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ABSTRACT

To plan a water resource suxvey 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 precision. 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 requifed 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. curvilinear and multiple regression analyses, water balance,
conceptual and stochastic models. Each model is descryibed, 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 observations.

The study is also used as an opportunity to check the validity of
commonly. accepted concepts of 'regional hydrolegy', 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 throughcut this study, since

these are the units in which the basic data were measured and analysed.
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Aerial panorama of part of the Upper Taieri River
basin, looking north from near the headwaters down
the Styx basin towards the Manmiototo basin and the
Hawkdun Range.  (Photo by courtesy of A.R. Armstrong,
Poolburn)



CHAPTER 1: INTRODUCTION

TYPES OF DATA REQUIRED FOR WATER 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 Otago.

The general objective of water resource planning is to make
the most effective use of the available water supply to meet all
the foresczable 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.

These objectives stated by Linsley (1958), Kuiper (1265) and
Clark & Bruce (1966), are reflected in the water resources investigation
and determination aspects of the New Zealand Water and Soil Conservation
Act (1967). The Act also implies that a further objective of such
investigations is to develop methods for water resources assessment.
The present Upper Taieri 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 knowledge of the runoff characteristics of the
watersheds throughout the range of meteorological conditions that they
can be expected to experience. For a few watersheds there exist

stream gauging records of sufficient length to accurately assess the



water yield characteristics. When these recoxds 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 missingyears, 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 data 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 alsc
records of meteorclogical variables such as precipitation, temperature,
wind movement, insolation and relative humidity. To achieve a satis~—
factory evaluvation of water rescurces or determination of their use and
management, any water resources survey reguires an examination of the
variation of all phases of the hydrological balance in space and time
over the area concerned (Gibbs, 1%64; Xuipex, 1965). It must be
understood, however, 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 values,

DATA PRECISION REQUIREMENTS FCR DESIGN APPLICATION

General:

To plan a data collection programme it is wvital to first establish
clearly 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 (Montgomery & Hart, 1871). 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 cver an area on a sound scientific basis.
Quantitatively, the precision is defined as eqﬁal 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 perxrcentage of occasions on which individual measured

values will be between these limits,

The suggested apﬁfoach in this study is to use the existing
data to statistically establish the neftwork design and period of
sampling which would be needed to estimate parameters 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 whatever time period.

The precision and confidence level reguired 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

precision 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. Cn 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 vears of records

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

Streamflow:

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 data are to he 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 plamners 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:

(1)

(ii)

The maximum degree of precision likely to be achieved irrespective
of either record lengtﬂ or network density, because of random

and systematic errors inherent in the basic data measurement and
processing.

The minimum acceptable precision as deduced from logical considar-

ation of the design criteria (Murray, 1972).



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 population

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 streamflow; the
smaller will be the sampling error (Claxk & 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. This conclusion is confirmed by
HardisonJ11969) ana Hidore (1963). 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 1C percent.

Such results are no surprise when the likely sources of errox
listed by Yevdjevich (op.cit) and Jackson & Aron (1971) are considered,
Thexre is a 95 percent probability that discharge measurement errors
will be less than 5 percent for cptimum conditions (Carter & Anderson,
1963). However additional exrors from rating table and other causes
in deriving daily flow values, c¢an give a total error of the order of

five to 15 percent (Veitch & Shepherd, 1971).



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 streamflow provide the basic information
for most water resources studies, the planning ané development of these
resources often cannot be delayed for a long pericd of observation and
record accumulation. The hazards of poor design cannot be ignored,
but hydrologists are often required to provide design criteria for
rivers with few years of discharge data, cr 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 estimaticn
of the input parameters, regardless of the type of model (Haan, 1972b}.
The required precision of measured temperautre and precipitation data
must therefore also be considered, assuming for the present that

temperature is an index of evapctranspiration.
Evapotranspiration:

Little information was located in the literature on the maximum
degree of precision likely to be achieved from measured temperature data.
However, as a gqguide to the likely effects of random and systematic errors
in evapotranspiration data.input to models of strsamflew synthesis,
reference nmay be made to Parmele (1972} and Ibbitt {(1972). Both
conclude that random errors of the size normally enccuntered in
hydrological records would have a negligible effect on estimates of the
true streamflow parameter values, However, Parmele (op.cit) concludes

that a constant bias in the evapotranspiration input data has a cumulative



effect and results in considerable error in hydrograph peaks and
recessicn 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 ordexr 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 vields.

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 level.
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
(Yevdjevich, op. cit}); errors of rainfall measurement are the main
causes of inaccuracy in most rainfall-runoff simulation studies [Dawdy
& Bergmann, 1969). Likely céuses and effects of such errors on
paramater estimation in the Upper Taierli area are outlined by Hutchinson
(1968, 1269(a), (b), 1970(a); (b)) and Hutchinson & Wallev (1872). These

studies form a useful basis Tor work in the present project.

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

errors of monthly rainfall can be up *o plus or minus 4.2 percent cf



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, 196¢{(a); Jackscn
& Aron, 1971). When the magnitude of likely total error is considered,
it is not surprising to find a sample record length in excess of 30 years
qguoted as being the minimum necessary for stable parameter estimates from
measured point rainfall data (Malore, 1951; McDonald & Green, 1960;

Hutchinson, 1269(a)).

However, for most hydrclogical 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 eréors of the point
sample and the additional svstematic 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 alsc to be able to estimate the precision
of this determination from a given network (Hutchinson, 1270(b)).
Conversely, if the reguired precisicn for an area is stated then it is
prossible to determine the minimum network depsity that will ensure that
degree of precision. Gauge density will of course increase fer a
specified degree of precision as the sampling time interval decreases
(Alvarez & Henry, 1970). Observations are not independent however,
since correlatious betwesn adjacent cauges 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 netwerk design,



In this study the preferred method for resolving 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
estimaticn 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
'theoreticgl stringency limit' could be overcome by adopting a 95
percent probability allowable exror of 30 percent, though this is
considered unacceptably high for engineering and water resources

purposes.

When the likely sources of total error in estimating point
and areal values of mean monthly and annual rainfall are ccnsidered,
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 has uniform spacing
(Sanderson & Johnstone, 1953; Gandin, 1970) and does not possess
systematic errors due to altitudinal 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 precision,
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It must be remembered, however, that if +he measured rainfall
data are used to simulate mean streamflow values at less than monthly
intervals, then considerably greater errors are prcbable. For
example, Dawdy & Bergmann (1969) show that 'prediction of flcod 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 conditions'.
Data preciston required by the design criteria:

To determine the minimum acceptable precision of parameter
estimates from measured or synthesised data requires logical consideration
of the purpose for which the data are to be used and the asscciated desian

criteria.

Within any irrigation system of optimum design it is well known
that water transmicssion 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 evidence
was found to refute the belief that when necessary they could be largely
offset by increased operating efficiency of the irrigation scheme. This
kelief is in essence reinforced Qy Basinski (19c0), who ccncludes that
for economic reasons it is generally impracticable to aim at water
supplies gufficient to satisfy full requirements for more than 75 to

20 percent of years.
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Swmmazry :

It is now possible to make numerical statements as 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 S5 percent probability
level would be acceptable. It appears unlikely, however, that
station estimates of streamflow parameters, even from measured
data, could be expected to have greater precision than plus cr
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 tempexr-
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
moenthly 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 actual

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 streamflow in the catchment permit estimates of the station,
total and sube-catchment monthly, seasonal and annual mean,
variability and extremes of the variables at the regquired level
of preciéion. Should this hypothesis be rejected:-

(b) That the following techniques of data synthesis increase the
information contained in the precipitaticn; temperature and
streamflow data series, as compared with the measured series
alone, and enable estimates of the population parameters from
cbjective (a) to be derived at the required precision level:

(i) Regression analysis for time series extension and spatial
extrapolation of precipitation, temperature and stream-
flow data - linear, curvilinear and multiple regressicn,

{ii) Alternative deterministic models for time series extension
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 basing, are fundamentally similar in purpose to
the regional assessment of water resources, The study area lies

within the East Otago Region and acccords in all respects with the
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general regional classification of RyP»S3; given by Toekes & 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
hydroiogy', at least within the East Otago Pegion. That is, by
defining the hydrological characterigtics of a region, to use these
directly for data extrapolation within that region from the assumption
of homogeneity. The third objective of this study may thus be stated

as:—

(¢) To define regional homogeneity as implied by the representative
basin approach to areal water resource assessment, by stating
permissable limits of areal variation in annhual yielé.énd low
flow characteristics. Hence, to determine whether the study
area is hydrologically homogeneous by the stated criteria, using
the parameters annual vield, Lane & Lei (1949) variability index,
base flow recession constant and unit area base flow. An

assumed variation of precipitation with altitude is allowed for.

The principal objectives of this study are shown to be only
partly achieved, However, the regicn'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 technigues, considerable wvaluable information can be cbtained
which involves a wide spectrum of catchment climztic and flow character-
istics. With the large amount of generally unprocessed basic hydrological

data currently available in New Zealand, this study is most timelyv.
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It is therefore postulated that althcocugh 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 probleme 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 DESCRIPTIOCN

GEOLOGY

The Upper Taileri catchment study area covers 285 square miles
and lies 40 miles northwest of Dunedin in Central Otago, New Zealand
(Figure 1l}. 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 (l§63), Wood (1263), 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 anq tilted 'blockf
features give Central Otago its distinctive range and valley topography.
The Upper Taieri and Maniototo plains together occupy cne 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 Lammermoor Ranges; to the south by the Lammerlaw Range, and to the
north by a low ridge cf 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 Lammerlaw Plateau (refer frontispiece and plates 1-10).
Elevations range from 4756 feet on the Rock and Pillar Range to 1280
feet at the Patearoca~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 Basin.,
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PLATE 1: Looking down the Tateri River towards the Paerau Gorge
from the Paerau Rd. Br. gauging site

PLATE 2: Looking east up the Styx Ck. gorge from the bottom of
the 0ld Dunstan Rd.
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PLATE 3:; Looking north from the 0ld Dunstan Rd. to the Paerau Gorge
(Tateri River) and beyond to the Maniototo basin.

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

PLATE 6: Looking south-west across the upper end of the
Styx basin towards Bottle Rock, from the access
track to Smith's raingauge
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PLATE 7: From the Great Moss Swamp raingauge looking
north (Gauge 75 cm. capacity; fibreglass;
6 ins. diam. orifice; altitude 3050 feet)

PLATE 8: Looking south-west over the Greot Moss Swarp
from the Round Hill raingauge site



PLATE 9:

PLATE 10:
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Looking east across the upper catchment and the
Taieri River from Bottle Rock

Looking south towards the headwaters, Lammerlaw Top
and the Lammerlaw Range, from the Onslow Rd. raingauge
(Gauge 75 em. capacitys; fibreglass, 6 ins. diam.
orifice; altitude 2770 feet)
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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 ﬁhe 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
Patearoca-Paerau and Paerau gauging stations (McKellar, 1970). It is
thus considered that the flows measured at these stations represent
total outflow from the catchment, rather than surface runoff plus an

unknown proportion of groundwater discharge.
SO0ILS

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 in 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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in the area have been given by McCraw (1965(b)), Raeside & Cutlexr (1968),
Leamy (1966) and in Soil Bureau Bulletin No. 27 (1964). Figure 5 has

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

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

as follows:

Yellow-grey 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 peripheral
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, op. cit).

Yellow-brown 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, vellow-~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 inchesg they are dominant.

Upland orgonic Kaherekoau soil localised in and around the

Great Moss Swamp.

Gley recent and Recent 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 Taierl catch=-
ment during the 1860s and 1870s show vegetation associations already modified
by fire and grazing (Buchanan, 1868). The vegetation appears to have been
tussock grassland dominated by Festuca novae-zealandia (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 (cp. 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 indigenous vegetation associations now found in the
Upper Taieri catchment. “

Low 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 Poc caespitosa
(silver tussock) and found only on damper, well drained sites within the
low altitude fescue tussock grassland.

Red tussock grassland - Chionochloa rubra (red tussock) dominates
on several large areas within the Upper Taieri catchment where marshy
conditions prevail; e.g. near the Great Moss Swamp and along the courses
of small ephemeral streams where dainage is impeded. The association

occurs at altitudes below 3500 feet,
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Mized 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 Chionochloa 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 (Poa colensoi) 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
Lammermoor and Lammerlaw Ranges. It is dominated by low mat-forming
plants. Tarns and boggy patches are common on the range summits

a0 this association is apt to merge with the following communities.

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 herbfield - 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 fcllowed fires, and also on the flat summit of the Rock

and Pillar Range.
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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 scrub - 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 supposed 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 in 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 viscosa) and low alpine cushion.

Mark (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. wWith
the partial exception of the mixed short and tall tussock association
this correlation is considered valid for the Upper Taieri area, when
associated factors such as altitude, exposure and drainage are also
considered. The mixed short and tall tussock associaﬁion is undoubtedly
expanding due to the activities of man. Snow tussock associations

continue to degrade into mixed snow and fescue tussock, or even pure
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fescue tussock, as a result of repeated fires at altitudes below
2500~-3000 feet, 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 ITII: NETWORK DESIGN AND BASIC DATA

PROBLEMS OF DATA COLLECTION IN TﬁE 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,

Rogd 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: warying upstream or downstream 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 prcblems of
data collection network establishment, maintenance, and operation in
the study area. Access is seasonally sporadic ahd problems associated’
with discharge and water level measurements in frozen river channels
are common in winter, Earl& golution 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 charts, 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 stﬁdy. 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 hydrometeorological 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, 1265; Uryvaev, 1965;
W.M.O., oOp. 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 159491} for the period
1908-1940 and mean daily flow records for the Taieri River at the
Paerau gauging station fcr the 27 year period 1912-13, 1916-28, 1936-39,
part 1940, 1941-44, and 1247-50, 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.Z. Meteorological Service and private ohservers (Figure 7).
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These records form a basis for subsequent analysis. However,
it is obvious from both the general principles and cbjectives 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 (1%70(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 - streamflow:

Flow observations in the area have been substantially expanded
since 1966, with a series of routine gauging stations established on
the Taieri River at Patearoca-Paerau Bridge, Paerau andnUpper 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 network -~ Precipitation:

The precipitation gauge network has been extended over the whole
catchment since 1968 and now incliudes two automatic recorders and 13
storage or daily manmual gauges (Figure 2). Individual gauges installed
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 L " " " 1880
Aitken " " " " 1970
Onslow Rd. 75 cm capacity fibreglass storage 2770
Bottle Rock Nth, " " " n N i 2950
Great Moss Swamp " " " " " L 3050
Bottle Rock " " " " w " 3200
Round Hill " " " " 1 " 3370
Smith 100 cm capacit " I n 2950
Longstone " " 11 L1 1" [ 1) 3220
Musterer's Huts " " " " L " 3500
Lammerlaw Top “ " " wo- " » 3970
Trig ] H t " " " w " n 3 ‘7 5 O
Q) i Fischer & Porter weighing 3750

With regard to eventual determination of catchment meéﬁ 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 (1272).
Post 1966 network - Temperature:

Maximum-minimum thermometers were installed at Elliot in 1968 and

at smith in 1969,

ADEQUACY OF NETWORK 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.
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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 peoint 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 preéision will dictate the
cptimum 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 exrrors of areal population
parameter estimates in excess of required precision limits, are the
result ofhindividual gtation 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 coptimum network density.
Streamflow:

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

sufficient length to give the data precision stated as required for

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

Statements in the literature of the type 'a general survey of water
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 =rea to a given precision.

General estimates based only on the area to be gauged have been suggested
for the design of networks withcut 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.difficulty 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 sguare 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 Ffrom 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 Yéé?z' Sx, (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 perieds, 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) and Hutchinson
(1969(a)), is to arrange theraingauge 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, thisg correlation-distance relationship can onlv
give a relative, rather than an absoclute 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 (1950) show

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

Precipitation: Upper Tateri network design by use of inter-station
correlation

An acceptable lower ccefficient limit of 0,9 is adopted in this
study. It is thus deduced from the work of Hutchinson (1962(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



42

equalled or exceeded by all stations in the present network. 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 network correlation

coefficients (base station Elliot)

Station Name Correlation Coefficient (r) Distance from Base
(significance level 99%) " station (miles)

Mulholland 0.858 4.4

Aitken 0.882 Beb
Onslow Rd. 0.974 6.4

Smith 0.911 2.4
Bottle Rock Nth, 0.977 7.6
Great Moss Swamp 0.987 6.4
Bottle Rock 0.983 7.6
Longstone 0.991 8.9
Round Hill 0.981 6.6
Musterer's Huts 0.971 11.7

Trig 'H' 0.943 15,9
Lammerlaw Top 0.979 13.8

Correlation coefficients are all significant at the 99 percent level,
and with the marginal exception of Mulholland and Aitken accerd with

the adopted standard of x 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, Howeveyr, he shows that for annual data
and a correlation coefficient of C.9, the maximum distance between

stations in the Otago area i1s approximately 6.5 miles, This accoxds
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with the average spacing of 5.3 miles for the present network as given

by Figure 2.

Monthly correlation coefficients for the Upper Taieri=-Maniototo
area also fellow 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 give estimates of mean areal rai?fall to the

required precision for every month,

Precipitation: Upper Taieri network design by use of the structural
function

Hutchinson (1972) shows that although the correlation-distance
relationship has its uses, the technique has now been superseded 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), apd involves the use of
the structural function. The method is adopted by Gandin (1970) and
by Cislerova & BHutchinson (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 Gandin {(op. cit) that
the minimum admissable distance betyeen stations varies over a region

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 intexpolation, but &ince 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 néarby 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
éxtrapolation 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

VE will be reduced and is calculated as:
W2
M I+n +um (2)

mk Eopt. . (3)

L
m is the station sample variance; U{ /2) and (L), the correlation

E

or E

coefficients between pairs of stations (L/Z) 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 intercept of the correlation

coefficient~distance function at zero distance, Z.e. l-uo.

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 stakle
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 agssumed from results shown
thus far that the monthly and annuai correlétion coefficient-distance
relationships given for the Otago area by Hutchinson (1969%9(a)) will
also apply specifically to the Upper Taileri area. Figure 8 shows that

the assumption of homogeneity is reasonably valid,

The monthly and annual correlation coefficient-distance relation-
ships and values for N are shown in Figure S. 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 ancmaly
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

precipitation of this type.

From equation (2) and Figure 9 it was thus possible to obtain
the monthly and annual Eopt function-distance relationships shown in
Figure 10. The field of existing standard erxrror of interpolation may

be calculated, if the values of 80 and the derived monthly and annual

Pt

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

equation (3).

TABLE 3:  Monthly and annual mean rainfall and sample variance (mk)
for stations 159491 Paerau (1908-40) and Elliot (1968-63)

combined,

g F M a M 3 I A S O N D Year

Mean
Rainfall
(ins,) = 2.99 2,37 2.62 2,50 2,28 2.13 1.43 1.82 1.77 2.53 2,60 3,15 28,28

n(years)s: 33 33 33 33 33 33 33 34 34 35 35 35 33
mk(ins.): 2,76 2.82 2.85 2.07 1.77 2,12 0,72 2,19 0.88 1.88 1.53 2.66 36.51

_B o
= (xi - x)*“/n-1

m,
E 4.

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.
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TABLE 4: Values of standard error of interpclation ( VE) 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 i8 22 28 33 37 31 45
July: 19 21 24 27 31 33 37 39
August: 17 21 23 31 36 40 44 47
Septembexr: ° 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 - vE 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 adegquate 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 are 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
method, 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 vE for the measured monthly data
requires either a decrease in the values of sample variance mk through
an increase in record length, or increases in the values of U with
correspo;ding decreases in 7. For example, if eopt is assumed to be
at an optimum value for January with a 10 mile gauge spacing, a
reduction in VE to the stated criterion would require a record length

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

density would require a January record of about 88 years,
Precipitation: Conclusions

With a mean gauge density of approximately one for each 22 square
miles cf 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
within the bounds of acceptable density and locaticn to satisfy the
allowable error criterion of project design for annual data. Between

gauge distances of up to 30 miles could be tolerated.
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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 Otago
curves have a tendency to underestimate U for small distances. This
increases Eopt and hence the calculated value of VE, Unfortunately
insufficient data are available to statistically verify this 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.

Temperature: 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 te within
the required 10 percent of actual at the 95 percent confidence level.
Optimum interpolation is again used to calculate the ratiornal distarce
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
peint 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 ;ver distances of 50 to 100 miles for inland Otago and Southland
(Finkelstein, 1969), The long-term data from Tapanui were included
in the analysis since the record is knocwn 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, 0f 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 eguation (2) and Figure 11, monthly and annual mean temperature

Eopt function-distance relationships were determined and are shown in

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 Eopt and
derived monthly and annual mean temperature sample variances (mk) given
in Table 5. Records for Naseby State Forest were used to calculate
the mk 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 Eliiot 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 ka)
for station I50001 Naseby State Forest (1923-67).

g E M A M J 3 A S O N D Yer

Mean
Temperg— 56.1 55.9 52,5 47.3 40.8 36,0 34.7 37.6 42.7 47.4 50.4 54.1 46,3
ture ( F):

n(years) : 45 45 45 45 45 45 45 45 44 45 45 44 43
m (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 0.62

The standard errors of intetpolation were recalculated as percent-
ages of mean monthly and annual temperatures and are shown in Table 6

for varying between station distances.,
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TABLE 6: Values of standard ervor of interpolation (VE) as a percentage

of mean station temperature, for distance L (miles)

0O 5 10 20 30 40 50 60 80 (miles)

1.1 1.2 1.4 1.5 1.6 1.7 1.8
February: 0.8 0.9 0.9 0.9 0.9 1.0 1.1 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 0.5 0.5 0.7 0.7 0.8 0.8 0.9 0.9
May: 1.7 1.8 1.9 2.0 2.1 2.1 2.2 2,2 2.3

June: 2.0 2.0 2.1 2.1 2.2 2,3 2.3 2.3 2.4
July: 2.3 2.4 2.6 2.8 2.9 3,0 3.1 3.2 3.3
August: 1.8 1.8 1.9 1.9 2,0. 2,1 2.1 2,2 2.2
September: 1.7 1.8 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 1.5 2.0 2.1 2.1
November: 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.9
December: 0.7 0.7 0.8 0,9 1.1 1.2 1.2 1.2 0.2
Annual: 0.2 0.3 0.4 0.5 0.5 0.6 0.6 0.7 0.7

January: 0.8 0.9

Temperature: Conclusions

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 temperature -
VE 1less than 10 percent at the 95 percent confidence level.

Although the installation of an additional station at Elliot provides
useful informaticn on tempefature parameters at less than monthly
intervals in the Upper faieri 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 perxcent 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,
VE Aas a maximum value of only 2,9 percent of the mean for monthly

data, and for Trig ‘'Hf, VE becomes 3.1 percent for a distance of 50

miles.

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 rates. 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 VE 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 Eopt is assumed to be at optimum values for 30 and 50
mile gauge spacing, record lengths for VE to the stated criteria may
be calculated as 17 and 19 vears respectivély. This corresponds
well with the 15 to 25 years suggested as necessary by Malone (1951}

in order to obtain a stable fregquency 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 recoxrd 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 éther 0ld records
makes ithimpossible. 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 proportional. The slope
of the line represents the constant of proportionality between the

quantities.

As a prerequisite to subsegquent 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 Seaxcy & Hardison (1960),
with covariance analysis and the F statistic to test the significance

of apparent breaks in slope (Scarf, 1971; Snydor, 1971).
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Streamflow:

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 infrequent 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, The records

-

are by necessity thus assumed to be consistent and homogeneous.

Temperature:

Records included fox aﬂalysis 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 pericd in the general study region
again precludes the use of double~mass curve techniques to test the
available record consistencye. 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

159491 Paerau (1%08=40), and monthly totals for 159361 Manorburn Dam
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(an incomplete record for 1913-65 and 1961-790), I50112 Waipiata
Sanatorium (1915-70), I50213 Waipiata Station View (1514-28), 159391
Patearoa No. I (1912~28), I50201 Patearoa No, II (1927-70), a private
observer, Mrs B. Smith, at Puketoi (1939-65 and 1962-70), and I59581
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 corrgctions 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, 6 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 period of
high precipitation, while another covered a particularly droughty period.
However, it is maintained that since each record is 15 years 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 oxr 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 atypical of the general

Upper Taieri=Maniototo climetic 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 hydrclogical
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 orxrder 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 shown in

Figures 14 and 15.

Figure 14 gives results for Paerau, Manorburn Dam, Waipiata
Sanatorium and combined Patearoca No. I and No. II for the period 1916-40,
With the,exception. of a discontinuity in the Manorburn 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.0. (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 investigated

further).

For the period 1941-61, Figure 15 shows results for Patearoca No., II,
Smith (Puketoi), Waipiata Sanatorium, and a further station outside
the study area, I59691 Deep Stream -~ located at Lat. 45o 40'S and Long.
169O 58'E. Except for Waipiaté Sanaterium discontinuities in the
records are evident, being slight for Patearoa No. IT in 1952 and more
marked for Smith and Deep Stream in 1954, Covariance analysis and F

tests show that these breaks in slope are only marginally statistically
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800
750
700

o o
O
(@]

550
500
450
400
350
300
250
200

150

100

50

b

—

B

T

1918\

PAERAU 5

(]
(0]

MANORBURN
DAM

PATEAROA (1) +(2)
WAIPIATA SANATORIUM -

. - ) P UNURET (NSNS (SRS VR SR | B R gy Ch e e PR |

PR B

3

: o X " al
100 150 200 250 300 350 400 450 500 550
CUMULATIVE PPT'N. FOR PATTERN - INCHES .

Double-mass curve of precipitation data (1916-1940)

FIGURE 14



65
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significant at the 95 percent level. In the case of Patearoca No. II,;

the 1952 break in slope is a rather arbitrary choice.

Relative to the pattern, the breaks indicate an increase in

precipitation for Deep Stream after 1954, and decreases for Patearoca

No. II and Smith after 1952 and 1954 respectively. 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,
oppositehin 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, cox, 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 from 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 difficult

conditions. The solution of these problems ahd resultant recommendations
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for future operation of such networks are worthy of further discussion.

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 1l). 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 ancmalies. 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 g?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 resalistic 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 gauges
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

three stations. The results are shown in Table 7 and Figure 17,
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TABLE 7:  Rainfall Loss Investigatiom - Longstone, Musterer's Huts, Trig 'H'

A Longstone:

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Date Manual ZManual Storage IStorage (2)=(4) Period (2)~(4) Computed Storage ‘% Error % Error
‘{ins.) " (ins.) ‘{ins.} (ins.) (ins.) * (days) (ins./wk) ‘{ins.) (2)s(4) (2)&(9)
10.10.68 0 o 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 0.50 14 0.250 2.17 ~17.5 =542
12.2.69 1.77 9.88 1.75 2,05 0.02 27 0.005 2.41 -1l.1 +36,2
18.2.69 0.80 10.68 0.62 9.67 0.18 6 0.210 0.74 =-20.0 -7.5
6.3.69 0.65 11.33 0.51 16.18 0.14 17 0.058 0.88 -21.5 +35.4
12.3.69 0.63 11.26 0.5l 10.69 0.12 6 0.140 A 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 -0.13 14 -0.065 2,90 +5.3 +21.2
22.4.69 2,05 16.%4 1.87 15,40 0,18 22 0.057 2,15 -8,.8 +4.,9
6.5.69 0,99 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)
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TABLE 7:

Continued

B. Mustererts Huts:

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Date Manual ZManual Storage ZIStorage (2)~(4) Period (2)~-(4) Computed Storage % Exrror % Error
‘(ins.) (ins.) (ins.)  (ins.) (ins.) " (days) (ins./wk) ~{ins.) (2Y&(4) (2Ys(9)
10,10.68 0 0 o 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
1€.X1.69 2,27 10,33 1.72 10.67 0.55 14 0.275 2.10 -24,2 =7.5
12.2.62 3,52 15.85 3.00 13.67 0.52 27 0.134 3.66 -14.7 +4,0
18.2.69 1.09 14,94 0.94 14.61 0,15 6 0.176 1,06 -13.7 -2.8
6.3.69 0,85 15.79 0.66 15,27 0.19 17 0.078 1.03 -22.3 +21.2
12.3.69 1.57 17.36 1.48 16.75 0.09 6 0.105 - 1.62 -5.7 +3.2
17.3.69 1,04 18,40 0.78 17,53 0.26 5 0.364 0.20 -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 1l.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 0.71 ~3.1 +10.9

0«Z



TABLE 7:  Continued

¢, Trig 'H':

(1) (2) (3) (4) (5)  (6) (7) (8) (9) (10) (11)
Date ‘Manual ‘IManual -"Storage 'IStorage  (2)-=(4) 'Period (2)=(4) Computed Storage % Error % Error
‘(ins.) (ins.) (ins.) ~(dins.) ~(ins.) (days) ' (ins./wk) ‘{ins.) (2)s(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 C.50 14 0.250 3.26 ~14,4 -5.8
18.2.69 l1.31 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 0.93 972 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 ~7e7
6,5.69 1.72 25.44 1.64 22.2 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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MANUAL - STORAGE GAUGE (INCHES/WEEK).
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The daily manual gauge data are assumed 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 seascnal 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 0.192, 0.144, 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, 196%)

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 was replaced by a light oil.

The oil used is BP Energol WM2, and possesses the properties of flash
point 365°F, specific gravity 0,845 at 600F, pour point 1OOF, and a
kinematic viscosity of 15.7 at 1OOOF. 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 centimetre,

To test the validity of such a decision in the study area, a
further controlled experiment was initiated at Smith (Figure 2) and

maintained over a 12 month period from April 1969 to March 1970,
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Three 100 centimztre capacity fibreglass storage gauges were installed
in the same enclosure, with norﬁal 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
centimétre WM2 o0il, 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 pergént of the water
plus oil gauge catch, The remaining 12,17 inches were lost by
evaporation. Also shown on Figure 18 are the site maximum, minimum

and mean temperature readings,.

A further loss analysis was thus carried out for gauges 'A', 'Bf
and 'C' by the same procedure as previously outlined. The gauge
containing oil was used as a base, 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 maximum loss for the water only gauge of 0.417 inch
per week in February, 1970, and a minimum loss of zerc for June, 1969,
Although the evaporatioﬁ 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)
(TA' = Water and Kerosene; 'B' = Water and 0i1; 'C' = Water only)

(1) (2) (3) (4) (5) (e) (7) (8) (9) (10)
Date Smith 'BY Smith 'A" ‘Smith 'C' (2)=(3) (2)-(4) 'Period B/i  Period B/C (2Y=(3) {2)~(4)
(ins.) “(ins.) "{ins.) {ins.) (ins.) " (Days) (Days) * {ins./wk) (ins./wk)

19.3.59 0.00 0.00 0.00 0.00 0.00 - - - -
25.3.69 0.63 0.63 0.43 0.00 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 - 0.00 - ¢ = 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 -0.186 0.081
28.5.69 1.69 1.57 1.77 0.12 -0.08 9 9 0.093 =-0.,062
7.8.692 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 0.71 1.15 28 28 0.177  0.287
27.11.69 1.30 {Gauge removed -0,67 - 1.97 - 36 - 0.383
7.1.70 5.87 ~ 1eaking) 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
1%.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

(A1l gauges 1CO cms. Fibreglass storage type)

9/
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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 leocal wind run was available.

From these results at Smith it is concluded that open orifice
storage gauges such as those used are most suitable for high country
precipitation sampling, However, conside:able 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 from adhering to the inside of the

gauge, and hence prevents the gauge from splitting under frost action.
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CHAPTER IV ESTIMATES OF POPULATION PARAMETERS FROM
THE MEASURED DATA
MONTHLY, SEASONAL AND ANNUAL STATION MEANS AND VARIABILITY

Precipitation: seasonal distribution

Measured monthly, seasonal and annual data for the combined station
records at I59491 Paerau and Elliot to cover the periocds 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 Dam and Patearoa
No. IX, were essentially identical for 1968-69 with the catches concurrently

recorded at Elliot.

Rainfall patterns and causes in Central Otago have been analysed by
Browne (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 fregquent in the northwest,

(i1} Cold fronte which cross Central Otago 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)Depressions 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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TABLE 9:  Paerau/Elliot measuved monthly rainfall record (inches) -
(I59491-Paerau-1908 to 1940; R.AW. Elliot - October
1968 to 1969),

o

fegy 4 E 8 B X L 1 B 2 g B

1908 - - - - - - = 1.28 1.47 1.82 0.94 3,43
1909 4.43 1.39 3,88 2,50 0,60 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 1l.84 3.60 1.32 2.06
1911 2,32 0.37 1.3%1 1.52 o0.68 2,08 1.36 1.12 1.36 0.74 4,40 2,51
1912 1.17 2.43 3.27 1l.46 1,33 4.54 1.62 1.85 1.61 4.25 2,30 0.61
1913 3.55 1.48 3,29 1.4%9 1.71 0.97 2.56 5.00 1.50 2.04 3,129 4.83
1914 3.14 3.16 1.82 2,22 2,95 5.13 0.48 0.95 1l.67 0,70 2.11 3.03
1915 2.06 4,16 2,02 1,40 1,70 2.82 0.47 0.37 0,75 3,19 3.14 2.46
1916 2.50 2,36 3.90 1l.46 1.72 1.54 1.89 2.39 1.79 1.68 4.18 0,62
1917 .32 1.05 2.25 1.78 5,08 0.84 0.69 0.88 2.74 4,44 1.74 4,01
1918 4,33 1,02 3.52 1,73 1.54 2.32 2,98 3.69 2,12 2,70 2.44 4,12
1919 8.84 0,55 0,87 5.25 1.86 3.97 2,00 6.96 5.11 1.04 3.51 4.56
1920 3.06 1.99 0,77 2,27 3.45 1,00 2,85 1.9 3.76 0.85 4,54 3,37
1921 2,63 1,49 4.44 2.03 1.44 3.09 2.47 1.49 1.31 3.04 1,01 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 0,00 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 3.3¢ 3.14
1926 4,50 4.75 1.42 1.89 3.12 1.41 0,50 1.79 2.02 --3.61 3,97 4,22
1227 2,45 2,78 4,43 3.10 1.73 0,59 1.4C 1,98 2,39 1.87 4,35 2,35
1928 1.09 2,53 0.74 4.48 1,67 1.12 1,38 1.40 1.58 3.70 1,31 1.93
1925 2,62 0,57 3,36 0.65 0.62 3.79 3,26 0.66 1,12 0,05 3.61 2,70
1230 2.3%9 0.88 0,10 0.85 1.40 1.32 1.19 1.30 1.49 4.36 3,05 2.13
1931 5.88 5.58 0.55 0,73 1.26 1.78 0,94 2.54 1.81 2,74 1.49 2.25
1932 3.59 1.54 1.67 2.60 2,45 2.66 0.39 1.82 1.33 2.37 0.66 2.25
1933 1.0 1..85 1.48 6.12 3,60 1.71% 1.25 1.71% 0.77 3.71L 3.39 5.80
1934 3,00 3.52 3.24 3.21 3.50 2.48 1.87 1.45 2.40 2.22 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 2,25 2.41 3.82 2.49 3.96 4,07
1937 3.26 7,90 3.09 4.16 3,22 1,58 1.33 1.85 1.17 0.43 1.41 6.15
1938 1.21 0.64 1.89 4.40 1.35 3.91 0.87 0,19 1.53 3,26 2.52 7.68
1939 2,08 1,20 0.85 1.63 1.32 1.89 2,11 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 O.55 1.50 1.38 2.80 1.60
1968 = - - - = - - - - 2,60 1.60 1.30
1969 3.96 1,07 2,18 2,37 0.88 4,10

2,45 1,14 0.74 1.61 1.30 1.59
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



TABLE

Year

1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
lo18
1919
1920
1921
1922
1923
1924
1925
1926
1227
1928
1929
- 1930
1931
1932
1933
1234
1935
1936
1837
1938
1939
1940
1969
‘Mean:
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10:  Paerau/Elliot measured seasonal and annual rainfall record
(inches) - Paerau (1908-40); Elliot (1968-9).

Summer Autumn Winter Spring Annua
{Dec~Feb) {Mch=May) (Jun-Aug) {Sept-Nov)

- - - 4,23 -
9.25 6.98 5.23 6.47 26,18
5,39 3.95 4,03 6.76 20.51
4,75 3.51 4,56 6.50 19,77
6.11 6,06 8,01 8.16 26,44
5.64 6.49 8.53 6.73 31.61

11,13 6,99 6.56 4,48 27.36
9,25 512 3.66 7.08 24,54
7.32 7.08 5.82 7.65 26.03
2,99 9,11 2.41 8.92 26.82
9.36 6.7% 8.99 7.26 32,51

13,51 7.98 12.93 9.66 44,52
9,61 6.49 5.81 9,15 29,87
7.49 7.91 7.05 5.36 29.62

11.84 7.14 3.71 7.32 30.23

11,17 15.60 3.16 4,30 31.08
9.28 8,03 3.71 8.52 30.10
6.17 8.19 9.08 9,88 33.65

12.32 6.43 3.70 2.60 33.20
9.45 9,26 3.97 8:61 29.42
5.97 6.89 3.90 6.59 22,93
5.12 4,63 Te71 4,78 23,01
5.97 2.35 3.88 8.90 20,53

13.59 2.54 5.26 6.04 27.55
7.38 6,72 4,87 4,36 23.33
6.00 11.20 4,67 7.87 33,29

12,32 9.95 5.80 6.40 31.02
9,69 12,36 8.84 6.+33 37.35
6.06 13.31 5.69 10.27 36.92

15.23 10.47 4,76 3,01 35.55
8,00 7.64 4,97 7431 29.45

10.96 3.80 6,42 6,28 20.73
8.59 7.97 2.76 5,68 25.65
6.33 7.00 3.49 3.77 23.39

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 summer maximum,
Maunder (1965) concludes that this seasonal variation, at altitudes of
less than 3,000 feet, is principally due to increased insolation in the
summer months which results in an intensification of normal rain
produciﬁg 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 sou?hern 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 %ess 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

nmean.

The Paerau results confirm trends shown by Coulter (1968), Leslie
(1966) and the M.0.W. (1967) for other areas of Central Otago. Summer
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 prceduced within the lowland areas.
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Figures 20 and 21 alsc 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 precipitation.

Of interest from FPigures 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 xecorded winter fall and above
average spring total. The 1911 minimum annual total resulted from below
average (though not minimum recorded) summer and autumn values, with the

winter and spring rainfalls only slightly below average.
Precipitation: Variability

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 here, 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 variability, Such curves
appraise the long~term trends of precipitaticn and provide a more suitable
presentation for purposesof comparison with long-texm flow records.

Residual mass curves developed for Paerau seasonal and annual rainfalls
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are shown 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 (1262) for Otago=-Scuthland,
by Seelye (1946) and by de Lisle (19€¢l). Series of successive wet
and dry yvears 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 iﬁ 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 thé Upper Taileri were 1209-17,
1928-32, 1939-43, 1%46~54, and more recently 1964=69, Subsequent
data from the area 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 drv periods, With
figures 22(a) and (b) drawn to the same 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, whilevwinter and spring values

contributed to only a minor extent.
Precipitation: Monthly, seasonal and annual rainfall frequencies

In addition to the information already presented, of importance
for engineering design purposes are the rainfall distributions depicted
by "rainfall duration" curves. Such a graéhical distribution of
rainfalls is erronecusly referred to as a "duration" curve, as the word
"quration" implies a period of time (Hoyle, 1962). Since the curve
describesha 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 mean.
When used with considerable caution and in realisation of the dominant
affects of the extreme values on the distribution (Simmers, 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 logarithmic 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 in 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 fregquently

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 vears the winter rainfall can
be expected to exceed 4.1 incheg and the summer rainfall 6.7 inches.
Other monthly, seasonal or annual values of either amount for a known
occurrence frequency or freguency of a given amount can be éerived 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 Paerau/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 b§ 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 0,32 inch in summer and early autumn. The overall



TABLE 11:
Year J
1908 0.23
1910 0.21
1911 0.39
1912 0.20
1913 0.27
1914 0.39
1915 0.17
19l6 0.25
1917 0,15
lois 0.48
1919 0.59
19220 G.34
1921 0.29
1922 0.74
1923 0.23
1924 0.23
1925 0.42
1926 0,64
1927 0.31
1928 0.16
1929 0.37
1830 0.17
1931 0.35
1932 0.28
1933 0,17
1934 0+33
1935 0.31
1936 0.14
1937 0.27
1968

1969 0.40

Mean Rain

per wet day

0.32

#

0.35
0.31
0.12
0.20
0.12
0.45
0.38
0.20
0.10
0.17
0,18
0.25
0.37
0.26
0.33
0.83
0.35
0.40
0.46
0.42
0.10
0.44
0.56
0.22
0.14
0.39
0.42
0.22
0.56

0.18

0.32

Lo

0.43
0.11
0.33
0.25
0.33
0.26
0.29
0.35
0.32
0.59
0.15
0.19
0.32
0.20
C.39
0.36
0.49
0.28
0.40
0,19
0.48
0.10
0.09
0.33
0.25
0.19
0.79
0.79
0..21

0.18

0,32

]

0.25
0.18
0.17
0.15
0.19
0,17
0.14
0.24
0,22
0.25
0.40
0.25
0.23
0.24
0.99
0,52
0.37
0.32
0.31
0.37
0.13
0.17
0.09
0.22
0.47
0.32
0,17
C.45
0.35

0.15

0.28

0.17
s 12
0.13
0. 27
0.21
0.16
0.42
0.13
0.19
0,23
0.21
0.35
0.68
0.37
0.33
0.31
0.22
0.19
0.10
0.18
0.11
0.31
0.33
0.29
0.41
0.30
0.36

?2

1=

0.17
0.23
0.15
0.27
0.14
0.3¢2
0.28
0.26
0.17
0.17
0.40
0.20
0.39
0.37
0.26
0.29
0.19
0.28
0.12
0.14
0.32
0.11
0.25
0.27
0,17
0.28
0.52
0.15
G.18

0,10

0,24

1=

0.16
0.12
0.17
0.16
0.20
0.10
0.07
0.24
0.12
0.21
0.20
0.22
0.22
0,17
0.00
0.25
0.41
0.17
0.13
0.28
0.25
0.20
0.19
0.07
0.14
0.16
0.05
0.17
0.33

0,06

0.17

|

0.14
0.15
0.22
0.14
0.56
0.10
0.19
0.24
0.15
0.41
0.50
0.20
0.14
0.24
0.40
0.19
0.73
0.36
0.17
0.20
0.09
0.26
0.21
0.23
0.21
0.21
0.19
0.24
0.26

0.16

0.25

Rain per wet day for Paerau/Elliot (inches) -
1909-1837, 1968-1969

|t

0.10
0.26
0.15
0.13
0.17
0.21
0.15
0.26
0.30
0.30
0.57
0.24
0.12
0.24
0.26
0.32
0.22
0.34
0.30
0.16
0.10
0.12
0.36
0.27
0.13
0.22
0.02
0.29
0.13
0,10
0.13

0.22

{e}

0.24
0.45
0.07
0.28
0.19
0.12
0.40
0.13
0,30
0.18
0,09
0.11
0.34
0,19
0.22
0.51
0.43
0.30
0.17
0.23
0.05
0.36
.39
0.34
0.27
0.17
0,09
0.28
0.11
0.17
0.13

0.24

|=

C.18
0.26
0.31
0.18
0.20
0.18
0.26
0.32
0.44
0.16
Q.22
0.27
0.13
0.29
0.65
0,40
0.31
0.44
C.23
0.13
0,28
0.25
0.21
0.07
0.48
Q.20
0.31
0.33
0.20
0.15
0.18

0.27
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TABLE 12:  Number of rain days per month at Paerau/Elliot on which
falls of specified amount can be expected (1909-1937,

1968-1968)
Month 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
Januarys: 3.37 2.87 2.13 1.13 0.53 -
February: 3.10 1,93 1.17 0.93 0.47 0.07
Marchse 2,93 2,47 1.60 0.90 0,47 0.07
April:z 3.87 2:23 1.63 1.03 0.23 0:13
May: 3.73 2,93 1.57 0.83 0.23 0.07
June: 3.30 2.80 2.07 0.70 0.10 -
July: 4,20 2,37 1.20 0.40 0.10 -
August: 3,23 2,57 1.40 * 0.70 0.17 0,07
September: 4,16 2.48 1.16 0.81 0.13 -
October: 4,55 2.90 1.61 0.87 0.35 0.03
November: 4,58 2.81 1.87 1.32 0.19 0.03
December: 3:7% 2,52 2.06 1.23 0.55 0.06



TABLE 13:

Month

Januarys:
February:
March:
Aprile
May:
June:s
Julys
August:
Septembker:
October:
November:
December:

Month

Januarys:
February:
March:
April:
May:
June s
July:
August:
September :
October:
November :
December:

94

Expected number of occurrences per month at Paerau/Elliot

of wet periods of amount or duration equal to or exceeding

‘that specified (1909-1937; 1968-1969)

Amount of Rain per period (inches)

0,0l 0.05 0.25 0.50 1,00 2,00 3.00 4.00 5.00 6.00

4,63 4,23 2,86 1.9 1.03 0O.16 0,06 0,06 0.03 0.03
3.40 3.23 2,00 1.33 0.8 0.12 0.09 0,06 0,03 -
4,12 3.79 2.26 1,63 0.90 0.33 0,10 0.03 0.03 0,03
4,05 3,72 2,19 1.59 0.96 0.26 0.06 0.03 - N
4,15 3.62 2,29 1,39 0.66 0.23 0.13 0.03 - -
3.89 3.56 2,13 1.56 0.56 0.16 0,03 0,03 0,03 =
4,00 3.63 1.70 1.20 0.30 0,03 -~ - = s
4,30 4.00 2,27 1.20 0.47 0.10 0.07 0.07 - -
4,40 3,95 2,08 1.15 0.51 0.03 = - - r-
4,58 4.19 2.64 1.45 0.77 0.16 0,03 - - -
4,39 4.10 2,94 1.84 0.87 0.16 0,03 - - -
4.48 4,13 2,71 1,84 1.00 0O.35 0,12 0,05 0.03 =~

Duration of period (days)

i
18

3 4 5 6 8 10 12 14

4,64 2,57 1.67 0.97 0.57 .34 0.07 - s -
3.39 1.89 1.29 0.79 0.62 0,19 0.06 0.30 = -
4,13 2,13 1,30 0.87 0.54 0.27 0,10 - - -
4,07 2,34 1.77 0.97 0.47 0.30 0.10 0.03 0.03 0,03
4,16 2.33 1.83 1,00 0.,60 0.30 0,02 0,03 -~ -
3,90 2.10 1l.47 o0.84 0.67 0,40 0.10 - - -
4,00 2,47 1.40 0.53 0.30 0.23 0,03 = - -
4,29 2,16 1,33 0.53 0.30 0.1l0 - - - -
4,41 2.35 1.22 0,77 0.29 0.13 0.0
4,58 2,64 1.70 0.96 0.48 0.32 0.1
4,38 2,64 1,77 1l.45 0.80 0.48 0.1
4.47 2.63 1.60 0.99 0.64 0.41 O
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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 1l.
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 shown. That is, a
value shown in the 0.26-=0.50 inch rainfall range is not included
cumulatively under the 0.01-0.10 inch and 0.11-0.25 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 0.50 inch,
particularly during winter, The higher mean rainfall per wet day in
sumner 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
summer months, and most common during autumn, Such a conclusion does not
contradict that drawn previously on the reason for a higher mean rainfall

prer 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
great. 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 amount necessary to meet this provision for plant growth
(Osborne, 1968), Table 12 thus shows that for the total number of
rain days per month of all specified amounts, significant rainfall
(in excess of 0.25 inch) was recorded on only 39 percent of the days

in December 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 1°968-69,
but for the latter can be cbtained from the daily rainfall records.
Basingki (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 éhe measured

daily Paerau/Elliot records for 190%-37 and 1968-69.

The Table expresses the expected wet period amounts or duration
occurrences per month which equal or exceed that specified. A wet
period is defined as a periocd 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 pericd. In this instance
the values given under both amount and duration are cumulative. That
is, occurrences listed under -an amount of 0.25 inch rain per period or
three days duration, are ‘alsc included in the 0.05 inch and 0.0 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 basis 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 winter, and in no month. can
such pericds be expected more than one year in five. 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 pericd varies widely but only
rarely exceeds 4,00 inches. In general the amount of rain per wet
period ishhighest in summer and autumn. However, in all months the
rainfall in about one-half of the periods is less than 0.50 inch and
in at least one-third of the periods comprises falls which total
between 0,25 inch and 0.929 inch, In more than 90 percent of the
periocds 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: Seasonal 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 pexcent

of actual at the 95 percent confidence level, the measured Naseby State
Forest data quite adequately represent the Upper Taleri area. Comparison
of the measured post-1968 records for Elliot and Naseby State Forest
further shows that the two stations have markedly similar characteristics,

The results are given in Table 14 for the years 1968 and 1269.

