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SI.]MMARY

This study was aimed at exploring the nature of the interaction

between a 16 km length of the Little Para River and the underlying

Quaternary aquifer, through monitoring and numerical morielling. After a

review of the literature revealed no investlgation of the process of

hydraulic connection of ephemeral streams and aquifers, a boundary integral

equation model was constructed to satlsfy this need. The model was

successfully applied to a range of concepÈual stream-equlfer interaction

probtems for whlch solutlons were available. It was then used to explore

the process of hydraulic connection which was observed on the Little Para.

A field study was undertaken over a period of three and a half years

to monitor discharge losses ln the Little Para Ríver and groundwater

elevation changes on a regional scale. Duríng that tíme a series of

controlled releases were made into the stream from the Little Para

Reservoir upstream of the study eree. In additíon a streambed test pond

experiment was conducted to observe hydraullcally disconnected streambed

infíltratfon on a smaller scale. Data from thls overall study were used to

derlve a recharge release rule for the reservoÍr. Field data were also

used to callbrate and validate the numerical model at five cross-sections

on the stream and an analysis of stream discharge loss residuals was

performed. \
The investfgatlon has led to a better understanding of the process

and slgnificance of hydraulic connection between ephemeral streams and

aquifers. It has revealed the latent potential for enhancing groundwater

recharge by flow regulat,lon in ephemeral streams, both Ín theory and in a

prototype example.
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CHAPTER I

INÎRODUCTION

I.1 Study Orieln

This study arose due to problems encountered ln esÈimating nean

annual groundwaÈer recharge from flow ln Ehe LiÈtle Para River, South

Australla. Uniform releases from e reservofr gave rise to tlme-varying

discharge losses over e l6km length of sÈreem. Obeervation bores adjacent

the streem revealed that goundwater levels rose and fell in response to

streamflow. During sustained flow groundwater lntercepted the atreambed in

aome reaches and dlscharge losses decllned. this feedback effect of

groundwaÈer levels on dfscharge lossea rtes important 1n estlmeting the mean

annual recharge.

Consequently an investigatton commenced having tvro maJor thrust,s.

The first was Èo rpnltor discharge losses and groundwater elevatfons in a

full scale fteld study on the Llttle Para Rtver. the second was to develop

a numerical rrodel to describe the hydraullcs of all phases of ephemeral

stream-aqulfer fnteraction includlng the process of inÈerception of a

streambed by a rising groundlreter rpund.

L.2 Objectives

the sÈudy had two prlnctpal obJectlves. The flrsÈ was to explore the

fundamentals of streambed hydraullcs whlch govern Èhe exchange of weter

between ephemeral streems and aquifers. Secondly a soluÈion wes eought Èo

a practical reservoir operation problem for the Llttle Para Reservoir.

Answers were sought to a number of questions on streambed hydraulics.

How 1s Èhe exchenge flow rate qffected when the groundwater npund lnpinges

on the sÈreambed? What effect has the hydraullc conducÈivity of a

semipervious blanket on the streambed on exchange flow raÈe? These and
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many other questions rtere answered with the uee of a numerical model.

The reservoir operation problem had two aspects. It required the

selection of a reservoir release rule to ensure thet the mean ennual

sÈreambed recharge downsÈream 1s not reduced by the presence of Èhe dam.

This in Èurn demanded that the mean ennual recharge prior to dam

cons truction be quantified.

the necessary

A fÍeld study was conducted on the LÍtÈIe para

information to satÍsfy these requirements.River

r.3

to give

Limi ta tl ons

the field study was confined to the LÍtÈle Para River only and to a

duration of Èhree and a half yeers. The rlver conÈaíned reaches which were

intersected by the groundwater mound and reaches permenently elevated above

the mound. The results reflect the condition of the streambed between

February 1979 and June f983. Changes Ln streambed geometry and

consequently recharge performance are expected Èo occur due to an increase

in the urban catchment area and the effect of the dam.

The limiÈation of computer speed was e signiflcant constraint on the

study. the numerlcal model for investigating etream-aquifer interactlon

processes could not be applied to long dlscharge records (more than about

two months), simply because execution times became excessive. Slmulation

runs to determine mean annual recharge and test reservoír release policies

used 14 to 30 yeers of discharge data. Thus a simple lumped parameter

manegement model was developed and used to solve the reservoir operation

problem.

L.4 Organization of Report

chapter 2, which is summarized fn Appendlx c.l, covers a review of

the pertinent literaÈure on stream aqulfer inÈerection models and

investigations with emphasis on the foundtng assumptlons of the models.

This leads into a dlscusslon of the equations of groundwater flow and

ínfiltration presented ln ChapÈer 3.

The fourÈh and flfth chapters deal exclusively with the two
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dimensional boundary integral equation model of streem-aquifer interaction

developed by Èhe auÈhor and based on a seed program of Professor James A.

Liggett of the School of Cívil and Environmental Engineering, Cornell

University. Chapter 4 describes the maÈhemetlcal basis of the model and

the various boundary conditions which distingulsh it from other models.

This Ís followed in chapter 5 by a descríptlon of applications of the model

Èo test problems, hydraullcally disconnected and connected stream-aquifer

problems and to the process of hydraulic connecÈion. The effect of varying

major parameters on exchange flow rate and groundwater elevation below the

stream centre line Ís shown for a simple example. An illustration of the

effect of flow regulation on recharge is gíven and thÍs is used to

investigate aspects of linearity, Bystem memory and time variance of

stream-equÍf er inÈeractÍon.

Chapter 6 outlines Èhe purpose and conduct of the Llttle Para

Recharge SÈudy, including data acquisition, proceasing and analysis.

Chapter 7 describes an experimental infiltration pond constructed in the

Little Para Rlver. The instiumentation, procedure and results of the

experiment are documenÈed.

ChapÈer I reports the effect on recharge of stream discharge

regulation and descrlbes Ehe approach used to derive a recharge release

rule for the Little Para Reeervoir.

Chapter 9 brlngs togeÈher the numerical model and daÈa from the

Little Para Recharge Study. A three sÈege calibration procedure ls

described. The model ls calibrated and validated at five cross-sections on

the stream and the fit of the model against ffeld data ls analysed.

The concluslons to be drawn from the study are presented in chapter

I0 and reference ls made to the potentlal for recharge enhancement by

discharge regulatlon in ephemeral streems.
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CHAPTER 2

LITERATURE REVIEW

The relatlonshlp between flow in rivers and groundwater ls

fundamentally important to the science of hydrology. A r¿ealth of 
\

theoretical, experimental and field work has been documented on this

subJect yet there are still uncertaintlee about the physÍcal processes

which govern the interactíon of surface and groundwater at and below the

streambed. This review identlfies and critlcally assesses the aseumptions

upon whích stream-aquifer interaction models are founded. These models

w111 be classified as groundwaÈer models, surface water models and

integrated models (open channel flow and groundwater models coupled

together as e composite model) (see figure I ln Appendtx C.1).

2.I Groundwater Þlodels

Investigations of the nature of Èhe interaction between streams and

aquifers have resulted fn two broad classifications: the hydraulfcally

connecÈed and Èhe hydraulically disconnected streem. See fígure 2.1 (after

I.lard, I974). Sheshtakov and Kravchenko (1967 ) applled Èhe Èerms rrsupported

seepage regimerrand rrfree seepage regimertto the same conceptual models.

Bear (1979) and Rushton and Tomlinson (1979) expanded on thls

classiflcetion by consÍderlng circumstances in which different parts of the

same streambed exhlbited each type of behaviour (figure 2.2).

A hydraullcally connected stream is assumed to have a completely

saturated streambed below the elevation of the water in the streâm. The

hydraulic head in the aquifer irrnedletely adjacent to and below the stream

ís assumed to be the same elevation as the water level in the stream. In

groundwater modelling, such a stream is generally taken to be a llne of
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Figure 2.L SÈream and aquifer (a)
(b)

_v.

(b)

hydraulically connected and
hydraulically disconnected.
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known or specifled hydraulic head and groundwater floi ls essumed

horlzontal.

A hydraullcally dlsconnecÈed stream has an unsaturated zone below the

streambed. A change ln head 1n the aquifer below the stream is assumed to

heve no influence on the water level in Èhe stream nor on the eeepage råte.

In groundneter npdelllng the streem 1s generally consfdered a llne source

of water with seepage rete specifled. Vertical flow is assumed to occur

between the streambed and the waterÈable where a groundweÈer rþund or rldge

develops and spreads laterally.

I'Ialton et al (1967) and Burkham (1970) depict a trensitlon from a

hydraullcally dieconnected stream to a hydraullcally connecÈed stream if

the groundwater rpund rlses untll 1t tntersects the sEreambed. l.lost of

the subsequent lntegrated rrcdels adopÈ a elmilar criterlon. There is a

noÈable absence ln the llterature of numerlcal or experimental studles

concernlng Èhe nature of this transitlon.

A hydraulically disconnected stream la also called en lnfluent or

losing sÈreem and ls typlcal of the ephemeral streems or wadls found 1n

arid and eeml-arld arees of low relief. A hydraulically connected streem

may alternate between belng lnfluent or effluenÈ (gaining) depending on

whether the etream stege at the sectlon consldered ls risfng or falllng

respectlvely. Such a streem rnay be perennlal and commonly has lts source

1n a humid or alpine zone. Future references to hydraullcally connected

streems, emphaefse groundwater recharge, (seepage from Èhe stream into the

aquffer) ae opposed to baseflow (seepage from the aqulfer lnto the

stream).

2.I.I Hydraulically connecÈed streamg

The assumptlons on whlch rnany hydraulically connected streem tncdels

ere based were crltlcally revlewed by Sharp (L977) and are íncluded in Èhe

followlng llst.
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(r)

(2)

(3)

The alluvlal aquifer has a horizontal lrnpermeable base.

All porous rlpdfa flow is saturated.

l.IeÈer ls dlscharged from storage lnstanteneously upon

reduction in head.

(4) The alluvlal aqutfer is honrrcgeneous, isotroplc and lnfinite

(5)

ln extent.

The Dupult-Forchhe imer

(a) In any vertlcal

(b) The velociÈy ls

conditlons are valid 1.e.

(6)

(7)

(8)

(e)

( r0)

sectíon the groundwater flow is horizontal.

uniform over the depth of flow.

(c) Thre head is constant along any vertlcal l1ne for the

whole thickness of the aqulfer.

(d) The slope ( ß ) of the free surfece is srnall enough that

tanBisinß"

The stream peneÈretes the full thickness of the aquifer (or

alÈernatively the head Èhroughout Èhe aquifer below Èhe

stream bed is always equal to the rLver stage).

The aquifer is solely conflned or solely unconfined. If the

aqulfer is unconfined the fluctueÈlons in the Ìreter table are

a small fraction of aqulfer Èhtckness so that the transmissÍvlty

remalns con6Èant.

The system ls lsothermal.

The qualfty of wet.er in the streem hae no cumrn¡lative effect

on the streem-equlfer interaction processeg.

Groundwater flow in a direction parallel to the streem does

not affect the stream-equifer lnteraction.

Sharp accepÈs the firsÈ three assumptlons eB belng appllcable to the real

world. Each assumption 1s revtewed below.

(1) the alluvlal aquifer has a horizontal irnpermeable baee.

l'losÈ of the analytical rr¡dels make this assumption. Four exceptions
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were found. McWhorter and Brookman (L972) allor¿ uniform leakage from a

conflned aquifer. Singh (f968) conelders an unconfined aquifer with

uniform leakage or evepoÈranspfration. Bouwer (1975) and De Wiest (f967)

allow leakage or evapotranspiration from an unconfined aqulfer at e rete

whlch ls proportional to hydraullc head in the aqulfer. While numerical

models are capable of handlíng sloping and semipervlous aquifer bases theee

effects on streem aquifer interacÈion have not been referred to expllclÈly

ln the llÈerature. If permeabillties of the underlylng layer are

sufficfently low (less than one tenth the perneability of the aquifer

accordlng to Bouwer,1969, p. I48) and the slope ls small, as ls usually

the case, Èhese assumptlons are eatisfactory. The case of leakage from

perched rrcunds beneath Èhe sÈreambed ls noÈ consldered here as ft is

revlewed in detall l-n section 2.1.2.2.

Q) All poroua rpdle ín the reglon of flow le satureÈed.

The saÈuraÈed flow assumpÈion has been examlned by several wrlters.

Bouwer (f964) concluded that negatlve preesure flow could be neglected for

horlzonÈal flow and for perched layers where the caplllary fringe thickness

ls very small 1n comparison wfth the thlckness of the satureted zone.

Skaggs and Tangrs (1976) fnveetigation of flow to parallel drains, and

Luthin et alrs (L975) lnvesÈlgaÈion of radial flow to a well wÍth consÈant

drawdown support Bouwer rs concluelon.

(3) l{ater is discharged lnstenteneously from storege upon reduction

in head.

The aesumptlon of eponÈaneous diecharge wlÈh decllne ln head is

refuted by Vachaud (f967). He claimed thet during dralnfng or recharge the

vertlcal rpÍeture proflle in the vlcinlty of the phreatlc eurface fs not ln

equilibrium. That ls speclflc yield is not e conatenÈ but increases

Èowards e constent value wlth time. For the sand sanples he tested

approxlmately 4 days was requlred for cornplete dralning. Narasimhan and

Yanehlro (1980) concluded Èhat speclfic yield could be consldered constent
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provlded that sedlments were rlgid and were only subject Èo slow variatlons

of pore pressure wlth time. For hydraulically connected streams,

unconfined groundwater flow is activated by hydraullc head changes whlch

ere conveyed by mass tranefer through the poroue redlum at slow raÈes.

Thus the sponteneous dlscharge aseumpÈion (constant speclfic yíeId) is

unlfkely to be violated except in the small zone wlÈhin the banks

inrnedi-ately ln contacÈ wlth the rlver weter following rapid BÈege changes.

(4) The alluvial aqulfer ls homogeneous, isotroplc and lnfinlte in

extent.

The assumptlon of homogeneous lsotropic aIluvial aquifers ls an

obvÍous starting point when deta ere scenty. Sharp (1977) found typlcal

river alluvium in cenÈral United States had increasing permeability with

depth. Numerical solutlons for hydraullc head dlstrlbuÈion ln an aqulfer

w1Èh Èhls observed permeability dlstrlbuÈlon were coÍrpared wlth those for

homogeneous permeabllity for a step change in river stege. Large

dlscrepancies in hydraullc head were observed particularly ln Èhe vicinlty

of the streambed. Bouwer (1969 rp.I47 ) described lnvestlgattons using an

electrical resfstance analogue to deÈermine steady stete seepege rates from

a trepezoidal channel into a two layered porous nedium. These compared

favourably wf.th resulÈs adapted from Ernst over a rnore comprehenslve range

of geometrlc conflgurations of Èhe two layered nredlum. If the second layer

ls rrcre Èhan flve Èlmes the channel wldth below the channel bed, then it

has only a very srnall lnfluence on Èhe seepege rate. As the toP of Ehe

second layer approaches the channel bed 1Ès effect becomes lmportant,

particularly if the underlylng layer is rþre permeable as in the ceses

reported by Sharp. These results fndicate that flow ín heÈerogeneous ¡redia

may be poorly rnodelled by homogeneous redíum rodele.

In analyÈical nrcdels anieÈropy mey be accounted for by transforming

the redlum to en equívalent tsotropic nedium wlÈh a permeabllÍty of

{x* x" )0'5 by nnrltiplylng the vertlcal dlnensl,one by (r-. I K, )0'5 where
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K* is the horizontal permeabllfty and K, is the vertical permeability

(Bouwer, 1969, p 145). No caees were found wlthin the literature in wtrlch

Èhe effects of anisoÈropy on seepage rates were expliclÈly evaluated for

hydraullcally connected sÈreams.

Blanchi and HaskeIl (1968) observed that dlfferences beÈween field

observaÈions end theoretlcal predictlons for alluvlal aquifers were much

nore dependent upon the abÍlity to define the domaln and properties of the

porous media Èhan on approximat.ions 1n groundwater flow Èheory. Typical

descrlptions of alluvial aqulfers lnclude rrdiecontlnuous and lnterbedded

lenticular deposlts of sllts, sands or gravelsrr (Ulles, 1952).

Streambed hydraullc conductivitfes may change 1n time as well as ln

spece. Scour durlng hlgh streem stages and deposltlon of fine naterÍals on

the streambed during Iow flow may also affect the rate of exchange of ¡rater

between streeme and aqulfers. Jordan (L977), Lang and Rhodehamel (1962),

Norris (I970), Randall (1978) and Tlxeront and Danfel (1967) all refer to

lncreased seepage wtrere scour occurs or relate the lnffltratlon rate to the

velocíty of eurface flow for partlcular streams.

The effect of flnlte dtstances between streems and aqulfer boundaries

has been investigated for analytlcal rncdels. Marlno (L973) and Cooper and

Rorabough (1963) descrfbed translent flow with lnrpermeable boundaries and

Sharma and Chawl e (L979 ) tnvestlgated the ceee of sÈeady stete flow with

dralns at the boundary. These authors showed ÈhaÈ the effecÈs of varlous

boundary conditlons cen be readily lncorporeted lnto their todels.

Simllarly, numerÍcal rmdels allow a renge of boundary conditlons to be

speclfled without maÈhematlcal complications.

(5) The Dupult-Forchhelmer conditlons apply.

The aeÈ of aseumpÈlons known as the Dupuit-Forchhelmer (DF)

assumptlons

with the DF

are used to reduce the number of dimenslons of a problem. Even

assumptions the resulting Boussinesq equaÈíon is stÍ11

nonllnear and solutlons to it are dlfficult to obtein (Ltn, L972). Several
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methods of llnearlzlng the Boussinesq equat.ion have been descrÍbed in

detail by Bear (L972).

Gelhar (1974) compared spectral responee characteristics of phreatic

aquifers rnodelled with and without the DF assumptions. ( l'lodels nhich do

not use the DF assumptions ere called poÈential flow rnodels.) Only when

Èhe degree of peneÈraÈion of the river into the aquifer was small or the

aquifer was slgnlficantly anisoÈroplc the results of the two npdels

diverged. Otherwise the DF model results rdere ln good agreement with those

of the poÈenÈiel flow model.

ResulÈs based on studies of growth and dissipation of groundwater

rnunds for disconnected streams with boÈh rrcdels (Knan, Kirkham and Handy,

1976 and Brock, 1976b) indicate Èhet for small rpund heights DF and

potential models glve good agreement. Marino (1967) showed DF results

agreed within 5'L of. Hele-Shaw analogue results for round helghts up to 5ül.

of the lnitial saturated depth. These conclusions when applied to aquifer

connected streems lndlcate that DF ls a valld assumptlon to use lf Èhe

stream is fully penetrating a homogeneous aqulfer. Sharp (L977) however

found this was not the case for the rívers he studied.

(6) The stream penetreÈes the full thlckness of the aquifer.

CompleÈe penetratlon of the aquifer by e sÈream eppeers from the

literature to be the exception raÈher Èhan the rule. Vertical flow usually

occurs imnediately beneath the streambed. Grenneman and Sharp (1979), Lang

and Rhodehemel (L962) and Pluhowski and KanÈrowltz (L962) all observed

vertlcal hydraullc gradienÈs wlthin the streambed of hydraulícally

connected rivers. hlelton et al (I96i) showed thet drawdown on one slde of

a river would occur when pumping on the other side was sufficfent to cause

disconnecÈlon of the sÈreem and aqulfer. Ferris et aI (1962, p 129)

accounted for partially peneÈratlng streams by considering Èhe head change

In Èhe aqulfer adjacent the streem rather than the rlver stage change as

the drlvlng head for translent groundwaÈer flow. This method also accounÈs
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for semipervlous stream banks, but does not give an undersÈanding of the

physical processes occurring in the immedlate vlcinity of Èhe sÈreambed.

