the required 

precision level. Standard errors of the mean are all less than 

one percent for the 45 year record, and for the stated time intervals 

the error criterion could have been satisfied by only two years of 

record. 

14. Total catchment mean annual, winter, spring, and -October-March 

discharges may be estimated from the 25 to 30 year measured Paerau 

Bridge record, with standard errors of less than 10 percent. For 

these time intervals the error criterion could have been satisfied 

by 17 years of record. However, for the seasons which remain, and 

half the months, standard errors in estimating the mean exceed 10 

percent. Streamflow population estimates with standard errors less 

than 10 percent could theoretically be achieved by an increase in 

record length, though this is an impraetical solution for the months 

December to March. Alternatively, a less stringent error criterion 

must be accepted for the summer and early autumn months. 

15. Available measured data for the principal sub-catchments do not allow 

dirept estimation of monthly, seasonal, or annual discharge parameters 

to within the allowable total error. Upper Taieri flow measurement 

stations other than Loganburn have insufficient data of a type suitable 

for any direct form of parame~er estimation. The continuous measured 
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record for Loganburn is of insufficient length - standard errors of up 

to 42 percent are calculated for the mean seasonal discharges, and up 

to 60 percent for monthly values. 

16. Measurements of daily mean or instantaneous discharge do not allow 

estimation of total or sub-catchment annual flood or minimum flows 

at the required precision level for any return period. Standard 

errors of about 11 percent are given for both the flood and minimum 

flows at T equals two years, and values of up to 21 percent are 

evident for the higher recurrence intervals. 

17. When items 10-16 are considered together, it is evident that the 

first study objective has not been fully realised. Although the 

data collection network is theoretically acceptable for most 

purposes, the measured values do not allow estimation of all the 

needed population parameters at the required precision level. 

Record collection from all precipitation and streamfl6~ measurement 

stations in the post-1966 network needs to be continued, unless in­

direct ways are used to obtain parameter estimates to within the 

stated precision level. 

18. Record synthesis is thus necessary in order to increase the amount 

of information contained at this stage in the precipitation and 

streamflow data series. The results show that the second study 

objective has also not been realised in full. Addition of synthesised 

records to the precipitation and streamflow data series still does not 

permit estimates of all the required population parameters at the 

required precision levels. In fact, under some circumstances, 

estimates of population parameters based on the blended records are 

shown to be less reliable than those based on the measured record 

alone. In these instances, a decrease in statistical information is 

experienced oy record extension. Additional conclusions which are 

related to assessment of the second study objective are given as 
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follows (Items 19-34). 

19. Estimates of mean seasonal and annual precipitation at Paerau are 

now available to greater precision than for the measured series alone. 

The additional data are derived from simple linear and curvilinear 

correlation and regression analyses. Mean annual rainfall is 

estimated to within seven percent at the 95 percent confidence level. 

Results for the monthly data show that only August now has a 

standard error which exceeds 10 percent, and that effective record 

lengths have increased by up to 20 years. However, conditions for 

improved estimates of the station variance are found for only three 

months. 

20. It does not appear possible to estimate areal precipitation parameters 

to the required degree of precision with the data available. Standard 

errors from regression estimates of long-term average catchment 

precipitation suggest that, for the given monthly Paera:u data, mean 

values of average basin rainfall may be estimated to within six percent. 

However, these errors increase to almost 40 percent if the independent 

variables are not considered to be error free. Standard errors of 

total or sub-catch..~ent mean precipitation estimation are unlikely to 

be less than those shown for the network assessment by structural 

function analysis. 

21. Extension of the total catchment streamflow· record is achieved by·way 

of techniques which use measured climatic data. Little information 

was gained by the analyses. None of the four deterministic models 

chosen for Paerau Bridge record extension allow parameter estimation 

to markedly greater precision levels than for the measured series alone. 

Precision limits of parameter estimates derived by water balance and 

conceptual models are not readily quantifiable. However, these limits 

may be qualitatively deduced by comparing the calculated model efficiency 

with similar values derived for simple and multiple regression models 

of known error. 
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22. Results for the simple rainfall-runoff regression models show that in 

only three months does the blended record give estimates of the long­

term mean which are any more precise than those calculated from the 

measured record. Standard errors of up to 31 percent are found for 

October and November estimates, and only in winter is the value less 

than 10 percent. 

11 years. 

The maximum gain in effective record length is 

23. Paerau Bridge multiple rainfall-runoff regression models give improved 

flow prediction results compared with those derived from the other 

deterministic models tested. The second study objective is not 

satisfied by .the analysis, but these multiple regression models are 

shown to be the most suitable for prediction of the missing Paerau 

Bridge streamflow records. Since the equations are only used here 

to predict mean monthly yields, it is not possible to improve precision 

estimates of the Paerau Bridge extreme values. 

24. The water balance model used in this study is a modified version of 

that proposed by Thornthwaite & Mather (1955). The major change 

from the original model is that potential evapotranspiration is now 

computed by a method which contains built-in altitudinal corrections 

dependent on variable seasonal lapse rates. It is thus possible to 

calculate values of potential evapotranspiration for any specified 

altitude, from one set of basic temperature data at a known height 

above sea level. Versions of the model with 50 and 70 percent 

carryover factors of water available for runoff are tested, but both 

are found to be unreliable for Paerau Bridge runoff prediction. A 

model is developed which uses a 60 percent carryover factor, and 

variable direct response dependent on season. Although natural 

catchment conditions are more closely simulated, the benefits of 

model generality are lost by the changes. 

25. A large proportion of the gene~al water balance yield prediction 
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errors can be ascribed to incorrect determination of within year 

runoff distributions. Principal value of the method in the Upper 

Taieri area is thus to determine the space and time variations 

in soil moisture deficits. 

26. Except for initial estimates, general application of the basic 

water balance equation cannot be recommended for yield calculations. 

Catchment mean annual yield may be given to within acceptable error 

limits. However, percentage errors can be expected to increase 

rapidly when data are required for shorter time intervals, for non­

watertight catchments, or when seasonal moisture deficits can be 

expected. 

27. The conceptual model used in this study is a modified version of 

that developed by Boughton (1965, 1966, 1968}. Principal changes 

introduced are the addition of a groundwater store, and provision 

for interflow and groundwater components in the total runoff. The 

model is generally unsatisfactory for Upper Taieri runoff prediction. 

Mean monthly yields at Paerau Bridge are no more precise than those 

synthesised by the simpler alternative methods. 

28. However, total error from each of the deterministic models used for 

Paerau Bridge runoff generation is composed mainly of occasional 

large values. If these occasional large errors are acceptable, the 

predicted records may be considered a reasonable representation of 

the measured data. 

29. The stochastic sequential generation model developed by Thomas & 

Fiering (1962) is successful overall when used to simulate total 

catchment mean monthly flow sequences. Howe,,er, the model cannot 

be used here to satisfy the ·second study objective, since the measured 

model input data will not allow flow series to be generated with 

population parameter estimate standard erro~s of less than the 10 percent 

allowed. 
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30. Sub-catchment streamflow records are extended by simple linear regression 

analysis, with the Paerau Bridge data as the independent variables. 

Effective record extensions·vary from nine to 21 years. 

31. If the independent variables are assumed to be error free, addition 

of regression estimates to the Loganburn streamflow record allows 

determination of mean discharge at the required precision level for 

most time intervals of a month or more. Mean annual discharge is 

estj_mated to within five percent from the blended record, and only 

four months have standard errors which exceed 10 percent. Prediction 

stand~rd errors for Upper Styx Valley Bridge mean discharge estimates 

are less than eight percent, but the Styx and Serpentine Creek values 

generally exceed 10 percent. 

32. However, the independent variables in the regressions are not error 

free. When the sub-catchment mean discharges are considered as 

population estimates, then only the long-term mean annu?l discharge 

for Loganburn is determined with a standard error of less than 10 

percent. 

33. Regression analysis is no help in the estimation of sub-catchment 

extreme values at the required precision level. The computed data 

are subject to both standard errors of prediction and the calculated 

errors of~ for the measured Paerau Bridge records - total errors 

are thus likely to be excessive. 

34. For engineering design of any proposed irrigation scheme to proceed 

now, the chosen error cr-iteria must be judged too stringent for the 

Upper Taieri data. · If the calculated standard errors cannot be 

accepted, all the precipitation and streamflow records from the post-

1966 network will require extension by additional observations. 

35. The establishment of a stratified hydrological sampling programme on 

a national basis, requires the use of representative basins and an 

acceptance of the concepts of regional hydrology. Regional classifi-



367 

cation is complex, but in New Zealand only the uniformity of basin 

characteristics has been considered in the definition of present 

regions. These uniform catchment characteristics are assumed to 

produce hydrological similarity within each region. 

36. Several New Zealand studies have attempted to ·demonstrate the 

similarity of hydrological parameters from areas with like basin 

characteristics (Grant, 1971; Waugh, 1970). However, the results 

do not seem consistent with the conclusions reached. Between-region 

differences of low flow parameters are stated as significant, but no 

attempt is made to statistically verify this conclusion. Further, 

parameter differences within regions seem to be equally as significant 

as those which supposedly illustrate the between-region differences. 

37. Hydrological homogeneity cannot be assumed to equate with uniformity 

of basin characteristics, at least for low flows. Hydrological 

regions are better defined in terms of allowable areal variation for 
. 

stated hydrological parameters. A numerical value for allowable 

variation may be different for each parameter. The parameters 

chosen, their permissable limits of spatial variation, and size of 

hydrological region, will be related to the purpose for which the 

data are to be used. 

38. The permissable limit of hydrological homogeneity for Upper Taieri 

streamflow parameters is generally chosen as a variation of plus or 

39. 

minus 20 percent from the 'representative' value. Different criteria 

are necessary, however, when differences in the sub-catchment recession 

constant and half-flow period values are considered. 

The Upper Taieri results are disappointing overall. Standard errors 

of prediction for some of the sub-catchment streamflow parameter 

values precl~de reliable determination of within catchment differences. 

Nevertheless, the sub-catchment mean annual yields and base-flow 
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recession parameters are sufficiently error free to conclude that 

the study area is not hydrologically homogeneous by the stated 

criteria. Further, the boundaries of hydrologically similar 

regions are shown to vary dependent on the streamflow parameter 

considered. 

40. Differences in hydrological characteristics are thus again 

evident for an area with basin characteristics classified as 

uniform by the present regional divisions. 

41. The general climatic character of the Upper Taieri basin gives 

an air of uncertainty to pastoral farming in the area. Plant 

growth in summer and autumn is largely limited by a lack of 

effective rainfall, with frost the principal limitation to growth · 

later in autumn. In spring, accumulated soil moisture storage and 

rainfall are generally adequate to maintain uninterrupted growth 

until November. A decrease in available soil moisture is the general 

limitation to growth in late spring. 

42. There is a need for irrigation in the Upper Taieri area if potential 

crop production is to be attained. Calculated soil moisture deficit 

values show that irrigation of the Styx Basin lowland area is necessary 

in almost every year for the period December to March. If an 

irrigation efficiency of 60 percent is assumed, the estimated highest 

water requirement in 75 percent of years for October-March is about 

six inches. The value increases to 10.5 inches in 90 percent of 

years. Further, the highest monthly requirements govern the capacity 

of the water distribution and application system. In this study, the 

maximum need values are calculated as 1.83 inches in 75 percent of 

years and 2.65 inches for 90 percent of years. 

43. Should eithe~ the 1961 or 1964 irrigation scheme proposals be 

implemented and the Styx Basin become a storage reservoir, then 
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estimates of open water evaporation will be required. Mean 

monthly evaporation between October and March is estimated by 

regression with standard errors which approximate three percent. 

Average annual evaporation in the proposed storage area is 

calculated as 28 inches. The mean summer value is 12.25 inches, 

equivalent to 1.6 times the average summer rainfall for low-lying 

arece of the Styx Basin. 

44. Closely associated with the analyses of moisture deficits and 

irrigation water needs, is a study of the severity and occurrence 

frequency of drought in the Upper Taieri and nearby areas. The 

probability of drought in the Maniototo is high, but considerably 

less so in the Upper Taieri Basin. Long-term droughts in the study 

area, for the period 1909-69, are ranked in order of increasing 

severity as 1953-55, 1940-41, 1937-38, 1939-40, 1968-69, 1966-67, 

1931-33, 1914-17, 1927-30 and 1909-13. 

45. For this study of long-term drought, the drought severity index 

approach developed by Herbst et al. (1966) is concluded to be of 

better value overall than the rainfall effectiveness index method 

proposed by Grant (1968, 1969). Grant's method depends on daily 

rainfall records for operation, and cannot strictly be considered 

to represent a model of drought determination. Comparisons of 

drought duration or severity can only be made on an average basis 

within limits of predetermined periods of natural change. The 

RE Index values can thus be changed at will, by a re-definition of 

these periods of change. Herbst's method is preferred, since it 

is simple to operate, and determines drought periods, trends, and 

indices of drought severity from either monthly or daily precipitation 

data. 

46. The principal study objectives have been only partially realised. 
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However, the region's usable surface water resources are determined 

and analysed for their areal distribution and time variation. The 

information provided is of both local and national importance. The 

study is most timely, since too much engineering design has already 

been done in New Zealand without the types of consideration encompassed 

by this project. Similarly, the techniques used here have too 

frequently been applied elsewhere without question. 
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APPENDIX I: UPPER TAIERI CATCHMENT MONTHLY AND ANNUAL 
PRECIPITATION, TEMPERATURE AND RUNOFF PREDICTION 
EQUATIONS. 

APPENDIX I{1): Monthly and annual rainfall regression equation statistics 
for Paerau synthetic record determination (see Table 42). 

A. Paerau.:.Manorburn Dam: (Data 1914-40). 

(i) January: n = 27; (n-2)d.f.; Sb1 = 0.1933; Sy.x = 1.176 ins.; 
C11 = 0.0270; x = 2.40 ins.; F = 32.94; significance 
level (s.1.) <0.001. 

(ii) February: n = 27; (n-3)d.f.; Sb1 = 0.7528; Sy.x,x2 = 1.020 ins.; 
C11 = o.5444; C12 =-0.1294; C22 = 0.0330; x = 1.71 ins.; 
x 2 = 3.91 ins.; F = 27.05; s.1.<0.001. 

(iii) March: n = 27; (n-3)d.f.; Sb 1 = 0.7660; Sy.x,x2 = 1.268 ins.; 
C11 = 0.3649; C12 = -0.0750; C22 = 0.0167; 

(iv) April: 

(v) May: 

(vi) June: 

x = 1.81 ins.; x2 = 4.64 ins.; F = 14.55; s.1. <0.001. 

n = 27; (n-2)d.f.; 
C11 = 0.0472; x = 

n = 27; (n-3)d.f.; 
C11 = 0.1944; C12 
5c2 = 5.32 ins.; F 

n = 27; (n-4)d.f.; 
C11 = 20.610; C12 
C2s = -1.414; C3 3 xs = 5.31 ins.; F 

Sb1 = 0.1974; 
2.01 ins., F = 

Sb1 = 0.3216; 
=-0.0250; C22 
= 32.38; s.1. 

Sb1 = 4.897; 
= -12.503; C13 

Sy.x = 0.909 ins.; 
49.23; s.1. <0.001. 

2 Sy.x,x = 0.729 ins.; 
= 6.0036; X = 1.87 ins.; 
<0.001. 

2 3 Sy.x,x ,x = 1.079 ins.; 
= 2.233; C22 = 7.768; 

- 0.262; i = 1.40 ins.; x2 = 2.50 ins.: 
= 9.36; s.1. <0.001. 

(vii) July: n = 27; (n-2)d.f.; Sb1 = 0.2813; Sy.x = 0.696 ins.; 
C11 = 0.1634; x = 0.99 ins.; F = 18.29; s.l. <0.001. 

(viii) August: n = 27; (n-4)d.f.; Sb1 = 2.8072; Sy.x,x2 ,x 3 = 0.985 ins; 
C11 = 8.125; C12 = -6.518; C13 = 1.408; 
C22 = 5.474; C23 = -1.215; C33 = 0.276; 
x = 1.08 ins.; x2 = 1.50 ins.; x3 = 2.51 ins.; F = 13.12; 
s.l. <0.001. 

(ix)September: n = 27; (n-2)d.f.; Sb1 = 0.2013; Sy.x = 0.162 ins.; 
C11 = 1.549; x = 1.29 ins.; F = 15.84; s.1.<0.001. 

(x) October: n = 27; {n-2)d.f.; Sb1 = 0.1074; Sy.x = 
C11 = 0.0298; x = 1.76 ins.; F = 101.68; 

0.623 ins.; 
s.l. <0.001. 

(xi) November: n = 27; (n-2)d.f.; Sb1 = 0.1648; Sy.x = 0.762 ins.; 
C11 = 0.0468; x = 2.0J ins.; F = 42.22; s.l. <0.001. 
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(xii)December1 n = 27; (n-3)d.f.; Sb1 = 0.9833; sy.x,x2 = 1.244 ins.; 
C11 = o.5957~ C12 =-0.1117; C22 = 0.0228; X = 2.01 ins.; 
x2 = 4.80 ins., F = 10.24; s.1. <0.001. 

(xiii) Antual: n = 27; (n~3)d.f.; Sb 1 = 1.4811; Sy.x,x2 = 4.761 ins.; 
C11 = 0.0968; C12 = -0.0019; C22 = 0.00004; 
X = 20.37 ins.; x2 = 430.79 ins.; F = 9.80; s.1. <0.001. 

(Data 1916-40) 

(i) January: n c 25; (n-2)d.f.; Sb 1 = 0.1203; Sy.x = 0.737 ins.; 
C11 = 0.0267; x = 2.04 ins.; r = 0.912; F = 117.38; 
s.1. <0.001. 

(ii) February: n = 25; (n-2)d.f.; Sb 1 = 0.3149; sy.x = 1.251 ins.; 
c1 1 = 0.0635; x = 1.39 ins.; r = o.732; F = 27.06; 
s,1. <0.001. 

(iii) March: 

(iv) 

n = 25; (n-4)d,f.1 Sb1 = 
C11 = 7.784; C12 =-6.378; 
C23 = -1.358; C33 = 0.343; 
iL= 3.77 ins,; r = o.636; 

3.694; sy.x,x2 ,x 3 = 1,324 ins.; 
C1s = 1.483; C22 = 5.578; 
x = 1.21 ins.; x2 = 2.06 ins.; 

F = 9.02; s.1. <0.001. 

n · = 25; Cn-2)d.f.1 Sb 1 = o.30231 sy.x = 
C11 = 0.0614; ~ = 1.41 ins.; r = 0.644; 
s.l, <0.001. 