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. Maximum 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 céﬁcluded that the characteristics of monthly mean
temperature and range of mean daily temperature are very similar, though
gsome 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 made. With similar mean monthly teﬁperature
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 bv 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: Paerau-Naseby State Forest temperatures (°F) (1966-1969)

(a) Maximum temperature: (1968)
J F M A

Paerau
N.S.F. 86.0 88,5 83.0 74.0

(b) Minimum temperature: (1968)

Paerau
N.S.Fs 31,0 29.4 36.0 26.0

(¢) Mean daily maximum temperature:

Paerau
N.S.F. 69,7 71.9 67.9 54,4

{(d) Mean daily minimum temperature:

Paerau
N.S.F. 43,9 44,8 46.1 35.0

(a) Maximum temperature: (1969)

Paeran 8C,.0 83,0 77.0 72.0
N.Sul's 78.3 82.0 76.5 70.0

(b) Minimum temperature: (1969)

Paerau 34,0 31.0 30.0 25.0
N.S.F. 31.5 29,5 30.0 26,0

=

67.8

24.4

(1968)

53.6

(1968)

35.3

=

54.8

20.4

44,4

27.1

=]

51.6

40.4

23.6

(i

59.2

19.8

49.0

29.5

66



TABLE 14: Continued

2 4 B i B

|

(¢) Mean daily maximum temperature: (1969)

Paerau 66.3 69.7 65.3 56.4 48.0 42,9
N.S.F. 67.3 68.4 66,0 56.7 49.5 43,6

(d) Mean daily minimum temperature: (1969)

Paerau 43.1 40.0 40.0 33.5 28.3 23.0
NeS.Fa 42.8 41,8 41.8 36.2 32,5 25.1

(a) Mean monthly temperature: (1968)

Paerau.
N.S.FC

(b) Mean monthly temperature: (1969)

Paerau 54,7 54.8 52.7 44,9 38.2 32.9
N.S.F. 55,0 55.1 53.92 46.4 41.0 34,4

s

>

|

{e}

=

o

001
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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 1969, Also shown
are the theoretical differences in derived potential evapotranspiration
between the two stations, for altitudes which vary from 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. Foxr the
cumulative values over the period December to November, Elliot-Naseby
State Forest differences vary from 0.25 to 0.51 inch (1.l 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 annital temperature data for
the combined station records at I50001 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 seascnal character with a
. . o
summer maximum, Mean annual temperature is 46,3 F, Comparable

o
mnean seasonal values are 55.4 F for summer, 47.0°F in autumn, 36.10F



TABLE 15:

AI

Comparison of Naseby State Forest and Paerau (Elliot)
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monthly and annual potential evapotranspiration for
parts 1968 and 1969 (inches)
State Forest)

Altitude Station A

1800"
1800°
2000°
2000°
2400
2400°"
2800
2800"
3000°
3000"
3400°"
3400°"

1800°
18007
2000°"
2000
2400

2400"
2800°
2800"
3000°
3000
3400°
3400°

ZuzywzaNNEzNE vzl

ZozuzZgd=zagan=za

1.57
1.53
1.49
1.45
1.35
1.31
1.18
1.12
1.07
1.01
0.77
0.66

B

1.59
1.68
1,57
1.66
1.52
l.6l
1.46
1l.56
1.43
1.54
1.37
1.48

[R%]

1.47
1.58
1.45
1.56
1.38
1.5l
1.30
1.45
1.26
i1.41
.15
1.33

=

C0O0OO0O00O0O0OOHO
*

NWOUTOWMWYRWNO N

VERHOUNDOO0OO®

|0

2.70
2.80
2,68
2,78
2.62
2.74
2.57
2.69
2,54
2,68
2.48
2.64

|4

0,22
0.33

N
~ s

OO0 O0OQOOCOO0OO0
*
-
=

i=

3.54
3.56
3.52
3,55
3.49
353
3.48
3.52
3.48
3.53
3.49
3.56

(P = Paerau;

|

4,49
4,24
4,51
4,26
4,49
4,25
4,50
4,25
4,51
44 27
4.57
4.32

i3

1.00
0.98
0.93
0.92
0.81
0.80
0.67
0.67
0.58
0.58
0.33
0.37

N = Naseby

J F

3.69 3.09
3.64 3.04
3.70 3410
3.65 3.06
3.63 3.04
3.58 3.00
3.56 2.98
3.51 2.94
3 D3 2.96
3.48 2.91
3.48 2.92
3.42 2.87
s 0

1.46 1,92
1.47 2,04
1.45 1.90
1.46 2,03
1.40 1.83
1.42 1.97
1.36 1.75
1.38 1.90
1.33 1.71
1.35 1.86
1.28 l1.62
1.31 1.78

i=

2.79
2.85
2.77
2.83
2.72
2,79
2.68
2.74
2.66
2.72
2,62
2.68

B

3.50
3.45
3.48
3.43
3.42
3.37
3.37
3,32
335
3.30
o3l
3.25

Dag.~Nov,

24,87
2521
24,57
24,97
23.58
24.02
22,90
23.16
22,57
22,82
21.84
22,20

B. Difference in potential evapotranspiration for Paerau and Naseby State

Forest at altitude indicated:-

Altitude

1800
2000°
2400°
2800"
3000°
3400°

18007
2000°"
2400°
2800"
3000°
3400

B
0.04
0.04
0,04
0.06
0.06
c.11l

0.07
.09
0.09
0,10
0.11
0,11

£
0.43
0.11
0.13
0.15
0.15
0.18

M

0.22
0.22
0.24
0.28
C.30
0.38

B

0.25
0.25
0.24
0.25
0.24
0.25

0.02
0.01
O‘Ol

0.04

2N

0.05
0.05
0.05
0.05
0,05
0.06

0.01
0.01
0.02
0,02
0.02
¢.03

E

0,05
0,04
0.04
0.04
0,05
0,05

0.12
0..13
0.14
0.15
0.15
0.16

M

0.06
0.06
0.07
0.06
0.06
0,06

0.05
0.05
0.05
0.05
0.05
0.06

Dec.-Nov,

0.34
0,40
0,51
0,26
0.25

0.36
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TABLE 16: Elliot/Naseby State Forest measured mean monthly temperature

vecord (°F) - Naseby State Forest (1923-68); R.A.W. Elliot

Year

1823
1924
1925
1926
1927
lo28
192¢
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1044
1945
1946
1947
lo4s
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1559
1960
1961
1g62
1963
1964
1865
1966
1967
1968
1969
Mean:

)

52.1
58,6
57.6
5.1
57.3
56.9
54.6
52.7
53.6
52.6
56.1
53.6
58.0
56,2
53.4
60.0
53.3
57.6
57.6
55.5
55,9
56,8
56,5
55.4
54,8
59.8
53.8
56.4
54,8
53.6
54.0
56.3
57.2
62.2
56.0
53.5
59,6
58.9
57.0
59.8
59,2
53.4
56,6
54.9
56.2
56,8
54,7
56.2

(1969)

o

51.5
57.6
53..9
52.9
55.7
57.9
55.4
57.2
55,1
54.6
56.8
57.5
59.6
55.0
52.3
62.1
56.8
52.3
58.1
53.6
55.8
54,6
54.8
56.6
55,0
56.5
58.3
55.4
54,5
56.4
53.4
58.7
56,1
55.4
58,0
56.8
56,2
55.2
56 .1
54.9
57.2
55,9
53.0
56.6
56.6
58.3
54,8
55.8

)

51.1
5243
50.1
52.0
50,8
54.1
52,0
50.0
52.0
52.2
53.9
51.1
5561
47.0
53.9
57.0
56.0
52.3
54.4
51.7
50,9
51,0
51.2
54,3
56.6
53.2
5].1
50.8
53.4
51.4
51.2
52.8
52.6
51.9
55.4
537
53.1
49.4
50,0
53.6
51.1
51.9
51.6
55 .6
54.0
57.0
52.7
52.4

43.6
51.7
47,7
51.9
45.8
49,2
46.9
47.3
45.8
48,7
44.8
49.3
48,5
49.8
46.8
51.8
49.0
45.0
46,2
48,4
47.6
48,6
47,7
47,6
45,8
45.6
44 .0
45.7
45.8
47.3
46.6
44.0
49.0
52.6
47.2
44.6
48.9
46.4
46.9
45,6
44,0
46.2
46,3
45.0
47,7
44,7
44,9
47.3

36.3
36.3
32.7
37.7
29.9
36.0
38.2
35.2
35.2
36.6
34.2
37.4
35.4
39.2
34.4
36.4
40.0
38,0
32.0
38.8
37.2
36.5
34.0
36.7
357
35.5
34.8
35.0
31.6
34.6
34.1
39.4
34.7
37.5
38.0
38,1
37.6
35.8
35,2
39,0
33..2
3549
37.2
36.6
37.2
35.8
32.9
36.0

j&

28.9
36.3
35,7
35.9
35,2
37.5
34,8
32.3
33.6
39.0
35.2
33,2
33.6
35.7
35,2
30.1
32.5
36.8
35.8
35.9
31.3
36.8
i T
38.4
34.3
37.2
37.2
36,6
35.8
32,7
33.6
33.5
31.6
34,1
33.3
31.2
36.2
37.4
34,6
36,9
32.4
36,7
32.6
34,2
35.6
32.0
33,8
34,7

|

34,9
38,1
34.9
37.1
35.5
38.3
38.2
35 L
36.4
35.8
38.0
37.6
39,2
41,0
40.4
38.6
34.8
40.2
34.4
39.8
34.8
38,5
40,6
40,0
40.8
39.2
37.1
35.4
38.4
39.0
38.1
36.0
38.6
37,2
37.8
38.0
37.6
37.4
36,9
39.2
35.7
38.2
36.2
37.1
41,2
39.2
3.1
37.6

1n

43.7
46.6
39.2
43.6
41,3
42.4
44,2
40,3
3.0
41.8
42.8
43.0
3¢.0
43,0
42,8
44.0
43.4
43,7
44,0
44,5
40.3
42,2
42.3
43,7

42.4
43.3
44,2
43,4
44,2
42.5
42.3
44.8
43.6
43,1
42,1
44,2
41.8
40.4
42.8
42,0
43.4
44,4
43.0
40,6
41.8
45.8
42.8

{e}

45.4
49.9
46.8
44,9
45,9
46.5
50.9
43.8
47,6
47.4
46.8
47.4
46,0
48,4
47.2
49,5
46.2
47.6
46,8
49,6
46,1
46.°9
44,1
45.8
46.6
46,8
50.3
49,1
46,2
48.4
46.4
47.6
49,2
47 .4
44.7
50,0
44,2
48.8
52.1
49.0
50.0
46,7
46.3
48.0
47.6
45.0
44.0
47.4

=

56.2
52.8
48,0
46.6
46.3
49,7
50.8
46.3
51.0
50.4
49,2
53.4
48,0
49.2
54.2
51.0
52.0
49,2
50.4
50.8
52.7
49,3
58:9
44.0
53.9
48,7
511
52.0
49.6
48.0
51.6
54,5
49.6
49,5
53.0
53.4

52.4

49,8
51,6
51.0
47.9
50.1
49,4
49.3
46.7
49,0
54.5
50.5
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TABLE 17:  Elliot/Naseby State Forest measured mean seasonal and
annual temperature record (°F) - Naseby State Forest
(1923-68); FElliot (1969)

Year Summer Autumn Winter Spring Annual
(Dec~Feb) (Mch~May) {June~Aug.) (Sept.~Ncv.)
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 44,7 44,9
1926 54,0 47,7 36,9 45.0 45,8
1927 55:1 45,4 33,5 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 47.1 35.1 45,9 45,6
1932 53.8 47,2 37.1 46,5 46,0
1933 55.1 45,9 35.8 46.3 46.1
1934 55.8 46,7 36.1 47.9 47,0
1935 59.4 47.8 36.1 44,3 46,8
1936 56.8 45,9 38.6 46.9 46.6
1937 53,2 48,2 36.7 48,1 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
1246 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 535 46,2 35.4 46.9 45,8
1953 53.9 46,1 35.3 46,8 45,5
1954 56.5 46.5 36.3 48,1 46.9
1955 56.0 48,2 35.0 47.9 46,9
1956 58.1 48.0 36.3 46,8 47,0
1257 55,7 47.8 36.4 46,9 46,5
1958 53,8 46,2 35.8 48,5 46.4
1259 56.8 45,7 37.:1 46.9 46,8
1960 56.6 45,5 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
1263 5741 45.8 33.8 46.6 45.6
1264 53.6 45,6 36.9 46.7 46,1
1965 55.4 45,8 35.3 46,7 45,6
1266 56.3 47.8 36,0 46,8 46,6
1967 55.4 48,3 38.0 45.0 46,7
1968 56.4 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

1238 with a value of 48.OOF - 1.70F or 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 13827 and
1230 mean annual value of 44.7°F is 1,6°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. The minimum seasonal value is

33.4°F, recorded in winter 1923.

The 1938 mean annual temperature maximum resulted-from maximum
recorded summer and autumn values, 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 precipitation curves,

The curves show an alternating series of years with above and below
average mean annual temperature (46.30F), 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 preéented. 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 s;ations 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
vears these trends accord with those reported by Grant (19692), with the
period 1963-69 of generally below average mean annual temperature and

rainfall.

Warm periods in the Upper Taieri area were 19C€3-11, 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) drawn to the same time scale, the relative importance of
seasonal values in the owverall pattern of annual change can again be

readily determined if needed.
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Temperature: Frequency curves

Frequency 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

exror 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 kecomes of
added importance for design purposes when the calculation of open
water evaporation from known evaporation-potential evapotranspiration

relationships is considered.
Streamflow: Seasonal distribution

Water resource investigations and studies involve a determination
of the source, extent, magnitude and dependability of water resources,
and an evaluation of opportunit%es 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 kasis for compariscn 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 al. 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 information 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 guantitative 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 station (Riggs, 1969). Measured mean monthly, seasonal, January=-
March, October-March and annual mean discharges and yields for the Taieri
River at Paerau and Patearoca-Paerau Bridges, and the Loganburn at Paerau,
are presented in Tables 19 to 22. The periods 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 stations.

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 tc Paerau Bridge average annual discharge is
calculated as 288 cusecs. On a monthly mean basis streamflow varies
between a minimum of 21.3 cusecs for March 1920 and a maximum of 1322
cusecs for September 1339, 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 33, Similar curves are not shewn for Patearoa-Paerau

Bridge and the Loganburn because of the small amount of measured data.
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Stage-Diszharge Rating Tables - 1/10 ft by cusecs

1. Tateri River 743000 at Paerau Rd. Br. (site No. 74316); Reference

S145:667261;

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) 0.0 0.1 0.2 043 0.4 0.5 0.6 Q.7 0.8 0.9
0 13 18 23 28 35 43 52 62 73 84
S 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
4 874 206 938 970 1003 1036 1070 1105 1140 1175
5 1210 1244 1279 1315 1352 1389 1427 14656 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)

A
2 38 43 51 6l 73 87
3 102 118 135 153 172 122 212 233 254 276
4 298 321 344 368 392 416 441 466 491 51e
5 542 568 594 620 647 674 702 730

(Note: 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. 4 2.00 ft)

2. Tateri River 743000 at Patearoa-Paerau Br. (74314);

R.L. Zero 1189.19 ft

(a) Period 1.1.66 to 31.12.69:

Ul WO

43
165
360
622
953

1477

54
180
384
650
996

1545

65
196
409
678

1041
lels

76
213
434
707

1088
1695

88
231
460
737

1137
1776

100
250
486
768

1188

1860

MR, 5145:675374;

112
270
512
801
1241
1246

3. Taieri River 743000 at Upper Styx Valley Bridge (74317);
R.L. Zero 92,87 ft Ass.

(a) Period 24.5.62 to 31.12.66:

Uab W N

95
183
288
428

28
103
193
300

35
111
203
312

42
119
214
325

49
128
224
338

57
136
234
352

64
145
244
366

15
124
291
539
836

1296
2034

MQR.

72
154
255
381

23
137
313
566
873

1353
2123

33:6

79
1e3
266
3%6

32
151
335
594
912

1413

518;

87
173
277
412
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TABLE 18: Continued
(b) Period 1.1.67 to 31.12.689:

G,H. (Ft) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9,

16 21

26 32 38 44 50 56 62 69 76 83

20 98 106 114 122 130 138 146 154 162

171 180 189 198 207 216 225 234 244 255
266 278 291 305 319 334

B WwWNRFEO

(Notes: (1) Change in gauging cross-section on 5.1.67;
(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 743860 at Paerau Br., (74346); M.R. S144:624217;
R.L, Zero 91.40 Ft Ass.

(a) Period 1.1.66 to 11.3.69:

1.0 2,5 6.0 11.5 18.9 28.1

39,0 51.6 65.8 81 97 115 135 157 181 206

232 259 287 316 346 377 409 441 473 505
537 569 601 633 665 698 731

WO

(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 %9 ile 135 156 179 204 232
2 262 292 323 355 388 422 457

5. Styx Creek 743840 at Paerou (74345); M.R. S533:6726;
R.L. Zero 76.97 Ft Ass,

(a) Period 1.1.66 to 31.12.66:

1 6 9 14 20 27 35 43
(b) Period 1.1.67 to 24,7.67:

8 5 745 10 15 21
(e) Period 24.7.67 to 7.9.67:

1 6 9 14 20 27 35 43
(d) Period 7.9.67 to 22,7.68:

0 3.5 6
1 9 12 16 22 28 36 45 b5 65 75

(e) Period 22.7.68 to 31.12.68:

0 3.8 6.5
1 9.7 13.3 17.5 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. (74347); M.R. S33:5724;
R.L, Zero 88,66 Ft Ass,

(a) Period 24.5.62 to 31.12.69:

G.H., (Ft) 0.0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9

1&60
1,70 1.80 1.90 2,10 2.30 2,60 3,00 3,40 3,90 4,50
5,20 6,00 6.90 7.90 9.0 10,5 12.1 13.9 15,9 18.0
20,4 23.3 26,9 31.4 37.0 43.8 52.0 61.8 73.4

B W N
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TABLE 19: Taieri River at Paerau Bridge measured mean discharge
record (cusecs): 1912-1913; 1916-1928; 1936-1939;
1841-1944; 1947-1950; 1.6.66-31.5.69

(catehment area above station - 233 square miles)
Year J £ M A M I I A S o N p

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
1018 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 51,6 125 296 306 231 256 388 333 352 272 157
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  90.1 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 1100 951 343
1941 110 103 159 242 264 320 317 406 508 483 556 524
1942 406 221 269 376 200 219 253 379 374 461 487 304
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 50.8
1950 74.0 &6.7 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: 150 125 162 229 297 268 281 331 508 502 337 246
Mean:
(inches)

0.792 0,559 0.801 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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TABLE 20:  Tateri River at Paerau Bridge 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 Oct-Mch Annual¥*
(Summer) (Autumn) (Winter) {Spring) (Calendar yrs)
:1912 - 288 446 668 203 = 391
1912~13;1913 124 314 424 513 133 328 375
+ 1916 - 123 266 390 97.2 - 218
1916-17;1917 124 214 264 336 145 187 247
1917-18;1918 178 254 399 592 179 236 367
1918-19;1919 411 182 437 438 302 402 358
1919-20; 1920 i50 54,7 417 500 65.6 208 269
1920-21;1921 73.0 242 292 319 71.0 232 234
1921-22;1922 180 200 151 256 184 222 214
1922-23;1923 261 434 233 534 210 238 339
1923-24;1924 43.9 66,7 219 256 37.7 138 148
1924-25;1925 52,9 135 259 - 621 65.4 130 298
1925-26;1926 277 284 237 552 204 388 335
1926-27;1927 229 378 285 502 163 325 330
1927-28;1928 102 160 251 506 52.6 215 24¢
;1936 - 349 317 543 146 - 359
1936-37;1937 498 673 416 418 553 503 469
1937-38;1938 94.8 79.3 294 355 57.8 167 238
1938-39;1939 383 133 331 1124 244 320 478
;1941 - 221 348 515 124 - 334
1941-42; 1942 389 311 284 441 301 412 337
1942-43;1943 185 268 154 501 168 294 281
1943~-44;1944 99.6 276 490 424 127 262 352
$1947 - 89.8 165 437 173 - 218
1947-48;1948 100 101 128 248 96,0 220 150
1948-49;1949 88.4 160 357 268 85.5 171 208
1949-50; 1950 63.7 62.1 164 is0 63.0 126 128
1966/1967 123 209 223 264 55.5 129 205
1967/1968 67.0 353 213 233 11e 145 217
1968/1969 81.8 267 338 463 77.4 212 288
Mean: ¥75 229 293 450 150 248 288
Mean (inches/

month): 0.856 1.122 1.437 2.177 0.717 1.245 1.398

{* 1266 to 1969 data from 1 June to 31 May)

(Maxima and minima underlined)
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Taieri River at Patearoa-Paerau Bridge measured mean discharge

record (cusecs): 1.6.66=31,5,69 (Catchment area above station -

285 ‘sq miles)

(a) Mean monthly data:

Year

1966
1967
1968
1969
Mean:
Mean (ins) :

4

73.3
49.5
70,7
64.5

0.2

F ¥ a M J 3 A g O N D

- - - - 143 285 271 459 216 155 259
48,4 56.5 ©91l.4 50.0 315 177 182 297 200 238 117
47,1 266 575 275 421 232 413 478 651 320 1086
85,0 92.5 354 396 - - - = = = -
60.2 138 340 392 293 231 289 411 356 238 16l

61 0.220 0.558 1.331 1.586 1.147 0.934 1.169 1.609 1.440 0.932 0,651

(b) Mean seasonal and annual data:

Year Dec~-Feb March-May dJun~BAug. Sept.-Nov, Jan-Mar. Oct.-Mar. Annual®
(Summer) (Autumn} (Winter) (Spring)

1966/67 130 219 234 276 59.7 136 215
1267/68 Fla 370 223 244 122 153 228
1968/69 87.2 280 354 484 82,6 222 302
Mean: 96.3 290 270 335 88.1 170 248
Mean

(ins/month) ¢ 0.377 1.158 1.083 1.327 0.346 0.677 0.984

(* Data from 1 June to 31 May)

TABLE 22:

Loganburn at Paerau measured mean discharge record (cusecs):

1.6.66-31.5.69 (Catchment area above station - 58 sq mileg)

(a) Mean monthly data:

T 4 L M B B L L B A 2 L @
1966 - - -~ - - 28,2 41.4 45,0 «2 51.2 20,1 230.4
1967 16.8 6.0 6.2 14.2 ©67.4 56.4 32.2 25,1 53.4 28,4 53.9 23.6
1968 762 4,7 78,0 120 56.5 125 58.9 102 70.6 102 37.5 11.9
1%69 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.¢
Mean{ins): 0.310 0.080 0.572 1.055 1,235 1,341 0.878 1.140 1.270 1,201 0.726 0.435
(b) Mean seasonal and arnual data:
Year Dec~Feb March-May Jun-Aug. Sept.-Nov. Jan-Mar. Oct.-Mar., Annual®
(Summer) (Autumn) (Winter) (Spring)
1966/67 18,2 29,7 38,3 48,5 10. 1 '22.2 33.7
1967/68 12.0 84.4 37.7 45,7 30.5 33.1 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 1.11¢9 1,066 0,321 0.554 0.854

(* Data from 1 June to 31 May)
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Streamflow shows a well defined seasonal pattern, though the
marked spriqg 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 summer mean discharge. The spring maximum is
undoubtedly the result of thaw and snowmelt 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 at the Paexau

Bridge between two and four days after each rainstorm recorded at Elliot.

Figures 32 and 33 further demonstrate the runoff extremes for the
pericd of record., The 1939 mean annual runoff maximum resulted from
maximum recorded spring flows which 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 shown 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 1912 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 rgcorded mean annual discharge resulted from
minimum or near minimum flows for all seasons, but altgough the rainfalls
recorded for autumn, winter and spring were below average, the summer
falls were slightly above average, Although not recorded, it is
concluded from the general flow characteristics that the 1211 minimum
annual rainfall would not have produced minimum flow values for the vear.
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 approximate likely magnitude of mean seasonal or annual
flows not recorded. Figures 20 and 21 suggest that high flow conditicns
could be expected for 1945, 1955, 1957, 1958, 1961 and 1963, The
existence of such conditions has begn confirmed by downstream discharge

records and floocd reports.
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Streamflow: 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 te 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 mean flows have the lower variabilities and vice verss.

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 recordsf 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 1850 (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) drawn to the same times
scale, the relative importance of individual seasconal wvalues in the

overall pattern of annual change can again be readily determined.
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Streamflow: 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 thah 100 cusecs for

up to 35 percent of the time.

From the seasonal and annual curves of Figure 36, in apprcximately
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 accepting 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-term 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 immediate value.

For example, Figure 35 shows that for mean Februa;y 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 pexcent of the time over the period of
record. That is, for 70 pexcent of the total period the mean February
flow is less than the calculated long~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 ﬁegative 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 ESTIMATES AND COMPARISON WITH
REQUIRED PRECISION LEVELS

General:

The previous data presentation format provides valuable basic

information on parameter astimates for design purpcses 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 obkjective. 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 alsc demonstrated for mean annual runoff
by Haan (1972), Hardison (1969) and Fiering (1963). Analysis of the
Upper Taieri data by the probability plotting technique cutlined 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 rejected by a Chi-sguare test of

normality (Snedecor & Cochran, 1969),
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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 data. 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 ccefficients 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 tc 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

» P = .1
numerical value xi, is given by x ni§1 xi 4),
and has a standard error (SEX) of S//E' (5).

S is the sample standard deviation.

(ii) The variance of the sample is defined by
n
2 1 Ty 2
S=—Z s - «
n_1i=i(xl x) (6)
{iii)The sample standard deviation is given by VSQ, and has a

standard error (SEsd) of S/VEE' (7).

(iv} Another commonly used measure of variability is the

coefficient of variation, defined as Cv = s/i (8),
and has a standard error (SECQ) of a4 . V1+20v? ——————— {9).

V2n
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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,
inter alia, 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 common
logarithms, by the expression cv? = exp [}2.3026 Iv)%] -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 understand the relationships between precision
ana 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

(XS /py2 (10) .

k is a coefficient whose magnitude depends on the confidence level chosen.
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 level, is given by

kfs
n [:‘.log qy - log i:i ki




135

f is a correction factor which depends on the percentile of the

distribution at which the mean oﬁcurs (Table 23). Log X is the common
logarithm of the arithmetic mean, and gy the upper confidence limit of
a given percentile (Montgomery & Hart, 1971). Again t should be used

instead of k when n is less than about 30.

TABLE 23: Values of f for given percentiles (After Montgomery & Hart,

1971)
Porcentile 50 40 30 20 16 10 5 1
(median)
60 70 80 84 90 a5 29
£ 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 depends 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 s is 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: Momthly mean rainfall parameters for stations I59491 Paerau (1908-40) and Elliot (1968-69) combined

g E ® a .M 3 I a 8 o & D
n (vrs): 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 Y.77 2:53 2.60 3+15

SEX: 0.28 0.29 0.29 0.24 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 0.923 ' 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

Coeff. vazr.(Cv): 0.55 0,70 0.64 0.57 0.58 0.68 0.58 0.77 0.52 0.54 0.47 0.51
SEcv: 0.08 0.12 0.10 0.08 0.09 0.1 0.09 0.13 0.07 0.08 0.06 0.07

SEX as % Z: 29.36 12.2 11.1 9.60 10,1 11.7 9,79 13.2 8,47 9.09 7.69 B8.57

N (vrs): 32 51 41 33 35 48 35 62 28 30 23 27

Notes: (1) see equations (4)-(10) for derivation of %, SEx, S, SEsd, Cv, SEcv, and N
(ii) N = (t0.05 s/p)z, where p = 20% of X at 95% confidence level; t0.05 = 2.032 (344.f.);
2,034 (33d.f.); 2.036 (32d.f.).

TABLE 25:  Seasonal and annual mean rainfall parameters for stations 159491 Paerau
(1908~40) and Elliot (1968-69) combined

Summer Autumn Winter Spring Annual
n (yrs): 33 33 33 34 33
Mean (X)inss: 8.56 7.51 5.6% 6.93 28,28
SeXx: 0,51 0.4% 0.39 0.31 1.05
Std. Dewviat’n (S): 2.96 2.90 2.31 - 1.85 6.07
SEsd: 0.36 0.35 0.28 0.22 0.74
Coeff. var, (Cv): 0.34 0.38 0.41 022 0.21
SEcv: 0.04 0.05 0.05 0.03 0.02
SEX as % X: 6.01 6.61 7,00 4.57 3.73
N (yrs): 12 15 17 7 5

Notes: (i) see equations (4)~(10)}

(ii1) N = (t0.05 s/p}z, where again p = 20% of X at 95% confidence level;
t0.05 = 2,036 (32d.f.); 2.034 {334.f.)

9tl
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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 corxrelation with the average
rainfall amount, in that the wetter months have lower variability than

those in the drier season.

Thé degree of precision to which the parameters are estimated from
the measured data is obtained from the calculated standard exrror 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 SE% in terms of percentage of the mean, and from equation (10)
the number of years required to achieve the required preciéion 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 and 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's records for an annual mean, and by up to 17 year's data for 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, calculétions of
N suggest that up to 60 years of record may be required to achieve
the stated criterion for all months. Alternatively, the chesen
allowable error must be considered too stringent a criterion with
respect to estimates of population parameters of mean and variability

at & point in the study area.
Temperature:

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 seascnal rainfall wvariability,
while the spring minimuﬁ occurs with the lowest seasoﬂél rainfall

'variability.

Discussion on 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, seasonzl and@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 temperature parometers for station I50001 Naseby State Forest (1923-67)

3 E M ' M I I A2 5 0o KN D,

n {yrs): 45 45 45 45 45 45 45 45 44 45 45 44

Mean (X) °p. 56.1 55.9 525 47.3 40.8 36.0 34.7 37.6 42.7 47,4 50.4 54.1
SEX: 0.34 0,31 0.29 0.32 0.27 0.31 0,33 0.28 0.24 0,28 0.36 0.37
Std. Deviat'n (S): 2431 2.10 201 2 17 1.87 2.13 2,23 1.¢81 1.60 1.88 2.48 2.50
SEsd: 0.24 0.22 0.21 0.22 0.19 .22 0.23 0.20 0.17 0.19 0.26 0.26
Coeff. var.(Cv): 0.04 0.04 0.04 0.05 0.05 0.06 0.06 0.05 0.04 0.04 0.05 0.05
SEcvs 0.004 0.004 0,004 0.005 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 0.5% C.71 0.68

N {yrs): 0.7 0.6 0.6 1.0 0.9 1.4 1.7 - 1.0 2.6 0.6 1.0 0.9

Notes: (i) see equations (4)-(10) for derivation of ¥, SEX, S, BSEsd, Cv, SEcv, and N

(i) N = (t0.05 s/p)?, where p = 10% of ¥ at 95% confidence level; +t0.05 = 2.018 (42d.f.);
2.016 (43 d.f£.); 2.015 (444.f.)

. [¥%)
TABLE 27:  Seasonal and annual mean temperature parameters for station I50001 Naseby State Forest (1923-67) ©
Summer Autumn Winter Spring Annual
n (yvrg): 45 45 45 45 45
Mean (x) °F: ' 55.4 46.9 36.1 46.8 46.3
SEX: 0.25 * 0.19 0.21 0420 Q.32
Std. Deviat'n (S}: 1.68 1.25 138 12 0.78
SEsd: 0.18 C.13 0.15 0.14 0.08
Coeff. var.(Cv): 0.03 0,03 0,04 0,03 0.02
SEcv: 0,003 0.003 »  0.004 0.003 0.002
SEX as % X: 0.45 0.40 0.57 0.42 0.25
N (yrs): 0.4 0.3 0.6 Oe3 0.1

Notes: (1) see equations (4)-(10)
(ii) N = (t.0.05 s/p)?, where again p = 10% of % at 95% confidence level; +0.05 = 2,015 (444.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.monthlyp seasonal and annual mean and variability at the

required precision level,
Streamflow:

Results of analyses on data listed in Tables 19 to 22 for Paerau
Bridge, Patearca-Paerau Bridge and Loganburn measured discharges, are

shown. in Tables 28 and 29.

The well defined seasonal characteristics shown by Figﬁres 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 variabiiity given for Patearoca-Paerau
Bridge are obviously incconsistent with the long-term Paerau Bridge dat;.
The differences doubtless ar%se from the small sample available for
analysis, Results from both the Patearoca=-Paerau Bridge and Loganburn
stations must therefore be used with considerable caution = the likely
errors involved are given by the listed standard erxrors 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 discharge parameters for stations Faerau Bridge (1912-13; 1916-28; 1936-39;
1941-44; 1947~50; 1.6.66~31.5.69), Patearca-Paerau Bridge (1.6.66-31.5.69) and Loganburn
(1.6.,66~31.5.69)

A.  Paerau Bridge

g 4

=
[
=
I

L ] = =l

|z
jo

n (yrs): 30 30 30 30 30 30 30 30 30 30 30 30

Mean(x) cfs: 160 125 le2 229 297 268 281 331 508 502 337 246

SEX: 24,2 22.6 23.1 25.9 33.7 25.1 22.0 24.8 42.1 41.0 31l.4 28.8

Std. Deviat'n (8): 133 124 127 142 185 138 121 136 231 225 172 158
SEsd: 17.1 16.0 16.3 18.3 23.8 17.8 15.6 17.5 29.8 29.0 22,2 20.4

Coeff, var.(Cv}): 0.83 0.99 0.78 0.62 0.62 0.51 0.43 0.41 0.45 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 2.40 7.86 7.50 8,30 8.18 %.31% 1l.7

N (yrs): 94 134 84 52 53 36 - 25 23 28 27 35 56

B.  Patearca-FPaercu Bridge

3 3 3 3 3 3 3 3 3 3

138 340 392 293 231 289 411 356 238 161
64.6 i39 66.4 80.8 31,1 66.9 57.4 - 148 47.6 49,2
112 242 115 140 54,0 116 99.4 256 82.5 85.3

8 45,7 98.8 46,9 57.2 22.0 47.3 40.6 104 33.7 34.8
6 0.81 0.71 0.29 0.48 0.23 0.40 0.24 0.72 0.34 053
6

n (yrs}: 3 3

Mean (X) cfs: 64.5 60.2

SEX: 7.56 12.4

Std. Deviat®n (S8): 13.1 21.5
SEsd: 5.35 8.7

Coeff. var.(Cv): 0.20 0.3
0.1

0.6

7

SEcv: 0.08 . C.50 0.41 0.14 0.24 0.09 0.19 0.10 0.42 0.15 0.27
SEX as % x: 11.7 20, 46.8 41,1 1649 27.6 13.5 2362 13.2 41.5 20,0 30,6
N (yrs): 25 7 400 306 52 139 33 97 35 313 73 170
€. Loganburn
n (yrs): 3 3 3 3 3 3 3 3 3 3 3 3
Mean (x) cfs: 15.6 4,43 28,8 54.9 62.2 69.8 44,2 57.4 66,1 60.5 37.8 21,9
SEX: 4.52 0.99 24.6 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 13.6 392.9 11.31 BT = 17.9 9.36
SEsd: 3.19 0.70 17.4 23.2 2.23 20.3 5.55 16.3 4,53 15.4 7.31 3.82
Coeff. var.(Cv): (.50 0.32 1.48 1.04 0.08  C.71 0.31 0.7C 0.17 0.62 C.47 0.43

341



TABLE 28: Continued

SEcv:
SEX as % X:
N (vrs):

Notes:

g

0.25
9.67
152

(i)

(ii)

E B

0.18 1.40 0.76
7.42 28,5 59.8
90 1334 651

-
0.03

5

0.41
5.07 41.2
309

i

0.14
17.8
57

A o

0.40 0.07 0.34
40.1  9.70 36.0

293 236

27.3

A

0.20
24.7
111

see equations (4)-(11) for derivation of X, SEX, S, SEsd, Cv, SEcv, and N
N = (t.0.05.f.8./1log qg—logi)z, where p = 20% of X at 95% confidence level;

t0.05 = 2,045 (29d4.f.);

4,303 (2d.f.);

f given by Table 23

TABLE 29:  Seasonal and annual mean discharge parameters for stations Paerau Bridge (1912-13;

1936-39; 1.6.66-31,5.69);

A.  Paerau Bridge

n {yrs):

Mean {X) cfs:

SEX:

Std. Deviat'™n (S):
SEsds

Coeff. var.{(Cv):
SEcv:

SEX as % X:

N (yrs):

1941-44; 1947-50;
Loganbum (1. 6- 66“-310 50 69)

Summex Autumn
25 30
175 229
25,2 23,9
126 131
17.8 16.92
0.72 0.57
0.14 0.09
14.4 10.4
55 34

B.  Patearoa-Paerau Bridge

n (yrs):

Mean (X} cfs:

SEX:

Std. Deviat'n (8):

3 3
26,3 290
17.4 43.9
30,2 76.0

Winter.

30
293
17.9
28,4
12.7
0.33 .
0.04
6.13

12

1916-28;

Patearoa-Paerau Bridge (1.6,66-31.5.69) and

Spring Oct—-Mar.
30 25
450 248
33.2 20.0
182 100
23.4 14.1
0.40 0.40
0.06 0.06
7.38 8.06
17 17
3 3
335 170
75.0 26,3
130 45,5

g an-Mar.

30
150
18.9
104
13.4
0.69
0.12
12.6
50

88.1
18.2

31,5

Annual

30
288
16.1
88,2
11.3
0.30
0.04
5.59
10

[ ]

o NN
PR
O =0 W

44!



TABLE 29: Continued

‘Summer Autumn ‘Winter Spring. ‘Oct=Mar, "~ Jan=Mar.

SEsd: 12,3 31.0 29,7 53.1 18.6 12.9
Coeff. var, (Cv): 0.31 .26 0.27 0.39 0.27 0.36
SEcv: 0.14 0.11 0.12 0.18 0.12 0.16

SEX as % X: 18.1 15,1 15.5 22.4 15.4 20.6

N (yrs): 45 32 33 70 33 59

C.  Loganburn

n {yrs): 3 3 3 3 3 3

Mean (%) cfs: 14.3 48.6 56.9 54.9 28,5 16.6
SEX: 1.94 17.9 18.9 -7.85 3.26 6.93

g8td. Deviat'n (S): 3,37 31.0 32,7 13.6 5.65 12.0
SEsd: 1.38 12.6 13.3 5.55 2,31 4,90

Coeff, var. (Cv): 0.24 0,64 0.57 0.25 0.20 0.72

. SEcv: 0.10 0.35 0.20 0.11 0.08 0.42

SEX as % X: 13.6 36.8 33.2 14.3 11.4 41.7

N {yrs): 25 188 153 28 18 242

Notes: (i) - see %8uaglons (4)=(%) and (11)
(ii) , where again p = 20% of X at 95% confidence level;
t0.05 4.303 (28.£.); 2.064 (24d.f.); 2.045 (294.f.)

Annual

19.1
0.19
0.08

10.92

16

43.8
5.49
2.51
3.88
0.22
0.09

12.5

22

1341
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monthly, seasonal and annual discharge values. Although values of SER
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 actual 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 prcbability
level could theoretically be achieved by an increase in record length.
The calculated values of N in Tables 28A and 292 suggest that although
such a solution is reasonable for the seasonal values and some monfhs,
it is quite impractical for the months December to March, For
practical reasons it is evident that a less stringent error criterion
must be accepted for these summer and early autumn months, 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 Lcoganburn 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 implicaticn is that both records are
of insufficient length. Standard errors of up to 42 percent are
shown for the nganburn mean Seasonal discharges, and up to 22 percent
for the Patearoca-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 commonly 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
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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 1908-37.
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.
Precipitation: 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

XT = (u* 6u) + (k £ 6k) log T (12),

where X is the required rainfall, u and k are statistical parameters
estimated from the annual rainfall maxima, Su and 8k are the standard
errors in u and k, and T the recurrence interval in years., 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 egquals, 1, 2, 5,
10, 20, 50 and 100 years for the éurations (t) one, two and three days.
Table 33 gives the results of this analysig, and shows computed values

of X and klogT for the indicated recurrence intervals T, and also u, k,
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1 day rainfalls - Paerau (inchee) (1909-1937)

Maoxermum

.
'Y

TABLE 30

ol

oi

w|

<}

bl

i

=1

<]

=i

ml

Year

0.70 0,72 1,30 0.59% 0.39 0.70 0,45 0.53 0.22 1.45 0.54 0.74

1909
1910

2.44 0,58 0.9%

0.48 0.35 1.03

1.30 0.22 6.41 0.40 0.47 0.58 0.40 0.79 0.60 0.15

0.50 0.78 0.52 0.50 0,30 0,80 0.65 0.45 0.45

0.48 1,50 0.42 0.77 0.20 0.42

3.02 0.53

1911
1912
1913

1,20 0.50 0.22

0.50 0.29 0.82 1l.76 0.70 0.95 1.27 2,17

0.97 1.85 1,13 0.43 0.97 1.96 0.12 0.1l1 0.56 0.22 0.85 0.56

1.11 0.37 1.25 0,63
0&42

1014
1915

1.38 0.63 0.50 0.8 ¢©$.61 0,13 0.13 0.31 1.06 0.75 0.91

0,47

1.33 0.89 1.21 0.62 0.62 0.42 0,72 0.52 0.76 0.42 1.64

1916
1917
1018
1919
1920

0.44 0,30 0.96 0,77 2.31 0.40 0.3%2 0.22 0.71 1,07 0.91 0.96

1.75 0.76 1.24 0.92 0.55 0,60 0.85 1.08 0.57 0.56 0.76 1.47

1.95 0.31 0.27

2,63 0.49 1.17 0.56 2,38 1.53 0.24 0,79 1.57

1.95 0.21 1.37 2,42

0.55 0.89 0.82 0.53 0.39 0.83 0.46 0,56 0.37 0.86 0,31

1.57 0.89 0.38 0.84 0.56 0.35 1.14 0,62

Go

)
e

1921

40 0.63 0.63 0,66 0.64 0.47 0.47 0,50 0.40 0.82 0.64 1.35

1.04 0.82 0.96 2.85

0.52

1
-

1922

2,22 0.73 0,00 0.68 0,64 0.40 0.89 1.13

1923

3,11 1.37 2.06 0.68 0,52 0,62 0,12 0.66 1.98 0,587 0.89

1024

0.82 1,20 1.88 0.92 0.66 0,37 1l.14 2,94 0.85 1.46 0.94 0,93

1.47

1925
1926

1,07 0.55 0.75 0.59 0,69 0.24 0,76 0.95 0.95 1.12 1,05

1.05 1.25 1.90 1.05 0.90 0.20 0.41 0.43 0.94 0.64 0.80 0.53

0.21 1.47 0.36 1,20 0.30 0.30 0.50 0,51 0.43 0.85 0.35

0.60 0.18

1927

0.36

1928

2,05 0.24 0.19 o0.61 1.30 0,16 0.30 0,05 0.46 0.48

1929

1.09 0.77 1.05

1.84 0.17 0.25 0.47 0.50 0.50 0.92 0.92 0.93

c.87 0.85 0.10 0.51 0.50 0,30 0.50 0,70 0.40

Yoaz”

1930

0.53 1,15

0,61 0.11 0.48 0,64 1.29 0.16 0,66

1931

0.83 0,51 1.38 1,07 1l.21

G6.7¢

1932

0.41 0.75 2,10 1.58 0,35 0.37 0.58 0.39 1.85 1.08 1,77

1933

0.57 G.80 0.80

0.91 0.88 0.83 1.56 1,27 1,55 0.58 0.42 0.75

1934
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

0.29 0.82 2.20 1l.29 1.90 0,30 0.41 0,90 0.°27 0.70 1.49 1,73

1936
1937

0.85 2,12 0.50 0.76 1.35 0.71 0,56 0.53 0,31 0.37 0.54 1.41



TABLE 31:
Year J
1909 0.90
1910 0.57
1911 1.32
1912 0.72
1913 1.41
1914 0.97
1915 0.56
1916 172
1917 0.44
19018 1.75
1919 3.82
1920 1.57
1921 1.01
1222 2.06
1923 1.17
1924 0.923
1925 1.08
1926 2,28
1927 1.35
1928 0.40
1929 1.04
1230 1.02
1931 2.07 -
1232 0.96
1933 0.92
1934 1.52
1935 1.60
1936 0.29
1937 0.85

!