HaIl end Moench (1972) and Marlno (1973) used an equivalent nethod by

considering semipervious banks on a fully penetrating streem es an

approxlmatlon to a partially peneÈreting streêm. Herbert (1970) used an

electrlc analogue to study sÈeady stete seepage from a parÈlally

penetratlng rlver of semÍ-circular cross-section Èo e purnping well. Ernst

(L979) and Streltsova (L974) used superpositlon in analyt.ical rrethods for

determining seepage rates. Ilerbertrs resulÈs indlcaÈe theÈ complete

peneÈraÈlon assumptions nay overestlmaÈe seepage reteB by 3tr/.. Bouwer

(1978, p 288) also uslng an electrical reslstance analogue gives the

maxlmrm depth of the ective region for a nerrow stream overlying a deep

lsotroplc aquifer as about equal to the wldth of the recharge aree. He

suggests the use of a reduced or tfeffecÈiverr transmfssivlty for this zone.

RushÈon and Tomlineon (1979) consldered Èhe recharge rechanlsm and

lÈs relationship .to penetratlon of a sÈream lnto an aquifer. For partially

peneÈrating streems Èhe verÈical flow component may conrplicate the

measurement of hydraulic gradienÈ below the sÈreambed. Rushton and

Tomlinson proposed Èhat the vertical flow be neglected and using the

Dupuit-For€hheimer approximations asslgned a slngle value for the head ln

the aqulfer underlylng the river. They proposed a eeries of possible

relatlonehlps between the leakage raÈe through Èhe river bed and the head

dlfference between the river and aquifer. They concluded that leakage rete

may be rodelled besÈ by the sum of Linear and exponentiel head difference

terms. That ie they added a nonlinear component Èo Darcyrs law. Their

rpdel did not dlst.lnguish between lncrease in stream head and decrease ln

aqulfer head, nor eccount for the aqulfer head at whlch hydraulic

connectlon nas broken. Iladgraft and Volker (1981) totloyred the same

approach in rn¡delllng stream-aqulfer interactlon in the Burdekin Delta,

Queensland, Australia
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Narasimhan et al (f978) use a finite element model to slnnrlate

groundwater levels subject Èo pumpíng and infÍlt,ration from a partlally

peneÈrating stream. they essume Darcyts law for seepage until the maximum

rate is reached at the aqulfer head where the hydraullc connection with the

stream 1s broken. The transmisslvity varies with aquifer head as does the

seepage rate while the streem ls hydraullcally connected. For thlç reason

the problem becomes nonllnear.

(7) The aqulfer is sole1y confined or solely unconfined.

The change from unconfined to confined stetes complfcates nodelling

both on a regional scale (Rushton and Tomllnson, 1975) and on a local scale

(Sharp , L977). These problems can be countered by careful selectlon of

spacial grid and time increments for use in numerlcal rpdelling.

Assumptlons 8 to Il apply to both hydraullcally connected and

disconnected streems.

(8) The syeÈem is lsoÈhermal.

Norris (1970) found a 35% increase ln streambed leakage due to an

lIoC increase 1n stream temperature, reducing the viecosity of rdater.

Similar effects were presented by Walton and Ackroyd (f966). I.lorstell

(1976) reporÈs Èempereture changes affecting ges pressures ln Èhe soll

thereby affecting soil hydraulic conductivity. Seasonal and even dlurnal

temperature variatlons may stgniflcantly ínfluence seepage retes and should

be accounÈed for. Thermally stratÍfled flow is possible when recharged

weter ís signlficantly warmer than the underlying groundwater.

(9) l,Iater quality has no affect on stream aquifer interacÈlon.

Suspended eedimenÈs as well as chemical and biologlcal constituents

warrent study for each partlcular streem being considered. In many casesl

thls assumpÈlon fs valid. For catchments exhíblting changes fn land use,

weter quality may change (Cordery, f976) and disturb the interaction

between surfece weter and groundwater. Some lnvestigatÍons performed on
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the Burdekin Delta, Queensland have ldenÈified the effects of silÈation on

recharge retes (James and Henry, 197 7 and l.Iatson and t^Ihisler, L977) and

some of the biological problems (Jackes, l98I) for artificlal recharge from

strip basins. Warner and Doty (L967) examined feasible chemical reactlons

between recharged surface water and groundwater whlch may precipiÈate

compounds bauslng a reduction in aqulfer perneabllÍty. Nightingale and

Blanchl (1977) recorded a transient increase in Èurbidity of water drawn

from wells following recharge into a bore. Although these sÈudies were

based on arÈificial recharge operations they may be extended Èo account for

changes in stream aquifer interactton for cases where stream water quallty

is changlng due to catchment land use changes or the diversion of waÈer

from other streams.

An lmpliclt assumpÈion 1n (9) 1s that the denslty <i!-f ference beÈween

stream lteter and aqulfer rdater is sufficlently small to preclude density

stretifled groundwater flow. Grodzensky (1967) afa not rnake this

assumptlon and examined the volume of fresh wat.er leaking from canals to

form lenses overlying saline groundwater. Hls paper illustrates en

exceptional case. For naturel losíng streams Èhe stream is Èhe source of

water in the alluvial aqulfer whlch justifies the assumption that the

denslty dlfference is negllgible.

(10) Stream-aqulfer interacÈion is independent of underflow.

Analytical rrcdels which consldered the effecÈs of groundweter

nrcvement 1n the directíon parallel to the streem were not found wlthin the

literature. Numerical nodellers were not expliclt in Èheir findings on

this subject elther. Plnder and Sauer (197I) preeluded thís effect ín

their bank storage nodel, by thelr selectlon of boundary conditions.

In summary Èhe effectiveness of rpdelllng the lnteraction of

hydraulically connecÈed to aqulfers depends trrrre on how account is

streams

taken of

partial penetration, spatlal variability of the porous nedium, Èemperature
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effects and the choice of boundary condítlons Èhan on the ¡nathemat.ical

simplifícation of the flow equations. Spatlal discretfzation of the nredium

should therefore be ln accordance with the amount of sÈratigraphíc data

available. The success of a number of rncdels in matching sand tank,

electric reslstance and Hele-Shaw experimental results is unlikely to be

extended into the fteld unless adequate definition of the actual flow fíeld

is successful (Bianchi and HaskeIl, 1968).

2.L.2 Hydraulically dlsconnecÈed streems

l"lodeIs of porous nredla flow beneath hydraullcally disconnected

streams fall lnÈo three ceÈegories -

f) vertical flow models

2) groundwaÈer rnound rpdels

and 3) comblned rodels of vertical flow and groundwater mounds.

A tree dfagram of the classificatlon of stream-aquifer npdels appears es

figure I In Appendix C.I.

The vertícal flow or ínfilÈration npdels are useful during the

advance of flow ln an ephemeral stream for predlcting Èrensient seepage

retes and the advance of the wettlng front untll st.eady seepage occurs.

Groundwater nound nrrdels predlct the shape of the free surface developing

under this Beepage source. Their imporÈance for Btreem-equifer lnÈeraction

is in predicting lf or when the groundwater npund will rise Èo the

streambed. At this point Èhe streem would become hydraulically connected

and in general the groundwater rpund nodels would ceese to be applicable.

Combined rodels generally rely on Richards equation (díecussed ln chapter

3) requirlng detailed informaÈlon on porous media hydraulic properties and

time consumLng solutlons. An analysls of Èhe underlylng aseumpt.Íons of

these rncdels w111 be restricted Èo their effect on stream-aquifer

interactlons.
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2.L.2.L VerÈlcal Flow Models

Analytical steady stete vertical flow npdels have been developed to

investigate the effects of anisotropy of soil (Reaay and Basu, L976) and of

channel shape (Hunt, L972) on seepage rates and on the location of the flow

boundary. thelr results showed that seepage retes were lnsensitíve to both

these parameters for the casea they considered. A large number of vertical

flow rnodels however dealt with translent condltions. The common

assumpÈions are:

I) Flow 1s one-dimenslonal (vertlcal).

2) A sharp wettíng front occurs.

3) The sofl ls lnltially dry.

4) ResisÈance Èo Èhe flow of air dísplaced by weter is negllgible.

Freeze (1969) gives an excellent summary of literature precedlng his

peper, lndlcating the rnaJor assumptions of each. Therefore papers

publlshed prlor to 1969 are not revlewed here. Each of Èhe four llsted

assurnptions ere exemlned by consldering npdels ln lvhlch they were not

used.

(f) Flow is one dlmensional.

Bouwer (f969) used an electrical resistance analogue to investigate

satureted flow beneath trapezoidal channels with e range of channel stages.

He found the effegÈ of stage on seepage raÈe to be rþre pronounced for

hydraulically disconnected sÈreams Èhan for hydraullcally connecÈed

streems. As Btream stege increased Èhe stream width íncreased and wldened

the strlp of vertical flow below the channel. For this case gravlty

provldes the driving force. Talsma (1969) lnvestlgated Èhe caee of

unsaturated infiltration from semi-circular furrows over a short tfme span

when adsorption ls Èhe major force and gravlt7 forces can be very small in

comparison. For larger scale sources or longer Èime lntervals 1t appears

that the one dimensional assumptlon is satisfacÈory. This is supported by

the location of the flow boundarfes for seepage from channels Ín Èwo
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dlmensional variational inequalÍty methods presented by Bruch and Sloss

(1978) and Bruch, Sayle and Sloss (f978).

(2) A sharp vretÈlng front occurs.

The assumption Èhat a sharp wetting front occurs allows the use of

various one dimensional infiltration and drainage equatlons a6 compared by

Whisler and Bouwer (1970). Green and Ampt's equation is rncst commonly used

as all peremeters have a physlcal rneanlng and are measurable in the field

(Bouwer, 1969, p.I58). This implles e horizontal wet.ting front nþves

downwards until lt reaches the water table, or ln the case where

permeablllty increases with depth, the wetting front stabÍlizes at an

equilíbrium posltlon (Bouwer, 1976). Numerical rpdelling using Richards

equation for unsaturated infiltration requlres a knowledge of the soil

rplsture versus suction head (for Èhe wetting curve at least) and

unsatureted hydraullc conducÈivity versus suctíon head relationshtps for

Èhe porous rircdÍum. The results of thls npdelllng provide vertical profiles

of rpisture content and hydraulic head at any given time after commencement

of lnf iltratlon. See Webb and l.Iatson (1977) for a typf cal exarnple.

However the data requirements and compuÈer time required for long term

ÈrensienÈ solutions put constraints on Èhe applicabillty of thls nrethod to

the study of full scale streem-equlfer interaction.

(3) the soil is lnitlally dry.

A disadvantage of the pisÈon flow rneÈhod of Green and Arnpt is that íÈ

fails to provÍde for redisÈrlbutlon of rpisture within the soil proflle.

l.Iatson (1981) showed thet the nplsture prof íle 1n the unsaturated zone has

a signíficant lnfluence on Èhe rate and volume of groundwater accretlon due

to intermlttent inflltration at the eoÍl eurface. Hence the plston flow

rnodel 1e not expected to glve a correct account of Èranslent infiltration

retes at the streambed resultfng from intermlttent flow in the stream. For

thls reason the provlso ls rnade that the eotl ls inltially dry (Bouwer,

1969, p 157). Field roisture capacity provides anoÈher simple inittal so11
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npisture profÍle condÍtion. Phitip (1969, p 282), Wallace (L977 ) and

Freeze (f969) underllned Èhe importance of initlal sotl noisture. Freeze

rvrote I'of all the parameters conÈro1ling lnfilÈration and recharge it is

likely Èhat antecedent sol1 nositure regime ls rpst lrnportantrr. Although

he was referrinq to catchmenÈ surface conditfons, it would seem deslrable

to lncorporaÈe initial rpisture conditlons in some way wiÈh the Green and

Ampt equation Èo have an improved but still simple rpdel for ephemeral

streambed inf lltration.

(4) Resletance to flow of air is negllgible.

The nrcdeLs considered above all assume thet the displacement of air

as Èhe voids became saturated during Èhe advance of Èhe vretting front does

not retard the advance of Èhe wetting front. De Backer (1975) pointed out

Èhat the flow of two phases air and weter ls occurring slmulÈaneously

resulting in a reduction of the infiltrat.lon rate. He suggested that Èhe

resistance to the flow of air of Èhe upper layer of eoil be incorporated ln

Darcys law to account for thls. CurÈls and l,latson (1980) performed

experlmenÈs on sand colunrrs to observe Èhe bulldup of pressure of entrapped

air flow below an advanclng weÈting front, and the rate of advence of the

front. For the sarnple tested the rate of advance of the front was reduced

by a factor of three compared to the case of free alr eecepe. Also Èhe

zone above Èhe wettlng front dld not saturate completely owlng to the

upward escape of air. It appeêrs that De Backers suggestion ought to be

incorporaÈed lnto a rodel for verÈlcal flow. The npdified Green-Arpt

equaÈion proposed by tforel-SeyÈoux and Khanj f (L974) attempts to account

for the vlscous resistence to the flow of air and ls dlscussed in chapter

three.

2.L.2.2 Groundwater Mound l'lodels

assumpÈlons on wtllch nrcdels of the growth and decay of

to those for hydraullcally

The

groundwater nrrunds are based are similar
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connected streems. The only difference is that for groundwater mounds the

flux of water ls specified as a function of time over a particular source

line or erea whereas for hydraulically connected streams the head in Èhe

aquifer below the streambed ls specified as a function of tlme.

Assumptions applying Èo ground water mound models are as listed in section

2.1.1 with the exception of assumptlon (6). The complete penetration

assumption is replaced by specifylng Èhe rate of groundwat.er accretion.

The full list of assumpÈions is :

(I) The aquifer has a horizntal frnpermeable base.

Q) All flow is saturated.

(3) Water is discharged instantaneously upon reduction in head.

(4) The alluviat aquifer is homogeneous lsotropic and infinfte ln

extent.

(5) The Dupult-Forchheimer (lf) conditions ere valid.

(6) The rate of groundwater eccretion is constant once the wetting

front reaches Èhe water table.

(7) The aquifer is solely confined or unconfined.

(8) The system is isothermal.

(9) The quality of rÍater ln the stream has no cummulative effect on

the stream aquifer interaction processes.

(f0) GroundwaÈer flow in a direction parallel Èo the line source does

not affect the streem aquífer interaction processes.

Only assumptions Lr4r5 and 6 are discussed here. The other

assumptlons are reviewed in sequence ln section 2.I.1.

(1) The aquifer has a horizontal impermeable base.

Perched mounds may occur if the medium is layered or has a

semipervÍous base. hlllson and de Cook (1968) investigeting seepage from

the Santa Cruz River ldentified the formation of tno sets of perched mounds

between the streambed and the regional watertable.
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In 1962 Marmion presenÈed the results of an analytical and

experlmental study of the steady st,ate shape of groundvrater nounds perched

on dlscontinuous lmpermeable and conÈlnuous semi-permeable BÈrsta.

Experimental nound heÍghts exceeded the calculaÈed values by 107". Marmlon

considered the discrepancy arose from alr entrainment arþng Èhe glass beeds

used ln his npdel durÍng the rise of the free surface.

Khan, Klrkham and Handy (19i6) conrpared the steady state perched

rpund helght at the centre of Ehe r¡nund below sÈrip and clrcular basins

uslng potentiel theory and a llnearlzed DF rpdel. Mousaví and Kirkham

(1978) provided experlrnental support for the poÈentlel theory soluÈion.

Brock (L976a) used a nonlinear DF npdel to calculete trensient rpund shape

under sÈrlp and circular basÍns, and found an exact solution for the steady

state perched rpund under a strlp basin. All the theoretical nodels

assumed atmospherlc pressure in the soll lmmedlately below Èhe semÍ-

confining layer. Providing the nound slopes are relatively shallow then DF

theory underesÈimates perched rpund helghÈs by 5% (Brock) to TL (Khan et

al) for a strip basin. For all other groundwater ¡rpund rodels Èhe aqulfer

base is considered impermeable. Baumann (1965 , p 222) consfdered the case

of an unsteady groundwater rnund forming over en lncllned lmpermeable base,

the aqulfer inlÈially having a uniform aeturaÈed thlckness.

(4) the aquifer 1s honogeneous, isotropÍc and inflniÈe ln extent.

Baumann (1965) also accounÈed for the effecÈ of drains in the aquifer

at a distance from the source on the development of the groundwater nrcund

Amar (1975), Maasland (1959), and |larino (I974a) consldered drelns

syrmetrically located on each slde of a sÈrlp recharge rpund. the effect

of drains on the shape of a groundwater mund ls best illustrated by Marino

(L974b) who examíned the case of a drain on one side of e strip npund, the

other síde being regarded as a semi-lnfiniÈe aquifer. For hls exarnple rnre

than 75L of. ínfiltration flowed towards Èhe draín. For e rcre disÈant

draln the nound approached the symmetrfc cese. In the litereture no
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exPlicit reference rtes found for impermeable lateral boundaries affectíng

the development of groundwater mounds. Neither nonhomogeneous nor

anisotropic aquifers were considered ln the analytical models of

groundwater mounds found in the literature (except for Marmion, L962).

While most nr.tmerlcal models vrere caoeble of dealing wíth these features no

literaÈure reporÈing such investigatlons vfas uncovered.

(5) The Drpuit-Forchheimer conditions are valid.

The Dupult-Forchheimer assumptions applytng Èo perched mounds ere

examined in eectíon 2.1.I. For mounds on en impermeable base Marino (1967)

compared a llnearized DF approximation with a Hele-Shaw analogue and found

agreement of mound heÍghts wiÈhin 5% for mound helghts up to 507. of the

initial saturated depth. Singh (I976) compared transient mound heíghts

under strip and clrcular basins for potential flow and DF models and found

good agreement in each case. Smiles and lhight (1979) solved the non-

Ifnear Boussinesq equation in two ways to give consistent results as

expected. Most models considered mound heights wlthin the range specified

by Marino. However for initially thln saturated aquifers and for steep

mounds, vertical flow components are sígníficant and the DF theory

underestimetes mound heights considerably, Khan et el (1976).

(6) The rate of groundwater accretlon is constant.

Most models assume Èhat the rate of groundyreÈer accretion is constant

with respect to tÍme. Glass et al (L977) however allow a transient seepage

rate in accordance with the Green and Ampt equation for a circular pond and

mound. Youngs (L977 ) and Smlles and Knight (1979) use BarenblatÈs

transformation whlch rnay be aplied for strip seepege eÈ e rate which is

proportional to some constent power of time. Marino (I974a) conslders a

groundwater mound between draÍns with uniform spatial recharge at a rate

which reduces exponentially with time. Providlng continuous lnfiltratlon

occurs at the sÈreambed the constant recharge essumption for the

development of the groundwater mound is satísfactory. However for
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intermittent infiltration, input to the saturated zone model should be

consisÈent with drainage from the vertical flow model. Models r¿hich

combine the vertical flow and groundwater mound models have the advantage

that continuity across the water table is automatically maintained.

2 .L .2 .3 Comb ined Þlode I s

The array of constrainÍng assumptlons which are used to simpllfy

vertical flow models and groundweter mound models are not required in these

more complex models. The few common assumptions of these models are

attrlbuted Èo experimental convenience for easler verification of the

models rather than on limitetlons of the applicability of the theory or

numerical procedure. For l-nstance homogenous media and horizontal

impermeable bases are used in most cases. Similarly convenient lnitial

condltlons are chosen. These also ensure that the model sÈarts from the

steady state. One remaining assumption is that of no air enÈrainment.

Freeze (1971) describes a 3 dimensional transient saturated-

unsetureted flow model. The model requíres vast amounts of daÈa. For

instance the relaÈionships between pore pressure end densÍty of water,

compresslbllity of the medíum and the soil moisture conÈent, porosity and

spectfic permeabttlty are required as inpuÈs for each soil type. The

equation for flow is e combinatfon of the Jacob-Cooper equation for

saturated flow and the Richards equation for unsaÈurated flow. Freeze used

the model to investígate the formatlon of a perched mound (1971), and also

the variation of baseflo¡s in a stream (L972>. In each case processfng time

for the finite difference solutíon prevented more Èhan 2 dlmensions being

modelled. Taylor and LuÈhin (1969) and Luthin et al (1975) ueed a

saturated- unsaturated transient flow model based on Richardrs equation for

potentfal distribuÈlon around a diecharging well. The model 1s in a form

sultable for use ín predicting potential distributions below circular

recharge ponds.