1,221 ins.; 
F = 16.88; 

(v) May: n = 25; (n-2)d.f.; Sb1 = 0,2648; sy.x = 0.847; 
C11 = 0.0979; x = 1.06 ins~; r = 0.811; F = 41.72; 
s.1.<0.001. 

(vi) June: n = 25; (n-2)d.f.; Sb1 = 0.6000; Sy.x = 1.363 ins.; 

(vii) 

(viii) 

c11 = o.1938; x = o.a2 ins.; r = o.444; F = 3.51; 
s.l. >0.05. 

July: n = 25; (n-3)d.f.; Sb1 = o.5645; sy.x,x 2 = o.695 ins.; 
C11 = 0.6600; C12 = -0.1884; C22 = 0.0619; X = 0.86 ins.; 
x2 = 1,20 ins.; r = 0.486; F = 8.66; s.l. <0.01. 

August: n = 25; (n-4)d.f.; Sb1 = 
C11 = 9.265; C12 = -8,646; 

~p = -2.405; Cs s = o.696; 
X = 1.00 ins.; xs = 1.67 
s.l. <0.01. 

3.554; 2 3 Sy.x,x ,x 
C13 = 2.268; C22 

x = 0.86 ins.; 
ins.; r = 0.641; 

= 1.168 ins. ; 
== 8.682; 

F = 6.97; 

(ix)Septernber: n = 25; (n-4)d.f.; Sb1 = 2.876; Sy.x,x2 ,x 3 = 0.920 ins.; 
C11 = 9.783; G12 = -8.583; C13 = 2.112; C22 = 8.044; 
c23 = -2.068; Css = o.549; x = 0.96 ins.; x2 = 1.24 ins.; 
x3 ·= 1.99 ins.; r = 0.440; F = 3.43; s.l.<0.05. 

(x) October: n = 25; (n-3)d.f.; Sb1 = 0.3550; sy.x,x2 = Oc553 ins.; 
C11 = o.413; C12 = -0.0970; C22 = 0.0245; x = 1.35 ins.; 
x2 = 2.00 ins.; r = o.891; F = 55.78; s.l. <0.001. 
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(xi) November: n = 25; (n-3)d.f.; Sb1 = 1.0014; Sy.x,x2 = 0.920 ins.; 
C11 = 1.185; C12 =-0.3590; C22 = 0.1160; x = 1.35 ins.; 
~ 2 = 2.33 ins.; r = 0.674; F = 11.72; s.l. <0.001. 

(xii) December: 

(xiii) Annual: 

n = 25; (n-2)d.f.; Sb1 = 0.3772; Sy.x 
C11 = 0.0780; x = 1.83 ins.; r = 0.698; 
s.l. <0.001. 

= 1.351 ins.; 
F = 16.08; 

n = 25; (n-4)d.f.; Sb1 = 87.231; Sy.x,x 2 ,x 3 = 5.671 ins.; 
C11 = 236.626; C12 = -14.625; C13 = 0.297; C22 = 0.906; 
C23 = -0.0184; C3 3 = 0.00038; x = 15.15 ins.; 
x2 = 233.39 ins.; x3 = 3657.17 ins.; r = 0.227; F = 2.99 
s.l. >o.o5. 

c. Paerau-Waipiata Sanatoriu~ (Data 1916-40). 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

(viii) 

(ix) 

January: n .= 25; (n-2)d.f.; Sb1 = 0.1566; Sy.x = 1.015 ins.; 
C11 = 0.0238; x = 2.07 ins.; r = o.837; F = 53.95; 
s.l. <0.001. 

February: n = 25; (n-2)d.f.; Sb1 = 0.3033; Sy.x = 1.246 ins.; 
C11 = 0.0593; x = 1.50 ins.; r = 0.738; F = 27.46; 
s.l. <0.001. 

March: n = 25; (n-2)d.f.; Sb1 = 0.3260; Sy.x = 1.221 ins.; 
C11 = 0.0713; x = 1.29 ins.; r = 0.770; F = 33.54; . . 
s.l. <0.001. 

April: n = 25; (n-2)d.f.; Sb1 = 0.2582; Sy.x = 1.201 ins.; 
C11 = 0.0463; x = 1.61 ins.; r = 0.664; F = 18.18; 
s.l. <0.001. 

May: n = 25; (n-2)d.f.; Sb1 = 0.2599; Sy.x = 1.008 ins.; 
C11 = 0.0664; x = 1.30 ins.; r = 0.704; F = 22.61; 
s.l. <0.001. 

June: n = 25; (n-4)d.f.; Sb1 = 6.754; 2 3 Sy.x,x ,x = 1.085 ins.; 
C11 = 38.757; C12 = -32.126; C1 3 = 7.835; C22 = 27.428; 
C23 = -6.836; C3 3 = 1.733; X = 1.12 ins.; 5c2 = 1.31 ins.; 
5c3 = 2.05 ins.; r = 0.479; F = 6.95; s.l. <0.01. 

July: n = 25; (n-2)d.f.; Sb1 = 0.2270; Sy.x = 0.575 ins.; 
C11 = 0.1560; x = 0.97 ins.; · r = 0.775; F = 34.48; 
s.l. <0.001. 

August: n = 25; (n-4)d.f.; Sb1 = 1.859; Sy.x,x2 ,x 3 = 0.710 ins.; 
C11 = 6.863; C12 = -5.820; C13 = 1.391; C22 = 5.387; 
x = 1.04 ins.; x2 = 1.52 ins.; i 3 = 2.72 ins.; r = o.768; 
F = 30.80; s.1. <O.OOli C23 = -1.364; C33 = 0.359. 

September: n = 25; (n-4)d.f., Sb1 = 2.426; 2 3 Sy.x,x ,x = 0.893 ins.; 
C11 = 7.382; C12 = -5.597; C1 3 = 1.226; C22 = 4.660; 
C23 = -1.087; C3 3 = o.256; x = 1.12 ins.; 5c2 = 1.64 ins.; 
x3 = 2.89 ins.; r = o.418; F -· 4.07; s.l. <0.025. 



(x) October: 

(xi) November: 

(xii) December: 

(xiii) Annual: 
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n = 25; (n-2)d.f.; Sb1 = 0.1598; Sy.x = 0.687 ins.; 
C11 = 0.05141 x = 1.36 ins.; r = 0.875; F = 74.94; 
s.l. <0.001. 

2 n = 25; (n-3)d.f.; Sb1 = 0.9513; Sy.x,x = 0.933 ins.; 
~!1 = 1.041; C12 = -0.2880; C22 = 0.0848; x = 1.57 ins.; 
x = 3.12 ins.; r = 0.671; F = 11.12; s.1. <0.001. 

n = 25; (n-2)d.f.; Sb1 = 0.3009; Sy.x = 1.413 ins.; 
C1 1 = 0.0454; x = 1.99 ins.; r = o.597; F = 12.71; 
s.1. <0.001. 

n = 25; (n-3)d.f.; Sb1 = 4.562; Sy.x,x2 = 5.721 ins.; 
C11 = 0.6360; C12 = -0.0172; C22 = 0.00047; 
i P 16.84 ins.; i 2 = 289.34 ins.; r = o.450; F = 3.71; 
s,1. <a.as. 



APPENDIX I(2): 

(i) Mulholland: 

(ii) Aitken: 

(iii)Onsloiu Road: 

(iv) Smith: 

(v) Bottle Rock 
Norith: 

(vi) Great Moss 
·ruamp: 

(vii) Bottle 
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Raingauge netzvor,k r,eg-Pession equation statistics. 
(see TahZe 46)-. (Base station Elliot (=Pae-Pau) is x). 

n = 
C11 

n = 
C11 

n = 
C11 

n = 
C11 

30; (n-2)d.f.; Sx = 0.822 ins.; Syx = 0.403 ins.; 
= 0.051; x = 1.08 ins.; r = 0.858; s.1. <0.01. 

33; (n-2)d.f.; Sx = 0.707 
= 0.0645; x = 0.952 ins.; 

22; (n-2)d.f.; Sx = 1.633 
= 0.0179; X = 1.31 ins.; 

27; (n-2)d.f.; Sx = 1.366 
= 0.0206; x = 1.15 ins.; 

r 

r 

ins.; Syx = 0.352 ins.; 
r = 0.882; s.l. <0.01. 

ins.; Syx = o.347 ins.; 
= 0.974; s.1. <0.01 . 

ins.; Syx = 0.573 ins.; 
= 0.911; s.1. <0.01. 

n = 24; (n-2)d.f.; Sx = 1.815 ins.; Syx = 0.526 ins.; 
C11 = 0.0132; x = 1.29 ins.; r = 0.977; s.l. <0.001. 

n = 26; (n-2)d.f.; Sx = 1.689 ins.; Syx = 0.352 ins.; 
C11 = o.0140; x = 1.10 ins.; r = 0.987; s.l. <0.01. 

Roa7<.: n = 17; (n-2)d.f.; Sx = 2.244 ins.~ Syx = o.574 ins.; 
C11 = 0.0124; x = 1.54 ins., r = 0.983}· s.l. <0.01. 

{viii)Longst6ne: n ::::, 20; (n-2)d.f.; Sx = 2.010 ins.; Sy,: = o.313 ins.; 
C11 = 0.0130; x = 1.56 ins.; r = 0.991; s.1. <0.01. 

(ix) RouridHiZZ: n = 29; (n-2)d.f.; Sx = 1.638 ins.; Syx = 0.381 ins.; 
C11 = 0.0133; x = 1.13 ins.; r = 0.981; s.l. <0.01. 

(x) Muste-Per's 
·nuts: 

(xi) Trig 'H': 

(xiil LdJ71rtlerl(J.).J) 
. Top: 

n = 20; {n-2)d.f.; Sx = 2.012 ins.; Syx = 0.949 ins.; 
Ctt = 0.0130; x = 1.56 ins.; r = 0.971; s.1.<0.01. 

n = 25; (n-2)d.f.; Sx = 1.712 ins.; Syx = 1.244 ins.; 
C11 = 0.0142; x = 1.11 ins.; r = 0.943; s.1. <0.01. 

n = 18; (n-2}d.f.; Sx = 2.373 ins.; Syx = 1.056 ins.; 
C11 = 0.0104; x = 1.41 ins.; r = 0.979; s.1. <0.01. 
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APPENDIX I(3}: Monthly mean temperature regression equation statistics 
for Naseby State Forest synthetic record determination 
(see Table 51). 

Tapanui~Naseby State Forest: (Dara 1923-65). 

(i) January: n = 43; (n-2)d.f.; Sb1 = 0.0928; Sy.x = l.61°F; 
C11 = 0.0033; x = 57.55°F; r = o.783; F = 50.18; 
s.l. <0.001. 

(ii) February: n = 43; (n-2)d.f.; Sb1 = 0.0757; Sy.x = 1.39°F 
C11 = 0.00299; x = 56.690F; r = 0.768; F = 53.30; 
s.1. <0.001. 

(iii) 

(iv) 

(v) 

(vi} 

March: n = 43; (n-2}d.f.; Sb1 = 0.0882; Sy.x = l.37°F; 
c11 = o.00415; x = 54.10°F; r = o.758; F = 47.24; 
s.1. <0.001. 

April: 

May: 

June: 

n = 43; (n-2}d.f.; Sb1 = 0.0935; Sy.x 
C11 = 0.0033; x = 49.86°F; r = 0.682; 
s.l. <0.001. 

n = 43; (n-2)d.f.; Sb 1 = o.1140; Sy.x 
C11 = 0.0056; x = 44.58°F; r = 0.677; 
s.l. <0.001. 

n = 43; (n-2)d.f.; Sb1 = 0.1289; Sy.x 
C11 ·~ 0.0053; x = 40.l0°F; r = o.316; 
s.1. <0.001. 

= 1. 62°F; 
F = 37.41; 

= 1. 52°F; 
F = 21.63; 

= l.76°F1 
F = 23.15; 

(vii) July: n = 43; (n-4) d. f.; Sb1 = 23.21; 2 3 Sy.x,x ,x = 1. 74°F; 

(viii) 

(ix) 

C11 = 178.054; C12 = -4.756; C13 = 0.0420; 
C22 = 0.1212; C23 = -0.0011; C3 3 = 0.00001; 
X = 39.540F; x2 = 1570.lloF; x3 = 62618.74°F; r = 
F = 10.84; s.l. <0.001. 

August: n = 43; (n-3)d.f.; Sb1 = 3.0560; sy.x,x2 = 1.49°F; 
C11 = 4.2112; C12 = -0.0505; C22 = 0.00061; 

September: 

x = 42.17°F; x 2 = 1783.28°F; r = 0.657; F = 13.44; 
s.1. <0.001. 

n = 43; (n-2)d.f.; Sb1 = 0.0972; sy.x 
C11 = 0.0050; x = 46.03°F; r = 0.562; 
s.1. <0.001. 

0 = 1.38 F; 
F = 15.30; 

(x) October: n = 43; (n-3)d.f.; Sb1 = 3.185; Sy.x,x2 = 1.43°F; 
C11 = 4.9543; C12 = -0.0498; C22 = 0.00050; 
x = 49.80°F; x2 = 2485.71°F; r = 0.613; F = 17.45; 
s.1. <0.001. 

{xi) November: n = 43; {n-3)d.f.; Sb1 = 3.239; Sy.x,x2 = l.76°F; 
C11 = 3.378; C12 = -0.0325; C22 = 0.00031; 
X = 52.53°F; x2 = 2767 0 29°F; r = 0.700; F = 21.48; 
s.1.<0.001. 

(xii) December: n = 43; (n-3)d.f.; Sb1 = 0.9313; Sy.x,x2 = l.62°F; 
C11 = 0.3289; C12 = -0.0031; C22 = 0.00003; 
X = 55.13°F; x2· = 3052.21; r = 0.540; F = 31.26; 
s.1. <0.001. 

0.664; 



APPENDIX I(4): 

(i) January: 

(ii) February: 

(iii) March: 

(iv) April: 

(v) May: 

(vi) June: 

(vii) July: 

(viii) August: 

(ix) September: 

(x) October: 

(xi) November: 

(xii) December: 
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Monthly and annual yield regression equation statistias 
for Paerau Bridge synthetia reaord determination (see 
Table 56). 

n = 24; (n-2)d.f.; Sb1 = 0.0545; Sy.x = 0.498 ins.; 
C11 = 0.0120; x = 3.51 ins.; r = 0.105; F = 8.22; 
s.1. <0.01. 

n = 24; (n-3)d.f.; Sb1 = 0.1080; Sy.x,x 2 = 0.381 ins.; 
C11 -= 0.0803; C12 = -0.0071; C22 = 0.0007; X = 3.54 ins.; 
5c2 = 18.33; r = o.756; F = 8.77; s.1. <0.01. 

n = 24; (n-2)d.f.; Sb1 = 0.0494; Sy.x = o.511 ins.; 
Cu = 0.0093; x = 3. 72 ins.; r = 0.608; F = 3.94; 
s.l. >o.o5. 

n = 24; (n-2)d.f; Sb1 = 0.0605; Sy.x = 0.479 ins.; 
C11 = 0.0160; x = 3.36 ins.; r = 0.668; F = 6.21; 
s.l. <0.025. 

n = 24; (n-2)d.f.; Sb1 -· 0.0936; Sy.x = 0.706 ins.; 
C11 = 0.0176; x = 2.78 ins.; r = 0.694; F = 7.57; 
s.1. <0.025. 
n = 24; (n-2)d.f., Sb1 = 0.0707; Sy.x = 0.531 ins.; 
C11 = 0.0177; x = 2.48 ins.; r = 0.617; F = 4.24; 
s~l. = 0.05. 

n = 24; (n-2)d.f.; Sb1 = 0.1151; Sy.x = 0.502 ins.; 
C11 = 0.0526; x = 2.10 ins.; r = 0.615; F = 4.02; 
s.1. >o.o5. 

n = 24; (n-2)d.f.J Sb1 = 0.0544; Sy.x = 0.484 ins.; 
C11 = 0.0126; x = 2,74 ins.; r = o.742; F = 10.44; 
s.l. <0.01. 

n = 24; Cn-4) a. f.; Sb1 = 5.0861; Sy.x,x2·,x 3 = 0.875; 
C11 = 33.784; C12 = -11.531; C13 = 1.202; C22 = 3. 985; 
C23 = -0.419; C3 3 = 0.0445; X = 2.54 ins.; x2 = 7.53; 
x3 = 25.99; r = o.496; F = 2.74; s.l. >o.o5. 

n = 24; (n-4)d.f.; Sb1 = 1.140; 2 3 Sy.x,x ,x = 0.901; 
C11 = 1.602; C12 = -0.446; C13 = 0.0362; C23 = -0.0111; 
C3 3 = 0.00096; X = 3.30 ins.; x2 = 13.82; 5c3 = 67.31; 
r = 0.300; F = 1.15; s.1. >0.05; C22 = 0.131. 

n = 24; (n-4)d.f.; Sb1 = 2.597; Sy.x,x2,x 3 = 0.708 ins.; 
C11 = 13a469; C12 = -3.971; C13 = 0.361; C22 = 1.196; 
C23 = -0.110; C33 = 0.0103; X = 3.45 ins.; x2 = 13.76; 
i 3 = 60.89; r? o.353f F = o.91; s.1. >o.o5. 

n = 24; (n-2)d.f.; Sb1 = 0.0526; Sy.x = 
C11 = 0.00848; x = 4.37 ins.; r = 0.741; 
s.l. <0.01. 

o. 571 ins.; 
F = 10.80; 

(xiii} Annual: n = 24; (n-3)d.f.; Sb1 = 1.7376; Sy.x,x2 = 3.677 ins.; 
C11 = o.2233; C12 =-0.0029; .C22 = 0.00004; x = 37.71 ins.; 
i 2 _= 1447.3; r = o.584; F = 6.61; s.1. <0.01. 
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Monthly yield multiple regression equation statistias 
for Paerau Bridge synthetia reaord determination 
(see Table 59). 

{i) January: n = 13; (n-3)d.f.; Sy.x1,x2 = 0.326 ins.r x1 = 4.28 ins.; 
x2 = 4.02 ins.; C11 = 0.0479; C12 = ~0,02llr C22 = 0.0251; 
Multiple correlation coefficient (r 1

) = 0.857; Partial 
correlation coefficients r 11 (x1) = O. 279 and rl.l (x2) = O. 747; 
F = 13.85; s.1. <0.01. 

(ii) February: n = 13; (n-3)d.f.; Sy.x1,x2 = 0.362 ins.; x1 = 4.02 ins.; 
x2 = 2.88 ins.; C11 = 0.0179; C12 = 0~0078; C22 = 0.0292; 
r 1 = 0.503; r1 1 (xi) = 0.499; r 11 (x2) = o.117; F = 1.69; 
s.l. >0.05. 