1.59
0.52
06.79
0.97
1.71
1.38
0,90
1.66
1.20
1.78
0.30
0.38
1.32
0.73
1;19
L.37
2.03
0.87
1.20
0.47
2.63
0.10
0.25
1.47
0.75
0.98
5.63
3.36
0.65

B

1.11
0.95
0.49
0.60
0.69
0.60
0.56
0.66
0.86
0.92
2.79
1.41
0.85
0.80
4,48
2.59
1.05
1.04
1.36
1.20
0.30
0.51
0.35
1.34
2,10
1.62
1.09
1.29
1l.42

L

0.39
0.30
0.47
0.40
0.55
1.24
1.09
0.80C
2.40
0.55
0.76
1.03
0.3°
0.64
3.68
0.92
0.73
0.83
0.99
0.53
0,23
0.50
0.63
1.50
2,36
2.04
2.00
2,09
1,35
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2

1.20
0.62
0.88
0,95
0.52
2.63
1.07
0.65
0.61
0.88
2411
0.64
1.21
0.47
0.73
0.82
0.56
0.95
0.20
0.48
1,51
0.35
0.55
1.03
0.60
0.47
5.01
0.30
C.90

2

0.55
0.58
0.46
0.97
0.82
0.20
0.13
0.72
0.39
1.44
1.01
1.35
0.78
0.69
0.00
0.62
1.19
0.24
0.52
0.66
1.99
1.00
0.53
0.13
0.72
0.79
0.15
0.77
0.67

2

0.77
0.35
0.79
0.52
2.46
0.19
0,25
0.79
0.36
1.57
2,57
0.88
0.69
0.60
1.21
0.19
4.11
0.76
0.69
0.51
0.22
0.79
1.16
0.56
0.93
0.74
0.80
1.04
1.04

]

0.32
1.33
C.66
0.57
0.70
0.67
0.31
1.35
1.36
1.04
1.75
2,18
0.37
0.45
0.64
0.71
1.08
0.95
1.03
0.43
0.40
0.59
0,92
0.64
0,40
0.75
0.39
1.02
0.31

Maximm 2 day rainfalls - Paerau (inches) (1909-1937)

g

1.81
3,01
0.21
1.28
1.05
0.43
1.06
0.42
0.39
0.65
0.24
0.28
0.93
0.92
0.40
1.98
2.21
1.13
0.94
0.96
0.05
1,30
0.93
1.29
1.86
0.57
0.20
1.37
0.39

5

0.59
0.58
3.32
0.50
1.32
0.85
0,84
1.64
0.91
1.06
0.93
1.37
0.36
1.00
1.06
0.67
0.94
1.53
1.11
0.37
0.86
0.94
0.53
0.26
1.83
0.90
1.53
2.49
0.55

=]

NNMHRPNOMNOMHMFRFOOORFRRFOMHMMNNFEMEMEREROOODWORRHO

e @ ® @ % @& e a = o e & »
NN UNNOAWROCOOUONGCGHF OO GO UL O NS&EOON
B T CT OO WO WWoOWWOO WO N B QW3 W

& o o o ° . ® & L] ” ® L] <

Ll



TABLE 32:
Year J
1909 1.04
1910 0.5%7
1911 1.32
1912 0.79
1913 1.44
1914 0.75
1815 0.56
1916 179
1917 0.44
1918 le75
1919 4,28
1920 1.57
1921 I s
1922 3.46
1923 1.17
1924 0.93
1925 1.08
1926 2.28
1928 0.51
1929 1.04
1830 1.06
1931 2453
1932 0.%96
1933 0.94
1934 1.53
1935 1.91
1936 0.29
1937 1.66
1927 1.35

E

0.72
1.63
0.32
0.96
0.64
1.95
2,38
1.31
0.40
0.86
0.31
0.98
0.98
0.70
0.87
3.48
1.63
1.43
1.47
0.32
0.85
2,29
0.51
0.89
1.84
2,86
1.39
2,30
1.25

Maximm 3 day

M
1.69
0.52
0.79
1.02
1.86
1.38
0.90
1,66
1.20
2,41
0.30
0,38
1,32
0.76
1.19
1.37
2.03
0.87
0.47
2.63
0.10
0.25
1.47
0.75
1233
5.73
.36
0.85
2.10
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rainfalls -~ Paerau (inches) (1909-1937)

L]

1.11
1.06
0.54
0.60
1.09
0.60
0.56
1.13
0.85
0.92
2.86
1.62
1.32
0.80
4,60
2.70
1.05
1.04
1.45
0.30
0.62
0,35
1.73
2.10
1.76
1.09
Lel5
2,07
1.56

M

0.39
0.45
0.47
0.40
0.55
1.43
1.29
0.86
2.40
0.83
0.97
1.21
0.66
0.64
4,17
1,03
0.73
0.83
0.71
0.39
0.50
0.63
1.56
2.48
2.75
2.89
2.10
1.35
1.07

j

1.27
0.62
0.88
1.10
0.64
2,72
1.42
0.79
0.61
0.88
2,44
0.64
1.44
0.47
0,73
0.82
0,56
0.95
0.53
1.90
0.39
0.71
1.24
0.65
1.55
5.02
0.30
0.99
0.20

=

0.55
0,68
0.60
0.97
0.87
0.20
0.12
0.80
0.39
l.62
1,15
1.35
1.02
0.81
0,00
0.62
l.19
0,24
0.78
2.23
1.00
0.70
0,13
0.76
0.84
0,15
0.87
0.67
0.56

A

0.77
0,35
0.79
0.52
2,84
0.28
0.25
1.00
0.38
1.57
3.32
0.88
0,69
0.98
1.21
0.19
4,29
0.97
0.51
0.33
0.79
1.16
0.81
0.93
0.81
0.92
1.13
1.04
0.72

o

2,02
3.01
0.29
1.64
1.05
0.47
1.24
0.45
1.58
0.81
0.34
0.24

e

.
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L] * L * L]
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=

1.12
0.58
3.37
0.70
1.36
0.85
0,84
1.76
0.91
1.09
1,07
1.76
0.47
1.26
1.06
0.67
1.06
1.53
0.36
1.31
1.04
0.53
0.26
1.83
0,920
2,03
2.59
0,55
1.17

B

0.74
1.36
1.33
0.50
3.51
C.87
0.93
0,47
1.67
1.47
2.49
2.83
2,35
2,22
1.34
0.89
1.20
l.9¢
0.42
0.88
i1.15
1.38
0.66
3.67
1.25
1,57
2,23
2.21
0.62
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TABLE 33:  Seelye depth-duration-frequency analysis for Paerau rainfalls
(X =u+ Kk log T)

A, 24 hour rainfalls:

(1) Annual (2) Spring (September-November)
T Xk log T X 1.14% T klogT X ‘1.14X
1 0.0 1.777 2.03 1 0.0 0,933 1.06
2 0.3811 2,158 2,46 2 0.311 1.244 1.42
5 0.8849 2.662 3,04 5 0,721 1.654 1.89

10 1.266 3,043 3.47 10 1.032 1.965 2.24
20 1.647 3.424 3.90 20 1.343 2,276 2.60
50 2,151 3.928 4.48 50 1.783 2,686 3.06
100 2.532 4,308 4,91 100 2,064 2.997 3.42
u=1.777; k = 1.266 u = 0.933; k = 1.032
Su = 0.1340; 6k = 0.2045 Su = 0.1092; 6k = 0.1667
(3) Summer (December-February) (4) Autumn (March-May)
T  k log T X 1.14X T klog T b ] 1,14x
1 0.0 1,297 1.48 1 0.0 1.151 1.31
2 0.308 1.605 1.83 2 0.481 1.632 1.86
5 0.716 2,011 2.29 5 1.116 2,267 2.58
10 1.025 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
Su = 0.1104; 6k = 0.1685 Su = 0.1690; 6k = 0,2580
(5) Winter (June-August)
T klogT X 1,14X
1 0.0 0.703 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 3,56
100 2.846 3.549 4,05

u = 0,703; k

= 1.423
fu = 0.,1506; &k

0.2300



TABLE 33:  Continued

B. 48 hour rainfalls:

(1) Annual

T klogT X
1 0.0 2072
2 0.567 2.639
5 1.318 3.390
10 1.885 3.957
20 2.452 4,524
50 3.203 5.275

100 3.770 5.842

u = 2.072; k
Su = 0.200; Sk

(3) Summer

T klogT X
1 0.0 1.563
2 0.454 2.017
5 1.054 2,617
10 1.508 3.071
20 1.962 3,525
50 2,562 4,125
100 3,016 4,579

u= 1,563; k =
Su = 0.1624; &k =

1.06X

2.20
2.80
359
4,19
4,80
5.59
6,19
1.885
0.305

It

1.06%

1.66
2,14
2.77
3,26
3.74
4.37
4,85
1.508
0.2479

(5) Winter

]

1

2

5
10
20
50
100

Xklog T

0.0

0.516
1.198
1.714
2.230
2,912
3.428

u = 0,956;

151

(2) Spring
T oklogT X 1.06X
1 0.0 1.075 1.14
2 0.368 1.443 1.53
5 0.856 1.231 2,05
10 1.224 2,299 2.44
20 1.592 2.667 2,83
50 2.080 3.155 3.34
100 2.448 3.523 3.73
u = 1,075; k = 1.224
Su = 0.1296; &k = 0,1977
(4) Autumn
T klogT X 1.06%
1 0.0 1,382 1.47
2 0.581 1,970 2.09
5 1.350 2.739 2,90
10 1,931 3. 320 3.52
20 2,512 3.901 4.14
50 3.281 4,670 4,95
100 3.862 5.251 5.57
u = 1.389; k= 1,931
fu = 0.2044; Sk = 0,3120
X 1.06X%
0.956 1,01
1.472 1.56
2,154 2,28
2,670 2,83
3.186 3.38
3.868 4,10
4,384 4,65
k=1,714

Su = 0,1814; ¢k = 0.,2769



TABLE 33: Continued

C. 72 hour rainfalls:
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(1) Annual (2) Spring
T klogT X 1.05X T klogT X
1 0.0 2,386 2.51 1 0.0 1.303
2 0.560 2,946 3.09 2 0.363 1.666
5 1.301 3.687 3.87 5 0,844 2.147
10 1.861 4,247 4,46 10 1.207 2,510
20 2.421 4,807 5.05 20 1,570 2.873
50 3.162 5.548 5.83 50 2.051 3.354
100 3.722 6,108 6.41 100 2,414 3.717
u = 2,386; k = 1.861 u = 1,303; k
Su = 0.1970; 8k = 0.3007 Su = 0.1278; Ok
(3) Summer (4) Autum
T k log T X 1.05% T klog T X
1 0.0 1.626 1.71 1 0.0 1501
2 0.555 2,181 2.29 2 0.596 2,097
5 1.289 2.915 3.06 5 1.385 2.886
10 1,844 3.470 3.64 10 1.981 3.482
20 2,399 4,025 4,23 20 2,577 . 4.078
50 3.133 4,759 5.00 50 3.366 4,867
100 3.688 5.314 5.58 100 3,962 5.463
u= 1,626; k = 1,844 u = 1,501; k
Su = 0.,1086; &k = 0.3031 du = 0,2097; ©k
(5) Winter
T k'log T % 1.05%
1 0.0 1.012 1.06
2 0.548 1.560 1.64
5 1.273 2,285 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
611 = 0»1927; 6k = 002942

HI |

1.05X

1.37
1.75
2,25
2.64
3.02
3.52
3.90
1.207
0.1950

1.05%

1.58
2,20
3.03
3.66
4,28
5.11
5.74
1,981
0,3199
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du and &k. Seasonal data are calculated as an extension to the standard
method, since Simmers (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 occurrence.

F£om 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 for t = 24, 48 and 72 hours respectively. Adjusted

values of XT are also shown in Table 33.

Depth-duration-frequency equations have not been derived for the
data. For practical purposes it is usually more convenien?_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 valug 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 involved., When maximised standard error values of Su and 8k are
assumed for the Seelye equation, possible standard errors in XT may be
calculated as listed in Table 34, The errors are shown 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 8u and 8k, standard errors of XT less than
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 34:  Posstble standard errors of XT for Paerau rainfalls (1909-37)
from Seelye equation: Xp = (u t Su) + (k * 8k) Log T.

(Maximised values of Su and 8k from Table 33 are assumed)
A. ONE DAY RAINFALLS:

Annual Summer Autumn Winter Spring

Error in X_ ({(inches)

for T equals: 1 0.13 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 Qe31 0,23
10 0.34 0.28 0,43 0.38 0.28
20 0.40 0.33 0,50 0.45 0.33
50 0.48 0.40 0.61 0.54 0.3¢
100 C.54 0.45 0.68 0.61 0.44
Error in X (as % X )
for T equals: 1 7.54 8.48 14,7 215 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 11l.7 12,7 15.6 17.6 14,3
50 12.3 13.2 15,7 17.3 14.6
100 12.6 13.4 15.8 17.2 14.8
B., TWO DAY RAINFALLS:
Error in X_ (inches)
for T equals: 1 0.20 0.16 0.20 0.18 0.13
2 0.2¢ 0,24 0.30 0.26 0.19
5 0.41 0.34 0.42 0.37 0.27
10 0.51 0.41 D52 0.46 0.33
20 0.60 0.48 0.61 0.54 0.39
50 072 0.58 0.73 0.65 0.47
100 0.81 0.66 0.83 0.74 0.53
Error in X (as % X_)
for'T equalst 1 9.65 10.4 14.7 18.9 12.0
2 1l.1 11,7 15.1 17.9 13.2
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 13.7 15.6 17.0 14.5
50 13.6 14.1 15.7 16.8 14,8

100 13.9 14.4 15.8 16.8 14,9



TABLE 34:  Continued

C. THREE DAY RAINFALLS:

Error in X_ {(inches)

for T equals: 1

2

5

10

20

50

100

Exrror in X _(as % X )

for T egualsy 1

2

5

10

20

50

100

155

Annual Summer  Autumn Winter Spring
0.20 0.11 021 0.19 0.13
0.29 0.20 0.31 0.28 0.19
.41 0.32 0.43 0.40 0.26
0,50 0.41 0.53 0.49 0.32
0.59 0.50 0,63 0.58 0.38
0,71 0.62 0,75 0.69 0.46
0.80 0.72 0.85 0.78 0.52
8.25 6.67 14,0 19,0 9.80
9,76 9,17 14.6 18.1 1.2

11.0 11.0 15,0 17.4 12,3
11.7 11.9 15.2 17.2 12,9
12,2 12.5 15.4 17.0 13.3
12.7 13.1 15.5 16,9 13.7
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 errocrs of the seascnal

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 Yalues, 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

-a(x-u)]

form P(X) = exp [-e (13).
o(x-u) is the reduced variate and 0 and u are parameters estimated
from the observed largest values. To estimgte the parameters O and u,
Robertson adopts the least-squares methed based on the use of a special

extreme value probability paper, whereas Seelye (1247) 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 Jjustified.

Although not illustrated, the observed maximum daily rainfalls
show an increase in scatter about the theoretical curv; above about
T equals 10 years, Unadjusted values of XT from the Seelye calculation
lie within 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 XT for T less than about three vears.

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

necessarye.
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TABLE 35:  Summary: Moximum daily rainfall frequency analysis for
Paerau (1909-1937) - Gumbel method

Rainfall in Return period Control Curves:
inches in years Lower Limit Upper Limit
0.63 1.01 0,35 0.92
0.83 1.03 0.61 1.05
1.11 1.10 0.94 1.29
1.32 1.20 1.16 1.49
1.47 1.30 1.30 1.64
1.68 1.50 1.5l 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
5410 100 4,27 5.93
2,17 2,33 Mean annual extreme

TABLE 36:  Standard errors of Xp for Paerau maximum daily rainfalls
(1909-1937) from Gumbel analysis of annual extreme values

T equals:-

o

5 10 20 50 100 (years)

Std. Error of XT

{inches) 0.20 0.3C 0.46 0.65 0,83 0,83
Std. Error XT
(As % of XT): 2.90 10,6 13.6 16.6 18,1 1643
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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,
from mean monthly maxima in the order of 80-8%’F for summer to 55-600F
in winter. Corresponding minima are 30-31°F and 14~l70F for summer
and winter respectively. An absolute maximum temperature of 93.3°F
has been recorded for January, and the six months November-April all
have maximum temperatures in excess of BOOF. 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 88,3°F (93.3 to 5°F).

Average daily maximum readings in summer are between 67 and 69°F.
Average daily minimum temperatures fall below 32°F during May-September,
with a minimum in July (25.8°F). The greatest average daily range of
temperatures occurs in January and February (25.3°F) and the least in
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°F,

Streamflow: General

A knowledge of the magnitude of floods and minimum flcws 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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TABLE 37:  Summary: Paerau/Naseby State Forest measured mean daily,
monthly, seasonal maximum/minimum temperatures and ranges
(°F) 1923-1969

A. Mean Daily Moximum Temperatures (1923-1969:

) E L B it L = 3 g e N

o

68.8 68.6 64.8 58,3 50,5 44.6 43,2 47.3 53.6 58,8 62.3 66.5
B. Mean Daily Minimum Temperatures (1923-1969):
43,5 43.3 40,3 36,1 31.1 27.3 25.8 28,1 31,9 35,7 38.6 41,9
C. Seasonal Mean Daily Maximum/Minimum Temperatures (1923-1969):
Summer Autumn Winter Spring

(2) Maximum 68,0 57.9 45.0 58,2
(b) Minimum 42,9 35.8 27.1 35.4

D. Mean Monthly Maximum Temperatures (1930-1969):

g E M a2 M I I A 5 0

=
o

82.8 82,1 78.1 70,4 62,9 55.7 54.5 58.6 64.4 70.9 75.0 79,7
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

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
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 Maximum/Miniimum Temperatures (1930-1969):

Summer  Autumn  Winter Spring

(a) Maximum 81.5 70.5 56.3 70, L
(b) Minimum 30.5 25.0 15.8 24,3
(Dec=Feb) (Mar-May) (Jun-aug) (Sept-Nov)
G. Extreme Range of Temperatures (1930-1969):
L E M A a4 Z g ;3 5 24 N D
68.3 63.4 60,6 58,0 59,2 57.0 55,5 56.6 58.0 60.0 €3.0 65.8

H. Average Daily Range of Temperatures (1923-1969):

L

25.3 25,3 24.5 22,2 19.4 17.3 17.4 19.2 21.7 23.1 23.7 24.6

I. Awnnual Range of Temperatures (1923-1969):

Average daily max. Range - Average Daily min. Range

Jan., 68.8 July 43.2 25.6 Jan. 43.5 July 25.8 177

Year

5743

Year

84,9

Year

B e e
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function of time. The statistical methods imrosed by the irregularity
of the phenomena are adequate under the limiting conditions of record
homogeneity and stationarity. For probabilistic frequency analysis
the records should be random, independent and homogeneous, without
trend or periodicity. However, such conditions exist and are well

known.

Floods and minimum flows are the extrémes 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. Gumbel (1958}
shows that annual maximum floods constitute a series which can be fitted
to the Type I theoretical extremal distribution (equation (13))}. The
distribution holds for the condition of X lying between limits -= to %o,
For miniﬁﬁnlflows-there is no alternative. Since the discharges are
positive wvariates, 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 ecquation
X = €. 0
u-S)]

P(X) = exp |~ ( (14) .
x is the minimum flow, and €, o 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 the
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 €, and u greater than €.

To carry out frequency analyses of extreme values for the study
area, annual maximum and minimum series were collated from the measured

Paerau Bridge mean daily flow records for the periods 1912-13, 19156-28,
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1936-39, 1941~44, 1947=50 and 1967-69. The possibility of similax
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 were by necessity only mean daily rather than instantanecous
discharges. However, this should not contribute a gross error to the
maximum or minimum series, since the attenuated nature of the flow
hydrographs should produce only small differences between the maximum

or minimum mean daily and instantaneocus extreme values.
Streamflow: Flood frequency analysis

As shown for the analysis of rainfall maximz, 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
XT 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 standard
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.



TABLE 38:  Annual flood frequency analysis (Gumbel) summary for the
Tateri River at Paerau Bridge (1912-13; 1916-28; 1936-39;
11941-44; 1947-50; 1967-69)

Return Period Flow in Flow in ‘Control Curves

in years cusecs. cusecs/sq.ml, Lower Upper
Limit Limit

1.01 306 1.31 131 481
1.03 420 1.80 288 552
1.10 586 2,51 472 692
1.20 710 3.05 602 811
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 113 2147 3108

100 2926 12.6 2438 3414

2.33 1206 5.17 (Mean Annual Extreme)

TABLE 39:  Standard errors of Xn for Paerau Bridge moximum daily
ditscharges (1912-13; 1916-28; 1936-39; 1941-44;
1947-50; 1967-69)
T equals:=
2 B 10 20 50 100 (years)
Std. Error of Xm
(cfs): 1ie6 181 265 359 480 488

Std., Error XT
(As % XT): 10.4 1l1.3 13.8 16,1 18,3 16.7
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The available measurements of daily mean discharge do not allow
estimates of XT at the required precision level for any value of 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 flow frequency analysis

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 commonly accepted (equation (14)).

Because of its engineering implications, estimation of the lower
limit of the distribution (€) is of particular 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 minirmum 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 proklem since with limited available data, €

may vary markedly with additional information,

Results of the computed minimum flow frequency analysis for the
Paerau Bridge data are given in Table 40. -Shown 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 five years. The

average standard errors of XT given by the two control curves have been
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TABLE 40:  Annual minimum flow frequency analysis (Gumbel) summary
for the Taieri River at Paerau Bridge (1912-13; 1916-28;
1936-39; 1941-44; 1947-50; 1967-69)

Note: £ = 11.99 cusecs,

Return Period Flow in Flow in Log Flow Control Curves
in vears cusecs, cusecs/sg.ml. (= log e{0~g)) Log Log

Lower Uppexr

Limit Limit

1..01% 188 0.806 5.1701 4,7524 5.5878
1.03 136 0.585 4,8225 4,4431 5.2018
1.10 86.8 0.373 4,3154 3.,9921 4.6387
1.20 63e:2 0.271 3.9350 3.6471 4,2230
1.30 51.4 0.220 3.6734 3.38¢€1 3.2607
1.50 39.0 0.167 3.2965 2.8995 3.5936
2,00 26,8 0.115 2,6953 2.3624 3.0282
5.00 15.4 0.066 1.2157 0.,6987 1.7328

10 13.3 0.057 0.2362 -0.6173 1.0896

15 12.7 0.055 -0.3165 ~1.4210 0.7880

20 12.5 0.054 ~-0,7035 -1.9838 0.5768

25 12.4 0.053 -1.,0016 -2.,4172 0.4141

50 12,13 0.052 ~1,9198 -3,4089 ~0,4306

100 " 12,05 0.0516 -2.8312 ~4,3203 ~1.3420

TABLE 41: Average standard errors of Xn for Paerau Bridge minimum
daily discharges (1912-13; 1916-28; 1936-39; 1941-44;
1947-50; 1967-69)

(After Hardison (1969) where Iv = 0,2738. 1Iv 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 41,
The results show that use of the data beyond the limit of T equals

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 l1ll.l percent for T equals two years,

and increases to 21 percent for higher return periods.

CATCHMENT MEAN PRECIPITATION AND YIELD

Precipitation:

It has become increasingly important for many hydrological purposes
to accurately establish the mean rainfall over an area for particular
periods of time. 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 159491 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 conceined with average catchment mean
precipitation values. Calculation of the wmonth by month areal mean

values for 1268-69 is therefore not attempted at this stage., Justification
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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 sopt

from Figure 10, a measured mean gauge spacing of 5.3 miles, and a

weighted mean station variance, That is, an equation of the form

- -2 G

=)
—_— ]
1+n+ u(L)

1 ‘ (15),

where L is the mean interstation distance, and Vﬁ; the mean station
standard deviation given by Vg; = ais) + assy + === ansn/A. (Gandin,

op. cit.; Sanderson & Johnstone, 1953). s is the standard deviation
for each station, a the sub=area represented by each station, and ai + asz

w—e 4 g = A,
n

Eopt would thus remain as previocusly calculated, but the station
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 shown, since the data on standard
errors of interpolation presented in Table 4 have been calculatedv

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
rainfall to within 2C 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 parameters 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 tc the reguired

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,
Yield:

Aspects of total catchment yield have already been coasidered
in the discussion of Tables 283 and 292 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 level,

Only the Loganburn station has sufficient measured data to make
any estimates of sub=-catchment yield possible. However, Tables 28C
and 29C slow that the available.records are of insufficient length
to assure reliable estimation of mean monthly, seasonal or annual

vield to within the allowable error criterion. The other stations
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on the major tributaries (Styx and Serpentine Creeks) 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 measurea data available for the
principal sub~catchments do not allow direct estimation of monthly,
seasonal or annual yvield 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 reguired, 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 area.

Since parameters derived from short records may be poor estimates
of the population parameters, the measured data are further analysed
as reaguired by the first study objective. That is, the degree of
precision to which the parameters are estimated is calculated for
each variable, and compared witﬁ the required precision levels, The
statistical parameters considered are the mean, variability and extremes

for time intervals which vary from daily 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
level, The results show that mean seasonal and annual staticn
precipitation may be estimated from the measured data with standard
errors of less than 10 percent. The error criterion could be satisfied
by five vear's data for an annual mean and by 17 year's recoxrds 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 estimation of total and
sub-catchment long-term areal mean precipitation to within 10 percent
of actual precipitation is highly unlikely with the measured data.

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 rainfalls, 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 XT and the seasonal results which remain, show possible

standard errors in excess of the 10 percent gtated as acceptable.

Estimates of measured temperature parameters are required to be
within 10 percent of actual paraneters at the 95 percent confidence level.

The results show that the available temperature 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 considered the stated criterion could have been

satisfied by only two years of records,

Estimates of measured streamflow parameters are to be considered
acceptéble for design purposes if within 20 percent of actual parameters
with 95 percent prokability. The results show that total catchment
mean annual, winter, spring, and October—-March discharges may be
estimated from the 25 to 30 year measu;ed record at Paerau Bridge with
standard errors of less than 10 percent. For these time intervals the
error criterion could have been satisfied by 17 vear'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 recorxrd length, though
this is shown to be an impractical solution for the months Decenber
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 allowable total error. Stations other than
Loganburn have insufficient data of a type suitable for any direct
form of parameter estimation, The continucus measured record for
Loganburn is shown to be 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.
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Available measurements of daily mean or instantaneous discharge
do not allow estimation of totai or sub-catchment annual flood or
minimum flows at the required precision level for any return period.
Standard errors of about 1l percent are calculated for both the
floed and minimum flows at T eguals two years, and values of up to

21 percent are evident for the higher recurrence intervals,

Aithough 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 regquired 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 pr;éision
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 SYNTHESIS

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 both, 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 in the operation of a specific

proiject. 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 required.
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 area. There should never be any

doubt that such calculated values are only a substitute for measured data,
Upper Tateri Catchment:

It is obvious that the above comments have direct application to
the Upper Taieri area. The first study objective has been only partially
realised. Methods for data synthesis are 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 stationg 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 adeguate length to satisfy
the stated error criterion for all months or seasons,. Extension of
the Paerau Bridge record and synthesis of streamflows fér 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 streamflow
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 to develop long-tzrm records of precipitation, temperature
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 guestions 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 predicticn abilities of the
models chosene. For example, Fiering (1963) showed that extension of
a short 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 record.

OUTLINE OF MODELS USED

Parametric and Stochastic modelling: 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 hydrological 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 Amorocho & Hart
(1964) ; 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:



177

(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 concexrned with probabilistic
models. A brief discussion of methods embraced by the two categories

is desirable at this stage.
Parametric and étochastic modelling: Parametric hydrology

Among the earliest models used in hyd;glogy 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 rarameters or parameters which possess strong
interdependence. The methods of correlatiocn analysis are powerful tools
when used to test well grounded hypotheses in hydrology. Other less
common methods are partial system synthesis with lineax analysis and

general non-linear analysis.

To establish guantitative relationships between streamflow and
meteorclogical data, a technique currently receiving considerable
attention is that of computer simulation of the hydfological cycle, or
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 cn these aspects reference
may be made to Kohler (1964), Crawford & Linsley (1266), Boughton (1965,
1966, 1967, 1968), Nash & Sutcliffe (1970), Hutchinson & Simmers (1971).
Methods of parameter optimisatioh are described by Rosenbrock (1960),
Boughton (1968(a)), Decoursey & Snyder (196%), 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 investigations.

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 veriods of moisture
surplus and deficit de;ived. The method also affordé 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 aql. (1970), for details of water balance model principles

and operation.
Parametric and Stochastic modelling: Stochastic hydrology

One of the most significant advances in recent years for generation
of extended forecasts of basin yield, has begen the use of probabilistic
rather than deterministic concepts of simulation. Fundamental differ-
ences hetween parametric and stochastic models are described by Maas et al.

(1962) , Amorccho & 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 patterns 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
informaticn 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 ocbserved records,

and the possible application to the design of multipurpose, multistructure
systems (Payne et al. 1969; Young et ql. 1969), Sequential streanflow
generation by stochastic models yields hydrological information of
practical use in water resources development and management, particularly

when the system is relatively complex.

Thomas & Fiering (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
dascribed by Yevdjevich & Roesner (1Q66), Young & Pisano (1568), Quimre
(1968), Payne (op. cit), Young (pp. cit), Moreau & Pyvatt (1970), and

Chow & Kareliotis (1S570).
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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:=-

(1) 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 data.

Other approaches of varying complexity are excluded for several
reasons. The method outlined by Eakin et al. (1965), Riggs & Moore
(1965) and Moore (19€8), is precluded since there arewinsufficient
streamflow records from a wide range of altitude and basin orientation,
Methods which adopt an antecedent precipitation index (API) approach,
as outlined by WMO (1965), Bcughton (1968(b)), Mocore (op. cit) and
Sittner et al. (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. cit) concluded that exceptions would be those

which are affected by regulation or snowmelt.

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

resource studies.
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Precision of new pavameter estimates and comparison of models—

Theory: Regression models

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 wvariance of the
first two statistical moments for a record of length nj, taken to
include only measured data, If correlation estimates are used to
provide n, additional values, the result ié a combined record which
consists of n; measured values and ns estimated values, If the
variance of a parameter computed from this blended record exceeds that
computed from the record of size ni 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 used.

For any particular parameter with known values of ni, np and p
{(population correlation coefficient), the relative information ratie, I,
may be defined as the ratio of the variance of that parameter estimated
from the original 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 combined record, and
thus the more precise estimate is computed from the combined data.
When I is less than unity, the ccrrelation analysis has introduced
additional variance, or loss of precision,. Correlation should not be

used to augment the original data when I is less than 1.0.
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For the above situation of n; measured values and np additional
estimated values, a weighted estimate of the mean of variable y is

given by

T n;¥y + na¥o - (16);
b4 n; + np

¥1 and §2 denote the estimates of the mean of y based on n; observations
and ns regression estimates respectively. Matalas & Langbsin (1962),
Fiering (1963), and Frost & Clarke (1973) hence show that if the variables

X and y in the array

x x L x L LR J x
1s 2r nl' ni + np

Yis Yor Yo,

are random and reasonably normally distributed, the wvariance of ﬁy from

equation (16) is given by

Oa 2 =072 |1=mn p? - El - g:)] (17)
Hy _1_1;1/_ . M1 F 1) ni .

p is the coefficient of cross cecrrelation of x and vy.

The relative information ratio is given by

T =|1 - n2 pz - (L:_Qf_)_ -1 (18)
LETREAETY (1= 3)

For the case of I equals unity, the critical value of pz

is calculated as p% 2 /(n; - 2) (19).
If inequality (19) is not satisfied, the n, regression estimates

will provide an unreliable estimate of the mean of y. Consequently,

I will be less than 1.0, and additional informaticn about the mean of y

can only be obtained by an increase in n; (Matalas & Langbein, op. cit).

Clark & Bruce (196c) further show that the effective period of

record of a combined short~term and extended reccrd is approximately

N = ’;1 + By -
'I" nz 2
- (-0 (20) .

r may be substituted for p.
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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

_ 20y* | npoy*
MSE (Var(y)) = —p + (n1+n2—1)£ [2A + {ns + 2)B
e g+ my - 1 - BLF D21+ - 2)]-—~———-—-<21)
n; - 1
in which & = (ni1-1)0% + (ny+4)p?(1-p%) + 2—2—:—%; (1-p%) 2,
2 ;- 2 2
_ w602 (1-0%) | 3(1-p%)
B =P sl " Tai=3) (ny=6] ; and
. _ 2(n)-4) (1-p*)
v (n1=3) °

The relative information ratio is given by

_ 20y"/(ny~1)

k= M SE (Var (y))

m—— {22}

The above solution shows that I exceeds 1,0 when p is of the order 0.8,
Conditions for improved estimates of the variance are therefeore 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 ni, nz 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
be obtained from the original data alone. However, the above eqguations
apply only to data which may be, or are transformed to he,; reasonably
normally distributed and without serial correlation. Most hydrological
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 series.
Nevertheless, large values of crcss—correlation can offset the loss of

information due to autocorrelation.
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N
For cross=—correlated non-random series the variance of Uy is

given by
M, g = Uyz (l+r1 _ 2.x3 _ ha 2 fltry _ 2(n+ni)ry
Uy ni l-xri nl(l-rl)z n A 1-1 l’ILI'l;L(:l.'-J:‘l)'3
_a-p?) e | ne(-p?) [ 3@erity+or; @-ry?
ni (l~ry)* nnj ny (1=x3) 8 (1+r;)
2r; ny () [1- @) (e 2]

na (1=xr13) (1+ry) nnz(l-—rl)‘*(l+r1)2 {23).

¥; is the first-order autocorrelation coefficient and n equals nj; +nj3.
. . oy?
The value of I can be derived if ;? is divided by Uﬁyz as given from

(23).

However, as concluded previously, it is again proposed that
assumptions of data randomness are probably justifiable, since serial
correlation coefficients are likely to be low, The gquestion 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 Gﬁyg applies to a blended
record of any variable with n; measured values and np; additional
values estimated by linear correlation and regression. However,
regression theory affords a more gereral 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

i l —_— 2 Li
= § o X (= =S -
Suy « v Y(n Ciy (x=X)°%) (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;
Ci11 is 1/(n-l)(Sx)z, where Sx is the standard deviation of x values.
For x equals i,Sﬁy.xg is given by (Sy.x)z/n. Hence, if Sﬁyaxz for ng
regression estimates is added to %%i given by nj measured values, the

weighted average wvariance of the population mean for the blended data

will approximate that given by equation (17).

N
Similar logic may be applied to estimate precision of uy z for
curvilinear and multiple regression models. However, for second and
third order polynomials and multiple regression, equation (24) for

N
su becomes respectively, in matrix notation,

7 - 2 = .2 =2 - 1
St = 85y, - = - =
5] . VeXsX (x=X,x“=%%) [C11C12] |x=X ]

C21Ca2 x2-%2 _l —————— (25)

with (n=3) degrees of-freedom,

"~
Suy % = Sy.x,xz,x3 (x-i,xz—iz,xa-ia) C11C12C13 | [x-% 1L .
* 1
C21C22C23 | [x2=%2 o
C31C32C33 vxs-isl —(26)

[ -l

with {(n-4) degrees of freedom, and

~

s = Sy. ~%1 X% ®1-% IR
uy.x“Xz YeX1,X2 | (x1-R1,.%2-%2) Ci11Cip} {x1-%, 1 L}
C21C22| {®%2=%2| n | ——(27).

The degrees of freedom are (n=3) for xi,x> only in equation (27).

For 95 percent confidence limits, equations (24) to {27) must be

multiplied by the appropriate value of t given in standard statistical

0.05
tables. In eguations {24) to (26) for first, second and third order

2

polynomials, Sy.x,x2,z° is given by S where S is the standard
poly ¢ SYeX,X", g y bl//cH’ -

erroxr of the bj coefficient.

However,; Osborn et al. (l971)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,

A 1 b
Sy =t Sy.x (L + =+ C11(x-%)%)
x 0.05 n (28)
Similarly, equation (25) becomes
S 2 = .2 w2 " 1
= ® — - =P + + —
Syx t0.0S SYeX,X [(x X, x°=%") [C11C12] [th 2] 1 -
CoiConi|x~x (29)

etcetera. Dixon & Massey (1957) show that the confidence level is
correct for z single prediction, but is not correct for repeated

predictions from the same sample.

Sufficient theory has now been outlined to allow the second study
objective 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 sguares criterion,
such that the error function, or residual variance, may be defined as
the cumulated sum of differences between computed and ohserved data.
That 1is,

n
F? = le(xl--x‘2 (30).

.

F2 is the index of disagreement and xl, x the computed and observed

concurrent values (Nash & Sutcliffe, 1970). P is analagous to the
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residual variance of a regression analysis. Alternatives to equation

n
(30) are the mean squared error F; = %%(x1~x)2 (31),
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.
Theory: between model comparison

Clarke (op.cit) suggests, inter clia, that there is a need for
comparison between the efficacy of conceptual models and simple
regreésion models. In this study, the gocdness of fit, or model
efficiency measure proposed for comparative purposes is:

2
R2 = var (x) Fm (32).

var (x)

n n
var(x) is the initial variance given by %% (x~%)?, where % = %Ex; n is

the number of evenly spaced values in the record, and Fm? is as given by
equation (31). R? is dimensionless and analagous to the coefficient of

determination.

Other goodness of fit criteria are given by Nash & Sutcliffe (op.cit),

March & Eagleson (1265), Jackson & Aron (1971), and Ibbitt & O'Donnell (1971).

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 reconétruct a record, preferably
preceding that to which the model was fitted. In this way the effect of
serial correlation is minimised, and the "goodness of reconstruction” can
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 Murrzay (1970), and Dick’lison
& Douglas (1972) are therefore used in this study to test the between
and within model simulation and prediction abilities, Prediction results

test the utility cf the model.
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REGRESSION ANALYSIS FOR PRECIPITATION AND TEMPERATURE TIME SERIES
EXTENSION AND SPATIAL EXTRAPOLATION

Precipitation: Paerau record extension

In oxder 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 recoxrd 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 19241-68. Any long=term station used in the correlation must
have a record of sufficient length concurrent with Paerau tg 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 ig thug of limited wvalue.
Further, use of the Patearoa No. II record is dependent on the assumption
that Patearca No., I and No. II data can be combined for the initijal
correlation with Paerau without loss of consistency. The desirable
regquirements 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(1l), 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 variability
demonst£ated by Pigure 9. Maximum values occur in January and Cctober
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 belowHO.GO. 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; conditioné 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 pracision of population

variance is hence not pursued.
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TABLE 42: Monthly and annual rainfall regression equations
for Paerau record extension

(Note: x = Manorburn Dam, Patearoa or Waipiata Sanatorium
monthly or annual rainfall in inches.

Y = Paerau predicted monthly or annual rainfall in
inches).

y: Paerau~Manorburyn Dam

(i) January: Y = 3,010 + 1,109 (x~2.400).

(ii) February: Y = 2,574 + 0,179 (x~1.706) + 0.313 (x*=3.207).

(iii) March: Y = 2,638 + 3,074 (x~-1.813) = 0.470 (x%-4.642).

(iv) April: Y = 2,660 + 1,385 (x-2,014).

(v) May: Y = 2,500 + 1.805 (x-1.870) - 0.151 (%%~5.320).

(vi) June: Y = 2,111 - 4,134 (x~1.404) + 4,242 (x?-2.499)
- 0.924 (x°-5,308).

(vii) July: Y = 1,431 + 1,203 {x-0.599),

(viii) August: Y = 1.879 + 6,129 (x~1.077) = 4,360 (x?-1.501)

, + 1.109 (x°-2.510).

(ix) September: Y = 1,857 + 0.801 (x=1.294),

(x) October: Y = 2,355 + 1,116 (x-1.757).

{xi) November: Y = 2,755 + 1.071 (%-2.,027).

(xii) December: Y = 3.322 + 3.284 (x~2.011) ~ 0.448 (x%-4.802).

(xiii) Annual: Y = 29,092 + 6.004 (x=20,372) - 0.110 (x2-430,794).

B. Paerau~-Patearoq

(i) Januarys:s Y = 3,042 + 1,291 (x~2,020).

(ii) February: Y = 2,487 + 1.638 (x-1.386).

(iii) March: Y = 2,695 + 6.729 (x-1.266) = 4.874 (x%=2.061)
+ 1.318 (x°3~3.774).

(iv) April: Y = 2,728 + 1,242 (x-1.403).

(v) May: Y = 2,514 + 1,710 (x~1.058).

{(vi) June: Y = 1,962 + 1,125 (x~0.824).

(vii) July: Y = 1,508 + 2.192 (x~0.860) = 0,532 (x2-1.202).

(viii) August: Y = 1,976 - 0.066 (x~0.859) + 3,543 (x°-1.081)
- 1.438 (x*-1.675). :

(ix) September: ¥ = 1,909 - 1,518 (x~0.955) + 3,229 (x%~1.241)
- 1.047 (x%-1,992).

(x) October: Y = 2,388 + 1,994 (x-1.351) - 0.183 (x%-3.075).

(xi) November: Y = 2,765 + 2.837 (x-1.345) = 0.545 (x%-2.329).

(xii) December: VY = 3,368 + 1.512 (x-1.825).

(xiii) Annual: Y = 29,344 + 150,475 (x-15.151)

- 9,774 (x%~-233.389) + 0.209 (x3~3657.175).
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TABLE 48: (Continued)

C. Faerau-Waipiata Sanatorium

(1) 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 {x-1.303),

(vi) June: Y = 1,962 = 17.434 (x-1,020) + 17,281 (x2-1.314)
- 4,572 (x°-2.052).

(vii) July: Y = 1.508 + 1.333 (x-0.972).

(viii) August: Y = 1.976 + 5,115 (x-1.040) - 4,969 (x2=1.525)
+ 1,597 (x°~2.724).

2,814 (x-1.124) + 3.800 (x%-1.638)

(ix) September: Y = 1,909
1,039 (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).
(x1i) December: Y = 3,368 + 1.073 (x-1.989).

(xiii) Annual: Y = 29,344 - 4,284 (x-16.845) + 0.150 (x>-289,336).
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Results of the analyses are given by Table 43. New standard
errors of ?he monthly and annual blended means are given by Gﬁy £rom
equation (17), or for second and third order polynomials, from the
weighted average of méasured standard error of the mean (SEy) and Sﬁy.§
from equations (25) and (26). Results of standard error calculations
from equation (24) were found to approximate those of equation (17),
when weighted for nj and n, by SEV. Althéugh introducing a small
additional error it was assumed that X for the n, regression estimates

would equate with the X used in the original determination of eguations

(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, Valueas of
mean monEhly 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 which
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} indiec-

ates that effective record lengths have increased by up to 20 years.

The second study objective is satisfied in part. Bddition of
regression estimates to the measured Paerau record now allows determination

of the mean station rainfall at the required precision level for all months



TABLE 43:  Paerau mean monthly and annual rainfall parameters for the blended measured and synthetie record 1908-69
Parameter values as derived from:-
Manorburn Dam ‘Patearoa Waipiata Sanatorium
1908-69 N
Month Mean Rainfall ni no d.f ou (6) As % d.f ol (6) As % d.f ou (6) As %
(inches) (vrs) | (vrs) (ing) v col.(2) (ing) y col, (2) (ing) v col,. (2)
(1) (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 .29 23 0.25 9.29
Mar, 2.96 33 27 24 0.25 8,44 21 0.27 9,12 23 0.25 8.44
Apr. 2.42 33 27 25 0.21 §.68 23 0.23 2.50 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 2.86 23 C.24 10.8 21 0.24 10.8 o
July 5 B 33 27 25 0.13 .49 22 0.14 10.2 23 0.12 8.76 W
Auge. 1.69 33 27 23 0.21 12.4 21 0,23 13.6 21 0.21 12.4
Sep. 1.83 34 27 25 0.12 €.56 21 Del5 8.20 21 ¢.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 35 27 24 0.24 7.79 23 0.25 8.12 23 0«25 8.12
| Year 28,57 33 27 24 0.95 332 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 additional estimated values respectively.
Column {5) - degrees of freedom available for determining % 05° -
Column (6) - see eguation (17}). Also used are weighted va?ﬁes of Sy z from equation (24) and the higher
pglynomial versions, equations (25) and (26). A1l valugé correspond to SEX of Table 24,
Column {(7) = Ouy as a percentage of the 12G8-~69 blended mean. Corresponds tc SEX as %% in Table 24.



194

except August. Monthly, seasonal and annual Paerau data for the

period 1941-68 are listed in Tables 44 and 45. The total recoxrd 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 considevred 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 technigques.
Precipitation: Catchment mean 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 between Elliot/Pacrau and other gauges in the present network.
Prediction egquations are developed for all stations with Elliot as the
independent variable, by way of simple linear correlaticon and regression
and the corrected precipitation values from the netwcrk. 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 1%08-69
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 equaticons were developed from approximately
monthly datu, annual values are éiven by the sum of the ménthly values,
The derived 1208=69 mean annual precipitation varies from 22 inches at
Mulholland in the north, to 63 inches at Lammerlaw Top and Trig H in the

southern upland area.
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Paerau synthetic monthly rainfall record (inches 1941 to 1968

TABLE 44:
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oy m

O <
» @
=~ o

1‘3
1.3

Ll 1.5
3.4 3.1

3.2
5.2
4.9
3.5

5.0
5.4
0.4
5.0
4.6

2.0 2.0
3,8 1.4
0.6

1954
1955

e~

]

<

3.3

3

1'2
1.8

1.9 0.7 1.2
0.0

3.2
2.3

3.0
2.3

1956
1957

3.5
4.3

3.5

1.9

3.7

oll7

™N

0‘6

1.6

3.3

5.7

5.0
2.7
2.3

1958

3.6

3.1
3-7
3.4

2,9 1.9 3.4
1.9
0.8

55

1.8

1959

1.8
004

1.6 3.1 1.5
1.7 2.1

1.0
2.6
1,7
0.8

1.8

3'6
5.3
2.8

1960

1.5
» 3.2

2.9

1961
1962

2.4
3.2

2.1
2.4
2.6

3.9

2.2

3.2
2.4

2.6

<t
N

4.4

2.6
2,0
3.4
1.1
1.4
2.3

3.0 1.9
4.1

3.6
l.l

1se3

1.8

2.0
1.8

0.7

1.3
3.2
4.1

1.0
2.4
1.4

1.8
4.0
5.0

1964

1.7

1.1
0.6

3.1

1965

0.9 30 3 22
3.4

2.2

1.5

2.0

1966

1.1
1.7

0.9

4.0

1.7

e}

1.3 2.8
2.8

1.6

1967

2,6

1,5

2.7

2,95 2.69 2.96 2,42 2,29 2.23

(1908-69)

4.2

1.8 2.0

1968

l.83 2,37 2.70 3.08

1.6€8

1.37

Mean:
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TABLE 45:  Paerau synthetic seasonal and annual rainfall record
(inches) 1941 to 1968

Year summer Autumn Winter Spring Annual
(Dec~Feb)} (Mar~May) (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 7.9 5.0 5.7 24,7
1944 11.2 8.6 7.0 5,6 35.8
1945 17.7 11.9 3.5 7.0 40,2
1946 10.8 4.4 5.2 9.1 27.7
1947 7.6 5.0 7.1 8.3 27.2
1948 7.3 7.6 3.0 8.2 26.0
1949 9.8 7.7 5.7 4.6 27.6
1950 10.1 4.7 4.5 6.9 25,9
1951 7.8 6.7 4,5 8.1 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 2742
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 8,2 2.6 6.0 24,9
1960 9,5 8.7 5.2 8.3 29,9
1961 10.0 6.7 7.9 7.0 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 26.4
1967 5.1 %57 3.7 8.4 27 .4
1968 8.5 9.3 8.4 5,7 28,5
Mean: 8,70 7.68 5.29 6,92 28,57

(1908-69)
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TABLE 46: Upper Taieri catchment raingauge mnetwork regression equations

(Base station Elliot (ZPaerau) 18 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 = 0,909x + 0.321 0.211
Bottle Rock North Y = 1,304x + 0,022 . 0.977
Great Moss Swamp Y = 1,233x - 0,115 0,987
Bottle Rock ¥ = 1.308x + 0.198 0.983
Longstone Y = 1.,130x + 0,227 0.991
Round Hill Y = 1l.141x - 0,076 0,981
Musterer's Huts Y = 1.865x + 0,223 0,971
Trig H Y = 2,018x + 0,471 0,943
Lammerlaw Top Y = 2,07%x + 0.303 : 0.979

Prediction standard errors of mean monthly and annual station
rainfall, where x is the 1908-69 mean Paerau data, are given hy Table 48.
The listeé data are values of Sﬁy.i 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 in terms of the second study
objective, The Paerau/Elliot values used in the regressions are not
error free, but are subject to the standard errors previously accordad to
the data listed in Tables 43 and 44. However, provided the additional
errors in the Paerau data are rardom 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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the Upper Taieri raingauge network

Paerau:
Mulholland:
Aitken:
Onslow Road:
Smith:
Bottle Rock -
North:
Gt. Moss
Swamp 2
Bottle Rock:
Longstone:
Round Hill:
Musterer's
Huts:
Trig H:
Lammerlaw
Top:
Weighted aver
basin rainfal

Notes: (i)

(ii)

g

2.95
2.32
2,83
2.65
3.00

3.87

3.52
4,06
3.56
3.29

5.72
6.42

6.44
age
1:
3.40

E

2,69
2.12
2,59
2,42
2,77

3.53
3.20
372

3.27
2,99

5.90

3.11

u

296
2.33
2.84
2.66
3.01

3.88

2

2.42
1.90
2.34
2,18
2,52

3.18

2.87

7 3.36

2.96
2.68

5.33

2.80

B

2.22
179
2,23
2.06
2.40

3.01

2,71
319
2,81
2.54

g

2,23
1.74
2.17
2,01
2,35

4,94

2.59

1'63

e

1.69
1,21
1.68
1.53
1.86

1.99

[tn

1.83
1.42
1.81
1,65
1.98

2.41
2,12
2.59

2.29
2,01

4,11

2,14

e}

2.37
1.86
2.30
2,13
2.47

5.23

2,75

=

2,70
2.15
2.60
2,42
2.78

3.54

3.21
3.73
3.28
3.00

1908~689 mean monthly and annual rainfall determination for

o

3.08
2.43
2,95
2.76
3.12

4.04

3.54

28,57
22.42
27.73
25,72
29.83

37.54
33.82
39,76
35,03
31.69

55597
63.30

63.07

33,43

1908-69 mean monthly and annual data for Paerau are as given by

Table 43.

1908-69 Paerau mean.

Monthly values for the remaining stations are derived
from the regression equations in Table 46, assuming x is the

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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rainfall where x is the 1908-69 mean Paerau data

Mulholland:
Aitken:
Onslow Road:
Smith:
Bottle Rock
Northe:
Great Moss
Swamp
Bottle Rock:
Longstone:
Round Hill:
Musterer$s
Huts:
Trig H:
Lammerlaw
Top:

28

7.99
6.67
4.01
6+15

3.79
2.93
4,08
2.41
3.24

4,54
5.75

4,64

Weighted average
standard error:
5.28 5,31 5,22 5,30 5.27 5.41 6,31 5.98 5.35 5,21 5.09 5.21

Notes: (i)

(ii)

(iidi)

g

7.73
6.44
4.04
©.06

3.87

X

7.99
6.68
4,00
5.19

2

7.49
6.18
4.14
6.03

4.00

3.07
4,47
2.58
3.38

N

7.39
6.02
4.21
6,03

4,09

3.13
4,61
2.65
3.43

2

7.34
5.97
4.25
6,02

4,14

3.17
4.69
2.76
3.47

g

7.43
5.16
5.92
Full

&

7.02
5.36
4.97
6.75

4,93

3:72
5.78

= 3.28

4.04

g

7.06
5.50
4,71
6,24

3:55
5.42
3.08
3.83

£

7.44
6.12
4.17
6.04

4,03
3&09
4.51

2.60
3.39

5.15

2.98
4,23
2.46
3.29

Prediction standard errors of mean monthly and annual basin

8.08
6,77
4.01
6.20

3.77

2,92
4,03
2,39
2.72

Year
7«55
6,11
4,35
6.16

4,24
3.24
4.76

2.75
3.51

4.99

A
The listed data are values of Sy, % from equation (24), and are

given as a percentage of ¥ from Table 47,

x valves for eguation

{24) are assumed to be the mean monthly rainfalls from Table 47,

and error free,
Mean annual values are the average of summed individual mean

monthly data.
Weighted average standard errors are derived from the station
data and Thiessen weighting factors,
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Table 48 will therefcre be minimum values, since the true values of =

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 percent.