Vauclin et aI G979) ínvestlgated the formation of a groundwater



23

[þund below e strlp source

drains. at a finite di.stance

content were rneasured in a

the results of a numerlcal

et constant infiltration rate with

and

parallel

n¡¡i s ture

favourably with

source and the

downward nnving wetting front the water Dressure becomes constant (and

negatlve) giving gravÍtatlonal flow. Further away from the source, flow is

predomlnantly horizontal with a small upward component. Results were

cornpared with those from saturated flow nrcdels. These cannot predict the

duration of the time of transfer of water Èo the water table. They also

underestimate the growth of Ehe groundwat.er npund and overestimate the

sÈorege beneath it. Vauctin et al (1979) concluded Bhat these nodels

falled to account for the very small change of water storage resulting from

very large changes in water pressure in the zone immediately above the

noving ¡rater Èable. The assumption of a time ÍnvarianÈ speclÊtc yield is

invalid for these saturated flow rnodels in agreemenÈ with Vachaud (1967).

The saturated nodels, such as Marino (L967 ) also essume that the

temporal and spatial distribution of flux reaching Ehe water table is the

seme as the infiltration rate eÈ the source but delayed by a constant time

factor. Vauclln et al showed thac the recharge rate (rate at which hrat.er

reaches the water table) lncreases from zero at the time of transfer to

eventually reach t,he infiltration raÈe. During this Èime the width of the

recherge zone increases and the rate of recharge at each point lncreases

(figure 2.3). The same paper also lndicates the relationship between the

time of transfer of weter and the infiltratlon raÈe and waÈer table depth

for the oartlcular case consldered.

The numerical analysis used consisted of a finite dlfference solution

to Richards equation whlch was aoplied to both Èhe saturated and

unsaturated zones. An alterneting direction impliclt scheme was used and

results qeve excellent egreement wj-th the sand tank analogue. flowever

stability requirement,s demanded small time steps and the computer Èime for

on each side. Hydraulic head

sand tank analogue and compared

r¡¡¡de I . Be tween the bed of the
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solutÍon wes 18 times the real tfme of the 8 hour experiment.. For a grid

of 396 nodes the calculaÈíon time on e IBM II30 cornput,er was 3 minutes per

Èime sÈep. Clearly this form of sotution ls not feasible for field st,udies

but it does provide an understanding of the physical processes occurring

during recharge operations.

Up to thls point consideraÈion has been given only to flow within the

porous redium. IÈ rnay be necessary to give attentlon to surface flow if

thís dictates the spatíal and temporal distribuÈion of weter available for

recharge. The quáltty of the surface water and the effecÈ of flow hísÈory

on the s'hape of the river channel and the cornposltion of the sÈreambed and

banks a,lso affect recharge.

2.2 Surf ace weÈer nodels

Obse,rvatlons of streamflow gt pairs of gauging stations on a stream

have been used to deÈermine inflltratlon rates for reaches of _various

stre,ams.. Todd (1959) llsts seven independent studies of stream discharge

Iosses ( Irwin (1931), Baker and Conkling (f930), Burgess (1911), Lee

(L9L2), Melnzer (1917), Babcock and Cushtng (1942) and Turner (1943)),

each of which reported that lnflltration rates increased as the discharge

rate ln the sÈream lncreased. l'{ost nentioned that the presence of sllt

layers in Èhe streambed reduced the rate of lnfiltratlon. Burkham (1970)

plotted Èhe relatlonshlp of infllÈretlon rate to discharBe rate for a 46 km

reach of the Santa Cruz Rlver in Arizona (figure 2.4). He expected

infiltratlon rate to be proportlonal to the breadth of the stream, the

depth of flow and the velocity of flow each of whlch can be deflned by a

power relatlonship wlth respecÈ to dlscharge rate. Howver he found

conslderable scat,ter beyond the range of measurement, error in relating

infiltratlon rete to discharce rate. The reach of stream he examined was

disconnected from the alluvial aquifer. Burkhamrs trnplicit assumpÈions of

isothermal and Èime invarlant infiltration rates ere a source of error as

would be expected in conslderatlon of the dlscussion of groundweter
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npdels.

Most surfece water nodels which consider the transient lnteractlon

wlth groundwater are concerned with streems which are hydraulically

connected to aquifers durlng a decline in surface weter stege. I{all (1968)

surnmarlzed the mathematical treetment of baseflorr recessions, and poínted

out the faltures of ernpirical rodels, and thaÈ rûcst natural hydrologic

systems are nonlinear.

llowever some nrcdels based on linear assumptlons have been apolied lo

the inte.racÈlon of streams wÍth bank storage or aquifers. Todd (1955) used

a Hele-Shaw r¡odel of bank storage w{th a sinusoldal stage hydrograph to

rela.te storage volume wtÈh t,he product of arnplltude and period of the flood

nâve. IIe also found a logarithmlc relationship for recession wlth Èime.

Cooper and Rorabough (1963) derlved analytlc equations for transtenÈ

seepage and bank storage for an asymme'tric slnusoidal flood wave Ín a

cornpletely penetraÈ1ng stream.

Venetls (1968 and 1970) used Cooper and Roraboughrs analysls to

define unlt step and unlt lnrplulse reeponse functlons relating head in the

aquifer to stege in a hydraullcally connected stream. Thls was extended by

Ha11 and Moench (L972) who used discrete convolution to determine recharge

for an arbitrary stream stage hydrograph.

Subsequent,ly this technlque has been used to determlne recharge ln a

coupled groundwater-surface water ¡rodeI (Moench, Sauer and Jennings, L974)

and Besbes et al (1978) with the aid of a kriging technique. Several

pepers have rlemonstrated that Èhe reverse technique, deconvolutlon, rnay be

used to identify aquifer parameÈers if Ehe stream stege hydrograph and bore

hydrographs are available (Pinder, Bredehoeft and Cooper (1969), Rowe

(1960),Singh and Sagar (L977 ) and Yeh (1975)).

The value of diffuslvlty so obtained ls thought to be extremely

sensitÍve to variations in head reasuremenÈs at the observation wel1. For

example reanalysis of the data of Ptnder et aI (1969) reveals that an
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increase in head change at the well of 1% would double Èhe value of

diffusivlty. Yeh, Singh and Sagar warned that noisy data could invalidaÈe

Èhe analysis. Sagar and Slngh (L979) performed a staÈistical sensitivlt.y

analysls and found a weaker relationship bet,ween errors ln data and Èhe

expected value of diffusivlty and its coefficient of variaÈion. They added

varlous levels of random error to their sand tank experimental data, both

for the rate of rise of stream stage (during a sinusoidal fiood wave) and

the lnitial slope of the free surface at. the streambank which fully

penetrated the sand layer. By increasing error levels from 5% to 507" they

found the expected value for diffusivit,y changed by only 14% whereas its

coefficient of vartatlon lncreased from 5% Èo 7B'1". Sensitivity analyses,

as wlll be reported later, are not, reliably generalized as they depend on

Èhe partlcular geometry, boundary conditions ancl parameter values chosen

for the test case.

Another approach Èo surface water npdelling of streambed infiltration

has been followed by Smith Q972). He extended a border (furrow)

lrrlgatlon advance solution to the advance of plane flow in broad dry

alluvlal channels. Combintng the kinemat.ic wave equations and llorton's

inflltration equatlon he located the posiÈion of the noving front by Ehe

method of characÈerlstics and also using a finite difference aoproximatíon.

Smlthrs ÈechnÍque allows the calculation of infiltration in a reach during

the passage of an ephemeral flood wave. ThÍs appears Èo be a promising

surface water nrcdel for recharge due to advancing ephemeral flood waves in

streâms hydraulically dlsconnected from aquifers.

2.3 Integrated SÈream- Aquifer Models

In rnany ceses the interactlon bet'sreen groundwaÈer and streamflow is

stgniflcant for elther or both syst.ems. The processses governing the

interact.ion take place at t,he streambed. For g,roundwater nodels and

surface water nrcdels the streambed is a rnodel boundary. This requires that

either Èhe hydraulic head or the flow rate through the boundary is
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at all times. Rushton and Tomlinson (1979) demonsÈrated that

invalldate nrcdel results. To avoid these restrictions on È.he

of the interaction process the streambed musÈ not be an external

Two techniques have been emoloyed to internalize the streambed

rnodel . Freeze ( 19 72 ) classlfies the coupling beEween the two

internal.parts of the rncdel as external or

External coupling exists '.rhen the output of one system becomes the

input to the other without satisfylng any internal boundary condltions

between the two systems. Internal couptlng occurs when the internal

boundary condit,ions are satlsfied at each tinre step. See åppendix C.l,

Table V, for a sum¡nary of coupllng for integrat'ed nr¡clels.

External coupling requires significantly less computer time but should

only be used when the mathematlcal descriptlon of the sÈream- aquifer

interaction 1s sufficlent.ly representative of Èhe physical process

occurrlng at the lnÈernal boundary. One example is when seepage rates are

small and have little effect on stream discharge or groundwaÈer levels

(Moench et al, 1974).

For Ehe lnternally coupled npdels the convergence criterlcn is the

change in either stream stege or leakage raÈe between successive

iterations. Stream stage ls derived directly from solving the streamflow

rouÈing equations and is less sensitive than seepage rate to changes ln

groundwater levels.

Sensitivity analyses have been performed by Rovey (f975) and

Cunnfngham and Slnclair (1979). The latter found that river discharge,

\dater tabl e elevation and seepa-qe rate are Íþs t sens i tive to Mannings

roughness coefflcient, n , river channel slope and only noderately

sensit.ive to the hydraullc conductlvity of the sEreambed. It should be

noted that Cunnlngham and Si.nclair defined sensiÈivity as Èhe fractionat

change in incdel output when nrcdel parameters were chanqed by stated

fractions from their assumed vatues. If other assumed values had been used
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the ranking of Èhe sensttivtty of the parameters would be dlfferent. It ls

not surprislng Eo find that output wes relatively insensitive to streambed

hydraullc conduct,iviÈy as its assumed value was IIDre than four tlmes the

hydraulic conducEivíty of the aquifer.

Rovey uslng a step function for river discharge and consldering

unsaturated flow above the waEer Èable did not test the effect of varylng

Manningrs n. She reported Èhat the streambed stlt layer hydraulic

conductivity dominaÈed stream dlscharge results but had little effect on

grounCwater levels.. A lesser effect was observed when a cyplcal curve for

unsaturated hydraulic conductivty with respect to soil suctlon pressure,

P" wae replaced by a step change from zero to saturated hydraulic

conductlvlty at a finite value of Pc. Bouwer (1964) had already quanÈlfÍed

the effect of p- on Èhe steady state seepege rate from a leaky channel.'c
Other unsaturated flow parameters were f'ound Èo have only small effects on

rlver discharge and groundwater levels.

The resu,lts of the,se tvro limited analyses are encouraglng as the

order of decreaslng lnrportance of parameters ls also the order of

increasing difflculty !n rpasurement; channel slope and Manningrs n,

saturated hydraulic eonductivity of the streamUld an¿ unsaturated hydraulic

conductlvity of the streambed. However it would be incorrecÈ to generalize

these results in light of the dependence of sensiti.vity analyses on the

npdel strucÈure and assumed pararneter values.

Cunningham ancl Slnclair (1979) also provlded a sÈet,istical comparlson

of observed and predicted observaÈion bore water levels and stream

discharge and were able to ùaw 95L confidence lntervels on scatter

dlagrams" They also performed tesÈs to determíne Èhe uniqueness of the

values of ¡rndel parameters for the ca1 lbrated r¡cdel by assuming that the

dist.ributlon of observed values of piezometrÍc head confornred to the

Chi-square dlstrtbutlon (an assumptlon without. sound ¡nathematical support).

For their lllustrative case study the hypoÈhesis that nndel predictions and
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field observatlons belong to the same data set was acceptabl e at a 9TL

confidence level for parameter changes up to 19% but rejected al 99"L

confidence level for parameter changes greaEer than 30%. This affirms the

notlon of uniqueness for thaÈ particular rpdel.

Only two nr¡dels, those developed by Rovey (1975) and Freeze (L972),

consider unsaturated ftow in the porous mdium. Rovey used a technique for

Joining a 2D (horizontal plane) and a 3D mesh to enable locaÈions where

vertical flow ls lrnportant to be nrcdelled accurately, withouÈ the need of

excesslve processing tlme for all other locations. Freeze reported resulÈs

of a 2D (vertical plane) npdel as the 3D rpdel was too demanding on core

s'ize 'and processing time.

All other Íodels of Èhe physical flow process ín the porous redlum

use e trinearized Bousslnesq equation. Of these npdels all were two

dimenslonal wtth the exceptton of Fraser and Jones (1977) one- dimensional

rnodel of a dendritlc al1uvlal valley aquifer and a nr¡del by Moench, Sauer

and Jennings (1974). The latter used a one dimenslonal step response

function for a semi-lnfinite aquifer with a fully penetrating stream and

semipervfous banks. The function was derived by Hall and Moench (1972) as

menÈioned in sectlon 2.2.

Morel-seytoux (1975) uses the 2D Iinearized Boussinesq equation to

find response functions for pumping and pervious reach interactlon. He

essumes these processes ere linear and applies dlscrete convolution to ftnd

groundwaEer responses to flow ln Èhe stream. Taylor and Luckey (L972) take

a simllar but npre simpllfied approach and consider only the influence on

streamflow of pumping from strips parallel to the stream.

Whl1e ltnear system neÈhods adapt welI to the descrlpt.ion of

groundwater flow under gentle hydraulic gradients, t,hey rnay give a crude

approxlmation of the interaction of ephemeral streams and aqulfers. Besbes

et al (1978) successfully applied deconvolution to estlrnat,e recharge from

ephemeral streâms in Tunlsia by observat.ion of wat,ertable recovery.
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Results glve good agreement with krlging (estimating the volume changes in

groundwater storage). The success of this case relies on consistency in

the shape of Ehe groundwater nound for each recharge event, allowing a

linear relationship between groundwat.er levels at, a few bores anci the

volume change in the aquifer. Johnston et aI (L973, figure 10) showed that

for Èheir field study such a simple relationship could not be established.

For streams hydraulically disconnected from aquifers Èhe unsaturated

zone behavlour depends on inltial rrristure distribution beside the

streamfloer parameters (depth, velocity, discharge rate). Seepage from

hydraulically connected streams depends on initial groundwater levels. In

both cases seepâge rates w111 not be consistent for each flood or

streamflow event,. The anpunt of variatlon will determine the appLicabiltty

of llnear theory to stream aqulfer interaction. The advantage of linear

theory lies in the simple analysis resuLting from its use. ùlorel-Seytoux

however bullds on the restrictions of linear theory a r¡f,st complex and

costly computer nrcdel. tils approach while sulted to very tong term

uì¿rnagement of a stream aquifer system is inflexible to system changes.

Knaop et al (1975) lnclude surface, upper soil and lower soil

¡nctsture stores in thelr integrâted stream-aquifer rnodel. They have the

potentlal to eccount rþre accurately for hydrologic processes occurring

across Èhe surface of a caÈchment in this way. Up to forty parameters r.rere

requlred to deflne storage capacities ancl waÈer transfer between storages

using ernpirical expresslons. As both groundwater levels and streamflow

data are used in calibration, the number of degrees of freedom is reduced.

Knapp et a1 clalm t.his enhances the credibility of the calibrat.ed

Lntegrated npdel. IE would appear (withouÈ proof ) that a simpLer r,.r¡del

with fewer perameters could produce equally valid result.s and reduce the

difficulty of nr¡de1 calibratlon. BachmaÈ et. aI (I980) suggest rhat t.he

level of sophistication of a rnanagement npdel should match t.he available

data and the cost of acquiring them.
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The flow across the streambed is defined by Darcy's 1aw for all

except one npdel. The exceÞtion, Freeze (L972) also allows seepage lnto

Èhe stream from e seepage face on the streem bank. Most integrated rpdels

consider that, Èhe streambed ls lined wiÈh a thin silt layer of lower

permeability than the underlying aqulfer (except Cunningham and Sinclair,

as previosly discussed). Darcyrs law is applied to flow across this silt

layer. For hydraullcally disconnected streams the bubbling pressure head

is used to define the suction head on the lower surface of Ehe silt layer.

In the case of hydrautically connected streams the head in the aqulfer

below the streambed is assumed Èo act at the lower surface of the silt

layer.

One dlfficulty is to define the head ln the aquifer below Ehe

streambed. In this zone vertlcal flow occurs for parciaiiy peneÈ,rating

streams and consequently head variations occur through the aquifer profl1e.

Rushton and Tomllnsonrs (1979) solutlon ls to neglect Èhe verÈical flow

comÞonent. They use a llnearlzed Boussinesq equation applied over a flnite

difference grid. The value calculated by the nodel for aquifer head at Ehe

stream is the value they use for the head at the base of the streambed silt

layer. All other npdellers used the same approximation, with the excepÈion

of Ereeze.

Only two npdels consider both hydrautic connecÈion and hydraulic

disconnectlon; Rovey Q975 ) and Henry (19 79 ) . In each case the seeoage

rate through the sil t layer is cons idered to be proportlonal t,o t.he head

difference between the stream level and the aqulfer head until a rnaxinmm

seepage rate is reached for any given streem dept,h. At Èhis point.

hydraulic continuity is broken as the bubbllng pressure head at Èhe base of

the sllt layer is reached. The nedium below the silt layer desaÈurates and

t.he rnaxir¡¡m seepage rate is governed by Ehe sllt layer hydraulic

conductivity and thickness. Increases in sÈream discharge rate continue to

raise the seepâge rate as the wett.ed width of the stlt layer expands and
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the hydraullc gradient across it increases. Freeze's model is the only one

to treat the seepage flow with dynamic equatlons. All other models

consider the stream-equifer inÈeraction to be in steady state equilibrium

during the course of each È1me step.

Two models, Rovey (f975) and Fraser and Jones (L977) use this

techn'lque for streamflow slmulation also. Their use of Manningrs equation

alone di.d not allow for storage or.momentum effects to be simulated. Rovey

reported poor results for stream discharge routing due to the large effect

of unaccrounÈed local runoff and a lack of ability to route flood waves

downe^Èream. Moench et a'l (I97¿+) used llnear theory to obtaín unit response

flow rouÈing (after Sauer, 1973). This was successful in modelling streem

dísch'arg,e ra,tj.es a'f ter routing th'ough one reach of channel.

AII other descriptions of streamflow models include one dimensional

dyn'amic equa,tions.. Some use the Muskingum equetion relaÈing inf low and

outflow,Èo streem channe"l É¡torage. Time steps for streamflow models are

much sho,rte,r than for groundsater models and in general solved expllcltly.

A-1 I us"ed' fintte dif'ference equatfons to advance solutions for s'tream

dlscharg,e and aquifer heads through time (except for the llnear model of

Moench et al).. Cunningham and Sinclair (1979) used lhe ffnite element

method for spatíal soluÈions at each time step and used fínite difference

equatlons to advance through time. All others used finite differences for

discretlzing the flow domain as well as advancing the solutlon through

time.

Problems encountered with models were excessive computer times,

(Freeze, Morel-seytoux), inabiiity to account for initial wetting of dry

channel.s, lack of representation of vertical flow below the phreatlc

surface, and inabillty to account for time lag between surface infiltration

and recharge aÈ the water table (Rovey and Henry).

There appears to be a large gap between the sophisticatecl model of

Freeze and the other models in the treatment of the streambed behaviour.
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The'otherrrr¡de-lsuseâslnglevalueofheadlntheaquiferbelowthestream

as the head to which streem-,aquifer exchange flor¡ rates are tled' rtwould

apPearthetarrpdel.whtchincorporatedaslmpletreâtmenÈofunsaturated

flo'wbutancr'ere.flnedtreatmentof-streambedgeomeEryandtheaqulfer

headnea.rby(parttcu.larlyforhydraullcallyconnectedceges)isneeded.

Thermde,lde.scrtbe'dinchapterfourwasdeslgnedwiththeseneedsÍnmind.