(iii) March: n = 13; · (n.-3}d.f.; 

xi = 3.42 ins.; C11 
r ;:= o.558; r1 l (xi) 
s.l. >o.o5. 

(iv) April: n = 13; (n-3)d.f.; 

xi = 3.66 ins.; C11 
r = 0.824; rl 1 (xi) 
s.1. <0.01. 

Sy.x1 ,x2= 
= 0.0262; 
= 0.045; 

sy.x1,x2 
= 0.0258; 

= 0.717; 

0.0898; i1 = 2.88 ins.; 
C12 = 0.0034; C22 = 0.0249; 

r 11 (x2) = 0.557; F = 2.259; 

= 0.330; ~1 = 3.42 ins.; 
Cf2 = 0.0064; C22 = 0.0302; 
r 1 (x2) = o.778; F = 10.59; 

·.(v) May: n = 13; (n-3)d.f.; Sy.x1,x2 = 0.665; x1 = 3;66 ins.; 
x2 = 3.28; C11 = 0.0325; C12 = -0.0099; C22 = 0.0254; 
r 1 = 00539; r 11 (x1) = o.147; r 11 (x2) = 0.470; F = 2.04; 
s.1. >o.o5. 

(v:i:) June: n = 13; (n-3)d.f.; sy.x1,x2 = 0.470 ins.; x1 = 3.28 ins.; 
x2 = 1.95 ins.; C11 = 0.0239; C1 2 = 0.0110; c 22 = 0.0758: 
r 1 = o.569; r 11 (x1l = 0.448; r 11 (x2 ) = o.509; F = 2.40; 
s.l. >o.o5. 

(vii) July: n = 13; (n-3)d.f.; sy.x1,x2 = o.595; x1 = 1.95 ins.; 
xf = 2.12 ins.; C11 = 0.0749; C1f = -0.0165; C22 = 0.0663; 
r = 0.370; r 11 (x1) = ... o.188; r 1 (x2) = 0.359; F = o. 79; 
s.1. >o,os. 

(viii) August: n = 13; (n-3)d 0 f.; Sy.x1,x2 = 0.339; x1 = 2.12 ins.; 
x2 = 2.96 ins.; C11 = 0.0725; C12 = -0.0143; C22 = 0.0208; 
r 1 = o.785; r 11 (x1) = 0.446; r 11 (x2) = o.668; F = 8.01; 
s.1. <0.01. 

(ix) September: n = 13; (n-3)d.f.; sy.x1,x2 = 0.744 ins.; x1 = 2.96 ins.; 
x2 = 2.74 ins.; C11 = 0.0259; C12 = -0.0256: C2 2 = 0.0823; 
r 1 = 0.435; r 11 (x1) = 0.435; r 11 (x2) = -0.237; F = 1.17; 
s.l. >o.os. 

(x) October: n = 13; (n-3}d.fe1 Sy.x1 ,x2 = 0.863 ins.; x1 = 2. 74 ins.; 
X2 = 3.48 ins.; C11 = 0.0649; C12 = 0.0143; C22 = 0.0260; 
r 1 = o.440; r 11 (xi) = 0.405; r 11 (x2) = 0.331; F = 1.20; 
s.l. >o.os. 



(xi} 
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November: n = 13; (n-3)d.f.; Sy.x1,x2 = 
~i = 3.70 ins.; C11 = 0.0311; 
r = 0.475; r 11 (x1) = -0.007; 
F = 1.46; s.1. >o.os. 

0.466 ins.; x1 = 3.478; 
C12 = 0.0183; C22 = 0.0408; 

r 11 (x2) = 0.418; 

From Table 60:-

(a) June-November: rl = 0.670; rll (x}) = 0.099; rl 1 (x}) = 0.434; 
r11 (xl> = -0.016; r11 (x~) = 0.118; rl 1 (x!) - 0.071; 
rl 1 (xs) = 0.366; F = 0.814; s.l. >o.os. 

(b) July-November: rl = o.666; r11 ex}) = 0.470; rll Cxh = 0.006; 
rll (x~)= 0.11s; rl 1 cxh = 0.026; rll (xi) -- 0.408; . . 
F = 1.12; s.l. >o.os. 

(c) August-November: r 1 = 0.535; r 11 (xi) = 0.140; r 11 (x4)= 0.118; 
r 11 · Cx!) = 0.068; r 11 Cxi) = 0.389; F = 0.80; s.l. >0.05. 

(d) September-November: r 1 

r 11 Cxi> = o.383; 
= 0.521; 
F = 1.121 

r 11 Cxl) = 0.243; 
s.1. >o.os. 

(e) October..-November: As for November above. 

r 11 (xh = 0.047; 

(xii) December: n = 13; (n-3)d.f.; Sy.x1,x2 = 0.458 ins.; x1 = 3.70 ins.; xr 4.23 ins.; C11 = 0.0303; C12 = 0.0024; C22 = 0.0288; 
r = 0.678; r 11 (x1) = 0.456; r 11 (x2} = 0.628; F = 4.26; 
s.1. <o.os. 

(xiii) Annual: As for Appendix I(4). 
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APPENDIX I ( 6): Disaharge regression equation s+.atistias for 
synthetia reaord determination (auseas). (see Table 74). 

A. ·Taieri River·at Paerau Bridge: 

(i) (ex Loganburn): n = 9; (n-2)d.f.; C11 = 0.00031; Sx = 20.2 cfs.; 
x = 27.2 cfs.; Sy.x = 20.9 cfs.; r = 0.995; s.1. <0.01. 

(ii) (ex Patearoa-Paerau Br. for Qpp <200 cfs.): n = 16; (n-2)d.f.; 
Sx = 62.2 cfs.; ~ = 141 cfs.; Sy.x = 16.8 cfs.; 
C11 = 0.00002; r = 0.970; s.l. <O.Ol. 

(iii)(ex Patearoa-Paerau Br. for Qpp ~200 cfs.): n = 29; (n-2)d.f.; 
Sx = 248 cfs.; x = 289 cfs.; sy.x = 61.4 cfs.; 
C11 = 0.000001; r = 0.985; s.l. <0.01. 

B. Taieri River at Patearoa-Paerau Bridge: 

(i) (ex Paerau Br. for Qp <200 cfs.): n = l?; (n-2)d.f.; Sx = 67.0 cfs.; 
x = 141 cfs.; sy.x = 15.8 cfs.; C11 = 0.00001; r = 0.970; 
s.l. <0.01. 

{ii) (ex Paerau Br. for Qp )200 cfs.): n = 29; (n-2)d.f.; Sx = 227 cfs.; 
x = 288 cfs.; Sy.x = 46.3 cfs.; C11 = 0.000001; r = 0.985; 
s.1. <0.01. 

c. Taieri River at Upper Styx Valley Bridge: 

(i) (ex Paerau Br. for Qp <120 cfs.); n = 20; (n-2)d.f.; Sx = 98.9 cfs.; 
x = 163 cfs.; sy.x = 31.0 cfs.; C11 = 0.00001; r = 0.894; 
s.1. <0.01. 

{ii) (ex Paerau Br. for Qp )120 cfs.): n = 19; (n-2)d.f.; Sx = 84.5 cfs.; 
x = 150 cfs.; Sy.x = 16.8 cfs.; C11 = 0.00001; r = 0.922; 
s.l. <0.01. 

D. · Logci:nbu_Y'?i ·at Paerau Bridge: 

{i) n = 9; (n-2)d.f.; Sx = 134 cfs.; x = 155 cfs.; Sy.x = 3.00 cfs.; 
C11 = 0.00001; r = 0.995; s.l. <0.01. 

E. Serpentine Creek at McDonald's Bridge: 

(i) n = 4; (n-2)d.f.; Sx = 178 cfs.; ~ = 220 cfs.; sy.x = 5.17 cfs.; 
C11 = 0.00001; r = 0.956; s.l. <0.025. 

F. · Styx Creek at Paerau: 

(i) n = 26; (n-2)d.f.; Sx = 246 cfs.; x = 317 cfs.; Sy.x = 10.9 cfs.; 
c 11 = 0.000001; r = o.742; s.l. <0.01. 
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APPENDIX II: NON-STANDARD COMPUTER PROGRAMMES 

APPENDIX !I{l): Dl'ought analysis (see Herbst et al., 1966). 
(Wl'itten in Fortran IV for the IBM 360 
computer at Otago University) 

DIMENSION OPS( 18), GEM( 12) ;,.JR( 12), REEN( 1000), VER( 1000), W( 12) ,PAR( 12), 
VV( 12) ,MIR( 12) 

93 REWIND 4 
N = 0 
READ(5,25) RK,RM,NBG,KX 

25 FORMAT,2F3.2,13,12) 
IF(RM) 200,200,201 

201 READ(5 126) (OPS(I),I=1,18) 
26 FORMAT,18A4) 

WRITE(6,27) (OPS(I),I=1,18) 
27 FORMAT(1H1,5X,18A4/// 62H ONSET END DURATION SUM SUMO 

IF SUM OF ·NUMBER OF ,20X,42HACTUAL RAIN ACTUAL RAIN DURATION OF 
2 WET /4X, 122HOF OF OF OF MEAN TOTAL r'iO 
3NTHS OF DROUGHT DROUG:1T AS P:SRCENT IN ',JET TIME 'i/ET PERIOD SEV 
4ERITY/125H DROUGHT DROUGHT DROUGHT DEFICITS DEFICITS DEFICITS EXG 
5ESS D. INTENSITY SEVERITY OF MEAN . AS PERCENT l"i.ONTHS IN 
1DEX) 

DO 28 I = 1, 12 
28 GEM(I) = O. 

5 READ(5 11)JAAR,(MIR(I),I=1 1 12) 
1 FOR!1AT,3X,12,12I4) 

LS=O 
LX=O 
MXR=O 
IF(JAAR) 3,3,4 

4 N = N +· 1 
IF(MXR) 400,400,401 

400 DO 402 I= 1,12 
WR(I) = MIR(I) 

402 WR(I) = ~R(I)/100. 
GO TO 403 

401 DO 404 I= 1,12 
WR(I) = MIR(I) 

404 WR(I) = MR(I)/254. 
403 IF(LS) 500,500,501 
501 SS= N - 1 

DO 502 I= KX,12 
502 WR(I) = GEM(I)/SS + 0.2*GEM(I)/SS 

GO TO 503 
500 IF(LX) 503,503, 504_ 
504 SS= N - 1 

DO 505 I= 1,12 
505 WR(I) = GEM(I)/SS + 0.2*GEM(I)/SS 
503 DO 29 I= 1,12 

29 GEM(I) = GEM(I) + WR(I) 
WRITE( 4) (WR(I), 1=1, 12) 
GO TO 5 

3 REWIND '-t­
S = N 
TOT= O. 
DO 10 I = 1,12 
GEM(I) = GEM(I)/S 

10 TOT= TOT+ GEM(I) 
NN = C 

31 READ(4) (WR(I),1=1,12) 
DO 30 I= 1 1 12 
K = NN*12 + I 
REEN(K) = WR(I) 



30 VER(K) = REEN(K) - GEM(!) 
NN = NN + 1 
IF(NN-N) 31,32,32 

32 REWIND 4 
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DO 33 I= 1 12 
33 W(I) = 0.1*(1.+GEM(I)/(TOT/12.)) 

NN = N*12 
DO 34 I::: 2,NN 
J = I - (I/12)*12 
IF(J) 35,35,36 

35 J = 12 
36 VER(I) = VER(I) + VER(I-1)*W(J) 
34 CONTI11UE 

DO 39 I= 1,12 
39 PAR(I) == GEr-1(!) 

DO 40 J = 1,11 
JJ = J + 1 
DO 40 I = J J , 12 
IF(PAR(J)-PAR(I)) 43,43,40 

43 TYD = PAR(I) 
K = I - J 
DO 44 IR = 1,K 
KK=I-IR+1 

44 PAR(KK) = PAR(KK-1) 
PAR(J) = TYD . ' 

40 CONTINUE 
DO 45 I= 1,12 
~ = 13 - I 
TOP= O. 
DO 46 J = 1,K 

46 TOP= TOP+ PAR(J) 
PAR(K) = TOP 

45 CONTINUE 
DO 48 I= 1,12 
VV(I) = O. 
DO 48 J = I,NN,12 
IF(VER(J)) 49,48,48 . 

49 VV(I) = VV(I) + VER(J) 
48 CONTINUE 

TVV = O. 
D050I=1,12 
VV(I) = VV(I)/S 

50 TVV = TVV + VV(I) . 
X = (RK*TVV + RM•PAR(1))/11. 
LM = 1 

188 DO 56 I= LM,NN 
IF(VER(I)) 57,56,56 

5? IL = I - I/12*12 
IF(IL) 222,222,223 

222 IL = 12 
223 IF(VER(I)-VV(IL)) 224 224,56 . 
224 IF(ABS(VER(I))-RM*PAR(1)) 58,60,60 

58 BTP = VER(I) 
BTN.P = VER(I) 
DO 59 J = 1,11 
K = I + J 
IF(K-NN) 100,56 56 

100 IF(VER(K)) 61,62,62 
61 BTP = BTP + VER(K) 
62 BTNP = BTNP + VER(K) 

IF{BTNP) 63,56,56 
63 FJ = J 

IF(ABS(BTP) - PAR(1) + FJ*X) 59,60,60 



59 CONTINUE 
GO TO 56 

60 BTP = O. 
RNN = O. 
WMP.= O. 
BOP= O. 
Yu\ = O. 
RNT = O. 
IME = I - 1 
IF(IME-LM) 161,162,162 

162 DO 160 IQ = LM,IME 
160 RNT = RNT + REEN(IQ) 

LL = LM 
LDD = I - LL 
SSR = LDD/12 
RNN = SSR • TOT 
WMP = SSR • TVV 

406 . 

IA= LL + (LDD/12)*12 
IF(IA - IME) 410,410,430 

410 IF((IA/12)-(IME/12)) 412,411,411 
411 IA= IA - (IA/12)*12 

IME = IME - (IME/12)*12 
IF(IA) 413,413,414 

413 IA= 12 
GO TO 422 

414 IF(IME) 415,415,416 
415 IME = 12 
416 DO 417 M = IA,IME 

WT"iP = WI"IP + VV(M) 
417 RNN = RNN + GEM(M) 

GO TO 430 
412 IA= IA - (IA/12)*12 

IME = IME - (IME/12)*12 
IF(IA) 419,419,420 

419 IA= 12 
420 IF(If'TE) 421,421,422 
421 IKE= 12 

GO TO 416 
422 DO 423 M = IA,12 

WMP = Wf'!P + VV(M) 
423 Ri.1'N = RNN + GE1'1(M) 

DO 424 M = 1,IME 
'IWi.P = IJMP + VV(M) 

424 RNN = RNN + GEM(M) 
430 PER= RNT/RNN • 100. 

XYZ = LDD 
PPP= ((RNT-RNN+WT1P)/ABS(WMP))*100.*XYZ 

161 DO 64 J = I,NN 
IF(VER(J)) 65,66,66 

65 BTP = BTP + VER(J) 
JN= J-(J/12)*12 
IF(JN) 405,405,406 

405 JN= 12 
406 IF(VER(J)-VV(JN)) 407,407,66 
407 BOP= BOP+ VER(J) - VV(JN) 

MA = f1A + 1 
66 IF(J-NN) 101,68,68 

101 IF(VER(J)) 64,102,102 
102 IF(VER(J+1)) 67,67,68 

67 IF(VER(J+2)) 64,64,68 
68 BTNP = O. 

WFli' = O. 
KK = J + 11 
DO 69 K = J,KK 
BTNP = BTNP + VER(K) 



WRF = WRF + REEN(K) 
KI = 1 + K - J 

72 IF(K - NN) 73,70,70 
73 IF(BTNP) 64,64,74 
74 IF(KI-3) 69,75,75 
75 IF(WRF - PAR(KI)) 69,70,70 
69 CONTINUE 

GO TO 64 
70 RNW = O. 

LTD= J - I 
IB = I 
IE = J - 1 
DO 408 K = IB,IE 

408 RNW = RNW + REEN(K) 
SJR = LTD/12 

-ZR = SJR • TVV 
RNG = SJR • TOT 
IB =I+ (LTD/12) * 12 
IE = J - 1 

407 

IF(IB-IE) 92,92,87 
92 IFl(IB/12)-(IE/12)) 82 1 81 1 81 
81 IB = IB - (IB/12)*12 

IE = IE - (IE/12)*12 
IF(IB) 83,83,84 

83 IB = 12 
GO TO 308 

84 IF(IE) 85,85,86 
85 IE = 12 
86 DO 88 K = IB,IE 

RNG = RNG + GEM(K) 
88 ZR = ZR + VV(K) 

GO TO 87 
82 IB = IB - (IB/12)*12 

IE = IE - (IE/12)*12 
IF(IB) 305,305,306 

305 IB = 12 
306 IF(IE) 307,307,308 
307 IE = 12 

GO TO 86 
308 DO 89 K = IB,12 

RNG = RNG + GEM(K) 
89 ZR = ZR + VV(K) 

DO 90 K = 1,IE 
RNG = RNG + GEM(K) 

90 ZR = ZR + VV(K) 
87 Y = BOP/ZR • 100. ·. 

RNP = RNW/RNG*100. 
XXX = LTD . 
xx = y•xxx 
IIB = I/12 + NBG 
IB = I - (I/12)*12 
IF(IB) 300,300,301 

300 IB = 12 
IIB = IIB - 1 

301 JJB = J/12 + NBG 
IE = J - (J/12) • 12 
IF(IE) 302,302,303 

302 IE = 12 . 
JJB = JJB - 1 

303 WRITE(6,76) IB.,_IIB,IE,JJB,LTD.iBTP,ZR,BOP,MA,,_Y,XX,RNP,PER,LDD,PPP 
76 FORMAT(1HO,I2,~H 1,213,2H 1,1,,16,2X,F8.1,F~.1,3X 1F6.1,3X,I6,3X,F 

18.1,F10.1,F9.1,?X,F10.1f11.1,F11.1) 
LM = J 
GO TO 91 

64 CONTINUE 
56 CONTINUE 

GO TO 166 
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91 IF(LM-NN-3) 188,166,166 
166 ~RITE(6,163) (GEM(I),I=1,12),TOT 
163 FORr-1AT(24HOMONTHLY MEAN RAINFALLS , 12F9.2/23HOANNUAL MEAN RAINFALL 

1 =~F9.2) 
WRITE(6,164) (W(I),I=1,12) 

164 FORI"lAT(16HOTHE WEIGHTS ARE/1X,12F8.3) 
WRITE(6,165) (VV(I),I=1,12),TVV 

165 FOill'iAT(31HOTHE MONTHLY MEAN DEFICITS ARE /1X,12F8.2/32HOAND THE AN 
1NUAL MEAN DEFICIT IS ,F8.2) 
WRITE(6,777) (PAR(I),I=1,12) 

777 FOR:MAT(43H0SUMS OF 1 - 12 MONTHS OF MAXIMUM RAINFALL /1X,12F8.2) 
GO TO 93 

200 STOP 
END 
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APPENDIX II(2): Potential evapotranspiration and r..1ater baZ.anae 
(see Thornthi,Jaite, 1948; ThornthLJaite & Mather, 
1955, 1957). (Written in Fort1•an IV for the 
IBM 360 computer at Otago University) 

C PETHORN CALCULATES TIIOR.NTHWAITE POTElrTIAL EVAPROTRIUISPIRATION 
C T"11'1IP IS HEAN" I'IONTHLY TEHF DEGREES FAHRENHEIT TO ONE DECIMAL PLACE 
C H IS ALTITUDE nr !HJ!WPS;3 OF FEET A.S.L. 
C TABLE I3 LATITUDZ Alrn r'ossIBLE DU~ATION OF SU11LIGHT CORRECTOR 
C 1 IS LAT 35S 2 IS Ll,.T 40S 3 IS LAT 42S 4 IS LAT44S 5 IS Lft.T 46S 
d IF YOU \HSH THE I 0ROGRi1J1 ONLY TO DO THE CALCULATION OF THE POTENTIAL 
C EVAPOTRANSFIRATION, THEN R2::fi!OVE THE TWO SUBROUTINES AND ALL THE 
C YELLO:'! CARDS APPEARING IN Ti:J:E l'lAII:I SOURCE DECK - OTH~R';JISE THE PROGRAM 
C WILL PUNCH AS OUTJ:1UT TP..E LAPSED TEI;:FEJ.ATURES 1U."]) TH3 POTENTIAL 
C EVAPOTRANSPIRATION . 