Siﬁce 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's (1968) results show that multiple correlation
technigues using topographic factors do not necessarily produce results

of any greater accuracy than those derived above.

Techniques of areal integration of point rainfalls to gstablish the
mean value over an area, rely largely on the Thiessen poiygon, or arithmetic
mean methods, 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 amounts
to the long-term Paerau/Elliot record, are thus derived using the simple
standard techniques, Although more sophisticated methods are not
considered here, their importance is sufficient tc warrant a separate

study of relative merits.,

Average basin mean monthly 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 ischvets for the period 1908-69 derived
as shown on Figure 38,

(b) The Thiessen polygon technique applied to the ﬁlotted station mean

annual rainfalls.
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FIGURE 38: Upper Taieri catchment mean annmual rainfall (1908-1969)
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Calculation of the 1908—69‘catchment mean annual rainfall by the
above two methods gives a vélue of approximately 33 inches in each
case (Table 47), The 1908-69 arithmetic mean value of 38 inches
is not considered reasocnable, since the station Thiessen weight
factors suggest that undue emphasis would thus be given to the
higher rainfalls for Lammerlaw Top and Trig H.

(¢) Linear correlation of approximately monthly catchment mean rainfalls
derived by the Thiessen polygon methced, 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 factorsg approp?iate 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 = 1.28x + 0.004 inches : . (33) .

Other relevant statistics are d.f. = 19; Sx = 1.84 inches; Sy.x = 0,42
inches; Cj3; = 0.0148; X = 2,32 inches; r = 0,988, The correlaticn
coefficient is significant at the 929 percent level. Long-term average
basin rainfalls and standard errors of prediction are 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 percent, However, 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 that

the above erxror values may increase by up to 40 percent relative to ﬁye



TABLE 49:

*Gauges included in Thiessen polygoms for dates showm (points rainfall)

Inclusive dates

2/3.1.69-15/16.1.69
26/28,11.68-2/3.1.69
26/28,11.68-15/16.1.69
15/16.1.69-21/22.1.69
21/22.1.69-12/13,2.69
15/16.1.69-12/13.2.69
12/13.2.69-18,2.69
15/16.1.69-18.2.69
18.2.69~5/6.3.69
5/6.3.69-12,3.69

12,3.69-17/19.3.69

17/19.3.69~31/3.1/2.4.62

5/6.3.69-31,3.1/2.4.69

(1)

(2)

(3)

Catehment mean rainfall - event Thiessen polygons

(4)

(5)

(6)

(7)

Tot. WF Tot. WE Tot. WF Tot. WF Tot, WF Tot. WF Tot. WE
" 'RF ‘RF RE RF RF RF RF RE RF RF' " RF RF RF RF
10 33 10 4 8 3

220 022 180 059 240 024 279 011 - - 227 018 229 007
10 33 10 4 10 3

140 014 174 057 089 009 244 010 - - 220 022 167 005
8 19 10 4 10 3

360 029 354 067 329 033 523 021 - - 447 045 396 012

8 19 12 5 5
031 002 021 004 013 002 153 006 051 002 - - - -
8 19 12 5 5

082 006 134 025 100 012 452 023 514 026 ~ - - -
8 19 12 2 4 6 3

113 009 155 029 1i3 013 784 0le 565 023 352 021 177 005
12 i9 12 2 4 7 4

068 008 030 006 000 000 131 003 140 006 109 008 080 003
12 19 12 2 4 7 4
181 022 185 035 113 014 696 014 705 028 461 032 257 clo
12 19 i2 2 4 7 4

025 003 027 005 010 ool 066 001 075 003 085 006 065 003
8 19 . S 2 4 5 3

01l 001 007 001 000 elely; 278 005 188 007 157 008 063 002
8 i9 9 2 4 5 3
026 0062 034 Q06 033 003 107 002 oo8 004 104 0G5 049 001
8 19 9 2 4 5 3

142 011 146 028 152 014 312 C06 268 011 299 015 241 007
8 19 S 2 4 5 3
179 014 187 035 185 017 875 014 554 022 560 028 353 Cl0

€07



TABLE 49:  Continued

(1) (2) (3) (4) (5) (6) (7)
Inclusive dates Tot., WP Tot. WE Tot, WE Tot. WE Tot. WE Tot, WE Tot. WF
7 19 10 4 7 : 3
31/3.1/2.4.69-22,4.69 193 013 173 033 100 010 205 036 - - 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 - - 264 067 558 017
8 19 10 4 10 3
22.4,.69-13/15,5.69 088 007 051 010 085 008 232 009 - - 248 025 201 008
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
15/16.1.62~13/15.5.62 666 060 623 118 493 059 2417 07¢ - - 1758 176 1141 034
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) Longstone (10) Onslow Rd. (13} Great M oss Swamp
(2) Aitken (5) Lammerlaw Top (8) Bottle Rock (11) Snmith

(3) Mulholland (6) Musterers Huts ({9) Bottle Rock Nth. (12) Round Hill

¥ote



TABLE 49:  Continued

Inclusive Dates

2/3.1.69~15/16.1.69
26/28.11.68-2/3.1.69
26/28.11.68-15/16.1.69
15/16.1.69-21/22.1.69
21/22.1.69-12/13.2.69
15/16.1.69-12/13.2.69
12/13.2,69-18.2.69
15/16.1.69-18.2,69
18.2.69-5/6.3.69
5/6.3.69-12.3.69

12.3,69-17/19.3.69
17/19.3069"'31/”3.1/2.4.69

5/6.3.69~31/3.,1/2.4.69
31/3.1/2.4.69-22.4,69

5/6.3,69-22,4.69

(8) (9) (10) (11) (12) (13) Catchment
Tote. WE Tot. WE Tote. wWF Tot. WE Tote. WF Tot. WF Mean Event
" RF " RF “RF " RF " RF ‘RF RF RF RF . RF RF RF Total (ins.)

9 3 12 9
199 018 207 006 156 019 190 017 - - - - 2.01
5 12 13

K - 225 011 120 014 086 ol1l - - - - 1.53
5 i1 12 12 6

- - 432 022 276 030 276 033 350 042 391 023 3.57
10 11 11 12 6

078 008 043 c05 - - 067 007 055 007 065 004 0.47
10 11 11 12 6

105 010 120 013 - - 127 014 137 016 100 006 1.51
8 11 9 12 6

183 015 163 018 - - 194 017 192 023 165 010 1.99
10 11 12 6

066 007 038 004 - - - - 031 004 062 004 0.53
10 11 12 6

249 025 201 022 - - - - 223 027 227 014 2.43
10 11 12 6

025 002 025 003 - - - - 025 003 025 001 0.31
8 3 12 9 12 6

051 004 043 001 047 006 098 009 008 001 011 001 0.46
8 3 12 9 12 6

043 003 031 001 040 005 28 002 028 003 024 001 0.38

385 031 183 0G5 148 018 151 013 079 009 058 003 1.71
8 3 12 9 12 6

479 038 257 008 235 028 277 025 115 014 155 009 2,62
9 3 11 9 12 6

175 016 222 007 113 012 245 022 150 018 175 010 2.13
9 3 11 9 12 6

654 059 479 014 348 038 522 047 265 032 230 020 4,80

S0T



TABLE 48: Continued

(3) Mulholland

(6)

I
Musterers Huts

(9)

Bottle Rock Nth.

(12)

Round Hill

(8) (2) (10) (11) (12) (13) Catchment
Inclusive Dates Tot. WF Tot. WF Tot. WF Tot. WE Tot. WE Tot. WF Mean Event
RF - " RF ‘RF ‘RE RE RF RF RF RY RT RF RE ‘Total (ins.)
5 11 12 12 6
22,4.69-13/15.5.69 - - 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 - - 616 031 468 051 527 075 347 042 384 023 5.93
13 12 12 4]
12/13.2.69-13/15.5.69 - - 679 088 - - 813 0e8 403 048 471 028 6.98
8 11 - ) 12 6
15/16.1.69-31/3.1/2.4.69 753 060 483 053 - - 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 13 9 12 6
15/16,1.69-13/15.5,6% 928 084 705 078 - - 902 081 513 062 582 035 7.71
¥*Gauges included: (1) Elliot (4) Trig H (7) Longstone (10) Onslow Rd. (13) Great Moss Swamp
{2} Aitken (5) Lammerlaw Top (8) Rottle Rock (11) Smith

90¢C



207

TABLE 50:  1908-89 average catchment rainfall determination and standard
errors of prediction for the mean values, where x is the long-

‘term mean Paerau data

3 E M A M J J A S O N D Year
Average
basin

rainfall
{ins.): 3,78 3.44 3,79 3.10 2.924 2,86 1.76 2,17 2.35 3.04 3.46 3,95 36,64

Sﬁy.ﬁ as
% of ¥: 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

Notes: (i) Monthly rainfall values are derived from equation (33) with %
the 1908-~69 Paerau means from Table 43,
(ii) The annual value is the sum of all monthly values.
(iii) 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 cbjective. 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 nct 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¥Y) and

altitude is given as

Y = 0,0154x - 9.12 inches (34).
Related statistics are d.f. = 1lly Sx = 665 feet; Syx = 7.74 inches;
Cyy; = 0,00; ¥ = 2969 feet; r = 0,81; s.1.<0,01. Mean ennual rainfalls

of about: 40-45 inches and 55~60 inches could thus be expected 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 area, Highest values occur to the
south on the elevated plateau (35-63 inches), intermediate wvalues 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 flooxr 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 atypical yield charactexr-
istics produced by the Great Moss Swamp at the head cof 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-catchments are computed from the station
mean values listed by Table 47 and the appropriate Thiessen 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.
Temperature: Naseby State Forest record extension

It has been shown that available mecisured data already allow estimates
of station temperature parameters at the required precision level, However,
for long~term water balance studies and for some models of streamflow

synthesis, it is desirable to have long-term temperature data concurrent
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TABLE 51:  Subcatchment mean rainfall (1908-69)

Station Mean Mean Annual RF(ins) X Thiessen

Station Name Annual RF (ins) weighting factor (%)
(1908~65) Area 1 Area 2a Area 2b Area 3
Mulholland: 22,42 755 0.23
Aitken: 2773 %.14 13473 4,84
Elliot: 28,57 063 5.99 0.85
Onslow Road: 25,72 8.01 2.30
Smith: 29,83 3,76 4,52
Bottle Rock North: 37.54 3.13
Great Moss Swamp: 33.82 6.97
Bottle Rock: 39.76 8.99
Longstone: 35.03 0.98 2.18
Round Hill: 31.69 16,00 7.75
Musterers Huts: 55.97 9.16
Trig H: 63.30 4,15
Lammerlaw Top: 63.07 . 8.07
Total rainfall (inches): 25433 29,73 30.52 43.35
Sub-catchment area (sg.mls): 77.2 29.8 8l.1 97.0

Ratio Elliot: sub-catchment
mean rainfall: 1: 0,887 1 :1.041 1:1,068 ; 2t 1,517

Sub~catchment mean
altitude (feet): 2400 3400 2800 3C00
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with the period of record available for other variatles, 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 ke suitable for Naseby State
Forest data extension, Prediction equations are developed forxr mean
monthly Naseby State Forest temperature, using linear and curvilinear
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). Record length used in the correlations is

1923-65.

Correlation coefficients follow the pattern given by Figure 11.
Maximum v%lues of about 0.8 occur in January, February and Marxrch. 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 demonstrate increased parameter
precision are only needed to confirm that the statistical information

content is not significantly reduced when the blanded record is used.
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Mownthly mean temperature regression equations for Naseby

State Forest record extension

. . o
(Note: x is Tapanui monthly mean temperature F;

o
Y is Naseby State Forest monthly mean temperature F).

Tapanui-Naseby State Forest:

(i) January: Y = 56.160 + 0,657 (x~57.547).
(ii) February: Y = 55,830 + 0,552 (x-56.688).
(iidi) 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-~1570.112) - 0.016
(x-62618.7) .
(viii) August: Y = 37.567 7.077 (x-42.172)

{ix) September: Y = 42,756
October: Y = 47,379

(x)

(xi) November: Y = 50,500

(xii)December: Y = 54,156

0.091 (x% -1783.281).
0.380 (x-46.030).
10.464 (x-49.798)
0.110 (%2 -2485.708),
7.228 (x-52.535)
0.075 (x% -2767.287).
4,984 (x-55.133)
0.051 (x? -3052.208).

A S B

TABLE 53:

Year J

1908  59.3
1909 56.1
1910 59.9
1911 57.2
1912  55.2
1913 57.1
1914 58.8
1915  56.3
1916  55.9
1217 58.1
1918  57.5
1919 53.0
1220  55.7
1921  56.5
1922  56.9
Mean: 56.4

(1908-69)

Elliot/Naseby State Forest synthetic mean monthly
record (°F) - 1908 to 1922
F M & M J J A S O N

58.1 54.4 46.7 41.3 37.5
60.6 58.4 46.0 43.0 37.6

3 37.2 44.0 48.7 51.3

3
6l1.4 56.2 49.1 45.2 3%.4 3

3

3

3

6
4 39,0 43.8 43.8 55.5
.7 39.6 43.9 48,7 54.5
57.8 55.8 50.4 42.6 37,2 7
55.0 51.1 47.3 40.3 35.7 1 38,6 43.3 47.1 50,2
55,0 52,3 46.5 39.5 36,3 4 37,5 43,7 48,1 50.3
55.2 53.7 47.3 39.3 35.9 35,3 38,0 42,9 47.7 49,0
54.6 52.0 46.7 40.2 35.1 35.6 38,8 44.1 47,2 50.0
56.4 55.1 48.4 41.1 38.6 34.4 37.1 43,1 47,9 51.5
56.3 53.7 47.9 41.8 37.2 35.6 36,7 43,6 48,3 51.9
58.6 53.9 46.9 41.2 36,0 33.5 36.4 41.4 47.2 48,0
55.7 51.9 45.3 40.8 37.0 35.2 37.4 42,1 46.3 48,4
57.3 52.8 47.2 39.6 37.9 35.9 35.7 42.7 47.5 47.9
55.7 51.6 46.8 42,1 37.6 35.2 38.2 43.4 47.4 50.2
57.7 49.9 47.1 40.4 34.9 33,9 37.4 42,9 46.5 50.3
56,3 52.9 47.3 41.0 36.2 34,7 37.7 42.8 47.4 50.6

38,9 42.9 47.5 48.7

temperature

L=}

BN WU Y O
° € o e
MO UTE O WU WY

.

AUt ot
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52.6
53,8
53,6
53.4
54,2
54.2



213

TABLE 54:  Elliot/Naseby State Forest synthetic mean seasonal and
annual temperature record (°F) - 1908 to 1922

Year Summex Autumn Wintex Spring Annual
1908 57.9 47.5 36.4 48,0 47.3
1909 57.2 49.1 37.3 42.4 48.5
1910 59.9 50.2 37.9 49.0 49,1
1911 57.2 49.6 36.9 46.4 47.2
1812 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
1215 54.4 46,3 36.5 47.3 46,3
1cle 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 46,1
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 37.0 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 thé 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 STREAMFLOW TIME SERIES
EXTENSION ‘

Paerau Bridge record extension: simple rainfall-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 parameters at the
required precision levei° The measured Paerau Bridge record is not of
adequate length to satisfy the stated erxrror criterion for all menths or

sSeasons.

. Population estimates to within 20 percent at the 95 percent
probability level could theoretically be achieved by an incresase 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 technicues to

be used in this study is simple rainfall-runcff 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 a basin where two or more distinct seasons

are present, However, the value of 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 inte eguivalent

yield. Results of this conversion are shown in Table 55.

Prediction equations for total catchment monthly and annual mean
vield 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 0.76 with summer maxinma. 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 yvield values do not differ markedly from
the measured data listed in Table 55. Nevertheless, for the blended
record, the estimated standard errors of ay given x equals X suggest
that little information has been éained by the analysis. If the data
in column (6) of Table 57 are compared with the SEX of Tables 28A and
297, 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 shown over that given by the measured record alone.
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TABLE 55:  Paerau Bridge measured mean yield (inches)
19712-13; 1916-28; 1936-39; 1941~-44; 1847-50;
1.6.66-31.5.69

Year

=]
e
=

]

=
H=
o

1912 0.782 0,699 1.465 0.752 2,019 2,992 1.954
1913 0.450 0.474 0.990 1.362 2,261 1,815 1.583
10le 0.524 0.367 0,520 0.594 0,698 0,924 1.138
1917 0.250 1.059 0.767 0.508 1.865 2.011 1.044
1918 l.098 0,277 1,197 0.938 1.588 2.279 0.876
ie19 2,637 1.412 0,290 1.412 0.975 1.671 2.098
1920 0.717 0,129 0.105 0.189 0.510 1.728 3,018
lo21 0,171 0,231 0.619 1.417 1,514 1.106 1,267
1922 1.415 0.388 0.836 1.120 0.985 0.503 ¢.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 0.510 0,905 0.564 0.258 1.613
1926 0.584 1,256 1,089 0.627 2.454 1.1%7 0,980
1927 0.861 0.432 1,049 1.89% 2.607 0.799 1,959
1928 0.387 0.206 0.170 1.120 1.064 0,512 2,192
1236 0.446 0.354 1,326 1.518 2.276 0.943 1.410
1937 1.771 2.865 3,315 2.241 4.320 2.059 1.059
1938 0.623 0.,0%9 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 0.46C 0,787 1.159 1,306 1.532 1.569
1c42 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 0,846 2.087 1.123 2.164 2.227
1947 1.672 0.432 0.384 0,460 0,475 0.522 0,737
1948 0.475 0.444 0,475 0.458 0,549 0,574 0,737
1949 0.192 0.199 0.836 0.900 0.609 1.245 2.608
1950 0.366 0,298 0.241 0.462 0,202 0.446 1.197
1966 - - - - - 0.646 1.346
1967 0.339 0.199 0.259 0,411 2.395 1.441 0,831
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 0,559 0.801 1,097 1,469 1,283 1.3%0



TABLE 55:

continued
Year A
1912 1.603
1913 2.835
1916 1.846
1917 0.831
1218 2:712
1819 2.642
1920 1.380
1921 1.920
1922 1.009
1923 1.:331
1924 1.509
1¢25 1.953
1926 1.301
1227 1.430
1928 0.980
1936 2301
1937 2.984
1938 1.430
1939 1.707
1941 2.009
1942 1.875
1943 0.757
1944 2.810
1647 1.168
1948 0.574
1949 1.390
1850 0.762
1966 1.277
1967 0.856
1968 1.950
1969 -
Mean: 1.638

[ke2

2,969
3.361
2.796
1.767
3.098
2,581
2.193
1.594
1.520
4.496
1.235
2.811
2.930
2.676
1.542
3.759
2,676
1.891
6,330
2,432
1.791
3213
2.193
1.858
C.723
1.403
1.369
2.107
1.355
2.188

2.432
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1e]

4.112
2,177
1.4°24
2.405
3.048
2.420
2.756
1.742
0.856
2.504
1.608
4,631
2.899
2.761
4,112
2.172
2.162
1.707
5.443
2.390
2,281
3.701
2,266
3.300
1.816
1.979
0.757
1.019
0.940
3.083

2,484

|=

2.629
1.906
1.374
0.713
2.447
1.365
2,317
1.302
1.274
0752
0.886
1.575
2.183
1.853
1.693
1.954
1.226
1.566
4,552
2.662
2.332
1.671
1.700
1.187
1.053
0.517
0.488
0.704
1.082
1.460

1.614

)

0.866
2,627
0.475
1,178
1.856
1,336
0.648
0.777
1,757
0.225
0.332

2,147

2.004
0.895
0,554
2.528
0.638
2.509
1.697
2,593
1.504
0.452
2.177
0.539
0.876
0.251
0.747
1.227
0.549
0.493

14217

Annual

22.842
21.845
12,750
14,498
21.414
20,839
15.620
13.660
12,441
19.760

8,668
17.378
19.516
19.225
14,545
20,793
27.323
13.865
27.847
19.458
15.633
16.370
20.564
12,700

8.763
12,117

7,340
11.943
12.642
16.825

16,778
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TABLE 56: Simple regression equations for Upper Taieri Catchment
mean rainfall - Paerau Bridge monthly and arnnual mean

yteld (inches)

(Note: x = monthly or annual rainfall in inches;

¥ = 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) + 0,030 (x?-18,331),
(iii) March: Y = 0,706 + 0,098 (x-3.717).

(iv) ‘April:s 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?=7,534)

- 0,435 (x3 -25.987).

(%) October: Y = 2,197 - 1,869 (x-3.302) + 0.575 (x2 -13,819)

0,049 (x° -67.310).
0.775 {x? -13.760)
0,064 (x°® -60.890).

(xi) November: Y = 1.430 + 3.007 (x-3.451)

+

(xii)December: Y = 1,085 + 0,173 (x-4.368},
(xiii) Annual: Y = 14,641 - 5,183 (x=37.712)+ 0.072 (x* -1447.3).
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Notes: (i)

(ii)
(iii)

(iv)

(v)

Column (2)

TABLE 57:  Paerau Bridge mean monthly and annucl runoff parameters
for the 1908-69 blended record
Month 1908-69 N Col.(6) as %
Mean Yield ny ny d.f. Suy g of Mean Yield
(inches) (yrs.) (yrs.) (haehes’ Col.(2)
(1) (2) (3) (4) (5) (6) (7)
January: 0.800 30 31 22 0.109 13.7
February: 0,449 30 31 21 0,097 21,6
March: 0.764 30 31 22 0.106 13.9
April: 0.947 30 31 22 Dall2 11.8
May: 1.379 30 31 22 0,152 11,0
June: 1.240 30 32 22 0.117 S.46
July: 1.279 30 32 22 0.112 8.76
August: 1.457 30 33 22 0.115 7.86
September: 2.038 30 33 20 0,252 12.4
October: 2.190 30 33 20 0,637 29,1
November: 1.606 30 33 20 0,492 30.7
December: 1.077 30 33 22 0.129 12,0
Year: 15.186 30 32 21 1.102 7.26

~ values derived from the combined measured

records (Table.55) and the synthetic record from simple
regression analysis. i

Columns (3), (4) = years of measured data and additional
estimated values respectively.

Column (5) - degrees of freedom available for determining

o, 05° ~

column (6) ~ estimated standard error of |, given x is error
free and equal to X for the blended record; dezermined from
the weighted values of SE¥ (Table 28, 29) and SHy 3 from equations
(24) to (26). Values correspond to SEX of Tables 282, 292.
Column (7) = Column (6) as a percentage of the 1908-69 blended
mean, Corresponds to SEX as a percentage of % in Tables 284,
292,
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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 wvalue less than
10 percent. 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 regéession 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 shown 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 streamfiow parame?grs 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 extension.
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
reguired precision level, but simulation of the missing flow records
will be achieved with miﬁimised errors of prediction. Subjective
graphical studies of the measured and synthesised streamflocw 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 thislstudy to test the between and within model simulation and
predictiqn 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 reconstruction" 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), Fz, Fm? and hence R? for the periods 19216~20 and 1921-25 are

calculateé from equations (30), (31) and (32).

Squared differences between computed and observed runoff values
give a residual variance of 20.761 for the period 1%21-25, 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 indicate that
when the models are used for prediction purposes, the efficiency index
falls from 0,587 to 0.507 for monthly data and from C.221 +o 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 2€ to 93 percent. Results for the mean annual data are
lower, though the root mean square error is shown toc be 23 percent for

the interwval 1921-25,



TABLE 58:  Paerau Bridge residual variance and index of efficiency calculations for the simple rainfall-runoff

regression models

squared differences between computed and observed runoff for:-

Year g £ ® A ® g J A § o N D amual
1916 0.024 0.000 0,097 0.006 0.138 0.00°2 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 l.i60 - 0.616 0,019 0.052 0,000 0.129 0.794 0.193 0.3928 0.004 0.055 0.047 7.980
1920 0.005 0.063 0,111 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 0.537 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 0.525
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 0,187 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
1916-1920:~ 1921~1025:~
Month . gf Measured Monthly Fm g? Measured " ‘Monthly Fm
Mean Yield as % Column ‘Mean Yield ‘as % Ceclumn
{inches) (3) (inches {3)
) (2) (3} (4) (2) (3) (4)
January: 1.229 1.045 47.4 0.642 0.677 52.9
February: 1.009 0.649 69.2 0.479 0.331 93.2
Marchs 0.418 0.576 50.2 0.436 0.624 47.3
April: 0.566 0.728 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

e



TABLE 58: Continued

‘Month

(1)

August:
September:
October:
November:
December:
Annual:

1916-1920:-

E? Measured
‘Mean Yield
{inches)
(2) (3)
1.236 1.882
4,970 2.487
1.291 2.425
1.716 1.643
0.608 1.099
59.957 17.038

Monthly Fm

as % Column

(3)
(4)

26.4
40.1
20.9
35.8
31.7
20.3

Mean monthly vield: 1.418 ins.
Monthly data var(x): 0.730
R " " Fp®:  0.360
" " mR?%: 0.507
Annual data var{x): 12.050

" " "sz .

11.991

= " "R?: 0.005

'1921-1925:=
F? ' Measured ‘Monthly ‘Fm
Mean Yield as % Column
(inches) {3)

(2) (3) (4)
0.819 1.541 26,2
4,498 2,345 40.4
5.675 2,268 47.0
1.350 1,158 44,9
2.549 1,048 68.1

58.288 14.381 23,7

Mean monthly yield: 1,198 ins,

Monthly data var(x): 0.839

" " "oEm?s 0.346
" " " R%: 0.587
Annual data var(x): 14,968
" " "sz . 11. 657
" " nR2, 0.221

A4
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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 wvalue, Further,
September 1923 and October 1925 together contribﬁte 37 percent of
the monthly squared differences for i921—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 oc;asional large errors 1s acceptable, the calculated
predicted values may be considered a reasonable representation of
the measured record.

Paerau Bridge record extension: Multiple rainfall-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:

Y =a+ bi{x;~c) + d(xo~e) {35).
X2 1is precipitation for the current period; x; is precipitation from
the period which precedes the current period; a, b, ¢, 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 equat}ons are given in Table 592 and are more

fully defined in Appendix I(5).

Generally poor correlations are shown by the results. Multiple

correlation coefficients vary from 0.37 to 0.86 with a Januvary maximum,
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TABLE 59: Multiple regression equations for Upper Taieri Catchment

mean rainfall - Paerau Bridge monthly mean yield (inches)

(Note: General equation of form Y = a + b(xjy=c) + d(xa=e):
Y = predicted monthly yield in inches; x3; = rainfall
during the previous month in inches; X» = rainfail
during the current month in inches; a, b, ¢, &, e =
constants).

(i) January: Y = 0.691 + 0,066 (x1-4.281) + 0.184 (x,-4.018).
(ii) February: Y = 0,452 + 0.088 (x1-4.018) + 0.023 (x%,~2.876).
(iidi) Maxch: Y = 0,552 + 0,007 (x1=~2.876) + 0.100 (x,-3.415).
(iv) April: Y = 0.869 + 0.172 (x1-3.415) + 0,225 (x»-3.658).
(v) May: Y = 1,223 4+ 0.057 (x1~3.658) + 0.178 (%2-3.279).
(vi) June: Y = 0.984 + 0.115 (x3=3.279) + 0.242 (x2~1.950).
(vii) July: Y = 1,233 = 0,099 (x%1~1.950) + 0,186 (x-.-2.115).
(viii) August: Y = 1,370 + 0.144 (x1=2.115) + 0.139 (x.=-2.963).
(ix) September: Y = 2,056 + 0.183 (x3;-2.963) ~ 0.165 (x,-2.738),
(x) October: Y = 2,182 + 0,308 (x3;~2.738) + 0.154 (x2~3.478).
(xi} November s Y =1.298 - 0.002 (%x1~3.478) + 0,137 (x2=3.700).
(xii) Decembex: Y = 0,936 + 0.129 (x1-3.700) + 0.198 (%2~4.229).
(x1ii) Annual: {(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 level, Inséection 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 basin, November was chosen for further analysis,.

Multiple correlation calculations are thus repeated, using from
two to six independent variables to represent 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 additi;hal calculations.
Further, rainfall for July is the only appreciable antecedent contribution
to the degree of correlation for the total period June~November. Winter
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 subseguent

calculations are made from the two independent variable egquations 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 regressicn

analysis are shown in Table 61,

N
Estimated standaxd errors of Uy given x; and x» equal X; and Xz, again

suggest that little information has been gained by the analysis. When
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TABLE 60: Multiple regression equations for Upper Taieri Catchment

mean rainfall - Paerau Bridge November mean yield (inches)

(Note: General equation of form:-

Y =a -+ bl(x%—cl) + bz(xé—cz) + bs(x5—03) o+ bu(x&-cu)

+ bs(x%—cs) + bs(x%—CG), where
Y = predicted November yield in inches; xi = rainfall
during June in inches; x% = July rainfall; x% =
August rainfall; x& = September rainfall; xé = October
rainfall; x% = November rainfall; a, bi, bz, b3, by, bs,
be, ¢1, C2¢ C3, Cy, Cs5, and cg = constants).

(i) For x June-November: Y = 1.298 + 0.048 (x}-1.950) + 0.170 (x3-2.115)
- 0,003 (x3-2.963) + 0.044 (xi-2.738)
+ 0,018 (x:-3.478) + 0.139 (xi-3.700).

(ii) For x July-November: Y = 1,298 + 0,180 (x3-2.115) + 0.001 (x%-2.963)
+ 0:044 (xi-2,738) + 0.006 (xi~3.478)

+ 0.115 (x4-3.700).

1.298 + 0.033 (x3-2.963) + 0.063 (xi-2.738)
+ 0,018 (x3-3.478) + 0.123 (x&-3.700).

(iii)  For z August-November: Y

(iv) For x September-November: _
Y = 1,298 + 0.093 (xi-2.738) + 0.012 (x}-3.478)
+ 0.122 (x£-3.700).
(v) For x October-November:¥ = 1.298 - 0,002 (xi-3.478) + 0.137 (xé-3.700).
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TABLE 61:  Paerau Bridge mean monthly and annual runoff pavameters
for the 1908-69 blended record

~

Month 1908T69 ny na d.f. Suy.§ Col. (6) as % of
ﬂﬁiﬂ—gifﬁfi (pes) Cyzs) {inches) mean vield
(inches) -
(1) (2) (3) (4} (5) {6} (7)
Januarys 0.717 30 31 10 0.111 15.4
February: 0.513 30 31 10 0.105 20.5
March: 0.702 30 31 10 Q. 070 10.0
April: 0.°211 30 31 10 0.115 12.6
Mays: 1,297 30 31 10 0.190 14.6
June: 1,272 30 32 10 0.164 12,9
July: 1.183 30 32 i0 0,205 17.4
August: 1.362 30 33 10 0.119 ' 8,72
September: 2.170 30 33 10 0,223 10.3
October: 2.180 30 33 10 0.253 11.6
November: 1.429 30 33 10 0.149 10.4
December: 0.983 30 33 10 0,140 14.3
Year: 14,737 30 32 21 1.102 7.48

Notes: (1) Column (2) -~ values derived from the measured records (Table 55)
and the synthetic record freom multiple regression analysis,
The annual value is the sum of monthly valuées shown,

(ii) Columns (3), (4), (5), (7) = as for Table 57.

(iii)Columns (6) = estimated standard error of Ly given x is error
free and equal to X for the blended record; degermined from
the weighted values of SEY (Table 28, 29) and SU_ . , %, from
equation (27). Values correspond to SEX of Tablgéx§8A, 293,
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column (6) data of Table 61 are compared with SER of ?ables 28A and 295,
standard errors are shown to be feduced 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 analysis.
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 mon%hly 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 regression models. Results of these efficiency calculations
for the rainfall-runcff multiple regression models are summarised in Table
62, Monthly and annual values of var(x), Fa, Fm* and R? 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. Inproved
efficiency is shown over that derived for the simple rainfall-runoff models.
However, Table 62 shows that when the multiple regression models are used
for prediction purposes, the efficiency index falls from 0.602 tc 0.567

for monthly data, and from 0.324 to zero for annual values.

Average monthly rcot 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:

Year

1916
1917
1918
1919
1920
1921
1922
1223
1924
1925

Month

(1)

" Januarys
February:
March:
April:
May:

June:
Julys:
August:
September:

Paerau Bridge residual variance and index of efficiency calculations for the rainfall-runoff

multiple regression models

squared differences between computed and observed runoff for:-

J

0.003
0.047
0.005
0.988
0.001
0.162
0.006
0.194
0.006
0.010

£

0.0600
0.719
0.074
0.347
0.094
0.020
0.110
0.107
0.069
0.012

L

0.036
0,078
0.298
0.000
0.040
0.023
0.049
0.126
0.109
0.042

(2) .

1.044
1,234
0.452
0.461
1.308
2,929
3,583
1.472
1.314

B £

0.021 0,054
0.001 0.021
0.042 0.462
0.389 0.007
0.008 0.764
0.157 0.368
0.107 0.000
0.105 0.672
0.528 0.373
0.030 0.185

1916~20:-
Measured
Mean Yield
(inches)

(3)

1.045
0.649
0.576
0.728
1.127
1.723
1.635
1.882
2.487

g g

0.004 0.022
0.753 0,002
1.440 -0.327
0.131 1.179
0.601 2.053
0.038 0.001
0.014 0.354
0.157 0.016
0.061 0,115
0.124 0.008

Monthly Fm

as % Column

(3)
(4)

43,7
76.5
52,2
41.7
45.4
44,4
51.8
28.8
20.6

A -

0.175 0.421

0.011 0.030

0.727 0.514
0.537 0.034

" 0.022 0.315

0.297 0.196
0.033 0.210
0.154 5.636
0.246 0.257
0.046 0.001

F2’

(2)

0.378
0.318
0.349
0.927
1.598
0,394
0.494
0.776
6.300

o

0.119

'05125

0.771
0.013
0.094
0.031
0.587
1.071
0.658
4,141

1921

.S

0.023
0.144
1.508
0.008
0.527
0.112
0.081
0.148
0.031
0.037

=255~
ed

‘Measur

eld

Mean Vield

(inche
(3)

0.677
0.331
0.624
1.177
1.364
0.761
1.088
1.541
2.345

s)

D

0.000
0.781
0.576
0.129
0.333
0.104
0.002
0.083
0.069
1.369

‘Annual

0.001
4,161
39.980
23.338
2.647
0.007
4,919
26.276
14.861
4,511

Monthly Fm
as % Column

(3)
(4)

40.6
76,2
42.3
36.6
41.4
36.9
28.9
25.5
47.9

0€cT



TABLE 62: Continued

Month

(1)

October:
November:
December:

Annual:

1916<202=
F? ‘Measured - * ‘Monthly Fm
‘Mean Yield: 'as % Column
(inches) (3)
(2) (3) (4)
1.122 2.425 19.5
2.210 1.643 40,5
1.819 1.099 54,9
70.127 17.038 22.0

Mean monthly yield: 1.418 ins.

Monthly data var(x): 0.730

" " " Fm’:  0.316
" n %R 0.567
Annual data var(x): 12.050
" " " pm?; 14,025
" L o 0.000

F2

(2)

6.488
0.409
1.627
50.574

'1921-1925:-

‘Measured " ‘Monthly Fm
Mean Yield: ‘'as % 'Column
(inches) (3)

(3) (4)
2.268 50.2
1.158 24,7
1.048 54.4

14,381 22.1

Mean monthly vield: 1.198 ins.
Monthly data var(x): 0.839

" Fm?: 0.334
n g2, 0.602

Annual data var(x): 14.968

"

"pm? . 10.115
g2, 0.324

LET
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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 récord. 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 storage 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:  Average moistures of soils indicated (water holding capacity)

Soil ‘Available moisture in inches
'Soil depth 0-12 inches 'Soil depth 0-16 inches

Middlemarch 2.2 3 ok
Blackstone 205 32
Matarae 2.3 N.A. Generally <16 inches deep
Arrow 2,5 3.2
Pukerangi 2,3 2.8
Teviot 3.1 4,3
Dunstan 3el 4,3
Fraser Sand 2,2 3.1
(sandy loam)

Clutha 2.9 3.8
Gladbrook 2.9 3.8

The available moisture values listed in Table 63 were derived by Cossens
(1969) , and cover the major soil sets found 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 ITI lists the computer programme used, and Table 64 gives
the results for the mean annual data. Loné—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 area 1, 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 anmnual 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 ﬁot
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 Taieri Catehment mean annual potential

evapotranspiration (inches)

Year 2000! 2500 3000 3500 4000"
1909 23,92 22,80 21.63 20.46 19.56
1910 24,17 23,07 22,03 20.93 19.86
1911 22,98 21.89 20.80 19.67 18,86
1912 22,69 21.60 20.43 19.44 18,65
1913 22,73 21.63 20.31 19,35 18,56
1914 22.69 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 22,43 21.25 20,01 19.22 18.42
1919 22.36 21,30 20,08 19,03 18.34
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 20,64 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 19,20 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 23,38 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 21.27 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 19.10 18.21
1945 22.07 20,94 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 19,09
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 20.49 19.77 19.16
1951 21.75 20,65 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 20.73 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 21.56 20.51 19.27 18.48

1958 22,72 21.78 20.74 19,49 18.68
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TABLE 64: Continued

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 18,57
1961 22,99 21,75 20.56 19,62 18,73
1962 23,47 22,49 21,37 20.14 19,19
1963 22,09 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), Fz, Fm? and R? 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 simple and multiple regression
model results in Tables 58 and 62. Both five vear intervals may be
considered for "goodness of reconstruction" im 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 0.372. 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. The 1916-20 figure for

annual values is 0.330.

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 wvariation
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 sguared differences occur

in 1919.

The results suggest that the second study cbjective is unlikely
to be satisfied by the record extension, and that the method as presented

is generally unsatisfactory for Upper Taieri runoff prediction purposes.



TABLE 65:  Paerau Bridge residual variance and index of efficiency calculations for the water balance model
(50% carryover factor and 4 inches water holding capacity assumed)

squared differences between computed and observed runoff for:-

Year g E M A M 3 g A 'S o N D  ammual
1916 ‘0,045 0,044 0,228 0.000 0.106 0.149 0,528 0,230 0,910 0.270 0,196 0,187 1.937
1917 0.042 0.692 0.426 0.203 0.015 0,518 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 0.1l67 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 0.497 0.008 3.024 2.859 0.080 0.044 0.038 31.595
1220 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 0,430 0,063 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 0.475 0.591 3.294 6.200 6.661 0,797 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.c02 0,003 0.000 0.027 0.515 0.146 0.118 8,750 1.435 1.397 1.243 0.210 28.729
1916-20:~ 1921~25:-
Month g? ‘Measured ‘Monthly Fm E? ‘Measured ‘Monthly Fm
Mean Yield ‘as '% Column ‘Mean Yield ‘as % Column
(inches) (3) ’ (inches) (3)
(1) (2) (3) (4) (2) (3) (4)

January: 1.516 1.045 5247 2.136 0.677 96.5

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 0.728 41.1 5.128 1.177 86.0

May: 2.116 1.127 5767 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 20.0

September: 4.676 2.487 38.9 13.679 2.345 70.5

8¢



TABLE 662

Month

(1)

October:
November:
December:

Annual:

Continued

(2)

1.834
0.876
1.093

40.344

Mean monthly yield:

1916=20:~
Measured

" 'Mean Yield

(inches)
(3)

2.425
1.643
1.099
17.038

" 'Monthly - Fm-

‘as % Column

(3)
(4)

25,0
25.5
42.5
16.7

1.418 inches

Monthly data var(x): 0.730
" Fm?s 0.372
v R?,; 0.490
Annual data var(x): 12.050
" Fm?: 8.069
" g2, 0.330

(2)

6.777
2.293
1.728
126.489

Mean monthly yield:
Monthly data var(x): 0.839
" Fm?: 1.138
" R?: 0.000
14.968

n "

" "

Annual: data var(x):
" Fm?:; 25,298
n g2, 0.000

" "

1921=25:~

" ‘Measured
Mean Yield

(inches)
(3)

2,268
1.158
1.048
14.381

‘Monthly Fm

‘as % Column

(3)
(4)

51.3
58.5
56.1
35.0

1.198 inches

6€T
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However, inspection of the larger squared differences shows that
a considerable 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 perxrcent 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 recult has been to propoftionally 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 variance and index of effieiency calculations for the water balance model.
(70% earryover factor and 4 inches water holding capacity assumed)

squared differences between.computed and observed runoff for:-

Year s E M A M g 3 a s o N D  Aonual
1216 0.008 0.004 0.060 0.000 0.024 0.023 0.l116 0.001 1.164 0.068 0.083 0.473 0.173
1217 0.318 0.2392 0.135 0.052 0.412 0.815 0.000 0.026 0.100 0.100 0.561 0,061 2a752
1918 0.187 0.632 0.133 0.024 0.484 0.632 0.026 0.061 0.045 0,007 0.066 0,035 1.136
1919 0.155 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 0.504 16,241
1522 0.607 1.318 0.098 0.001 0.071 0.433 0.480 0,175 0.177 0.002 0.061 0.132 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 0.722 0,797 0.891 0,051 0.064 0.335 0.416 0.547 36.156
1925 0.198 0.161> 0.015 0.000 0.282 0.258 0,003 2.40° 0.373 2,056 1l.461 0,000 15.202
‘1916-20:- 1921-25:~
Month _Ef Measured Monthly Fm Ez' Measured Monthly Fm
’ ‘Mean Yield as % Column Mean Yield ‘as % Column
(inches) (3) {inches) (3)
(1L (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 l.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 0.761 166.2
July: 1.403 1.635 32.4 4,704 1.088 89,1
August: 1.072 1.882 24,6 3.703 1.541 55.8
September: 2.519 2.487 28.5 8.298 2.345 54.9

Lve



TABLE 66:

‘Month

(1)

October:
November:
December:

Annual:

Continued

1916-20:~
g? Measured Monthly Fm
" ‘Mean Yield ‘as % Column
(inches) (3)
(2) (3) (4)
1.067 2.425 19.0
0.983 1.643 27.0
1.827 1,099 55.0
36.315 17.038 ' 15.8

Mean monthly vield: 1.418 inches

Monthly data var(x): 0.730
" " " Fm?: 0.288
" " m g% 0.605
Annual data var(x): 12.050
" " "Fp’: 7.263
" " v R%: 0.397

1921~25:=
F? ‘Measured ‘Monthly Fm
Mean Yield ‘as % Column
(inches) (3)
(2) (3) (4)
4.079 2.268 39,8
1,963 1.158 54.1
1.317 1.048 48,9
116.890 14.381 33.6

Mean monthly yield: 1.198 inches

Monthly data var(x): 0.839
" " " Fm?: 0.705
" " nmR% 0.160
Annual data var(x): 14.968
" " v oEm’:  23.378
" " v R?E 0.000

[A4A
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carryover factors of 50, 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 percent carryover factor is found to be the
most efficient of models considered thus far for the prediction of 1916~20
vields, 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 record 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 tc use 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. An annual input-output

balance is also retained for the system.

bata used are monthly values of catchment mean precipitation and
evapotranspiration for the period of measured yield, and an assumed
four inches water holding capacity. New values of predicted runoff are
given by the relationships:-
(i) MPROx (Jan,-May, July, Aug., Nov., Dec.) = 0,60 MPROX_1 + 0.4OSx.
(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 S is moisture surplus. The original
predicted runoff (PRO) values used for comparison are derived from an
equation of form:

PRO (Jan.-Dec.) = 0.50 (PRO + Sx).
X 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 isused. 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 balénce model for record

extension is again unlikely to satisfy the second study objective.
Paerau Bridge record extension: conceptual model

Most digital simulation models reported in the literature have
been applied to situations where sufficient daita 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
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TABLE 67: Monthly and annual mean yield for Paerau Bridge predicted from
a modified water balance model. (4 inches water holding

eapacity assumed).

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 (PROX_1+ Sx) ;
MPRO = modified PRO assuming:-

(1) MPRO (Jan-May, Nov., Dec.) = 0.60 MPRO, . + 0.40Sx.

(i) MPRO® (June) = 0.60 MPRO (May) + 0.10S (June).

(iii) MPRO  (July,Aug.) = 0.60 MPRO + 0.40 Sx.

(iv) MPRO™(Sept.) = 0.60 MPRO (Avga) '+ 0.40S (Sept.) + 0.24S (June)
(v) MPRO (Oct.) = 0.60 MPRO (Sept.) + 0.40S (Oct.) + 0.06S (June).

squared differences
between computed and

Month P PE S RO PRO MPRO observed runoff for:-
'PRO MPRO
January: 4,02 3,57 0.45 0.792 0.53 0.73 0.068 0.004
February: 3.56 2.96 0.60 0.559 0.56 0.68 0.000 0.014
March: 3,94, 2.51 1.43 0.801 1.00 0.98 0.039 0.032
April: 2,72 1.58 1.14 1.097 1.07 1,04 0.001 0.003
May: 3.06 0.81 2,25 1.469 1,66 1.53 0.036 0.004
June: 3.20 0,17 3.03 1.283 2.34 1.22 1.117 0.004
July: 1.47 0.07 1.40 1.390 1.87 1.29 0.230 0.010
August: 1.77 0.35 l.42 1.638 1.65 1.34 0.000 0.089
September: 2.17 0.95 1.22 2.432 1.43 2,02 1.004 0.170
October: 2.81 2.04 0,77 2.484 1,10 1.70 1.215 0.614
November: 3.42 2.59 0.83 1l.614 0.96 1.35 0.428 0.069
December: 3.58 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 Fm®: 0.433 0.092
Annual data Fm?: 3.952 3.912
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available data is limited, Such conditions are found in the Upper
Taieri basin.

(1) '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

particular for the design of farm dams.

The structure of the original model is éhown 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); one division is depleted by drainage
and the other by evapotranspiration loss. CEPMX is depleted only by
evapotranspiration loss (wﬁen 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)/EXP(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
additioﬁ of a groundwater store and the provision for interflow and
groundwater components in the total runoff (Hutchinson & Simmers, 1971).

(ii) Modified‘'Boughton' 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 ngcessitates 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 alsq be at greater than a proporticnal
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
measureé 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 days. This time of travgl 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 contains 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 vields - precision limits of parameter

estimates are again not readily quantifiable. Whether the second study
objective is satisfied by record extension from digital simulation must
therefo£e 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.