Chapgerth.r.ee.provt.des.Ehetheor'et1c.a:lbaslsonwtrlchthatrrodells

f ounded..
I
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CHAPTER 3

TIIEORY OF GROUNDI^¡ATER FLOT.¡ AND INFILTRATION

3.1 Definitions

In this chapter the general equations of groundwater flow are

derived. the assumptions whlch are considered valid from chapter 2 are

then lnÈroduced and finally an allowance for two phase flow ls made.

Firstly, several terms which appear in the text are deflned. Pressure

head, Ú, ls en expressíon for pressure in netres of fluid,

where p= PCU 3.I

and p = fluid pressure I u t-1 T'2 ]

0 = fluld densi¡y I u t-3 ]

g = gravitatlonal acceleration I L T-2 ]

Hydraulic head, h, ls the sum of pressure head, p, and elevaÈion, z,

of the polnt aÈ which it ls defined, wiÈh respect to some const,ant datum,

ie

þ= þ+z tll 3.2

A number of writers call thls the potential or t.oÈal head. The plane on

which Ú = 0 ls consldered to be a phreatic surface above which the nredium

is unsaturated and t! is negatfve. Below the phreatic surface the nredium is

consldered to be saturated and t].t is positive.

Volumetric rncísÈure conÈent, 0, is defined as Èhe total volume cf waÈer

stored in a unit volume of porous' redium.

Effective porosity, oe, fs the rnaxinnrm fraction of a unit volume of porous

medium whlch may be occupied by waÈer.

Fractional saturatlon, s, is Èhe proportion of the effective porosit.y

occupied by waÈer.



36

s = 0/n 3.3e

Hydraulic conductivity, K = K(x,y rzrþrT) is the function associated with a

given nredium and fluid which satisfied Darcy's law:

âh
.ix-K 3.4vx

where v-_ = Darcy velocity, the discharBe rate per unit cross-sectionx

area of f low, in the directlon of t,he x-axis.

and Kx

Replacing

= hydraulic heaC gradient in the x-directlon.

= hydraulic conductivity in the x-direction.

x by y or z gives Èhe equations for the other axial directions.

K may be dissecÈed inEo properties attributed to the nedium and Lhose

attributed to Èhe f1uid.

,' kPgN=-3.5
u

where k = k(rl; ) = intrinsic permeabillty of the nedlum t r,2 ]

u(T) = dynamic vlscosity of fluÍd I u t-l f-I ]

and T=tempereture(oC)

Green and ArnpÈ (19f1) suggest that the inÈrinsic permeabillty of the

medium, k(rf) varies wtth suction (negative pressure) in Èwo ways. Flrstly,

resist.ance to the flow of alr increases as the proporÈion of saturated pore

spece increases . Secondly , hur¡n¡s , c lay or other col loidal metter in the

soil absorb rnoisture and swell upon weÈtine, reducing the available pore

space and the degree of ínterconnection beÈ-v¡een pores. These fact,ors imoly

a reduction in perrneabÍlity with increase in moisture content. However,

the oppos i t,e ef f ect is npre comrnonly observed . Bouwer ( 1964) shows K(,N) as

a funct.ion of suction head derived from 28 experÍments in cLays, loams and

sands (see f igure 3.1). IÈ is concluded t.hat Èhe weÈÈing of rrcapillariesrl

through which the fluid ûÞves reduces the viscous drag by reducing the

absorptive hold of fluid particles by soil particle surfaces. Continuity

of the fluid between pores also reduces the surface area per unlÈ volume of

fluid thereby diminishing the effect of surface tension. Bouwer suggests

the use of a simple relaÈionship between hydraulic conductivity and suction

x

ah
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Fígure 3.1 Ratio of unsaturated to saturated hydraulic conductívity
(K^/K.) for a range of suctíon heads for sand, loam and clayP s' (after Boir¿er , 1964, fÍgure 1).
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Figure 3.2 An elemental volume of porous medíum showing fluid mass
fluxes in three dimensions used Ín deriving equaÈion 3.6.
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head where experimental deÈerminaÈion ís irpractical.

K n(-û) +b

where a, b and n are constanÈs selected from a table (table 3.1).

Tabl-e 3. I

Values of a, b and n for estimaËing unsaÈuraÈed

hydraul-ic conductivities for various soil texture classes

when experimental data ís unavailable (af ter Bou¡,¡er, 1964

table 2).

K, (cm,/day)

a

38

3.5a

xt

ba n

5Medium sands

River botton sands

Fine sanôs, aandy loams

Structunefess J.oams and clays

500

68

s x Loe 107

1.? x l-oe 2.5 x 192 4

50 s x ro5 to5 3

I SxlOs 5xI08 2

Applying the law of conservatlon of mass to en elemental volunre of

porous¡ nedium (figure 3.2) for one phase flow gives

r âov ðov ðov .'

_l+i+"1'v+":'"1 =3r"el 3.6
L ð* ðy ðz J ðt \Pvl

3.2 Governing Equâtfon for GroundwaÈer Flow

where x, yr z are orÈhogonal axial coordinates [l],

v--. V- ere the axial componenÈs of Darcy velocity Iv' z

3.2.L Storage term

The rfght hand side of equation 3.6 represents

sÈored wiÈhin the elemental volume. Using equation

expressed as:

d
-As
ât

ðn
+ps¡ffpn

Below the phreatic surface all

occupled by water and s = I and

1n the medium are easumed Èo be

t = tíme [f], and v

LT.I ].

the change ín maas

3.3 this rnay be

o ðs
e ðt

(pe)
ðt (pn s) =nseeôt

pores

ðs
dt 0. It' is assumed that Èhe porous

3.7
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medium deforms elastically under applied stress as suggested by Jacob

(f950). Thus the poroslty varíes wlth changes tn total stress. The total

stress, o, causecl by the weight of overburden above a horizontal section is

balanced by the effectlve stress, Oe,ln the soil nraÈrix and the pressure,

p r in the pore space.

o = a, + Xp 3.8
€

where p > atmospheric (datum) i X = I

p< atmospherlc (datum);0<X< I

and X is a coefflcient Èhat is a function of fluid fractlonal

saturation (Narasimhan and Yanehiro, 1980).

In general, the third Èerm on the right hand slde of equation 3.7 domlnates

the descrlption of mass storåp,e change for unsaturated tnedia, but is

neglected for saturated medla. It is useful Èo relate + and + inôr ilr
equation 3.7 to Èhe rate of change of fluid pressure, +. The followfng'aË
discussion whlch assumes X=s = I applles only to saturated media at

constant temperature.

The nodulus of elasticiÈy for a fluid, Ef, is defined by

-1pðp =__=_-f ß Avf/vf ðp/ p
3.9

where ß = coefficlent of compresslbllity of

and Vf = volume of fluid

fruid t rq-r L Tz I

RearrangÍng equation 3.9 and differenttating wiÈh respect to time gives

âQ : o^ !p.
ât 'Y ât

3.10

ðn
Slmilarly an expresslon for Tat rnay be found as follows. The rpdulus of

elastlcity of a bulk volume, V, of sofl is given by

r aoe 3.lr
li=-=s 0 âv/v

where cx = coefficient of compressibility of soil t ¡t-l L T2 l

and for saturated media



V v.*v
where V = volumes
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f 3.r2

of solids

of fluÍd

volume of sollds, V. remains constant during

the centroid of the elemental volume is staÈionary, afÈer

then for an inflniÈeslmal change, ðV, ín bulk volume

ðn

and subst,ituting lnÈo equaÈíon 3.1I gives

ân
e

=- = -cldo
e

and V- = volumer

Assuming that the

consolidation and

Raudkivi (1979),

Using the chain rule,

expressed as

ðn ðn ðoeee

and noting the assumpÈlons ebove

e
ðV
V

Differentiatíng equation 3.8 w1Èh respect to p for saturated nedla (X = I),

and assuming that the total stress, o, remains constant under Èhe effect of

pore pressure changes induced by fluid flow (Jacob, 1950 end Narasimhan

and Yanehlro ,1980) gives

ðoe-

- 

= _t
dp

ðn
e

JT *Y

3.13

3.14

3.15

3.16

be

_?s
ðo âp ðt

Substltuting equations 3.13 and 3.14 Ínto 3.15 glves

e

âr
e

ðn edD

-=^4

ât *ât

and substituting equations 3.10 and 3.16 into 3.7 gives for saturated nredta

(s=1):

¡f cou> = n. ßP åË . o" # 3.17

= P(ßn +a) -A.p.ât

Expressing pressure in terms of pressure head, rJ.r, with equatlon 3.1 and



using the chain rule to express saÈuration

S roul = p2s(ßne + ") #

4I

in terms of pressure head gives

3.18

For unsaturated media (s <. I) the

the fluíd and Èhe so1l is usually

elastic storage due to compressibllity of

neglected. Ilence

3.19

ãr
(po) pneðt

_qu
ðr

pC

where C = C(xryrzrþ) ðs A0=_"e âV äU

C ls called Èhe specific roisture capacity (Freeze, L97L) or caplllary

capacity (Richards,1931) and corresponds to the slope of an empirical plot

of volumeÈric npisÈure content versus pressure head. Noting that Èhe

derivation of Èhe elastlc storage terms rests on the assumptlon Èhat the

medlum is saÈuraÈed equatlons 3.18 and 3.19 are wrÍtten Ln combined form

in the following Èext. Hence for satureted nedia q, > 0 , C = 0 and for

unseturaÈed nedla, !, < 0, Èhe elastic terms rnay be neglected.

3. I9a
ð

d ðs

+ (pc)lât

Comblned unlts withln the squere brackets are I U l-a ].

3.2.2. Flux terms

The left hand side of

( po) Ip2g(ßn. + o,) _QU
ðr

across the elemental volume

equation 3.6 represents the change

in the Èhree axial dlrecÈions where

ln mass flux

vx'
v

and

vz ete Darcy velocity components. Applytng Darcyts

noting that z (equatfon 3.2) is constant for the x

gives

law, equaÈion 3.4, and

and y flux componenÈs

ðpv .þ.Þl =-l' ðy àz I â* (

(

pK

pKâ

a

ãt

*')

#)
(w
\a,

+x

z

âx
x

+
ðz

(*" #)
3.20
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3.2.3 The general equation for groundwater

A general 3D equation for single phase

unsaturated nedia, allowlng spatlal changes

florry in some of its forms

flow in saturated and

in fluid denslty and media

3.18 and 3.20 tntoproperties can be composed by substituting equations

equation 3.6.

3.2L

= lp2e (ßr" + o) + (pc)l #
NoÈe Èhat sponteneous discharge with reducÈion ln head (?.L.1.(3)) and

single phase flow (2.L.2.1.(4)) have been assumed. Equation 3.21 rnay be

slrnpllfÍed by using further assumpÈlons some of which were discussed in the

prevlous chapter.

If the fluld is assumed to be incompressible, thaÈ ls fluld density

is constent, which 1s a reesonable assumpÈion for Íþst llquids, equaÈion

3.21 may be reduced to

3* P*3* P*3* llu*t) 3'22
dx xdx òy ydy dz z\dz /

Ipe +cr)+cl _¿u
ðte

* ('." #) ..T (0'., #,) + $ (ox, (#.'))

( ßn

thls equatlon 1s sometimes

than pressure head ü (".g.

3.2 inÈo equatlon 3.22

ðy

expressed in Èerms of hydraulic head, h, rather

Vauclin et al (1979)) Uy substítuting equatlon

3.23
ts +cl ah

ãEs
d

E
ahð

ãtK
v

+Kx
dh
E

d
K+

ðz z
ah
à"

where Ss = pg ($n. + cr) 3-24

and S" is called the speciflc sÈorag" I l-1 ].

K--. K-- and K- are stlll dependent on the Pressure head iþ when qr < 0.x' y z

tlhen the nedium ls seturated, Kx, K, and K" become constanÈs and

C = 0. In the unseÈurated zone lt ls common to neglect the elastlc storege

term and horizontal unsaturated porous nedia flow (assurnption 2.1.f.(2)).

That is flow is assumed to be one dlmenslonal (vertlcal).



t"e

x

ah
âx

ah
¡y 0 where V<0
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3.26

The Dupuit-Forchheimer assumptlons are comrþnly applied to seturated

flow to reduce Èhe problem by one dimension (see assumption 2.I.1.(5)).

Thls has the effect of setting # = 0 ín equation 3.23. If in addition

horizonÈal flow in the unsatureted zone is neglecÈed, equatlon 3.23 reduces

to

3.25
d

A" S*3*b++ro=(bs +s)dxdyydysy-Kb ah
ðtx

where b(x,y) = saturated medlum thickness,

S-- = speclfic yield for unconflned aquifers, the storage
v

change per unit plan area due to uniÈ change ln elevation

of the free surface

and l.l = W(xry) = Dêt surface inf lux over incremental area

= recherge + vertical leakage inflow

- evapotranepiratlon - verÈical leakage outflow.

For free surface problems (!r = 0 on upper flow boundary) it ls comrnonly

assumed that S - = n^ and S- = 0. For confined problems (q, > 0 on upperyes
flow boundary) only the elestic storage term applies (Sy = 0).

If the medium |s assumed to be honogeneous and anisotropic, equatlon 3.25

reduces to

tr)+Kb
¡2,dn

F--dx' +Kb P'B*"=y dy'
(bs

S

dh
ât

Extending this assumptlon Èo the case of an homogeneous, lsotropic medíum

Èhis sirnplifies to

3.27

Defining the terms transmíssivlty, T Kb , and

sÈorage coefficient, S S b

*o (#. #) + I^I = (bs ðh
ãES+ )v

s

rV2h+r^r=(S+Sy)#

glves

3.28
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a parÈial differential equation whlch is linear with respect to h for

conflned aquifers where b is constant. For unconfined aquífers elastic

storage may be neglected and S, = oe. One way of linearízing the p.d.e.

(Bear (1972) shows other alternaÈíves) is to equaÈe b with Èhe Ínitial

saturated aquifer Èhickness. Assumlng a horizonÈal aquifer base at z = 0

allows h replace b in equation 3.27 giving the nonlinear Boussinesq

equat ion

KhV2h*i,I=n ah
3.29

e ðt

which ls sometimes wrltten

dh
3 .30

T.r' n'* l,r = ne ðt

3.3 UnsaÈurated Flow in One DÍmension

3.3.1 Rlchardst equatlon

Vertical flow rmdels as discussed in 2.L.2. I are also derived from equatfon

3.22. The assumpÈion Èhat flow is vertical only (2.1.2.1.(1)) sirnplifies

equatlon 3.22 Èo one dimension.

3 .31

* *,(,r)(# * t) = c(v) #
This ls the one dimensional form of Richardsr equaÈion, named after the rnan

who firsÈ derived thls expression for unsaturated flow uslng Darcyrs law

and accounting for varlation in rrcisture content and hydraulic conducÈivity

wlth capillary potentlal (Richards, 1931). To use thts equation the

funcÈions C(Ú) and K"(Ú) need to be known for the medlum. This ls not

feasible in a fleld study of any síze due to medium heterogeneity.

Numerical solution of Richardts equatlon atso resÈricts the tfme incremenÈs

Èo relatívely short values during Èhe progression of the wetting front

through the soil profile.
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3.3.2 Green-Arnpt equaÈion

The second assumption, (2.L.2.L.(2)) that pisÈon flow infiltration

occurs, fmplies the exístence of e trensient rreÈÈing front above which soil

is saturated (C=O) and a hydrosÈatic pressure gradient (#= -I) prevails.

For Èhis zone both sídes of equation 3.3I vanish. The pressure head

imrrediately below Èhe wettlng front ls assumed constant at t1"., the

crltical preseure head (Bouwer, 1978), and the medium ls unsaÈuraÈed.

l{here the pressure head is known at Èhe soll surface, for example

where rdater ts ponded these assumptíons lead to the sfnrpler Green-Arnpt

equation. Figure 3.3 (after Freyberg et al, 1980, figure I)

diagramaÈ1ca11y shows the differences between the Green-Am-pt equation and

Richardrs equatíon.

Soit moisturc contcnt Soit moisturc contcnt

e o o

saturat ed
zone saturated

zonc

unsaturated
wcttrng zone

(a ) Richards modeI ( b ) Green- Ampt modct

o

L

E
o-
G'o

s
CL
a,o

oi
o

L
s

- initiat uniform mo¡sturc contcnt
E saturated moisture content

E depth to wett ing f ront

Figure 3.3 Soil moisËure profiles during infiltration from a pond for
Èwo rnodels (a) Richards model and (b) Green-Ampt model
(after Freyberg et. â1., 1980, figure 1).



Applylng Darcyrs law across the depth, L, of soil to

front, at whlch the critical pressure head equals the water

Èhe soil, ü", for a ponded depth, H, the infÍltraÈion rate

given by (Bouwer, 1969) :

H+L-ú cr
I
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ihe wetttng

entry value for

I I L r-r J, i"

3.32

3 .33

3.34

continuity gives the rate of advance of Èhe wettlng front as

dL
dr

1=-

L

H+L-tf

n
e

SubstituÈing equation 3.32 lnto equation 3.33 gives the equatlon orlginally

proposed by Green and Arnpt (I9I1, equation 8) :

dLK cr
dtn L

e

lntegrating (after Green and Arnpt (f9I1) or Bouwer (1969, p.158) gives

J,

Ln
e Ldt= dL

0
K H+L-qrc

H-ü cr
H+L-Ú 'cr

dL

H+L-U 3 .35

L (H-ú ).Q,n' 'cr' H-rl
cr

cr

where t is Èhe Èime elapsed for the wetting fronE Èo advance to a depth, L.

A rpdlfied Green-Arnpt equation is discussed in section 3.3.3.3. This

pisÈon flow analysis was further developed by Bouwer (1976) 1n consÍdering

infiltratlon inÈo soils of increasing permeabtllty with depth, as

encountered by Sharp (L977 ) in the alluvium of major river valleys in

central Unlted SÈates. Bouwer (1976) allowed for layered nedia within the

saturaÈed zone by substituting the harrpnic nean vertical hydraulic

conductivity K, for K in equatlon 3.32 where

L

nrLel -r = * Jo 
, _

È

n
e

K

K

I
m

j=1 e". /K.JJ
3.36
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where m ls the number of layers

and 9". and K. are Èhe layer thlcknesses and saturated verÈical hydraulicJJ
conductivities.

An analytical solution is available where the saturated hydraulic

conducÈivity lncreases linearly with depth, that is

Kn = Ko * c.0 3.37

where Ko = K^ at the soll surface, c is a constant and l, is the depth belowro
the soíl surface. Then

K K
o

3.38K
9"--7K;\

r'" (*l/

The wetting front comesto rest at a depth

infiltraÈion rate, 1, Èhat is

-K o
(H+Î,u-ü"r)

1,.r, where Kn, is equal to Èhe

í=Kn=
&u

1+å.q,u

.Rn(K" /K )Jt1¡ o

H+.q,cu

9"
u

3.39

3.40
q,cr

K
o

allowing [-- to be calculated iteratively lf the remaining perameters âre

known.

3.3.3. Two phase flow

Resistance to the flow of displaced air has been neglected in

derlving all equations up to Èhis poinÈ. As discussed in 2.I.2.1.(4) this

may be a poor assumpt.ion if the escepe of air is restrlcted. This is

likely to be the case below wide perched streambeds followtng Èhe onseÈ of

streamflow. De Backer (1975) and Morel-seytoux and KhanJi (1974) proposed

methods Èo account for Èhe effect of Èhe resistance to Èhe flow of air on

the water infiltration raÈe wÍthout resorÈing to a full Èreatment of two

phase flow.

o u"(
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Before examlning thís sfmpllfled approach the actual lwo phase flow

equations are presented fn order to grasp the nature of the assumption of

slngle phase f low, 2.L.2.1. (4).