DIMENSION TEET'( 12) ,PE( 12) ,P( 12), TABLE( 5, 12) ,ATEMP( 12), PE( 12) 
C PE - POTEiITIAL EVAPOTRA!TSPIRATIOH IN Cl1S. 
C APE - POTEKTIAL EVAPOTRANSPIRATIOI'J IN INCHES 
C P - UNADJUSTED PE 

INTEGER ALT,UL,ALI 
DOUBLE PRECISIOU LATIT,LATI(5) 
DEFINE FILE 7(10000,20,U,IND) 
COMI'iON K, IND 
K = 0 
READ (1,607)(LATI(I), I= 1,5) 

607 FORHAT(A8,72X) . 
READ(1,2)(TABLE(I,J},J=1,12),I=1,5) 

2 FOPJ,lAT ( 4X, 1 2F5. 2) . 
READ (1,99) LAT HH 

99 FORHAT (15,F5.21 
LATIT = LATI(LAT) 
ALI= IFIX(HH*100.0 + 0.1) 

C A POT:2:r:TIAL EVAIO.lATimr TABLE ISFRODUCED FOR EACH ALTITUDE L, (SEE 
C BELO\'!) STARTING AT LL 1'.HD GOING TO UL, INCREFIB1'."TING BY INC. 
C LL - LOWER LHIIT OF ALTITUD2 RANGE IN FE3T 
C UL - UPPER LHiIT 01'' ALTITUDE RANGE IN FEET 
C INC - INCREI•i3lJT OF ALTITUDE RANGE IN FEET 

READ (1,1) LL,KO 
1 FORMAT (215) 

100 READ (1,57) NNN,IYR,TEMP 
57 FORE.AT (1X,15,12,T11,12F4.2) 

H = HH 
IF (NNN) 98,98,97 

97 IF (KO) 702 701,702 
701 ';1RIT:S(3,608I LATIT,ALI 
608 FO].EAT ( 1 1 ', 1 OX, 1 INPUT INFORJ.1.i-\TI01.P ,//1 OX, 1 L.\TITUDE IS 1 , AS, 1 8.: ALT 

1ITUDE IS', 15//, 1 OX, 'NONTH', 5X, 'TEMPERATURE',/) 
DO 301 1=1,12 

301 WRITE(3,300) I,T8I•:P(I) 
300 Fo•u,:..,.T(10X, 14,9X,F6.2) 

C THIS CC:!:>1'YERTS TO CENTIGRADE 
702 DO . 305 1=1,12 

1300 TEI,:P (I)= ( TEl\II' (I )-32) *5. 0/9. 0 
C THIS LAPSES TEMTERATURES TO SEA LEVEL, DEPENDING UPOlI THE SEASON OF 
C THE Y'~AR 

IF(H-20.)40,40,42 
40 GO TO (400,4001401,401,401,402,402,402,403,403,403.400),I 

400 TENF(I)=TS~F(IJ+(0.056*H) 
GO TO 450 

401 TEI>:P (I) =TEl',;p (I)+ ( 0. 1 33*H) 
GO TO 450 

402 TEMP(I)=TEI•IP(I)+(0.239*H) 
GO TO 450 

403 TEr.~P(I)=TEMP(I)+(0.123*H) 
GO TO 450 

42 GO TO (410,410,411,411,4.11,412{412,412,413,413,413,410),I 
410 TEI'lP(I)=TEi'iP(IJ+(0.206*(H-20.0J+1.12 

GO '.!:0 450 
411 TE!'1P(I)=TENP(I)+(0.195*(H-20.0))+2.66 

GO TO 450 . 
412 TE:,;I ( I)=TE?·P(I )+(O. 240* (H-20.0)·)+4. 78 

GO TO 450 
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413 TEMP(I)=TEMP(I)+(0.195*(H-20.0))+2.46 
GO TO 450 

450 CONTINUE 
305 CQi',!TH'.UE 

C THIS TAKES THE SEA LEVEL TEMPERATURES AND LAPSES THEM BACT.«: TO THOSE 
C. OF TIJ:2 RE'3.UIRED ALTITUDES AS INDICATED BY THE VALUE OF H 

H = F~\T(LL) 
ALT =IFIX(H + 0.1) 
H = H/100.0 
DO 204 1=1,12 
IF(H£0.0)50,50,52 

50 GO TO (500,500,501,501,501 ,502,502,502,503,503,503,500),I 
500 ATEMP(I)=TEHP(I)-(0.056*H) 

GO TO 550 
501 ATE11i.P(I)=TENP(I)-(0.133*H) 

GO TO 550 
502 ATEHP(I)=Tm·;P(I)-(0.239*H) 

GO TO 550 
503 ATEMP(I)=TE1'iP(I)-(0.123*H) 

GO TO 550 
5 2 GO TO ( 51 0, 51 0, 51 1 , 5 1 1 , 511 , 51 2 , 51 2, 51 2 , 51 3, 51 3 , 51 3, 51 0) , I 

510 ATEl-:P(I) =TENP(I)-( O. 206* (H-20.0) )-1 .12 
GO TO 550 

511 ATE; ·:P(I)=TEMP(I)-(0.195*(H-20.0) )-2. 66 
GO TO 550 

512 ATEMP ( I)=Tfil1F (I)-( O. 240 11• (H-20. 0) )-4. 78. 
GO TO 550 

513 ATEJ,;P(I)=TEllP(I)-(0.195*(H-20.0) )-2.46 
550 CO~ITINUE . . ' . . . . 
204 COUTINUE 

C THIS CALCULATES THE ffi~AT INDEX 
SUT-11PE=0. 0 
SilllI=O.O 
DO 10 1=1, 12 
AATE1'1P = ATEMP(I) 
IF (AATEHP) 10~ 10,600 

600 smn = smn + (AATEMP /5.0)**1.514 
10 CONTINUE 

C SUN1 EQUALS THORNTH\"lAITE I . 
C A EQUALS THOR:HTIT:lAITZ SMALL A P EQUALS THORNTIDlAITE SMALL E 

A = o. 675E-6*SUl'll**3 -0. 771 E-4 *SUMI*SUl'iI +O. 017921-~smu +O. ·'1-9239 
DO 11 1=1, 1 2 
AATEHP = ATEMP(I) 
IF (AATEHP) 605,605,606 

605 P(I) = O. 
GO TO 11 

606 P(I) = 1.6*(10.*AATEMP /SUI1I)**A 
11 COJ-ITINUE 

IF(LAT-5)34,34,32 
32 WRITE (3,33) LAT 
33 FOPJ<1AT (' IEVALID LATITUDE', 15) 

GO TO 100 
34 DO 41 1=1,12 

PE(I) = P(I)*TABLE(LAT,I) 
APE(I) = PE(I)/2.54 

41 SUEPE = SUNPE + PE(I) 
IF (KO) 704,703,704 

703 WRITE (3,205) LATIT,ALT,NJJN,IYR 
SUb\PE = SUH:PE/ 2. 5 4 

205 FORE.AT ('-',//9X,'LATITUDE IS ',A8,2X,'ALTITUDE IS', I5,' SITE NO 
1. IS 1 ,I6,' YEAR IS 19',12,///) · 

\-/RITE (3,202) 
202 FORJ.IAT( 26X, 1 JAN FEB MARCH APRIL MAY JUNE J 

1ULY AUGUST SEPT OCT -NOV DEC',/) 
WRITE(;:,203) (ATET'JP(I) ,I=1, 12) 

203 FOfil1AT (10X,'TEriP C',4X,12F9.3) 
C CONVERTS THE ABOVE TEHPERATURES TO FAHRENHEIT 

704 DO 604 I= 1,12 
604 ATEr·lF(I) = ATEMP(I)*9.0/5.0 + 32.0 

. IF (KO) 706 705,706 
705 WRITE(3,603~(ATEHP (I),I= 1,12) 
603 FORM.AT(10X,'TET·~P F',4X,12F9.3) 
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WRITE(3,303)(P(I),I=1,12) 
303 FORI-lAT( 1 ox,• PE mm.DJ. 1 , 12P 9. 3) 

WRITE(3,304)(TABLE(LAT,I),I=1,12) 
304 FOill,;iAT ( 1 ox, 'CORR::;CTOR ' , 1 2F9. 3) 

WRITE(3,308) (FB(I).I=1, 12) 
308 FORJ'.1AT{ 1 ox,' P .}~. CT.'iS. ', 12F9. 3) 

WRITE(3, 306) (APT.~(I), I=1, 12) . 
306 FORi"1AT ' (1oxt'P.E. INS ',12F9.3,//) 

WRITE ( 3 , 201 J SUMPE, SUJ':IAPE 
201 FORM.4.T ( 1 OX,' TOTAL PE :2;QUALS 1 

, F9. 2,' CHS', F9. 2, ' INS',///) 
706 K = K +1 

\'/RITE(? 'K) IYR,ATEM11 
K=K+1 
WRITE(?'K) IYR~AJ?E 

206 CONTII\'1JE 
GO TO 100 

98 COKTINUE 
CALL MATHER 
CALL SKIP 
END 
SUBROUTINE MATHER 
CONNON L,IHD 

\·/ATER BALAUCE BY THE METHOD OF :i:HORlITHWAITE Ar.'D NATHER, ( 1957). 
REFERElWE •• 
'INSTRUCTIONS AND T~i.BLES FOR COMPUTIN"G POTENTIAL EVAPOTRAUSPIR­

.AND WATER BALANCE' ATION 
DREXEL IESTITUTE OF TECB1'TOLOGY LABORATORY OF CLil"iATOLOGY PUBLI-

JN CLIKATOLOGY t VOLUI-12 10, NUNBER 3, 1 957. CATIONS 
DHIBNSIOU T ( 1 2 J, P ( 1 2), PE ( 12), WR( 1800) 

T - TEJ,'iFERATURE ( TEI'i:P) 
P - I·RECIPITATION (PREC) 
PE - POTENTIAL EVAPOTRAlISPIRATION 
WR - SOIL HOIS'1URE RETEl'lTION TABLE 

INTEGER TABL 
TABL - THE NUJ/JEER OF ENTRIES IN THE SOIL :MOISTURE RETENTION 
TABLE. . 4 ' ' • • • 11 00, 3 ' ' • • • 900 

READ ( 1 , 4) TABL 
4 FOPJllAT ( 15) 

READ ( 1 , 8) ( WR ( J) , J = 1. , TABL) 
8 FORY.i.AT(6X,10F6.2,14X) 

THIS SETS INITIAL CONDITIONS 
AC - ACClJ1WLATED FOTEUTIAL WATER LOSS 
ST - SOIL MOISTURE STORAGE 
RO - RUNOFF 
SMRET - THE PARTICULAR SOIL NOISTURE RETENTION TABLE BEING USED 
ALT - MEAN CATCHMENT ALTITUDE EG 4" 

READ( 1 , 80) AC, ST ,RO, Sl-iRET, ALT 
80 FOffi.'..AT ( 5 F1 0. 2) 

l·/RIT1.~(3, 99) 
99 FORHAT{'1 ') 

WHITE(3, 1) 
FOFJ{AT ( 20X, ''dATER BALAHCE FOR THE UPPER TAIERI BY THORNTHWAITE 1 //) 

SEST - SNOW STORAGE .WAILABLE FOR RUNOJ!'F WHEN Till; TJ.i:NPERATURE 
GREATER THAU 30.2 DEG F. 
I - COUNTER FOR CHECKIHG THE PROPORTION OF SNST THAT BECOMES 
SJ.1:RO IN SUCCEEDING NONTHS (SEE BELOW) 

SNST =0 
I = 0 
DO 111 M = 1,L 
READ(7'M) IY,T 
M=M+1 
READ(7 1 M) IY,PE 
READ(1 3)(P(J),J = 1,12) 

3 FOREAT(5X,1:?F4.2) 
WRITE~3,13)IY 

13 FOfil.·IAT(//20X,'\-/ATER BALANCE FOR YEAR 19 1 ,12, 1 (IN INCHES)'/) 
WRITE(3,46) 

46 FOP.F,.AT(/// 1 NONTH TENP F 
1 DST AE D 

A P WL - AC •• ACCUMULATED 
ST - STORAGE 
DST - CHMWE rn STORAGE 

PE P P-PE A P WL 
S RO SifillO TOT RO 

Slltl OF NEGATIVE P - PE VALUES 

AE - ACTUAL EVAIOTR.A}TSPIRATION 

ST 
DT'/) 
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C D - MOISTURE DEFICIT 
C S - MOISTURE S1TPJ'LUS (AMOUNT AVAILABLE FOR RUNOFF} 
C SNRO - SNOW MELT RUN OFF 
C PPE - P - PE 
C TOTRO = RO + -srmo 
C TOT ••• - VARIOUS AfTIWAL TOTALS OF THE ABOVE VARIABLES. 
C TOTRRO - TOTAL RO 
C TOTS!'iR - TOTAL STYJRO 
C TTOTRO - TOTAL TOTRO 
C TOTSNO - TOTAL PPE (= P) THAT FELL AS SNOW 

C 

6 

5 
16 

101 
105 

C 
C 
C 

106 
95 

7 
C 

C 
C 
C 

82 
61 

C 
C 

60 
92 

C 
C 

91 

C 
89 

TOTPE = O. 
TOTPPE = O. 
TOTP = O. 
TOTAE = O. 
TOTD = O. 
TOTS= O. 
TOTRRO = O. 
TOTRRO = O. 
TOTSNR = O. 
TTOTRO = O. 
TOTSNO = O. 
DO 30 J = 1, 12 
PREC = 'l?(J) 
POTEV = PE(J) 
TEHP = T(J) 
PPE = PREC - POTEV 
TOTPE = TOTPE + POTEV 
TOTPPE = TOTPPE + PPE 
TOTP = TOTP + PREC 
ACC = AC 
IF (PPE )6,7,7 

ACCUMULATES P - PE LT O AND FINDS TI-ill AI-PROPRIATE WR(I) FOR THE 
AC 

AC= AC+ PPE 
INTEfill = IFIX(-AC*100.0 + 0.5) + 1 
IF (HITEIUt; - TABL) 16, 16,5 
IUTERM = T.ABL 
THISST = ',:R(nnERN) 
IF (1J3S(ACC) - 0.001) 101,101,106 
IF ( ST - 3. 999) 105, 105,106 
THI SST = ST - ( S~RET - THI SST) 

IF PPE LT 0, AND SNOW IS :JTILL STORED IN ST FROM THE PREVIOUS 
NONTH 'l'H:SN Tf...E swm: IS IGNORED AS FAR AS THID TART . 01'' ST IS 
CCHCERJTED AJrn ST == SMRET TO OBTAIN A I•!I~PJHUGFUL DST 

IF ( ST - 3L.rtET) 90, 90, 95 
ST = SI·IRET 
GO TO 90 
AC= O. 

TEST FOR SNOW 
IF (TEMP - 30.2} 89,82,82 

IF PPE GT O AND SI-;O\'f STILL STORED IN 3T FROH PREVIOUS Jl\:ONTH 
THEN TIIB mrnw IS IGHORED AS FAR AS THIS PART OF ST IS 
CONCERNED Airn ST = SM:RET TO OBTAIN A MEANINGFUL DST 

IF (ST - S~RET) 60,60,61 
ST = SI,iRET 

ENSURES THAT TnIS r,imITH'S ST (THISGT) IS h~ SMRST. IF IT ISTHEi 
THISST = SMRET . 

IF ( ST + PPE - SJ.1RET - .001} 91 , 91, 92 
THISST = ST-'!RET . 
GO TO 90 

IF THISST LT 31·:RET, THEN THISST = LAST NCNTH'S STORAGE (ST) + 
EXCESS OF P OVER PE (PPE). 

THISST =ST+ PPE 
GO TO 90 

SNOW ACCUT-TIJLATION WHEN THE MONTHLY TE!•:PERATURE LT 30.2 DEG F. 
THISST =ST+ PPE 
SNST = THISST - SNRET 
TOTSNO = TOTSNO + FPE 
DST = 0. 

C SIJST GT O - ASSID~PTION THAT THIS PART OF THISST I::l LYING AS SNOW 
C ON GRomm SURFACE 

IF (Sl'IST) 90,90,81 
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90 DST= THIS3T - ST 
81 ST= THISST 

C CALCULATIONS OF AE •• IF PPE GT O ASSUME AE = PE OTHERWISE STMT 
IF (PPE )9,10,10 9 

10 AE = POTEV 
GO TO 11 

9 AE = PREC - DST 
11 D = POTEV - A.E 

TOTAE = TOTAE + AE 
TOTD = TOTD + D 

C CALCULATION OF MOISTURE SURPLUS 
IF (TEMP - 30.2) 12,14,14 

12 S = o. 
GO TO 17 

14 IF (FPE ) 12,15,15 
15 S = PPE - DST 

IF ( S) 1 2 , 1 7 , 17 
C CALCULATION OF RO 
C 5W~ RO .AND S CARRY OVER FROM MONTH TO MONTH. 