The choice of an error function depends on the purpose of the
study. Model efficiency is evaluated in the same manner as before for
the monthly data to allow between model comparison. Howev§r, 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 programme
listed in Appendix IT, 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.,903. -Average root mean square simulation
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TABLE 68: Modified conceptual model catchment parameters, variables
and values given (see also Boughton, 1965, 1968(b) and
Hutcohinson & Simmers, 1971)

op = value optimised before simulation;

(ii) all selected values are in inches)

QQ, RR, ST, TT
Q, R, S

{Note: (i)
~ Symbol Selected value

CTEPMAX 0.100 (op)
DRMAX 0.400 (op)
USMAX 1.000 (op)
SSMAX 0.900 (op)
GWMAX 9,000 (op)
PCUS 60.000 (op)
FO 1.800 (op)
FC 0.700 (op)
ARK 0.600 (op)
XX 0.500 (op)
Xz 0.250 (op)
AAC 0.800 (op)
ABC 0.002 (op)
BBC 1.000 (op)
C 0.70_2.10

CEP

DR

uUs

SS

GW

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 K in infiltration equation
Maximum limit of evapotranspiration

rate

Coefficient of transfer from Upper Soil
to Subsoil Stoxe

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:

* Month:

January:
February:
March:
April:
May:
June:
July:
August:
September:
October:
November:
December:
Fz:

Sum of squared differences between estimated and measured mean daily runoff (inches) for Paerau Bridge

1916 1917 ©+1918
0.0038 0.0059 0.0177
0.0012 0.0368 0.0154
0.0025 0.0090 0.0744
0.0063 0.0011 0.0157
0.0063 0.2953 0.0392
0.0115 0.0439 0.1046
0.0060 0.0046 0.0435
0.0217 0.0113 0.0922
0.0508 0.1251 0.1174
0.0048 0.0269 0.0767
0.0180 0.0155 0.0543
0.0101 0.0161 0.0295
0.1430 0.5915 0.6806

1916-20 Total F?: 2.7622

© 1919

0.0381
0.0568
0.0317
0.0321
0.0070
0.0423
0.0598
0.1767
0.4221
0.0085
0.0034
0.0065
0.8850

1920

0.0272
0.0217
0.0161
0.0081
0.0104
0.0233
0.1429
0.0355
0.0291
0.0753
0.0518
0.0207
0.4621

©r1921 ©1922

1923

0.0250 0.0996
0.0133 0.0395
0.0128 0.0160
0.0155 0.0077
0.0140 0.0037
0.0078 - 0.0066
0.0222 0.0166
0.0302 0.0096
0.0138 0.0208
0.0270 0.0048
0.0185 0.0068
0.0041 0.0131
0.2042 0.2448

1921-25 Total F2:

0.0089
0.0061
0.0083
0.0689
0.0284
0.0459
0.0267
0.0331
0.4804
0.1322
0.0082
0.0074
0.8545

1924 1925

0.0040 0.0059
0.0313 0.0094
0.0189 0.0115
0.0165 0.0070
0.0208 0.0124
0.0093 0.0116
0.0189 0.0538
0.0256 0.0669
0.0100 0.0646
0.0199 0.1176
0.0128 0.0087
0.0123 0.0298
0.2003 0.3992

1.9030

€6C
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error is thus 0,032 inches, or 82 percent of the average 1921-25 mean
daily flow. However, the resulfs 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 exaﬁple, 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 randéh 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 optimise; 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 poinﬁ. 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 0.529 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 galls 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 vield, and ranges from 19 to 205 percent.
Results for the mean annual data are lower, though the root mean square
exror 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:

Year

1ele
1917
1918
1919
1920
1921
1922
1923
1924
1925

Month

(1)

Januarys
February:
March:
April:
May:

June:
July:
August:
September:

Paerau Bridge residual variance and index of efficiency caleulations for the modified

conceptual model

squared. differences between computed and observed runoff (inches) for:=

4

0.024
0.181
0.054
0.356
0.760
0.752
1.638
0.054
0.09°
0.154

£

0.012
0.371
0.419
0.954
0.626
0.325
1.094
0.048
0.597
0.249

2

0.018
0.133
0.015
0.954
0.501
0.142
0,071
0.200
0.586
0.356

(2)

1.375
2.382
l.621
0.456
2.036
1.655
2.716
0.862
7.522

A M

0.175 0.008
0.001 1.141
0.007 0.515
0.045 0.132
0.228 0.240
0.096 0.243
0.013 0.038
0.135 0.186
0.443 0.610
0.089 0.397

1916-20:~
Measured

‘Mean Yield

(inches)
(3)

1.045
0.649
0.576
0.728
1.127
Y.723 -
1.635
1.882
2.487

Iz

0.016 0,000
0.150 0.064
1.395 0.841
0.025 1,100
0.069 0,711
0.021 0.438
0,206 0.199
1.478 0.637
0.268 0.559
0.356 0,069

Monthly Fm

as % Column

(3)
(4)

50.2
106.3
98.8
41.4
56.6
33.4
45.1
22,1
49.3

£

0.000
0.032
0.193
0.119
0.518
0.051
0.051
0.022
0.016
0.299

£

1.048
0.531
0.479
5,116
0.348
0.052
0.422

11.330
0.145
0.799

Fz

(2)

2,697
2,313
1.355
0,776
1.474
2,329
1.902
0.439
12.748

2 g

0.058 0.071
0.453 0.464
1.605 1.153
0.278 0.066
1.214 0.365
0.343 0.186
0.026 0.027
2.842 0,003
0.140 0.157
1.395 0.003

'1921=253:-
‘Measured

‘Mean Yield

{inches)
(3)

0.677
0.331
0.624
1,177
1.364
0.761
1.088
1.541
2.345

-2

0.320
0.011
0.383
0.081
0.490
0.047
0,000
0.201
0.333
0.019

Mon

Annual

0.248
5.354
9.666
40.870
1.844
1.030
8.071
1,958
21.697
8.585

thly Fm

as

% Column

(3)
(4)

108.5
205.4
83.4
33.4
39.8
89.7
56.7
19.2
68.1

9s¢C



TABLE 70:

‘Month

(1)

October:
November:
December:

Annual:

Continued

©21916=20:~

F? " Measured
" 'Mean 'Yield

(inches)
(2) (3)
3.608 2.425
2,119 1.643
1,285 1.099

57.982 17.038

Mean monthly yield:

" ‘Monthly Fm -
' ’as % 'Column
(3) -

(4)

1.418 inches

Monthly data var(x): 0.730
11]

" " sz:
" " " RZ:

0.460
0.370

Annual data var({x): 12.050
" " " Fm?:  11.596

" " n p2,

0.038

1921~253
gf " ‘Measured ‘Monthly Fn.
‘Mean Yield as % Column
(inches) (3)

(2) (3) (4)
4,746 2.268 42,9
0.376 1.158 23.7
0.600 1.048 33.0

42,341 14.381 20,2
Mean monthly yield: 1.198 inches

Monthly data var(x): 0.839
" " " Fm’:  0.529

" " " Rr2: 0.369
Annual data var{x): 14.968
U " " Fm?: £.468
" " R% 0.434

VA TA
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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 aésessment 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 imp;oved 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 t@e 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 CATCHEMENT STREAMFLOW RECORD

The available yield measurements 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
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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, ﬁarameter precision
limits are qualitatively deduced by comparing the calculated model
efficienqy 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 composed of occasional large values.



TABLE 71:  Comparison of residual variance and index of efficiency caleulations for Paerau Bridge yield models
(see Tables 58, 62, 65, 66 and 70)
water balance water balance
simple rainfall/|| multiple regression model (50% riodel (70% conceptual
runoff models models carryover factor)|| carryover factor) model
Month ‘Fm ds 'a percentage of meadsured mean yield for:=
1916~-20 1921-25 (| 1916=-20 1921-25!| 1916-20 1921~-25{| 1916-20 1921-25 1216-20 1921-25
January 47.4 52.9 43.7 40.6 52.7 26.5 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 53.9 375 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 2545 50.7 90.0 24,6 55.8 2261 19,2
September 40,1 40.4 20.6 47.9 38.9 70.5 28.5 54.9 49,3 68.1
QOctober 20.¢ 47.0 19.5 50.2 25.0 51.3 19.0 39.8 35.0 42,9
December 31,7 68.1 54,9 54.4 42,5 56.1 55.0 48.9 46,1 33.0
Annual - 20.3 23.7 22,0 22,1 1647 - 35,0 15,8 33.6 20.0 20.2 .
Monthly data Fm? 0.360 0.346 0.316 0.334 0..372 1.138 0.288 0.705 0.460 0.529
w b n g2 0.507 0.587 0.567 0.602 0.490 0.000 0.605 0.160 0.370 0.369
Annual data Fm? 11,991 11.657 14,025 10,115 8,069 25,298 7.263 23.378 11.596 8.468
" " " Rp2 0.005 0.221 0.000 0.324 0.330 0.000 0.397 0.000 0.038 0.434

09z -
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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 beycnd 1240 as 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 runcff 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 a;l 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 and 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 55, and the long-term means calculated from the blended record are

already listed in Table 61.

However, use of £he data must be in full awareness of the likely
errors involved. Estimated minimum standard errors of ﬁy given x3; and
%2 equal X3 and Xp are shown in Table 61 for the combined record. The
data are derived from the weighted values of SEy from Table 28 and

N .
SUY.X),X» 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 Sﬁy.x1,x2 from equation (27), and the statistics shown in
Apgendix I(5). 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:-

A e ot -
SYeX1,%2 = t0.,05 Sy.X1,X2 (x1=%1,%2-x2) |C11C12 X1-X1

faea]

C21C22| | x2-X2 i n (36}
For example, the new 1909-69 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 g F ® A M 3 I A 'S o 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
1511 96.4 83.5 89.2 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 le4 243
1931 305 235 76.6 136 1e1 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 120 134 148 jel 229 249 258 273 499 486 372 218 271
1952 °8,9 94.3 i10 102 259 264 261 243 398 662 340 234 256
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
1858 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 234 179 172 178 124 - - - - - - - 229
Mean: 162 127 151 204 280 323 247 277 497 47" 326 191 272

%?ggﬂes) 0.655 0,464 0.611 0.799 1.133 1.265 0.999 1.121 1.946 1.930 1,276 0.773 12.97

£€9¢C
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TABLE 73:  Paerau Bridge predicted mean seasonal discharge record
(cusecs): 1909-1911; 1914-1915; 1929-1935; 1940;
'1945-1946; 1951-1966

Year ‘Summer Autumn Winter Spring Jan.-Mar. Oct.-Mar,

;s 1909 - 207 257 435 198 -
1909-10; 1910 80.2 112 252 423 79.8 182
1910-11; 1911 892.8 103 256 421 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
19234=35; 1935 161 329 344 434 204 260
1235-36; 146 - - - - 241
1939-40; 19240 206 209 257 398 143 488
1940-41; ile - - - ~ 209
1944-45; 1945 284 323 277 435 187 312
1945-46; 1246 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
1265=66; 1966 166 181 233 277 195 243
Mean: 165 211 281 428 146 239
Mean (inches/

month: 0.631 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 correlation and regression models:
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 measureg 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 tables 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 Uppef Taieri basin, using the graphical
technique outlined by Searcy (1960). The eguations are given in Table
74 and are more fully defined in Appendix I(6). Discontinuities are
shown for the three Taieri River relationships and these are allowed

for in all subsequent analyses.

Wiéh 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 0.742 for Styx Creek probably
reflects the difficulty in obtaining a ;table 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 rgcord
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 egquivalent 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-catchment areas 1, 2a, 2b and 3 respectively.

Estimated standard errors of the Patearoca-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 Sﬁy.ﬁ from equation
(24), Values of x in equation (24) are initially éssumed to be errxor

free, and are the X data for Paerau Bridge given in Tables 282 and 29A.
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TABLE 74:  Discharge regression equations for

A.

B.

C.

D,

‘E.

determination (cusecs)

synthetic record

(Note: = Taieri discharge at Paerau; Q__. = Taieri discharge

ag Patearoa-Paerau; Qus =

Valley; O. = Loganburn discharge at Paerau;
Serpentine discharge at McDonald's Br.;

discharge at Paerau).

Taieri River at Paerau Bridge:

Taieri discharge at Upper Styx

QST = g%yx Creek

(1) Q= 6.56 0 - 23.22
(ii) QP = 1,04 Qpp_ 6.00 (For Qppv<200 cusecs) .

iii = 0.90 + 28,00(For 2200 cusecs).
(iii) Qp QPP ( QPP

Taieri River at Patearoa-Paerau Bridge:

Taieri River at Upper Styx Valley Bridge:

(1) Qus = 0,61 QP - 6,00 (For QP <120
(ii) Qus = 0.44 Qp + 15,00 (For QP 2120

Loganburn at Paerau:

1 o

Serpentine Creek at McDonald's Bridge:

= 0.15 + 3.92
QP

(1) Q.. = 0.111 Qp - 1.38

SE

Styx Creek at Paerau:

(1) 9

gp = 0:05 Q, + 3.28

cusecs) .

cusecs).

cusecs),

cusecs).



TABLE 75:

A. Taileri River at Patearoa-Paerau Bridge:
{(Catchment area above station = 285 square miles)

J
Mean discharge
(cusecs) : 168
Mean yield
" {(inches) : 0.680
Suy.X (cfs): . 4.53
SUy.X as %
mean discharge: 2.70
Maximum mean
monthly discharge: 556
Minimum mean
monthly discharge: 28.9

Mean Q (cfs):

Mean yield (ins/mth):
Lo

SHy.i (cfs) s

Suy.X as % mean Q:

Max. mean seasonal/

annual discharges

Min. mean seasonal/

annual discharge:

E

133

0.486
5.48

4,12

668
25.4
Sunmmer
184
0.735
8.55
4,65
520

47,7

1936-39; 1941-44;
M A M g g A
171 241 311 281 294 346
0.692 0.943 1,258 1.100 1.189 1.400
20.8 45,0 22,5 26.8 12.8 22.8
12,2 18.6 7.24 9.55 4.35 6.58
699 575 910 652 636 629
24,3 38.8 44.3 58.0 "131 122
Autumn Winter ‘Spring Oct.=Mar.
241 307 469 260
0.964 1.230 1.859 1.067
18.1 15.6 26.1 11.8
7.49 5,07 5.56 4,53
701 512 1171 525
58.9 136 189 133

(n3

3 years;

ny = 27 vyears)

1947-50;

4,17
1377

159

Jan.=-Mar,

158
0.619
6.87
4,35

577

41.2

1146

Mean discharge parameters for stations Patearoa~Paerau Bridge, Upper Styx Valley Bridge, Loganburn,

Serpentine Creek and Styx Creek (1912-13; 1916-28; 1,6.66-31,5.69)

| D
353 257
1.382 1,040

17.3 17.7
4,89 6.88
991 554
108 49,2

‘Annual

301

14.34 (ins)
11.8

3.93
499

133

89T



TABLE 75: Continued

B. Taieri River at Upper Styx Valley Bridge:
{catchment area above station - 101 square miles)

g £ 3 & .S 2 Z i g 2] X 2
Mean Q (cfs): 80.0  62.6  8l.1 114 146 133 139 161 240 237 163 120
Mean yield (ims.): 0.913 0.645 0.926 1.259 1.667 1.496 1.587 1.838 2.651 2,705 1,801 1.370
Spy.% (cfs): 3.89  4.07  3.90 5.70 8.70  7.36  7.95 10.4 19.4 19,1  10.6 6.39
Sly.X as % mean Q: 4.86  6.50 4.8l 5.00 5.96  5.53  5.72  6.43 8,08 8.05 6.53  5.32

Max, mean monthly

Q: 250 296 310 290 399 290 283 280 597 499 433 249
Min., mean monthly
Q: 9.80 7.00 6.80 15.2 18.5 26.5 68.5 63.9 79.8 8l1.0 53.4 21.4
Summer ‘Autumn Winter ‘Spring " 'Oct.~-Mar. ‘Jan.-Mar, " 'Annual )
[0
Mean ) (cfs): 86.8 114 144 214 121 . 75.0 140 ©
Mean vield (ins/mth): 0.976 1.284 1.631 2.386 1.393 0.828 ' 18.81 (ins)
SUy.X (cfs): : 4,07 5.70 8.51 l16.4 6.47 3.85 8.28
sliy.% as % mean Q: 4.69 5.00 5.91 7.66 5.35 5.14 5.91
Max. mean seasonal/
annual Q: 234 311 231 510 236 258 224
Min. mean seasonal/
annual Q: 20,6 26.3 68.8 91.6 62.2 16.9 64,2

(n, = 30 years)



TABLE 75: Continued

C. Loganburn at Paerau:
(catchment area above station ~ 58 square miles)

I E M & M 3 I Y s ° 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
Mean yield (ins): 0.558 0.329 0572 0.742 0.966 0.896 0.928 1.089 1.548 1.586 1.050 0.801
SHy.E “{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
SUy.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

Summer Autumn Winter Spring Oct.-Mar. Jan,-Mar, Annual tﬂ

Mean Q (cfs): 29.8 38.7 49.4 71.7 41.2 26.4 47.5 -
Mgan yield (ins/mth): 0.586 0.760 0.971 1.395 0.828 0.510 11.12 (ins)
SHy.i (cfs): 1.14 5.78 6.17 3.75 1.63 2.3 2.31
SHUy.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: 10.5 12,1 23.2 30.9 22.2 9.2 22.8
‘ (ny = 3 years; ns; = 27 years)



TABLE 75:  Comtinued:

D.  Serpentine Creek at McDonald's Bridge:
(catchment area above station - 41 square miles)

W Vz4

i E Mooa M I I A s ° N D
Mean ¢ (cfs); 15.4 11.8 15.7 22,6 29.6 26.6 27.9 33.4 52,1 50.1 33.8 24.3
Mean yield (ins): 0.433 0.300 0.441 0.615 0.832 0.724 0.784 0.939 1.418 1.409 0.920 0.683
Suy.g (cfs)s 2.76 3.01 2,75 2,59 2,87 2.70 2.77 - 3.16 5.37 5.28 3.21 2.62
SlUy.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 6l.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 10.8 14,5 14,9 9.30 3.40
Summexr 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
Mgan vield (ins/mth): 0.472 0.629 0.816 1.249 0.698 0.391 9.14 (ins)
Siy.x (cfs): 2,69 2,59 2.85 4,56 2,62 2.83 2.81
SUy.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 €6.0 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

(np = 30 years)



TABLE 75:  Comtinued

E. Styx Creek at Paerau:
(catchment area above station = 16 square miles)

Mean Q (cfs):

Mean yield (ins):

Sly.® (cfs):

SUy.X as % mean Q:
Max. mean monthly
Min. mean monthly

Mean Q@ (cfs):

Mean yield (ins/mth) =

SHy.% (cfs):

SUy.X as % mean Q:
Max. mean seasonal/

annual Q:

Min. mean seasonal/

annual Q:

E M A
2,60 11.3 14.3
0.625 0.814 0.997
2,99 2.72 2.34

31.1 24.1 16.4
35.3 36.7 27.0
4,30 - 4,20 4,90
Summer ‘Autumn
12.1 14.4
0.825 1.026
2.64 2,34
21.8 16.3
28.2 36.2
5450 6.00

(na = 30 years)

s o
28,3 28.0
1.973 2,018
2.98 2.94
10.5 10.5
69.5 58.3
10.9 10.9
Jan.-Mar.
10.8
0.751
2.80
26.0
31.0
5.20

Annual
17.5
14.85 (ins)
2.16
12.3
27.2

9.60

oL
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N
For the other stations listed in Table 75, the values of SlUy.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 Eridge 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 second 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 precision 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,
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However, the Paerau Bridge values used in the regressions are
not error free, since the X data listed in Tables 28A and 29A represent
ﬁx with errors as indicated by the listed SEX values. As such, if the
mean discharges listed in Table 75 are to be considered as estimates of
ﬁy rather than ¥ 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 involved, with reference made to equations (24) or (28)

and the statistics given in Appendix I(6).

Subcatchment extreme discharge 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 exrrors of about 1l percent are calculated for both
the flood and minimum flows at T equéls two years, and values of up to

21 percent are evident for the higher recurrence intervals.,
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TABLE 76: Standard errors of long-term Patearoa-Paerau Bridge,
Upper Styx Valley Bridge, Loganburn, Serpentine Creek,

‘and Styx Creek mean discharges, where x is not error
free

values of Sﬁy.i as a % of Table 75 mean discharges for:-

‘Patearca~Paerau Upper Styx Loganburn Serpentine 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 2545
May: 17.7 1547 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 16.8
September: 12.6 15.4 12,7 10.4 18.0
October: 17.6 15.6 17.0 19.5 17.7
November : 14.2 14,4 15.4 12,5 18,1
December : 9.1 15.8 15.9 23.8 23.8
Summer' 15.8 17.3 l16.1 33.1 31.8
Autumn : 17.4 14.0 24.0 23,8 24,6
Winter: 1i.1 11.1 17.8 174 16.9
Springs 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 16.6
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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 X 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 tributaries show a maximum for Styx Creek and a minimum for Serpentine
Creek. Calculated differences would reflect the inteagrating 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 % 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 frequency analysis summaries for the Taiert
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:

Return Period Flow Flow = {(cusecs/ Control curves :-
(years) (cusecs) square 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 8958 3.35 850 1066
2.00 1163 4,07 1042 1284
5.00 1667 » DeB3 1479 1855
10 2000 7.00 1725 2276
15 2189 7.66 1856 2522
20 2321 8.12 1947 2694
25 2422 8.48 2018 2826
50 2735 9,57 2235 3234
100 3045 10.66 ?538 3552

B. Taieri River at Upper Styx Valley Bridge:

‘Return Period Flow Flow - {cusecs/ Control curves:-
(vears) (cusecs) sguare 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 3,25 283 372
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 11,59 260 1382
100 1303 12,90 1088 1517

C. Loganburn at Paerau:

Return Period Flow Flow - (cusecs/ Control curvesg:=
(years) {cusecs) square 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 1.58 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
5.00 244 4,21 217 271
10 292 5.03 252 332
15 319 5.50 271 367
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 MeDonald's Bridge:

Return Period Flow Flow - (cusecs/ Control curves:-
(years) (cusecs) square 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
5.00 165 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 - 1l.16 2.82 27.3
1.03 24,3 1.52 17.7 30.9
1.10 32,6 2,04 272 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 54,5
2.00 59.1 3.69 53.3 64,9
5.00 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
50 135 8.44 111 159

100 150 L 9.38 125 174
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TABLE 78:  Annual minimum flow frequency analysis summaries for the Taieri
River at Patearoa-Paerau and Upper Styx Valley Bridges, Loganburm,
Serpentine and Styx Creeks (1912-13; 1916-28; 1936-39; 1941-44;
1947-50; 1967-69)

A. Taieri River at Patearoa-Paerau Bridge: (€ = 13.65 cusecs)

Return Period Flow Flow (cusecs/ Log flow Control curves:-
(years) (cusecs) square mile) (=loge(Q~€)) Lower Limit Upper Limit
(log) (log)
1.01 205 0.718 5.2555 4,.8321 5.6789
1.03 151 0.527 4,3204 4,5345 5.2064
1.10 97.7 0.342 4,4317 4,1004 4,7630
1.20 71.9 0.252 4.,0651 3.7683 4,.3618
1.30 58.9 0.206 3.8129 3.5168 4,1089
1,50 45,1 0.158 3.4496 3.1435 3.7557
2.00 31.3 0.110 2.8701 2.5271 3.2131
5.00 17.9 0.063 1.4440 0.9112 1.9768
10 15.3 0.054 0.4998 -0.9356 1.9351
15 14.6 0.052 ~-0.0329 -1.4683 1.4024
20 14,3 0,050 -0.,4059 -1.8413 1.0294
25 14,15 0.050 ~-0.6932 -2.1286 0.7421
50 13.86 0.049 -1.5783 -3.0136 -0.,1429
100 13.74 0.048 ~2,4568 ~-3.8921 -. -1.,0214

B. Taieri River at Upper Styx Valley Bridge: (€ = 0.57 cusecs)

‘Return Period Flow Flow (cusecs/ Log flow Control curves:-
(years) (cusecs) Sdquare mile) (=1oge(Q—€)) Lower Limit Upper Limit
(log) (log)
1.01 101 1.005 4,6142 4,2219 5.0065
1.03 74.6 0.739 4,3047 3,9474 4,6621
1.10 47,7 0.472 3.8533 3.5470 4,1597
1.20 34,2 0.338 3.5147 3.2407 3.7888
1.30 27.2 0.269 3.2818 3.0084 345553
1.50 19.6 0.194 2.9463 2,6636 3.2280
2,00 11.7 0.1l1l6 2.4111 2.0943 2.7280
5.00 3.56 0.035 1.0940 0.6020 1.5861
10 1.82 0.018 0.2220 ~-1.1036 1.5476
15 1.34 0.013 ~0.,2700 -1.5956 1.0557
20 1.11 0.0i1 -0,6145 ~1,9401 0.7112
25 0.929 0.010 ~0.8798 -2,2054 0.4458
50 0.76 0.008 -1.6972 -3.0228 -0,3716

100 0.65 0.006 -2.5085 -3.8342 -1.1829
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TABLE 78: Continued

C. Loganburn at Paerau: (€ = 0.00 cusecs)

Return Period Flow Flow {cusecs/ Log flow Control curves:-
(years) (cusecs) square mile) (=log (Q-€)) Lower Limit Upper Limit
© (1og) (1og)
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 2,92034 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 2.4006 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 0.4877 1.2937
15 1.86 0,032 0.,6180 0.1135 1.1226
20 1.53 0.026 0.4271 -0,1486 1.0027
25 1.32 0.023 0.2800 ~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: (€ = 0.00 cusecs)

‘Return Period Flow Flow (cusecs/ Log flow Control curves:-
(vears) (cusecs) square mile) (=loge(Q—€)) Lower Limit Upper Limit
" (log) (log)
1,01 18.55 0.452 2.9206 2.5001 3.3411
1,03 13.27 0.324 2.5855 2.2016 2,969
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 0.5352 0.1921 0.8782
5,00 0.41 0.010 -0.8209 ~-1.,4237 -0,3581
10 0.16 0.004 -1,.8351 -2.8830 -0.7872
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) square mile) (=loge(Q-e)) Lower Limit Upper Limit

(log) (log)
1.01 13.05 0.816 2.2206 1.7972 2.6439
1.03 10.43 0.652 1.8858 1.4995 2,2714
1.10 7.88 0.493 1.3967 1.0654 1.7280
1.20 6.64 0.415 1.0301 0.7334 1.3268
1.30 6,02 0.376 0.7779 0.4818 1.0740
1.50 5435 0.334 0.4146 0.1085 0.7207
2,00 4,69 0.293 -0,1649 -0,5079 0.1782
5.00 4,04 0.253 -1,5%910 -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
50 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 produéed 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.
Water balance model:
Precision limits of parameter estimates derived by water balance

models are not readily quantifiable. However, 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
yvear runoff distributions. Principal value of the method in the Upper
Taieri area, 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



TABLE 79:

January:
February:
March:
April:
May:
June:
July:
August:
September:
October:
November :
December:

Summer:
Autumn:
Winter:
Spring:
Oct-Mar.:
Jan-Mar,:

Annual:
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Upper Taieri River average catchment mean and sub-areas 1, 2a,
2b and 3 mean monthly water balance calculations (Thornthwaite
& Mather, 1957) for 1908-69

(Notes: (i) Four inches water holding capacity is assumed
(ii) calculations are made using the 1208-69 mean
precipitation and potential evapotranspiration
data
(iii) Abbreviations used (all units in inches):

D = moisture deficit; S = mecisture surplus)

Catchment Sub~-Area 1 Sub-Area 2a Sub=-Area 2b Sub-Area 3
Mean (Serpentine (styx Ck.) (Loganburn) | (U.Styx Valley

(Paerau Br.) Ck.) Br.)
D s |p s| o s | s |b s
0 0.21|0.03 0 0.01 0 . 0.02 0 0 0.90
0 0.47(0.29 0 0.01 0 0.01 0 0 1,13
0 1.28|0 o] 0 0.10( O 0.09( O 2.00
0 1.53|0 0 0 1,02 © 1.01| O 2,12
0 2.15(|0 0 0 1.73| © 1.66| 0 2473
0 2.69|0 1.50 0 2,29 © 2.22| 0 3.27
0 1.68(0 1.03 0 1.42| © 1.39| © 2.04
0 1.80(0 0.97 0 1.63| O 1.43| 0 227
0 1.32(0 0.62 0 1.05] O 1.00( © 1.85
0 1.00|0 0.01 0 0.53] © 0.49| © 1.56
0 0.85|0 0 0 0.28( O 0.26| O 1.50
0 0.59|0.09 0 0 o 0 0 0 1.35
0 1.27|0,.68 0 0.02 0 0.03 0 0 3.38
0 4.96|0 0 0 2.85] 0 2.76| 0 6.85
0 6.17|0 3.50 0 5.341 0 5.04| 0 7.58
0 3.24(0 0.63 0 1.86| 0 1.75| O 4.91
0 4.40|0,68 0,01 0.02 0.91] 0.03 0.84| © 8.44
0 1.96(0.59 0 0.02 0 0.03 0.09| © 4,03
0 15.,71|0.68 4.13 0.02 10.05| 0.03 9.55| 0 22.82
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moisture deficits 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 annual 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. Mgﬁn 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 25 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. Changes for Area 3 are

.less marked, as expected.

These results and general conclusions are important when estimates

of mean monthly and annual runoff. are made from the basic water balance



TABLE 80:

January:
February:
March:
April:
May:
June:
July:
August:
September:
October:
November:
December:

Summer :
Autumn:
Winter:
Spring:
Oct-Mar,:
Jan-~-Mar.:

Annual:
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Upper Taieri average catchment mean and sub-areas 1, 2a, 2b

and 3 moisture surplus and deficiency caleulations (Thornthwaite
& 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 yvear

record
Catchment Sub-Areal Sub-Area 2a Sub-Area 2b Sub-Area 3

Mean {Serpentine (Styx Ck.) {Loganburn) | (U.Styx Valley

(Paerau Br.) Ck.) Br,)
D S |2 S|k S |2 S| D S
0.15 0.56 [0.61 0.12(0.29 0.29/0.30 0.30| 0.08 1.07
0.21 0.91 |0.67 0.23|0,31 0.45|0.33 0.47| 0.16 1.42
0.14 1.16 [0.34 0.09|0.25 0.47|0.26 0.49| 0.13 1.93
0.01 1.15 [0.07 0.27(0.03 0.59|0.04 0.58| 0,01 1.82
0 1.99 (0.01 0.55|0 1.36|0 1.30( O 2.71
0 2.54 [0 1,140 2.13|0 2,00 © 3.36
0 1.68 [0 0.87|0 1.43|0 1.35| ©O 2,19
0 1.81 (0 0.98|0 1.64|0 1.46| 0 2.43
0] 1.39 |0 0.60(0 1.07|0 1,00 O 1.94
0.02 l1.21 |0.05 0.38|0,03 0.77| 0,03 0.76| 0,02 1«75
0.04 0.98 |0,13 0.16|0.06 0.53|0.07 0.52| 0.02 155
0.11 0.97 |0.34 0.17|0.18 0.4%|0.20 0.50| 0.08 1.56
0.47 2,44 |1.63 0.52(0.78 1.23|0.83 1.27| 0.32 4,05
0:15 4,30 |0.42 0.91]0,.28 2.,42(0,30 2.38| 0.14 6.46
0 6.03 |0 2,99|0 5.20|0 4,81 0O 7.98
0.06 3.58 |0.18 1.14|0.09 243710.10 2.28| 0.04 5.24
0.67 5,79 |(2.14 1.15(/1.13 3.00/1.19 3.04( 0.49 9.28
0.50 2,63 |1.61 0.44|0.85 1.21/0.89 1.26| 0.37 4,42
0.69 16.35 [2,22 5.56|1.15 11.22)1.22 10.74| 0,50 23.75
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equation given as Q = P-PE. The method has been demonstrated by Penman
{1956) , Kohler (1964), Clark & éruce (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 conditionél on the absence of leaks in the hydrological

system,’ '

Pigure 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 water 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 isogyetal
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

rlanimetering 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 8l1. Also listed are mean annual yield summaries from Tables
55, 75, 79 and 80. Individual 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 es£imates, general
application of the basic water balance equation canmot be recommended for

vield calculations.
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FIGURE 41: Upper Taieri catchment isolines of potential mean
annual runoff (1908-1969)



TABLE 81: Upper Taieri River total and sub-catchment mean annual potential evapotranspiration (PE),
precipitation (P), and yield (@) summaries for 1908-69

(Note: see Tables 50, 51, 55, 64, 75, 79, 80 and Figure 41)

‘Total

Area 1 Area 2a ‘Area 2b - ‘Area 3 ‘Catchment:
'Representative! Serpentine Ck, Styx Ck. Loganburn U.Styx - Paerau Br.
station: Valley Br.
Area (sg.miles): 77.2 29,8 8l.1 97.0 285
Mean altitude (ft): 2400 3400 2800 3000 2800
1908~=69 mean annual
PE (inches): 21.84 19.66 20.93 20,49 20.93
1208~69 mean annual
P (inches): 25.33 29,73 30.52 43,35 36,64

1908-69 mean annual

‘potential' yield

(Q = P-PE): 3.49 10.07 2.59 22.86 15.71
1908-59 ischyetal :

mean annual potential

vield (inches):. . 3.54 10,66 9,64 18,76 11.20
1208-69 mean annual

yvield (inches) = ex

Table 79: 4,13 10,05 9.55 22,82 15.71
1908-~69 mean annual

vield (inches) - ex .

Table 80: 5.56 11,22 10.74 23.75 16.35
Mean annual yield

ex Tables 55, 75

{inches): 9.14 14.85 11.12 18.81 i6.78

88¢
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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 gemeration model: general

Stochastic flow simulation is a useful technique for generating
hypothetical sequences of events from a shorter historical data series.
The seque;ces 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, subsegquent 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 cdmpare 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. The model is formulated as a recursion equation for

unit time intervals of months, and takes the form:

Q=%+ T (§+1)

Qi and Q(i+1) are discharges for the ith and (i+;)st month respectively,

(Qi-s'zj) +t.0 {1—:3.2);" (37).

reckoned from the start of the synthesised sequence; Qj and §(j+1) are
the mean monthly discharges for the jth and (j+:)st month respectively,
within a repetitive annual cycle of 12 months; bj is the regression
coefficient to estimate flow in the (j+3;)st month from the jth month;
ti is a random, normal deviate with zero mean and unit variance; G(j+1)
is the standard deviation of flows in the (j+;)st month; rj is the

correlation coefficient between the flows of the jth and (j+3)st month.

Equation (37) char;cterises a circular random walﬁ, with discharge
in the (i+;)st month comprising a component which is linearly related
to that in the ith month, and a random additive element. Derivation of
Q(i+1) produces a continuous, unbounded, and serially correlated flow

sequence for simulation studies,

Thomas & Fiering sequential generation model: Paerau Bridge streamflow
record generation ’
Generation of streamflow records for thg 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
§eries. Easic 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 seguences could hence be
generatéd. 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 minima,
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 imbortant, and 1.00 when

the synthetic record is required to approach as closely as possible the



TABLE 82: (DASTAT) Statistical analysts of river flow: analysie of mean monthly flow (cusees) 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 i E ¥ A 2w 3 3 a 8 0o .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. (D): 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 62.92 105 117 1i3 109 105 149 168 110 105 %5
(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 ;8
Sl of Skew: 0c.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 1.29 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 0.03%9 0.024 0.098 0,197 0.309 0.474 0,560
SE of Reg.Co.: 0.189 0,224 0.449 0,305 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 ~-0.288 -0.234 -0.177 -0.082 0.009 0.l62 0,304

(5) COR. CO. (N): 0.521 0.4%2 0.454 0.413 0.174 0.036 0.028 0.166 0.298 0.404 0.4°20 0.551
(6) MEAN ANNUAL FLOW (D): - 276 cusecs.



TABLE 83:  (GENSYN) synthetic record of river flow:
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input statistics

of monthly flows for Taieri River at Paerau Rd. Bridge
(70 year synthetic record)

A. OSKEWMIN = 1.00; RANDOM SEQUENCE INITTALISING VALUE = 999899999
(NINE DIGIT ODD INTEGER)

Month Mean Std. Dev, Skew Reg. Co.
1l 162 127 1.569 0.382
2 117 101 0.965 0.228
3 129 78.3 -0,047 - 0.759
4 212 131 0.496 0.832
5 250 146 0,687 0.131
6 270 141 0.700 0.032
7 291 135 0,755 0.024
8 324 131 0.680 0.098
] 503 185 0.555 0.197

10 517 209 0.420 0.309
11 317 137 0.186 0.474
12 220 130 0.316 0.560

B, SKEWMIN = 0.00;

Cor. Co.

0.521
0.492
0.454
0.413
0.174
0.036
0.028
0.166
0.298
0.404
0.490
0.551

RANDOM SEQUENCE INITTALISING VALUE = 999899999
(NINE DIGIT ODD INTEGER)

Reg. Co.

‘Month Mean Abs, Min, Std. Dev. Skew Cor. Co.
1 162 25,0 127 5.464 0.382 0.521
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 0.413
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 0.404
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 ¢ (cusecs)).

C. SKEWMIN = 0,003 RANDOM SEQUENCE INITIALISING VALUE = 100000001
(NINE DIGIT ODD INTEGER) - Input statistics as for B.



1294

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 iﬁ 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
skewnin 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, thoggh 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 maximumn 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 streamflow simulation for multipurpose engineering design.



TABLE 84:

(1)

(2)

(3)

(4)

(5)
(6)
(7)
(8)

‘Statistic

Mean (D):

SE of Mean:
Mean + SE:
Mean - SE:

STD. DEV.(D):
SE of Std.Dev.:
Std.Dev. + SE:
Sstd.Dev., = SE:

SKEW (N):

SE of Skew:
Skew + SE:
Skew ~ SE:

REG.CO. (N) ¢

SE of Reg.Co.:
Reg.Co. + SE:

Reg.Co. -~ SE:

COR.CO. {N) :
Max. Value (D):
Min. Value (D):

MEAN ANNUAL FLOW (D):

-

185

14
198
171

115.
9.7

125

105

0.711
0.287
0.997
0.424

0.323
0.081
0.404
0.241

0.434
513
0.0

B

141

10
151
131

85.4

7.2
92.6
78.2

0.796
0.287
1.082
0.509

0.160
0.090
0,250
0.070

0.210
409
0.0

288 cusecs.

=

122.
7.8

130

115

64.9

5.5
70.4
59.4

0.298
0.287
0.585
0.011

0.599
0.209
0.808
0.390

0.328
289
6.0

(DASTAT) statistieal analysie of river flow:
Gensyn for Taieri River at Paerau Rd. Bridge.
Random generator = 999999999)

>

222

14
236
208

119

10
129
109

0.444
0.287
0.731
0.157

0.903
0.129
1,032
0.775

0.648
515
0.0

analysis of synthetie mean monthly flow (cusecs) from

=

260

20
279
240

165

14
179
151

0.537
0.287
0.823
0.250

0.149
0.103
0.252
0.046

0.173
656
0.0

1=]

269

17
286
252

142

12
154
130

0.565
0.287
0.851
0.278

0.092
0.116
0.208
-0.024

0.096
664
0.0

g

303

16
319
287

136

12
148
125

0.259
0.287
0.056
=0.028

'-0.102

0.115
0.013
=0.216

-0.107
684
29.0

(Length of record = 70 years;

A

327

16
342
311

130

il
141
119

0.808
0.287
1.094
0.521

0.049
0.168
0.217
-0.119

0.035
717
87.0

s

502

21
524
481

180

15
195
165

-0.262
0.287
0.024

~0.549

0.221
0.138
0.359
0.083

0.1°1
879
79.0

o

538

25
563
514

208

18
226
191

0.303
0.287
0.590
0.016

0.342
0.072
0.414
0.270

0.497
1181
66.0

Skeumin = 1.00;

N

350

17
367
333

143

12
155
131

=-0.243
0,287
0.044
-0.529

0.425
0.089
0.514
0,335

0.499
685
13.0

o

239

15
254
225

122

10
132
112

0.145
0.287
0.432
-0.141

0.384
0.103
0.487
0.281

0.413
510
0.0

GéC



TABLE 85:

(1)

(2)

(3)

(4)

(5)
(6)
(7)
(8)

999999999)

Statistic

Mean (D):
SE of Mean:
Mean + SE:
Mean - SE:

STD. DEV.(D):
SE of Std.Dev,.:
Std.Dev, + SE:
std.Dev. - SE:

SKEW (N):
SE of Skew:
Skew + SE:
Skew - S3i:

REG.CO. (N} 2

SE of Reg.Co.:
Reg.Co. + SE:
Reg.Co. - SE:

COR. CO. (N):
Max. value (D)
Min. value (D):

MEAN ANNUAL FLOW

(D)

<

173
9.4

182

163

78.3

6.6
85.0
71.7

0,965
0.287
1.252
0.678

0.455
0.084
0.540
0.371

0.547
442
54.0

F

119
7.8

127

111

65.2

5.5
70.7
59.6

1.209
0.287
1.49%96
0.922

0.134
0.122
0.256
0.012

0.132
316
34.0

H 283 cusecs.

(DASTAT) statistical analyeis of river flow:
Taieri River at Paerau Rd. Bridge.

M A
126 208
7.9 14
134 222
118 194
66.0 116
5.6 9.8
71.6 125
60.4 106

1.248 2,028
0.287 0.287
1.534 24315
0.961 1.741

0.767 0.806
0.191 0.078
0.958 0.884
0.576 0.728

0.438 0.780
375 746
38.0 58.0

analysis of synthetie mean monthly flow (cusecs) for
Skewmin = 0.003

=

234

14
248
219

119

10
129
109

1.233
0,287
1.520
0.947

0.321
0.114
0.434
0.207

0.324
644
87.0

2

271

14
285
256

118

10
128
108

0.562
0.287
0.849
0.275

0.127
0.128
0.255
~0.001

0.119
616
83.0

(Length of record = 70 years;

X

289

15
304
274

126

11
136
115

1,333
0.287
1.620
1.047

-0.054
0.118
0.063

~0.172

-0.056
684
133

2

337

15
351
322

122

10
132
112

0.896
0.287
1.183

0.610°

0.301
0.182
0.483
0.119

0.196
675
166

5

553

22
575
530

187

16
203
173

0.828
0,287
1.115
0.541

0.104
0.117
0.220
~0.013

0.107
1204
232

Random generator =

o

526

22
548
505

181

15
197
166

1.364
0.287
1.650
1.077

0.356
0.082
0.438
0.274

0.467
1233
221

o)

333

17
349
316

138

12
150
127

1.611
0.287
1.897
1.324

0.443
0.096
0.539
0.347

0.487
925
154

o

231

15
246
216

126

11
136
115

1.627
0.287
1.914
1.340

0.492
0.048
0.540
0.444

0.779
735
78.0

96T



TABLE 86:

(DASTAT) statistical analysis of river flow: analysis of synthetic mean monthly flow (cusecs) from
Gensyn for Taieri River at Paerau Rd. Bridge. (Length of record = 70 years; Skeumin = 0.00;
Random generator = 100000001).
statistic I F M a n g z A s 0 N
(1) Mean (D): 156 107 129 196 235 272 283 330 511 542 308
SE of Mean: 8.7 7.0 9.0 13 14 15 15 15 20 23 13
Mean + SE: 165 114 138 209 249 287 298 345 531 565 321
Mean - SE: 147 100 120 183 221 257 268 314 490 519 296
(2) STD. DEV.(D): 72.7 58.2 75.1 110 118 125 127 129 171 194 106
SE of Std.Dev,: S 4.9 6.3 9.3 10 11 11 11 14 16 2.0
Std.Dev. + SE: 78.9 63.2 81.4 119 128 136 138 139 186 210 115
Std.Dev. - SE: 66.6 53.3 68.7 101 108 114 116 118 157 177 27.1
* (3) SKEW (N): 0.960 2,000 1.486 1.844 1.028 0.747 1.342 1.113 0.542 0.750 0.923
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
Skew + SE: 1.247 2.286 1.773 2,131 1,315 1.033 1.62¢ 1.400 0.82° 1,037 1.210
Skew - SE: 0.674 1.713 1.200 1:557 0.742 0.460 1.055 0.827 0.255 0.463 0.636
(4) REG.CO.(N): 0.295 0.254 0.848 0.772 0.236 =0.130 =~0.040 =-0.063 0.246 0.333 0.395
SE of Reg.Co.: 0.090 0.153 0.145 0.090 0.125 0.122 0.123 0.l161 0.134 0.053 0.108
Reg.Co,. + SE: 0.385 0.407 0.963 0.863 0.362 =0.008 0,083 0.098 0.380 0.385 0.502
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
(5) COR.CO. (N): 0.368 0.197 0.580 0.719 0.223 =0.128 -0.0392 =-0.047 0.218 0.608 0.407
(6) Max. value (D): 349 359 411 654 621 602 739 811 951 1144 649
(7) Min. value (D): 54,0 32.0 34.0 59.0 66.0 99.0 141 157 208 211 144
(8) MEAN ANNUAL FLOW (D): 273 cusecs.
~ (9) Recorded Max.: 533 641 670 550 873 625 610 603 1322 1100 951
(10) Recorded Min.: 25.9 22,1 21.3 35.1 40.9 53.8 124 116 151 153 102

D

208

12
220
196

103
8.7

112
94.2

1.340
0,287
1.627
1.054

0.510
0.059
0.569
0.451

0.722
543
75.0

531
45.4

4. YA
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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. The average annual flow differs by only one percent

for the simulation.

Ho&ever, 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. A long=-term

.

synthetic flow series is thus not tabulated here.
CONCLUSIONS

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 precipitatioﬁ, 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 operation 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 populatiocn 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 daté series still does not permit estimates of all required population
parameters at the levels of precision stated as needed. A summary of the

principal conclusions reached is given as follows.

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 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

ﬁonths.

Average catchment mean annual precipitation 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 %asin 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. Sub~catchments thus

chosen form the basis of subseguent analyses.

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., Temperature record extension is

achieved without loss of information.

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. 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 regquired 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. The maximum gain in effective record length is shown

to be 11 years.

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 modification 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 for the Paerau Bridge station. Versions with 50 and 70 percent
carryover - factors of water available for runoff arxe 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 1521—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 tﬁé 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. However, the benefits of model generality are lost by

the changes.

A large proportion of the general water balance runoff prediction
errors can be ascribed to incorrect determinatiop of within year runoff
distributions. Principal value of the method in the Upper Taieri area
is thus to determine the spatial and temporal variations in meoisture

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
palculated 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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Tt is also shown, inter alia, from these results that except for
initial estimates, general appliéation of the basic water balance equation
cannot be recommended for yield calculations. Catchment mean annual
vield 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

moisturé 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 model 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 valqes 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 length, 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 ;f 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 recalculatian as shown. Only the long~term mean
annual discharge for ILoganburn 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=-catchment extreme values
at the regquired 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 cbosen 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 thg 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 smallest catchment. The cost of ad hoc hydrological
observations 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 ordexr to sample the time and space variability
of hydrological variables., It is necessary to introduce a sampling
technigque 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 assumed. A complete network of representative
basins in any one country would thus sample the hydrology of the entire

country.

The purposes 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 hydfological 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, egch 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
selected, 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 consclidated 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 hydrolog&', 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 regions (Blake, et al., 1979), or the similarity of

hydfological 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 receésion 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. aA
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 numerical statement as to allowable variation may
be different for each parameter and must be chosen with care. Fof
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 mean 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 armual 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 vield, or because of a different hydrological regime. Departure of
the Log;nburn relationship from the expected regional pattern can be
explained by the dominant influence on the runocff 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

.
S

cannot be generally translated elsewhere.
Flow-duration curve variability indices:

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 (MeMahon,

1969).

Average annual flow-dufation curves have been computed from the
total and sub-catchment éaily 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 comparisons 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 duraticn tables,
percentile yields, and variability indices for 1912-13;
1916-28; 1936-44; 1947-50; 1966-69
(Note: 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 £0.4
2 2980 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 2.76 375 100 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 l6.8
25 390 167 2247 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 0.71 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 0,57 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 0.52 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
20 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
929 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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Serpentine Creek at

McDonald's Br,

(3)

72.4
57.0
43.7
34.8
28.0
24,3
21.7
19.6
16.1
13.4
12.8
11.4
9.37
7.60
7.06
6.38
5.70
4.89
3.80

% Time discharge Styx Creek
equalled or exceeded at Paerau
(1) (2)
0.1 85.2 5.33
0.5 67.2 4.20
2 51.5 3.22
5 41.0 2.56
10 33.0 2.06
15 28.6 1.79
20 25.6 1.60
25 23.0 1.44
35 19,0 1.19
45 15,8 0.99
50 15.0 0.94
55 13.4 0,84
65 11.0 0.69
75 9.00 0.56
80 8.30 0.52
85 7.50 0.47
20 6.68 0.42
95 5.70 0.36
29 4,42 0.28
99,9 - -

variability index
(Lane & Lei, 1249): "

0.269

(1)

170
133
100
79.0
62,0
51.8
45,5
40,0
31.2
24.7
21.0
19.5
15,0
10.6
8,55
6.80
4,90
2.85

-

€2)

4,15
3.24
2.44
1.93
1.51
1.26
1.11
0.98
0.76
0.60
0.51
0.48
0.37
0.26
0.21
0.17
0.12
0.07

0,433

(3)

56.3
44,0
33.1
26,2
20.5
17.1
1541
13.3
10.3
8,14
6.92
6.52
5.02
3.53
2,85
2.31
1.63
0.95
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The results cannot be used to conclusively demonstrate or refute
hydrological 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 cﬁrve 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 gquantified 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. Hydrological

inhomogeneity can cnly be suspected.

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~flow recession eurve 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 nonllinear 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

Q. =0Qe (38).

Qo is the initial discharge, Qt the discharge at time t, and K (equals e‘a)

is the recession constant.

Master recession curves are determined for each of the flow measure-
ment stations, using the me£hods 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. Table 88

gives a summary of the results.