3.3.3.1 Uslng Fickrs Law

Flow of a llquid in a porous nredÍum is described by Darcyrs law

(equatlon 3.4). Flow of a compresslble gas occurs¡ by dÍffusion and is thus

better described by Fickrs law (DakshanamurÈhy and Fredlund, 1981) which

may be wrlÈten for one dlmensional flow as

â2o ^ 3.41
-"taðm,_ãtr=¡

where Pa = absolute alr pressure in the pore spaces

D = transmission constant I I f-f ]

m = m¿lss of alr in an elemental bulk volume of

[ ¡r l-1 t-2 ]

=(1-s)n"o"Vo Iu]
and p, = densitY of air I U l-3 ]

As the denslty of a gas changes with pressure and temperature, from the

general ges equation

3.42

M = nr¡lecular weight of afr

V = volume of air = (1-s) n Va'eo
R = gâe constant I tZ t'2 l

T = çemperature I oX ]

rnakfng m Èhe subJect of the equation gives

3.43
M*-Pau"iT

Substitutlng for m in equation 3.41 using equation 3.43 in isothermal

conditions gives:

sol1, V
o

rnRT\/ = 

-

Pa a M

ðV
a-nT

ÕL
paD

.J -D'a
EZ

Mðo"M 4_
RT 'A ât RT

3.44
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3.3.3.2 Using DarcYrs law

If the change fn volume of air over a perlod of time Ís small, the

second term on the right hand slde of equation 3.44 nay be neglected. This

gives rlse to an equatlon whlch ls very simllar in form to Èhe one

dimenslonal honngeneous form of equatlon 3.22, also a dÍffusion equatlon

¡2-t. ^-,. 
3 '45v -ry.=. ry\, ;Tx dx' dc

where pa ls analogous to ú

MV /RT II C
a

andD"K*

Equation 3.45 was derived using Darcyrs law and contlnuíty. Sor¡e writers

have rnade Èhe substitutíon above to use Darcyts law to represent the flow

of gas in porous nedla (".g. Nakano (198I) and Morel-Seytoux and KhanJi

(te74) ).

For field studies Èhis subst,itution is satisfactory as the

uncertalnty In soils constenÈs ls likely to overshadow Èhe mathematlcal

lnaccuracy of the zero att volume change assumption.

3.3 .3. 3 The rn¡dif led Green-ÀÍpt equation

Morel-seytoux and KhanJt (1974) considered the case of vertlcat two

phase flow and applled Darcyrs law and conÈlnuity to both phases. They

assumed that the compressibility of air was not significant for an open

soil column. Thls is equivalent Èo neglecting the term for air volume

change in equatlon 3.44. Assumlng that the porous nedium is non-deforming

and that aÈmospheric air pressure prevails below the leetÈing front, they

derived an equation of inflltration as

3.46

l-

This Ís alnpst identical to the form of the Green-Ampt equation gíven by

Bouwer (1969) (equatton 3.32)

The two paremeters which are new are

K

Ç

tH*L-hr/ c\\--r-i
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'effective capillary drive ' tt] 3.47

= ratio of relatlve permeability of

water to the sum of relatlve

permeabillties of alr and waÈer

( from equation 3.5)

fn +0 (i.e. the head below which

neglÍgible).

Ú"i will have no effect on the value of
c

(1)

where

f dil,
T¡I

h
J:

cl_
c

0.
l_

U

and !i = suction head at which
cl-

the flow of water is

An overestimete of the value of

es f," is very small when the sucÈion head ís large.

h

a I
drf,
EGT'

J,
3.48(2) 

fu u
l^I

kw (!,) pr/ u, + ka ({,) p 
alv a

de

l_

ß y ts called

= lnltial nolsture conÈent

= n¡clsture conÈent above wetting front

= Íþisture content just below wetting front

the viscous resÍstance correction. This accounts for Èhe

U-t

effect of a noisture content profile whích allows for sinn¡ltaneous tlto

phase flow. For the Green-Anrpt equation where piston flow is assumed,

ßU = 1. In two phase flow the viscous resistance ls larger. Morel-Seytoux

and Khanji (197¿+) found values of ß" between 1.1 and 1.7 for loams, sands

and clay.

Having investigated the equaÈlon of Èwo phase flow ln one dimension

it can be seen that a npdifled form of the Green-Arpt equation provides a

satisfactory approximatíon. Parameters h" and ß, are derived from

integrating permeabiltties, expressed as funcÈions of suctíon head. Such

funcÈions are irnpractical to deÈermine for field studies, however, the

values of h" and $, are confined Eo predictable renges. Freyberg et al
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(1980) performed sensitivity analyses on the value of h" for fitting a

Green-Ampt nrcdel Eo a npdel based on Richardrs equation (equatlon 3.31).

They found varlatlon in h" of 50% produced variations in total lnfiltration

of between 37" and 137. for the four cases presented. This is an indication

that total inflltration rnay be relatlvely insensÍtive to the value of

effectlve capillary drÍve. McCuen et al (1981) analysed over 1000 sets of

soils inflltration data from a renge of soil textura classes and presented

means and standard errors for the Green-Ampt paramet,ers for each class. In

each class the standard error waa less than 10% of the nean value for the

effective porosity and for the logs of saturated hydraulic conductivity and

wetting front capillary head, lmplying Èhat a reesoneble npdel of

infllt.ratlon could be produced with a knowledge of soil Èexture only.

This provldes further support for the use of the Green-Ampt equation in

rnodellíng ponded lnflltration in field studies. Where (K/ßM) and h" of

equation 3.46 or K and ü", of equation 3.32 are determtned by nodel fitting

(such as in field scale studies) rather than direct meesurement, the two

equations become interchangeable and the unknown parameters take on the

meanings assigned by their respective equatlons.

3.3.4 Non-isothermal unsaturated flow

Dakshenarr.rrthy and Fredlund (1981) considered the case where

unsetureted flow responded to a tempereture gradient in additlon to a

hydraulic head gradient. They included the effect of tempereture on pore

air pressure ustng the gas law (equatfon 3.42), and subsequently adjusted

pore $rater pressures at each time step of thelr numerlcal nodel. While air

pressures varled considerably between ísothermel and non-isoÈhermal cases,

pore weter pressures and npisture content profiles were ln the authorsr

words tressentially the samerr for each case. The temperature varlaÈion for

the non isothermal case was 15oC and the mat.erial selecÈed rdas a clay, in

which pore pressure gradients could be expected to be large. Therefore it

is concluded that for the ¡ncderate temperature variatlons comnnnly
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encountered ln field studies, isothermal flow is a satisfactory assumptlon.

llowever, temperature should be rpasured to deÈermine the dynamíc víscosity

of the liquid as requlred in equation 3.5 to calculate the hydraulic

conductivity of the porous medlum.

3.t+ Application of Theories to Models of Stream-Aquifer Interactlon

The purpose ln examinlng the equatlons of porous nredia ftow wiÈh

their assumptfons ls Èo selecÈ a rnathematical nodel for stream-aquifer

interactlon which has Èhe followlng atEributes. The mcdel is firstly to

provide en accurate descriptlon of the flow processes. Secondly iÈ is to

have realistíc data requirements, particularly for alluvial porous nedla

hydraulic propertles. Thirdly solutions to the equatíons should be

cornputationally efficient to enable transient solutlons to be processed in

reasonable time.

The nrcdel described ln the next chapter ernptoys equation 3.32 (or, as

menÈloned ln sectlon 3.3.3.3, equation 3.46) to describe flow above the

water-table (10 fntlltration) and equation 3.23 to describe groundwater

flow (in a 2D verÈlcal plane) below the water-table. The lat,ter equatfon

is sirnplifled by neglecting S" as the compressibillty of the nedium and of

the fluld âre insignificant compared wiÈh the changes of fluid volume due

to the change in the free surface elevation. As C = 0 for saturated media

the equation becomes.

ãh 3.49
àz

As Èhe DF assumpÈ1ons" have not been used the f ree surf ace rrìey be treated as

a boundary condition (described ln section 4.3). Hence the effective

porosity does not occur in this equaÈion. Assuming the nedium is

homogeneous and isotropic gives Laplace?s equation

V2h = 0. 3.50

This relationship is valid for sÈeady flow in a confined or unconflned

aqulfer and 1s an excellent approximatlon to unsteady flow in an unconfined

aqulfer. Use of equation 3.50 significantly simplifies the numerical

ðh
âx

+
xK

ð

ô"
ð

ðz
K 0

z



53

procedure for the nrodel ae is seen in the next chapter.
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CITAPTER 4

TI.TO DII"IENSIONAL BOUNDARY INTEGRAL EQUATION MODEL OF STREAM.AQUIFER

INTERACTION

A numerical nrcdel incorporating the equations g,overning infiltration

and groundwater flow was developed and used to slnnrlate stream-aquifer

interaction. The nrodel employs the Green-Ampt infiltraÈion equation (3.32)

ebove the free surface (or water Èable) and Laplacers equation (3.50) below

the free surface.

A two dirnensional vertical slice rnrdel was used to examine Lhe

interaction process at a cross-secÈíon through the stream and the

surroundíng alluvium. The Boundary Integral Equatlon Method (¡tnU) was

used to perform numerical solutions for saturated porous media flow. The

infiltration equation and an equaÈion for the free surface (derived later)

$rere lncorporated in Èhe boundary condiÈions of the nrcdel. The BIEM was

used as it reduces this two dimensional- problem to one computational

dimension. It computes wiLh relative ease Èhe unsteady nonlinear free

surface, requires minimal data to specify the spacial domain of the npdel

and it is computaÈÍonally efficient compared to finit.e element and finite

difference meEhods.

A descríÞtion of the applícation of BIEM to solving potentíal flow

problems follows. Sectíons describing the principles upon r¿hich BIEI4 is

founded anC the numerlcal integraÈion procedure closely follow the text of

Liggett and Liu (1983), but are included for the sake of completeness.

That text also covers boundary conditions up to equaÈion 4.3I. Eeyond that

poinÈ a large oart of the þresented rnaterial, to the authorrs knowledge, is

original.
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4.L The Boundary Integral Equation Method

A forrm¡lation of the two dimensional BIEFI begins with the statement

of Greenrs second ldentity

4.L
(U V v - v V U).ñ ds

where A is a two dimenslonal domain bounded by the line, S

U and V are any two funcÈions twice dífferentiable in A

and ñ is Èhe unit outward normal to A on S .

The normal component of a gradient wíth respect to the boundary may

be denoted as

4.2

fouo'v-vv'uae=J,

ðV
ðn

=VV.ñ,

If U and V are both chosen Lo satisfy Laplacers equatlon

V2U=V2V=0 4.3

then equation 4.1 tnay be rewritten as

/,('#-'#)o"=o 
4'4

U is replaced by the function which is to be solved ln the dornaln, Èhat is

the hydraulic head, h, which satisfies Laplacers equation belorc the free

surface using Èhe assumptions leading to equation 3.50. V is chosen as a

rrfree space Greenrs functionrrwhich satisfies equation 4.3 except at a

singular point, P, where it goes to infinÍty.

For two dimenslonal problems

V = .Q,n r 4.5

in which r is the distance between the singular point, P (where r = 0) and

another point Q on the boundary. To use equation 4.4 the sing,ular point is

excluded by inscribing a small circle of radius ro around it and connecÈing

Èhis È.o Ehe boundary S (see figure 4.1). Equation 4.4 becomes

ds * 1im
r+0

o

r r âh'lln *f .Q,n r) - .Q,n r.Pl
sL dn' dnl o

ln Srrn r) - .q,n r.S'loo = o
L dn dnl

4.6
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1 The singularity, P is separated from the domain' A by the
creation of an artÍfícial boundary, Cof radius, ro.

4.2 The singulariËy, P is located on the boundary and is separated
from the domain, A by a circular arc subtending an angle, o( at
P.

S

0

Figure 4

P

S

a

Figure
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The portions of the integral along the t',,to lines connecting Èhe circle o to

S will cancel and thus they do not appear 1n equation 4.5.

On Èhe ctrcle O(r = ro) the outward normal from A poínts towards P. Thus

the normal derivative of the Greenrs function is

I 4.7

t
o

and the integral around the círcle becomes

2t¡ 4.8

(.Q,nr) =1F=rdn
ð

ã;

lirn
r+{

o

!,a r ðh
oðr

h
]"

d0 = -2n h(P)
T

0 o

SubstlÈuting 4.7 and 4.8 lnto 4.6 defines the hydraulic head at any point P

in terms of a boundary integ,ral.

4.9

Hence íf h and
ah
dn

are known at all points on the boundary then h can be

2n h (P) h (Q)
S

al,n r
ôn

h (Q) dslâr
rô"-

determined at all points in the domain.

By consideríng the case when the singularity,

equatíon 4.6 stlll aoplies. liowever

domaÍn will subtend an angle, 0, at

4.2).

Equation 4.9 becomes

the circular arc

P where c is less

P is on the boundary, S

excluding P from the

thên 2T (see figure

4.10
cr h(P) h (Q)

S

lâr
- i- - .{,nrdnL

a
t^

dn
h (a) ds

Ihis provides the relationship between the hydraulic head at a point on the

boundary and an lntegral of h and + at all points on the boundary. Since
lln

P can be chosen at any point on the boundary the equation 4.10 can be

writEen for each such point.

If N node points are chosen on Èhe boundary and each in turn is made

a base point, N integral equations in terms of h and âh
ãã at the node points

can be written. In a well-conditioned problem the value of h (Dirichlet

condition) or * 
(Neumann condition) or the relationship between h and *



58

(mixed condltion) is known at each boundary node. Thus there are N

equations and N unknowns so solutfon of the unknown boundary values cen

proceed. Havfng obtalned these the value of the hydraullc head anywhere in

Èhe domain can be found with equation 4.9.

4.2 Numerical IntegratÍon

To solve equation 4.I0 lnterpolation funcÈlons must be chosen to

describe the behaviour of h and -P between boundary nodes. Linear
iln

lnterpolation functions are chosen here for their simplicity. A function

is also required to describe the posltlon of the boundary between nodes.

There is no advantage 1n using higher order elements for steam-aquifer

problems so linear elements are used.

The hydraulic head and lts normal derlvative at an intermediate poinÈ

on a line segment between nodes j and j+l are descrlbed with respect to

a local u - v co-ordinate system shovtn in figure 4.3. Expreasions for h

and .âh between nodes can then be written (where in each case
ðn 

nodes can then be vritten (vrhere ]'n eacn case tj a t a

v. ,).
J+I

h(v) tjnj*rl / (t¡+1-t, ) 4.I1- [(hj+1 h.)v + tj*tnj

âh.
ân\ ) (Ð (#),)" * "¡*,(*) "j (å*) ]r c.,,r*r-.,¡ ) 4.r2v

j+1 j j+1

local origin
H=-

v.
J

I
I

It
u, I

J+t

nv,q--

a

V.

I J

(.")
f-a,1.\

I
I

I
I

P,

Figure 4.3 The u-v 1ocal coordinate system.

D
' .j r l
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The component of the integral in equation 4.10 which is contrlbuÈed by the

boundary element between P. and P¡*1 Ís

4.L3
I f:

j+1

j
expanding 4.13 by substitutlng 4.Il and 4.12 and using

2 +v2

("+ onr S<"r)o'ij

r.
l_ l-

and

gives

âr ðr
u./r.

_l'1-t]-

1
ðu

I
ðn

+
when P.0 is in the same direction as

l-

(t)u

4.r4

4.16

n

i;
j+1

-u

(h

.lr.aa
->

when P-O is in the opposite direction to n 4.I5l_

I _ h. )v * ,j*rnj ",nr*r][
l-

ij

-,*<[fr>
l((*),.,

(urz+vr) (v¡+1-v¡ )j+1
j

v*v /_aû
j+1\ân/. \t EJ dv

v -vj+1 J

rearranging gives

I

+(v h h

(ur2+v2) (r¡+1-r¡)

(1) u dv

J j+r

i;
j+1 (t)u vdv

t-_ h.)
J

(h¡+1ij

-(@,..-@,)

J

v j+1
j+1

J

j+1

J

j+1

) i:
t-

j1+j J (ur2+v2) (r¡*r-rj )

v. !,n u.
L

2+vz dv

tj*l-tjI
(",*'(Ð (#")-v )J:

j+r
J

J
J

Replacing Èhe integrals by appropriate notation gives

4.L7



trj = (h¡+r - nj) trj, * (t¡+rhj tjnj*t) LJZ

trj=t-rijt*t¡*tri¡z I
1

1
,dv= 1

v. .. -v.J+I J

(t)u
L

2(v . ., -v. )
J-TT J
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íj4 4.18

4.20

4.2I

j+1

I

h

I((Ð j+l (Ð,) 

"" 

- (
/ an\

":+r\ãã/ "j(*)
J j+1

j+1

J

2

and rearranging in rnatrix from gives

j l.
J

hv.I..^l
J LJ¿ij

j+1

,:

j+r 4.19

Using Èables the integrals are evaluated in terms oí the local co-ordinates

u and v.

(t)u (l)u

h
+ [rij: - t¡+rrr¡+ -trj, * ":tr:o] {

I
I

); j

ttj t i:
I j+r (uiLn ,*",) 

];tj*t-tj
J

u.
l_

2+v
'i+

(Ë)

1
!,n u 22*v

I ijz tj*l-rj l"
J

1 j+1

J

1 J

u,
l- l:

v j+r
dv= tan

tan

1

j

-t tan

r..^lJJ
j+1',r. 

|ør, {,-,.'*.r' )d., = tj*t-t, )
(ur2+v ) .Q,n(u. '*.r'¡-r]"4

J

1 (u . 2+v . , .') ( l.n(u,. 2+v , ,, ') -1) - (u- 2+v 
. ') ( p,tt (u- 2+v 

. ')-r )l'-i - j+L " ]- j+I r- J r- J4 (.rr*r-r3 )

4.22
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I *' 
tu"1u. 

2+v2¡dv
íi4 rj*l-tj

1

1 r
J.,

j

j
1

2 (vr*r-v, )
v.0n(u '+u')-2v*2uI

-I .r Ittan 
-iu. Il-'v

j+1
1

J

v .0n '*tr*r' ) - tj .Q.n (u . 2+v 
. ') - z(t¡+1-v .)

J

+ 2,,.(t",,-'("*it) - ran '({))]

(u.
I2(v . ,. -v. )J+-L J

J +l

4.23

These four inÈegrals defined in equations 4.20 to 4.23 depend only on

Èhe boundary geometry, specifically on the values of ti, rj.tr¿ vi+1. The

right hand side of equaÈion 4.10 is obtained by summing the contributions

of each boundary element given by equaÈion 4.19 from j = I to j = N, where

N is the number of nodes. This gives the fntegral equation for boundary

node i. By changing the base node to each node in turn and performing the

boundary int,egration a set of N such equaÈions is obtained.

The equaÈions '¡rritten in rnatrix form are

f. I lanìtnl{nl =[L]{{_i 4.24Lr 't't¡;,f

and areNxlcolumn

vectors.

The term in row i and column -j of t n ], for example, is

4.25
(-r ij1 1 ij2 * (ri,j-r tj-1ti. ,j-L,2)I

where I R ] and t I I are N x N maÈrÍces ."4 {n}tJ

ô. .0.1rJ 1+

lanl.
tã;t

v+ )
J

where the first term (bracketted) arises from lntegration between nodes j

and j+l and Èhe second term frorn integration beÈween nodes j-l and j. It

is noted that the local co-ordlnates for the second term âre not

necessarily those of the first. (ttre local co-ordinate system is defined in

Figure 4.3) The last term arises by subtracting the left hand side of

equation 4.10 from both sldes, where oi is the intericr angle between
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boundary elements rneeting aÈ base node i (in radíans) and ô.. is the Dirac

delta function such that

^ f 0 if i+j 4.26
ò=<-ij Ir íf i=j

tlhen the known bounclary condltions are substituted Ínto equaÈion 4.24 the

resulting set of equatfons in the unknown variables are ready for solving

by Gaussian elimination and back substitution.

tEl{ui = {c}
4.27

where {"}

tEl

is a vector of unknowns (either h or

is a combination of the assembled t

âh.
-l
ân"

Rlandtllrnatrlces

as def ined by equaLi'o¡ 4.24

and {c } is the assembled vector for Ehe right hand side (known)

I,¡ith the unknowns deÈermined, h and
âh
ã; are known at all point,s on

the boundary. The value of the hydraulic head anywhere within the flow

domain can then be found using equation 4.9. Usually the determination of

Èhe unknoerns on the boundary is all that ís required in a vertical sllce

groundwater flow problem.