17 RO= R0/2. + S/2. 
C THIS FIGURE OF 2 COULD BE VARIED SEE PAGE 194 OF ABOVE ARTICLE 

TOTS= TOTS+ S 
TOTRRO = TOTRRO + RO 

C SN0';IT4ELT SECTION. ONLY SMRO WHEN TEMP GT 30.2 DEG F. 
IF (TEMP - 30.2) 25,26,26 

25 SNRO = O. 
GO TO 27 

26 IF (SNST) 28,28i29 
THIS FIGURE MAY NEED ALTERING 

28 SI•:RO = 0. 
SNST = O. 
GO TO 27 

29 X = SNST 
l=I+1 
IF (I-1)31,31,33 

C 107~ OF SKST BECOMES SMRO IU FIRST MONTH OF SHRO 
31 SNRO = X/10 

GO TO 27 
C . IF ALTITUDE GT 500 FEET, 25% OF REI(AI1HNG SNST BECOMES 3MRO 
C IN THI~ SECOlm MONTH OF SHRO, OTHER\'/ISE 50% 

33 IF (ALT - 500.0) 43,53,53 
53 IF (I ·- 2) 41,41,43 
4 1 3KRO = X/ 4 • 0 

GO TO 27 
C SUCCEEDING MONTHS ALWAYS 50% 

43 SI•'!RO = X/2. 
27 S:t-!ST = SNST - SNRO 

IF (SNST - 0.001) 71,72,72 
71 Sl'JST = O. 

I = 0 
72 TOTRO = RO + mrno 

TOT3I-t.R = TOTSMR + SMRO 
TTOTRO = TTO?RO + TOTRO 
DT =ST+ RO 
IF (SKRO - 0.001) 34,77,77 

77 DT = DT + SlJST 
34 CONTII{UE 

K = J 
WRITE(3, 35) TEMP, POTEV, PREC, PFE , AC, ST ,DST, AE, D, S,RO, sr-:ao, TOTRO,D 

1'T,K 
35 FORMl~T(8X,14F8,3,16) 
30 COI~TI1:WE 

111 ·,IRI TE ( 3 , 1 00) TOTPE, TOTP, TOTPPE, TuTAE, TOTD, TOTS, TOTRRO, TOTSMR 
1 TTOTRO, TOTm;o 

100 FORJ\'li,T ("1 0 AmnJAL' , BX, 3F8. 3, 24X, 6F8. 3, / / /, 20X' :JUOW' , F8. 3, ' INCHES' 
1/'1 ') 

11 O RE'.i:Ufu~ 
END 
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APPENDIX II(3): Ma:::imuni daily rainfall and ftood probability analysis 
(see Gwnbel, 1958(a), 1958(b); Robertson, 1963) 
(Written in PL/I for the IBM 360 computer at Otago 
Un·iversity) 

RF .• 
PROC OFTIONS(h~.AIN ,Cl,SY3LCG),. . 

DCL IK FILE R:i::COR~ DffUT ElN(!(EDiffi;C(SYSIPT, 1442) F(80) BUFF:SRS(2)) 
, CU~ FILE F.SCC?.D CUTI,UT E:HV(I,:EDIU!II(SYSLST,1443) F(121) 

BUFFERS(2) CTLASA),. 
DCL PL.CYS8 RECCHD rrPUT :2.NV(l.:EDIID!.(SYSOOB,2311) F(S00,80)),. 
DCL RIG CHAR(9),. 
DCL EXTRE11i ENTRY, • 
DCL (TEST,l~,B,AA,BB,XY.) FI.CAT (16),. 
DCL ( C, CARD) CHA?.( 80), Ln;E CHAR( 121),. 
DCL 1 RFL, 

2 EXT (50) FLOAT(16), 
2 UTYPE CHAR(8), 
2 YRS BIN FIXED (31) , 
2 UNIT CHAR ( 6),. . 

DCL (I, CA.RDXC, LI:.IIT) BIN FIXED (31), 
(START ,l,'.AX) PIC I zzzzzz I' 
V,~R(12) PIG 'ZZZZZZ' DEF CARD,. 

DCL J BIN FIXED (31),. 
DCL ($P,$PP) PTR 

. . P BIN FIXED l 31 ) DEFINED $P, 
V PIC 'ZZZZZZ' BASED ($P),. 

OPE!r FILE (IN),. . . . ' . 
OPEN FILE (PLSYS8),. 
OK Er·:-DFILE ( IK) GO TO !\'EXT, • 
HIG = HIGH(3),. 
RE! .. D FILE (H;) INTO (C),. 
UNIT= SUBSTH(C,75,6),. 
LINE= '1'Ci'.T SUESTR(C,1 1 74),. 
WRITE FILE (OUT) FROM (LINE),. 
LIHE = '-I'. 
V:RITE FILE (OUT) FRCM (LINE),. 
UTYP:S = I FLOVI I , • 

READ FILE (IN) n:To (C) '. 
GET STRING (C) EDIT (TEST,A,B,AA,BB) (5 F(10,5)),. 
$FF = .ADDR(VAR),. 
START = O,. 
YRS = O,. 

NEXTYEAR •• 
r.:Ax = START,. 
READ FILE (1'LGYS8) n:To (C),. 
IF HIG = SUB3TR(C,1,3) TH~N GOTC NEXT,. 
DC I = 1 TO 31, • 

READ FILE (:EJLSYS8) INTO (CARD),. 
$P = $PP,. 
DO P = P BY 110B TOP+ 1000010B,. 

IF MAX LT V THEN 1'.AX = V , • 
END,. 

END,. 
YRS = YRS + 1 , • 
XX = FWAT(}:!AX, 16),. 
IF.XX LT TE.ST TEEN EXT(YRS) = A•XX + B,. 

ELSE EXT(YRS) = AA*XX + BB,. 
GC TO NEXTYEAR,. 

?;-EXT •• 
CALL EXTRHl (RLF),. 
CLOSE FILE (OUT),. 
CLOSE FILE (IN),. 

END RF,. 
EXTREI1': •• 

PROCEDURS(XS),. 
DCL 1 XS, 2 X(50) FLOAT(16), 

2 EAP CHA.R(B), 

/• 

2 :N BIN FIXED (31), 2 r~M.:E CHAR(6),. 
DCL OUT FILE lECCRD CUTFUT E:i':VO:'.~DIUJ..:(SY.SLST,1443) F(121) CTLASA),. 

TF.IS P::tOCE:I:URE CALCULJ.TES TEE EXTREr•.:E VALUE FP..EDICTIOim FRCrl GIVEN 
EXTRE:,'...E VALUES CF L\RGE SAI.iELES - IN THI3 CASE EACH S.U:PLE IS A 
YEAR. 
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•• * * • REFEREr;cES * * * •• 
GUI/BEL, E.J. 1958 'STATISTICS OF EXTREI\lES' (COLUI.:BIA U. P., N.Y.) 
GUI.lBEL, E.J. 1958 'STATISTICl,L THEORY OF FLOCDS AND DRCUGHTS' 
. (J!\'L II~ST. ·:iATER EliG.S VOL 12(3) PP 157 - 184) 
ROBERTSON, N.G. 1963 'THE FRE~UENCY OF HIGH INTENSITY RAINFALIS 

IN NEV; ZEALUill ' ( N. Z • 1:.ET • SERVICE rnsc . PUB. 118) 
•/ 

DCL (NPI,!,K,J,I) BIN FIXED (31),~ 
DCL ~IG~/\~ FL01:'.;(16) I~IT(O) .t. 
DCL ~rG~AY FLCh~(16) ItIT(O.J, 

SIG!i:AXS(.:. FLOAT(16) INIT(O.), 
SIGU1.Y.SQ FLOAT(16) INI1'(0.),. · 

Egt ti~g~t8:f;~:~1%:~~ :;£p3~Fic~~(1g~;~N,EQ2,T85,ALP) FLOAT (16)'. 
DCL (Y1,Y15,Y85,YN) FLOAT(16),. 
DCL LINE CHAR( 121),. 
NPA:=N+1,. 
DO I = 1 TO N,. 

TEMP= -LOG(-LOG(FLOAT(I)/FLOAT(NPM))),. 
/• 

*/ 
TEJ'.:P IS THE VARIABLE DERIVED FROM (M/(N + 1)) •••• SEE GUMBEL 

/• 

SIGMAY = SIG1".AY + TEA~P,. 
SIGI.iAYS~ = SIGKAYSQ + TE1,~P*TE!J:P,. 
XX = X(I),. 
SIGr:.AX = SIG!f.AX + XX,. 
SIG1".AXSQ = SIGMAXSG. + XX*XX,. 

END,. 
LINE = 1 0 I'. 
SUBSTR(LINS,5,8) = HAP,. 
SUB.STR(LINE,21,13) = 'RETURH PERIOD',. 
SUBS'I'R(LIKE,42,11) = 'LO'.'iER LH:IT' ,. 
SUE.3TR(LI1rn, 61, 11) = 'UFFER Lil!:.IT',. 
WRITE FILE (OUT) FROM (LINE),. 
LINE= I I,. 

SUBSTR)LIIIB,3 ,9) = 'In' ·cAT rjAME,. 
SUBSTR(LINE,23,8) = 'IN YEARS',. 
WRITE FILE (CUT) FROl'.i (Ln;E),. 
LirlE = I I'. 

~'.'RITE FILE (OUT) FROit (LINE),. 
KN = FLOAT(N),. 
AINV = CC~RT( (.SIGl;:AXS~ - SIGEAX* SIGl.lAX/J;N)/(NN - 1.0) )/ 

SQRT( (SIGI:..1\YSl,: - SIGl:lAY* SIG?i.AY/NN) /(NN 1. 0),. 

AI1N IS 1/ALPHA 
•/ 

u = SIGI.:AX/Nl, - SIG!l'J..Y/rrn• AIHV'. /• AS IN GlJl!BEL * / 
.DC I = 1 TC N - 1, • /• ORDERING X LOWEST TO HIGHEST 

DO J = 1 TC N - I,. 
IF X(J) GT X(J+1) THEN DC,. 

XX = X(J+1),. 
X(J+1) = X(J),. 
X(J) = XX,. 

END,. . 
Eirn,. 

END,. 
/• 

*/ 

THE NEXT GROUP OF STATE!LEJ>;TS ARE TO DO '.'iITH SETTING UP THE TWO 
CCl;TROL BAl;:DS '.'.'EICH ARE DIVIDED INTO FIVE SECTIONS. 

E:~O = AI!!V /(-.LOG( 0.15): SS~!(~!·:: 3 .0/17. 0)),. 
E'<t1 = AI1~V/(-LOG(0.85) S1~.t-...J..(N.·1 17.0/3.0)),. 
E~2 = 1. '14078* AU:V,. 
E(~3 = 1 .14078"' AINV /LOG etnn,. 
X1 = X(1),; 
XN = :X(N),. 
Y1 = 1./ANIV• (X1-U),. 
YN = 1./.1.IIN*(Xl:-U),. 
T1 = 1.0/(1.0 - EXP~-EXF(-Y1))),. 
T15 = 20.0/17.0,. 
T85 = 20.0/3.0,. 
TN = 1.0/(1.0 - EXP(-EXP(-YH))),. 
Y15 = -LOG(-LCG(1.-1./T15)),. 



/• 

Y85 = -L?.~(-LOG(1.-1./T85))~. 
ZLP = (fa(:-> - E~O)/(Y1 - Y15J,. 
ALP= (EQ2 ~ E~1)/(YN - Y85),. 
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DO I= 201?103~110,120,130,150,200,500 
T = L'LCAT(IJ/100.0,. 
TEr~P = -LCG(1.0 - 1.0/T),. 
XT = U +(-LCG(TE1ff')) * AINV,. 

BY 500 TO 2500,5000,10000,. 

THIS GROUP CF IF. • TEE;t; •• ELSES IS TO SELECT \'.'HIGH SECTION OF 
THE CONTI/.CL BAl/D THE PAETICULAR VALUE OF T - TEE RETURN 
PERICD - LIE3 IN .AI~D TO CALCULATE THE APPROPRIAT~ VALUE OF EQ.. 
E(i IS ADBED TO & SUBTI'tAC'i\·:D FRG: E.ACF. XT - THE FLCW FOR A 
PARTICULAR T - TC GIVE THE CCN'l'ROL BAKD POI117S. 

•/ 
IF T LT T1 THEN E( = EQ3, • . ELSE 

IF T LT T15 THEN E~i = (-LOG(TEMP)-Y15)*ZLP+E~O,. ELSE,. 
IF T LT T85 TEE!; E·~ = AIINJ(rEI,':P*S~~T(I:K*(T - 1.0))),. 

ELSE IF T LT TN THEN EQ = (-LOG(TE!.:P)-Y85)*ALP+EQ.1,. 
ELSE E~ = EQ2,. 

LINE = • I'. . 
F·UT STRII:G (LHIB) EDIT (XT,T,XT - E~,XT + :EQ.)(X(1),F(9,2),X(12), 

F(7,2),X(12),F(9,2),X(10),F(9,2)),. 
WRITE FILE (OUT) FROIJ (LINE),. 

END,. 
LINE = I I, .. 

FUT STRIKG (LI!iE) EDIT ( '0' 1U+AI!~*O.;i772156649, '2.33', '1,:EAN ANNU', 
· 'AL EXTRH'.E')(A,F(9,2),X,15),A,X(6),2 A),. · 

·•r·'C). ImE Ti'I T ;;, ( nurp) 'l."~c• .c ( L"'PC-:;') ~I.lo "'- .. .J..J..::.i \.... .... .1:.n 1. . ·J..lu,,;., , • 

FUT STB!l1G . (LHS) EDIT (U, 'MOST PROBABLE A!m'UAL EXTREME') 
. (X{1),F(9,2),X(25),A),. 
'.I/RITE FILE (CUT) FRC~.: (LINE),. 
LI1\"E = '1 ' , • 
W:rtITE FILE (CUT) FRO!.: (LINE),. 
LINE = (6) • • CI1.T •x• c;,~ (11) • ' CAT 'RANK' CAT (11) • • CAT 

'PLOT PCSH',. 
WRITE FILE (OUT) FHOK (LINE),. 
LINE = I I,. . 

WR!TE FILE (CUT) FLtO!:: (LINE),. 
TEr.'.P = FLOAT (l;FM),. 
DO I = . 1 TO K , • 

PUT STRING (LHTE) EBIT (X(I),I,TE!,!P/(TEI.'iP - FLCAT(I))) 
,,, (~(1) ,!(9,2) tX£2) ,_F'(3) ,_X(9) ,F(9,2)),. 
,1RIT.r.. .rILE (OUT; ..t11.G!,, (LH,E),. 

END 
END EXTRE!,:, • 
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APPENDIX II(4): Minimum jlor.J p:t'obability analysis (See Gumbel~ 
1958(a)~ 1958(b)). (r-ll'itten in PL/I foro the 
IBM 360 computer at Otago University) 

RF •• 
PROC OPI'ION3(M.AIN, ONSYSLOG),. 

DCL FISYS8 RECORD PffUT ENV(l\EDIUM(SYS008,2311) F(B00,80))}. 
DCL IN FILE R2:CORD rnPUT 2NV(rn;orm.~(SYsIFT, 14-42) F(80) BUFFERS 1,.2)) 

, OUT FILE R-2:CORD OUTPUT ENV(MEDIUM(SYSLS'r,1443) F(131) 
BUFFERS(2) CTLASA),. 

DCL HIG CHAR(3),. 
DCL EXT:lEi1'. ENTRY, • 
DCL (TEST,A,B,AA,BB,XX) FLOAT (16),. 
DCL (C,CARD) CHAii(BO), LINE CHAR(131),. 
DCL 1 RFL, 

2 EXT (50) FLOAT(16), 
2 UTYPE CHAR( 8), 
2 YRS BIN FIXED (31), 
2 UNIT CHAR (6),. 

DCL (I,CARDNO,LiiflT) BIN FIXED (31), 
(START INIT (999999),MAX,DELETE INIT(O)) PIC 'ZZZZZZ', 
VAR(12) PIC 'ZZZZZZ' DEF CARD,. 

DCL J BIN FIXED (31),. 
DCL ( $P, $PP) P.rR, 

P BIN FIXED (31) DEFINED $P, 
V PIC 'ZZZZZZ' BASED ($P),. 

OPEN FILE (IN),. 
OPEN FILE (OUT),-. 

OPEN FILE (FLSYS8),. 
HIG = HIGH(3),. 

READ FILE (IN) I~TO (C),. 
UNI1' = SUBSTrt(C,75,6),. 
LINE= '1'CAT SUBSTR(C,1,74),. 
WRITE FILE (OUT) FROM (LINE),. 
LINE= '-',. . 
'.V1UTi FILE (OUT) FROM (LINE),. 
UTYPE = I FLO'N I ' • 

READ FILE (IN) INTO (C),. 
G!:.'T STRING (C) EDIT (TZST.,A,B,AA,BB) (5 F(10,5)),. 
$PP= ADDR(VAR),. 
YRS =. O,. 

NEXTYEAR •• 
MAX = START,. 

READ FILE ( PLSYS8) INTO ( C), . 
IF HIG = SUBSTR(C, 1,3) THEN GOTO NEXT' 

DO I= 1 TO 31,. 
READ FILE (PLSYS8) INTO (CARD),. 

$F = $PP,. 

'. 

DO P = P BY 110B TOP+ 1000010B,. 

END,. 
IF V GT DELETE THEN IF MAX GT V THEN MAX = V, • 

END,. 
YRS = YRS + 1,. 
XX = FLOAT(MAX,16),. 
IF XX LT TEST rHEN EX'r(YRS) = A •xx + B,. 

ELSS EXT(YRS) = AA*"XX + BB,. 
TO TO NEXTYEAR,. 

NEXT •• 

/• 

CALL EXTREM (RFL),. 
CLOSE FILE (OUT),. 
CLOSE FILE (IN), • 

END RF,. 

EXTREM •• 
PROCEDURE(XS),. 

DCL 1 XS, 2 X(50) FLOAT(16), 
. 2 HAP CHAR(8), 

2 N BIN FIIED( 31), 2 NAlV:E C:lAR(6),. 
DCL OUT FILE RECORD OUTPUT Th'V(MEDIUM(SYS:.ST,1443) 

/• 
F(131) CTLASA),. 