Spatial variability of low flow characteristics is assessed from
the differences in presented K values and unit area base-flows, Breaks
in slope are found for all the récession 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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TABLE 88:  Upper Taieri basin master discharge recession curve

equations and parameters

(Note: K = e ® = recession constant; to 5 = time taken for
baseflow of stream to halve (Martin, 1973);
*Q; {(csm) = discharge in cusecs per sg.mile at t = 0 days;
*Q1 (csm) = discharge in cusecs per sg.mile at t = 10 days.
(*see text for location on recession curve)
A. Taieri River at Patearoa—~Paerau Bridge:
{(a) June 1966-August 1969: For t >0 days; Q <380 cusecs;
0 = 380e"2°%%%% (or o = 380(0.009)").
Q; = 0,35 csm; Qio = 0,14 csm;
K = 0.908; to.5 = 7.2 days.
B, Taieri River at Paerau Bridge:
(a) April 1913-August 1969: For t 14 days; Q 2103 cusecs;
0 = 490 01T (or ¢ = 490(0.895)%).
K = 0.895
(b) April 1913-August 1969: For t >14 days; Q <103 cusecs;
0= 103e—o'108t (or 9 = 103(0.898)t);
Q:= 0.44 csm; Qio = 0,15 csm;
_ K = 0.898; tO.S = 6.4 days.
C. Taieri River at Upper Styx Valley Bridge:
(a) June 1966-August 1969: For t <14 days; Q 256 cusecs;
0 = 178¢"0 983 (or ¢ = 178(0.917)%);
K = 0,917
(b) June 1966-August 1969: For ¢ P14 days; 0 <56 ausecs;
-0 7
0 = 56e 0 137t (org = 56(0.871)%);
Q:= 0.55 csm; Qio = 0.14 csm;
K = 0,871; t0.5 = 5,0 days.
D. Styx Creek at Paerau:
(a) June 1966-August 1969: For t €15 days; Q 27.4 cusecs;
0 = 2187020728 (o1 ¢ = 21.8(0.935)%);
K = 0,935
(b) June 1966~August 1969: For t >15 days; Q <7.4 cusecs;
0= 7.4 9% (or 0 = 7.4(0.962)%);
Q; = 0,46 csm; Qio = 0,32 csm;
K = 0,962; t = 18 days.

0.5
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TABLE 88:  Continued

E. Loganburn at Paerau:

(a) March 1966-August 1962: For t >0 days; Q <63 cusecs;

0 = 6360982t (or 0 = 63(0.926)%);
Q; = 0.31 csm; Qio = 0,14 csm;
K = 0,926; t0.5 = 9,0 days.

F.  Serpentine Creek at MeDonald's Bridge:

(a) March 1966~August 1969: For t €12 days; Q 212,5 cusecs;

Q = 39729 (or 0 = 39(0.909)%);
K = 0,909

(b) March 1966-August 19€9: For t >12 days; Q <12.5 cusecs;
0 = 12.56 0128 (or o = 12.5¢0.881)%);
Q;= 0.31 csm; Q:°= 0.09 csm;
K = 0.881; t = 5,5 days.

0.5
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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 Q: at these points are seen to vary between
0,55 csm for the Upper Styx Bridge and 0.31 csm for Serpentine Creek.
The main river shows a downstream reduction in Q; from 0.55 csm through
0.44 csm to 0,35 csm at the Patearoca-Paerau Bridge. If 20 percent is
again accepted as the allowable difference criterion, the Serpentine

Creek Q; value is the only exception to hydrological homogeneity.

Similar conclusions are made from the unit area base=~flow discharge
values ten days later (Q:O). 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 Q; and Q:o data in Table 88 show the variations of available
groundwater quantities in the Upper Taieri arca, 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 X 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 té 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 X value outside the

linmit 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 ) is a more satisfactory parameter

OI5

than the K value to determine recession rate differences. values

0.5
are given for each station in Table 88, If plus or minus 25 percent

is accepted as the t limits of within catchment variation, Styx Creek

0.5
is again found to be hydrologically dissimilar from the surrounding

region. has an allowable range of from five to nine days by the

0.5
stated criterion.

Overall results from the total and sub-catchment recession curve
analyses suggest that the Upper Taieri catchment 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 StnyCreek 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. Q;
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 Q;
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.



320

Variables used in the New Zealand regional classification are
precipitation, 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))e 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 s;em 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
minus 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 pericd values are considered.
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The results are disappointing overall. Standard errors of
prediction for some of the sub-catchment streamflow parameter values
preclude reliable determination of within catchment differences.
Nevertheless, the sub-catchment 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
ldw 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 sﬁatial differences of catchment

precipitation and storage.
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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. However, the periods in which plant growth

can be expected are:-—

(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 ~ne
year in seven and four respectively. The gradual cessation of spring growth

is due to an increase in evapotranspiration rather than diminished rainfall.

Frost incidence in the area also has considerabie 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. Meteofélogical 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)

3 FE M A M I I A S O

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%)

Year

|=
o

B. Number of days with screen frost:
(Naseby State Forest: 1923-60; 2,000 feet)

J F M A M J J A S O

1.1 1.2 3.6 8.217.8 22,7 25.4 22.5 16.0 9,0 4.5 1.6 133.,6 (36.6%)

B
o

Year
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TABLE 89:  Continued
C. Probability of ground frost in the growing season:

Sept. Oct, Nov. Dec. Jan. Feb. Mar, April
1:1.54 1:2,25 1:4.26 1:8.,38 1:10,692 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 grounﬁ 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
increasedhfrequency 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
Novembexr-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



325

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 prodﬁction is to be attained. Thornthwaite
{1953) has concluded thqt 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 sﬁace 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 phe 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-catchment mean monthly, seasonal and annual moisture deficits in inches

for the period 1908-69 (4 inches water holding capacity assumed)

1. Total Catchment:
g F M o

Mean: 0.147 0.214 0.145 0.025
Max: 1.259 1.633 1.373 0.591

Year: 1917 1911 1956 1929
Min: O 0 0 0

2. Sub-area 1 (Serpentine Creek):

J F M o

Mean 0.607 0.666 0.335 0.052
Max: 1.939 2.930 1.763 0.716

Year: 1930 1938 1956 1929
Min: O 0 0 0]

3.  Sub-area 2a (Styx Creek):

{o

g E M

Mean: 0.285 0.311 0.249 0.029°
Max: 1.434 1.891 1.477 0.567
Year: 1917 1911 1956 1929
Min: O 0 0 0

=2

0.036
0.528
1937

1=

0.130
0.913
1937

12

0.062
0.666
1937
0

D ‘Annual © Spring = Summer ‘Autumn ‘Oct-Mar. Jan-Mar.
0.113 0.693 0.061 0.479 0.156 0.682 0.506
1.056 2.911 0.723 3.195 1.674 3.220 2,799
1961 1911 1937 1917 1930 1956 191l
0 0 0 0 0 0 0
D Annual Spring Summer Autumn Oct-Mar, Jan-Mar.
0.340 2.221 0.184 1.632 0.423 2.144 1.608
1.526 6.179 1.186 4.382 1.949 6.087 5.017
1939 1929 1937 1917 1929 1911 1930
0 0.217 0 0 0 0 0

D Annual Spring Summer Autumn Oct~Mar, Jan~-Mar,
0.183 1.154 0.091 0.787 0.284 1.125 0.845
1.043 4.110 0.868 3.561 1.961 4.341 3.675
1961 1511 1937 1917 1930 1911 1811

0 0 0 0 0

0 0.027

9ze



TABLE 90:

4.

Mean:
Max:
Year:
Min:

Continued

2

0.300
1.499
1217
0

Sub-area 2b (Loganburn):

£ L g 2

0.325 0.259 0.033 0.067
1,993 1.563 0.601 0.688
1911 1956 1929 1937
0 0 0 0

Sub-area 3 (U. Styx Valley Bridge):

Mean:
Max:
Year:
Min:

Z

0.083
1.073
1917
0

£ i v e F

0.158 0.125 0.020 0.024
1.455 2.380 0.579 0.372
1933 1956 1929 1937

0 0 0 0

0.195
1.106
1961

0.077
0.997
1961
0

Annual Spring ‘Summer Autumn Oct-Mar. Jan-Mar.
1.219 0.109 0.828 0.298 1.184 0.883
4,386 0.923 3.753 2.074 4,559 3.849
1911 1237 1917 1930 12011 1911
0.021 0 0 0 0 0

Annual Spring Summexr Autumn  ‘Oct-—-Mar., Jan-Mar,
0.495 0.044 0.321 0.133 0.486 0.366
2.741 0.579 2.744 2.380 3.087 2.741
1956 1929 1917 1956 1956 1956
0 0 0 0 0 0

y4A>
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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 5,50 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 cuxrves 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,

Discussion 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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TIME MOISTURE

%
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100
95+
S04
85-
80-
75+
70+
65+
ANNUAL
60
SUMMER + JANUARY - MARCH
55 ‘ DECEMBER
‘ JANUARY
50'\ “ MARCH
*
/ AUTUMN (Mch. - May.)
40- OCTOBER
\ "‘ NOVEMBER
} SPRING (Sept. - Nov.)
35- \“
\‘\ SUMMER {Dec. ~ Feb.)
304 “ \‘ JANUARY — MARCH
'\" ‘\ OCTOBER — MARCH
2 |‘ \ \
20 FEBRUARY
5+
10+
54
0 + + | + 1 + t +
0 1-0 20 3.0 4-0 50 6-0 7-0
MOISTURE DEFICIT - INCHES .
FIGURE 43: Percentage time Upper Taileri sub-Area 1 mean monthly,

seasonal and annual moisture deficits are equalled
or exceeded for the period 1308-1969
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100
95+
90-

85-

754
704

65+

60

55 ANNUAL

SUMMER (Dec.~Feb.)
50 OCTOBER — MARCH

45

5 OCTOBER
54 NOVEMBER

DECEMBER

30 SPRING (Sept.— Nov.)

25+

2047

154

JANUARY

FEBRUARY
MARCH
AUTUMN { Mch.— May.)

JANUARY — MARCH
ANNUAL

-+
-

0 05 10 . 15
MOISTURE

20

25 ‘30 35
DEFICIT - INCHES

FIGURE 44: Percentage time Upper Taieri sub-Area 2a mean monthly,
seasonal and anmual moisture deficits are equalled or
exceeded for the period 1908-1969

40
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100

95+

80+
754

70+

60

55

45+
404
354
30ﬁ
254

204

OCTOBER — MARCH

ANNUAL

SUMMER ( Dec. - Feb.) + JANUARY — MARCH

SPRING (Sept. - Nov.)
NOVEMBER
OCTOBER
DECEMBER

JANUARY
FEBRUARY
MARCH

AUTUMN

{ &&ch. - May.)

JANUARY — MARCH

ANNUAL

—
-

-

05

-+

25

="
Y

3-0 35 4.0

MOISTURE  DEFICIT ~ INCHES

FIGURE 45: Percentage time Upper Taieri sub-Area 2b mean
monthly, seasonal and annual moisture deficits
are equalled or exceeded for the period 1908-1969
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85
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75
704
651
60- ANNUAL
857 SUMMER (Dec. - Feb.)

+ JANUARY - MARCH
50-
451 OCTOBER — MARCH
40-
35-
30-

FEBRUARY
AUTUMN (Mch. - May.)
SPRING (Sept. - Nov.)
‘ OCTOBER
<\ NOVEMBER
‘ ‘ DECEMBER
“\ o“{\ JANUARY JANUARY - MARCH
10- ARCH SUMMER
\ O NS ANNUAL
Ottt e e
o] 05 1-0 (-5 2:0 25 3.0

MOISTURE DEFICIT — INCHES

FIGURE 46: Percentage time Upper Taieri sub-Area 3 mean monthly,
seasonal and annual moisture deficits are equalled
or exceeded for the period 1908-1969
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March and October-March, there is a 50 percent chance that the moisture
deficit wil} 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 £hat 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 ordex to maintain regular crop production. It is assumed
that fros; 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
assumed, 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
inches, and for January-March the value is 2.70 inches. Median require-

ment values are of course less.



TABLE 91:

A.

Period

October:
November :
December:

January:
February:

March:

Annual:
Spring:*
Summer:*
Autumn:*
Oct~Mar.:*
Jan-Mar.:*

Area 01:
Area 2a:
Area 2b:
Area 03:

Total Area:

335

Estimated irrigation requirements in the Upper Taiert
Styx Basin Area (Area 01): 1908-69 (62 years)

(Based on Thornthwaite & Mather, 1957;
holding capacity and 60 percent irrigation efficiency
assumed)

Moisture Deficit (Ins.)

Mean Median Highest Highest

4 inches water

Gross Irrigation Requirements (Ins.)

Mean Median Highest Highest

in 75%

in 90%

of years of years

in 75%

in 90%

of years of years

0.05 0,00 0.04 0.25 0.08 0.00 0.07 0.42

0.13 0.00 0.14 0.40 0.22 0,00 0.23 0.67

0.34 0.14 0.63 1,07 0.57 0.23 1,05 1.78

0.61 0.50 1.10 1.56 1.02 0.83 1.83 2.60

0.67 0.50 1.10 1.59 1.12 0.83 1.83 2.65

0.34 0.00 0.60 1.40 0.57 0.00 1.00 2.33

2.22 1,97 3.02 4.50 3.70 3.28 5.03 7.50

0.18 0.10 0.24 0.53 0.30 0.17 0.40 0.88

l1.62 1.14 2.83 4.22 2,70 1.90 4,72 7.03

0.42 0.03 0.95 1.81 0.70 0.05 1.58 3.02

2,14 1.14 3.61 6.27 3.57 1.90 6.02 10.45

l.62, 1.00 2.80 4,55 2,70 1.67 4.67 7.58
(*seasonal data summed from individual monthly values)

PERCENTAGE OF YEARS IN WHICH IRRIGATION NOT REQUIRED:

o N D J F M Year Spr. Sum. Aut. Oct-Mar. Jan-Mar.
43 43 34 15 26 56 0 15 2 33 2 2
63 57 44 36 36 62 0 33 10 48 5 11
61 59 44 33 36 64 0 31 7 48 5 8
79 72 66 64 56 74 7 52 25 69 17 26
75 70 56 49 51 70 3 49 17 64 12 21
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However, although the average October-March requirement amount to
only 3.57 inches, irrigation neeﬁ 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 ;ix 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 goverh the capacity of the water distribution and
application system. The maximum need values are thus thos;.shown for

February -~ 1.83 inches in 75 percent of years, and 2.65 inches for 20

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 summer-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 egquipment
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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

General:

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 is 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 al (1966), and Grant (1268, 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" and "partial drought"

(Coulter op. cit), and to aspects of long-term drought,
Partial and absolute droughte:

Analysis of these aspects requires daily precipitation data, and
thus for the study area is réstricted to the 1909-37 Paerau record.
However, daily rainfall records from Waipiata (1915-60), Patearoca (1924-60)
and Ranfurly (1943-60) are also considered for comparative purposes, in
order to demoﬂstrate the areal variability of the two drought paramet-~rs.
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:  Partial and absolute drought summary

1.  Partial Droughts:
A, WAIPIATA (Sept. 1915-Sept. 1960) = 45 years
Total No. days Av. No. days/vr No. partial Av. length of

partial drought partial drought droughts/yr. partial drought
period (days)

Summer 422 9,38 0.38 24,82
Autumn 967 21.49 0.73 29,30
Winter 1806 40,13 e i 36.12
Spring 1143 25.40 0.87 29,31
Annual 4338 96,40 1.98 48,74

B.  PATEAROA (Jan. 1924-Sept. 1960) - 36.75 years

Summer 441 12,00 0.46 25,94
Autumn o87 26.86 0.93 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) - 17.5 years

-

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 0.74 27.46

Annual 1671 95,49 1,71 55.70

‘D,  PAERAU (Jan. 1909-Dec. 1937) = 29 years

Summer 28 3.38 0.14 24,50
Autumn 166 5.72 0,21 27.67
Winter 245 8.45 0.24 35.00
Spring 149 5.14 0.17 29,80
Annual 658 22.69 0,55 41.13

‘E.  PAERAU (Jan. 1924-Dec., 1937) ~ 14 years

Summer 12 0.86 0.07 12,00
Autumn 84 6.00 0.14 42,00
Winter 166 11.86 0.36 23.20
Spring 131 9.36 0.29 32,75
Annual 393 28.07 0.64 43.67

F, WAIPTATA (Jan. 1924-Dec. 1937) - 14 years

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-Dec, 1837) - 14 years

Total No. davs Av. No. days/vr No., partial Av. length of
partial drought partial drought droughts/yr partial drought
period (days)

Summer 170 12.14 0.57 21,25
Autumn 419 29,93 1l.14 26,19
Winter 714 51,00 1.57 32,45
Spring 506 36.14 1.00 36.14
Annual 1809 120,21 2,64 48.89

H.,  PAERAU (Sept. 1915-Dec. 1937) - 22,33 years

Summer 40 1.79 0.09 20,00
Autumn 102 4,57 0.18 25,50
Winter 245 10,97 0.31 35.00
Spring 131 5.87 0.18 32,75
Annual 518 23.20 0.54 43,17

I, WAIPIATA (Sept. 1915-Dec., 1937) - 22,33 years

Sunmmer 191 8.55 0, 40 21.22
Autumn 481 - 21.54 0.76 . 28,29
Winter 655 29.33 1.03 28.48
Spring 615 27.54 0.20 30.75
Annual 1942 86,97 1.93 45.16

2. Absolute Droughts:

A.  PAERAU (Jan. 1909-Dec. 1937) - 29 years

Summer 284 9.79 0.66 14,95
Autumn 155 5.34 0.34 15,50
Winter 241 8.31 0.52 16.07
Spring 152 5.24 0.38 13.82
Annual 847 29,21 1.55 18.82

3. Longest Absolute Droughts:
A.  WAIPIATA (Sept. 1915-Sept. 1960) - 45 years

Summer 25.,11.55 to 4.1.56 41 days

Autunn 17.2.30 to 7.4.30 50 days
Winter 27.7.57 to 31.8.57 36+ days (Sept. missing)
Spring 20.9.29 to 21.10.29 32 days

B,  PATFAROCA (Jan. 1924-Sept. 1960) - 36.75 years

Summer 15.2.47 to 9.3.47 23 days
Autumn 16.4.50 to 24.5. %0 39 days
Winter 31.7.48 to 3.9.48 34 days

Spring 20.9.29 to 2.11.29 44 days
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TABLE 92: Continued

C.  RANFURLY (Apr. 1943-Sept. 1960) - 17.5 years

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-Dec. 1937) - 29 years

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.,11.41 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 (1.16" Rainfall)

1,7.35 to 18,10,35 110 days (1.07™ Rainfall)

B. PATEAROA (Jan. 1924-Sept. 1960) - 36.75 years

Summer 25,1.29 to 17.3.29 52 days (0.43" Rainfall)
Autumn 30.1.30 to 27.4.30 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 (0.75" Rainfall)
Spring 24.8.,54 to 22,10,54 6l days (0.57" Rainfall)
9.5.58 to 22,10.58 168 days (1.63" 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-Dec. 1937) - 29 years)

Summer 7.2.18 to 15.3.18 37 days (0.22" 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 (0.57" 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 (1)E and (1)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

sunmmer.,

Table 92 suggests that the number of partial droughts per year at
Paerau is only about oﬁé—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,
Long-term droughts and trends: Grant (1968, 1869)

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 separate@ into natural
rather than arbitrary periods for analysis. Table 93 lists the Paerau
rain size frequencies éF) 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 éercentage of the periodic mean. Results of
these calculations are given in Table 924. Also shown are the rainfall
effectiveness index (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 19286,

with smaller contributions from rqins which exceed one inch. The reduction

in spring RE Index since 1926 suggests an increase in drought severity.
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TABLE 93: Paerau rain Size frequencies (F) and percentage number
of years when rains did not occur (N)
A. SPRING: (September-November)
Rain Group 1209-1926 1927-1937
(inches) (18 years) (11 years)
E N E N
>1.50 0.33 72.2 0.09 90.9
1.01-1,.50 0.67 33.3 0.36 63.6
0.51-1.00 3.00 0.0 3.27 9.1
0.01-0.50 25.%4 0.0 25,36 0.0
B. SUMMER:  (December-February)
Rain Group 1910-1916 1917=-1926 1927-1929 1930~1937
(inches) (7 years) (10 years) (3 years) (8 years)
E N E N E N E N
>1.50 0.29 85.7 0.80 40,0 0.00 100.0 0.88 50.0
1.01-1,50 1,00 14.3 1,10 40,0 1.33 33.3 1.13 25.0
0.51-1.00 2,14 14,3 4,00 10.0 2.33 0.0 3.88 0.0
0.01-0,50 24,43 0.0 19,0 0.0 19.67 0.0 26.00, 0.0
C. AUTUMN:  (March-May)
Rain Group 1909-1921 1922-1926 1927-1931 1932-1937
(inches) (13 years) (5 vears) (5 vears) {6 years)
F N F N F N OF N
>1.50 0.15 84.6 1.00 40,0 0.40 60.0 1.17 33.3
1.01-1.,50 0.46 61.5 0.40 60,0 0.40 60.0 2,00 16.7
0.51-1,00 2,54 7.7 5.00 0.0 1.00 20.0 2.67 0.0
0.01-0.50 24.62 0.0 16,40 0.0 20.40 0.0 24,83 0.0



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)
>1,50 9.38 2.53
1001_1050 11.05 6.77
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 0.00 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 Group 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 . 8.77 23.39
0.51_1500 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
R.,E. Index: 111 3.83 1.64 9.72
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Similar calculations for summer show that when the perioas 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
combinaéion 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 droughts and trends: Herbst et (1966)

In order to check the previous results and to extend the Paerau
analysis from 1237 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, oniy 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 drought intensity severity
mth, year mth. vear (months) (x100) (x100)
2 1209 7 1913 53 88.1 4671,0
7 1914 o 1917 38 78.3 2976,1
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 63.3 506.8
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 12 110.8 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 1247 10 1948 10 49,1 490,7
9 1949 1 1950 4 71.6 286.3
4 1950 11 1950 7 68.7 481,2
1 1952 2 1952 8 45,4 363.3
6 1953 3 1955 21 47,2 ©91.3
12 1955 4 1956 4 196.7 786,7
9 1958 11 1959 14 50.8 711.4
1l 1964 12 1964 11 76.0 836.1
4 1966 2 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: Conclusions

When the methods used in this study of long-term drought are compared,
it is concluded that the technique proposed by Herbst et al (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 cccurred before the mid-1930s.
Further, the droughts defined for the late 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.



349

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 areato 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 lowlands. 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 orxder to calculate such a relationship, and thus a long-term
evaporation record for the Styx Basin, m:=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 the
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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 Equiv. open water Potential Evapo=-
~ inches evaporation-inches transpiration -
(24 ins.diam. (= Pan evap.x0.81; inches
tank) after Young,1947) (Thornthwaite)

1948 8 1.3 1.05 0.85
] 3.1 2.51 1.00

10 4.2 3.40 2,06

11 5.3 4,13 2.46

12 6.0 4,86 3.70

1949 1 6.6 5.35 3.40
2 6.3 5.10 337

3 4,0 3.24 2.47

4 1.8 l.46 1.38

5 0.7 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 0.8 0.65 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
2 543 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

3] 1.4 1.13 0.06

7 0.6 0.49 . 0.52

8 0.6 0.49 0.47

) 2,6 2,11 1.20

10 3.9 3.16 2.14

11 5.3 4,29 2.76

12 345 2.84 3.10

1952 1 4.4 3.56 3.38
2 4.6 373 315

3 3.4 2.75 2,52

4 2,3 1.86 1.73

5 1.1 0.89 0.87

6 0.3 0.24 0.33

7 0.5 0.41 0.17

8 0.7 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) (Thornthwaite)

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 0.49 0.30

7 0.2 0.16 0.28

8 1.4 1.13 0.82

9 2.8 2.27 1.09

10 3.7 3.00 2.13

11 4,9 3.97 2.99

12 6.2 5,02 3.62

1954 1 5.0 4,05 3.66
2 5.0 4,05 3.34

3 3.2 2,59 2,59

4 1.8 1.46 1.31

5 1.6 1.30 1.05

6 1.5 1.22 . 0.69

7 0.1 0,08 0.22

8 1.2 0.97 0.52

9 Y.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 1 562 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, The equation and other statistical information are given

in Table 97:

TABLE 97:  Styx Basin open water evaporation-potential evapotranspiration
(Thornthwaite) relationship for the period 1948-54

(Notes: (i) All data are for an altitude of 1800 feet;
(ii) Y = open water evaporation in inches;
% = potential evapotranspiration in inches;
(iii) Pan-open water coefficient is 0.81 (Young, 1947)).

it

1.20x + 0.28
69; (n-2)d.f.; Sy.x = 0.634 inches; Cj1 = 0,0106;

1.89 inches; Sx = 1,18 inches; r = 0,91;
s.,l. <0,01

STYX BASIN EVAPORATION: Y
n

b
it

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 periéd 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 monthly, seasonal and annual Styx Basin
potential evapotranspiration data calculated for 1800 feet, and are assumed

to be error free.
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TABLE 98:  Styx Basin mean monthly, seasonal and annuel open water
evaporation parameters for the period 1909~69 and an
altitude of 1800 feet

~

Month/ 1909-69 mean SUy.X Column (3) as  Maximum Minimum mean

season open water (inches) percentage of mean monthly/ monthly/
evaporation Column (2) seasonal open seasonal open
(inches) water evap'n. water evap'n.

(inches) (inches)
(1) (2) (3) (4) (5) (6)
January: 4,43 0.127 2,88 5.68 4,11
February: 3.68 0.098 2,65 4.67 3.41
March: 3.23 0.085 2,62 4,02 2,62
April: 2,09 0.080 3.83 2.92 1.85
May: 1.29 0.102 7.93 1.77 0.71
June: 0.76 0.123 16.2 1.16 0.28
July: 0.66 0.127 19,3 1.23 0.28
August: 1.05 0.111 10.6 1.59 0.72
September: 1.35 0.100 7.44 1.90 1.08
October: 2.68 0.076 2.85 3.58 232
November: 3.37 0.088 2.62 4,62 2,54
December: 4,14 0,115 2.79 5.52 2.48
Summer: 12,25 0.533 4,35 15.87 - 10.00
Autumn: 6.61 0.233 3.53 8.71 5.18
Winter: 2.47 0.076 3.09 3.98 1.28
Spring: 7.40 0.274 3.71 10.10 5.94
Jan-March: 11.34 0.484 4,27 14,37 10.14
Oct-March: 21.53 1,035 4.81 28.09 17.48
Annual: 27.86 1.37¢ 4,95 2%,60 26.57

Notes: (i) Columns (2), (5) and (6) = values derived from the 1909-69
' synthetic record calculated by the potential evapo-
transpiration/evaporation relationship inATable 97.
(ii) Column (3) - estimated standard error of Uy, given x is
error free and,equal to X; determined from equation (24),
(iii) Column (4) - Suy.X values in Column (3) as a percentage
of the 1909-69 means listed in Column (2).
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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 evaporatioﬁvis 12.25 inches, equivalent to'1l.6 times the average
summer' rainfall for low-lying areas of the Styx Basin, The average annual
open water evaporation is ca;culated 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 e&apotranspiration 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),

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 also 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:  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 evapotranspiration data calculated
for 1800 feet.

(ii) The presented Penman reduction factors have been

converted to Southern Hemisphere climatic conditions
(Finkelstein, 1961).

Styx Basin Reduction Penman (1948)
factors for 1909-69 reduction factors
May-August: ) 0.57 0.6
March, April,
September, October: 0.79 0.7
November=February: 0.83 0.8
Year: 0.74 0.75
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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 conflicfing 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 requirementsuwill 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. 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 for
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. The first two may be stated in the form

of hypotheses:~-

(i) That.the measurements of precipitation, temperature and streamflow
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 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

regression 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 tc check the validity
of commonly accepted concepts of ‘regional hydrology', at least within the

East Otago Region. The third study objective is thus stated as:-



358

(iii)To define regional homogeneity, by stating permissable 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 streamflow in the Upper Taieri basin to
1966 were sparse, and insufficient for a water resources appraisal of
the area. The data collection network was thus extended as shown in
Figure 2.

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
netwo?k density, %re 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 75 percent of months. However, the results
suggest that for practical purposes 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.

4, Network design by structural function analysis supersedes the above
inter—-station correlation coefficient~distance relationships to
determine mean or minimum grid distances, since the correlation-
distance technigue 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
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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.

To lower the calculated values of vE 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 of U with corresponding
decreases in n. However, it is suspected that the general Otago
correlation-distance relationship under-estimates U for small
distances in the Upper Taieri Basin. This increases €opt and thus
the value of VE.

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 vE are less than 10 percent at the 95 percent
confidence level, For a station separation of up to 80 miles, monthly
VE is less than four percent of the mean and the equivalent annual
value is less than one percent. Naseﬁy State Forest records may thus
be used to represent monthl& and annual mecan temperature data in the
Upper Taieri area with only minor errors introduced.

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, Keroséne 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 summaries of measured menthly, seasonal and annual
précipitation, 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 reguired 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 vear'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.

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 XT show possible standard errors well in excess of the 10 percent
stated as acceptable.

Available measured temperature daté allow estimates of station
monthly,. seasonal 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. |

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.

Available measured data for the principal sub-catchments do not allow
direct 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 parameter 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.

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.

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 theorefically acceptable for most

purposes, the measured values do not allow estimation of all the
needed population parameters at the required preéision level.

Record collection from all precipitation and streamflow 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.

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
recoxds to the précipitation and streamflow data series still does not
permit estimates of all the required population parameters at the
required precision ievels. 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 by 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 pfecision 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 Paerau data, mean
values of average basin rainfall may be estimated to within six percent.
However, these errors increase to almost 40 percent i1f the independent
variables are not considered to be error free, Standard errors of
total or sub-catchment 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 technigues which use measured climatic data. Little information
was gained by the analyées. None of the four deterministic models
chosen for Paerau Bfidge 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 quantifiabler 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 recoxd. 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. The maximum gain in effective record length is
11 years.

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 modei 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 general 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.

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 Eatchments, 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). Principal changes
introduced are the addition of a groundwater stofe, 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.

However, total error from each of the deterministic models used for
Paerau Bridge runoff géneration 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.

The stochastic sequential generation model developed by Thomas &
Fiering (1962) is successful overall when used to simulate total
catchment mean monthly flow sequences. However, 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 errors of less than the 10 percent

allowed,
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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.

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 levgl 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
stan@ard 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.,

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 annual discharge
for Loganburn is determined with a standard error of less than 10
percent,

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 XT for the measured Paerau Bridge records - total errors
are thus likely to be excessive.

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. 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.

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 hvdrology. Regional classifi-
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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.

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 regiohs seem to be equally as significant
as those which supposedly illustrate the between-region differences.

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.

The permissable limit of hydrological homogeneity for Upper Taieri
streamflow parameters is generally chosen as a variation of plus or
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 stgeamflow parameter
values preclude 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-hydroiogically homogeneous by the stated
criteria. Further, the boundaries of hydrologically similar

regions are shown to vary dependent on the streamflow parameter
considered.

Differences in hydrological characteristics are thus again

evident for an area with basin characteristics classified as

uniform by the present regional divisions.

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 laréely 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 uninterrupﬁéd growth
until November, A decrease in available soil moisture is the general
limitation to growth in late spring,

There is a need for irrigation in the Upper Taieri area ié 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, thé 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.

Should eithexr 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
monthlg 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
aieas 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 190%9=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 détermines droucht periods, trends, and
indices of drought severity from either monthly or daily precipitation
data.

46, The principal study objectives have been only partially realised.



370

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 technigques used here have too

frequently been applied elsewhere without question.
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UPPER TAIERI CATCHMENT MONTHLY AND ANNUAL
PRECIPITATION, TEMPERATURE AND RUNOFF PREDICTION
EQUATIONS.

Monthly and annual rainfall regression equation statistics
for Paerau synthetic record determination (see Table 42),

A. Paerau-Manorburn Dam: (Data 1914-40).

(i) January:

(ii) February:

(iii) March:

(iv) April:
(v) May:
(vi) June:

(vii) July:

{viii) August:

(ix) September:
(x) October:

{xi) November:

n=27; (n=2)d.f.; Sby = 0.1233; Sy.x = 1.176 ins.;
Ci; = 0.0270; X = 2,40 ins.; F = 32,94; significance
level (s.l.) <0,001,

n = 27; (n-3)d.f.; Sb; = 0.7528; Sy.x,x> = 1.020 ins.;
Cy1 = 0.5444; Cypp ==0,1294; -Cyp = 0,0330; % = 1.71 ins.;
%% = 3,91 ins.; F = 27.05; s.1.<0.001.

n = 27; (n-3)d.f.; Sb; = 0.7660; Sy.x,x> = 1,268 ins.;
Cy; = 0.3649; C;, = =0.0750; Cpp = 0,0167; :

£ =1.81 ins.; % = 4,64 ins.; F = 14,55; s.l. <0.,001,

n=27; (n-2)d.f.; Sb; = 0.1974; Sy.x = 0.909 ins.;
Ci1; = 0.,0472; X = 2.01 ins., F = 49.23; s.l. <0.001.

n = 27; (n-3)d.f.; Sb; = 0.3216; Sy.x,x2 = 0.729 ins.;
Cy1 = 0.1944; Cjy, =-0,0250; Cyp = 0.0036; ¥ = 1.87 ins.;
%2 = 5,32 ins.; F = 32.38; s.l. <0.001.

n=27; (n-4)d.f.; Sb; = 4,897; Sy.x,xz,x3 = 1,079 ins,;
Ci11 = 20.610; Cyg = =12.503; Ci3 = 2.233; C32 = 7.768;
Co3 = =1.414; C33 = 0.262; ¥ = 1,40 ins.; %2 = 2.50 ins.;

%% = 5,31 ins.; F = 9.36; s.l. <0.001.

n = 27; (n-2)d.f.; Sby = 0.2813; Sy.x = 0,696 ins,.;

Cy11 = 0.1634; X = 0,99 ins.; F = 18.29; s.,l. <0.001.

n = 27; (n-4)d.f.; Sby; = 2.8072; Sy.x,x2,x° = 0.985 ins;
Ci1 = 8,125; Ci2 = =6.,518; Ciy3 = 1.408;

Coo = 5,474; Cz3 = =1,215; C33 = 0.276;

% = 1.08 ins.; %% = 1.50 ins.; X° = 2,51 ins.; F = 13,12;
s.l. <0.001.

«3 Sby = 0.,2013; Sy.x = 0.162 ins.;
1.29 ins.; F = 15.84; s.1.<0,001,

n=27; (n-2)d.f.; Sb; = 0.1074; Sy.x = 0,623 ins.;
Ci1 = 0.0298; X = 1,76 ins,; F = 101.68; s.l. <0.,001,

n=27; (n-2)d.f.; Sby = 0.1648; Sy.x = 0.762 ins.;
Ci1y1 = 0,0468; X = 2,03 ins.; P = 42,22; s.l. <0.001.



B,

(xii)December:

(xiii) Annual:

‘Paerau~Pdatearoas

(1)

January:

(ii) February:
(1ii)  March:
(iv) “Aprils
(v) May:
(vi) June:
(vii) July:

(viii) August:

(ix) September:

(%) October:s
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n=27; (n-3)d.f.; Sb; = 0.9833; Sy.x,x> = 1.244 ins.;
Ci11 = 0.,5957; Cj1s ==0.1117; Czs = 0,0228; % = 2,01 ins.;
%% = 4,80 ins., = 10.,24; s.l. <0,001,
n = 27; (n-3)d.f.; Sb; = 1.4811; Sy.x,x’> = 4.76l ins.;
Cyy = 0,0968; Cjp = =-0,0019; Csp = 0.00004;
= 20,37 ins.; X° = 430.79 ins.; F = 9,80; s.l. <0.001.

(Data 1916-40)
n= 25 (n-2)d.f.; Sb; = 0,1203; Sy.x = 0.737 ins.;
Ci1 = 0,0267; X = 2,04 ins.; r = 0.912; F = 117.38;
s.l. <0.001.
n = 25; (n~2)d.f.; Sby; = 0.,3149; Sy.x = 1,251 ins.;
C11 = 0,0635; ¥ = 1,39 ins.; r = 0,732; F = 27,06;
s,1l, <0,001,
n = 25; (n-4)d.f.; Sb; = 3.694; Sy.x,x2,x° = 1,324 ins.;
Ci11 = 7,784; Ci12 ==-6,378; Cy3 = 1.483; Cap = 5,578;
Cz3 = =1,358; C33 = 0.343; X = 1,27 ins.; %% = 2,06 ins.;
£3-= 3,77 ins.; r = 0.636; F = 9,02; s.l. <0.001,
n = 25; (n-2)d.f.; Sby = 0,3023; Sy.,x = 1,221 ins.;
Ci; = 0,0614; X = 1,41 ins.; r = 0,644; F = 16,88;
s.l. <0,001.

25 (n"Z)d.f.; Sb]_ = 0.2648; SY..X = 00847;
C11 = 0,0979; ¥ = 1,06 ins.; v = 0.811; F = 41,72;
$.1.<0,001,
n =25 (n-2)d.f.; Sb; = 0.6000; Sy.x = 1.363 ins.;
Cy; = 0,1938; ¥ = 0.82 ins,; r = 0,444; F = 3,51;
g.l. >0.05.
n=25; (n-3)d.f.; Sb; = 0.5645; Sy.x,x° = 0.695 ins,;
C11 = 0.6600; Cj1o = =0,1884; (s = 0.,0619; X = 0,86 ins.;
%2 = 1,20 ins.; = 0.486; F = 8,66; s.l. <0.01.

= 25; (n-4)d.f.; Sby; = 3.554; Sy.x,x2,x’ = 1.168 ins.:
C11 = 9,265; Cjp = —-B.,646; Ci13 = 2,268; Cgyo = 8,682;

Cgs = =2,405; C3g 0.,696;

X = 0,86 ins,:;

= 1,08 ins.; % = 1.67 ins.; = 0.641; F = 6,97;
s.1. <0.01, :
n =25 (n-4)d.f.; Sb; = 2,876; Sy.x,x2,x° = 0,920 ins.;
Ci1y = 9.783; Cji2 = -8,583; Ci13 = 2,112; Cap = 8.044;
Cos = =2,068; C33 = 0,549; ¥ = 0,96 ins.; %2 = 1.24 ins.;
%% = 1,99 ins.; = 0,440; F = 3.43; s.1.<0.,05.
n = 25; (n-3)d.f.; Sbi1 = 0.3550; Sy.x,x> = 0.553 ins.;
Cy; = 0.,413; Cyp = =0.,0970; Czs = 0,0245; ¥ = 1.35 ins.;
%% = 2,80 ins.; r = 0.891; F = 55,78; s.l. <0.001.
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{xi) November: n = 25; (n-3)d.f.; Sb; = 1.0014; Sy.x,x2 = 0,920 ins.:;
Cy; = 1.185; Cjyp =-0.3590; Csp = 0.1160; ¥ = 1.35 ins.;
%% = 2,33 ins.; r = 0.674; F = 11,72; s.l. <0.001.

(xii) December: n = 25; (n-2)d.f.; Sb; = 0.3772; Sy.x = 1.351 ins.;
Cy; = 0.0780; % = 1.83 ins.; r = 0.698; F = 16.08;
s.l. <0.001.

(xiii) Annual: n = 25; (n-4)d.f.; Sb; = 87.231; Sy.x,x?‘,x3 = 5,671 ins.:
Ci11 = 236.,626; Ci1o = =14.,625; Ci13 = 0.297; Cpop = 0,906;
Css = -0.0184; Ci3 = 0.00038; X = 15,15 ins.;

%2 = 233,39 ins.; X° = 3657.17 ins.; r = 0.227; F = 2,99
s.1. >0.05.

C. Paerau-Waipiata Sanatorium (Data 1916-40).

(i) January: n = 25; (n-2)d.f.; Sby; = 0,1566; Sy.x 1.015 ins.;
Cy; = 0.0238; X = 2,07 ins.; r = 0,837; F = 53,95;
s.l. <0,001,

]

(ii) February: n = 25; (n=-2)d.f.; Sb; = 0.3033; Sy.x 1.246 ins.;
Ci1: = 0.,0593; X = 1,50 ins.; r = 0.738; F = 27.46;
s.l. <0.001.

(iii) March: n = 25; (n-2)d.f.; Sb; = 0.3260; Sy.x = 1,221 ins.;
Ci1y = 0.9713; £ = 1.29 ins.; r = 0.770; F = 33.54;
s.l. <0,001, “ )

(iv) April: n = 25; (n-=2)d.f.; Sby = 0.2582; Sy.x = 1,201 ins.;
Ci11 = 0.,0463; X = 1,61 ins.; r = 0.664; F = 18,18;
s.l. <0.001.

(v) May: n = 25; (n=-2)d.f.; Sb) = 0.2599; Sy.x = 1.008 ins.;
Ci1 = 0,0664; X = 1,30 ins.; r = 0,704; F = 22,61;
s.l. <0,001.

(vi) June: n = 25; (n-4)d.f.; Sb; = 6.754; Sy.x,x2,x> = 1,085 ins.;
Ci11 = 38.757; Ci12 = =32.,126; Ci13 = 7.835; Cpp = 27,428;
Cos = =6.836; Cazs = 1.733; X = 1.12 ins.; %2 = 1.31 ins.;
%% = 2,05 ins.; r = 0.479; F = 6.95; s.l. <0.01,

(vii) July: n = 25 (n~2)d.f.; Sby = 0.2270; Sy.x = 0.575 ins.;

Ci1 = 0,1560; X = 0.97 ins.;  r = 0.775; F = 34,48;
s.l. <0,001.

(viii) August: n = 25; (n-4)d.f.; Sb; = 1.859; Sy.x,x2,x° = 0,710 ins.;
Ci1 = 6.863; Cjyp = =5,820; Ci3 = 1,391; Cz2 = 5,.387;
£ = 1,04 ins.; %2 = 1.52 ins.; X° = 2.72 ins.; r = 0.768;
F = 30,80; s.l. <0.001; Cz3 = =1,364; Cj33 = 0.359.

(ix) September: n = 25; (n-4)d.f., Sb; = 2.426; Sy.x%,x2,x° = 0.893 ins.;

Ci1 = 7.382; Cjyg = =5.597; Ci3 = 1.226; Cpp = 4,660;
Cp3 = -1.087; Ca3 = 0.256; ¥ = 1.12 ins.; X = 1,64 ins.;
x% = 2,89 ins.; r = 0.418; F = 4,07; s.l., <0.,025.,
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(x) October:

n = 25; (n-2)d.f.; Sb; = 0,1598; Sy.x = 0.687 ins.;
C11 = 0.0514; X = 1,36 ins.,; r = 0.875; F = 74,94;
s.1l. <0,001,

(xi) November: n ; (n=3)d.f.; Sby = 0.9513; Sy.x,x2 = 0,933 ins.;
Cil 1.041; Cj1o = =0,2880; Cso = 0,0848; ¥ = 1,57 ins.;

X“ = 3,12 ins.; r = 0.671; F = 11.12; s.l. <0.001,

25

i

(xii) December: n 25; (n=2)d.f.; Sb; = 0.3009; Sy.x = 1,413 ins.;
Cy1 = 0,0454; X = 1.99 ins.; r = 0,597; F = 12,71;
s.1. <0,001,

(xiii) Annual: n = 25; (n=3)d.f.; Sby = 4.562; Sy.x,x> = 5,721 ins.;
Ci1 = 0.6360; Ci2 = =0,0172; Cazz = 0.00047;

% = 16,84 ins.; X° = 289,34 ins.; r = 0,450; F = 3,71;
s,1. <0,05,
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APPENDIX I(2): Raingauge network regression equation statistics,
(see Table 46).  (Base station Elliot (S=Paerau) is x).

(i) Mulholland: n = 30; (n=-2)d.f.; Sx = 0,822 ins.; Syx = 0.403 ins.;
Ci; = 0,051; ¥ = 1,08 ins,; r = 0.858; s.l. <0.0l.

(ii) ‘Attken: n = 33; (n-2)d.f.; Sx = 0.707 ins.; Syx = 0,352 ins.;
Ci; = 0,0645; X = 0,952 ins.; r = 0.882; s.l. <0.01.

(iii)Onslow Road: n = 22; (n-2)d.f.; Sx = 1.633 ins.; Syx
Cy1 = 0.0179; X = 1,31 ins.; r = 0,974;

0.347 ins,.;
.l. <0,01 .

0]

il

(iv) ‘Smith: n = 27; (n-2)d.f.; Sx = 1.366 ins.; Syx = 0,573 ins.;
Ci; = 0.0206; X = 1,15 ins.; r = 0.911; s.l. <0.01.

(v) Bottle Rock
North: n = 24; (n-2)d.f.; Sx = 1,815 ins.,; Syx = 0.526 ins.;
Ci; = 0.,0132; X = 1,29 ins.; r = 0.977; s.l. <0.001,

(vi) Great Moss
CSwamp: n = 26; (n-2)d.f.; Sx = 1.689 ins.; Syx = 0.352 ins.;
Ci;1 = 0,0140; ¥ = 1,10 ins.; r = 0,987; s.l. <0.01.

(vii)  Bottle
‘Roek:s n = 17; (n-2)d.f.; Sx = 2,244 ins,; Syx

0,574 ins.;
.l. <0,01.

w 1

(viiiYLongstone: n = 20; (n-2)d.f.; Sx = 2,010 ins.; Syx = 0,313 ins.;
C13 = 0,0130; X = 1,56 ins,; r = 0,991; s.1l. <0.01.

(ix) Round Hill: n = 29; (n=-2)d.f.; Sx = 1,638 ins,; Syx

= 0,381 ins,;
Ci1 = 0,0133; ¥ = 1,13 ins.; r = 0,981; s.l.

<0.01,

(x) Musterer's
‘Huts: n = 20; (n-2)d.f.; Sx = 2,012 ins.; Syx = 0.949 ins.;
Ci1 = 0.,0130; ¥ = 1,56 ins.; r = 0.971; s.1.<0,01.

(xi) Trig 'H': n = 25; (n-2)d.f.; Sx = 1.712 ins,; Syx = 1,244 ins.;
Cij1 = 0,0142; x = 1,11 ins,; r = 0,943; s.l., <0.01,

Top: n = 18; (n-2)d.f.; Sx = 2,373 ins.; Syx = 1,056 ins,;
Ci1 = 0,0104; ¥ = 1,41 ins.,; r = 0,979; s,l, <0.01,
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APPENDIX I(3):

Monthly mean temperature regresston equation statistics

for Naseby State Forest synthetic record determination

(see Table 51).

Toparmii-Naseby State Forest:  (Data 1923-65).

(1) January: n = 43; (n=-2)d.f.; Sb; = 0,0928; Sy.x = 1,61°F;
Cj; = 0.0033; ¥ = 57.55°F; r = 0,783; F = 50,18;
s.1. <0.001.

(ii) February: n = 43; (n-2)d.f.; Sb; = 0,0757; Sy.x = 1.39°F
Ci1 = 0,00299; X = 56,69°9F; r = 0.768; F = 53,30;
s.1, <0,001,

(iii) March: n = 43; (n-2)d.f.; Sb; = 0,0882; Sy.x = 1.37°F;

A Ci; = 0,00415; X = 54,10°F; r = 0,758; F = 47,24;

s.1., <0,001.

(iv) April: n = 43; (n-2)d.f.; Sb; = 0,0935; Sy.x = 1,62°P;
Cii = 0.0033; ¥ = 49,86°F; r = 0.682; F = 37,41;
s.1. <0.001.

(v) May: n = 43; (n-2)d.f.; Sby = 0.1140; Sy.x = 1,52°F;
Cy1 = 0.0056; ¥ = 44,58°F; r = 0.677; F = 21.63;
s.1. <0,001,

(vi) June: n = 43; (n-2)d.f.; Sb; = 0.1289; Sy.x = 1,76°F;
Ci; = 0,0053; ¥ = 40.10°F; r = 0,716; F = 23.15;
s.l. <0,001,

(vii) July: n = 43; (n-4)d.f.; Sby = 23,21; Sy.x,x2,x° = 1,74°F;
Ciy = 178,054; Cj1o = =4.,756; Cj3 = 0,0420;
Coo = 0,1272; Cp3 = =0,0011; C33 = 0,00001;
% = 39,540F; %2 = 1570.11°F; %° = 62618.74°F; r = 0.664;
F = 10.84; s.1. <0.001.

