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ABSTRACT

The‘account is based upon recursive time-séries analysis‘
and its application to the étudy of river catchment behaviour in order
to predict future events. The Lerderderg Representative Basin, in
Victoria, was éelected as a range of hydroiogical data was'aVailable
for this catchment on mégnetic,tape‘from the Land Use Research Divisiqn
of CSIRO. - Additional infbrmation on soil mofﬁhology and fire history
was obtained from other sources.

The rainfall, runoff, evapcratioh and temperature records
was analysed using the CAPTAIN‘packagevprogram and both short-term

(hourly data) and long term (daily data) were considered. Since there

.were no available observations for soil moisture the non-linear soil

moisture compensation algorithm of CAPTAIN was used. Transfer functions

and steady state gain were calculated and impulse reéponses analysed.
Short-term response. was found to give a better explanation

of the behaviour qf the Lerderderg river system than that using long-

term résponse. For the iong»term.analysis the model employiﬁgﬂtempera—

ture effects was found to be mo?e sétisfactory than thése based upon

evaporation. The most successful model used dry bulb temperatures

- although as might be expected, very similar results were obtained for

analysis based upon daily maximum temperature. Problems in using the

technique are discussed and suggestions made for future lines of inquiry.
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PREFACE

Studies of hydrology have played a vitai role in the
developmgpt of human.society bvér the past se?eral thousaﬁd.years.

This study is aimed partidulariy at evaluating the felevance of system
methods and particularly timé—series analysis‘in evaluating catchment
behaviour. In particular, it considers the analysis of hydrologicél
data for the Lerderderg RiVer basin catchment and reachés Certaih
COqclusions on the hydrologic behévioﬁr of the catchment on the basis of
this anaiysis; It also attempts to evaluate tﬁe advantéges and disad-
vantages of the time-series aﬁproach to data analysis iq ;his particular
.applicatién.

Rainfall data were collected from eight stations by the Land
Use'Research Division of the Commonwealth Scientific and Industrial
Research Organization (LUR—CSIR@). Likewise runoff data were collected
from a limitedinﬁmbef of‘gauging stations. bThey were then processed
andrstored in magnetig tapes for general use. EQaporation data were
collected from three stations within the catchment ﬁsing class A
evaporation pans. This iimited data base was supplemented by the ﬁse
of records from stations in neighbouring catchments in order to‘generalise
the overall evaporation figures for the catchment. All these data and
daily dry bulb temgeratureitaken at 15.00 hrs andbdaily ﬁaximum temper;
ature were stored on magnetic tapes by LUR-CSIRO.

Data used for this study were retrieved for the period 1970
to i975 from the tapé. The selection of this patchmenf was based on
the relatively small number of missing values in the data set. Missing
vglués were estimatéd for_the rainfall éﬁdvrunoff values from the average

value of the previous seven days and for evaporation values from either



saturated deficit fdrmula or maximum and minimum temperatures. Six
yeafs' daily rainfall, runoff, evaporafion, dry bulb tempgrature’and
maximum  temperature data were used in this study. ’In.addition hourly
rainfall -and runoff daéa kGlover, 1979) for shott periéds were also
used. |

The'basin was assumed to be water-tight, i.ep the catchment
behaviour for -the purpose éfbthis study was considered to be uﬁaffeéted
by the loss or gain.from deep groundwater circulation originafing from
beyond the catchment boundary. 1In a strict éense, this is not'aécgrate
as some small mineral spfings occur within the catchment and fhése are‘
associated with deeper groundwater circulation, e.g. in the vicinity of;v
the town of Blackwood. Invotﬁer words the yield of these small springs

did not effectively contribute to the overall runoff of the Lerderderg

river system. In addition to these points, soil morphology and bush—

firevhisfory were studied to consider their possible effects on the
catchmentbbehaviour.

. A hydrological system can, in general, be either stochastic
or déterministic and linear of non-linear. In this study, the determin-
istic linear systém of fainfail—runoff was analysed first and a non-
linéar analysis was attémpted latef. A'new recursive aﬁproach (Young,
1972) was adopted, where estimation of the parameters in a transfer
function type model were based on_the recursive inétrumental variable
method suggested by Young and Jakeman (1979).

As infiltration has a considerable,effect on the yield of

the catchment and depends upon the soil permeability, a particular

form of "Antecedent Precipitation Index'" (API) was considered to offset

the loss due to infiltration.
Data were analysed using the computer package program.
CAPTAIN (Young et al., 1971) to find the best time-series models with

or without consideration of soil moisture, evaporation and temperature



ix

effects; to generate their impulse responses (unit hydrographs); and
to approximate the standard error of the estimated transfer function

parameters.- The model structure identification was found to be

‘ ‘ . : -, . 2
dependent on the evaluation of the coefficient of determination RT

‘and the error variance norm EVN (or normalised EVN, NEVN). In order

to assess the likely effects of temperature on the rainfall-runoff
relationships analysis was initially undertaken for the dry bulb

temperature. - The method was repeated for the maximum temperature, but

as expected, there was little difference in the results.

Daily data were’analyéed in three ways:

(a) considéring the raw rainfall only as sole input;

(bj considefiﬁg raw rainfall minus evaporation as the
input, and

(c). modifying‘the‘raw rainfall for temperature effects.

For each of these effects varioﬁs time periods were consid-
ered. It was found that the shorﬁ—term response from the héurly'data
analysis explained the behaviour of the catchment much bettér than the
long-term response from the daily data. In the analysis allowing for
evaporatioﬁ effects by simple subtraction’tﬁe model fitting did‘not

improve significantly as compared to that based on temperature effects.
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- CHAPTER 1

ENGINEERING HYDROLOGY

1.1 Introduction

Hydrology is the branch.of science that deals with the
occurence, distribution and movement of water on,>over and qnder the
surface of the earth (Ward, 1975). It has been defined in numerous
ways, one éf thevmost comprehensive being 'the science of the world's
waters, the different forms in which tﬁey exist' (Batisse, 1964).‘

‘There'are féur basiﬁ.procesées in hydrology viz. precipitation, evap-

oration and transpiration, surface runoff and groundwater flow.

The scope of hydrdlogy‘is extremely wide. It is closely
llinked with a number of other environmental sciences such as
geomorphology; climatology and ecology (Rodda, Downing and Law, 1976).
ﬁngineering>hydrology is concerned with various methods of controlling
the use of water and, in pérticular, the amount of rainfall, the’length
of dry period, the amount of storage, losses due to evapbtranspiration
in river.basin or catchmenf, the regulatiéns of sﬁrface runoff, and
the design, plan and construétion of storage reservoirs aﬁd irrigation

canals (Wilson, 1974).

1.2 Hydrological Cycle

The’movement of water froﬁ tﬁe sea tq the atmdsphere and then
by’precipitation to the earth, where it collects as runoff and;returhs
to the sea, is known as fhe hydrological cycle. However, not all ﬁhe
frécipitation will reagh the ground surface Because some will bé
evaporéﬁed while falling‘and, more importantly, sOmebwill be caught

or intercepted by the vegetation cover, buildings or other similar



structures. Besides that, there is no uniformity in the time a cycle
vtakes. The. intensity and frequency of the cycle depend on a vériety

of geographical and climatological factors. Théivérious parts of the
cycle can be complex in detail and a hydrologist»can have‘some control"
only on the land-phase of the cycle (Wilsoh, 1974). Figure 1.1 shows

the system diagram of the global hydrological cycle.
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FIGURE 1.1 Systems Diagram of the Globél Hydrological Cycle
(from Ward, 1975). '



The sea-water evaporates due to sélar_radiation gnd moves over
land areés.as water vapour which is precipitated in the form of snow,
hail and rain. Part of such precipitation infiltrates into the soil
and moves down into the saturated ground zone beneath the water-table.
This phreatic zone is'usuélly connected by aquifers to river systems or
to the sea. Parﬁ of the infiltrated water is trénspired from leafy
plants of the vegetéted sgrfacesf Eurther precipitation is intercepted
by>the braqcﬁes and foliage of plants. This is known as interception
and may take tﬁree possible routes. If the water drips off the plant
»ieaves to ground, the proceés is known as throughfall.r 1f there is
another interception to tbat, it is known as secondary interceptioh,

On the other hand, the water may run along the leaves, branches and.
then stems to reach thé ground. This is referred to as stemflow. Part
.of the wéter intercepted may.return_to the.atmééphefe by evaporation.
These proceéses are shbwn_in Figure‘l.Z. Part of the surface water
returns‘tovthe atmosphere by evéporation and the rest form the'fiver
systems whicﬁ~again lose a certain amount thréugh évaporation. Another
part-of the cycle, ground water, moves slowly tobjoin the river systems

to return to the sea.

1.3 Interception

Interception loss yaries with the duration and intensity of the
précipitation. It also varies over time as a result of seasonal
variations in the vegetatibn (Weyman; 1975). fenman (1963) showed that
there was a fivefold increase in sumﬁer interception_under a cover of
cereal cfops4compared to the winter equiﬁalent.i There aré’alsb spatial
ﬁariatibns‘in interception loss due to various plant species. Lull»

" (1964) has aefiﬁed gross rainfall as the total amount of rainfall
measﬁred in the open or above.the vegetation canopy, and net rainfall

as the quantity that actually-reacﬁes'the ground, i.e. the sum of



T

Total evaporation ~ Raintati
loss from iohage

Interception __-»-_YT
1
Throughfall
-~ Stemtlow
_Secondary - .
— interception -

by ground flora

Secondary
throughfail

A

Proportion of totalrainfal!
reachingthe soil

'FIGURE 1.2 . Flow Diagram Showing Interception Stemflow and Throughflow
(from Smith and Stopp, 1978).

throughfall and stemflow. Although the interception-has considerable
effect upon the reduction of gross precipitation to net precipitation,
no rigorous method has been found for the estimation of interception

loss.

1.4 Ground Water

Any_phendmeﬁon which produces.a.change in prgssure qn‘thg
ground watéf causes the ground water level to change. Changes in‘
storage, resulting‘frqm differences between‘recharge and discharge of
- water, cause levels to vary in time'fromAa few.minutes to many years.
Variations df runoff stages and_evaporation produce localised‘storége
changes. Secular‘variatioﬂs‘in levels extending over periods of

several years are produced by alternating series of wet and dry years



in which rainfall is above or.below‘the mean. Though recharge is the
governing factér of ground water level depending on the rainfall
intehsity and distribution and the amount of surface runoff, rainfall
is not an éccuraﬁe indicator of groundwatér level changes (fodd, 19645.
A certain degree of control on ground water levels is possible,‘for
eXample‘the regulation of seepage through earth dgms‘and 1and drainage

(Todd, 1959).