THIS PROCEDURE CALCULATES ·rHE EXTREME VALUE PREDICTIONS FROM 
GIV£11 EXTREYE VALUES OF LARGE SMr'.FLES - IN THIS CASE EACH 
SAMPLE IS A YEAR 
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GUMBEL, E,J. 1958 'STATISTICS OF' EXTREf!.ES' (COLDrt.BIA U. P., N.Y.) 
GUMBEL, E.J. 1958 'ST!\TISTJCAL THEORY OF FLOODS AND DROUGHTS' 

(JNL INST. WATER ENGS VOL 12(3) PP 157 - /184) 

DCL (NPM,K,J,I) BIN FIXED (31)~. 
DCL SIGMAX FLOAT(16) INIT(O,),. 
DCL SIGMAXSQ FLOAT(16) INIT(O.),. 
DCL SIG~AX3 FLOAT(16) INIT(O.),. 
DCL (TH'. P, XX, tm, T, AINV, XT ,E~, U ,fa11, XN, TN ,EQ,2, T85 ,ALP) FLOAT (16),. 
DCL (E~O,EQ3,X1,T15,T1,ZLP) FLOAT(16),. 
DCL LINE CHAR(131),. 
DCL (KK, KKINV, mr, LNXM) FLOAT ( 16) , • 
DCL SQRTB1 FLOAT(15),. 
DCL GAirt,'.A INTERNAL RETURNS (FLOAT(16)),. 
DCL F INTERNAL RSTU':tNS (FLOAT(16)),. 
DCL FN INTERN,\L RETU~N.S (FLOAT(16)),. 
DCL FCT INTERNAL R3TURNS (FLOAT(16)),. 
DCL BINCHOF nnEr?HAL RETURN,S (FLOAT(16)),. 
DCL IM BIN FIXED(31),. 
DCL (Y1,Y15,Y85,YN,XPLOT,XU,XL) FLOAT (16),. 
DCL (V,EPS,G1) FLOAT(16),. 
NFM = N + 1,. 
DO I= 1 TON - 1,. /• ORDERING X LOWEST TO HIGHEST •/ 

DO J = 1 TON. - I,. 
IF X(J) LT X(J+1) THEN DO,. 

XX = X(J +1), • 
X(J+1) = X(J),. 
X(J) = XX,. 

END,. 
END,. 

END,. 
DO I = 1 TO N,. 

XX = X( I),. 
SIGrv!AX = SIGMAX + XX,. 
SIGMAXSQ = SIGMAXSQ + xx•xx,. 
SIGMAX3 = SIGl't.AX3 + xrxrxx,. 

END,. 
NN = FLOAT(N), • 
XN = SIGMAX/NN,. /• MU1 OR MEAN "/ 

/• WU2 OR VARIANCE•/ 
AINV = ((SIGMAXSQ - SJGMArSIGMAX/NN)/(NN - 1.0)), . 

. j• SKEJ = hlU3/(~u2••(3/2)) */ 
SQRTB1 = (::3IGMAX3 - 3.*SJGMAX•SIGMAXSQ/NN + 2. *SIGMArS!GMAX"'SIGM.AX 

/(NN"NN) )/11IN/SQRT(AINV* Ainv• AINV),, 
DISPLAY(' STAR·I' r{STHOD 1'),. 
KK = BINCHOF(F),. 
IF KK = 0. 0 Tffi~N DO, • 

DISPLAY('START W:ETHOD 2'),. 
GOTO k'.ETHOD TWO, . 

END,. 
KKINV = 1 ./KK,. 
G1 = GAK~A(1.+KKINV),. 

/• CHARACTERISTIC DROUGHT •/ 
V = XN + sq,RT(AIN'v)•(1.-G1)/SQ,RT(GAMUA(1.+2.·KKINV) - G1*G1),. 

/• VALUE 'NHICH DIS'rRIBUTION IS ABYMPrOTIC TI •/ 
EPS = (XN - V'"G1)/(1. - G1),. 
IF EPS GE X(N) THEN DO,. 

METHODTNO •• 
RI! = 0.63212• (NN + 1.),. 
IM = BINARY(RM, 31,0),. 
LNXM = LOG(X( Irl)),. 
V = EXF((R.M - FLOAT(H',16))•(LOG(X(DA + 1)) - LNXM) - LNXM),. 
KK = BINCHOP( FN) , • 
IF KK = 0.0 THEN DO,. 

DISPLAY(' START rrnTHOD 3 •),. 
EPS = 0 .0,. 
KK = BINCHOP(FCT),. 
IF KK = 0.0 TH~N DO,. 

LINE= '-~STHODS 1, 2 & 3 ALL Fl1LED' ,. 
'.VRITE FILE (OUT) FROM (LINE),. 
GOTO FINS,. 

END,. 
KK I NV = 1 • /K K , • 
V = XN/GAMMA(1. + KKINV),. 

END,. 



/• 

*/ 

/* 

•/ 
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ELSE DO,. 
KKINV = 1./KK,. 
G1 = GA~1MA(1. + KKINV),. 
EPS = (XN - V*G1)/(1. -G1),. 

END,. . 
END,. 
IF EFS LE 0.0 THEN 

IF NAT\1'.E = 'CUSECS' THEN EPS = 0.0 
PUT STRING (1INE) EDIT ( 'OKK =' ,KK,' V =' ,V,' EPS =' ,EPS, 

' X(N) =' ,X(N))(4 (A,E(20,10,11))),. 
WRITE FILS (OUT) li'RQI!: (LINE),. 
LINE= '1' ,. 
WRITE FILE (OUT) FROM (LINE),. 
Lil-IE = 'O',. 
SUBSTR(LINE,5,8) = HAP,. 
SU3STR(LIN.S,21,13) = 'RETmtN PERIOD',. 
SUBSTR(LH:E,42,11) = 'LO'NEct LIMIT',. 
SUBSTR ( LIN"E, 61, 11) = 1 UFFER LD.HT' , • 
SU:BSTR(LINE,81,8) = 'LOG FLOW',. 
SUBSTH(LINE,104,3) = 'LOG',. 
SUBSVrt(LHE, 124,3) = 'LOG',. 
\'/RITE FILS (OUT) FROTI~ (LINE),. 
LINE = I I ,. 

SUBSTR(LINS,3,9) ='IN' CAT NAME,. 
SUBSTR(LIKS,23,8) = 'IN YEA~S' ,. 
SUBJTrt(LINE,100,11) = 'LO'.'lER LIMIT',. 
SUBSTR( LIN.S, 120, 11) = 'UPPER LIMIT 1 

, • 

~VRITE FILE ( OUT) FROM (LINE),. 
LINE = I I'. 

~'!RITE FILE (OUT) FRON. (LINE),. 
NN = FLOAT(N),. 

THE NEXT GROUP OF STATEMENTS ARE TO DO WITH SETTING UP THE TWO 
CONTROL BANDS '.rnICH ARE DIVIDED INTO FIVE SECTIONS. 

EQO =KKINV/(-LOG( 0.15) ·s~RT(NN· 3. 0/17 .o)),. 
EQ,1 =KKINV / ( -LOG( 0. 85) •s~RT(NN* 17. 0/3 .0)), . 
EQ2 = 1 .14078.KKINV,. 
EQ3 = 1.14078.KKI~V/LOG(NN)·,. 
X1 = LOG(X(1) - EFS),. 
XN = LOG(X(N) - EPS),. 
U = LOG"(V - EFS),. 
YN = KK'"(XN - U),. /• FROM TN */ 
Y1 = KK'"(X1 - U),. /• FROM T1 •/ 
T1 = 1.0/(1.0 - EXP(-EXP(Y1))),. 
T15 = 20.0/17.0,. 
T85 = 20.0/3.0,. 
TN = 1.0/(1.0 - EXP(-EXP(YN))),. 
Y15 = L0S(-LOG(1. - 1./T15)),. 
Y85 = LOG(-LOG(1. - 1./T85)),. 
ZLP = (E~3 - EQO)/(Y1 - Y15),. 
ALP= (EQ2 - E~1)/(YN - Y85),. 
DO I :101,103,110,120,130,150,200,500 BY 500 TO 2500,5000,10000,. 

T = FLOAT(I)/100.0,. 
TEWP = -LOG(1.0 - 1.0/T),. 

/ • XT IS THE FRED ICT ED FIO"J FOR THE FART ICUIAR T. • / 
XT = EPS + (V - EPS) • (TEf/p• '"KKINV),. 

THIS GROUP OF IF .. THEN .. ELSES IS TC SELECT ~'IHICH SECTION OF 
THE CONTROL BAND THE PARTICULi\R VALUE OE' T - THE ltETUR.~ 
PEHIOD - LISS rn AND TO CALCULAI'E THE AI'BOPRIATS VALU~ OF EQ. 
EQ IS HALF TH~ CONrROL BkND WIDTH OF THE LOG - TRANSFORMED 
VARIATE XT - EPS. 

IF T LT T1 THEN E~ = EQ3,. ELSE 
IF T LI' T15 THEN E~ = (LOG(TE'.1~F) - Y15)*ZLP + E10,. ELSE 

IF T LT T85 THEN E-.~ =KKirJV/(TEr,1PS~RT(NN* (T - 1.0))),. 
ELSE IE' T LT TN TEEN EQ. = (LOG(TEr.':P) - Y85) • ALP + EQ1,. 

ELSE E~ = EQ.2, • 
LINE = I I'. . 

XFLCT = LOG(XT - EF3),. 
XU= XPLCT + E1,, 
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XL = XPLOT - EQ, • 
PUT Sl'RING (LINE) EDIT (XT T,EXP(XL)+EFS 2XP(XU)+EF3 XPLOT XL, 
XTJ) ( X ( 1 ) , F ( 9 , 2 ) , X ( 12 ) } F ( 7 , 2 ) , X ( 1 2 ) , F ( 9 , 2 ) , X ( 1 0 ) , F ( 9 , 2 ) , X ( 1 0) , 
F(9,4),X(11),F(9,4),X,12),F(9,4)),. 

'NRI'l'E FILE (OUT) FROM (LINE),. 
E1TD,. 
LINE = '1',. 
WRITE FILE ( OUT ) FROM (LINE) , . 
LINE= (6)' ' CAT 'X' CA-T (11)' ' CAT 'LOG X' CAT (11) ' ' CAT 

'RANK' CAT (11)' ' CAT 'FLOT FOSN',. 
'.,VRITE FILE (OUT) FROM (LINE),. 
LHE = I I,. 

'.1/RITE: FILE (OUT) FROM (LINE),. 
TEMP = FLOAT(NH,0,. 
DO I = 1 TO N,. 

FUT STRING (LINE) EDIT (X(I),LOG(X(I)-EFS),l,TE\'.P/(TE~P-FLOAT(I))) 
(X(1),F(9,2),X(6),F(9,4),X(9),F(3),X(12),F(9,2)),. 

WRITE FILE (OU'r) :F'ROM (LINE),. 
END,. . 

/• F - THE FUNCTION VALUE FOR BINCHOP */ 
F •. 
PROC (K) FLOAT(16),. 

DCL (K,KINV,G,N,G2,FN) FLOAT(16),. 
KINV = 1.0/K,. 
G = GAUJ/A(1 .O + KINV),. 

G2 = GAM.W.A ( 1. + 2. •KINV), . 
N = G2 - G•G,. 
FN = (GAMrt.A(1. + 3,*KINV) - 3.*G2*G + 2.*G*G*G)/S~RT(N*N*N) -

S~RTB1,. 
REI'U::tN (FN),. 

ZND F,. 
/• 

END F 
BEGIN GArlfl!.A FUNCTION •• ALGORITHM 

•/ 
GAMMA •. 

FROC (X) FLOAT(16),. 
DCL (H INIT(1.0),Y,X) FLOAT(16),. 
y = x,. . 

A 1 •• 
IF Y = 0.0 THEN H = 1.0E50,. 
EL3S IF Y = 2.0 THEN GOTO A2,. 
EL3E IF Y LT 2.0 THZN DO,. 

H = H/Y,. 
Y=Y+1.0,. 
GO TO A1,. 

END,. 
ELSE IF Y GE 3.0 THEN DO,. 

Y=Y-1.0,. 
H = lJ•y,. 
GOTO A 1,. 

END,. 
ELSE DO,. 

y = Y - 2.0,. 
H = (((((((.0016063118*Y + .0051589951)*Y 

+ .0044511400)*Y + .0721101567)*Y 
+ .0821~17404)*Y + .4117741955)*Y 
+ .4227874605)*Y + .9999999758)*H,. 

END,. 
A2 •• 

RETURN(H),. 

END GAMMA,. 
/* BEGIN BINCHOP WHICH SOLVF'S SKEW FOR KK VALUE •/ 

BINCHOP •• 
PROC(Z) FLOAT (16),. 

DCL Z RETUR:'JS (FLOAT(16)),. 
DCL (C,EFSILON INIT(1 • .:::-10),A INIT(1.499),B INIT (1.50),TEST) 

FLOAT( 16), • 
ON OVERFLO''l GOTO OV.SRFLO','EXIT, . 

TRYAGAIN •• 



IF Z(A)*Z(B) LT 0. THEN DO,. 
AGAIN .. 

C =(A+ B)/2.,. 
IF Z(A)*Z(C) LT O. THEN B = C,. 
ELSE A= C,. 
TEST= ABS(A - B),. 
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IF TEST GT EPSILON THEN GOTO AGAIN,. 
RETURN (C),. 

END,. 
ELSE DO,. 

PUT STRING (LINE) EDIT ('OSOLUTION OF Z(X) IS OUTSIDE RANGE .. ', 
' X =',A,' TO X =',B)(A,2 (A,E(20,10,11))),. 

WRITE FILE (OUT) FRCM (LINE) , • 
A = A/ 2 • , • . B = B * 2 • , • 
GO TO TRYAGAIN,. 

END,. 
OVERFLO'.'IEXIT .. 

RETURN( 0. 0), . 
END BINCHOP, • 
FN •. 
FROC(K) FLOAT(16),. 

DCL (G1,KINV,K) FLOAT(16),. 
KHN = 1./K,. 
G1 = GAMMA(1. + KINV),.. . 
RETURN((1. - G1)/S~RT(GAMII.A(1. +2,*KINV) - G1*G1) - (V - XN)/ 

S~RT(AINV)),. 
END FN,. 
FCT •• 
PROC(K) FLOAT(16),. 

DCL (G1,KIRV,K) FLOAT(16),. 
K INV = 1 • /K , . 
G1 = GA~~A(1. + KIKV),. 
RETURN"(GAM!.'.A(1. + 2.*KI1'7V)/(G1"'G1) - 1. - AillV/(XN*XN)),. 

END FCT,. 
FINS .. 
END EXT REM, . 
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APPENDIX II(S): Modified conceptual. model of system synthesis 
(see Hutchinson & Simmers, 1971; Boughton, 
1965, 1968(b)}. (Written in Fortran IV for the 
IBM 360 computer at Otago University) 

DIMSESION RAIN(31, 12) ,EV!-\.P(12) ,FEBETC(12) ,ROF(31, 12),0(12) 
READ ( 1 , 1 ) C EPMA.X, US MAX, DRr.'.'.AX, SS MAX 

1 FCR:LAT (4F5.2) 
RE.\D ( 1 , 1 ) 8 EP, US , DR, SS 
READ(1, 1 )ABC ,PCUS,G',VI;IAX,GW 
READ(1,1)FO,FC,AAK,AAC 
READ(1,1):X:Z,XY,XX,BBC 
READ(1,2)(FEBETC(J),J=1,12) 

2 FORl\;AT(12A4) 
C CEPr.:AX IS I/'.A.X IHTERCEPTIC•N STORE. USM.AX IS Jt::AX UPPER SOIL STORE. 
C Dm-:AX IS r-:Ax DRt.JNAGE STCRE. SS1''..A.X IS 1L\.X SUBSCIL STORE. 
C H IS 1.1AX LIT!.IT FOR EVAPOT?.ANSPIRATION RATE. 
C PCUS IS PERCEr-TT ET LCST FRCl'.'! US STORE. 
CFO DAILY :INFILTRATION AT ZERO SCIL MOISTURE 
C FC IS IHN INF. Rt.TE. A..:',.K IS K IN INF. EQN. A.AC IS FACTOR FOR JEPLETING 
C SUBSOIL MOISTURE BY DRAINAGE. 

'.'i:UTE( 3,500) CEFrKAX, USM!\.X, DRrt.AX, SSMAX 
WRITE(3,500)CZP,US,DR,SS 
;'lRI'l'E(3, 500 )ABC ,PCUS.,GWMAX,GW 
WRITE( 3,500) FO, FC, AAK, A:\C 
'!!RITE( 3,500) :XZ, XY, XX 

500 FCgBAT(4F10.3) 
'.VRITE(3, 3) 

3 FC1H.''.AT(12X, 'DAY ~;'.ONTH YEAR EST EXCESS 8UBSL CEP US 
1 DRAIN SUBSL SPILL DEF GR:trn:VTR' ) 
V.~ITE(3, 4) 

4 FORr!.AT(29X, 'RUNOFF RUN STORE ~TORE STORE STORE') 
F = FO 
CEPU.AX = O. 
1,t = o.o 
R = 0.0 
s = o.o 
DIFF = 0.0 
QQ = o.o 
H = XX 
DDIFF = 0.0 
RR= 0.0 
ST= 0.0 

223 SPILL= O. 
Sm.! = CEPMAX + VS1!,AS + DRMAX 
DEF = 0. 
RE\D(1,1002)Nll,NYZARS,INIT 

1002 FCRVAT(315) -
~EAD(1,1003)(C(J),J=1,12) 

1003 FCHfAT(12F5.2) _ 
WRITE(3, 1003)(C(J) ,J=1, 12) 
GRUN= 0.01 

5 READ(1,1008)(EVAP(J),J=1,12) 
1008 FCR~\T(5X,12F4.2) 

DO 577 J=1, 12 
57? EVAP(J) =EVAP(J)/25.0 

l~ITE(3,1003)(EV~P(J),J=1,12) 
DO 400 J=1,12 
READ(1,1004)RAIN(K,J),K=1,31) 

1004 FCRrAT(10X,16F4.2/10X,15F4.2) 
DO 401 K = 1,31 



401 RAIN(K,J) = 1.08*RAIN(K,J) 
400 CONTINUE 

READ(1,555)((RCF(K,J),K=1,31),J=1,12) 
555 FCR~AT(12F6.2,8X) 

DC 102 M = NM,12 
USMAX = USMAX•C(M) 
ROFF= 0.0 
DEFMAX = O. 
p = o. 
ROM = O. 
DIFF·= O. 
DO 101 J = 1,31 
y = o. 
RUN= 0.0 
EX= 0.0 
DIF = 0. 
FALL= 0.0 
IF (RAIN(J,M))101,228,125 

C THIS DIVIDES DAILY RAIN IN'I'O 1.5INCH LOTS 
125 IF(RAIN(J,~) - 1.5)12,12,126 
126 FALL= RAIN (J,M) - 1.5· 

RAIN (J,M) = 1.5 
12 A.A= CEP 

AB = US 
A.C = DR 
.\D = SS 

C A.DD RA.IN TO VARIOUS STCRSS TILL USED UP 
.CEP=CEP + R·\IN(J ,JJ!) 
IF( CEPt~AX-CEP)13, 228,228 

13 EX = CEP - CEPM.AX 
CEP = CEPl'.:AX 
US =US+ EX 
IF(USMAX - US)14,228,228 

14 >EX : ~S - ~~r.r·,X us• USMA')( 
D=1 - •• R + .t., .. 
IF(DR~AX -DR)15,228,228 

15 EX = DR - DR!:AX 
CALL R,\TE(F ,.FO ,FC, SS, SSYJ1.X, A·\K) 
A= EX/F 
RUN= EX - F•TANH(A) 
DR= DR - RUN 
SSING = F 
IF(SS~\X - SS - F)226,226,229 

226 SPILL= ·ss + F - SSMAX 
GO TO 229 

228 EX= 0.0 
229 CONTINUE 

RUN= RUN+ GRUN 
ROF(J,M) = ROF(J,M)*0.0167 
ROFF= ROFF+ ROF(J,M) 
GRUN= 0.0 
'':RITE( 3, 2003 )J, FE3ETC(M), INIT ,RUN, EX, SS, CEP, US, DR, SS ING, SPILL, DEF, 

1G~,R1IN(J,E),ROF(J,M) . 
2003 FO!W.:'..T( 16X, 13 ,A4, I5, 12F7. 3) 

C THIS '.\'RITES OUT VALUES UNDER OLD SYSTEM 
DIF = RUN - ItOF(J,M) 
DIF = DIF*DI_F 
DIFF = DIFF + DIF 



SPILL= 0. 
DEF = O. 