(viii) August: n = 43; (n-3)d.f.; Sby = 3.0560; Sy.x,x> = 1.49°F;
Cii = 4.2112; Cy2 = =0,0505; (22 = 0,00061;
¥ = 42,17°F; %% = 1783.28°F; r = 0.657; F = 13.44;
s.1. <0,001,

(ix) September: n = 43; (n~2)d.f.; 8b;y = 0.0972; Sy.x = 1.380F;
C;; = 0,0050; ¥ = 46,03°F; r = 0.562; F = 15.30;
s.1l. <0.,001,

(%) October: n = 43; (n-3)d.f.; Sby = 3.185; Sy.x,x? = 1.43%F;
Ciy = 4.9(5)43; Cio = =0,0498; Cyos = 0.00050;
¥ = 49,80 F; %2 = 2485.71°F; r = 0.613; F = 17.45;
s.l. <0,001.

(xi) November: n = 43; (n-3)d,f.; Sb; = 3.239; Sy.x,x> = 1.76°F;
Cyy = 3.378; Cp;p = =0,0325; Csy = 0,00031;
%X = 52,53°F; &% = 2767.29°F; r = 0.700; F = 21.48;
5.1,<0,001,

{(xii) December: n = 43; (n-3)d.f.; Sb; = 0.9313; Sy.x,x2 = 1.62°F;
Cy1 = 0.3289; Ci12 = =0.0031; Cso = 0.00003;
% = 55.13%F; %* = 3052.21; r = 0.540; F = 31,26;
s.l. <0.001.
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(1) January:
(ii) February:
(1ii) March:
(iv) April:
(v) May:
(wvi) June:
(vii) July:
(viii) August:

(ix) September:

October:

(x)

(xi) November:

(xii) December:

(xiii) Annual:

400

Monthly and annual yield regression equation statistics
for Paerau Bridge synthetic record determination (see

Table 56).

n = 24; (n-2)d.f.
Ci; = 0,0120; % =
s.1l, <0,01,
n=24; (n-3)d.f.
Cy1.= 0,0803; Cia»
%% = 18.33; r=0
n=24; (n-2)d.f,.
Ci1 = 0,0093; X =
s.l. 20,05,

n = 24; (n-2)d.f;
Ci; = 0.,0160; X =
s.,1l, <0,025,
n=24; ({(n-2)d.f.
Ci1 = 0,0176; X =
s.l. <0.025,

n = 24; (n-2}d.f.
Ci1 = 0.0177; X =
s.l, = 0,05,

ns= 24; (n"z)dofu
C1; = 0,0526; ¥ =
s.l. >0.05,

Ciy = 0,0126; % =
s.l. <0,01,

n = 24; (n-4)d.f.
Ci1 = 33.784; Ci»
Coz = =0,419; C3z3
g% =25,99; r=0
n = 24; (n-4)d.f.
Ci1 = 1.602; Cia2
Csz3z = 0,00096; X
r = 0,300; F =1,
n=24; (n-4)d.f.
C11 = 13.469; Ci3
Co3 = ~0,110; C33
%% =60.89; r=0
n = 24; (n=-2)d.f.
Ci11 = 0,00848; x
s.l. <0,01,

n = 24; (n-3)d.f.
C11 = 0,2233; Cia
%% = 1447.3; r =

; Sb; = 0.0545;
3.51 ins,; r =

; Sb; = 0.1080;
.756; F = 8,77;

; Sb; = 0,0494;
3,72 ins.; r =

Sb; = 0.0605;
3,36 ins.; r =

; Sby = 0.0936;
2,78 ins.,; r =

Sy.x = 0,498 ins,;
0.705; F = 8,22;

Sy.x,x2 = 0,381 i
= 0,0007; X =3
s.l. <0.01.

Sye.x = 0,511 ins.;
F = 3.94;

.

Sy.x = 0,479 ins.;

0.668; F = 6.21;
Sy.x = 0.706 ins.;
0.694; F = 7.,57;

r Sby = 0,0707; Sy.x = 0.531 ins.;
2.48 ins.; r = 0.617; F = 4,24;

;7 Sb; = 0.,1151; Sy.x = 0,502 ins.;
2,10 ins.; r = 0,615; F = 4,02;

: Sby = 0.0544; Sy.x = 0.484 ins.;
2,74 ins.; r = 0.742; F = 10.44;

; Sby = 5.0861; Sy.x,x2,x° = 0.875;
= -11,531; Cjp3 = 1,202; Czp = 3.985;
= 0,0445; X = 2,54 ins.; X° = 7.53;

.496; F = 2,74; s.1. >0.05.

; Sbi = 1,140; Sy.x,x2,x? = 0.901;

= ~0,446; Ci3 = 0,0362; Cs3 = =0,0111;
= 3,30 ins.; X2 = 13.82; %° = 67.31;
15; s.l. >0.05; C,p = 0,131,
i Sby = 2,597; Sy.x,x%,x° = 0.708 ins.;
= «3,971; Ci3 = 0.,361; Co2 = 1.196;
= 0,0103; X% = 3.45 ins.; %2 = 13.76;
.353; F = 0,91; s.l. >0.05,
: Sby = 0.,0526; Sy.x = 0.571 ins.:;
= 4,37 ins.,; r = 0.,741; F = 10.80;
; Sby = 1.7376; Sy.x,x? = 3.677 ins.;

==0,0029;
0.584;

Cas = 0,00004; X =
F = 6,61;

37.71 ins.;

s.1l. <0.01.
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(i)

January:

(1i) February:

(iii) March:
(iv) Aprils
~(v) May:
(vi) June:
(vii) Julys:
(viii) August:

(ix) September:

(x) October:
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Monthly yield multiple regression equation statistics
for Paerau Bridge synthetic record determination
(see Table 59).

n=13; (n-3)d.f.; Sy.xi,X3 = 0,326 ins.; X; = 4.28 ins,;
%, = 4,02 ins.; Cy; = 0,0479; Cjp, = =0,0211; Cpp = 0.0251;
Multiple correlation coefficient (r') = 0.857; Partial
correlation coefficients rll(x1) = 0,279 and rll(xz) = 0.747;

F = 13,85: s.l. <0,01.
n =13; (n-3)d.f.; Sy.x1,%Xs = 0,362 ins.; ¥; = 4.02 ins.;
X9 = 2,88 ins.; Ci3 = 0,0179; Cjo = 0,0078; Cgpo = 0.,0292;
r! = 0.503; r*!(x;) = 0.499; r*!(x,) = 0.117; F = 1.69;
s.l., >0.05,
n=13; - (n=3}d.f,; Sy.xX1.,x2= 0,0898; X1 = 2,88 ins,.;
§§ = 3,42 ins,; Ci11 = 0,0262; ?12 = 0,0034; Ca3 = 0.0249;
r* = 0,558; «r'!(x;) = 0,045; r!! (x,) = 0.557; F = 2,259;
s.l. »0.,05,
n=13; (n-3)d.f.; Sy.xX1,x2 = 0,330; £¥; = 3,42 ins.;
i% = 3,66 ins.,; Ci; = 0,0258; C}z = 0.0064; Css = 0.0302;
r' = 0,824; r!! (x1) = 0.717; =r'*!(xp) = 0.778; F = 10.59;
S.l. <Oo Ol.
n=13; (n-3)d.f.; Sy.x1,X2 = 0.,665; X1 = 3:66 ins.;
Xo = 3,28; Cl} = 0,0325; Cji2 = =0,0099; Caos = 0.0254;
r! = 0,539; =r!! (x;) = 0.147; r!! (xp) = 0.470; F = 2.04;
s.l. 20,05,

= 13; (n-3)d.f.; Sy.x1,X2 = 0,470 ins.; X; = 3.28 ins.;

Ci11 = 0,0239; Cji2 = 0,0110;

= 0.0758;
(x1) = 0.448; r!! o

= 0.569; r!! (%) = 0,509; F = 2,40;

n
o = 1,95 ins,;
ol

S.l. >0'050

n = 13; (n-3)d.f.; Sy.xX1,X3 = 0.,595; %; = 1.95 ins.;
E% = 2,12 ins.; Cj1 = 0.0749; Cl% = =0,0165; Cs9 = 0.,0663;
r! = 0,370; r'! (x1) = -0,188; «r'l(xz) = 0.359; F = 0.79;
s,1, »0,05,
= 13; (n-3)d.f.; Sy.x1,x2 = 0,339; X1 = 2,12 ins,:;
Ci1 = 0.0725; Cpp = =0,0143; Cgp = 0.0208;

0.785; r'! (x;) = 0.446; r!!

<0'01.

0.668; F = 8,01;

n

§2 = 2,96 ins.;
4 (x2) =
s

(n=3)d.f.;

n = 13; SYeX1,X2 = 0,744 ins.; Xj; = 2,96 ins.;
X9 = 2,74 ins,; Ci13 = 0,0259; Cj;9 = ~0,0256; Csp = 0,0823;
r! = 0.435; r!'! (x1) = 0.435; r!! (%) = =0.237; F = 1.17;
s.1l. »0,05.

n = 13; (n-3)d.f.; Sy.x1,%2 = 0,863 ins,; X; = 2.74 ins.:
Xy = 3,48 ins,; Ci1 = 0.0649; Ci1; = 0,0143; Cp2 = 0,0260;
rl = 0,440; r'! (x1) = 0.405; r'! (x5) = 0.331; F = 1,20;
s.l. >0,05,
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(xi) November: n = 13; (n-3)d.f.; Sy.x;,x2 = 0.466 ins.; X; = 3.478;

2% = 3,70 ins.,; Cj; = 0,0311; Cj, = 0.0183; Cyy = 0.0408;
r! = 0.475; r'! (x3) = -0.007; r!'! (x2) = 0.418;
F=1,46; s.l. >0.05,

From Table 60:-

(a) June-November: r! = 0,670; x'} (xi) = 0,099; r!! (x%) = 0.434;
ri! (xl)= -0.016; r'! (xd) = 0.118; r!! (x}) = 0.071;
r!! (x§)= 0.366; F = 0.814; s.1l. >0.05.

(b) July~-November: r! = 0,666; rt? (x%) = 0,470; rt! (x%) = 0
r!! (xd)= 0,115; r'! (x}) = 0.026; =r!'! (x}) = 0.408
F=1,12; s.l. >0.,05,

(c) Auvgust-~November: r! = 0.535; rll (x%) = 0,140; rll(x&)= 0.1418;
r!! (x}) = 0.068; r'! (xi) = 0.389; F = 0.80; s.l. >0.05.

rit (xd) = 0.243; r'l(x}) = 0.047;

(d) September-November: r! 0.521;
H = 1,12; s,l, >0.05,

r1t(xd) = 0,383; F
(e} October~November: As for November above,
13; (n-3)d.f.; Sy.x1,%2 = 0.458 ins.; X; = 3.70 ins.;

n=

§%= 4,23 ins,; Cjp3 = 0.,0303; Cj2 = 0,0024; Cypp = 0.0288;

r! = 0,678; r'! (x1) = 0.456; r'! (x) = 0.628; F = 4,26;
S .

(xii) December:

(xiii) Annual: BAs for Appendix I(4).
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APPENDIX I(6):  Discharge regression equation statistics for
synthetic record determination (cusecs). (see Table 74).

(1) (ex Loganburn): n = 9; (n-2)d.f.; Ci1i1 = 0.00031; Sx = 20.2 cfs.;
' X = 27,2 cfs,; Sy.x = 20,9 cfs.; r = 0.995; s.l. <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.;
C;1 = 0,00002; r = 0,970; s.l. <0,01,

(iii) (ex Patearoa-Paerau Br. for Qpp 2200 cfs,): n = 29; (n-2)d.f,.;
Sx = 248 cfs.; X = 289 cfs.; Sy.x = 61.4 cfs.;
C31 = 0.000001; r = 0.,985; s.l., <0,01.

Taieri River at Patedroa-Paerau Bridge:

(i) (ex Paerau Br, for Qp <200 cfs.): n = 16; (n-2)d.f.; Sx = 67.0 cfs.;
X = 141 cfs.; Sy.x = 15.8 c¢fs.; Ci11 = 0.00001; r = 0.970;
s.l. <0,01,

{(ii) (ex Paerau Br. for Qp 2200 cfs.): n = 29; (n-2)d.f.; Sx = 227 cfs.;
X = 288 cfs.; Sy.x = 46.3 cfs.; Cii = 0,000001; r = 0,985;
S.1l, <0.01.

Taieri River at Uprer Stux 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 ¢fs.; Ci3 = 0.00001; r = 0.894;
s.l, <0,01,

(ii) (ex Paerau Br. for Qp 2120 cfs.,): n = 19; (n-2)d.f.; Sx = 84.5 cfs.;
X = 150 cfs.,; Svy.x = 16,8 cfs,; C;1 = 0.,00001l; r = 0,922;
S'l. <0.0l.

]

(i)

9; (n-2)d.f.; Sx = 134 cfs.; X = 155 cfs.; Sy.x 3.00 cfs.;

n
Ci1 0,00001; r = 0,995; s.l., <0,01.

Serpéritine Creek at MceDonald's Bridge:

]

(1) n=4; (n-2)d.f.; Sx =178 cfs,; R = 220 cfs.; Sy.x
C1; = 0,00001; r = 0,956; s.l, <0,025,

5.17 cfs.;

- Styx Creek at Paerau:

(i) = 26; (n-2)d.f.; Sx = 246 cfs.; ¥ = 317 cfs,; Sy.x = 10.9 cfs.;

n :
C;; = 0.000001; r = 0,742; s.1. <0.01.



404

APPENDIX II: NON-STANDARD COMPUTER PROGRAMMES

APPENDIX II(1): Drought analysis (see Herbst et al, 1966).
(Written in Fortran IV for the IBM 360
computer at Otago Universiiy)

DIMENSION OPS(18),GEM(12),WR(12),REEN(1000), VER(1000),W(12) ,PAR(12),
vV(12) ,MIR(12)

9% REWIND &
N = 0
READ(5,25) RK,RM,NBG,KX

25 FORMAT{2F3.2,13,12)

IF(RM) 200,200,201

201 READ(5,26) (OPS(I),I=1,18)

26 TFORMAT({1844)
WRITE(6,27) (OPS(I),I=1,18)

27 FORMAT(1H1 5X, ﬂBAﬂ/// 62H ONSET END DURATION SUM SUMO
IF SUM OF 'NUMBER OF 4 20X 42HACTUAL RAIN ACTUAL RAIN DURATION OF
2 WET /4X,122HOF OF OF oF MEAN TOTAL MO

3NTHS OF DRCUGHT DROUGHT AS PERCENT 1IN WET TIME WIT PERIOD SEV
4ERITY/125H DROUGHT DRCUGHT DROUGHT DEFICITS DEFICITS DEFICITS EXC

SESS D. INTENSITY SEVERITY OF MEAN . AS PERCENT  MONTHS IN
1DEX)
DO 28 I = 1,12
28 GEM(I) =
5 READ(5 1)JAAR (MIR(I),I=1,12)
1 FORMAT(3X,12,1214)
LS=0
LX=0
MXR=0
IF(JAAR) 3,3,4
4 N =N + 1

IF(MXR) 400,400,401
400 DO 402°I = 1 12
WR(Ig = FIR(I)
402 WR(I) = WR(I)/100.
GO TO 403
401 DO 404 I = 1,12
WR(I) = MIR(I )
404 WR(I) = WR(I)/254.
403 IF(LS) 500 500,501
501 88 = N -
DO 502 1 KX,12
502 WR(I) = GJM(I)/SS + 0.2*GEM(I)/S8

GO TO 503
500 IF(ILX) 503 503,504
504 SS = N

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),I=1,12)
GC TO 5

3 REWIND 4

S =N
TOT = 0.
DO 10 I = 1,12
GEM(I) = GEM(I)/S

10 TOT = TOT + GEM(I)

KN = C

31 READ(u) (WR(I),I=1,12)
DO 30 I = 1,12
K = NN*12 + I

REEN(K) = WR(I)
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30 VER(K) = REEN(K) - GEM(I)
NN = NN + 1
IF(hN-N) 31,32,32
32 REWIND &
DO 33 I =
33 W(I) = 0.1*(1.+GEM(I)/(T0T/12.))
NN = N*12
DO 34 I = 2,NN
J =1 = (I/42)*12
%F(J) %5,35,36

36 VER(I) = VER(I) + VER(I-1)*W(J)
L CONTINUE
DO 29 I = 1,12
39 PAR(I) = GEM(I)
DO 40 J = 1,11
JJ = J + 1
DO 40 I = JJ,12
IF(PAR(J)-PAR(I)) 43,43 40
43 PYD = PAR(I)
K=I-J
DO 44 IR = 1,K
KK = I - IR + 1
44 PAR(KK) = PAR(KXK-1).
PAR(J) = TYD
40 CONTINUE
DO 45 I = 1,12
K=1% -1
TOP = O.
DO 46 J = 1,K
46 TOP = TOP + PAR(J)
PAR(K) = TOP
45 CONTINUE
DO 48 I = 1,ﬂ2
v(I) =
DO 48 J = I NN,12
IF(VER(J)) 49 48 48
49 YV(I) = VV(I) '+ VER(J)
48 CONTINUE
TV = 0.
DO 50 I = 1,12
vv(I) = vv(1)/s
50 TVV = VY + Vv (I)
= (RK*TVV + RM*PAR(1))/11.
IM = 1
188 DO 56 I = LM,NN
IF(VER(I)) 57 56,56
570 IL = I - 1/12%12
IF(IL) 222 222,223
222 IL =
223 IF(VER(I)-VV(IL)) 224.,224,56
224 IF(ABS(VER(I))-RM*PAR({1)) 58,60,60
58 BTP = VER(I)
BTNP = VER(I)
DO 59 J = 1,1
K=1I4+4d
IF%K -NN) 100,56,5
100 IF(VER(K)) 61, 6é
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

162
160

410
411
413
e
415
416
817
412
419
420
421
422
423
424
430
161

65
405
406
407

66
101

102

67
68

406

CONTINUE
GO TO 56
BTP=O.
RNN=0-
WMP=OQ
BOP = O.

MA = O.
BRNT = O,
IME =T - 1

IF(IME-LM) 161,162,162
DO 160 IQ = LM IME
RNT = RNT + REEN(IQ)

LL = LM

LDb =1 - LL
SSR = LDD/12
RNN = SSR * TOT
WMP = SSR * TVV

IA = LL + (LDD/12)*42
IF(IA - IME) 410,410,430
IF((IA/12)- (IN“/12)) ‘412 y411,411
IA = IA - (IA/12)*12
IME = IME - (IME/42)*12
IF(IA) 413,413,414

IA = 12

GO TO 422

IF(IME) 415,415,416

IME = 12

DO 417 M = IA,IME

WMP = WMP + VV(M)

RNN = RNN + GEM(M)

GO TO 43%0

IA = IA - (IA/12)*12
IME = IME - (IME/12)*12
IP(IA) 419, 419 420

IA = 12

IF(IME) 421,421,422

IME = 12

GO TO 416

DO 423 M = IA,12

WMP = WMP + VV(M)

RNN = RNN + GEM(M)

DO 424 M = 1,IME

WMP = WMP + VV(M)

RNN = RNN + GEM(M)

PER = RNT/RNN * 100.

XYZ = LDD

PPP = ((RNT-RNN+WMP)/ABS(WMP))*100.*XYZ

DO 64 J = I,NN

IF(VER(J)) 65 66,66

BTP = BTP + VVR(J)

IJN = J-(J/12)*12

IF(JN) 405,405,406

JN = 12

IF(VER(J)-VV(JIN)) 407,407,66
BOP = BOP + VER(J) - VV(JN)
MA = MA + 1

IF(J-NN) 101,68,68
IF(VER(J)) 64 102 102
IF(VER(JI+1)) 67 67 68
IF(VER(J+2)) 64,64,68

BTNP = O,

WR® = Q.

KK = J + 11

D0 69 K = J,KK

BTNP = BTNP + VER(K)
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WRF = WRF + REEN(X)
KI =1 +K - J
72 IF(X - N§) 73,70,70
73 IF(BTNP) &4, 64 74
74 IF(KI-3) 69, "5 75
75 IFP(WRF - PAR(KI)) 69,70,70
69 CONTINUE

GO-TO &4
70 RNW = O.
LTD = J - I
IB = 1
IE=Jd - 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
IF(IB-IE) 92,92,87
92 IF((IB/12)- (IE/12)) 82,81,81
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 + GLM(K)
88 ZR = ZR + VV(K)
GO TO 87
82 IB = IB - (IB/12)*12

IE = IE - (IE/12)*12

IF(IB) 505 305,306
305 IB =
306 IF(IE) 507 307,308
307 1E = 12

GO TO 86

308 DO 89 K = IB,12
RNG = RNG + GEM(K)
89 ZR = ZR + VV(K)
DO 90 X = 1,1E
RNG = RNG + GEM(K)
90 ZR = ZR + VV(K)
87 Y = BOP/ZR * 100."
RNP = RNW/RNG*100.

XXX = LTD
= Y*XXX
IIB = 1/12 + NBG
IB = - (1/12)*12
IF(IB) 300,300, 301
300 IB = 12
IIB = IIB - 1
301 JJB = J/12 + NBG
IE = - (J/12) * 12
IF(IE) 302,302,303%
302 IE = 12

JJB = JJB - 1
30% WRITE(6,76) IB,IIB,IE,JJB,LTD,BTP,ZR »BOP, A, 7, XX, RIP, PER, LD, PPP
76 FORMAT(AHO,12,2H 1,21%,2H 1 1% 16,2X,F8.1,F9.4,3X,F6.1,3X,16, 3L, F

18.1,F10.1,%9.1, 5X,F10.1F11.1,F11.1)

IM = J

GO TO 91

64 CONTINUE
56 CONTINUE

GO TO 166
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91 IF(LM-NN-3) 188,166,166
166 WRITE(6,163) (GEM(I),I=1,12),TOT
163 FORMAT(?AHOMONTHLY MEAN RAINFALLS ,12F9.2/23HOANNUAL MEAN RAINFALL
1 =,F9.2
WRITE(6,164) (W(I),I=1,12)
164 FOR! 1AT(16HOTHE WEIGHTS ARE/1X,12F8.3)
WRITE(6,165) (VV(I),I=1,12),TVV
165 FORMAT(31HOTHE MONTHLY MEAN DEFICITS ARE /1X,12F8.2/32HOAND THE AN
ANUAL MEAN DEFICIT IS ,F8.2)
WRITE(6,777) (PAR(I),1=1,12)
777 FORMAT(43HOSUMS 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 water balance
(see Thornthwaite, 1948; Thornthwaite & Mather,
1955, 1957). (Written in Fortran IV for the
IBM 360 computer at Otago University)

PETHORN CALCULATES THORNTHWAITE POTENTIAL EVAPROTRANSPIRATION
TEMP IS MEAN MONTHLY TEMF DEGREES FAHRENHEIT TO ONE DECIMAL PLACE
H IS ALTITUDE IN HUNDRES OF FEET 4.8.L.
TABLE IS LATITUDE AND POSSIBLE DURATICN OF SUHLIGHT CORRECTOR
1 IS LAT 358 2 IS LAT 408 3 IS LAT 423 4 IS LAT443S 5 IS LAT 468
IF YOU WISH THE PROGRAM ONLY TO DO THE CALCULATICN OF THE POTENTIAL
EVAPOTRANSPIRATION, THSEN REMOVE THE TVWO SUBRCUTIFES AND ALL THE
YELLOY CARDS AFPPEARING IN TiE MATH SOURCE DECK - OTHZRYISE THS PROGRAM
WILL PUNCH AS OUTPUT THE LAPSED TENFERATURES AKD THS POTEH NTIAL
EVAPOTRANSPIRATION
DIMENSION TEMP(12),PE(12),P(12),TABLE(5,12),ATEMP(12), PE(12)
PE - POTENTIAL EVAPOTRANSPIRATION IN CHS.
APE - POTERTIAL EVAFPOTRANSFIRATION IN INCHES
P - UNADJUSTED PE
INTEGER ALT,UL,ALI
DOUBLE PRECISION LATIT ,LATI(5)
DEFINE FILE 7(10000,20,U,IND)
COMIMON K, IND
K=0
READ (1,607)(LATI(I), I = 1,5)
607 FORLAT(AB 72X)
READ(1, )(TABLE(I J),d=1,12),I=1,5)
2 FORMAT(4X 12F5.2)
READ (1,99) IAT,HH
99 FORMAT (15,F5.2)
LATIT = uATI(LAT)
ALT = IPIZ(HH*100.0 + 0.1)
A POTENTIAL EVATORATION TABLE ISPRODUCED FOR EACH ALTITUDE L, (SEE
BELOVW) STARTING AT LL AND GOING TOQ UL, INCREMEETING BY INC.
LL - LOWER LIMIT OF ALPTITUDZ RANGE IN FEUT
UL - UPPER LIMIT OF ALTITUDZ RANGE IN FEET
INC - INCREMENT OF ALTITUDE RANGE IN FEET
READ (1,1) LL,KO
1 FORMAT (215)
100 READ (1,57) NNN,IYR,TEMP
57 FORyxT (11 15, 12 T11 12F4.2)
H = HH
IF (NNN) 98,98,97
97 IF (rRo) 702 701 702
701 WRITZ(3,608) LxTIT,ALI
608 rO?PAT( 1' , 10X, "INFUT INFORMATION',//10X,'LATITUDE IS ',A8,' & ALT
1ITUDE IS',15//.10%, 'MONTH',5X, 'mDDP“RA”URE',/)
DO 301 I=1 12
301 WRITE(3, 30 ) I,TEMP(T)
300 ﬁoqniw(1ox 14, 9x F6.2)
THIS CONVERTS TO CENTIGRADE
702 DO 305 I=1,12

1300 TEMP(I)= (mEMP(I) 32)%5,0/9.0

THIS LAP3ES TEMIERATURES TC SEA LEVEL, DEPENDIKG UPON THE SEASON OF
THE YZAR
IF(H-20.)40,40,42
40 GO TO (400,400,401,401,401,402,402,402,403,403,403.400),I
400 TEMP (I)=T3ME(I)+(0,056%H)
GO TO 450
401 TEMP (I)=TEKP(I)+(0.133*H)
GO TO 450
402 TEMP(I)=TEMP(I)+(0.239%H)
G0 TO 450
403 TEMP(I)=TEMP(I)+(0.123*H)
GO TO 450
42 GO TC (410,410,411,411,411,412,412,412,413,41%,413,410),1
410 TEME(I)=TENP(I)+(0.206%(HB-20,0)+1.12
GO TO 450
411 TVNP(“) TEMP(I)+(0.195%(H-20.0))+2,.66
GO TO 450 )
412 Tu,l(l) TE}MP(I)+(0.240%(H-20.0))44.78
GO TO 450 .
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413 TEMP(I)=TEMP(I)+(0.195*(H-20.0))+2.46
GO TO 450
450 CORTINUE
305 CONTINUE
THIS TAKES THE SEA LEVEL TENMPERATURES AND LAPSES THEM BACK TO THOSE
OF TH“ RE "UIR&D ALTITUDES AS INDICATED BY THE VALUE OF H
= FOAT(IL)
ALT =IFIX(H + 0.1)
H/100.0
DO 204 I=1,12
IF(H20. 0)50 50,52
50 GO 70 (500, SOO 501,501,501,502,502,502,503,503,503,500),I
500 ATENP(I)=TEMP(I)- (0.056%H)
GO 70 550
501 ﬁP(I) TEMP(I)=(0.13%%H)
GO T0 550
502 A AP(I) =TEKP(I)-(0.239%H)
GO TO 50
503 A MP(I) =TEMP(I)~(0,123%H)
GO 70 550
52 ¢0 70 (510,510,511,511,511,512, 512 512 513,513,51%,510),I
510 ATECP(I)=TEMP(I)- (0. 206% (H-20, o))
GO TO 550
511 ATEP(I)=TEMP(I)-(0.195%(H-20.0))-2.66
GO TO 550
512 ATENP(I)=TENME(I)-(0.240%(H-20.0))-4.78
GO TO 550
513 ATEMP(I)=TEMP(I)~-(0,195%(H~-20. 0))-2.46
550 CONTINUE
204 CONTINUE
THIS CALCULATES THE HZAT INDEX
SUKPE=0,0
SUMI=0,0
DO 10 I=1,12
AATENMP = AmEMP(I)
IF (AAm“NP) 10, 10,600
600 SUMI = SUMI + (AATEMP  /5.0)%*1.514
10 CONTINUE
SUM1 BEQUALS THORNTHWAITE I .
A EQUALS THORNTHWAITE SKMALL A P EQUALS THORNTHWAITE SMALL E
= 0.675E-6*SUMI**3 -0, 771E-4*SUMI*SUMI +0.017921*SUMI +0.49239
DO 11 I=1,12
AATENMP = ATEMP(I)
IF (AATEMP) 605,605,606
605 P(I) = O.
GO TO 11
606 P(I) = 1.6*(10.*¥AATEMP  /SUMI)**A
11 CONTINUE
IF(LAT-5)34,34,32 "
32 WRITE (3,33) LAT
3% FORMAT (' INVALID LATITUDE',1S)
" GO TO 100
34 DO 41 I=1,12
PE(I) = P(I)*TnBLB(LAT I)
APE(I) = PE(I)/2.54
41 SUIPE = SUNMPE + PE(I)
IF (X0) 704,703,704
703 WRITE (3, 205) LQTIT ALT,NNN,IYR
SUKAPE = SUHEE/2.54 ’
205 FOREAT ('-',//9X,'LATITUDE IS ',A8,2X, 'ALmITUDn I13', I5,' SITE NO

1. Is',I6,! YEAR IS 19',12 ,///)
WRITE (3,202)

202 FORMAT(26X ' JAN FEB MARCH APRIL MAY JUNE J
1ULY  AUGUST SEPT oCcT .NOV DEC', /)

VRITE(Z,203) (ATEMP(I),I=1,12)
203 FORMAT (10X, 'TENMP C',4X,12F9.3)
CONVZERTS THE AB OV“ TELPER‘TUQ“S T0 FAHRENHEIT
704 DO 604 I =1,
604 ATHEME(I) = ATuhP(I)*9 0/5.0 +.32.0
IF (XC) 706,705,706
705 WRITE(3,603) (ATEMP (I),I= 1,12)
603 “ORNAm(1OX 'TEMP F',4X,12F9, 3)
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WRITE(3,303) (P(1),I=1,12)

303 FORMAT(10X, 'PE UHNADJ. ',12F 9.3)
WRITE(3,304)( BLn(Lﬁl,I},I=1,12)

304 FORMAT(10X, 'CORRICTCR ',12F9.3)
WRITE(3,308) (FE(I),I=1,12)

308 FORMAT(10X,'P.E. Cls. ',12F9.3)
WRITE(3,306) (APE(I),I=1,12)

306 FORMAT (10X,'P.E. INS ',12F9.3,//)
WRITE(3, 201 ) SUNPE, SUNAPE

201 FORMAT (1OX 'TOTAL PE ZQUALS',F9.2,' CMS!',¥9.2,' INS',///)
706 K = K H
WRITE(7'K) IYR,ATEMP
K=K+ 1
WRITE(7'K) IYR,APE
206 CONTINUE
GO TO 100
98 CCHTINUE
CALL MATHER
CALL SKIP
END
SUBROUTINE MATHER
COMMON L,IND
WATER BALANCE BY THZ METHOD OF THORNTHWAITE AND MATHER, (1957).

REFERENCE..

'INSTRUCTICHNS AND TABLES FOR COMFUTING POTENTIAL EVAPOTRANSPIR-

AND WATER BALANCE' ATION

DREXEL IKSTITUTE OF TECHNOLOGY LABORATORY OF CLIMATOLOGY PUBLI-
IN CLIVMATOLOGY, VOLUMZ 10,. NUMBER 3, 1957. CATIONS

DIMENSTON T(12),P(12),PE(12),WR(1800)
T - TLYT“AAmbRﬁ (LEMP)
P - PRECIPITATION (PREC)
PE - POTENTIAL EVAPOTRANSPIRATION
WR - SOIL MOISTURE RETENTION TABLE
INTEGER TABL
TABL - THZ NUMBER OF ENTRIES IN THE SOIL MOISTURE RETENTION
TABLE. 4t ... 1100, 311 ., 900
READ (1,4) TABL
4 FORMAT (I5)
READ (1,8) (WR(J), J = 1,TABL)
8 FORMAT(6X,10F6.2,14X)
THIS SETS INITIAL CONDITIONS
AC - ACCUNMULATED FOTENTIAL WATER LOSS
ST - SOIL MOISTURE STORAGE
RO - RUNOFF
SMRET - THE PARTICULAR SOIL MOISTURE RETENTION TABLE BEING USED
ALT - MEAN CATCHMENT ALTITUDE EG. 4"
READ(1,80)AC, ST,RO, SHRET, ALT
80 FORMAT(5F10.2
WYRITE(3,99
99 FORWMAT('1"
WRITE(3,1)

1 FORMAT(20X,'WATER BALANCE FOR THE UPPER TAIERI BY THORNWHWAITE //)
SK3T - SNOW SWORAG“ AVAILABLE FOR RUNOFF WHEN THZ T:EMPERATURE
GREATER THAN 30.2 DEG F.

I - COUNTER FOR CHECKING THE PROPORTION OF SNST THAT BECOMES
SMRO IN SUCCEEDING MONTHS (SEE BELOW)

SN3T =0
I=0
DO 111 M = 1,L
READ(7'M) IY,T
=M 4+ 1
READE7'M IY,PE
READ(1,3 (PéJ),J = 1,12)
3 FOrAT{54,12F4.2)
WRITE/3,13)IY
13 FORMA%(//E?X,'!ATnR BALANCE FOR YEAR 19',12,! (IN INCHES)'/)
WRITE(3,4
46 FORMAT(///' WONTH TEMP F PE P P-PE AP VWL ST
1 DST AR D S RO SMRO TOT RO DT'/)

AP WL - AC ., ACCUMULATED SUM OF NEGATIVE P -~ PE VALUES
ST - STCRAGE

D3T - CHANGE IN STORAGE

AE - ACTUAL EVAFOTRANSPIRATION
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D - MOISTURE DEFICIT
S - MCISTURE SURPLUS (AMOUNT AVAILABLE FOR RUNOFF)
SMRO - SHOW MELT RUN OFF
PPE - P -~ PE
TOTRO = RO + -SMRO
TOT... - VARIOUS ANNUAL POTALS CF THS ABOVE VARIABLES.
TOTRRO -~ TOTAL RO
TOTSMR - TOTAL SMRO
TTOTRO — TOTAL TOTRO
TOTSNO - TOTAL PPE (= P) THAT FELL AS SNOW

TOTPE = O.
TOTPPE = O.
TOTP = O,
TOTAE = O,
TOTRRO = O,
TOTRRO = O.
TOTSMR = O.
TPTOTRO = O.
TOTSNO = O.
DO 30 J = 1,12
PREC = P(J)
POTEV = PE(J)
TEMP = T(J)

PPE = PREC - POTEV

TOTFE = TOTPE + POTEV

TOTPPE = TOTPPE + PPE

TOTP = TOTP + PREC

ACC = AC

IF (PPE )6,7,7
ACCUMULATES P - PE LT O AND FINDS THE AFPROPRIATE WR(I) FOR THE

AC

AC = AC + PPE

INTERM = IFIX(-AC*100.0 + 0.5) + 1

IF (INTERM - TABL) 16,16,5

INTERM = TABL

THISST = WR(INTERM)

IF (4BS(ACC) = 0.001) 101,101,106

IF (ST - 3.999) 105,105, 106

THISST = ST - (‘NRAT - THISST)
IF PPE LT O, AND SNOW IS ITILL STORED IN ST FRCM THE PREVIOUS
MONTH THEN THE SNOW IS IGNORED AS FAR AS THIS FART OF ST IS
CCHCERNED AND ST = SHRET TO OBTAIN A MEANINGFUL DST

IF (ST - 3¥RET) 90,90,95

ST = SKRET

GO TO 90

AC = 0O,
TEST FOR SNOW

IF (TEMP - 30.2) 89,82,82
IF PPE GT O AND SKOV STILL STORED IN 3T FRCH FREVIOUS MONTH
THEN THE SNOW IS IGNORED AS FAR AS THIS PART OF ST IS
CCRCERNED AID ST = SHMRET TO OBTAIN A MEANINGFUL DST

IF (ST - SMRET) 60,60,61

ST = SMRET A
ENSURES THAT THIS MONTH'S ST (THISST) IS LE SMRST. IF IT IS THER
THISST = SHMRET ’

IF (ST + PPE - SMRET - .001) 91,91,92

THISST = SMRET ‘

GO TO 90
IF THISST LT SKRET, THEN THISST = LAST MCNTH'S STORAGE (ST) +
EXCESS OF P OVER PE (PFE).

THISST = ST + PPE

GO TO 90
SNOW ACCUMULATION WHEN THE MONTHLY TENPERATURE LT 30.2 DEG F.

THISST = ST + PPE

SHST = THISST - SMRET

TOTSHO = TOTSNO + FPE

DST =0. : :
SHST GT O - ASSUMPTION THAT THIS PART OF THISST IS LYING AS SNOW
ON GROUND SURFACE

IF (SKs?) ¢0,90,81
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90 DST = THISST - ST
81 ST = THISST
CALCUILATIONS OF AE ., IF FPPE GT O ASSUME AE = PE OTHERVWISE STMT

IF (PFE )9,10,10 9
10 AE = POTEV

GO TO 11
9 AE = PREC - DST
11 D = POTEV - AE

TOTAE = TOTAE + AE

TOTD = TOTD + D

. CALCULATION OF MOISTURE SURPLUS

IF (TEMP - 30.2) 12,14,14

12 8 = 0.

GO TO 17
14 IF (FPE ) 12,15,15
15 S = PPE - DT

IF (8) 12,17,17
CALCULATION OF RO
50% RO AND S CARRY OVER FROM MCNTH TO MONTH.
17 RO = RO/2. + S/2.
THIS FIGURE OF 2 COULD BE VARIED SEE TAGE 194 OF ABOVE ARTICIE
TOTS = TOTS + S
TOTRRO = TOTRRO + RO
SNOWMELT SECTION. ONLY SMRO WHEN TEMP GT 30.2 DEG F.
IF (TEMP - 30. 2) 25,26,26
25 SHRO = O,
GO TO 27
26 IF (SNST) 28,28,29
THIS FIGURE MAY NEED ALTERING
28 SMRO = O.
SNST = O,
GO TO 27
29 X = SNST
I=I+1
IF (I- 1)31 31 35 . .
10% OF SNST BVCOF“S SMRO IN FIRST MONTH OF SMRO
31 SHRO = X/10
GO TO 27
IF ALTITUDE GT 500 FEET, 25% OF REMAINING 3NST BECOMES 3MRO
IN THE SECOKD MONTH OF SNRO OTHERWISE 50%
33 IF (ALT - 500.0) 43,53,53.
53 IF (I~ 2) 41,41,43
41 3MRO = X/4.0
GO TO 27
SUCCEEDING MONTHS ALWAYS 50%
43 SMRO = X/2.
27 SNST = SNST - SMRO
IF (SKNST - 0.001) 71,72,72
71 SEST = O.
I=0
72 TOTRO = RO + SMRO
TOTSMR = TOTSMR + SMRO
TPOTRO = TTOTRO + TCTRO
DT = ST + RO
IF (2RO - 0.001) 34,77,77
77 DT = DT + SEST
34 CONTINUE
K=2J
YRITE(3,35)TEMP,POTEV, PREC,PFE ,AC,ST,DST, AE,D, S,R0, SMRO, TOTRO,D
1T,K
35 FORMAT(8X,14F8,3,16)
30 CONTIKUE
111 JRITE(3,100) TOTPE,TOTF,TOTPPE,TUTAE,TOTD, TOTS, TOTRRO, TOTSMR
1 PTOTRO, TOTSE
100 §Onn$T('0 AWNUAL',8X,3F8.%,24X,6F8.3,///,20X' CHOW! ,F8.3, ' INCHES!
t1 1
110 RETURN
END
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APPENDIX II(3): Maximum daily rainfall and flood probability analysis
(see Gumbel, 1958(a), 1958(b); Roberison, 1963)
(Written in PL/I for the IBM 360 computer at Otago
University)

RF.
PROC CPTIONS(MAIN,CHSYSIOG),.
DCL IK FILE RECCRD INPUT ENV(¥EDIUX(SYSIPT,1442) F(80) BUFFZRS(2))
CUT FILE KSCCRD OUTEUT ENV(LEDIUM(SYSLST,1443) F(121)
BUFFERS(2) CTLASA),.
DCL PLSYS8 RECCRD INPUT ENV(LEDIUM(SYSOC8,2311) F(800,80)),.
DCL HIG CHAR(3),.
DCL EYTREN ENTRY,.
BCL (TEST,A,B,AA,BE,XY) FICAT (16),.
DCL (C,CARD) CHAR(80), LIKE CHAR(121),.
DCL 1 R¥L, |
2 EXT (50) FLOAT(16),
2 UTYPE CHAR(B), '
2 YRS BIN FIXED (31),
2 UNIT CHAR (6),.
DCL (I,CARDNC,LIZIT) BIN FIXED (31),
(START,l.AX) PIC '22272Z',
VAR(12) PIC 'ZZ2ZZ2z' DEF CARD,.
DCL J BIE FIXED (31),.
DCL ($P,$PP) PTR
P BIN FIXED (31) DEFIKED $P,
V PIC 'z2z27Z7 BASED ($P),.
OPEN PILE (IN),. L
OPEN FILE (PL5YS8),.
CN ENDFILE (IN) GO TO NEXT,.
HIG = HIGH(3),.
READ FILE (IK] INTC (C),.
UNIT = SUBSTR(C,75,6), -
LINE = '1'CAT SUBSTR(C,1,74),.
WRITE FILE (OUT) FROM (LIKE),.
LINE = '-',.
VRITE FILE (OUT) FRGM (LINE),.
UTYPE = 'FLOU',.
READ FILE (IN) INTO (C),.
GET STRING (C) =DIT (TEST,A,B,AA,BB) (5 F(10,5)),.
$SFF = ADDR(VAR),.
START = O,.
YRS = O’o )
NEXTYEAR. .
NAX = START,.
READ FILE (FLSYS8) INTO (C),.
IF EIG = SUBSTR(C,1,3) THEN GCTC NEXT,.
DC I =1T0 31,.
READ FILE (P1SY58) INTO (CARD),.
$P = $TP,.
DO P = P BY 110B TG P + 1000010B, .
IF MAX LT V THEEK LAX = V,.
END, .
ENL,.
YRS = YRS + 1,.
XX = FIOAT(MAY,16),.
IF. X% LT TEST THEN EXT(YRS) = A*XX + B,.
ELSE EXT(YRS) = AA*XX + BB,.
GC TO NEXTYEAR, .

?

KEXT. .
CALL EXTREM (RLF),.
CLOSE FILE (OUT),.
CLOSE FILE (IN),.
END RF,. -
EXTREN..

PROCEDURE(YS), .

DCL 1 ¥S, 2 X(50) FLOAT(16),
: 2 EAP CHAR(8), '
2 N BIN FIXED (31), 2 KANE CHAR(6),.

y DCL CUT FILE RECCRD CUTEUT ENV(MEIDIUL(SYSIST,1443) F(121) CTLASA),.

* .

TEIS PRCCELURE CALCULATES THE EXTRELE VALUE FREDICTIONS FRCM GIVEN
EXTRENE VALUES CF IARGE SAMPLES - IN THIS CASE EACH SAVPLE IS A

YEAR.
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#‘#**QI:F“?REI“Cr‘Otittt R
GUIBEL, E.J. 1958 'STATISTICS OF EXTREMES' (COLULBIA U. P., N.Y.)
GUIBEL, E.J. 1958 'STATISTICAL THECRY OF FLOCDS AND DRCUGHTS'
(JKL INST. WATER ENGS VOL 12(3) PP 157 - 184)
ROBERTCON, N.G. 1963 'THE FREGQUENCY OF HIGH INTENSITY RAINFALLS
IN NEV ZEAIAND' (K.Z. MET. SERVICE MISC. PUB. 118)

*/

*

*

*

DCL (NFW,¥,J,I) BIN FIXED (31),.
DCL SIGEAY FLOAT(16) INIT(O)
DCL SIGIAY FLCAT(16) INTT(O.3,
SIGNAXSL FLOAT(16) INIT(0.),
STGEAYSE FLOAT(16) LNTT(O e -
DCL ETEPP 1, T AT X, 50, Ty b, X, T EQ2,T85,ALP) FIOAT (16),.
DCL (EQO,ECZ %1, 145,11 ZLé) fLéAT(
DCL (Y1,%15,¥85.vNY FLOAT(16), .
DCL IINE CRAR(A21),.
NFE = N + 1,
DOI=1T0N,.
TEMP = -IOG(-IOG(FIOAT(I)/FICAT(NEX))),.

*

TEKP IS THE VARIABLE DERIVED FRCM (X/(N + 1)) .... SEE GUMBEL

SIGMAY = SIGHAY + TENP,.
SIGEAYSE = SIGNAYSG + TEMP*TENP,.
XX = X(I),.
SIGNAX = SIGNAX + XX,.
SIGWAXSG = SIGMAYSC + XX*XX,.
END,.
LINE = '0',
SUBSTR(LIKFE,S,8) = HAP,.
“UBSTQ(LIR“,21 13) = 'RETURN_PERIOD',
SUBSTR(LINE,42,11) = 'LONER LILIT'
SUBSTR(LINE,61,11) = 'UFTER LINIT'..
WRITEZ FILE (OUT) FRCM (LINE),.
LINE = * °
SUBSTR)LINE,3,9) = 'IN' CAT NAME, .
SUBSTR(LINE,23,6) = 'IN YEARS',.
WRITE FILE (CUT) FRON (LIKE),.
LINE = ' °
WRITE FILE (OUT) FRCE (LINE),.
KN = FLOAT(K),.
AINV = S(RT((SIGMAXSS, - SIGHAX*SIGLAY/N N%/(NN - 1.03)/
GRT((SIGEAYS, ~ SIGHAYV*SIGNAY/NN)/(NN - 1.0

9 e
*

ATINV IS 1/ATPHA
U = SIGUAX/NK - SIGMAY/NN*AINV,. /* Ao IN GUMBEL */

DC I =12 N - 1,. /* ORDLRING X LOWEST TO HIGHEST *
DO =17 N -~ T,
F X(J) GT ¥(J+1) THEN DC,.
XX = X(J+1),.
X(J+1) = X(J),
()=Hi‘
EKD,.
EKD,.
END,.
*

TEE NEXT GkOUP OF STATENERTS ARE TO DC WITH SETmING UP TEE TWC
CCNTRCL BANDS WEICH ARE DIVIDED INTO FIVE SECTIONS

EGO = AINV/(-LOG(C.15)*SQRT(NN*3.0/17. ogg
E{T = AINV/(-IOG(C.85)*SGR m(n**17 0/3.0
EL2 = 1.14078*AILV,

EG3 = 1. 14078* INV/LOG(NN),.

X1 = x(1)

XN = X(N),.

¥ = 9 /nPIV*(K1 U),.

YN = 1./4I0V* (X1-U)

71 = 1.0/(1.0 - EXP{EXE(-Y1))),.

T15 = 20.0/17.0,.

785 - 20.0/3.0,.
TN = 1.0/(1.0 - EXP(~-ZXP(-YII))),.
Y15 = —LCG( ICG(1.=1./T15)),.
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Y85 = -I0G(-10G(1.-1./T85)),.
ZLP = (EG5 - EGOY/(Y1' - 7153,
ATP = (EQ2 - =CA)/(YN - ¥85)..

Do I = 101,103,110,120,1303150,200,50C BY 500 TO 2500,5000,10000, .
T = FLCAT(13/100.0, . ,
TELP = -L0G(1.0 - 1.0/T),.
XT = U +(-LCG(TEIP) )*AINV, .

THIS GROUP CPF IF .TI'EN..ELSES IS TC SELECT WHICH SECTICN OF
THE COKRTRCL BAND THE PARTICULAR VALUE OF T - THE RETURN
PERICD - LIES IN ARD TC CALCULATE THE APPRCPRIATE VALUE OF EG.
EG IS ADLED TC & SUBTRACTED FRCL EACE XT - THE FLCW FOR A
PAnTICUI.AR T - TG GIVE THE CCNZROL BAND POINTS.