The main concern of hydrblogists is the detailed quantitative
study of water occurence distribution and‘movement, i.e.‘precipitation,
evapotranépiration, surface‘runoff, and ground water flow in a.specific
areé, to prediét the most likely quantities involved in the eitreﬁe
cases of flood and drought, and also the iikely frequency with which
such events will occuf, since such a frequency is a very imﬁortant

part of the hydraulic engineering design (Wilson, 1974);

The. hydrology of a specific area or a.catchment depehds on its
tbpografhy, geology and climate. The>important climatic factors like
precipitation, humidity, ‘temperature, and winds have strong effects
on the process qf evapotranspiration. Précipitation and various
storage of.waﬁer and high and low rates of runoff are hiéhly inflﬁénced
by the topography. Geology is another important factor because it
iﬁflﬁences the topography and because the groundwater zone is where

the catchment's underlying rock lie.-

1.5 Evaporation

Evaporation plays an important role in the calculation of the
~ yield of catchments, the capacity of reservoirs, the size of pumping
plants, the conéumptivé use of-water’by crops, and the yield of under-

ground supplies etc. The rate of evaporation varies with the colour



and reflective properties of the surface (the albedo) and differs for
various surfaces exposed to or shaded from solar radiation. - Solar

radiation, wind, relative humidity and temperature are the main

factors affecting evaporation. The process of evaporation is most

active under the direct radiation of the sun since the process is
endothermic. During the process of vaporisation of water the boundary
between the earth and air becomes saturated. For the evaporation to.

continue, the saturated boundary must be replaced by drier‘air.' As

the humidity rises, its ability‘to absorb more water vapour decreases

and evaporation slows down. So, unless the boundary layer of the
saturated air is replaced by drier one, the evaporation rate will
decrease. If the ambient temperature of the air and ground is high,

evaporation will take place more rapidly than if they were cool. Since

.the capacity of air to absorb water vapour increases with the increase

in its temperature, the air temperature has a double effect on the
process of evaporatiou. 'Recent developments in the study of evaporation

can be found elsewhere (e.g. Webb, 1975 and Hoy and Stephens, 1979).

1.6 " Transpiration

A small portion of the water required for a plant is refained
in the plant structure. TranSpiration is the proéess by which water
vapour escapes from the living plaﬁt, particularly the leaves, and
enters the atmosphere (Ward, 1975). In the case of ground'covgred

with vegetation, it is very difficult to differentiate between

~evaporation and transpiration. Consequently the process is referred

to as evapotranspiration. Evapotranspiration depends on many factors,
e.g. incidence of precipitation, and on the type of cultivation and

the extent of vegetation. Transpiration takes place during the day

under the influence of solar radiation, but at night stomata of plants



ciose up and very little moisture leaves the plant surfaces.  On the
other hand evaporation continues so lﬁng as heat input is. available
and; of course, baéically during the day time. Penman (1948)
established, for the estimation of evapotranspiration, fhe first and
mostvcomplete theoreticai felationship which shows that the evapo?
transpiration-is inseparably connected to the amount of radiative

energy gained by the surface. This relationship has been widely used

k_ih Britain, Australia and the eéstern part of the U.S.A. (Veihmeyer,
1964). Further'devélopment has been feported elsewhere (e.g. Penman,

1970 and Denmead, 1973).

1.7 Infiltration

In the case of the surface being completely wet, the,sﬁbsequent.
rain must either pénetrate the surface layers or run off the surfaéeléo
meet a river system. Runoff or penetration depends upon the permeability
of the surface. Vegetated areas are always permeable.to some degree.
Infiltration, therefqre, takes place in all the vegetated areas. Once
the infiltrating watér passes through the surface layefs,'it‘theﬁ
pércolatesbdownwards until'if reacﬁesithe zone of saturation at the
phreafic surface. The infiltration rate varies with the type of séil
.and is the sum of percolétion and water entering storage above the

ground-water table.

Horton (1945) established the first relationship for thé

infiltration rate as:

_ -kt
f = fC + pe_
where

f = infiltration rate at any time t (mm/h)



fc = infiltration capacity at large value of t(mm/h)
W=t - fc

fo = initial infiltration capacity at t = 0 (mm/h)

t = time from beginning of rainfall (min)

k = constant for a particular soil and surface (min—l)v

(e.g. larger value for smoother surface texture like
.bare soil, and smaller for vegetated surface) .
A number of: formulae have béen‘propqéed since then but further details

can be found elsewhere (e.g. Wilson, 1974; Ward, 1975).

Approximations of iﬁfiltration losses can be made by meané of
infiltration indices‘(Wilédn,'l974).- One of them is the p-index which
is. the average rainfall intensity above which the volume of rainfall
equals -the vblﬁme of‘ruﬁoff. In Figure 1.3 the ﬁnshaded area below -
.the line represents the amount of rainfall that is not accounted as
a part of runoff but as losses including Sutface detention; evaporation,
and infiltration. This cannot be used in predicting the amount of ?'
'féinfall being absorbed by the soil, beéause this is dependent on the
staté of_Wetness of the soil at the beginning of the rain. As.the
infiltration is much the largest loss in many catchments, and the
infiltration capacity as well as the aﬁount of fun—off depenaé on the

initial soil moisture, forecasting runoff is not simple.

To overcome this difficulty, to a certain degree, an
'aﬁtecedent preéipitation index' (API) is used in the U.S.A. and an
'estimated soil moisture deficit' .in Britain (Wilédn; 1974). 1In the
former éase, soil moisture is.depleted at a.rate bropdrtional go the
améunt in-storagg in the SOii? whereas in the latter, eVapotranspiratidn

continuously removes the soil moisture and precipitation replaces it.
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FIGURE 1.3 TInfiltration Lese by ¢-index (from Wilson, 1974)

To predict the cafchmeﬁﬁ behaviour and its response to storms,
it is necessary to analyse input and_eutput_of the catchment. Such
analyses can be carried out with the help of 'black-box' model which
will be described, in detail, later. This model’establisheé a relation—
ehipvbetweenltotal storm rainfall and total sterm runoff. The validity
of the relatiqnship, however, ie limited because the renoff does not
vary with the rainfall'elone but depends on other,factors viz. intensity
and duration of the rainfall and,‘more'imporfant, antecedent catchment
moisture. At early stages of tﬁe hydrological developmeet, the base—
flow discharge was used as an indication of catchment storage at the
start of a_sterm. One of the earliest methods to forecast direct runoff
volumes was the co-axial grapﬁical correlation method of Linsley'ef al.
(1949). But,;recentiy the antecedent precipitation index, calculated from
the pattefn of preceding rainfalls has been used. A number of diffefent
equations have been broposed, all of whieh make an assumption.that the
impact of rainfall on catehment storage decreases over time. This
decrease in effectiveneSS‘is in the form‘of exponential decay. The
A,P.If for a given day is, therefore, calculated from the sum of a
series of daily precipitation values, preceding that day, and eech

decayed according to the time elapsed between precipitation'and the
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day in question’(Weyman,-1975). Thus the A.P.I. calculated on_the

basis of n days preceding rainfall is written as:

where Ptf the precipitation on abday t before»the calchafion date,_énd
k : constant. |
Runoff.can be predicted, by using multiple regfessibn analysis, from the
combined effect of rainfali and A.P.I. Weyman (1975) has given a good
numerical example. The procedures used in the ﬁresent study are similar

to this but have a sounder grounding in systems and estimation theory.

Using a somewhat more detailed level of analysis, Body (1975)'
expressed that, under Australian conditibns, there could be‘a‘significant
ﬁortion of the early storm'rainfall totally lost to runoff. This
assumption of loss effect necessitated the inffoduction of'a>gross
apprOXimation of the water balance for a catchment; The initial loss
may bg correlated with an indication of catchment méisture status
(e.g. A.P.I}), while the ¢-index can‘be related to the duration of the
excess rainfall. Body (1975) afgues'that these approximate methods are
sufficiently accurate in lérger'siZé catchments for two reasons:

‘l;- The considerable storage available Aaﬁps out.shdrt‘pe;iod
responses to more intense réinfalls over limited areas; and the
catcﬁment contributes runoff only after initial infiltration capaéities
- have been reduced over a significént pfqpoftion of the area.

2. The significénce df spatial Qariation in the soil moisture
content ié reduced by the averaging effect caused by the extent of the
area involvea, in much the same way as the significance of rainfall

vvariability is reduced when real rainfall estimates are considered.
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1.8 Overland Flow

It’is generaliy accepted that the Qverland flow is the result
of rainfall intensities in excess of the infiltration cépacity of the
soil'(Horton, 1945) . Figure 1.4 illustrates an infiltration curve
superimposed upon the histogram of storm rainfall, where the shaded"
area indicates the.volume‘of'wéter left on the ground surféCe. .buring
the course of a_storm, ihe portion of precipitatioh left over the |
surface increases, when the. infiltration capacity decreases;- On flat
~areas, or those with Qery lowbgradients, soil infiltrétion capacity is
exééeded over the entire area of one soil type more or‘less simultane-
-ously before 0verlan& flow is observed. But oﬁ slopes, where overland
flow is observed, measured infiltration rates are frequently very high.
The term 'overland flow' is used for flow physicélly over the hillslope
surface, and 'runoff' is only fpr streamflows ana not associated with
any particular hillslépe‘flow‘component (Carson,‘l§72). When overland
flow occuré on slopes with a high infiltration éapacity,'surface water
is restricted to only part of the slope. The infiltratidn—e#cess
>overland fiow may, therefore, be restﬁicted to. the épecial'cases'of thé

clay soils or soils suffering from surface compaction (Weyman, 1975).
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FIGURE 1.4 The Production of Overland Flow in Response to Rainfall
Intensities in Excess of the Soil Infiltration Capac1ty

" (from Weyman, 1975)
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Numerous assumptions have been made on the Way precipitation
reaches river systems:from hillslope areas. Figure 1.5 illustrﬁtes the
Horton (1945) Overland Flow and Saturated Overland Flow. Movemén; of
rﬁnoff over the land surface;ié Qverlénd flow, whereas dowﬁslope.
movement within the soil profile is termed throughflow or iﬁterflow
© and tﬁe siower movement through the bedrock is baseflow. Ihe fiow
seeping through bedrock is termed gfoundﬁaper fiow. ~ These routes
basically depend on various faétors such as rock permeability, soil
texture and depth, 'and rainfall intensity of the‘catchmentiunder study.
Dﬁring the process of vertical infiltration, water can enter'saturated.
éoillinto underlying unsaturated soil. However, if surface saturétion
is maintained by throughflow from upslope, further preciﬁitation may

not be able to enter the soil.

Weyman (1975) érgues that the measurementAof infiltration
'qapacity under normal cénditions does not reveal this charactéristic;
and the control or saturated‘overiand flow is the pattern of soil
moisture existiﬁg at the start of é storm or developed'during the storm.
- The water following different routes accumulates in hollows and at the
base of hillslopes before it moves‘léterally to join a river system.

Other details of these processes can be found elsewhere (e.g. Ward,

1975).

1.9 Measurements in Hydrology

anoff is generally measured in cubic meters ?er second, cumecs.
There are various methods used to measure it and they fall into three
éategories;»namely the dye‘dilution.methods, velocity and crossféectional
area'method, and methods involving the uée\of control structures 1ik¢

flumes and weirs. Precipitation is measured by a standard rain gauge
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(b) Rainfall intensity not necessarily more than infiltration capacity.

Fig.1.5 Overland Flow on Slopes.
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and in milliméters. Evaporation is directly measured from the free

water surface of evaporation pans and in millimétres. But transpira-
tion, being essentially a botanical process, is difficult éo measure;
direct mea3uremeﬁt of evapotranspiration is.virtuélly impossible.' The 
normal practice is to take the meésuremeht of potentiél evapotranspira-

- tion, which is the amoﬁnt-of water loss th;t would occur if sufficient
moisture were always available fpr‘thé needs of the vegetation that
covers the area, and.from ﬁhich an actual evapotranspifationvis estimated

(Smith and Stopp, 1978)..

Infiltration capacity qf a soil-cover and soil moisture c6mplex
is determined in two Ways; One is the analysis of hydrographs of ruﬁoff
frombnétural rainfall on plots and watersheds; the other is the use‘qf
infiltrémeters with artificial application of water to'enclosed sample

areas. However, both are subject to some error (Musgrave and Holtén,

1964).