As each node connects Èwo boundary elements, and the value 
"f *

depends on the direction of the outward normal, ñ, it rnay be necessary to

define * twice for each node, where the normal ls Èaken to be

perpendicular Èo each element in turn. This complication is discussed at

length in section 4.5.

Boundary conditlons rrust be defined ln order to obtain equation 4.27

f.rom 4.24. A description of the various types of boundary conditions

follows. In the 2-dimensional vertical slice nr¡del, Èhe x axis corresponds

to the horizontal direction and the y axis the vertical dlrection, positive

upwards.
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4.3 Boundary Conditions

The t'rro rrþs t comrnon

condition) and( oir icnl e t

condition).

A seepage face is represented by the boundary conclition

h=y 4.28

because the hydraulic head is the same as the vertícal elevation, y of any

node on the seepage face.

For sÈeacly flow a free surface is represented by the boundary

condl tions
ah
¡; = 0 4.29

and h =t(x) where y = n(x) 4.30

The steady free surface is a streamllne hence the normal flux vanishes, and

the hydraulic head at the free surface is the free surface elevation, l.

Mixed boundary conditions occur where only the relatÍonshlp between h

âhand # t" defined on the boundary . An example is Èhe unsteadY free

surface boundary condiÈion which ls derived in Appendix A.

This boundary condition is specified as

boundary conditions are specified head, h

specified normal derivativ" # (Neumann

âhKlah
ãT=-n ""sßã;e

ï¡I

n
e

4.31

where K is the saturated hydraulic conductivity of the medium

n^ is the effective porosity of the nedium
e

ß ls the angle between the free surface and Ehe horizontal axís

and W is the rate of recharge I I f-l ], or evaporation if f/,1 < 0.

Bear (L972, p255) suggests that n" used in equation 4.3I is not

constent. This follows from Èhe observation thaÈ change in storage,

particularly for a receding free surface, is not instantaneous wiÈh the

free surface rþvement. (see assumpÈion 2.I.L.(3)). If there 1s residual

r¡nisture above a declining watertable clue to insuffÍcient time for drainage

to restore an equillbrium nr¡isture profile in the capillary fringe, then
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the effective porosity would be reduced should the free surface start to

rise. In the npdel." i" assumed constant. This is compatible with the

isotropic, homoqeneous essumptlon used in the model-

The remainlng boundary condition is that for the streambed nodes

when the sÈream is hydraulically connecÈed to t,he aquifer. Thls is also a

mixed boundary condition and derlved from Darcyrs law applied across the

semipermeable sÈreambed blanket and in the mediu'n.

The Darcy velocity of water across a layer of Èhickness, I and

hydraulic conductivity, KB, using equation 3.4 is given by

'rr = \(hs - h)/.4, 4.32

where h- is the hydraulic head at the top of the layer (Èhe stream stage)
s

and h is the hydraulic head in the porous medium (with hydraulic

conductiviÈy K) aÈ the base of the semipermeable blanket-

By contÍnuity Èhe Darcy velocity of Ehe fluid in the underlying

medium is ldentical, and ls given by Darcyrs lai¿ as

4.33K
ðh
dn

There is no negative sign on

outward normal derivative of

where the directlon of

h. Equating 4.32 and

âh KB

ân K.Q, S

or rearranged

h=h K[ ah
KB ôn

which nray be abbreviaÈed to

h

where B
K,Q,

"g
and B is called the

Equation 4.36

the ríght hand side of this equaÈion as the

the head always opposes Èhe direction of v,

v is determined by the relative nragniLudes of h- and

4.33 gives

(h -h) 4.34

4.35

h -Bsdn
forh >v andh)vs 'm 'm 4.36

4.37

streambed hydraulic impedance.

gives Èhe boundary condiÈion for a node on the base of
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the semipermeable blanket, aÈ an elevatlon Yr, when h" exceeds y* and h

exceeds I,n. That is, the aquifer is hydraulically connected Èo the stream

at this node.

On the recession limb of a stream hydrograPh a hydraulically

connected node undergoes a further transition. The head in the aquifer

drops nore slowly than the stream head and at some time the head at the

node rnay exceed the elevaÈion of Ehe streambed which in Èurn exceeds the

stream head. A seepaee face forms at the streambed surface above the node.

As the nocle is located at the base of the semipermeable layer the seepage

face boundary conditlon equaÈion 4.28 is not appticable. InsÈead h- is
s

replaced by y. in equaÈion 4.36.

h for 4.38h>v >h'm s

ah
dn

B=Y'm

Ilere the

allowingsmalI,

for the

remains

reverts

and

where

node

dríve

assumption is made

the elevation of

semípermeable layer thickness is

to be used as an approxímaÈion

that the

Its base

eLevation of

operative aE

to the free

the streambed surface.

the node untíl the head

sur fâc e boundary condition

diagram figure 4. 4 illustrates

condi Èion

. Then it

is subjecÈ to

this boundary

This

falls

boundary

below v,m

the nodeand

equation 4.31. A schematic

condition transition.

With the onseÈ of flow in a dry streambed the free

the Green-Ampt equation

) for h'Yr*

surface recharge,

Darcy's law.

4.39

4./10

l.t is defined with the help
Ko

w = -#(h -vj. s -m

of and

-h h
cc

Y is the elevation of-m

and h is the critical

as defined in equation

Equation 4.39 qives a

for Yr*h.-n<ym

the base of the semipermeable layer above

pressure head, Ü", (or effective capillary

3.47). h- is less than or equal Èo zerc.
c

constant recharge rate while the capillary

Kp
I^I = l1(hs-h)

Lhe
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hydraulic head at base of semípermeable
blanket or on the free surface

semipervious
btan ket

31 3I
31

hsh 36
36

36

(a) tlme tl

sem tpervl0us
btanket

31
31

1

36

(b) trme t2

Change in boundary conditíon for nodes on the streambed
during flow recessíon Í.or a hydraulically connected stream.
The number adjacerit each node refers to the boundary
condítion equation in chapter 4 appLying to that node.
(36 = streambed node, 38 = node below seepage face,
31 = free surface node)

L

38

36

h 5
h

36

I
;hs(t2)t hs (tr )

Figure 4.4
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fringe above the free surfece has no effect on the pore weter pressure at

the base of the semipermeable layer. When the free surface rises beyond

that elevation (y, * h") the increase ln pore water pressure at the base of

the semiDermeable layer (elevation ym) reduces the hydraulic gradient

across the semipermeable layer. Use of equation 4.40 assumes that Èhe pore

pressure head ls linear from h" aÈ a distance (-n.) above the free surface

to zero at the free surface. While this approximation 1s not strictly

correct, (for example see the pore pressure distribuLions above the free

surface described in Freyberg et al., f980) ít is considered a satlsfactory

assumption for use with the Green-Ampt (piston flow) equaÈ1on for

sinmlating unsaturated porous redium flow.

A time delay, td, for recharge to reach the free surface after the

onset of sÈreamflow is obtained by lntegratlng the Green-Arrpt equation (see

equation 3.35) to glve

h -h *vc' -D 4.47nrel* Lt*
m l

lD
d

(h -h )f, h -h
S

c c

in which D ls the iniÈial elevaÈion of

Once a free surface node reaches

the free surface.

the base of the semipermeable Iayer

the boundaryít ls transformed into a sÈreambed node and satisfies

condition of equation 4.36. In this way the boundary condiÈion applied to

the node elevation.a streambed node varies according to

The range of boundary conditions for nodes beneath a streambed are

the aquifer

and the

schematically illustrated in figure 4.5. The flux entering

(boundary integral domain) is shown on the left hand side,

equaÈions representing each boundary condiÈion on the right. The

distinction beÈween hydraulic connection and hydraulic dísconnection occurs

when the

the free

laver

fre e

on

free surface condition disappears or

surface reaches an elevation yr, the

the streambe<ì. In the case when h.

This occurs when

the semipermeable

the elevation of

rateswhenh-yr.

aDpears.

base of

is zero

surface has no influence on stream infilEration

the
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h

\
\

\
\

\

hydraulicattY
co nnected

hydrauticaltY
disconnected

\
\

\
\

h

equation
number

38

36

39

s

\

Ym

l-0

31

Y,'n* h.

u)

òh
,--l w

I.e-r
t

hr -Ym- h. )

K
Ðn

Figure 4.5 EffecÈ of nodal hydraulj-c head on recharge rate or exchange
flow rate. Corresponding boundary condítion equations (from
chapter 4) are shown aË right.



When h" is less than zero, however, the

influence infiltration rates.

Note that figure 4.5 applies only

entire streambeds so there is no direct,

models proposed by Rushton and Tornlinson
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position of the free surfece can

to single node positlons and not to

comparison between this figure and

(1e7e).

computer

the boundary

are introduced

4.42

4.43

4.44

4.4 Time Dlscretlzation

In order to extend the appllcation of the generalized

program which solves for the unknowns in equation 4.I0 using

conditíons described in section 4.3, dimensionless variables

to replace the real variables.

The following substit,utions are made

¡rt = ¡11/¡ ¡

(x* r y* r y,n* r h* r hsrt r hct , B* , ñ* ) (x rY rY,nrh rh" rh", B rñ) /L

wt=R
where L ls a characterlstic length scale.

All quantities with asterisks are non dimensional quantlt,Íes.

Maklng t, h and W the subjects of equatÍon 4.42, 4.43 and 4.44 respectively

and substitutÍng into equation 4.31 gives the non dimensional unsteady free

surface boundary conditlon as

ah -1 ah 4'45

ðt="o"ßãî-t

For brevity all asterísks are dropped ln this equation and for the rest of

this chapter.

This equatlon can be written in finite difference form by considering

a small time step At between time levels k and k+1.

At-k+l -kh=h- e
k+1 ,^. rko-' * (r-e)(#J"] + Ar[. 'k*1 + (r-e)wk]/!!\

\ a"/ocos P

4 -46
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in which e is a weighting factor Eo position the normal hydraulic gradient

and the non dimenslonal recharge between time kAt and (k+I)At. I,JriÈing

equatlon 4.24 at time k+l glves

rnt{r,}k+l = tLt{*}
4.47

4.48

4.49

k+1Considering the colurrn vector {tr} of nodal heads on the free surface

and using equation 4.46 Ln 4.47 gives

tnl {tr

overcome this problem

side of equation 4.49

and then wíth the use

t.o k+1 is performed if

[,(#)u*t + (l-e)(#J-] + atrewk*1+(r-e)'kt]

Ik+

Rearranging to obtein an expression for the normal derivative at time k+l

tLl{#}

Here all variables on the right hand side have known values because they

occur at time k for which solutions have already been obtained. The

exceptlon i" ork*l which is unknown if hk+l falls between y-+h^ and y*. To

*k+1 i.s initially equated with wk and the riqht hand

is catculared. A soturion is obrained for {n*Jo*t
of equation 4.46 the nevr posiEion of Èhe phreatic

surface is found I n1 
k+t . A second iteration of the time step from Èime k

for any node y* * h" . hk*I . yr, that is,
k+I, k!ú f w

tt nk+1 > y, Èhe node ceases to be free surface node and the boundary

condiÈion is chanqed to equation 4.36 if hsk+l t y, or equation 4.38 if
, k+lh "'^ < y_. A chanqe in boundary condition requires a second iLerations -m

from time st.ep k to k+1 using the new boundary condition for that node to

replace È.he free surface boundary condition.

The oremature change in boundary conclÍtion at a node introduces a
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small error. If Èime steps are too larg,e Èhe

the boundarv condítion at the

itself in

arises from osclllation of

error will manifest

from free surface to

in successive

node oscillating

iteratlons. Thisstreambed types

h about y* due

steps are sma1l

to the reducÈion in recharge as the head increases. If time

at the time of the changing boundary condition a stable

the resulÈant error is small.Èransltfon occurs and

A third reason

occurs when k+1 k

for a second iÈeration of the Èime step from k to k+l

in elevation of ah

node or nodes on the free surface exceeds a sÞecified t,hreshold. Under

Èhese circumstances the value of ßk Ín equation 4.46 rnay not be a

satisfactory approximation t,o Irßk+1 + (f-e) ßk] due to large changes in

slope of Ehe free surface from Èime k to k+1. Secondly the boundary

integrals contained in matrices i n I and I I ] of equation 4.47 depend on

the geometry of the boundary. If this changes significantly I R ] and

t I ] require recalculation.

In all cases during Èhe second lteration all nodes which are free

surface nodes at time k+l are assumed Èo be positioned midway between the

elevation of the node at time t (nk if a free surface node or y,o if a

streambed node) a.rd hk+l , the elevation obtained from the first iteration.

Yatrlces t n ] and t I ] and the free surface slope ß are calculated using

thls assumed position but hk and

Equation 4.49 is reemÞloyed to evalua

turn gives the new free surface oosition 1n1k+l

The remaininq mixecl boundary condition which by definition invokes

terms on both sides of equation 4.47 is the streambed boundary condition

k+1
h B

2

k+l

>\7
- Jm

Y,n

<y-m

h > THREST{. That is the change

k+1 for

for

h

(#)

where
k+l

2

k+1
2

h h
S

or

h
k+1

h

k+l

Yrn h k+1

h 4.50
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NoÈe hk+I is independent of hk "o equation 4.50 rnay be written explícitly

at tlme k+1. (The weighÈing factor e= l). That is this equation

represenÈs a series of steady states and noÈ a transient condition, unlike

the free surface boundary condltlon.

Substituting equation 4.50 into 4.47 glves
k+1

hence

unclergone

tíme step

lnr * BrRr]{#}

) = ,,-,{N}}n*'

tRl {h
k+1

tRl k+1
2 (#)h B 4.5r

4.52k+1
Ì

2

l.Iith h2 known the right hand side can be calculated and

determined. Back substiÈution using equaLion 4.50 compleÈes the solution.

No second iteration is initiated by any sÈreambecl node unless it has

lat l k+r

t¡;i

from k to k+l. Under these circumstances the elevation of the

node during the second iteration is assumed to be y,n when calculating t

and t t l.
Time steps for the nrodel rnay be eiÈher uniform or increase

a change from a free surface node to a streambed node during t,he

R]

logarithmically. Atternatively Èhe times

may be specified. Several parameters are

at which solutions are required

used to control Èime st.epping.

These enable efficient use of comDuter time and contain the rnass balance

in sectÍon 4.6.error. The mass balance error is described

4.5 Node Types

As has been illustrated for the mixed boundary conditions the

assembly of equation 4.27 from equation 4.24 i,s noÈ necessartly as simple

âs it may first appeer. Similarly, complications occur where two different

boundary condiLions meeE at a node. Figure 4.6 contains schematic diagrams

of the node types which rnay occur.

Boundary integration proceeds in a clockwise direction. In figure

4.6 l+) and l+l represenÈ the hydraulic gradient at the node in the\ð"/r \4"/z
direction normal to the boundary element aÞproaching the node and leaving
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1 2 t,3
777'+'r?

(h)

5

a
6 7

10 11

*-

I

a a
(*r,.)=(t),*n (^,li' (tf(h)

I
I

13

a
ffiL

têh
\a n

I
2

I
1

Att angtes between
bou n dary etem ent s
are arbitrary with
the exception of
node type 1

Notation 
'ElemenÈ

type : (f)

(2)

ôh specified

speci f i ed

ôn
h

(3) ,-L_-. free surface

(4) +# streambed

( )
sotve for

the # ,r found
from d eqn.4.31

Figure 4.6 Schematic diagram of node types.
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the node respectively. For node type 1 there is no change ln angle at the

'rtr\ /art\boundary and ({=l = t#l . For node type 6 the angle, ß the free' \dnlt \dnlz
surface makes wiÈh the horlzontal is calculated from the derivat.ive of the

quadratic function passlng through the node and the two adjacent nodes.

Hence ß and the directíon normal to the free surface at Èhe node are

/an\ /an\unique and \ã"i, = \ã"/r.
ß is calculated as follows at (*1, y1) with adJacent nodes (*o, yo)

and (*2, yù.

Definlng the parabola passing, through the three points as

)y=Ax-*Bx*C t+.53

the derívative at x (which is the tangent, of ß ) is
dv
dx

fitting Èhe parabola to the points gÍves the derivatÍve at xl, as

2Ax+B

/¿.,, \ ^ (ro-v, ) (xr-xa) 2 
- {v ,-v ,) {*o-*, ) 

2

lÉ/ = tan tr = ---lxo-*t) (xr-xr) (xr-xo)t ' x=Xl

4.54

4.55

are not necessarily equal.
2

t+.56

4.57

For all other node types (*) and
1

(#)
In order to eccount for both normal derivatives for these node types

equatlon 4.47 ls expanded to include e vector {FCORN}.

k+1
tnl{n}k+r = tLtfþâJ

where {¡'conn} = rl-r{#}

+ {FCORN}

k+l

knoçm

[fconn] is used as a means of restricting the number of rows 1n

matrix t I ] to N, the number of boundary nodes. That is only one of
k+l

(*)
I

and at each node appears ln the vector of equaÈion 4.56.

The other value is known (or can be calculated from the boundary

conditíon), hence the product {fCOn¡l} can be calculated during boundary

lntegration. Table 4.1 shows how I L ] and {FCORN} ere essembled during

boundary int.egration and the effect of node type.

{#}



Table 4.1

Effect of node type on assembly of boundary integral equations

Node type Elt type -Elt type Node J action Node j+l action

rcoRN ( I )

t(i,j+1)

(Ð,,,

(#J
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Actlon b has

only

is taken.

I
2

3

4
5

6
7

8
9

10
11
T2
13

Action a

l-r
2-2
r-2
2-l-
r-1
3-3
1-3
2-3
3-t
3-2
L-4
4-4
4-1

( tcon ) e
a
c
e
g*

a
c
e
a
c
c
e
a

a
e
a
b
b
a
a
b
b
e
a
e
b

L(i,j)

L(i,j+1)

( discont )

= L(t,j) + PNJ

= L(i,j+1) + PNJP

b

c

= FCORN(I) + PNJ *

= L(l,j+l) + PNJP

L(i,j)

FCORN ( I )

= L(i,j) + PNJ

= FCORN(i) + PNJP *
j+1,1

L(i,j) represents the element aÈ the ith row and jth column of matrix I L ]

defined in equation 4.56. {fcon¡¡ } ts ¿eftned by equatlon 4.57

PNJ

PNJP

represents

represents

+ v. I..,
-l 1J4

at node j

, at node j+l

= -I..¡ * v. .lJJ J+r
I see equatlon 4.191J4

I.
1

/an¡-
\ art
/an
\¡;

3

(#)
(#),.,

andi,2
1

For each segment two actions may be specified by this table.

priority over action c which has priority over actlon a. The

exception occurs when node j+l 1s of type 5 and then action c
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4.6 Mass Balance Check

A necessary condition of any solution 1s that the law of mass

conservation (continuity) is satisfied. That ís, the change ln storage

(increase in area below the free surface), DE, during each tfme step,

equals the net flux through the boundaries, DLTS. The model calculates the

components of the mass balance and computes the percentege error at each

time step, PDER, from

PDER=100*(or-olrs)/0n 4.58

The total error 1s found in the same way using the storage change

since t = 0, TDE and the net inflow since t = 0, TLTS. The Èotal

percentage error, PTER is glven by

PTER=100*(rOU-TLTS)/rO¡ t+.59

Tlme steps and node spacings are specified in such a manner that the

mass balance error ís contained within an acceptable tolerance. The

tradeoff between computer executlon time and model eccuracy for an example

problem is dtscussed in the next chapter (section 5.1.2).