/t

f
IF T LT T1 THEN EG = EQ3,. ELSE
IF T IT T15 THEN ES = (-ICG(TEMP)-Y15)*ZIP+ECO,. ELSE,.
IF T 17 085 THEL By = AINVATELP*SZRI(E(T = 1.0))),.
ELSE IF T IT TN THEK Eq = (—LOG(TELP)-¥85)* ALP+EN, .
ELSE E§ = EG2,.
LINE = ' !
FUT STRIEG (LINE) EDIT (XT,T,XT - B%,XT + BG)(X(1),P(9,2) ,X(12),
n-(7 2),%(12),F(9,2) k('YC) F(9 2)),.
WRITE FIfE (ou?} radu’ {Ting)..
END, .
IINE = ' ',.
FUT STRING (LINZ) EDIT (10! U+AINV*O. 772156049,'2.35' '"WEAN ANNU',
'AL EXTRENE') (4,7(9,2),%815),A4,X(65,2 AY,. -
WRITE FILZ (OUT) FRCi: (LINE),.
PUT STRING (LINE) EDIT (U, 'MOST PRCBABLE ANNUAL EXTREME')
T X(1),7(9,2) ,2(253 ,4)
WRITE FILE (CUTY FrOL(LINE),.
LIS = 17,
WRITE FILE' (CUT) FROL (LINE),.
LINE = (6)' ' CAT 'X' CAT (11)' ' CAT 'RANK' CAT (11)' ' CAT
T VproT Posne,
WRITE FILE (OUT) FRON (LIKE),.
LINE = ' !
WRITE FILE (CUT) FRCY (LINE),.
TENP = FLOAT (EEM),.
D0 I =110 K,
FUT STRING (LINE) EDIT (X(I),I,TENP/(TEKF - FLCAT(I)))
T (X(1),F(5,2),%(9),F(3),X(9)17(9,2)), .
WRITE FILE (OUT) PRbN (LIFE)..’
END
END EXTREN,.

G

P
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APPENDIX II(4): Minimum flow probability analysis (See Gumbel,
1958(a), 1958(b)). (Written in PL/I for the
IBM 360 computer at Otago University)

RF. L 3
PROC OPTION3(MAIN,ONSYSLOG),
DCL PrSYS8 RZCORD INFUT ZNV(M:DIUM(SYSO08,2311) F(800,80)),.
DCL IN FILE RECORD INPUT ENV(MIDIUN(SYSTT, 1442)IKBO BUFFERS (2))
, OUT FILE RECORD OUTFUT ENV(MEDIUM(SYSLST,144%) F(13%1)
BUFFERS(2) CTLASA),.
DCL HIG CHAR(3),.
DCL EXTREM ENTRY,
DCL (TEST,A,B,AA.BB,XX) FLOAT (16),.
CL (c CARD) CHAZ(80), 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,LIMIT) BIN FIXED (31),
(START INTD (999999) , MAX, DELETE INIT(0)) PIC 'Z22Z22',
VAR(12) PIC 'Z222ZZ' DEF CARD,.
DCL J BIN FIXED (31),.
DCL ($F,$PP) PIR,
P BIN FIYED (31) DEFINED $P,
V PIC '2222ZZ' BASED ($F),.
OPEN FILE (IN),
OPZN FILE (OUT),.
OPEN FILE (PLSYS8),.
HIG = HIGH(3),
READ FILE (IN) INTO (C),.
UNIT = SUBSTR(C,75,6),.
LINE = '1'CAT SURSTR(G,1,74),.
NRITE FILE (OUT) FROM (LINE)..
LINE = '-',
§RITZ FILE (OUT) FROM (LINE),.
UTYPE = 'FLOW',
READ PILE (IN) INTO (€),..
GET STRING (C) EDIT (T&ST,A4,B,AA,BB) (5 F(10,5)),.
$PP = ADDR(VAR),.

YRS = O,
NEXTYEAR.
VAX = uTART

READ FILE (PL3YS8) INTC (C),.
IF HIG = SUBSTR(C,1,3) THEN GOTO NEXT,,
DO I =1 TO 31,
READ FILE (FISYS8) INTO (CARD),.
$F = $PP,.
DO P = P BY 110B TO P + 10000108, .
IF V GT DELETE THEN IF MAX GT V THEN MAX = V,.
END,.
END, .
YRS = YR3 + 1,.
XY = FLOAT(MAX,16),. -
IF XX LT TEST THEN EXT(YRS) = A*XX + B,.
ELSE 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 FIXED(31), 2 NAME CHAR(S),
; DCL OUT FILE RECORD OUTPUT ENV(MEDIUM(SYSLST,7443) F(131) CTLASA),.
THIS PROCEDURE CATCULATES THE EXTREME VALUE PREDICTIONS FROM
GIVEN EXTREYE VALUES OF LARGE SAMFLES - IN THIS CASE EACH
SAMPLE IS A YEAR
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DCL (NPM,K,J,I) BIN FIXED (31),.
DCL SIGMAX FLOAT(16) INIT(O h J
DCL SIGMAXSQ FLOAT(46) INIT(O. ),.
DCL SIGMAX3 FLOAT(16) INIT(0.),.
DCL - (TEMP, XX ,NN,T,AINV,XT,E3,U,EQ1,XN, TN, EQ2,T85,ALP) FLOAT (16),.
DcL (ER0,EQ3,X1,T15,T1,2LP) FLOAT(16),.
DCL LINE CHAR(151,,.
DCL (KK KKINV,R¥,LNXM) FLOAT(16),.
DCL SQRDB1 FLOAT(ﬂo)
DCL GAMA INTERNAT, RETURNS (FLOAT(16)),.
DCL F INTERNAL RETURNS (FLOAT(16)),.
DCL FN INTERNAL RETURNS (FLOAT(16)),.
DCL FCT INTERNAL RETURNS (FLOAT(16)),
DCL BINCHOF INTERNAL RETURNS (FLOAT(16)),.
DCL IM BIN FIXED(31),.
DCL (Y1,Y15,Y85,YN,XPLOT,XU,XL) FLOAT (16),.
DCcL (v, EDS Gﬂ) FIOAT(10),.
NPM=N+1,.
D0OI=1T0N-1,. /* ORDERING X LOWEST TO HIGHEST */
DOJ =1TO0N -1,
IF X(J) LT X(J+1) THEN DO,.
XX = X(J+1),.
EJ+1) = X(J),
X(J) = Xx,.

*/

DO I = 1 TO N,.
XX = x(I),
SIGMAX = SIGMAX + XX,
SIGMAXSQ = SIGNAXSQ + XX*XX,.
SIGMAX3 = SIGMAX3 + XX*XX*XX,. -

END,.
NN = FLOAT(N),.
XN = SIGMAX/NN,. /* MNU1 OR MEAN */
/*'¥U2 OR VARIANGE */
AINV = ((SIGMAXSQ - STIGMAX*SIGMAX/NN)/(NN ~ 1.0)),.

_/* SKEY = NU3/(NU2**(3/2)) */ _

SQRTB1 = (SICMAX3 - 3.*STGMAX*SIGMAXSG/NN + 2.*SIGMAX*SIGMAX*“SIGMAX

/(NN*NN))/WL/S“RT(AINV AINV*AINV), .
DISPLAY('START MEZTHOD 1'),.
KK = BINCHOI(F),.
IF KK = 0.0 THEN DO,.

DISPIAY('START NETHOD 2'),.

GOTO METHOD TWO,.
END,
KEINV = 1w 7BE 5 x
G1 = GANNA(1.+KKINV),.

/* CHARACTERISTIC DROUGHT */
V = XN + SQRT(AINV)*(1.-G1)/3QRT(GAMNA(1.+2.*KKINV) - G1*G1),.
/* VALUE ¥HICH DISTRIBUTION IS ASYMPTOTIC TI L¥3

EPS = (XN - V*G1)/(1. - G1),.
IF EPS GE X(N) THEN DO,.

METHODTWO,
R = 0.63212+(NN + 1.),.
IM = BINARY(RM,31,0),.
INXM = LOG(X(I¥)).
V = EXF((RM ~ FLOAT(IM,16))*(LOG(X(IM + 1)) - INX¥M) - LNXM),.
KK = BINCHOP(FN),.
IF KK = 0.0 THEN DO,
DISFLAY('START NETHOD 3'),.
EPS = 0.0,
KK = BINCHOP(FCT),.
IF KK = 0.0 THIN DO,.

= 1 H

LINE = ‘'~METEODS 1, 2 & 3 ALL FATLED',
WRITE FILE (OUT) WROM (LINE),.
GOTO FINS,

END,

KKINV = 1./KX,.
V = XN/GAMMA(Y. + RKINV),.
END, .
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ELSE DO, .
KKINV = 1./KK,.
G1 = GAMMA(1. + KKINV),.
EPFS = (XN - V*G1)/(1. =G1),.
END’ L]
END, .
IF EFS LE 0.0 THEN
TF NAVE = 'CUSECS' THEN EPFS = 0.0
PUT STRING (LINZ) EDIT ('OKK =',KK,' V =',V,' EPS =',EPS,
CX(R) =L X)) (3 (A,E(20,10,113)), .
WRITE FILE (OUT) FROM (LINE),.
LINE = '1',.
WRITZ PILE (OUT) FROM (LINE),.
LINE = 'O',.
SUBSTR(LINE,5,8) = HAP,.
SUBSTR(LINZ,21,13) = 'RETURN PERICD',.
SUBSTR(TINE.42.41) = 'LOWER LIMIT',.
SUBSTR(LINE.61,11) = 'UFFER LIMIT',.
SUBSTR(LINE.B81,8) = 'LOG FLOW',.
SUBSTR(LINE,104,3) = 'LOG',.
SUBSTR(LINZ.124,3) = 'LOG',.
WRITE FILE (OUT) FROM (LINE),.
LINE = ' *,.
SUBSTR(LING,%,9) = 'IN ' CAT NANE,.
SUBSTR(LIKEZ,2%,8) = 'IN YEARS',.
SUBSTR{LINE.100,11) = 'LOWER LIMIT',.
SURSTR(LINZ.120,11) = 'UPPER LIMIT'.,.
YRITE FILE (OUT) FROM (LINE),.
LINEZ = ' ',.
WRITE FILE (OUT) FROM (LINE),.
NN = FLOAT(N),.

non

[

o

THE NEXT GROUP OF STATEMENTS ARE TO DO WITH SETTING UP THE TWO
CONTROL BAKDS WHICH “RE DIVIDED INTO FIVE SECTIONS.

EQO =KKINV/(-L0G(0.15)*SIRT(NN*3.0/17.0)),.
EQ1 =KKINV/(-L0G(0.85)*SIRT(NN*17.0/3.0)),.
EQ2 = 1.14078*KKINV, .

EQ3 = 1.14078*KKINV/LOG(UN),.
X1 = LOG(X(1) - EF3),.
XN = LOG(X(N) - EFS),.

U = LOG(V - EPS),.

YN = KK*(XN - U),. /* FROM TN */

Y1 = KK*(¥1 - U),. /* FROM T1 */
T = 1.0/(1.0 - EXP(-EXP(Y1))),.

15 =« 20.0/17.04

185 = 20:0/3:05

T™N = 1.0/(1.0 - EXP(—EXP(YN%)),.
Y15 = LOG(-LOG(1. - 1./715)),.
Y85 = LOG(-LOG(1. ~ 1./T85)),.

ZLP = (EG3 - EQO%/gYﬂ - Y15),.
ALP = (EQ2 - EQ1)/(YN - Y85),.

Do I =101,10%,110,120,130,150,200,500 BY 500 TO 2500,5000,10000, .
T = FLOAT(I)/100.0,. _ :
TEF¥T = -L0G(1.0 - 1.0/T),.

/* IS THE FREDICTED FIOW FOR THE FARTICULAR T. */
XT = EPS + (V - EPS)*(TENP**KKINV),.

THIS GROUP OF IF..THEN..ZLSES IS TC SELECT WHICH SECTION OF
THE CONTROL BAND THE PARTICULAR VALUE OF T - THE RETURN
TPERIOD - LIES IN AND TO CALCULATE THE ATTROPRIATE VALUE OF EQ.
EQ IS HALF THE CONTROL BAND WIDTH OF THE LOG -~ TRANSFORMED
VARIATE XT - EPS.
IF T IT ™ THEN E3 = EQ3,. ELSE ,
3 = (LOG(TEMF) - Y15)*ZLP + EQ0,. ELSE
IF T LT T85 THEN £} =KKINV/(TEMF*SIRT(NN*(T - 1.0))),.
SZ IF T LT TN THEN EQ = (LOG(TENP) - Y85)*ALP + EQ1,.
EL3E B3 = ER2,.
LINE = ' ',
XFLCT = LOG(XT - EF3),.
XU = XPLCT + E3,.

N
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XL = XPLOT - EQ,.

PFUT STRING (LINE) EDIT (XT,T,EX /P(XL)+EFS, EXP(XU)+EF3, XPLOT, XL,
xu)(x(n ,7(9,2),%(12),7(7,2) 1%(12),#(9,23,%(10) , 7(S ~3).%(10y,°
9,4),5011),7(9,4),%812) ,7(3,4)),
V?ITE FIL“ (ouT) FROL (IINB),.
END,
LINQ = Wb
WRITE FILV (OUT ) FROM (LINE),
LINE = (6)' ' CAT 'X' CAT (11)' ' CAT 'LOG X' CAT (11) * ' CAT

'RANK' CAT (11)' ' CAT 'FLOT POSN',

NRITE FILE (OUT) FROM (LINE),.
LINE = !

WRITE FILE (OUT) FROM (LINE),.
TEMP = vLoAT(rrM),.
DOTI =1T0N

FUT STRING (LINE) EDIT (X(I),I0G(X(I)-EFS),1,TEVE/(T

(x(1),7(9,2),X(6),F(9,4), X(9) 7(3),%(12),7(9,2)
o YRITE FILE (OUT} FROM (LINE],
D,.

§w ~FLOAT(T)))

/* F - THE FUNCTION VALUE FOR BINCHOP */
F..
FROC (X) FLOAT(16),
DCL (K,KINV,G,N,GE,FN) FLOAT(16),.

KINV = 1.0/K
G = GAMNA(1.0 + KINV),.
G2 = GAMYA(1. + 2. *KINV)Y, .
N = G2 - G*G
FN = (GAMMA(A. + 3.*KINV) = 3.%G2%G + 2.*G*G*G)/SGRT(N*N*N) -
SQRTB1, .
RETURN (FN),.
END F,.
*
END F
; BEGIN GAMMA FUNCTION .. ALGORITHM
L ]
GAMMA. .

FROC (X) FLOAT(16),
DCL (H INIT(1.03,Y,%) FLOAT(16),.
Y = X,.

Al..
IF Y = 0.0 THEN H = 1.0E50,.

EI3E IF Y = 2.0 THEN GOTO A2y,
EL3E IF Y 1T 2.0 THZN DO,.
H = H/Y,.
Y=Y+10,.
GO TO A1,
END, .
ELSE IF Y GE 3. O THEN DO,
Y=Y - 1.0,
"H = H*Y,.
GOTO A1, .
END, .
ELSE DO,.
Y =Y -~ 2.0
H = ((CC(C. 0016062118‘Y + .00)1589954\*Y
+ .0044511400)*Y + .0721101567)*Y
+ JOB211174C4)*Y + .4117741955)*Y
+ JA4227874505)*Y + .9999993758) *H, .
END, . .
A2l.
RETURN(H), .
END GAMMA,

/* 'BEGIN BINCHOP WHICH SOLVFS SKEW FOR KK VALUE */

BINCHOP,
PROC(Z) FLOAT (16),

DCL Z RETURNS (FLO AT(16)),

DCL (C,EFSIION INIT(1. -10) A INIT(1.499),B INIT (1.50),TEST)

FLCAT(16)

ON OVERFLOW GOTO OVERFLOWEXIT,

TRYAGAIN. .
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IF z(A)*Z(B) LT O. THEN DO,.

AGAIN..
c = (A + B)Y2.,.
IF zZ(A)*Z2(C) LT 0. THEN B = C,.
ELSE A = C,

ST = ABD(A - B),
TF TEST GT EPSITON THEN GOTO AGAIN,
RETURN (C),.
END,
ELSE Do, .
PUT STRING (LIIE) EDIT ('OoOLUTION OF 2(X) I3 OUTSIDE RANGE.
X =',A,' TO X =",B)(4,2 (4,E(20,10,11))),.
WRITE FILE (OUT) FRCM (LINL),.
A—A/2 B Be,.
GO TO TRYAGAIN
END,
OV“RFLOJBXIT
ETURN(O. o),.
END BINCHOP,.
FN.
PROC(K) FLOAT(16),
DCL (G1,KINV F) FLOAT(16),
KINV = 1./K
G1 = GAMN A(1 + KINV), o
RETURN((1. - Gﬂ)/SQRT(GAMNA(ﬂ +2,*KINV) - G1*G1) - (V - XN)/
SQRT(AINV)), .
END FN,.
FCT.
PROC(K) FLOAT(16),
DCL (G1,KIKV K) FLOAT(16),
KINV = 1./K,.
G7 = GAMMA(1. + KINV),
RPTURN(GAVTA(ﬂ. + 2.°KINV)/(G1%G1) = 1. = ATINV/(XN*XW)), .
END FCT,
FINS..
END EXTREN,.
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APPENDIX II(5): Modified conceptual model of system synthesis
(see Hutchinson & Sunmers, 1971; Boughton,
1965, 1968(b)}. (Written in Fortran IV for the
IBM 360 computer at Otago University)

DIMTNSION RAIN(31,12),EVAP(12),FEBETC(12),ROF(31,12),C(12)
READ (1,1)CEPMAX,USMAX,DRIAX,SSMAX
1 FCRUAT (4F5.2)
READ(1,1) JEP,US,DR,SS
READ(1.1)ABC, PCUS,GWNAX,, GW
READ(1,1)T0, Fu,AAK AAC
READ(1,1)X7,XY,XZ,BBC
READ(1, 2)(FVBETC(J) J=112)
2 FOREAT(1244)
CEPMAX IS IFAX INTERCEPTICN STORE. USMAX IS MAX UPPER SCIL STORE.
DR¥AX IS FAX DRAINAGE 5mcqv SS¥AY IS MAX SUBSCIL STORE.
H IS MAX LINIT FOR EVAPOTRANSPIRATION RATE.
PCUS IS PERCENT ET LOST FRCM US STCRE.
FO DAILY INFILTRATICN AT ZERC SCIL MCISTURE
FC IS KIN INF. RATE, AAK IS X IN INF. EQN. AAC IS FACTOR FORIEPLETING
SUB3CIL MOISTURE BY DRAINAGE.
%RITE(3,500)CEPMAY, USMAY,, DRMAX, SSMAX
YRITE(3,500)C=P,US,DR,SS
YRITE(3,500)ABC,PCUS, GWMAX,GW
WRITE(3,500)F0, FC AAK,AAC
WRITE(3,500)X2, XY, XX
500 FCREAT(4F10.3)
WRITE(3,3)
3 FCRMAT(12X, 'DAY NONTH YEAR EST EXCESS SUBSL CEP us
1 DRAIN SUBSL SPILL DEF GRNDYTR')
WRITE(3,4) b
4 FORNAT(29X, 'RUNOFF RAIN STCRE CTORE STORE STORE!)
F = FO
CEPLAX = O.

DDIFF = 0.0
RR = 0.0
ST = 0.0
223 SPILL = O.
SUM = CEPMAX + USMAS + DRMAX
DEF = O.
READ(1,1002)NM,NYZARS, INIT
1002 FCRNAT(315)
READ(1,1003)(C(J),T=1,12)
1003 FORNAT(12F5.2)
WRITE(3, 1005)( (3),J7=1 12)
GRUN = 0.07
S READ(1,1008) (EVAP(J), J= =1,12)
1008 Fovrxm(sx 12F4.2)
DO 577 3=1 12
577 EVAP(J) -VV&T(J)/25 0 '
VRI %(3,1003) (EVAP(J),J=1,12)
DO 400 J=1,12
READ(1,1004)RAIN(K,J) ,K=1,31)
1004 FCRMAT(10X,16F4.2/104,15F4.2)
DO 401 K = 1,31
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401 RAIN(X,J) = 1.,08*RAIN(X,J)
400 CONTINUE
READ(1,555)((ROF(K’J)3K=1;§4)$J=1’12)
555 FCRMAT(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=OA )
RUN = 0.0
EX = 0.0
DIF = 0.
FALL = 0.0

IF (RAIN(J,NM))101,228,125
C THIS DIVIDES DAILY RnIN IWmO 1.5INCH LOTS
125 IF(RAIN(J,i) - 1. 5)12 12,126
126 FALL = R&Ih (J, M) - 1.5
RAIN (J,M) = 1.5

12 AA = CEP
AB = US
4C = DR
AD = SS

C ADD RAIN TO VARIOUS STCRES TILL USED UP
CEP=CEP + RAIN(J,M)
IF(CEPNMAX-CEP)13,228,228

1% EX = CEP - CEPMAX
CEP = CEPMAX
US = US + EX

IF(USMAX - US)14,228,228
14 ®X = US - USMAX
DR = DR + EX  YS=USMAX
IR(DR¥AX -DR)15,228,228
15 EX = DR - DRIAX
CALL RATE(F,FO,FC,SS,S5MAX,AAK)

SSING = F
IF(SSHAX - 55 - F)226,226,229
226 SPILL = SS + F - SSMAX
GO TO 229

228 EX = 0.0
229 CONTINUE
RUN = RUN + GRUN
ROF(J,M) = RCF(J,M)*0.0167
ROFF = ROFF + ROF(J,M)
GRUN = 0.0
“RITE(3,2003%)J,FEBETC(M),INIT,RUN,EX,SS,CEP,US,DR,SSING,SFILL, DEF,
1GW,RA ﬂ(J 1) ,ROF(J,M)
2003 FORIAT(16X 15,A4,15,42F7.3)
C TEIS WRITES OUT VALUES UNDER OLD SYSTEM
DIF = RUN -~ ROF(J,M)
DIF = DIF*DIF
DIFF = DIFF + DIF
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SPILL = O.

DEF = O.

CEP = CEP - EVAP(M)
IF(CEP)16,117,117

=P - ABRS(CEP)
CEP = O.
US = US - PCUS*FUNCT(US,USMAX,H,EP)/100.

|

S8 = 88 - (100. - PCUS)*FUNCT(SS,SSMAX,H,EP)/100.
IF(DR)18,92,19

DR = C.

GC TO 92

CALL RATE(F,FO,FC,SS,SSMAX,AAK)

IF(DF - F)121,121,122

.= 8S + DR
DR = 0.
GO 'T0 123
SS = 55 + F
DR = DR - F

THIS USES UP RAIN OVER 1.50. FALL IS RAIN OVER 1.50.

92

701
700
130 R
121
132

133

134

123%
140

141

S5 = 8S + XZ*US*US

US = US - XZ*US*U3

Ir(Ss - S:FAX)7OO 700,701

US = US + 38 - USMAX

55 = SSMAX

CONTINUE

IF(FnLL)123 123,130
AIN(I,I) = RAIN(J ) + FAIL

Ir(FiLI - 1.00)131,132,132

¥= FALL

20 TO 133

X=“.O

FALL = FALL - X

A = X/F

RUN = RUN + X-F*TANH(A)
S5 = S3 + F*TANH(A)

YRITE(3,134)RUN
FORMAT(24%,F7.3)
IF(FALL)12%,12%,130
IF(aSuAX -uu)ﬂao 141,141
Y = SS - SSKAX

SS = SSMAX

QQ = Q4 + 0.005*S8*SS + 0.1*Y
RR = R + 0.005*S5*SS + 0.1*Y
ST = ST + 0.03*SS*SS + 0.05*Y
T = 0.05*Y

GRUN = QQ

Q3 = RR

RR = ST

ST = T7

TT = 0.0

Q = @+ 0.1*Y

R =R+ 0.3*Y

S =85 + 0.3*Y

GW = GW + Q

Q=R

R =25

S = 0.0

SS = 8S - 0,04*35*SS
IF(GW - 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

L2 GW = GY + GRUN - 3.3
>A43 GW = GW + SS*(1. ~aAg) GRUN=313
SS = S8 * AAC

IF(GTMAY - GW)146,147,147
146 SS = SS + GW - GWMAX
GV = GWMAX
147 DEF = SUM - CEP - US - DR
P =P + RAIN(I,M)
ROM = RCM + RUN
IF(DEFMAY - DEF)22,101,101
22 DErNAX = DEF -
101 CCNTINUE
"RITE(3,1007)P,ROM,ROFF,GW
1007 FCRVAT(53X,477.2)
WRITE(3, 530)DIFF
530 FCRMAT(10X, 'SUK OF SQUARED DIFFERENCES IS', F10.4)
DDIFF = DDIFF + DIFF
USMAX = USMAX/C(M)
102 CCNTINUE
WRITE(3,1019)DDIFF
1019 FORNAT(10X, 'TOTAL SS',F10.4)
NM = 1
INIT = INIT + 1
NYEARS = NYEARS -~ 1
- IF(NYEARS)30,30,5
33 GO TC 5
30 CCNTINUE
32 CCNTINUE
END

i}

*

// EXEC FORTRAN

FUNCTION FUNCT(SMLEY,SMMAX,H,ET)
POTNT = H*SKLEY/SMMAX
1F(POINT~ET)1800, 1800, 1801

1800 FUNCT = PCINT
RETURN

1801 FUNCT = ET
RETURN
END

// EXEC FPCRTRAN

SUBRCUTINE RATE(F,FO,FC,SS,SSMAX,AAK)
IF(SSHAX - $8)301, 501 302

301 F = FC + 0,01
RETURN

302 IF(S8)303,303,304

303 F = FO + 0.01
RETURN

304 F = FC + (FO - FC)/EXP(A4K*SS)
RETURN
END
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APPENDIX II(6): DASTAT - statistical analysis of monthly flows
(see Thomas & Fiering, 1962; Pearson, 1968).
(Written in Fortran IV for the IBM 360 computer
at Otago University)

DASTAT (STATTSTICAL ANALYSIS OF RECCRD OF KONTELY RIVER FLOW

DECLARATIONS .

REAL XX(100.13),A(13),B(13),C(13) ,F(12), BAX(12),
QUIN(13),FLOT, ™0 ,011,JQL?,QBAv(ﬂe),UdR\A(ﬂp
STPOT(12),4S7D(1 S‘”TD( 2),QVaR(12),SEVAR(12) !

. STREG(12) ] G3OR(12),53021(12)
T(12) T(42) 'PP(ﬂ?)"TW (1
1?,8“{”7(12) £13, K14
y.%,1.9,YI,YF, Y, KK

GPOT(12),
1SKE(12),

52073(123,1,K1,K2
,X9, ANTOT, K10,

'
iy

AL,
’
L]

L,

g -

(o3

g
WHNERe PB
r\_)- > \./
v(,’)¢ jc

A B
/8s
K6 ,R7,1

ES e ST

INTEGER D3, HEAD

DOUBLE FRECIZION DT

READ LENGTH OF RECCRD AND NALE OF STATION

RELD (1,2) RDS,HTAD

FORVAT (I%,1%,1944)

IF (RDS) 44,6

RZAD INTTIAL'YEAR

READ (1,50) YI

FORLAT (I5)

READ RIZO3D

READ (1,273) YF

FORvAT (129

IF (YF) 274,274,275

CONTINUE

v

J
/
D

~a
=
fwn
-~
=
£ =g
-~
= b
_)\_n[\)
¥
-
PR 0 R

~
-
5\0

= 1,12)

L(‘:
>~
—~
~ =}
-
—
A
-
H
!

= 1,12)

“"(?Dd -

XZ(RDS,12)
uO TO 276
CONTINUE
D0 157 K = 1,RDS
READ (1 158) " (XX(K,I), I = 1,13)
“‘O?. .‘- ( F6o )
CON?INUE
CONTINUE
TRITE RECORD
¥K = O

CONTINUE
HTADING OF DATA
CALL ZKIP
TIITE (3,51) 2WS
PORUAT (' ',T40, 'FLOT RECORD ', TI3,' YEARS',/)
IF (¥%) 4,212,?13
WRITE (3,52)IEAD
roRAT (T40,1944//,T40, “UEANFLOY (CUSSSS)',/)
GC TO 214 .

#RITE (%,215) HE

ORYAT (D40, 1914// T40,'LOG BASE 10 OF YWEAN FLOW (CUSECS)',/)
"CV“I@U“

RITE (3,64)

CRLIAT ('V“‘?' 14K, ' JAN FE3 MAT APR Y

A\JMJ/\ [ Ean
;‘
OO
"\/'ra
o
18]
-
—
~r
-
H
i

1 'KAY JUN JUL AUG SEP OCT NOV!',
2! DEC YEAR',/) '

L = RDS
YF = YI
DATA
D0 53
[ =
ANmor
Do 55

]
+
=
]
-3

o
<
+
S0
tg

-

o
oY
-
2
N
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55

281
282

280
53
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12
11

13
68

14

40
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ANTOT = ANTOT + XX(X,I)

ANTOT = ANTCT/12

IF (Xx) 280,230,281

TRITE (3,282) Y. (XX(X,I), I = 1,12),ANTCT
FORNAT (15,T14,12F9.3,F9.3

GO ™0 53

ITE (3;54) Y,(¥X(X, I) I = 1,12),ANTOT
FORNAT (15,714.12F9.0,F9.0)

CONTINUZ

INITIALIST “ORKING PARAMETERS

DO 10 I = 1,13

A(Ig =0
B(I) = 0
c(1) = 0
D(Ig = 0
F(I) = 0
ONTINUE

TOTAL = O

SELECT MAXINUM AND MINIMUM
D09 I = 1,13

QEAX(I) = 2170
QiIN(I) = 99999.0

09 J=1,3D5

FLOT = X%(J,I)

IF (QAX(I) - FLOW) 12,11,11
QIEAX(I) = FLOW

IF (FLOY - QWIN(I)) 13,68,68
QUIN(I) = FLOW -

JORTINUE

COMPUTE "OWING PARAMETERS

A(I) = A(I) + PLOV

B(I) = B3(I) + FLOW*TLOVW

C(Ig = cglg + FLOW*FLOT*FLOY

D(I) = D(I) + FLOW*FLOW*FLOY*FLOY
CONTINUE '

DO 14 I = 1,12

DO 14 J = 1,RDS

COL1 = XX(J,I)

20L2 = YX(J,I + I)

F(I) = #(I) + CCL1*Z0L2

K& = EXP(S337(3/(L - 3)))

K10 = Sa20(6*L* (L - 13/({L - 2)* (L + 1)*(L + 3)))
K12 = SQRT(96/L)

ZOLPUTE MSAn, SE OF MEAN, STD DEV, SE OF STD VAR,

ALSO SE OF FURT0S 3IS

SE OF "o VARI AND SE OF SKETV

DO 15 I = 1,12

K3 = A(I)

3BAR(I) = K3/L

K1 = B(I) - A(I)*\(I) L
STD(I) = OLRT(K1/(L - 1.0))

Y9 = LSTD(I)

SEBAR(I) = R2/5327(L)

SESTD(I) = 0.7071*SEBAR(I)

QVAR(I) = K2*L/K3

COEFF VARIATION,

SEVAR(I) = SESTD(I)/S3AR(TI)

K4 = C(I) - 2.0*K3*B(I)/L + 2.0*K%3*K2*K3/ (L*L)

K11 = D(I) - &. 0*K3*C(1)/L + 6.0*K3*E3*B(I)/(L*L) - 2.0*K3*K3*K3
1 *K7/(L*L*L)

SESKZ(I) = K10

SEXUR(I) = K12

K5 = B(I + 1) = A(T + 1)*A(I + 1)/L

SET SKEW% AND REG CO ™0 ARBITRARY VALUES IF STD DEV IS ZERO
ALSC KURTOSIS

IF (X2) 40,40,41

QSKV(I) = 999.999

QREG(I) = ©99.999

QFUR(I) = 999.999

GO TO 45
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c COMPUTE SKE@ AND REG 2O IF STD DEV NOT ZERO
c ALSO KURTCEIS
41 GOKN(I) = K4*SQRT(L/(K1*K1*K1))
qﬂuG(I) = (F(I) - K3*A(I + 1)/L)/K1
SEUR(I) = (K11*L)/(¥1*K1) - 3.0
C ST ZOR 20 TO ARBITRARY VALUE IF STD DEV FOR THIS MONTH OR NEXT
a MONTH IS ZERC
45 IF (ER*K5) 42,42,43%
42 QCOR(I) = 996.999
SCOR1(I) = 999.999
u«OQ?(I) = 999.999
GO 70 15
g COMPUTE JOR 20 4¥D TO-THIRDS CONTFIDEKCE LIMITS IF NTITHER STD DEV
2 IS ZERO
43 g on(l) (F(I) - K3*A(I + 1)/L)/SIRT(K1*KS5)
ka = oq(I)
%6 = 1 - Kb
K7 = 1 + K4
ou0?1(1) E7*K8 -~ K&6)/(K7*K8 + Keg
Z0R2(T) K7 - X8*K6)/(X7 + K8*K6

%
c CONPUTE St gF REG C
an

K9 = S3TG
SEREG(I) FRT((X9*KS*K6*K7) /(K4*K4*(L -2)))

15 SONTINUE

n f\tsj (]

¢~ COMPUTE WONTHLY FROPORTION OF ANNUAL TOTAL FLOT AND SE OF MPOT
DO 16 I = 1,72 ... |
16 TOTAL = TOTAL + SBAR(I)
DO 17 I = 1,12
QPO™(I) = 3BAR(I)/TOTAL
17 £ZPOT(I) = S=BAR(I)/TOTAL
C  WRITE ANALYSIS

HEADING OF ANALYSIS
5 CONTINUZ .
CALL JOBDAY
IF ( K) 4,203,204
203 SRITE (5 )
FO?: (' DASTAM!' ,T40, "STATISTICAL ANAYSIS OF RIVER FLCW'/)
WRITE (7 18) HEAD
18 FORMAT (T4O YAMALYZIC OF MEAN NONTHLY RIVER FLOW',
1 ! (“USECL)' //,*40 10A4/)
GO TO 207
204 WRITE (3,205)
205 FORWMAT ('OLASTAT!',T40, 'STATISTICA ANAYSIS OF LOG RASE 10 !
1 _'OF 3IVE2 FLO%',//)
m”I”“ (3,206) HEAD
206 TORVAT (' ANALYZIS OF LOG BASE 10 OF MEAnN MONTHLY 2IVER FLOW ',
177 (cu S&cg)',//,T40,19A4/)
207 ZCNTINUE
TRITE (z 19)

19 FORNAT (! STATIST 2¢,11%, *JAN FEB MAR APR '
1 'MAY JUN JUL AUG SEP OCT Nov',
2! DEC',/) -
c ANALYSIS
c MEAN AND 2/2 CONFIDENCE LIMITS
DO %20 I = 1,12
wP(I) = Q AR(I) + S“B\?(I)
WM(I) = 4BAR(I) - STBAR(I)
WEP(I) = QPOT(I) + ugPOT(I)
TPM(I) = QPCT(I) - SEPCT(I)
30 CONTINUE
WRAITE (%,20) QBAR,SSRAR,"P,!
20 FORUAT (} FEAN(D)', M7, 12FQ 2/, SE OF MEAN',T17,12F9.2/,
I ' ¥REAN + SE',T17,1279.2/,' MEAN - SE',717,1279.2//)
c PO““IuY PROPORTICN OF unuiL TOTAL AND 2/% CONFIDENCE LIMITS
WRITE (3,21) QFOT,S=POT, PR, VEM
21 FO"’“ (! nFor(w)!,T17,12F9.3/,' SE OF MPOT',T17,12F9.3/,
1 ' MPCT + SE', T17.12F9,3/,' KPOT - SE' yT17, 12FQ.3,//)
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STANDARD DEVIATION AND COEFTICIENT OF VARIATION WITH 2/3 CLS
DO 31 I = 1,12

WP(I) S“D(I) + SESID(I)

T2(I) = 4STD(I) - SESTD(I)

"PP(I) = ¢VAH(I) + SITVAR(I)

TEE(I) = QVAR(I) - STVAR(I)

CONTINUE

22) RSTD,STETD, TP, WM

2 FORYAT (! STD DEV (D) ° T17 12F9.2/,' SE OF STD DEV',117,12F9.2/,

1! STD IEV + SE', 117, 12%9.2).7 §7D DEV - SE',T17,12F9.2/))

WRITE (3,23) VA, STVAR,WEE, TRH
FORYAT (' CO VARI (w)' M7, 12v9 3/,' SE OF CO VARI',T17,12F9.3/,

1 ' 2C VARI + g%', TﬂV 1_-,.5/, CO VARI - SE',T17, 12ﬁ9 //)

SKEW AND XURTG3IS TH 2/3 CLS
50 32 I = 1,12

WE(1) = ‘”F'(I) + SIZKW(I)
Mi(I) = Q°F"(I) - SESEV(I)
WPP(I) GKUR(I) + SEEKUR(I)

1P”(I) - SKUR(I) - SERUR(I)

TRIT (3.24) GSKW S“”"’,TP,WM

2u Foavar (¢ skt (n)1,117,1239,3/,1 SE OF SKkmrt,m7,1289.3/,

1

'V S¥TT 4 SO',T17,1299.3/,1 SXEY - ,T17,1283.3//)
WRITE (7 82) (QJUQ(I) T = ,42) (8 FU?(I), I=1 12), YFP,"PM

82 FORMAT ( EURTOSIS (XN %' T17s 12“9 3/4' SE OF "U?TO“I y T17, 1PF9 3/,

Q

80

1

' KURITOSIS + ST', T17,12F9.3/,' KUITOSIS - SE',T17,1279.3//)
REGRESSION AND CORRELATION COE®=ICIENTS WITH 2/5 cLS
DO 280 I = 1,12
wPP(I) = QREG(I) + G(I)
TPM(I) = QREG(I) - G(I)
JONPINUE
YRITE (3,25) QREG,STREG,WFP, VEM

J

“’1 153

™
19

i
‘4‘

U) %]

25 FORUAT (' REG CO (ﬂ)' 17,12F9.3/,' SE OF REG CO', 1751?F9 « 3/ 5
1

'RT3 0O + SE',T17,12F9.%). ' REG G0 -SE',TM7,1279.3//
WRITE (3,26) &CCR o,onﬂ,scopp

26 FORIIAT (' Z0R 2O (”)' T™7,12%9.3/, ' .16 PRCB HI C¢C',T17,12F9.3/,

17 .16 To0B 10 C3',717,1279.3//)

C  LAXIVOM AND NINTYUM
TRITE (2,27) (QUAX(I), I = 1,12),(SMIN (I), I = 1,12)

27 PORAT (1} uAX VALUE (D)',m17,12FS.2/,' KIN VALUZ',T17,12F9.2//)

C  URAN ANNUAL PLOW
TLOY = TCTAL/A2
TRITE (%,28) FLOYW,RDS

28 FORVAT (' NEAN *”NUAL *LOT (D)',726,F9.2//,' LENGTH OF RECORD’,

17 (¥EAIS)Y, 19,7/, (D) = DIFEYSTONAL T (N} = NON-DIVENEZIONAL'.//)

5 TR1NSFORY FLCT %=20RD 70 LCG FLOY RECCRD
IF (£K) 4,210,211

210 DO 200 X = 1,RDS
DO 200 T = 1.1%
I7 (XX(X 1)) 150,150,151

150 XX(K,I) = 1.0

151 CONTINUE
X(K,I) = ALOG10(YX(K,I))

200 SONTINUE
KK = 1

c RETPEZAT TOR LOG FLOY REZORD
GO TO 208

211 CONTINUE

g REPEAT FTOR NEXT RECORD
G0 TO 2%

Cc CLOSE DO

END
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APPENDIX II(7?): GENSYN - sequential generation of synthetic flow
record (see Thomas & Fiering, 1962; Pearson, 1968).
(Written in Fortran IV for the IBM 360 computer at
Otago University)

c GEXSYN (GENERATES SYNTHETIC RECORD OF RIVER FLOW)

C DECLARATIONS
REAL ¢ (101,13),QBAR (13),QSTD(13),QSKW(13),QREG(13),qCOR(13),2,

1N,E(13),6,R{13) ,4(25), B<25) ,C(14, 15) Kﬂ,QvIV(ﬂ 3)
INTEGER L.1,K,1{13);%X0,P,HEADC19),0,W,LL,IX,T,K2,KK,QQ(13)
DOUBLE PRECISION DT
CALL JOBDAY
c READ LENGTHE OF SYNTHETIC RECORD AND NAME OF RIVER AND STATION
69 READ (1,2) L,HEAD
> TFORMAT (13,IX,19A4)
IP(L) 111,411.3

3  CONTINUE
W=6
IF (100 - L) 1,99,99
99 CONTINUE

c GUERY ARE DATA BASED ON LOG TRANSFORMED FLOW RECORD
READ (1,200) KK

200 FORMAT (12)

c QUERY IS SKEW TC BE LKODIFIED TC ELIMINATE NEGATIVE OR ZERO FLOW
READ (1.130) LL

130 FORMAT {I2)
WRITE HLADING FOR STATISTICS OF FLOW RECORD
HEADING
WRITE (3,4)
4 TFORWAT (' GENSYR', T40,'SYNTHETIC RECORD OF RIVER FLOW',//)
WRITE (3,5) HEAD,L
5 FORMAT (T4O 19A4// 740, VINFUT STATISTICS',
110F 'ONTHLY FIOWS" // 15, YEAR SYNTHETIC RECORD',/)
IF (KK) 111 201 202
202 WRITE (3, 203)
203 FORMAT (140, " (STATISTICS OF LOG 10 TRANSFORM OF FLOW RECORD)',/)
201 CONTINUE
IF (LL) 111,131,132
132 WRITE (53133) _ :
133 PORMAT (' SKEW VALUES MODIFIED BY PROGRAM TC ELIMINATE ZERO OR ',
1'NEGATIVE FLOWS IN SYNTHETIC FLOW RECORD',/)
131 CONTINUE
IF (ILL) 90,90,91
91 CONTINUE
WRITE (3,6)
FORMAT (T32 '"MONTH',T46, 'MEAN',T55,'S DEV  SKEW REG C '
1'COR C',/)
GO TO 94
90 WRITE (3,93)
92  FORMAT (T32 '"MCNTH',T46, 'MEAN',T54,' ABS MIN', T65,'S DEV  SKEW ',
1'REG C cOR c',/) )
94 CONTINUE
G READ STATISTICS CF FLOW RECORD
DO 7 I=1,12
READ (1,173 QBAR(I),QSTD(I) GSKW(I), QREG(I) QCOR(I) ,QMIN(I)
17  FORMA® (6F9
R(I) = 1 - QNIN(I)/QBAR(I)
IF (R(I)) 101,101,102
101 R(I) =1
102 CONTINUE
7 CONTINUE

(oX o]

()]

QBAR 153 = QBAR(1
QSTD(13) = QSTD(1
GSKw(13) = Qskw(1
QREG(13) = QREG(1
QCOR(13) = QCOR(1

R(13) = R(ﬂ)



134

100
135

96

95

98
97

20
21
23
89

88
o4

25
103

26
81
82

171

60
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MODIFY SKEW IF NEGATIVE FLOWS ARE TO BE ELIMINATED
IF (LL) 111,134,135

CONTINUE
DO 100 I = 1,12
K1 = QCOR(I)

z = 2*QSTD(I + 1)*SQRT(1 - K1*K1)
= QBAR(I + 1)*R(I + 1) - QREG(I)*QBAR(I)*R(I)
QSK”(I + 1) = Z/N
CONTINUE
QSE¥(1) = QSKW(13)
CONTINUE
WRITE STATISTICS OF FLOW RECORD
DO 103 I = 1,12
IF (LL) 95, 95 96
CCNTINUE
WRITE (3,8) I,QBAR(I),QSTD(I),QSKW(I),QREG(I),QCOR(I)
FORLAT (133, 12 ,T40 5F9 3/)
GO TO 97
CONTINUE
WRITE (3,98) I,QBAR(I),QMIN(I),QSTD(I),QSKW(I),QREG(I),QCOR(I)
FCRKAT (T33 I2 Wua 6F9. 5/)
CONTINUE
TEST STATZSTICS OF FLOW RECORD AND FAIL IF STATISTICS INADMISSIBLE
W=
IF (QBAR(I)) 1,9,9
W=2

IF (1.0E5 - QBAR(I)) 1,1,20
W=3
IF (QSTD(I)) 1,21,21

IF (1 - QCOR(I)*QCOR(I)) 1,23,23

IF (kK) 111,88,89
IF (5.0 - qFaR{IJ) 88,1,
CONTINUE

CALCULATE THE ORDLR OF GAMMA
IF (GEKNW(I)) 24,25,2

N = QSKW(I)* QuKW(Ij

R(Ig 8/N

M(I) = 8/N

GO TO 103

m(zg = 100

R(I) = 100

CONTINUE

M(13) = M(1)

R(13) = R(1

INTTIALISE FLOW RECORD
Q(1,1) = QBAR(1)

INTPIAIISE RANDOM SEQUENCE
READ (1,26) xo

FOREAT (3X, 19

IF (X0 - ﬂoooooooo> 80,80,81
IF (MOD(X0,2)) 82,80,82

X0 = 100000001
CONTINUE
IX = X0

WRITE (3,171) IX

FORNAT (' RANDCM SEQUENCE INITIALISING VALUE = ',112,/,' NINE °*,
1'DIGIT ODD INTEGER',//)

GENERATE SKEWED RANDOM DEVIATE WITH ZERO NEAN AND UNIT VARIANCE
K=20

CONTINUE

1,12
t]
q

IF Ezs - T) 42,42,41
Ty 43,43,40

+3
"
=
N
=
++ 00



40

48
43

42

50

46
&7

27

61

205
170

206
204

62
63

85
65

86
72
66
67
73
472

87

68

70
111
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DO 48 P = 1,T

CAIL GAUSS (X0,1.0,0.0,G)
Z =7 + G*G

CALL GAUSS (X0,1.0,0.0,G)
Z =2+ (S~ T)*G*G
E(I) = (Z - S)/SQRT(2.0*S)
G0 To 50

CALL GAUSS (X0,1.0,0.0,G)
E(I) = G

THCNAS AND FIERING SYNTHESIS EQUATION

CORTINUE

G(E,I + 1) = GBAR(I + 1) + QREG(I)*(Q(X,I) -

1+ E(I) QSTD(I + 1)*SQRT(1 - QCOR(I)* QCOR(I )

SET KEGATIVE FLOWS TO ZERO
IF (Q(K,I + 1)) 46,47,47

QK,I + 1) = 0.0
CONTINUE
RECYCLE THRCUGH SYNTHESIS OR PASS OUT TO FRINT
CONTINUE
G(K + 1,1) = Q(X,13)

IF (L + 17, k) b4 ,61,60
ANTILOG TRANSFORV CF FLOV RECORD

CONTINUE

LL =1L + 1

IF (KK) 111,204,205

CONTINUE

WRITE (5,170)

FORMAT (

1'SCALE BY ANTILOG TRANSFORMATION’,//)
DO 206 K = 1 ,LL

DO. 206 I = 1 12

Q(k,I) = Exp(2.2025*Q(K,I))

CONTINUE

CONTINUE

LINE FRINTER OUTPUT OF FLOW RECORD
CALIL SKIP

WRITE (5? )

FORKAT ( ',T40, 'SYNTHETIC FLOW RECORD ')

WRITE (3, 633 HEAD
FORMAT (T4O 10A4/ ,T40, 'NEAN LONTHLY FLOW (CUSEC)')
WRITE (3, 64

FORMAT (' YEAR TAN FEB
1'JUN JUL AUG SEP OCT
DO 85 I = 1,12

QR(I) = G(1,1)

WRITE (3 657 (QQ(I), = 1,12)
FORWAT (' FPRERUN', T8,1218

DO 72 K = 2,LL

DO 86 I = 1,12

QR(I) = (K I)

0 =K ~

WRITE (3 ,66) 0,(Q(I), I = 1,12)
FORVAT (15 T8 1218)

PUKCHED CARD OUTPUT FOR ANATLYSIS BY DASTAT
WRITE (2,67) L,(HEAD(I), I = 1, 163

FORNAT (15 1%, 16a4, ! (UYNTHETIC)
WRITE (2,7

FORMAT ('1000')

WRITE (2,472)
FORMAT (! 2')
D0 71 K = 2,1L
DO 87 I = 1,13
QA(I) = Q(K,I)

WRITE (2 68} (QQ(I), I = 1,13)
FORMAT (151

GO TO 69
PAIL, RCUTINE

WRITE (3,70) W
FORLAT (//' ERROR EXIT ', I13//)
CLOSE DOWN

CALL EXIT

END

NOV

QBAR (I))

FLOW RECORD TRANSFORNED FROM LOG SCALE TO NORMAL ',

APR  MAY ',
DEC',/)
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