1.10 Hydrologic Systems

Every hydraulic project requires -a prior knowledge of the
catchment behaviour and resbonses, particularly the exact magnitude
and actual time of occufénce of all streamflow events and their
variations: in fhe catchment. Where full details of this tyﬁe are.
not available, various assumptions are necessary in ordgr to derive
sensible hypotheses on the hydrological system behaviour which can be
testea against tﬁe availabie;measurements. This probiem»hés dominatea
ehgineering hydrologiétsf atCempté to simplify complex hydrologic .
systems and,to:constfﬁct‘apprépriate models for the prediction of the
catchment responses to various natural»and’man—made hydréulic phenomena.

Early techniques on catchment hydrology are based on the assumption
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that the historic hydrology of the cdtchment, as observed over some
time, will be repeated either eompletely or in part. One outcome of
this principle is»fhe mass-cur§e of runoff analysis (Linsley, Kohier
and Peulhus, 1958) which is widely gsed for the'determination,of
storage yield. Further development necessitated the consideratipn of
water balance of catchments. For small areas, Slatyer's (l967) water

balance relationship over a time t is:

P-0-U-E+AW=0
where P : precipitation

0 : runoff

[wn}

deep drainage

E

evapotranspiration and
A W : change in soil water storage
since a catchment is of large area, this relationship has been modified

(Rodda, Downing and Law, 1976) to the form,

P = R+E+AW
.whefe P : mean catchmeﬁt precipitation
| R : mean catchment run-off
E : mean catchment actual evapotranspiration.

‘A W : mean storage change over the catchment -

A systems diagram of a catchment water balance is shown in Figure
1.6, where tﬂe classic division of the hydrograph is adopted into stqrm
runoff, interflow and baseflew components. Since no two catchments are
identicai in either.climate or terrain, ;he qﬁantity of_water in each
component. and residence time of water in stofage and runoff vary eoneid—
erably from one catchment to another. It is the concern aﬁd responsibility
of the hydrologist to relate the water balance and their adjustments to
the local 3urface and subsurface charecteristice on the besie of the

available measurements and information.
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FIGURE 1.6 A Systems Representation of a Catchment Water Balance
(from Rodda et al., 1976).

A system has been‘défihed in many ways. One of fheﬁ is an
aggregation or assemblage of objects united by some form of regular
interaction or independence (Chow, 1964a). A system is dynamic if there
is a temporally important brocess taking place in it and'is stochastic
if the process can only be described, at least in part, in probabilistic
terms. As the representation of stochastic system is‘rather_complek
most of the hydrologic system models usedbup to thé present have
been treated in purely deterministic terms.  vlf, in a system, the
chance'pf occurence of thé variableé involved is ignored and the model

is considered only in terms of ‘a definite law of certainty but not any
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law of probability; the process is known.to be deterministic,
otherwise stochastic. A detailed analysis of stochastic processes

has been given by Papoulis (1965) and Box and Jenkins (1970). And

the stochastic system approach has been:extensively used b§ Whitehead,

Young and Hornberger (1979) in the Bedford-Ouse River study.

If the system consists of input, output and some ﬁorking'fluid.
(matter,'énefgy or information) kﬁbwn»as throughput passing through‘the
system, it is known as sequéntiél system (Chow, 19645). Figure l.f shows
a sequéntial system represéntation.‘iA'syStem in a real world is a
physical system. So phe hydrdlbgical cycle is a physical, sequential
and dynamic system which operatgs witﬁin a set of constraints or pﬁysical
laws that control the movemént,_storage;fand'disposition of water within
the system and which derives its energy from the spatial imbalances
Between incoming and outgoing radiation (Freeze and Harlan, 1969). A
system is said to be lineaf if none of its terms involves powers or
products of the output, and non-linear if it produces an output which
does nét bear a éimplé algebraic felation to the components of its
‘inputs (Bennett and Cﬁorley, 1978). 1In the linear system, thg transfer
function remains constant for all mégnitudes of input, wheféas‘in non-

: linear'one, the transfer function becomes a function of the magnitude

of the input.

’ N " "FLOW of maotter, ——
INPUT : . A OUTPUT
excitation /- -] energy.information » response
. . through the SYSTEM :

FIGURE 1.7 A Sequential System (from Ward, 1975)
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In the present study, deterministic’linear systeh of fainfall—
‘runoff model is first analysed for the Lerderderg’River basin catchment
and because of the differences of this type. of model, a non-linear
system approach is attémpted‘léfer,v The stﬁdy is carried out to
analysevthe catéhment‘behaviour of the Lerderderg‘River basin on the
'.bésis'of both daily data, aszell as short period héurly data.
All analysis ié based on time—series methodoiogy using the CAPTAIN'
computer package. The’fundamentél‘aspects of this analysis‘are‘described

in subsequent chapters.
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CHAPTER 2

TIME-SERIES ANALYSIS METHODS IN HYDROLOGY

2.1 Unit Hydrograph

A hydrograph is a plot of stage, diécharge, velocity or other
‘pfqpertieé of surface runoff with respect to time (Chow, 1964a). Bothl
the quantity ahd intensity of the rginfall have a direct effect on the
hydrégraph.. A unit hydfographrapproach is nofmaliy made to stﬁdy the
aistribution‘of direct runoff volume in time. This technique was first
suggested by Sherman.(1932). Sherman's approach is that, since a
surfacé runof f hydrograph describes mény of the physical‘charactériStics
of the catchment érea,‘similar'hydrograéhs wilL>be.produced by similar
rainfalls occuring with comparable ahtecedent cdnditions. So, if the
unit ﬂydrograph for a particular catqhmeﬁt and a»particulaf duration of
rainfall is known, then the runoff from any other rainfall of ény4
duration or intensity may be predicted, in which case a unit hydrograph

functions like an impulse response of a linear system.

A unit hydrogfaph is the hydfogréph bf a unit volume éf direct
runoff from_the entiré catcﬁment area resultiﬁg from aishort_j uniform :
rainfall (usually one inchj with an excess of unit duratidn (Ward, 1975)..“
There are three hypotheses invoived with the establishment of the . |
correlation between the effective rainfall (i.e. thevrain remaining as
runoff after all losées by evaporation, iﬁterception and infiltrationA
have beeﬁ considered) and the surface runoff (i.e. the hydrogféph of
runoff minus baseflow)‘(Wilsoﬁ,‘1974):

1. Fdr a particular catchment and- for an effe;tive rainfall of uniform
intensity, aifferent intensities‘of rainfall of the same duration

- yield different quantities:of runoff but for the same period of time.
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2. For a particular catchment and for an effectivg rainfall of Qniform
intensity, different intensities of rainfall of the same duration
yield rqnoff hydrograﬁhs whose ordinates, at any givén time, are
in the same proportion to'eachvothervas thejrainfall intensities;

3. The principle of superposition applies to hydrographs resulting from
contiguous and/or isdlated'perioas of uniform intensity effective

rain.

Conventionally a unit,hydrograph is génerally obtained from a
recorded hydrograph of a uniform isolated storm with a faifly large
volume of runoff and having séparated out,the baseflow by dividing the

discharge ordinates of the remaining direct runoff hydrégraph according

~to the volume under the hydrograph, i.e. the hydrograph of 1 inch

(or 25 mm). . Figure 2.1 illustrates one where the direct runoff‘hydro—

graph representing a runoff'volume of,75 mm has been divided by 3 to

.yield a unit hydrographJ(Ward, 1975). Since the unit storm in this

figure is of four hours duration, the derived unit hydrograph is

referred to as a 4-hour unit hydrograph.

2.2 Unit>Impulse Response

A basic result in Laplace transform theory (Sneddon, 1972 and
Bracewell, 1978) concerns the relationship between two time'functions
fl(t) and fz(t). If'fl(t) and fz(t)_a;e Laplace transformable and have

the transforms Fl(s).and Fz(s) tespectively? then the product of Fl(s)

~and Fz(s)'isithe Lapiace‘trahsféfm of f(t) which*teSuits.erm:the

convolution né‘f' f‘l(t)‘f and fz(t_); o

1l

f(t)' Lfl’[Fl(s) F,(s)]

= 5 (0 £y (D) R C S
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FIGURE 2.1 Direct Runoff Hydrograph (75 mm), Unit Hydrograph (25 mm),.

and Effective Rainfall Duration (4 hours) - (from Ward, 1975)

= fg £)(e) £, (1) de (2.2)

. ' ; -1 .
where 1 is a dummy variable for t and L =~ denotes inverse Laplace transform.

Now for an ordinary linear dynamic system, if all initial
conditions in the system are zero, as in the case of an isolated storm,"

then the input and output transforms are related by an equationi

VO(S) = H(s) Vi(S)

(2.3)
where
H(s) transfer function or system function,
Vi(s): _input transform, and

Vo(s): output‘transiorm
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v, (s) = H(s) ——————5>»‘vo(s)'

FIGURE 2.2 The Linear Dynamic System

Since Vo(s) in Equation (2.3) is the product of transferms, the convolution

integral can be applied as:

v () = I THGs) V()] = S5 v (0) h(e-) dr 2w

fg-vi(t_r) h(t) dt (2;3)x

Theée Equations (2.4) and (2.5) are similar to Equationsv(Z.l)v‘
and (2.2). No&, if vi(t) = 5(;), the unit impulée or delta_function, then
the transfofm_qf the unit impulse is Vi(s) = l.  Under this conditioﬁ,A
Vo(s) = H(é) or vo(t) = h(t) is the impulse response of the syste& and
the inverse transform of the transfer funcﬁioﬁ H(s) as well. The impulse
respbpse is‘thus another characteristic of the system just in the wéy the
transfer function is. The Equations (2.4) and (2.5) suggest that if h(t),
the iﬁpulse»response, is known, thenyonly the input Vi(t) is to be known
in ordef to determine the output through the convolution ope;ation; That
is to say that any input convoived ﬁith the unit impulse response yields‘

~ the output.

Such unit impulse response is known>as,the weighfing function of
the corresponding linear system (Davenport aﬁd Root, 1958). Although the
present oqtput is detérmined,by all past history of the input Qéightéd by ‘
the impulse response, fhe output at any time is méinly determinéd'by
recen£ values of the transient input and output (Panfer, 1965,

Van Valkenberg, 1974). This is one good method of Studying the form

of the system response to particular excitation. In other words, -a
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linear system may be described by exciting the sysﬁem with an impulse
fungtion~and measuring the.output (impulse) response (Kuo, 1962). This
method is applicable,qnly to 'linear ‘shift invafiant systems' and |
“provides the information on the-systeﬁ needed to calculaté an output
.corresponding to a givén input. But it does not'necessafily provide
any undérstanding of the internal funétioning of the systém (Champeney,

1973).

All mathematical models of dynamic systemsvare characterised by

three components (Faurre .and Depeyrot, 1977):

(1) time;
(ii) ‘input quantities provide the major mechanism controlling
perturbations in the system, and

(iii) output quantities show the results of the system behaviour.

As a result the mathematical model of a-dynamic system’can be obtained
frémvthe statistical analysis of time-series data. This is particularly
necessaryﬁhen stochastic disturbances offset‘the system and dis;ort the -
obéerved input—outpuﬁ bghaviour. Such time-series models can be>éxpres$ed

in linear differential or difference equations.

There are two approaches to evaluating the dynamic behaviour of

stochastic systems of linear differential or difference equation type.