4.7 Node Shlftíng

For boundaries which expand or contract ít is often desirable Èo

maintain the same spaclal relationship between node positions, rather than

fix all except the end nodes of a side. A technlque for shifting nodes was

devised to enable thÍs to occur. Node shifting ís initlated at the end of

a time step lf the percentage change 1n the length of a boundary since the

start or the previous shift exceeds a specified threshold value. Linear

interpolatlon between the netir positlons of the end nodes is used to locate

the new positlons of intermediate nodes. A choice of either linear or

quadratic interpolatfon between existing node positions 1s used to

determine h and # for the new node positÍons. Shifting of nodes on

shiftlng boundaries l-s an optional feature in the model. The effect of

node shifting on mass balance error is observed for a test problem, TEST5

in the next chapter.
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4.8 Summary of Unique Model FeaÈures

The BIEM model described in thÍs chapter contains a number of novel

features wtrich distinguish it from previous modets of stream-aquifer

interaction. Firstly lt takes account of the variety of boundary

conditions occuring at a streambed crose-s€Ction at any instant and

secondly iÈ allows for these to change naturally with time according to

variatlons ln stream stage and free surface position. In this way it can

account for the transitlon from hydraulic rllsconnecÈ1on to hydraulic

connection of a stream and aqulfer. It also allows for the formation of a

seepage face on the streambank during flow recession in a hydraulícal1y

connect.ed streem. In addition the Green-Ampt equatlon ls used to describe

lnfiltration in the unsaturated zone. The model requíres only a few

parameters to be defined or recursively estlmated making lt relatively easy

to calibrate compared with previous models. In Chapter 9 this aspect of

model utility is described at length. Tests of model performence and the

appllcation of the model to problems for which solutions are already known

and to new problems are documented in Chapter 5.
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CHAPTER 5

AppLrcATroN oF TnE STREAI"Í-AQUTFER INÎERACTION MODEL

5.1 Tests of Mode1 Performance

The model was tested first on slmple problems havfng linear

distributlons of head and normal hydraullc gradlent on the boundary.

Results agreed wfth analytlcal solutfons to six slgnificant fÍgures.

Stabtllty and accuracy of the model were lnvestigated using the approach of

Liu and LlggeÈt (1980).

5.I.1 SÍnusoidal free surface test (SINS)

Liu and Lfggett present an exact solutlon to a llnearlzed problem

involvlng a free surface in the shape of a slne neve, of amplttude 2a, in a

box with impermeable base and sides (see figure 5.1). As the stabllity

analysls can only be performed on a llnearlzed Bystem of equatlons, Liu and

Liggett linearize the free surface boundary condítfon by uslng the mean

free surface position (y = 0) as the upper boundary with the head h(x) on

this boundary equated with the free surface elevation, n(x). This freezes

nodal positlons, maklng arrays [R] an¿ tl] in equation 4.56 constant, and

hae the effect of making B the slope of the free surface, equal to zero ln

equaÈion 4.45. The resulting linear (tn tr) boundary condition at y = 0,

derlved from equatlon 4.46 is

h -At e
n*'* 

(r_,)(*")*]
5.1

+k I k
(*)h

where e is a welghting factor to position the normal hydraulic gradient

between tlme kAt and (t+t)At.

I^Iíth a test case ønbraclng a half wave length, this mode is

represented by the wave number, m where m = T I L.
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5.2

rì=asin fix
L

1_

?

a

t-t

L

Figure 5.1 Stabílity test case,SINE. Sj-nusoidal free surface in a
porous medíum in an ímpermeable container : geometry and
boundary conditions (after Liu and Liggett, 1980, figure 3).

Liu and Liggett gíve the exacî rolution

h(x,Y, t) = a sín t* "?"!, *!vlli)
cosh (rnH)

to the linearized problem as

exp (-ot)

where o=mtanh(mH) 5.3

o, a posítive real constent, ls the danping coefficlent of the llnearized

physícal system. Proof that equatlon 5.2 ls a soLutlon to this línearized

problem ls given in Appendix B. Substltuting equatlon 5.2 into 5.1 yields

(at y = 0);

5.4
exp(-o*At) = I - Ato[e exp(-o*At) + (1-e)]

where oN ls the damping coefflcíent for the numerical approxfmation to

the free surface boundary conditlon.



Rearranglng gives

rreve is

damping

d"N Ar

oN-o

1

For an ideal model ON=O and the damping of the free surface slne

the seme for the model es the llneartzed system. Deflning c as

, the dlfference between the numerical and the llnêarized system

coefficlents and subsåftutÍng equation 5.5 gives

80

5.5

5.6

5.7

5.8

c=-o-¡In"

anddefiningq= Äto

gives

car=-o-r"(

1 - (1-e)Ato
1 + e^ro

The best numerlcel approximation occurs when c is zeto. A negative

value of c lndicates numerical amplification and a posítive value indicates

numerlcal damping. Figure I of Llu and LÍggett (f980) is reproduced here

(flgure 5.2). For a range of q the best value for e lies between 0.5 and

0.6. Liu and Liggett observed that:

1. small values of At result in less numertcal dlstortlon

2. small values of m (longer wavelengths) are less dlstorted than

higher values.

3. optlmum values of e fall between 0.5 and 0.6 when q is less than l.

4- there is an uPPer llmft on q of L I (r-e) for finlte numerical

dampíng.

5. for a given value of q there is a value of e for which c = 0 and

Èhere ls no numerfcal dlstortion (assuming m is single valued).

In most real unconflned groundwater problems there will be a range of wave

numbers and the mean depth may vary wlth time and location giving a range

of values of q. For q < 0.5 the use of e = 0.53 results in minimal

numerical dÍstortíon.
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0.2

c^Ë

numerÍca1
dampíng

.2

-0.1

Figure 5.2

on the rlght hand side boundary wlth the

problem. They use H = L =2 and a = 0.I

figure 5.3 plots of the results of the

1.5

exact solutlon to the linearized

0.1

0

7
H
o

.F{

]J
þ
o
Ð
(n

õ
Fl
(1l

o
.F{

lr
q)

Ê

e
a1a 3a

numerical
amplification

Graphical representation of equation 5.8, the numerical
distortion (cÀt) of the linearized problem, relat,ed to the
irnplícÍt weighting factor, e and Ëhe product, g of time
increment and damping coefficíent (after Liu and Liggett,
1980, figure 1).

Liu and Ltggett compere BIEM results for the head at the free surface

giving o = I tanh( Ð = r 12. In

BIEM model descríbed in chapter 4

ere superimposed on their theoretical results.

This figure reveal!¡ an excellent agreement on the predicted damping

of the sine wave between the linear and nonlinear (chapter 4) model results

and the predictlon using equation 5.5, for e> 0.5. Thls lends support to

the case for applying the stability criteria for a llnearized model to the

nonlinear modeI.

. 0..|
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BIEM, e = 0.53

BIEM, e = 1.0

theoretical solution, wlthout
numerical anplif ication
theoretical solution, wíth
numerícal amplificaËion ( e = 1)

0.4

-'Os

+

0.64 1.29 1.92 2.56 t

Change in head at the free surface at x = L/2 for q = 0.5 and

e = 0.53 and 1.0. These are compared with the theoretical
solution to the li-nearized problem wíthout numerical
amplifícation and with numerical amplifícatíon for e = 1-0.

?/^
1.0

0.9

a

x

o

BIEM' I = 0.3L4, e = 0.1

BIEMTg=0.5 ,e=0.3
BIEM'9=0.5 ,e=0.1
theoretical solution, without
numerícal darnpíng
theoretical solution, with
numerical damping (q = 0.5 'e = 0.1 )

o
o

0.6

0.4

0.2

o

a

a

o

a

o

0
0.1, 0.8 1.2 1.6t

-o.2

4 Change i.n head at Ëhe free surface at x = L/2 fot e < 0.5
compared with the Eheoretical solution to the linearized
problem r¿Íthout numerical damping and with numerical damping
forq=0.5re=0.1.

Figure 5
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A comparlson of chapter 4 model results with those of Liu and Liggett

for e - 0.1 shows that the nonlinearity has an unstablllzlng effect

(Figure 5.4). In the câses of q = Q.J, e= 0.I and q =0.314, e= 0.1

amplifled osclllatlons result. Thls 1s contrary to the conclusions drewn

from the lÍnearlzed model as shown in figure 2 of Liu and Liggett (repeated

here as flgure 5.5).

e numerical
amplification

danped
oscillations

X

numeríca1
damping

amplified
oscill-aËíons

(unsËab1e)

Figure 5.5 Zones of amplífícatÍon, damping and oscillatj-on as a function
of q and e for the linearized problem (after Liu and Liggett,
1980, figure 2).

A detalled investigatlon of the onset of oscillaÈlon for e < 0.5 is

not performed on the basis that for practlcal models e > 0.5 would always

be selected (from fígure 5.2). However for the value of t = 0.53 an

investlgation ¡ras made of the effect of q on stabillty (at poinEs a to d

in flgure 5.5) and the results are summerlzed ín figure 5.6. For all

models reported in thls thesis e = 0.53.

In each case the solution converged to the correct solution. However

d

1.0

0.8

0.6

0.4

0.2

0
c6420 q

numerical damping increased as q increased. The difference between the
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m:merÍcal distortion

0.2

0 0.64 1.26 1.92 3.84 tbtE Ll2

t
-0.2

A

-0.¿

Figure 5.6 Change in head at the free surface at x = L/2 for various
valuesofqwhene=0.53.

free surface elevatlon at the right hand boundary for g = 0.5 and I = I is

less than 0.02a. For q = 2 the damping was excessíve resulting fn an

error of 0.I0a for the flrst time step. For q = 4 damped oscillations

resulted. l.lhile these ultimately converged to the correct value (n /a = 0)

by t = L0.24, the results are â very poor approximatlon to Èhe behavlour of

the free surface at x = LlZ. Halving execution times by doubling the time

increment therefore result in inltially small errors whlch become

successively larger as the time increment expands. These results agree

wlth figure 5.5.

A
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5.1.2 Lateral ínflow wfth specified hydraulic gradlent (TEST5)

A more rl.gorous test of the effect of numerical dampfng ts contained

in problem TEST5, illustrated in ffgure 5.7. A unit normal hydraulic

gradfent acts on two sides of an unconfíned aquifer on an lmpermeable base.

The ríse of the free surface increases the lateral inflow to the flow

domaln whÍch in turn increases the rate of rlse of the free surface. This

problem does not reflect the homeostasis or natural equlllbrlum of real

groundwaÈer flow problems. As time epproaches lnfinity, the hydraulic head

at all points and the inflow to the domain become inffnite. The problem

provides a sensitÍve guide to the effect of the number of boundary nodes,

and the tlme step on mass balance error es 1s shown ln Table 5.1.

Fígure 5.7 Geornetry and boundary eondÍtions for probJ-em, TEST5.

For test numbers 5A to 5R the whole flow domain shown ln figure 5.7

was modelled. In each case symmetry was preserved in the resulting heads

and hydraulic gradients. Hence the hydraulíc gradíent across the llne of

symmetry was zero es expected. For test numbers 5T to 5X the line of

symmet,ry was used as a no flow boundary and only half the flow domain was

modelled. The use of 42 nodes was equivalent to uslng 82 nodes for the

entire flow domaln. Node shifting did not reduce mass balance error.

The head and normal hydraulfc gradlent on the boundary are shown 1n

ehil 1

I

=1
ah
ãr

I
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Table 5.1 1EST 5: Effect of node density and

time increment size on mass balance

error and computer execution time.

Test No.

5A
5B
5C
5D
5E
5F
5G
5H
5I
5J
5K
5L
5M
5N
5P
sQ
5R
5T
5U
5V
5 I^I

5X

No. of
Nodes

Time
increment

ToEal
Inflow
( TITS )

3.209r

3.2222

3.3260

3.3448

4.2926

3.7540

3.4984

3 .47 82

3.4699

3.4630

3.480 1

3.4942

3.4532

3 .4511

3.4531

3.455s

3.4626

3. 50 78

3. 50 51

3.5016

3.5188

3.5496

S t,orage
Change
( ros)

2.7876

2.8926

2.9L60

3 .036 7

r.9639

2.6974

3. 1852

3.2989

3.3530

3.4302

3.t%2
3.1803

3.2895

3.3501

3.3955

3.4216

3.4296

3.4954

3.4674

3.4L34

3.39L4

3.2427

mass balance exec.
7. ertot time
(PTER) cP secs

L4

L4

22

z2

32

32

32

32

32

32

32s

32" s

32t
32s

32s

32s

32ss

42c

42c

42c

42c

42c

.10

.02

.10

.02

1. 00

.50

.20

.10

.04

.01

.20

.20

.10

.04

.02

.01

.01

.01

.02

.04

.10

.20

-15. 1

-TL.4

- 14.0

-10.1
-118.6

-39.2

- 9.8

- 5.4

- 3.5

- 1.0

-11.0

- 9.9

- 5.0

- 3.0

- r.7
- 1.0

- 1.0

- 0.4

- 1.1

- 2.6

- 3.8

- 9.5

4.9

12.3

L2.2

30.3

5.0

7.4
.L

7.6

26.6

35.0

94.0

L4.2

7.8

25.9

33. 9

61. I
119 .9

76 .3

143.0

66.3

33. 9

2.7.3
.L

14.3

'- higher optimization on compilation (Opt = 2).

s shifting nodes used on side boundaries with linear interpolat,ion.

ss shifting nodes used on side boundaries with quadratic interpolation.

c uses the line of symmetry as an impermeable boundary

(equivalent to 82 nodes for the same problem).

TLTS, TDE and PTER are defined in 4.6.
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flgure 5.8 for tlme t = l. When smooth curves are drawn through the nodal

heads on a1l boundaries the head distribution is seen to be nonllnear.

This also applles to the normal hydraulic gradíent on the free surface. It

1s evident that if more nodes are used, partlcularly where the curvature of

these functions is large, the accuracy of the solution lmproves. (tn

sectlon 4.2 the model forrnulatton was shown to rely on linear interpolatlon

of h and N| between nodes ). The lmprovement ín accurecy due to lncreasing

the number of nodes is illustrated by figure 5.9.

3.6

o
A

a

+

14 nodes
22'
32'
g2'

t

I
3.t+

v)
H
Fl
H

F
o

Fl
|+l
Ê

'Fl

d
Ð
o
H

f¡1â
E-r

o
ö0
É
(Il

U

c)
ô0
c,
lr
o
.lJ
U)

3.2

3.0

2.9
in each case TLTS > TDE

0.01 0.02 0.04 0,10
time incremenË

0.20

FÍgure 5.9 Effect of nr¡nber of nodes and time incremenË size on total
inflow (TLTS) and change in storage (fOE) for problem TEST5
at tÍrne, t=l .
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The effect of the size of the time increment is also shown ln Èhls

flgure. In each time step the free surface rises, changing the geometry of

the boundary. This also produces â larger length of side contríbuÈlng to

1nflow. Shorter time steps lead to fmproved mass balances, and longer

computer executlon t,lmes for any particular node configuratlon (see Table

5.1). However the value to whlch the inflow and storage converge for

shorter time steps is not necessarlly the correct solution. The deviatlon

from the correct solution at small Èlme steps is determfned by the ability

of llnear elements to epproxímate the nonlinear boundary condltlons. In

all test ceses lncreaslng the number of nodes increased the fluxes at the

boundarÍes and the storage change. For example íncreasing the number of

nodes from 32 to effectively 82 increased the influx through the model by

1.3%. Wlth the law of dlminishing returns when representlng arcs by line

segments of smaller length, one is lead to srfirníze that additfonal nodes

would resulÈ 1n even smaller changes in the totel flux. A trade off with

computer execution time which increases approximately ln proportlon to the

square of the number of nodes, Ís necessary.

For most practlcal appllcations a tolerance of 57" on the output is

acceptable, as the tolerance on the expected effect of variable material

hydraulic properties normally exceeds Èhis value.

It should be noted that TEST5 is a particularly rígorous test and for

most problems the effect of node spaclng and tÍme increment size is much

less apperent.

5.2 Hydraulically Dlsconnected Stream Problems

5.2.I Marino's Hele-Shaw model

A hydraullcally disconnected stream ects as a strip recha¡tge source.

Marfno (L967 ) descrlbed a Hele-Shaw model study of the growth of a

groundwater mound beneath a strip recharge source. The geometry and

boundary conditlons for hts study are shown in figure 5.10, where
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W = 0.056 cm/sec

b = 23.8 cm

K = 0.42 cm/sec

D = 11.3 cm and

ne=1

L = 243.8 cm.

b

W

llil lllll free surface at, time t

0

X
L

Figure 5.10 Geometry and boundary conditions for growth of a groundwater
mound below a strip recharge source.

At tlme t = 0 a uniform recharge rate, [,] commenced over a segment of the

model. The shape of the mound near its crest after one minute, five

minutes and nine minutes from the time inflltrating water reached the free

surface ís shown ln figure 5.11. The lncrease in storage below the free

surface durlng the first nine mlnutes exceeded the volume recharged by 97"

using Marínors experimental data and extropolating by scaling from the

BIEM solutlon for the reglon beyond x = 80cm. Marino ldentíffed the

meesurement of percolation rate ar¡ a likely source of experlmenÈal error.

(Alternatively, 1f l'larfnors esÈimate of hydraulic conductivity had been Ín

error, a reduction in K of 17 to 227" would account for the dlscrepancy

between experlmental and calculated mound heights.)

initial free surfaceh( x,t )
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Figure 5.11 Translent free surface profiles for Marino' s Hele-Shaw
experiment and resulËs of numerical simulations.

An approximate analytfcal solutfon to the same type of problern ls

provlded by Hantush (J967 ) and Marino (L967 ) by llnearizlng the one

dlmensional form of the Bousslnesq equation (given for two dimensions by

equation 3.29).

Numerlcal solutions for Marlnors experiment were found by Neuman,

Narasimhan and Witherspoon (f976) by solvíng the Boussinesq equatlon using

a one dlmensional finlte element method. Solutlons were also obtained by

Liggett and Lfu (1983) uslng the BIEM. In figure 5.11 these results are

compared with those of the rnodel described ln chapter 4. The mass balance

error for the latter ls 0.37. ustng At = 20 seconds end 42 nodes. The three

numerfcal methods give excellent agreement. The difference between the

BIEM results is due to relteration when free surface elevation changes

exceed a glven threshold (see sectíon 4.4) a feature whlch LiggetÈ and

Llurs model lacked. Neuman et aI suggesÈed that their discrepancy near the

10
3000

5 min

o

.-.t-.oJ
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crest of the -ridge is due to rfthe development of signiflcant vertlcal

hydraulic gradlents under the recharging arearr which are not taken into

account ín the Boussinesq equatlon. This reason is proved lncorrect by the

BIEì4 solutlons which account for vertical hydraulic gradients. In fact the

Boussinesq equatlon glves excellent agreement wlth the potentlal theory

solutions and the discrepancy ls due to experlmental meesurement errors.

5.2.2 Brockrs analysls of mounds below strip recharge basins.

Brock (1976b) obtafned solutions for the maxlmum mound height below a

strip recharge source for long lnfiltration periods using four different

meÈhods. He applied llnear and Oonllnear DF theory, a linearized potentlal

theory (using a frozen free surface at lts initlat elevatlon) and a

1

20 /.0 60 ð0

:l :

t

6

2

0

ê
I

]J

o

0

Fígure 5.I2 Maximum groundwater mound height beneath a stTíp recharge
source : comparíson of BIEM with Brock (1976 b).
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Hele-Shaw experirnent
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nonlinear potential theory. In his paper he presents solutions using only

nonlinear DF theory. The maximum mound height for the model described ln

chapter 4, a nonlinear potential theory model, ls compared with Brockrs

nonlinear DF results, for the case of recharge from an infinitely long

strip r¡ource (see figure 5.12). The results show Brockrs cholce of

nondimensional paremeters restricts the applicatlon of his results to

specific values for those parameters (which ere not mentÍoned in hls

paper). The BIEM model parameters are : b = I m, L = 100 m, K = I m/day,

0 < n ( 1 and for the four runa shown
e

(a) D=lm, w=0.1 m/day wb2 lKDz =0.1

(b) 2 m 0.4 m/day 0.1

(c) 4 m 0.2 nlday 0.0125

(d) all parameters as for Marlno's Hele-Shaw model 0.59

Brock used L/b = co and in the BIEM model L/b = 100. These were

competfble for the range of t shown in figure 5.12 as the slope of the free

surface was negligíble at the ríght hand boundary. Also shown on thls

figure are comperison of BIEM solutions to Marlnots Hele-Shaw experimental

results and a numerical solutfon of Singh (1976). l.Ihile these both glve

good agreement Èhey are trr.orp"tible with the famlly of curves drawn by

Brock (not shonn).