11 CEP = CEP - EV~P(M) 
IF(CEP)16,117,117 

16 EP = ABS(CEP) 
CEP = O. 
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US= US - FCUS*FUNCT(US,USMAX,H,EP)/100. 
SS = SS - (100. - PCUS) *FUNCT(SS,SSlv"A.X,H,EP)/100. 

117 IF(DR)18,92,19 
18 DR= C. 

GO TO 92 
19 CALL RATE(F,FO,FC,SS,SSMAX,AAK) 

IF(DR - F)121,121,122 
121 SS.= SS+ DR 

DR= 0. 
GO ·.rO 123 

122 SS= SS+ F 
DR= DR · - F 

C THIS USES UP RAIN OVER 1.50. FALL IS RA.IN OVER 1.50. 
92 ss = ss + xz•us•us 

us= us - xz•us•us 
IF(SS - SCMAX)700,700,701 

701 US= US+ GS - SSMAX 
SS= SSMAX 

?00 CONTINUE 
IF(FALL)123,123,130 

130 RAIN(J ,In = RAIN(J ,~n + FALL 
IF(FALL - 1.00)131,132,132 

131 X= FA.LL 
GO TO 133 

132 X = 1.0 
133 FALL= FALL - X 

A= X/F 
RUN= RUN+ X-F*TANH(A) 
SS= SS+ F•TANH(A) 
·:mITE( 3,134 )RUN 

134 FORM\T(24X,F7.3) 
IF(FALL)123,123,130 

123 IF(~SMAX -SS)140,141,141 
140 Y = SS - SSkAX 

SS = SS!·1AX 
141 Q~ = QQ + o.005•ss•ss + o.1•y 

RR= R~ + 0.005*SS*SS + 0.1*Y 
s~ =ST+ 0.03*SS*SS + o.05•y 
TT"' 0.05*Y 
GRUN= QQ. 
Q~ = RR 
RR= ST 
ST= TT 
TT= 0.0 
Q = Q + o.1•y 
R = R + O. 3•y 
s = s + o.3•y 
GW = GW + Q 
Q = R 
R = S 
s = o.o 
SS= SS - 0.04*SS*SS 
IF(G\'J - BBC)170, 170,171 
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170 GO TO 172 
171 GRUN= GRUN+ ABC*(GW - BBC)•(GW - BBC) 

GW = GW - ABC*(GW - BBC)*(GW - BBC) 
172 IF(GRUN - 31.3)143,142,142 

'> 142 GW = GW + GRUN - 31 • 3 · 
143 GW = GW + ss•(1. -AAC) GRUN"'.31.3 

SS= SS* AAC 
H'( G~~'MAX - GW) 14-6, 14-7, 147 

146 SS = SS + GW - G'NY.AX 
.GW = G'N1~1AX 

14? DEF = SUM - CEP - US - DR 
P = P + RAIN(J,M) 
ROU = ROii + RUN 
IF(DEFMAX - DEF)22,101,101 

22 DE!<'l~AX = DEF · 
101 CONTINUE 

'.'lRITE( 3, 1007) P, ROM, ROFF, GW 
1007 FCRUAT(53X,4F7.2) 

WRITE(3,530)DIFF 
530 FCR!,:AT(10X, 'SUM OF SQUARED DIFFERENCES IS', F10.4) 

DDIFF = DDIFF + DIFF 
usrL\X = US1':1AXIC(M) 

102 CC!:(TINUE 
'.'iRITE(3, 1019)DDIFF 

1019 FO'Rr,·~AT(10X, 'TOTAL SS' ,F10.4) 
NM = 1 
INIT = INIT + 1 
NYEARS = NYE~RS - 1 
IF(NYEARS)30,30,5 

33 GO TC 5 
30 CCNTHTUE 
32 CONTINUE 

END 
/• 
II EXEC FORTRAN 

FUNCTIO!\ FUNCT(Sr:'LEY,SMMAX,H,ET) 
POJ~T = H* ST,':LEY /SMHAX 
IF(P0INT-ET)1800,1800,1801 

1800 FUNCT = POINT 
RETUR~ 

1801 FU!'WT = ET 
RETURN 
END 

/• 
// EXEC: FCRTRAN 

SUBROUTINE RATE(F,FO,FC,SS,SSMAX,AAK) 
IF(SG~AX - ss)301,301,302 

301 F = FC + 0.01 · 
RETURN 

302 IF(SS)303,303,304 
303 F = FO + 0.01 

RETURN 
304- F = FC + (FO - FC)/EXP(AAK*SS) 

RETUlli~ 
END 



C 
C 
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V 

C 
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APPENDIX II(6): DASTAT - statistical analysis of monthly fZouJa 
(see Thomas & Fiering, 1962; Pearson, 1968). 
(Written in Fortran IV for the IBM 360 computer 
at otago University) 

DASTAT (S'i'A:'IS':'ICAL ,\T'~ ALYSIS OF RECORD OF !r.O~TELY RIVER FLO\'.' 
DEC~AR.A'I'IO~lS . 
R.EAI :X:X( 100, 13), A( 13), B( 13), C( 13), F( 1 ~-), ~?,EAX( 13), 

1 ,~'. ' I"T( 1 :z.) 1'.i'LO'"' m'V" ',L "011 °CT 2 r•B ~ TJ( 12) ~-.::- ..... ·\ D( 12) rpornc 12) q:,;.. 1 .. ·J / ,.._ • . .. ,-""'..1.. .-. , ·J , ·J ..._J_, .. <.. .. ... 1.. , u _,.:Jo ~ .:.\ ·- , ~ .1. , 

2 C".'~DOT(1?) (' <::'"' 1"1 (1')) c.,.,,...Tn("?) QH',-:")(1?) c, r•H\D(1?) .-,-. •. •,··c1?) ,.; ~l.: '- ' ~t, ,..) .:.. LJ , C... , ~Ji.:.. .:_. J I C ' · Y l i _\. .... _ ' ,;,, ::., V 1 ~ 1.. • , _ 1 • ~.:.)!'- ', '• ~ 1 

3 S3S!R(12), Q~~G(42),SE1EG(12),;~0R(12),S~0~1(1?),S80q2(12),~,K1,K2 
4 I.•;r. rr4 K5 ,,.,. "'7 V O L '.'"°'(12) "J1'-" (12) '.'"'P(1?) 'ITT: (12) VO ~F:r•om K10 
5

,D ... ,,(11 ;),.~,,Al\~,'.~~1· c'·1" "3..J t 71··; <'r.'"T'r:., 'c··1;,) l-1·'~ K14- , -,~ ,.. . , .. ,1, .~ .. L ... , I 

IN,p--f~J.,J, ~.,.'.,). -,~;.:::. 'nc 19) t ., T/.1' G,~_('.Y.., I:. VF., y' n.KK.)' 
.J.~.J'.t.[l -L.i.J;:; 1 . il::J.'i..l-' ) ' 1\ 1 , U 1 '..i. 1 t..i. 

DOUBLE pqr:;cL~ION n·r 
READ LD1GTH OF ::-mcogn :i.~m ~r..',,i/E OF STArION 

33 RE!~D (1,2) RD.S,HE AD 
2 FC]~AT ,I3i1X,19A4) 

.IF ('1DS) 4,4,6 
REAil INE'I AL YEAR 

6 ";E.\E (1,50) YI 
50 ~ O:t.v\T \. I 5) 

READ R~C:O]D 
READ (1 273) YF 

273 FOl:·.~AT l I2) 
IF (YF) 274,274,275 

274 CONTINUE 
3EAD (1,s) (XX(1,I), I= 1,12) 

8 F03~ AT ,2x,12F5.o) 
YF = RDS - 1 
DO 7 K = 2,YF 
~EAD (~,270) (XX(K,I)~ I= 1,12) 

270 ~03YlT ,22,12F5.0) 
7 XX(K - 1,13) = XX(K,1) 

q;:;; .\D (1,271) (D:(~DS,I), I= 1,12) 
271 FO]~AT ,2X,12F5.0) 

XX(1D3 - 1,13) = XX(~DS,1) 
XX(~DG,13) = XX(1,1) 
GO TO 276 

275 80N"' INUE 
DO 157 K = 1,~DS 
1E1~ (1 1158) (XX(K,I), I= 1,13) 

158 FOR., !l.'I' \. 13F6. 0) 
157 '::OW.'INU.E 
276 ';Q~J:'I NUE 

'..~IT E ~EGORD 
KK = 0 

208 C:O?T" INUS 
¥.':::-\'JIN"~ OF Dt~TA 
cr~LL ,SKIP 
~~r ~E (z ~1) ~n~ ., · ~ .- / 1 ./ - L~Q 

51 :"0'] ~_'.,\T ( I I ,T41J, 'FLO-.'! REGO]D I' I3, I YEAlS' ,/) 
IF (Et.) 4 , 21 2, 21 3 
','nIT::: (3, 52) IJE:\D 212 

52 

213 
215 
214 

FC-S?.': A? (T40, 19A4//, T40, 1·i.'.EANFL0·.7 ( :::us-scs)' ,/) 
GO 1'0 214 
7,'1ITE (3,215) HEAD 
""'0r1:.'A~ (·r41J,19AL!-//,T40, 'LOG BASE 10 OF '.'1\EA.Jll FLOi'! 
CCN-:'INUE 
-,-::,..,.1'~ ( ;r. 64) ·,, ':. ~.l ..... l~ ..1 , 

64 FCR:.'. .'i.'r c • Y'SA 1 • , 14X, •JAN FEB 
AUG 

MA~ 
SEP 

APR 
OCT 1 1 !.'. AY JUN ,TuL 

2 ' DEC YE.\':t' , /) 
L = RDS 
YF =YI+ L - 1 
DATA 
!)O 53 Y = YI,YF 
K = Y - YI + 1 
A.~~O'r = 0 
DO 55 I = 1, 12 

(Ct'SEGS) I,/) 

I , 
NOV'' 



C 

,, 
V 

,., 
V 

C 
C 

C 
C 

55 ANTOT = A:·I'l'OT + XX(K,I) 
At-l"TOT =. /J-T'rOT/12 
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IF (KK) 280,280,281 
281 '.':-1I1'E (3,282) Y, (XX(ii:,I), I= 1,12),A~TCT 
282 FO~rAT (I5,T14,12F9.3,F9.3) 

GO '::10 53 
280 ~~ITE (3;54) Y,(XX(K,I), I= 1,12),ANTOT 
. 54 .F'O:t.'.AT (I5,T1'+, 12F9.0,F9.0) 

53 CON::'INUE 
C INJ::'L',LIS:S ··.-o~KIKG PARAMETERS 

DO 10 I= 1,13 
A(Il = 0 
B(I = 0 
C(I = 0 
D( I) = 0 
F(I) = 0 

10 ::;mITINUE 
TOTAL= 0 
SELECT ,·.'l .\XD!U~1 A}iD MINIMUM 
DO 9 I= 1,13 
QJ~:AX(I) = -1 .. 0 
Q:jIN' (I) = 99999. 0 
DO 9 J = 1,:.tDS 
lj',o·n - ·rvcT I) 
... ~ . ; - ... ~J~ u , 

IF (QT.:AX(I) - FLO':'i) 12,11,11 
12 QJ£AX( I) = FL01.'i 
11 IF (:i'LOO:, - ~-;,:,:I~(I)) 13,68,68 
13 QT.:I"N (I) = FLO~'I 
68 ::;mnINUE 

CO!l'.PUrE '' 01Y.ING FAR.AI,fETZRS 
A(I) - A(I) + FLOW 
B(I); ~(I)+ FLO~*~LOW 
C(I) = C(I) + ~LO~*FL07*FLO~ 
D(I) = D( I) + FLO'Z;*FLO':':*FLO .. 't*FLO'!I 

9 CON?INtrE . 
DO 14 I = 1, 12 
DO 14 J = 1, ctDS 
COL1 = X:{(J, I) 
~012 = 1X(J,I + I) 

14 F(I) =?(I)+ COL1*COL2 
KB= EXP(S~1T(R/(L - 3))) 
K10 = S~]T(6*L*(L - 1)/((L - 2)*(L + 1)*(L + 5))) 
K12 = S::}~T(96/L) 
'}rn.i?UTE IJS,'u'l, SE OF ME,u"l, S:'D DEV, SE OF STD VAR, GOEFF VA"'-tH.'1'ION, 
AI.<-;O SE OF Y.UT~OSI S 
SE OF CO V.\-qI A:'·!D SE OF SKE'.'.' 
DO 15 I = 1, 12 
K3 = A(I) 
:~.3A1.t( I) = K3/L 
K1 = 3(I) - A(I)*~(I)/L 
~S~D(I) = G~1T(K1/(L - 1.0)) 
K2 = ~S'.L'D(I) 
SEBAR(I) = K2/S~"1T(L) 
SES~D(I) = 0.7071*S~BA~(I) 
~vn(I) = K2*L/K3 
SEVAR(I) = SES~D(I)/~3A~(I) 
K4 = C(I) - 3.0*K3*B(I)/L + 2.0*K3*K3*K3/ (L*L) 
K11 = D(I) - 4.0*K3*C(I)/L + 6.0*K3*K3*B(I)/(L*L) - 3.0*K3*K3*K3 

1 *K;,/(L~L*L) 
SESK·.,;(I) = K10 
SEKU](I) = K12 
K5 = B(I + 1) - A(I + 1)*A(I + 1)/L 
SET SKE'.'; .urn REG GO 'T'O A1BIT:"tA1Y VALUES IF STD DEV IS zgqo 
ALSO KtI~lOSIS 
IF (K2) 40,40,41 

40 ~SK~(I) = 999.999 
QREG(I) = g99.999 
Q7.UR(I) = 999.999 
GO 1'0 45 



C 

C 
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COMPUTE SKE'.'.' A.ND R C:G CO IF STD DEV NOT ZERO 
ALSO KU::I.TOSIS 

41 ~3K~(I) = K4*SQ3T(L/(K1*K1*K1)) 
·~~EG(I) = (F(I) - K3*A(I + 1)/L)/K1 
QKU2(I) ~ (K11 *L)/(K1 *K1) - 3.0 
S::';.1 '.;OR CO TO A1.BITRA'1Y VALUE I~ STD DEV FOR THIS fWNTH OR NEXT 

•; !WN·rH IS ZERO 
45 IF (K2*K5) 42,42,43 
42 ~:::oi(I) = 999.999 

SCOR1(I) = 999.999 
SCOR2(I) = 999.999 
GO TO 15 

C COEPUT:S ~OR '.::O A:rn T''iO-TEIRDS CONFIDE:{GE LiiHTS IF NEII'RE"lt STD DEV 
IS ZE::W 

43 QGO~(I) = (F(I) - K3*A(I + 1)/L)/SQRT(K1*K5) 
K4 = Q.COR(I) 
Y.6 = 1 - K4 
K7 = 1 + K4 

C 

SCOR1(I) = (K7*K8 - K6)/(K7*K8 + K6) 
SC012(I) = (K7 - K8*K6)/(K7 + K8*K6) 
cor.:ruTE SE OF REG c;o 
K9 = ~~SG(I) 
SEREG(I) = S~:IT((K9*K9*K6*K7)/(K4*K4*(L -2))) 

15 CONTINUE 
C c;o~PUTE tlON:'HLY F~OPOill'ION OF ANNUAL TOTAL FLO'~: AND SE OF ~lPOT 

DO 16 I = 1 , 12 . . . . . . . 