1. Mechanistic Approach: here the_tfaﬁsformation of the input into.
the oﬁtbut is indiréctly répresented by introducing the notion of the
state of the dynamic system (Beck and Young, 1975).. Ihebapproach is
based on the‘estimation of paraﬁeteré in a model obtained by the
anaiysis of‘both the internal mechanisms, i.e, the state equation, that
governs thé'system operationland its external sigpal topology (Ydung,

1972). Thus,'the input-output relation allows the analyst to determine
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the output of the system when overell past histery of the input is
known. Two examples are intuitive macro-modelling of a socio-economic
system, end predicting the behaviour of.anbautomobile from its entire
histofy‘and‘all past trips.v Therefore, a sﬁate of a dynamic system is.
a set of quantities summarising the past in ordef to study the future

(Faurre and Depeyrot, 1977).

2. Input-output or 'Black-box Approach': tﬁis approach utilises the
exfernal descriptionbof‘the dynamic system. ‘The overalllinput-OUtput‘l
relationship of the dynamic‘system'ié inferred directly from the obéervedl
input-output data. According to‘Eykﬁoff (1974), this approach is not
always very realistic, elthougﬁ experimenters in many cases have derived

- some physical insight into the system model under consideratien by extehdf
ing tﬁe analysie to ineofporate a priori knowledge. This may pfovide

some information on the’systemg making the. box more or less 'grey' or

translucent.

The mechanietic approach can ﬁrovide veluable information on the
system functioning of the model. On the other hand, despite its
limitations, the 'black-box' approaehAié simple in terms of its inherent
pafametriebefficiency (i.e. the model‘is characterised by very few
parametersj. No matter how limited the inforﬁation this approach
providesIOn»the internal system funetioning, it offers a very useful
besis for‘beth aséessing iﬁput%outpuf behaviour ‘and forecasting'future

behevibur of the output variable (Box and Jenkins, 1970).

'foung (1972) has suggested a new recursive approach to the
’classical procedures of tihe7series analysis which allows for the
estimation of parameters ip linear as well as non—stationéry dynamic
systems whieh_are‘subject to:both deterministic,inputsiand sfochastic

disturbances with rational spectral density. It is a complementary
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approach to the alternative non-recursive maximum likelihood methods of
Box and Jenkins (1970). For example, the recursive approach provides

- greater flexibility and on-line potential though, in its simplest form
(see next chapﬁer),it lacks some of the desirable statistical propefties
of the en-bloc methods. ;Before describing this recursive approach

tq time;series analysis, however, it is necessary to considgr the néture
of time-series models and their relationéhip.to more conventional -

hydrological models.

2.3 The Time-Series Model

In a time-series model, the estimation of parameters. is usually
considered in a discrete time-series or pulse (%) transform .transfer
function representation of a linear stochastic dynamic system, as

shbwn in‘Figure 2.3.

Linear ProceSS’. Ek
Input Bz "] Output
U, = - >+ >
k.. T A[Z 1] Xk' -/ yk .
(Rainfall) (Runoff)

FIGURE 2.3 ° Rainfall-runoff Time-Series Model

In this model, the output of the system, Yy is related to two inputs:

deterministic and measurable input, U and the disturbances, & . This

k

‘noise input is completely uncorrelated with the deterministic input, uk;
‘In this study the output of the‘system, Vi is measured runoff flow while

u is measured rainfall. The purpose of including. the disturbance term,
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gk, is to consider any uncertainty arising in the overall system because
it is extremely difficult to-explain the real world in cbmpletely»

deterministic terms.

The observation of hypothetical noise-free runoff, X at the

k th instant is related to the past values x nd

k=12 Xk_z, ey Xk—n a

to the present and past values of the rainfall input uy by the discrete

model'(Young, 1972) : .

x. + a

K 1 %k-1 + ...+ a =b u + ...+b u . (2.6)

n Xk-n o k n k-n

The output of the whole system, then, becomes:

=x + g

A (2.7)

Kk .

" Rearranging Equation (2.7) as x - and substituting this in

k- Yk T %k |
Equation (2.6), the discrete relationship between the estimated runoff

and measured rainfall becomes:

+ = B + .
Ve P A Y et A Ve TRy e e by oty (208)

where the stochastic part of the system is ’

e = Eeta gt oo Tay € | (2.9)
which are serially correiated both in time‘and with yi, i=k, ..., k—n:
Equation»(é.S) can now be eXpressed in vector form as:

y =25 a+n (2.10)

k "k - k
where

T _ ‘ : . ’ :

B, = [—yk_l, cees TVl Ups eees uk-n]
and a=l[a ere, A b ceey b ]T

< - 1’ s n’ Os ’ n




27

From Figure 2.3, we see that the deterministic part of the

system is expressed by the difference equation::

A[z’l] x, = B[Z—l] u
. B[z'll : -1] D)
or x, =———u, = G|3? u 2.11

' ; R S ' . :
where the operational notation Z is the backward shift operator,
~1

e.g. % X, = xk_i, and'v
A[z"l] =1 +,a 2714 ce.+a z
1 n
B2 =b +b, 21 4+...+b 8"
‘ . o 1 _ n

Hence, frdm Equations (2.7) and (2.11)

Blz7l] : A
y, = — u + g (2.12)
k NG l] k k »
Bz} | |
where-f—f:r— is the transfer function of the system which is normally
Alz 7]

assumed to be stable, i.e. the roots of the polynomial A[Z_l] lie outside
the unit circle in the complex plane (Young, 1972)..

Alternatively the Equation (2.12) can be written as

=clzl ] (2.13)

Yy kT Gk

 where the polynomial G[Z_l] is nominally infinite dimensional, as obtained

by the division of B[Z—IJ by A[Z_ll, and is expressed as

-1y gy + 8 s s g B+ ... +bgm 2 (2.14)

G[z 0

Therefore Equation (2.13) becomes

Yk 8y Uy + 8y gkfl + oo tg U + Ek .(2ﬁ15)
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This equation gives an expression for the impulse response or weighting
sequence model, in which the output flow of time k is nominally given by

the weighted sum of all past values of rainfall and the noise term EkA

(Whitehead, Young, Hornberger,_l979).

1 k=0
0  k#0’

For the pure deterministic. case,

wherevuk = { the response, Vi to the unit impulse, Uy is_givenr

I, ..., @

by yk = B» where k=0,

It is now clear that EQuation (2.15) is directly equivalent to the unit
hydrograph representation;

For the purpose of the preéent study,

therefore, ‘the unit impulse u, is equivalent to a unit storm disturbance

k .

~and the infinite dimensional unit hydrograph model can be alternatively

represented by the finite dimensional transfer function model Equation

(2.11),
' 1 i -n
b0 + bl 2+ ...+ bn %
. X = - u
k 1 +a, & 1 + ...+a 3" k
1 n
or,
: 1 2 -1 : -n_ -
= - - - + + ...+
X al? gk aZZ Xy -a Z xk+b0uk b Z uy b % U
Eliminating backward shift operators, Xy is given by
X, = ealxk_lfazxk_z— R +b0uk+bluk_ +b2uk 2 .. +bnuk_n (2.16)

Thus, for example, the impulse response of the deterministic system for

various observation instants, k's is given by

when k=1 xl = bo.l = o
k=2 x2 = —alxl+ bl.L = —alx1 + bl
k=3 Xq = mapx, - 3% + byl = —ax, —anx, +ob,
etc.

- For other inputs,
input sequence is

suited to digital

the calculation is similar provided the history of the
defined over all k. These calculations are ideally

computer solution.



29

As will be seen in later chapters, the model equatiéﬁ (2.12)
characterises the rainfall-runoff data, and the'impulse_résponse
" obtained Ey estimating the A[Z—l] and B[Z_l] polynomials pfovideé the
unit hydrograph resulting from the direct run-off. Sincé instrumental
“variable methods'of estimatién are used in the time—series'analysis,‘a
prior base fléw séparation is not required in such analysis. -In‘the_
short term fesponse considered predominantly in rainfallfrﬁnoff analysis,
thelbase flow caﬁ be considered as not correlated with the rainfall iﬁput.
Consequently it is also not correlated with the "instrumental ?ariaﬁlés"”
used in the énalyses. As a result, the terms involving base-flow in the

estimation equations approaches to zero, i.e.

P lim. 1 - _
ko k2 Rk BT O
. where X, = the instrumental variable;
gk = that part of the flow which constitutes the base-flow.

In other words, the base-flow is considered as additive noise for the -
phrpose of estimation; so that the resulting»model acéounts'only for.
~the direct runoff effect of rainfall. In a real case, if the réinféll
inpﬂt is fed into the estimated model, its output will be "shifted"
from the flow data plot by an amount equal to the base-flow (see for
example Beer et al., 1981); indeed this can be considered as an

objective method of estimating base-flow effects.
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So far, we have considered the ﬁrediction of outputvin tefms
of input of the linearvsystemi' for fhe.present study, this means the
prediction of runoff in terms of the rainfall measurement. In general;
there is considerable disagreement between such predicted runoff and the
measured values. This is‘attributed mainly to two‘reasopsiv namely the
lack of consideration of (i) gvapotfanspiration; aﬁd (ii) soil moisture
effects. These factbrs adversely éffect the linearity of the mpdelv
system.b There ié, therefore, aAnéed to introducé a non-linear filter".
>through which the input is passed to compensate for the losses due to
evapotranspiration and soilvmoisturé effects befére it is fed to the

linear dynamic system.

Figure 2.4 illustrates one method for achieving thié. Apart from
soil moisture content and evapotranspiration processes, the runoff is the’
function of many other cémponents, e.g. interception, percolation,
infiltration, grbund water table and flow etc., which méy suggest the
requiremeﬁt of é number of non-linear filters cascaded in éddition to
thosé in Figure 2.4. But such a detailed consideration would make the
System approach exﬁremely complicéted and is not justified unlesé‘the
simble approach proves iﬁédequate (Young, 1978)7 In dther words,thé number
of non-linear filters required depends onbthe aﬁount of information in

the time-series data as well as the purpose and limit of the intended

study.
Linear Process

u Nonlinear. u* Nonlinear u** -1

k Filter for k [Filter for k B[2
E;?;—* Soil Evapotrans- = A[Zd

loist! iration

£a11 Moisture p i
FIGURE 2.4  Linear Dynamic System with Non-linear Filter
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Note that in Figure 2.4 the system relation can be written as,

1

Bl2 ]
X, = 1 u, %% ) (2.17)
k AlZ 1] k . ‘
where tk** : non-linear function of uk*, and
* . ~14 : ; :
gk< : non-linear function of Uy

The séil moiéture concept-used in this stgdy is based on tbe
Antecedent,Precipitation Index (AfI) approach, while the evapotranséiration»
effect is assumed to bé highlyvdependent ﬁpon the prevailing temperature.
We fbllow the approach of Whitehead,vYoung and,Hornberger‘(l979) who
suggested -the following‘two'reiatioﬁships on evapétraﬁspiration énd soil

moisture compensation:

x = _ ' v
r, K(Tm Ti) e | (2.18)

where K : proportionality constant

r, ¢ basic rainfall

rk* : modified rainfall

Ti : mean monthly temperature and

Tm : overall (annual) maximum température
and s =g + L (r.% - s, 1) (2.19)

: k k-1 TS k-1 o

where ék : output of the filter, a measure of soil moisture

TS Poa 'wettihg/drying' time constant to be chosen empirically.

The initial value s, of the variable sk.is set’ to represent initial
soil moisture characteristics and its value of unity is considered to

be adequate for the present study.
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In Equation (2.18),'the modified rainfall measure, rk* is the
basic rainfall rkbmodulated by the factor proportional.to the difference'
between the'prevailing mean monrhly temperature, Ti and the overall
- maximum temperature, Tm. In Equation (2.19) the measure ofssoil moisture
~ content is obtalned by filtering rk* through a discrete first ‘order
» fllter which is representatlve of the lag effects in the soil wettlng/
drylng process. The flnal effective rainfall, U is, therefore, che
i.e.

modified rainfall, r, * modnlated by s

k k’

Sk *

Yk T (Sk)maxb.rk

(2.20)

Fjeld and Aam (1980) have suggested a more complicated.relationship for

the soil moisture compensation in the Nordic climatic situation, as:

s(t)

q;(£) = m(s).q (t) - (1-a(£)).q,(s(t),t) (2.21)

I

where  s(t) output of the filter

ql(t) = flow rate to the soil moisture zone

m(s) = E )8 for 0<s<s_
max
‘max
1 for s2s
max
s = water content in the soil moisture zone
S = saturation value of s
max
B = arbitrary constant
t = q. t for s3
a, (s(®), ©) U op (V) for sys
( S ).q,  (t)for s<s
s 2pot max
max :
a(t) = aVerage fractlon of surface covered by snow, and
quct(t):% hydrologlcal estlmates or measurements, potentlal value .

whlch he]ps to compute evapotransplratlon

This was felt to be too complex for thp'present study.'
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This study is concerhedeith Lerderderg River basip catchment .
'for_which no soil moisfurefmeasuremeﬁt, asjsuch; has yet been obtained,"
so that the hypothetical assumptionlin (2.19) and (2.20) is jﬁstified
as an initial procedﬁre for accounting for loss due to soil moisture
effects. In the case of evapotraﬁspiration the hypothesis is agéin
justified by lack of other information and two temperature,measurés are
considered; one is maximum dailyvtemperature and the other daily dry

bulb temperature measured at 3 p.m.

The estimation of parameters in A and B polynomials is basea
on thé recursive instrumental variable method (Young and Jakeman, 1979).
A deséription of this approach appearsvin the next chaptér on
the CAPTAIN package. The advantaée of the‘recursive approach is that
the possible parameter vaiiation can be allowed over the observatipn
interval and thié can be used to assess the adequacy of the estimated

model (Young; 1978).

In this study two types. of data are used. One is.a few sets‘of
houfly data on rainfall and runoff, the other is daily data for six
years,>from 1970 to 1975. 1In Equation (2.8), the 'a' and 'b' coefficients
are assuﬁed constant parametefs which are estimated using the CAPTAIN
package and characterise the reiationship (2.17) (Young, 1974). TFor
this.study, they are. estimated for 1971, for which the catchment éeemed
to behave,most‘consisténtly in rainfall runoff terms; :As'these parameters
are éssumed time invariant,_ﬁhey are used for other years to estimate the
output; and, in this manner, the adequacy of the model (and the data)

can be assessed.
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CHAPTER 3

CAPTAIN CONCEPT

3.1 Principles

The Computer éﬁded.grogram for Time-series Analysis and the

Identification of Noisy Systems (CAPTAIN) package, was first developed

in 1971 (Young et al., 1971). This package is based around several core

programs (Young, 1969; Young et ql., 1971; 1Young, 1974) and prévides
the means of obtainingvparametficaily:efficient mathemaﬁigal |
representétions of stéchasticvtime—series data sﬁch as.those diséussed
in the last éhapter. The procedure consists of four steps: model

structure identification, parameter estimation, simulation and validation.

'The time-series models utilised in the CAPTAIN package are single-
input-single-output (SISO) discrete time-series model (2.17). The IVAML

analysis used in CAPTAIN can be split into two parts: the IV -algorithm

" is used to estimate the deterministic model parameteré; 4and the AML then

X

xk'is the estimate of the hypothetical 'noise free' output Xy of the

deterministic model and N is the sample size (Young and Jakeman, 1979).

provides an ARMA model of the residuals Y = k=1, 2, ..., N, where

‘However, in this study ‘only the IV algorithm is utilised.

The recursive IV algorithm is a technique for updating the
parameter estimates on receipt of fresh information or, in some other
cases, whilst working through a block of data one item at a time, as

shown in Figure 3.1.

The data here are time-series data and the recursion is with
respect to time. 1In Figure 3.1 this recursive process is contrasted
with iterative processing which means the sequential processing of a

complete set of data at each iterative step, where the data base remains



35

1 2] 3] k-1 x k+1|..e....f n=1 | n

FIGURE 3.1 Recursive and Iterativé Data Processing (from Young, 1975)

the same and only some estimated variable, a parametric vector, is

modified (Young, 1975).

3.2 CAPTAIN Use

The CAPTAIN Opefating system provides the user with various
options on time—series aﬁalysis that'includes preliminary model structure
identification, e.g. model order and time delay in SISO case (which is
extensiveli used for this study), parameter estimation, model simulatibn
and,»finally, validation and statistical forécastiﬁg.A In addition,'fhe
system also provides the user with immediate visuél.output-on storage
disélay screen with hard cbpy facility and an alternative high‘qualityl
graphical output on an increméntai X-Y plotter;_ together_with.the‘

usual typewriter and line-pointer output facilities.

. The diagrammaticai lay-out of the complete cohputer aidéd-modelling
proceduré is éhown iﬁ Figure 3.2. The dotted path may bé followed repeat-
edly, with visual interaction, befdre satisfactory results.are obtained,
During the operation the time-series data and programs are éll avéilablé

on disc file or drum and can be accessed instantly. Although the total
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connect time during operation is.often very high, a gomplete analysis
tékes low CPU time. This is mainly due to user-intéractioh, which is -
the 5asic usége philosophy of the CAPTAIN program. This connect time
reduces with the increasingrexperience of the user. The visual display'
provides the user immediate information enabling him to take duick
decision and learn and understand the system operation quickly. Further
de;ails are found in Young and Jakeman (1979) and also in CRES Users‘

Guide to CAPTAIN.

In avtypical run withvthe CAPTAIN package, the rainfall—flov data
are inserted in file and pre-processed, using the non?linear filﬁers, to
allow for soil-moisture and evapotranspifatidn effects. The model time
delay and order are thén identified using the procedure of Young et al.,
(1980) and estimates of the model parameters in (2.17) .are oBtained‘frqm
Ehe IV algorithm. This procéss caﬁ be repeatéd a number of times tb.
allow qu adjustment of the non-linear filter pérameters until a
satisfactory model is obtained which has reasonably éonstant estiméted
parameters, as eyaluated by a time variable parametér version of the
IV algorithm called TVAR. This model can.then be evaluated in relation

to data other than that used in the estimation exercises.

For the present purposes, the CAPTAIN package is used to find
the best time-series models with and without consideration of soil .
moisture and evapotranspiration, and it is also used to generate their

impulse responses (unit hydrographs).

As we see in Chapter 5, CAPTAIN also génerates the values of the
approximate standard error of the estimated a and b coefficients. These
standard errors are obtained as the square root of the diagonal elements
' ‘ ~%

Pss of an approximate covariance matrix Pk

estimation algorithm. Here the covariance matrix P

generated by the recursive

K is defined by
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Pr=kE {3a} | (3.1)

where g = é.— a , in whi¢h g is the vector of unkno&n parametefs (see
Equation (2.10)) in the model Equation (2.17) and é_is the IV estimate
of a. Note that ;* ié only a conservative approximation to the true
covériance matrix (Young and Jakeman, 1979); in other words it usually

indicates standard errors larger than the true ones.

The model structure identification procédure in CAPTAIN is
discussed in detail by Young et aZ.,»(l980). It will suffice here tolsay
that it depends upon the evaluation of the following statistics:

‘ 2
1. Coefficient of Determination, RT

2. Error Variance Norm, EVN or its normalised form NEVN.

Young (1968) arguéd'that the multiple correlation analysis
(Brownlee,31965) can be applied to the problem of detecting over-
parameterisétibn. In such analysis the 'coefficient of determination’

Ré (Young et al., 1980) is defined as:

0
RZ = l —
T ,
N 5
X yk
=1
where
N 22
JO = b gk (3.2)
: k=1
gk = re51dpals | ‘
= Ve T % (3.3)
and . .
X, = model output
r ~ -1 !
b +b.2 + ... +b 3
o . 1 n
= - - - u, - , (3.4)

1+a 8 4+ ... +az
1 _ n
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(TRANS) | : !
| . TTTTTD ol e )
b PARAMETER ESTIMATION HTESTING STMULATION, VALIDATION AND FORECASTING ™ | -
N gl f 9 10 10] !
| JINSTRUMENTAL|" |APPROX. MAX.| 1| rpans | ‘ |
I | VARIABLE | LIKELTHOOD | . L_|RESIDUALS + .
o r Rt j_"i{”gﬁ?ff)mlﬁ INPUT_SIGNAL ACORR.  [{XCORR.| !
LALGORITHM | | ALGORITHH : !,__ B : ST i !
” ! ‘ [ | MODEL (STEP + IMP !
| N ' PARAMETERS RESPONSE |
l| o [ - ' SIMULATION) |
! Lot » -
fome e 1 “hooel ] [T E '
| _ LDFRCST [
1 I DA G EF° H(ForecAsTING i
_______ T . PROGRAM) ;
koo Yk '
| . T T T o .4
" FIGURE 3.2  The Major Procedures Available in CAPTAIN

(from Young and Jakeman, 1979).

The value of Ri is obviously in‘theArange of 0 and 1,

O<R§<l.

to which the model explains the data.

representation of the data is perfect;

fails Completely.

2
If the RT

i.e.

is unity,

and if it is zero,

The R% is, therefore, a normalised measure of the degree

the model

the model
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CHAPTER 4

LERDERDERG RIVER CATCHMENT AREA

4.1 Description of the Catchment Area

The cat;hment area is located‘at distance of 27 kmvnorth-west
of Baccﬁus Marsh, Victoria. The catchment Has an area of 153 sq km
and its-altitude varies from 470'£o 900 m from the sea level. The.

' catchment has dissected plateaus and mountains whose basié Stfucture

- consists of consolidated sedimentary rocks, shale and mﬁdstbne. The
annual rainfall is in fhe range of 560—900 mm. There is‘a median
annual réiﬁfall of 610 mm andvan average annual pan evaporation of

1140 mm . Thé geology of the area is described éé folded‘Ofdovician‘
iﬁterbedded.slate saﬁdstone and qﬁartZite with ?leiétocene voLcaﬁics
on the northern‘catchmentvbouhdary, and alluviated valley flﬁor.' The.
geomorphology is described as a ﬁigh reliefbwith a marked north-south
lineation of streams due to the fold structure of Ordovician rocks.
Thé river is contained in a gorge in lower readhes and there is a
moderate relief on the Volcénics with the morphology of'extinét‘volcanoes
preserVed (Milne, 1975). The vegétation is basically open eucalypt
forest (Williams, 1955); Thé area is used for timber reéources with‘
.spme sheeﬁ grazing (Department.of Minerals and Energy, 1973). The
location is shown in Map 1 (Reader‘s Digest, 1977), Map 2 (Milne, 1975)

and Map 3 which is the Lerderderg River System .in detail.