C ,, 
V 

C 
r, 
V 

16 TOTAL = l'OT,\L + ~EA1(I) 
DO 17 I= 1,12 
QPO:(I) = ~BB(I )/TOTAL 

17 EE?Ol'(I) = S:7:BAq(I)/TOTAL 
'?nITE A!,L\LYSIS 
HEADING OF ANALYSIS 

5 -:::o:r:'INUS 
CALL JOBDt,Y 
IF (XK) 4,203,204 

203 ·.'·'1E'T:: ( 3, 1 ) 
1 FO!Ui'i'I' (' u.~.s:'A'!.'',T40,'STA"'.'ISTij:'lL ANAY3IS OF ~IVE'1 FLO'.'i'/) 

1VRir:S ( ~-, 1 R) HEAD 
18 FC1=t:'.~\T (T40, '!,'.'~\LYSIS OF !,~SAN rrn:'J~HLY lIVE~ FLO'.','', 

1 1 (~US~SG)',//,T40,19A4/) 
GO TO 207 

204 ~~IT:S (3,205) 
205 FO!il/AI' ( • OLASTN'..'', T40, 'STA'l'I21'IC:..L !L~AYsrs OF LOG gAsE 10 • 

1 'OH' -:;,r11r., r.'T o··;' //) 
• .~ \j .._ • ,,_ .J~ I ' 

~?Tm~ (3 ?Qr) H~~D ., ........ ~ .. , ' ... 0 J.J.-

206 ~CYW !,·r (' i\.N !tLY2I '3 OF' LOG BASE 10 OF r,:EAl'l l'.~ON'THLY ~IVE:t FLO'.'! ' 
1 ' (CU3~CS)',//,T40,19A4/) 

207 jO~TINUE 
'!:",Ul'E (3,1g) 

19 FOR~AT (' ST~1'IS~I~',11X,'JAN 
1 'tIAY JUN JUL AUG 
2 ' DEC',/) · 

ANALYSIS 
r!.E,\N AND 2/3 cmTFIDENCE LIMITS 
DO 30 I = 1, 12 
'PP( I) = Q)3.\R( I) + SEBY~( I) 
l'iM(I) = C~i3ld(I) - S"SBA':Z(I) 
f.'F·F( I) = '~POl' (I) + S"SPOT (I) 
::;p;,1( I) = O,,Po·r( I) - SEPOT( I) 

30 CON1'INUE 
W1IT:S ( 3, 20) Q3Al:1, S:S13tl~, ':'.}' ,,1!1lv1 

FEB 
SEP 

M.G 
OCT 

APR 
NOV', 

20 FO:t:.'.AT ( • rsl,N(D)' ,1•17,12Fg.2;,' SE o~ MEAN' ,T17,12F9.2;, 
I ' rn~:.N + s;:::• ,T17,12?9.2;,' t'.ZAN - s:.:• ,:i17,12?<;1.2//) 

I 

' 

C MON'l'ELY pqopo:-:1'ICN O:i' ANNUAL 1'01' \L !\.?ID 2/7,; co:r?IDE1'!CE LDHTS 
"'•J."n'!:' ( 3 ?1 ) ".:·OT "-='PO"' ''<TD '!'p•,• . " _1, ..L LJ t - ~- , CL , .L , . r - t , h .. 

21 F01~\1 (' EFOT(N)' ,f17,12F9,3/,' SE OF MPO~',T17,12F9.3/, 
1 'MPCT +.SE', T17,12F9.3/,' ~POT - SE',T17,12F9.3//) 



C 

,.. 
V 

C 

C 
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STA1'JD.\RD DEVI.\.TION AND GOEF:'ICIENT OF VA11I•\~I0N 7,'I'rH 2/3 CLS 
DO 31 I= 1,12 
','!P( I) = QG~D( I) + sssrD( I) 
··.:t(I) = ~ST:D(I) - SES"I'D(I) 
'?."PP ( I ) = Q V YR (I ) + SEV Al ( I ) 
'.'.'F~:'.(I) = QV.n(I) - s:::VA?.(I) 

31 'JON'l'INUE 
",'i'lITE (3?22) ~S'l'D,SSSI'D,i.','P,%1~ 

22 FOrti!.A.T ( STD DEV (D) ',T17,12F9.2/,' SE 0::<' S'I'D DEV' ,T17,12F9.2/, 
1 ' S~D DEV+ SE',T17,12F9.2/,' S~D DEV - SE',T17,12F9.2//) 

wnr'I'-r. ( 7. ..., 7.' ··.v· 'l. C:c"H .\ n WF,., :rrn~~ i.:. ":l -1....1 .,,,, , C:. ./) ~.. ,-\. t )_....., 11 .. , \, r', .. r 1,. 

23 FOR'.'.'.AT (' CO V:\.TII (~)' ,r17,12F9.3/,' SE OF CO VA~I' ,T1'1,12F9.3/, 
1 ' 80 VA1I + SS',T17,12F9.3/,' CO VARI - SE',T17,12F9~3//) · 

SKE'.'! Atrn ?:U-:1TC.SIS '.'.'ITH 2/3 C:LS 
DO 32 I = 1, 12 
'HP( 1 ) = QS[·:.r( I) + s-;;:sK':J( I) 
•m: (I) - r cspr ... (I) "E ("!_Fq''( I) iY.L•a - 'C\:,...J ~ ';, - 0 ~J ~~-

' WPP(I) = ~KUR(I) + .SEKTJR(I) 
7iPI.~ ( I ) = ('JCU"'.t (I) - SEKU:t (I) 

32 cmn'INUE 
... ...,I1'V ( 7. ?4) '.··SK"' ST.'C'-;.' 'I.' ,,rp ~;1,• 
II i'\ .-~ _;er_ •,t ,It' -1..J ,._·._1 ; 1 1f,,L., ti .. ~1 

24 ~n~~··T (' cv~~ (NJ)' T17 12~9 3/' SE OW "KV71 T17 1?RQ 7./ J!L.~ ... -~. - .u_ . ..LJ.·1 .I, , ....... ' - • ' • -. , ..; •• ..J. ~ ' , -·., •..) ' 

1 1 SZE'.11 + S"C' ,T17,12:!'9.3/, 1 SXE'I - SE' ,T17,12F9.3//) 
·,'!::UTE (~, ,82) (QJ(U~(I)l I= 1,12),(SEY.Ul(I), I= 1,12),'SFP,'.';"Plv. 

s2 Fo:t7,'AT c , Ku--::Tosrs u~),, 1'17, 12F9. 31,, sE oF Ku~Tos1s, , T17, 12F9. 3/, 
1 'KU~~OSIS + 3~', ~17,12F9.3/,' KU3T02IS - SE',T17,12?9.3//) 

REG'.U:33ION Mm ::o::t:~ELAI'ION COF.F'-"'ICI.ENTS ·.','ITH 2/3 CLS 
DO 80 I= 1,12 
i':PP( I) = ~~EG(I) + SEREG( I) 
7:Pl,1 (I) = Q~"SG (I) - SS~EG( I) 

80 ::OX'.'INUE . 
"'""IT~ (-;,; 25) riREG cs1;'nt;'G '"F·P '"F~~ .~..:\ ::., /' h.,.• 1 v-4' l.L..O ,•'i ,·.1 ~11, 

25 FO~~AI' ·( 1 RSG CO (N)',1'17,12F9.3/,' SE OF ~EG ::0 1 ,T17 12F9.3/, 
1 1 "]":::S CO + SE' ,T17,12F9.;/,' ~EG CO -SE' ,T17,12F9.3//) 

•u-,T·n~ ( 3 ?r:-;) ,- ,-,~-::1 """P1 ~""".?"' •1 :L..l.•~ ,-..... ~ ·.J\..;. 1. ,,J 'V V :. . 1o..J.JV:..4C: 

26 FO~~\T (' 80~ ~O (N)',T17,12F9.3/, ' .16 P~OB HI CC',T17,12F9.3/, 
1 ' .16 p,0~ LO C~',T17,12F9.3//) 

r.:.u::r:rn~,~ AND r.'.INH'UM 
T1I'l'E (3·,27) ((~r.·: .t..:{(I), I= 1,12),(GJ.1IN (I), I= 1,12") 

27 FO"'.t7.'.~.T (' :·L~Z V:\LG:S (D)','!'17,12F9.2/,' IHN 'l!~LUE',T17,12F9.2//) 
C EE.\N ,\Nl'IUAL F'LO'.'l 

?LO-.'.' = 'l'C·I'AL/12 

,.. 
V 

"'T]l"I"':" ( 7. 2Q) .-,1·0'" nns 
••. • - .-.1 .,'' '-' (: ,I' .. L 

28 FO:t'.0 ,;.·1' C ' ?.IS!1N -~~mu AL Ti'LO'.': c :J) • , :126, F9. 2/ / ~ ' LET·IGTH 01 '..t:sc:o~n,, 
1 '(Y~ .:\. ~'.';)', I9,//, 1 (D) = DI!:'.E~'.:IONAL (N; =NON-DH':.NSIO!~AL',//) 

'l':t '3::::FO=tl'; "'LC".'! 1::::::0:rn j,1Q LOG :.'LO'_'; :rSCCRD 
IF (KK) 4,210,211 

210 JO 200 K = 1,JDS 
DO 200 I= 1,13 
IF (XX(K,I)) 150,150,151 

150 XX(K,I) = 1.0 
1 51 80?I:' INUE 

XX(K,I) = ALOG10(XX(K,I)) 
200 ~O:E'INUE 

l':K = 1 
C RE:r:::::.A.T FOR LOG FLO','l RECORD 

GO TO 208 
211 CON'.!.'INUE 

C J."SP:SAT FQq NEXT RECOS'D 
GO 1'0 33 

C CLOSE vo:m 
4 END 



C 
C 

C 

430 

APPENDIX II(7): CENSYN - sequential generation of synthetia flow 
record (see Thomas & Fiering, 1962; Pearson, 1968). 
(Written in Fortran IV for> the IBM 360 computer at 
Otago University) 

GEI'ISYN ( GE?ERATES SYNTHETIC RECORD OF RIVER FLOW) 
DECLARATIONS 
REAL Q (101)13),QBAR (13),QSTD(13),QSKW(13),QREG(13),QCOR(13),Z, 

1N,E(13),G,Ri..13) A(25),B(25),C(14,13),K1,QMIN(13) 
INTEGER L,I,K,M(13),XO,P,HEAD(19),0,W,LL,IX,T,K2,KK,QQ(13) 
DOUBLE PRECISION DT 
CALL JOBDAY 
READ LENGTH OF SYNTHETIC RECORD AND NANJ.E OF RIVER AND STATION 

69 READ (1 2) L,HEAD 
2 FORMAT ( 13 1 IX, 19A4) 

IF(L) 111,-111,3 
3 CONTINUE 

W = 6 
IF (100 - L) 1,99,99 

99 CONTINUE 
C QUERY ARE DATA BASED ON LOG TRANSFORMED FLOW RECORD 

READ (1,200) KK 
200 FORMAT 1,.12) 

Q QUERY IS SKEW TG BE MODIFIED TO ELIMINATE NEGATIVE OR ZERO FLOW 
READ (1 1130) LL 

130 FORMAT 1.. 12) 
C WRITE HEADING FOR STATISTICS OF FLOV/ RECORD 
C HEADING 

C 

WRITE (3,4) 
4 FORKAT (' GENSYN' , T40, 'SYNTHETIC RECORD OF RIVER FLOW',//) 

WRITE (3,5) HEAD,L 
5 FOR.MAT (T40,19A4-//,T40,'INFUT STATISTICS', . 

1 '0F ;'.ONTHLY FLOWS',//, I3, 1 YEAR SYNTHETIC RECORD',/) 
IF (KK) 111,201,202 

202 WRITE (3,203) 
203 FOR.Ml.T (T40, '(STATISTICS OF LOG 10 TRANSFORM OF FLOW RECORD) 1 ,/) 

201 CONTINUE 
IF (LL) 111,131,132 

132 WRITE (3 133) 
133 FOW1:.AT (? SKEW VALUES N:ODIFIED BY PROGRAM TO ELIMINATE ZERO OR 1 , 

!'NEGATIVE FLOWS IN SYNTHETIC FLOW RECORD',/) 
131 CONTINUE 

IF (LL) 90,90,91 
91 CONTINUE 

WRITE (3,6) 
6 FORMAT (T32, 1 l/.ONTH', T46, 'W.EAN', T55,' S DEV SKEW REG C 

l 'COR C I,/) 
GO TO 94-

I 

' 

90 WRITE (3,93) 
93 FORMAT (T32, 'MONTH 1 ,T46, 'h'!EAN' ,T54, 1 ABS MIN', T65, 1 S DEV SKfo/l ', 

l'REG C COR C',/) 
94 CONTINUE 

READ STATISTICS OF FLOW RECORD 
DO 7 I= 1 12 
READ (1 117~ QBAR(I),QSTD(I),QSKW(I),QREG(I),QCOR(I),QMIN(I) 

17 FORMA'l' 1.. 6F9. 3) . 
R(I) = 1 - QMIN(I)/QBAR(I) 
IF (R(I)) 101,101,102 

101 R(I) = 1 
·102 CONTINUE 

7 COUTINUE 

~~~~n§~ : ~~~~>ij 
QSKW~13) = QSKW(l 
QREG(13) = QREG(l 
QCOR(13) = QCOR(1 
R(13) = R(1) . 



C 

C 

C 

C 

C 

C 

C 

431 

MODIFY SKEW IF NEGATIVE FLOWS ARE TO BE ELIMINATED 
IF (LL) 111,134,135 

134 CONTINUE 

100 

135 

96 

8 

95 

98 
97 

9 

20 

21 

23 

89 
88 

24 

DO 100 I= 1,12 
K1 = QCOR(I) 
Z = 2*QSTD(I + 1)•SQRT(1 - K1•K1) 
N = QBAR(I + 1)•R(I + 1) - QREG(I)•QBAR(I)•R(I) 
QSKW(I + 1) = Z/N 
CONTINUE 
QSKW( 1) = QSKWC13) 
CONTINUE 
WRITE STATISTICS OF FLOW RECORD 
DO 103 I= 1,12 
IF (LL) 95,95,96 
CCNTINUE 
\'.TRITE (3,8) I,QBAR(I),QSTD(I),QSKW(I),QREG(I),QCOR(I) 
Fom.~AT (T33, 12,T40,5F9.3/) 
GO TO 97 
CONTINUE 
WRITE (3, 98) I ,QBAR(I), QMIN( I), QSTD( I) ,QSK?l( I), QREG( I) ,QCOR( I) 
FCRJ.''.AT (T33, I2,'T43,6F9.3/) 
CONTINUE 
TEST STAT=STICS OF FLOW RECORD AND FAIL IF STATISTICS INADMISSIBLE 
W = 1 
IF (QBAR(I)) 1,9,9 
W = 2 
IF (1.0E5 - QBAR(I)) 1,1,20 
w = 3 
IF (QSTD(I)) 1 1 21,21 
W = 4 
IF. ( 1 - QCOR( I)• QCOR( I)) 1 ,23 ,23 
w = 5 
IF ,(KK) 111 ,88 89 
IF (5.0 - QEARlI)) 88,1,1 
COilTINUE 
CALCULATE THE ORDER OF GAMMA 
IF ( ~SK'N ( I) ) 24 , 2 5 24 . 
N = QSK'!i ( I) • QSKW ( I~ 
R(I) = 8/N 
M(I) = 8/N 
GO TO 103 

25 M( I) = 100 
R(I) = 100 

10.3 CONTINUE 
M(13) = M(1) 
R(13) = R(1) 
DlITIALISE FLO".'.' RECORD 
Q(1,1) = QBAR(1) 
INITIALISE RANDOM SEQUENCE 
READ (1 26) XO 

26 FOREAT ~3X,l9) 
IF (XO - 100000000) 80,80,81 

81 IF (MOD(X0,2)) 82,80,82 
80 XO= 100000001 
82 CONTINUE 

IX= XO 
WRITE (3,171) IX 

171 FOilll~AT ( ' RM;T>CM SEQUENCE INITIALISING VALUE = ', 112 ,/, 1 NINE ', 
l'DIGIT ODD IN~EGER',//) 

GENERATE SKEWED RAND0!1r DEVIATE WITH ZERO 1.J::AN AND UNIT VARIANCE 
K = 0 

60 CONTINUE 
K = iC + 1 
DO 27 I = 

1
1

1

~12 
T .. M(I + 
S = R(I + 
Z = 0 

29 II<, (25 - T) 42,42,41 
41 IF (T) 43,43,40 



C 

C 

40 DO 48 P ~ 1 T 
CALL GAUSS lxo,1.0,0.0,G) 

48 Z = Z + G*G 
43 CALL GAUSS (X0,1.0,0.0,G) 

Z ~ Z + (S - T)*G*G -
E(I) = (Z - S)/SQRT(2 .o•s) 
GO TO 50 

42 CALL GAUSS (xo,1!0,0.0,G) 
E(I) = G 

· 432 

THO?~S AND FIERING SYNTHESIS EQUATION 
50 CONTINUE 
45 Q(K,I + 1) = QBAR(I + 1) + QREG(I)*(Q(K,I) •· QBAR (I)) 

1 + E(I)*QSTD(I + 1)•SQRT(1 - QCOR(I)*QCOR(I)) 
SET NEGATIVE FLOV:S TO ZERO 
IF (Q(K.,I + 1)) 46,47,47 

46 Q(K,I + 1) = 0.0 
47 CONTINUE 

C RECYCLE THROUGH SYNTHESIS OR PASS OUT TO FRINT 

C 

27 CONTINUE 
Q(K + 1,1) = Q(K,13) 
IF (L + 1 - K) 61,61,60 
ANTILOG TRANSFORM CF FLOW RECORD 

61 CONTINUE . 
LL=L+1 
IF (KK) 111,204,205 

205 CONTINUE 
WRITE (3 170) 

170 FORM.AT ( ?FLOW RECORD TRANSFORJ\':ED FROM LOG SCALE TO NOIDrlAL 1 , 

l 'SCALE BY ANTILOG TRANSFORY;ATION' ,//) 
DO 206 K = 1,LL 
DO 206 I= 1 12 
Q(K,I) = EXP~2.3025*Q.(K_,I)) 

206 CONTINUE 
204 CONTINUE 

C LINE PRINTER OUTPUT OF FLOV! RECORD 
CALL SKIP 

C 

C 

WRITE (3 62) 
62 FOR1:AT ( 7 ',T40, 'SYNTHETIC FLOW RECORD ') 

WRITE (3,63) HEAD 
63 FORMAT ( T40, 19A4/, T40, 1 MEAN r.;QNTHLY FLOW ( CUSEC) ') 

WRITE ( 3, 6-4-) 
64 FOm:AT ( ' YEAR JAN FEB MAR APR MAY 

l '·JUN JUL AUG SEP OCT NOV DEC 1 ,/) 

DO 85 I= 1,12 
85 QQ(I) = Q(1,I) 

WRITE (3,65) (QQ(I), I= 1~12) 
65 FORN.AT ( ' PRERUN' , TB, 12 I8; 

DO 72 K = 2,LL 
DO 86 I"' 1,12 

86 QQ(I) = Q(K,I) 
0 = K - 1 

72 WRITE (3,66) 6,(QQ(I), I= 1,12) 
66 FORE.AT ( I3, T8, 12 I8) 

PUNCHED CARD OUTPUT FOR ANALYSIS BY DASTAT 
WRITE (2,67) L,(HEAD(L), I= 1,16) 

67 FORKAT ( 13, 1X, 16A4, 1 (SYNTHETIC)') 
WRITE (2,73) 

73 F0Rl.1AT ( '1000') 
WRITE (2

1
472) 

472 FORMAT ( 2') 
DO 71 K = 2,LL 
DO 87 I .. 1,13 

87 QQ(I) = Q(K I) 
71 ~RITE (2,68~ (QQ(I), I, 1,13) 
68 FOPJr:.A:I' ( 13 I6) 

GO TO 69 
FAIL ROUTINE 

1 WRITE (3,70) W 
70 FORL:.AT (//' ERROR EXIT •, 13//) 

C CLOSE DOWN 
111 CALL EXIT 

END 
UNIVERSITY OP WAIKATO 
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