4.2 Soil Morphology

Acdording to Northcote's classification (1962, 1975), soils in
the Lerderderg catchment basin are of the Dr 2.21. The A-horizon is of

clay and exhibits a blocky structure. In B-horizon, the upper layer of
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at least ls.cm is red in colour énd mottles do noﬁ exceed 10% of the
soil mass (Foth, 1978). The subsoil forming the C;horizbn is composed
of red and red-brown clays with a Pb3 texture (Northcote, 1962) having
an acid reaction with the deep subsoil pH values of less.than 6.5.
Peds are evident throughout fhe,subsoil.’ The hillslopes have hard
acidic red duplex Dy and Dr (Northcote, 1962) wiih occasional rock
outcropé. The permeabilitonf these soils is 'moderate’ and decreases
with the increase in ;he‘éméunt of exchangeable sodium. vLeéching is
said to be sufficient to pfe&ent accumulating of lime in the.profile
(Stepﬁens, 1953). Many of‘these éoils respond very well whén tréated
with gypsum which improves their perméability (Northcote et al., 75).

However, the sub-soils are very perméable (Stace, 1968).

Thg properties can bé summariSed as surface»soil‘with sand&—loamy
fexture with a full range of thickness of A horiéons ranging frqm 8%501cm,
the common range being 20-30 cm. B horizons have polyhedral or blocky to
prismatic structure with the‘consistencies of its peds hard when dry,
friablé to firm when moist and slightly sticky when wet. The most common
thickness of sola is 100 cm, although at full‘rangé it is 60-200 cm.'

- The soils are generally referred to as red pddiolic soils (Black, 1965).

TheALerderdefg catchment area, because of its steep terrain,
stiil remains under native hardwood.forest with some grass savannah
woodland. Limited parts‘of the catchment area is favogred for
horticultﬁre, viticulturé and vegetable producgion and for_the grazing
of shéep and cattle on both héturél and improved pastﬁtés (Stephens,

1953).

Two types of information are generally needed in the study of
soil-water phenomena: ' the quantity of water contained in the soil and

the energy status of soil water (Hillel, 1971). Differences in parent
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materials and fainfall are reflected in the principal profile forms
developed. Acid soils are found in the moistervareas in excess of the
raipfall about 600 mm on the more acidic rocks. Unlike soil texture,:
which is more or less constént,ithé structure is highly dynamic and
may change greatly from time to time in response to changes in natural
conditions, biological aétivitigs and soil management practices.
Further‘detailsvcan be found elséwhere (e.g. Stacé, 1968 and.Williamson .

and Turner, 1980).

4.3 Bushfire History

There were numerous unrecorded small scale fires in the catchmenf
area, the first recorded‘fire.dates back to 1921. The events can be
grouped into two: big bushfires and small bushfires. Areas affectéd
By firesvafe given,‘in shade as far as possible, in the Map 4 with the

month of occurrence (Brown, pers. COmm., 1981).

The 1921 bushfire originated from Leonards Hill aﬁd spread over
an area‘of_ZOO ha. The fire burnt forest along the source Qf the
Lerderderg River to Mt. Wilson attributing subsequent defects on the
timber harvested during the 193OS.> The seqond'fecorded fire topk place
at_Sardine-Creek in 1926 and spread over 120 ha covering Nolans Creek
and south and east of the Lerderderg River. The 1939 and 1941 fires,
both, originated at Green Hill and spread over éﬁ area of‘200 ha; the
former being a high inténsity crown fife destroyed méss—mate forest in
the Dales Creek. Anotﬁer fire started in 1946 at the Greendale Road in
Blackwood and spread over 500 ha causing seQere crown damage. ‘In 19605
there were two small scale fires, one in 1962 covering 150 ha north,
south and wést of the Wombat Reservoir and the other in 1967 in the

Blue Mount area during drought period. 1In addition to these wild fires,
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the Forests Commission also have a forest fuel reduction burning program
occasionally for the protection of the forest in general as well as the

township of Blackwood.

‘But the largest fire was recorded in 1952. Itbstarted from
east of Blue Mount and lasted over thrée weeks damaging a huge part‘of
the Lerderdefg cafchment. Iﬁ'burnt to Toolern Vale, Mt. Bladkwood, énd
Myrniong-damaging well ovér‘an area of 120 sq'km. Aﬁother‘considefably
big fire'took place in 1965'causing damage over an area of i,SOO ha

around the Barrys Reef Settlement.

4.4 Effect of Bushfire on the Soil

- Fire affects both ;hevphysical and chemical properties of soil
indirectly influencing tﬁe.growth rate of the ﬁfotective ground flora,
and have some bearing on water yield, water-holding properties and the
capacity of soil to resist erosion. 'Normally‘the temperatgfe of.the
soil must be raised to 200°c on the surfacé before the physical properties
of’thé soil are affected. But soil heating has little imporﬁance,under
most Australian conditions when associated with a moviﬁg fiame front

(Luke and McArthur, 1978).

Fires burning only the upper portion of surface lifter may have
a  temporary effect on the cépacity of the soil-litter complex to Hold_
water and retard run—off; But fires that remove the cbmplete soil-
Iitter cqmplex, including the decayed and decdmposing‘layér are
unacceptablé. The intense heat radiated by such fires damage the surface
materialé gnd can cause problems of erosipﬂ. But if ﬁhe intense fires:

produce phosphorous, it promotes rapid plant growth.
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The extent of fire damage sustained depends on factors like
slope, type of vegetation, soil texture and the'intensity and duration
of rain after a fire, as well as.fire-intenéity. Normally, cbnsequences
become. very sérious when intense rain falls on a bare catchment shortly‘v
after a destructive fire. In extreme cases sufficient silt may be':

carried down into dams to significantly diminish their effective life.

 wildfire briﬁgs about a considerable change on the hydrological |
charactéristics of river catchments. The mégnitude éf tﬁe'chénge varies
from catchment to catchment. vIn U.S., Anderson et al., (1976).and
Tiédmann'(1979) have found incréases in annual streamflow for the first
year after wildfire of from 9 - 1,000%, increased rainfall volumes of

from 3 to '8 times and peak flow increases from double to 4 orders. of

 magnitude. In Australia, McArthur (1964) found increases in runoff flow.

after bushfires in parts of Victoria and Western Australia. Mackay et al.,
(1980) reported that, for small catchments after wildfire, the runcff

from catchments were 3 to 6 times greater than expected.



48
CHAPTER 5

TIME-SERIES MODELLING

5.1 Data : Source and Type

There are two types of data sets used for this study, one
hourly and the other daily. The hourly data are selected samples o
extracted from Glover's Catalogue on Hydrological Data (1979) and

they are listed in Table 5.1.

Daily data were féceived from the Land Use Research Divigion of
CSIRO, Canberra, on magnetic tape; from which only those for fhe years
1970 to 1975'werevextracted. Such a selectioh was based on-the minimum
number Qf missing values per data set. bThe few miésing valﬁes were
estimated from the average value of the previdus seven days. The
rainfall data are recorded as an avefage valqe of eight stations:
87017, 87075, 87122, 88059, 88115, 88133, 88135 and 88136, Runoff
(discharge) data were recorded at stétion 231213 and missing values
were estimated eitherrfrom other discharge data or from the climatic -
data. Evaporétion data were measured at 3 stations 87005, 87036,.88019
using Class A evaporation pans. Missing values‘were>estimated frbm"
either saturated deficit formula or maximum and minimum temperatures.
Two typeé of‘tempefature measuremen& are ﬁsed, one being daily maximﬁm
temperature'and other‘dry—bulb température recorded at 3.00 p.m.
Détails>of station codes,-estimation and intefpolatiqn ofrvérious_
missing data, décoding data from the magnetic tapeé and other aspects
are found in AWRC (1969; 1974,'1976)Aand dey‘et al., (1979). A concise
~map (Milne, 1975) with a few of these stations is shown on Map 2. 'Bbth
maps, Map l‘and Map 2, give an idea on the location of the catchment
area with respect to Melbourne, Dayelsford and Bacchus Marsh. Maps 1

and 2 are givenbin Chapter 4 on pages 39 and 40.
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5.2 Hourly Data Analysis

The Codes used for running CAPTAIN along with theif correspond- -
ing pluviographic and hydrographic stations, time when the measurement

commenced, and the number of data points are. tabulated in Table 5.1.

The CAPTAIN package is used to produde plots for inpUt;‘outéuﬁ
model with and without‘the conéideration of soil moisture; eVapo— : |
‘transpiration time conétant, isj and impulse resﬁonses. Figures-s.l -
5.5 showAthe‘rainfall for 612, 661, 662, 663 and 664, and Figures 5.6_
and 5.7 the corresponding runoff'ﬁlots.'Fié.S.S shows the model output for
612‘;aw'data for one a and four b coefficients in the transfer function
model. Note that, for this study, the dotted line in every model output
ﬁlot réprésents the plot for oBserved value and the full line
represents the model output, while the full ZinéAbelow them represents
the error ék,_ In this figure, R% has a value of 0.7370, i.e;.73;7%,
of the variance in the runoff is accounted for by the model. The error'

 variance measure log (NEVN) is -0.777.

Figures 5.9 and 5.10 show the results for models of 612 obtained
with efféctivé rainfall inputs adjuéted to allow for soil moistufe effects
(equation 2.19) using TS valﬁes of 5 hours and 10 hours respectiQely.
The values of R% and log (NEVN) valges have no&»been considerably
improved to 0.96 and -2.2 réépectively. 'Various other‘soil moisture
time constants were tried but 5 hours was found to be a minimum and‘

10 hours a maximum time constant that can be considered for thié
specific set of data at this specific time of the year. Since 96.17%

of the variapce in the runoff is accounted for by,the model, it would
seem .that the effective rainfall modification, which is simply the
exponential weighting of rainféll into the past used to providé a
mulfiplicative non-linear modification of the input ra& rainfall serieé,

~is well justified.
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TABLE 5.1 Hourly Data Sets

Cod Pluviographic Hydrographic Recorded No. of
ode Station Station from Data Points
612 87153 231213 O1-00 Hrs o7
_ ) - 04.02 1973
661 87155 " 06.00 Hrs = ¢4
: ' : : 13.05 1974
662 87153 " S "
663 . 87152 " oo "
664 87017 " ‘ " "

3Figu£e 5.1l(a)vgivés the impulse respoﬁse for the model‘with
unmodified input series for the whole range of data points, whereas
Figure 5.11(b) gives the samé plot with an amplication ﬁf‘the
impoftant'section of the reépoﬁée. .Here, we see the response bas
increased to a peak value of 1.20, whilst in Figures 5.12 and 5.13;
which shbw the impulse-fesponsés fdr the non—linear models, the peak
value of the impulse fesponse is much higher, In Figure 5.12 where :
TS is 5 hours, the response goes up to 1.73 whereas in Figure 5.13‘
forATs-of 10 hours; it goes over 1.75. It is also evident from the
comparisoh of Rilvalue and log (NEVN) values fof one a and one b, and
for the best identified model (see Table 5.2), that the model with T

of»lO.hours is better than: for TS of 5 hours.

_ : 1. :
The transfer function, EL%:Tl for each model is given by
Alz 7] ‘
| -1 -2 -3
-0.2407 + 0.1284Z = + 0.5457Z =~ + 0.7586Z .
1 for Figure 5.11,

1 - 0.9108z2
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TABLE 5.2 R% and Log (NEVN) values for Hourly Data

File Ts For one ‘a' and'Qne 'h! Best Identified  Model
Code | Hrs > — For 9
| Ry Log (NEVN) |a's, b's| Rt Log (NEVN)
612 0 | 0.2994 | -1.954 1,4 0.73701 -0.77695
nool g 0.45339. | -2.0430 | 2,3 | 0.96166 -2.2251
" 10 | 0.48929 -2.157 2,3 0.96144 -2.2396
- 661 0 | 0.81723 | -2.0688 | 2,1 '0.86395 -0.90464
" 8- | 0.94813 - -2.983 1,2 0.97073 -1.7022
n 10 0.94692 © -2.9059 1,2 0.96876 -1.6645
662 | 0 0.80983. -1.9533 | 2,1 0.88094 -1.412
" 5 | 0.8957° -2.3164 | 2,1 | 0.94436  |-2.1653
o 10 - | 0.90946 -2.3939 2,1 - | 0.93846 -2.0379
663 | 0 | 0.86681 _2.4765 1,1 |
n 10 0.93721 -2.8272 1,1 As Col.3 As Col.4
u 15 0.94221 -2.9161 1,1
664 | 0 | 0.78159 -2.0087 1,1
n 10 0.92752 | -2.8419 1,1
n 15 0.93024 - -2.7870 1,1

Notes: 1. Number of po1nts available are 167 for file 612 and 160 for
~ the rest.

2. T_ value of zero means the model without cons1derat1on of
soil mo1sture
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’ -1 -2
 -0.2028 + 0.303?% + 0'858i§ for Figure 5.12 and
1 - 1.54572°° + 0.6045Z 6
~0.2468 + 0.34152” " + 0.9319272
. . ) - = for Figure 5.13
1 - 1.51592° " + 0.5789z
B[1]

The respective steady state gain (SSG), N for each model, which

is also the area under the impulse response curve, are as follows:

= 16.295

886G ,; = 13.363, sSG s 13

5.11 = 16.398 and SSG

5.12

These figures mean that, for example, in the case of the model of
Figure 5.11, 1 mm of effective continuous rainfall results in 16.3 cumecs

runoff at steady state.

" The Ri and lqg (NEVN) values for models with oﬁly oﬁe a aqd
one b coefficients, as‘weil as those for the best identified model
(usually with more thaﬁ one a and b coefficient ) areigiven in Table 5.2
along with other informatidn‘such as the code for specific set of data,
nuﬁber of data points and whetﬁerrof not soil moisture effects-are taken.
into account. In Figures 5.11 - 5.13, it will be noted ;hat the initial
response is small and negatipé.‘ Ciearly negative resﬁonse isinot‘ |
acceptable in physicélvterms and the reason forbtﬁis behaviour can be
fouﬁd in the model specification: hére a pure time-delay should have
been introducéd:into the model to allow fbr the pure time.lag between
: rainfail océufrence_and its effect on run;off flow; since this was not
introduced, the IVuestimatof in. CAPTAIN has indicated small and, in
statié£1031 terms, insignificant negative responses. Strictly the model
Shpuld have been re-estimated with the pure timedelay introduced, but
thié was not considered nécessary in the present study since itVWould
make'little difference to the overéll&estimated impuise respdnse

characteristics.



53

For the data set 661, Figureé*5.14 - 5.19 give the model
outputs and impulse responses. Here we notice 'that the non-linear
model with a Ts of 8 hours has Ri of 0.94813, i.e. 94.813% of the

variance in the runoff is accounted for by the model.

Tables 5.1 an& 5.2 and Figures 5.20 to 5. 43 show the results
for the data sets 662 to 664: 662 has best model for stof 5 hours with |
R; value of Q;944; 663 forvTS of 15 hours with Rivvalue of 0.942;
664 again for TS of 15 hours with»R%bvalue of 0.930. From these results
we can say that the runoff is more closely correlated with the effective
rainfall valqe for daté set 66; than for the others. We also notiqe_.
that set_612, for 4th‘February 1973, took more ﬁarameters‘than 661 for
13th May 1974. We‘cag, thérefofe, say that, for the short term reSpoqée'
in the cafchment) the number of parameters required for the‘eétimation_

would appear to be the function of seasonal conditions.

Looking into the log (NEVN) valﬁes which are mostly more
negative than -2, We‘can say the average percentage of parametef variance
is veryblow. For example fér the date set 663 with Ts value of 15 hoﬁrs,
log (NEVN) = -2.9161, NEVN = é_2'916 = OfOS, i.e.‘the average percentage

error variance on the estimates is about: 5% of the parameter values. -

5.3 Daily Data Analysis

Daily déta aﬂalysiévis carried out in -three different ways;

(a) considefihg the raw‘rainfall as sole input;

(b) considering the raw rainfall minué évapqration as the
input; . and

(c) modifying the raw rainfall by the following formula

 (Whitehead et al., 1979) to get the input:
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*

roo= K -T) 1, (5.1)
where K = proportibnalityvconstaﬁt (=1 Eor this sfudy)
'fk = ‘ﬁeasured rainfall
Tm = overall (annual) maximum temperature
.Ti = mean monthly temperature and
r: = modified rainfall

In all three cases the rainfall so obtained is modified to allow for
soil moisture effects, in a manner similar to that used in the hourly

data analyses.

Six years' daily data, from 1970 to 1975, of rainfall, maximum
tempefature, dry bulb temperature measured at 3Hp.m.,'evaporation'and'
" discharge are considered. Their respective plots are given in Figures

5.44 to 5.73.

5.3.1 Analysis of Rainfall and Runoff Data Without Evaporation or

Temperature Compensation

Figure 5.74 to Figure 5.79 give raw data models fof the siﬁ
years and Figure 5.80 to Figure 5.85 their respective impﬁlse responses.
‘In Table 5.3, it will be observed that the Ri values are very poOr: 'theA
highest R; of 0.5282 is obtained for 1975 and second highest Ré of 0.4589
for 1971. Taking soil moisture effects intb account, various values of
TS were considered. ‘Those with a TS value for 5 days aré reasonable for
all the cases. The Ré and' log (NEVN) values improved considerably for
'1971 and 1975, whereas fof 1972 and 1973 they became'worse (see TaBléIS,3);
The poor results for 1972 and 1973 may be due to two reasoﬁs:

1. The year 1972 was a very dry.year ahd effects on soil moisture

content of the catchment, ground water . and soil structure

lasted unﬁil the following year (see Figures 5.46 and 5.71).



TABLE 5.3 BT and Log (NEWN) values for Daily Data (RAINDIS)

File T For one 'a' and one 'b' Best Identified Model
Code | Days 5 7 - For: 5 . ”
Ry ~Log (NEVN) |a's, b's|] Ry Log (NEVN)
70 0 0.26945 -5.3370 1,2 0.,42448 -4.6352
" 5 0.23319 -4.9120 1,2 0.42762 -3.8753
71 0 0.44475 -5.5224 1,2 0.45894 -4.5088
" 5 0.71698 -6.1212 1,1 0.71698 -6.1212
72 0 0.29079 -6.3026 1,3 .37458 -5.9470
. 5 0.016426 -5.7306 1,3 0.16766 -5.1401
73 0.25802 -5.6308 _ 1,3 0.42327 -4.6467
! 0.093402 -5.0101 1,3 0.26841" -4.0484
74 0 0.24377 -4.9118 1,2 0.29688 -4.1263
" 5 0.40348 -5.1762 1,2 0.45390 -3.7543
75 0 0.47160 : ~-5.8539 1,2 0.52820 -5.2075
" 5 0.69152 -6.3425 1,2 0.73318 -5.6283




56

2. The dry conditibns affected the young vegetation in the
area destroyed By the 1957 and 1965 fires (see Map 4).
The peculiar nature of the 1972 year is also clear frém the impulSe'
responses: in Figures 5.82 and 5.94 it will be noted that the peak
| values are much smaller than for any other year iﬁdicating the much

redubed run-off per unit effective rainfall in this year.

For 1971, 71.7% of the variance in the runoff was accoﬁntéd
for by the model (Figure 5.87), where for 1975, it was 73.3% (Figure
5.91). Their respective log (NEVN) values are -6.12 and -5.63, i.e.

the average percentage of parameter variance is less than 0.6%.

~ Since the 1971 values for»k; and log (NEVN) are best, the
parameter valueé of this model are imposed on the models for cher
'yearé in order to obtain‘Ré values fot cpmparative study: These models
are reprgsented by Figu;és 5.98 - 5.102. For example, Ri‘for Modél

Figure 5.102 is 0.6289 whereas same for Model Figure 5.91 is 0.73318.

In other words, for 1975 the 1971 model provides‘quiteva good explanagion
of the data, althoﬁgh not as good as for the model estimatéd from the
1975 data. vWe notice that the‘short—term response from the.hourly data
aﬂalysis is‘explained much better than the long-term response from the
déily data‘analyéis of tﬁe catchﬁent. Note that in the hourly data caée
the>TS value is in hours'whereas‘in daily data, the TS value is in days. -
The differeﬁce in the magnitude of the TS values for the hourly and
daily data is surprising but it has.not been bossiblé to account for

this difference in the present study. It should, HoweVer,‘reCeive

further attention in any future research on this system.
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5.3.2 -Analysis of Effective Rainfall and Runofvaata with

Allowance fof Evaporation Effects

‘Here, the analysis is baéed oﬁ a very straight-forward method
.in which the input is modified'by simply subtracting evaporation from‘
the rainfall.j'The rest of the analysis is tﬁe same és in 5.3.1.
Figures 5.103 - 5.108 give tﬁe plots for modified inputs; Figureé
5.109 - 5.14 models for modified input and measured runoff; vFigﬁres
5.115 - 5.120xthe respective impulsebrespOnses. Models with allowance
for soil moisture effects bf S.days are represented by‘Figures 5.121 -
5.126 aﬁd their fespective impulse responses by Figufes 5.127 - 5}132,
Finally Figures 5.133 - 5.137 represent the model where values of the
estimated a and b parameters for the 'best year' model, Figure 5.122,

are imposed upon other years.

Comparing R2

o and log (NEVN) values from Tables 5.3 and 5.4,

we notice that those in Table 5.4 ha?e not improved. From impulse
responses too, we see thaﬁ there is not much difference. In both of the
" cases for 1971 where allowance is made fbr soii moisture:effects,the
R;‘has the same value of 0.717, i.e. 71.7% of the variance in the

runoff is accounted for“by the quel._ The respectivevtransfer functions

are given by

74148
1 - .44222%
with ~ ssG = 1.33 for SUB7l (Figure 5.122)
.64943
and, o . -1
1 - .423022
with. SSG = 1.13 for RAINDIS71'(Figure 5.87)
.i.'

The rainfall, of course, is set to zero when the evaporation exceeds
the rainfall. ’
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TABLE 5.4 RS and Log (NEVN) values for Daily Data (SUB)
File TS For one 'a' and one 'b' Best Identified Model
Code | Days 5 ) For 5
RT ~ Log (NEVN) la's, b's RT Log (NEVN)
70 0 | 0.26765 .52767 1,2'-' .42966 -4.5303
n : 0 * x 1,2 .41724 -3.3157
71 0 0.46265 _5.6833 1,2 .47908 -4.6773
" 5 0.71672 -6.2200 1,1
72 0.31604 -6.4553 1,3 0.41934 - -6.2283
" 0.059713 -5.9356 1,3 0.22457 -5.0400
73 0.26537 -5.6358 1,2 .40629 -5.3766
" 0.075794 -4.9477 1,2 | 0.21810 -4.,5859
7 | o |- o0.26522 | -4.9573 1,1
" 5 0.41281 -5.1632 1,1
75 0 0.49761 -5.9075 1,1
5 0.66555 -6.2042 1,1

*

The model is

unstable.
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That is, for Model Figure 5.122, 1 mm of continuous effective rainfall
results in 1.33 cumecs flow at steady-state whereas for Model Figure‘

5.87, the flow is 1.13 cumecs flow at steady-state.

.Attempté were made:fo study the modél response with parametef:

‘values set to those eétimated for 1971. For example, for RAINDIS75
(FigureIS.IQZ) Ri is 0{6289‘whereas the same model (Figure 5.91),
 with.al1Qwan¢e for soil moistdfe 'e‘ffects>(TS = 5 days), yields R%A

| value of 0.733.‘ For SUB75 (Figure 5.137); the R% value is 0.5764;

On the otheﬁ hand, fhe samé modél (Figure 5.126) witﬁ allowance for‘soil

moisture'effects (Ts ;'5 dQYS) yields'R; valﬁe of 0.66555 So, in‘

general, it would‘appea: that ailbwaﬁce-for evapofation_effects'by siﬁple

subtraction does not significantly improve model fitting.

5.3.3 Analysis of Effective Rainfall and Rupéff.Data with Allowénée
for Témperéture‘Effects |
In this section of the chapter,.data are cénsidered with an

allowénce for the.temperature effécts. Both maximum temperature and

drybulb temperature at 3 p.m. are used in separate analyses.

Considering the drybulb temperature first, the input rainfall
- is modified as described in the second éhapter by the equation
(Whitehead et al., 1979)

o
r, = ‘K(Tm - Ti) r,

where the ptoportionality,constant”kﬂis considered to be unity. Plots

for the modifiedftainféll are"giveﬁ’in figurés‘S.L38.; 5.143."
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The model reeults allowing for drybulb temperature effects
are given by Figures 5.144 - 5.149 and their impulse responseé by
Figures 5.150 —.5.155. The model results allowing for dry-bulb
temperature, .as well as soil moisture effects; are shown in Figures
5.156 - 5.161 whereas their_impulsevresponses are given in Figures
5.162 to 5.167. Other model responses with parameter values 5e; to
those>estimated for 1971 (Figure 5.157) are given in»Figures 5.168 =

5.172. All R% and log (NEVN) values are recorded in Table 5.5.

Nore‘tﬁar rhe R% aﬁd log (NEVN) values are considerably
improved compared to those in Tables 5.3 and 5.4. For example.the B;
value for 1971 increased from 0.717 to 0.802, i.e. 80.2% of the variance
in rhe runoff is now accountea for.bylthe mOAel‘ Its trensfer function
ié given By.

0.0243

1 - 0.40483 "

and SSG = 0.04083‘which'is_the area under the hydrograph. ‘That is,

1 mm of continuous- effective rainfall results in a flow of 0.041 cumecs
at steady-state condition. Apart fronxthis,we also notice that the

leg (NEVN). value —6.1212 in Table 5.4 has gone more'negative to -
-7.0036 as shown in Table 5.5 as well as in Figure 5.157, meaning
thereby that the model parameters are both defined and the average

percentage of parameter variance is less than 0.1%.

Using the daily maximum temperatures, the analysis was repeated
exactly thevsame way as for dry bulb temperatures. The results did not
bear any significant difference as compared with those for dry bulb

temperatures and, therefore, were not included here.



RS and Log (NEVN) values for Daily Data (BED)

61

TABLE 5.5 RS
File T, For onc 'a' and one 'b' Best Identified Model
Code | Days 5 - For 5 | 1
K Log (NEWN) |a's, b's| Rt Log (NEVN)
70 .~ 0.20285 -5.4119 1,2 .26207 -4.9941
n 0.13433 -5.0823 1,2 .15867 - -4.5020
1 .51 -6.2426 1,1 | b
7 0 0.51081 . As Col.3 As Col.4
n 5 0.80256 ~7.0036 1,1 -
72 0 0.37619 -6.6851 1,4 | .45515 -6.6081 |
" 5 0.30729 - -6.5889 1,4 47222 -6.8384
73 0 0.32098 -6.3326 1,3 50177 -5.2974
I 5 0.30146 -6.1525 1,4 | .52256 | -5.4131
74 0 0.27805 -5.6647 1,2 .33855 -4.8638
! 5 0.44989 -6.1204 1,2 .50554 -4.2004
75 0.49833 -6.5596 1,2 55856 . | . -5.9064
" 0.71018 -7.2006 1,2 75255 | -6.5220
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The R% and log (NEVN) values in Table 5.5 are far better

‘than those in Tables 5.3 and 5.4. In other words, it would appear

that consideration of temperature effects helps to obtain a far better

model than those without allowance for temperature effects. This is

in contrast to the situation where evaporation information is utilised.

Finally,'note that throughout this analysis the SSG values

for the hourly data.aré much higher in magnitude than those for daily.

This is because of the difference of scale, i.e. one unit of day scale

makes 24 units of hour scale; whereas the vertical axis for runoff

remains in the same scale.

5.4 Discussion

We see that the ability to model the short-term response of

" the catchment is not the same as that for the long-term response.

Hourly data analyses give models which are much better (in termé.of
R%) than those for daily data. This is probably becapse the various
féctors affecting the model have not changed considerably in a short
period (a few days), whereas they vary considerably with daily data
over a whole year. And while allowance for temperapure effects improves

the situation in the daily data case, there is still room for further

improvement.

As regards the impulse responses: in the daily data casé,
all the plots ofbimpulsé responses‘for 1972 show that they have‘very
low peék value amplitudes compared to those for other years. This
confirms‘that 1972 was a very dry year at the Lerderderg river catch-

ment area. With other impulse response curves, there are different

.peak values at different conditions and years, showing the dynamic

characteristics of the catchment. It would be advantageous to consider
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this variation in peak values further and so attempt to achieve
better model-fitting results, but the author did not have time to carry

out such analysis, which clearly deserves further attention.

The féct that long term non-linearities appear to be accounted
>f§r by tempera;ure father than evaporation variationé is interesting .
and reflects results obtained from'the analysis of otﬂer'Australian
data. ReséérchAinto this aspect Qf the preéent results is strongly
»vrecommended but the author did not have time to pursue such an

linvestigation in the present study.
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CHAPTER 6

CONCLUSIONS

Civilization is primarily dependent on water supply for varioﬁs
purposes; for example, drinkipg, irrigation, industry, power generation
and transportation. As a result, sﬁudies on hydrology have alwéys,been
importaptf And study:of catchment behaviour is one of the mosf impoftant»
aspects of hydroiogy.‘ Time—seriesldata analysis,as considered hgréaiss
only one method of stquing river catchment behaviour in qrder to'prédict
future eventé; on the other hand, it is a very_eésy and systemétic
method with built-in allowance for'stocﬁastiC»effects in‘the'rainfall-v
runoff process.’ The main difficﬁlties with‘rainfall-ruﬁoff models‘aré
due to the . inter-relationships between many ofbthe vériables which

make soﬁe of the basic assumptions of the methods Qntenable. Ihé
Léfderderg'river-catchmenf area has a history of many wild'fireé
frequently causing considerable destruction to its natural vegetation

and forest. In cases wﬁere the‘dynaﬁic charactefistic variation become
large, Kuo (1962) argues that the system modelling under the assumption
of known transfer charactériétic may féil to provide a‘satisfactofy
guidance; However, by using recursive methods it is possible to allow
for the modification and adjustment of‘the system models in accordance
with varying parameters and‘environment in order to attain bptimum

management of the system;

" As there is no data on soil moisfure availabie.for the catéhment,
we have méde extensive use of the non-linear soil moisture compensation
algorithm in CAPTAIN to éllow for these effects. This féoil moisture"
compensatiqn is closely related to the Antecedent Precipitation Index

(API) used in hydrology and it has, therefore, no greater nor any less
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degree éf hydrological reality than the API. ‘Howéver, it should be

noted that "hydrological realityf is a subjéct;ve term. ‘For'a pgorly
defined Systemblike the Lerderderg River basin catchmént where.neither
detailed nature of the hydrologicalvprocesses can be studied nor

planned experiments are possible, it is very difficult to point-oﬁt

what the.most important hydrologicalbpfocessés are. The time-series
method ad§pted in this'study‘is aimed at identifying the dominané non- .
liﬁearities and if‘possible associating these with recognisable_physical
processes.. It has Been'clearly shown that temperatufe rather‘thaﬁ‘
evaporation explains nbnjlinear behaviour of the system in the Zong term.
- At this stage it is still difficult to make any sﬁeculation on the reasons
for this.  Similar behaﬁiour has been reported in previous studies such
as Body et aZQ, (1979). Whitehead et dl.,(l979), This, therefore, needs

further attention.

In view of the above observations, it is advisable to take
great care in drawiﬁg physical hydfological conclusions from the time-
series analysis. Such an analysisAméthod éhould be considered és a
hypothesis_generating device leading to further re—evaluation in physical
hydrological terms. On the other hand, the conventional analysis methods
which ﬁse such termbas API or "estimated soil moisture deficit" methéds
‘are no léss vulnerable. This is because the latter methods are‘them—
selves only.mathematical‘devices, the physical significance of which has
been often Claiméd, but they have been rarely validated in any.satis—

factory sense.

Expoéed soils can become almost impermeéble by the compacting
impact of 1apge rain drops coupled with the teﬁdency to Qash very fine
particles into the empty spaces, thereby decreasing the infiltration
capacity. Whereas dense vegetal cover promotes tﬁe infiltrétion capacity.

So, the old vegetation and young vegetation in the fire-affected areas
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respond to the rainfall differently, as we have seen in the time-series

results for 1972.

One of the drawbacks of rainfall—runoff modelling is the .
unknown quantity of underground outflow and the variation in underground
outflow and the variation iﬁ underground aquifef storage. So the divid-.
ing line between rundff and bgseflow is‘indetermiﬁate and can vary widely.
It ié, therefore, not possible to analyse every mechanism of the system
with limited resources of data. But the great advantage of the time-
'seriesbanalysis approaﬁh'is that statistiéal parameter estimates are
obtained,'tégether with the degree of uncertéinty asSociated.with those.
estimates.r In addition, because of the recursive naturé of - the
estimation algorithm, information on' the ﬁodel stabiiity may be assessed

by an inspection of the model parameters over the sample period.

System modelling'with'héufly data is much better as the short
term variation in the dynamicvcharécteristics of the catchhent is less
than the long term. As a result, we see that Ré valﬁés for hourly data
analysis are closer to unity than those for daily data analysis. For
hourly‘data analysis, after é storm the soil moisture at any time is
greater in the case of model with TS of 10 hours than for that with “‘
8 hbursd As a resﬁlt; the'runoff‘will alsc be greater at any‘time‘
subsequent to the storm. ‘But the occurence of peak flow (as seen from
the impﬁlse response) diffefs ffom one data set to another and from
oné condition to another (for example with differing soil moistpfe and
temperature effects) for fhe éame set of data. 1In many cases, the
amplitude of peak flow for éne condifion»is greater than that for other
conditions of the same set 6f data. The autﬁor has been unable td
consider tﬁe implications of these observations on the model sﬁructufe
and the asSoéiatedVnon—linearities and they should receive éttention'
in any fufther research on the use of time-series:analysis in rainfall

run-off modelling.
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Fig 5.138 1970 Rainfall modified by dry-bulb temperature
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