5.2.3. Slnghrs analysls of mounds below strip recharge basins.

In 1976 Singh presented a potentlal flow model whlch used the same

nonlinear free surface boundary condition as the model described in chapter

4. The equation employed by Singh is

ðn
ât

5.9

where all terms are nondimensíonal and have been prevtously defined. The

relationship between equatlon 5.9 and Èhe equation used in the BIEM model,

equatlon 4.45 is shown in Appendix A (equation A.24).

Singh solved the problem using an expllcÍt finite difference

(Ð(Ð
ah-F-+v¡dy
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procedure. At. the start of each ttme step equatlon 5.9 was used to predict

the free surface position at the end of the ttme step. Then the head

dlstribution was computed ueing the new boundary geometry. As an explÍcit

procedure, the tlme sÈeps were llmited by the Courant condltion for

stebillty

Ar 5.10
GÐZ < 0.5

where A t le the size of

(non dlmensi.onal) grid

To solve the free

the time tncremenÈ (non dlrnensional) and Ay is the

spacing 1n the vertical dlrection.

surface posltion

free surface in

equation, Singh found expresslons

for ðh
dx

and at theðh terms of ah
dx

and
ðh a2h

-..-ancldy dy'ây
¡ 3'
$} et the first grid point below the free surface.
ðy"

Close agreement between Stnghrs results and the BIEM solution for the

mound proflle were expected based on the sÍmilarity of assumptions. the

differences observed in flgure 5.13 are caused by differences in the

1.2

0.ô

0.4

LO 2.0 x0

Figure 5.13 Transient free surface profiles for Singhfs strip recharge
problern : comparison of BIEM with Singh (1976).
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comPutatíonal methods only. At time Kt/n"b = 2, the BIEM model satlsfled

conservetion of maes to withfn 0.27". Singh does not stete the position of

Èhe distant right hand síde boundary which he used. The BIEM results st{11

agreed to three slgnificant fígures over the range of x/b ln figure 5.13

when the BIEM boundary was shffted from x/b = l0 to x/b = 100.

Therefore it is unlikely that Slnghrs model satisfies conservation of

mass and Stnghts estlmated error besed on the ratlo of storage change when

0 < */U ( 2.5 over the entÍre storage change from the BIEM free surface

proflle, ls 4%. Singh appeerr¡ to underestimate the maximum mound helght by

the same anount, with the error increasing as Èhe mound rLses (fígure

5.14).

1.2

0¿

0Å 0¿ t.2 1.6

Figure 5.L4 Maxímum groundwater mound height for Singhfs strip recharge
problem : comparison of BIEM with Singh (1976).

These three examples of the growth of a strlp recharge mound

illustrate that the BIEM model described in chapter 4 has advantages over

existlng models in accuracy and computational integrity.

l.ovtIB

ê
I 0.t

.u

o

?Ã0

e

f
b

K
n

BIEM

Singh (L976)

D/b = 4.0

w/K = 0.2
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5.3 Hydraulically Connected Stream Problems

5.3.1 Marlnors step change in stream stage

For a hydraulically connected stream the rat,e of flow between stream

and aquifer depends on the head ln the aquifer beneath the streambed.

Ueually the river ls assumed to be lined by a semipermeable blanket of flne

materlal which signiflcantly reduces the exchange flow. Analyt,lcal models

based on impermeable bed and semlpervious banks which fully penetrate

alluvtal aqulfers have been descrfbed by Marino (1973) and HaIl and Moench

Q972). However Sharp (L977 ) found the major alluvial aquifers of centrel

United States were only partially penetrated by their streams and that most

of the lnterchange of water takes place through the riverbed.

In order to test the BIEM model for a hydraulically connected stream

for which an analytlcal solution is available, the configuration shown fn

figure 5.15 wes chosen, notfng that this does not represent a good model

for real stream aqulfer interaction.

"seeded" irìitiat free surface (b)

f ree surface at tìme t

initiat
H

D h(xrt) sur fa ce
f ree
(a)

X

Figure 5.15 Geometry and boundary condiËÍons for aquífer response to a
step change Ín stage (from D to II) of a hydraulically
connected stream (after Marino, 1973).



Marino (1973) used the DF assumptions and wrote the diffusíon
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5 .11

5.L2

5.13

5.r4

5. t5

equatlon as

à22ã'-dx'
Làz
0ÐÈ

ì

where z=h2 -D2

c = KD/n"

subject to z(xrO) = Q

z(*rt) - 0

and z(Ort) = H2 - Dz for t > 0'

Hls solution for the lateral progresston of a rise

surface with time following e step change in head to H,

h2(x,t) = D2 + (H2-D2)erfc[x/ (+at)%l

in the free

is

In the problem tested (tt - 0)/D = 0.1 was chosen to give shallow free

surface slopes. Marlno (J967 ) found that results using the DF assumptions

agreed within 5% of. Hele-Shaw analog results for mounds havlng

(n-o)/D < 0.5.

The exchange flow, q between stream and aquifer ís obtalned by

differentlating equation 5.16 wÍth respect to x at x = 0 and using Darcyrs

law.

q (0, t) = *" * h(0, t) = K(H2-D2 ) (4rut)-" 5 'L7

Integratlng wlth respect to tÍme gives the bank storage

V(0, t) = K(H2-D2 ) (ra)-ht4 5 .18

at the stream

5.16

when faced

for a short

The inltial exchange

5.I7. This corresponds to

bank. Discrete numerical

with such dlscontinultles.

flow rate is infinlte according to equation

a vertical free surface slope

models are expected to produce errors

The BIEM model ls no excepÈion and

period inrmedlately following the step change in stream head, the free
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surface profile and the exchange flow rate deviate from the analytical

solut ion.

For the example problem illustrated Ín figure 5.15, the parameters

took the following values

H=11 m, D=I0m, K=10m/day, re=0.1

hence 0, = ¡¡/ne = I03 *2 I day

The results for two model runs are compared wfth the analytical

solutions for free surface proflle (flgure 5.16), exchange flow rate and

bank storage (figure 5.17).

For model test (a) the lnltial horfzontal free surface position was

used. Test (b) conslsted ofrrseedlngrrthe lnítial free surface Ín the

irnmediate vicinity of the stream with an approxlmation of the shape of the

analytical free surface at tlme t = 0.01 day. This removed the init.ial

dlscontinuity from the numerical problem, and was expected to yleld more

accurate solutlons.

Flgure 5.16 shows that seeding Èhe free surface brought the numerical

solution closer to the analytical solution for tlmes up to 0.5 day. Beyond

that time the differenceÉ¡ ln free surface elevatlons from the two tests

were less than 0.5"L of. the maxlmum elevatlon change. The error observed

at t = 100 days fs attríbuted to the curvature of the free surface over e

zone where node spacfngs ere large.

Initial exchange flowrates from the numerical models (figure 5.17)

are expected to be smaller than the analytical solutlons due to the

discontinuity prevlously discussed. The maximum flowrate for test (b) has

been truncated by the choice of the initial free surface posftlon.

Símílarly this llmlts the mlnimum bank storage value. Due to lower

exchange flow rates predícted by test (a) its bank storage trails behind

the analytícal value. After time t = 0.5 day both numerical Èests converge

to within O.5"L of. the analytícal values for exchange flow rate and bank

storage.
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The effect of free surface seeding is most apparent in examinlng the

mass balance error for the two tests. (figure 5.18). The initÍal

dÍscontinulty causes damped oscfllatlons of free surface node positlons

adjacent to the streambank for test (a). Very large percentage mess

balance errors result. The free surface tends to rise faster than would be

the normal hydraulic

q

predicted by examinlng

The mass balance errors

streambank.

for the seeded free subject Eo

perturbations and remain less than 0.57". In both tests the mass balance

errors become more negatlve es time exceeds 10 days. From flgure 5.16 the

curved free surface moves beyond I00 metres and node spacings become

larger. The mass balance check, which assumes the free surface Ls a serles

of stralght line segments connecting nodes, becomes a poorer approximation.

Secondly with Èime lncrements increasing logarithmically errors are



01I

^20

CI
rúT¡5

3lo

51

()
t-
(l,
o

o

ø
rn
rú

EO

BIEM (a)-u nseeded
f ree su rface

BIEM (b)-seeded
free surface

3 0
0

2
I 10- 10- 2. 10- 10 10

time (days )

E

Figure 5.18 Effect of free surface seeding on mass balance error for
step change in stream head problem.

expected to increase wit.h time. At t = 100 days the modulus of the mass

balance error ís less than 17" for both tests.

the use of logarlÈhmic node spacings and time íncrements is

particularly suitable for thls problem. Three time steps per log 10 cycle

were used starting from t = 10-6 day and reaching ¡ = 102 days. Each test

took 34 CP seconds executÍon time (unoptimízed) to run. Forty nodes were

used in each case, wíth the flrst node spacing being 0.1 metre and the most

distant nodes 5000 metres from the st.reambank.

Having examined the case of an instantaneous head change in the

stream (the unit step response) ttre next test is to apply the model to a

time varying stream head.

1
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5.3.2 Cooper and Rorabaugh's slnusoldal streem hydrograph.

In 1963 Cooper and Rorabaugh presented analyÈlcal solutions for

exchange flowraÈe and bank storage due to skewed and symmetrlc sinusoidal

stream hydrographs. They considered both flnite and seml-fnfinite

aqulfers. Refering back Èo ftgure 5.15 the head along the streambank ls

H(t) = D + rl(E) 5.19

where 5.20(1-cosr¡t)exp(-ôt); 0 < t < r
!,(t)

Nh
o

0 t>T

and ho i" the maxlmum rise 1n stream stâge

o is the frequency of the stream stag,e oscillation

T ls the períod of the stream stege oscillation

ô ls a constent determining the degree of syrimetry of the hydrograph

(synmetrlcwhenô=0)

N ls a norrnallzfng constant such that at the tlme of the wave crest

tþ(t )=h where t c ls the time of the flood crest.c o

hence

t = 2r/u
5.2r

6 = ocoË (ut"/Z)

]rJ = (exp(ôt")) /(L - cosrrlt")

Cooper and Rorabaugh linearlzed the Boussl-nesq equation Q.29) in a

dlfferent wey to Marino. The diffuslon equation (5.fI) still applies but

thls time

z = h - D 5.22

The aquifer dlffueivfty, o, defined in equatlon 5.13 is unchanged.

Note that Marinors equatlon arises by approxlmating the depth of flow at

the stream bank as (tt+O) 12 a¡d using equatÍon 3.30, whereas Cooper and

Rorabaughrs equation is deríved from equatlon 3.29 with the depth of flow

approximated by D. Boundary conditions 5.I4 are unchanged using the new

definitlon of z (equatlon 5.22). Equatlon 5.15 becomes
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z(o,t) = rf(t) 5.23

and the ri.ght hand slde ls defined in equatlon 5.20.

The long analytfcal expressions for the free surface profile,

exchange flow end bank storage ere given in Cooper and Rorabaugh (1963) and

are not repeated here.

The BIEM model was applied to serveral problems and compared with

plots of analytical solutlons for exchange flow rate and bank storage.

The example problems took the followlng paramet,er values:- 
\

ho = 1m, D = I0 m, K = I0 m/day, te = 0.1

hence o, = KD/n. = 103 *2 I day 5.24L

and transmÍssfvtty of the aquifer, T = K n = 102 m2 I day

t=lday

ô=0

=û)

N=0.5
rl2

=e

(symmetrlc case)

(asynrmetrlc case )

when6=0

whenô=o

t = 0.50 r

= 0.25 r
c

t
c

Substltuting theee perameter values into the dlmensionless paremeters

for exchange flow rate, q and bank storage, V (for one streambank only)

used as axes ln Cooper and Rorabaughrs flgures produced:

2q

æþffi = 2's23r3 * TNFLoI{ 5'2s

t
2Yu" 0.158533 * TDE 5.26ho (n.KD)ã

l'Ihere INFLO]J and lDE are calculated at each tfme step fn the modelrs mass

balance check algorlthm described in section 4.6. INFLOW ís the

lnstantaneous flux entering the aquifer at the end of each time step and

TDE is the storage change since t = 0.

Cooper and Rorabaugh used a dlminslonlees term, l- to take account of

aquifers having a flnite length, l between the streambank and an
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lmpermeable boundary such as a valley wall.

B = nto./ïL2 5.27

Substitutlng parameter values gives L = 62.67 m when E = 0.1

Larger values of E glve smaller aquifer lengths. For a semi-infinite

aquifer E = 0.

a

x

BIEM, ß = 0.1 (finite aquifer)
BIEM, E = 0 (lnfinire aquifer)
analytical, .ß- = 0.1

analytícal, E = O-

t0 z0

N

'3 
1.0

N

o
t-¡

0)

âv
É

ø(\¡

Ê¡lu
4ú

trlv
Hz
H

0

-1.0

Figure

tú30
Vr

5.19 Groundwater intake rate due to a symmetric sinusoidal flood
wave in a stream connected Ëo a fÍnite (ß = 0.f) and semi-
Ínfinite aquifer : comparison of BIEM with Cooper and
Rorabaugh (1963).

Flgure 5.I9 compares the exchange flow rate for a finiÈe G'= 0.1)

and a semi-tnfinite aqulfer excited by a symmetric (ô = 0) sinusoidal head

variation in the stream. The BIEM results gfve excellent agreement, with

the analytical solutions. In numerfcal and analytlcal results the effect

of the impermeable lateral boundary ls not apperent until time tlT = L.Z.
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Figure 5.20 Bank storage due Ëo a symmetríg sinusoidal flood wave in a
stïeam connected to a finíte (ß = 0. i) and semi-infinite
aqui-fer : comparÍson of BIEM wíth Cooper and Rorabaugh
( 1e63)

The bank storage graph (figure 5.20) dlstingulshes the aquifers more

clearly. The peak storage volume by BIEM is 17" hlgher than the analytical

value and this addltÍonal storaBe is reflected in the recesslon curves.

The largest deviatlon, 57. occurs at tl T = 1.5 for the seml-infinite

aquifer. The mass balance error throughout each run is confined to less

than 0.57".

An asymmetric sinusoidal stream stage variation more closely

represents a realistic flood hydrograph. A problem was tested usíng $ = o

\

o

x

I

-._-.r{,_

BIEM, E = 0.1

BIEM, ß- = O

analytical, Ê = 0.1

analytical, E = 0
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i.e. tc = 0.25T and compared with the symmetric hydrograph case for a

finite aquifer (E = O.t). The exchange flowrate and bank storage

variatlons are compared in figures 5.21 and 5.22 respectively. Exchange

flowrate results give excellent agreement wíth the analytlcal soluÈions.

Bank storage for the BIEM model ls again l% hlgher than the analytlcal

solution. Mass balance errors ere less than 0.57".

2,0

1.0

o

0 1.0 2.0 3.0

êv
q)

Ê

N

3
C\

d
ô¡

Þl
H
á
trìv
Hz
H

0

- 1.0

4.0
r/t

Groundwater intake rate due to syrunetric and asymmetrÍc
sinusoidal flood rraves in a stream connecÈed to a finite
(E'= 0.1) aquifer : comparÍson of BIEM with Cooper and
Rorabaugh (1963).

BIEM
anatytical
( Cooper & Rorabaugh )

O

6=t¡, Ã=0..|

a 1ô:0,,ð=0

Fígure 5.2L
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Figure 5.22 Bank storage due to sy-rmnetríc and asyrnmetrÍc sinusoÍdal-
flood rdaves in a stream connected to a finÍte (ß = 0.1)
aquifer : comparison of BIEM with Cooper and Rorabaugh
(1e63).

Exchange flowrates were expected to be marglnally hígher than the

analytical values which were determlned from

q(r) = -KD s co,r> 
5'28

Unlike the BIEM model this equatlon does not account for the

addítional height of the saturated streambank due to the flood weve. This

factor woutd be expected to.Lncrease the peak bank storage volume

marginally beyond the analytical value. Cooper and Rorabaugh plotted a

graph of bank storege normallzed against the peak value for a symmetríc

I

^
rÏ \
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\ \

\
\.

Stage hydrographs
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a
=

Ð

1.0
0
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flood wave and semi-lnflnite aquifer. Figure 5.23 shows the excellent

agreement of the BIEM solution wlth their results. Toddrs experimental

curve was constructed from 14 experiments in which ho and T were varied.

Cooper and Rorabaugh showed that the procedure used by Todd to aggregate

the experlmental data wae not strictly correct. Ilowever the agreement 1s

sufficíently close to endorse the analytical solution of Cooper and

Rorabaugh end also of the BIEM.

These tests on hydraulically connected stream-aquifer problems

confirm the accuracy, stablllty aád versatillty of the BIEM modet.

1.0

0.8

0.6

0.4

0.2

Bank storage as a fraction of peak bank storage due to a
symmetric sinusoidal flood wave in a stream connecÈed to a
semí-infinite aquifer : comparíson of BIEM wiËh Cooper and
Rorabaugh (1963) and experimental results of Todd (1955).
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5.4 Transition from Hydraulically Disconnected to Hydraulically Connected

Stream

Durlng sustalned flow fn an ephemeral stream the induced groundwater

rÍdge may ríse untll it lntersects the streambed. As this occurs the rate

of groundneter accretíon diminishes due to the reductlon in potential

gradient ecross the semlpervious streambed material. A review of the

llterature disclosed no reference to a study of thls phenomenon. The BIEM

model has been shown to simulate exchange flowrate, bank storage and

groundwater levels for hydraullcally disconnected streams and hydraulically

connected streams and ls now applfed to thís Èransition problem.

5.4.I Rectangular stream channel (Problem RECT)

The simple problem of e rectangular stream channel underlaln by a

semipervious blanket with constent stream head 1s investlgated. Figure

5.24 describes the problem. The initial free surface ís horizontal

v

ø'l-

hydraulic head aË base of
semípervious bed

impervious bank

free surface

semipervious bed
hydraulic i-mpedance,

h, ø, er------ .-..--. 
.

¿ firt'nb't*
---T

D

rI ,åïì.0= con¡rant

FÍgure 5.24 Transition from hydraulically disconnected to hydraulically
connected stream for a rectangular channel : problem RECT

geometry and boundary conditions.

(tr{) :Q
I¡O

ø,1_

I

:0
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and the aqulfer thlckness 1s glven by D. The rate of leakage of the

basemenÈ KfÐ is constant (outflow 1s negatlve).
\dnlr=g

Ttre aqulfer has sufficlent length that Èhe right hand boundary

(x = tr¡ has no effect on the seepage processes at the stream during the

perlod modelled. The left hand boundary (x = 0) 1s taken es a llne of

symmetry hence

The base of the

in the stream is h
s

ls denoted Ó", and unless

The head of the node where

syrnmetry is denoted

0(t) = l(o,t) until

the initlal free surface

(*) =0.
x=0
semipervlous blanket 1s at elevatlon y., and the head

In the flgures which follow the constant stream head

specifted otherwíse =0andh =0.
Y=0 c

intersects Èhe lfne of

0 . As thls node rises rrl.th the free surface,

layer is reached.

(.*J

the base of the semlpervious

Thereafter 0 ls the head at this elevation and the aqulfer tn this vlcinÍt.y

is semi-conflned.

The recharge rete, I{ is the rate of accretlon at a node on the free

surface due to seepage from the stream. Equations 4.39 and 4.40 deffne the

recharge rate ln relation to the position of the free surface and the

magnitude of the effective capillary drive, h". When h > y, the flux

through the streambed ls K # = f{n" - n) from equation 4.34.

In the followfng flgures, w, on the ordinate axis is taken to mean

the tntegral of exchange flowrate over the width of the streambed where the

exehange flowrate at a node ls glven by K# when h > y,o or by W when

naym

A number of cases were tested and the results for the head, O and the

groundwater accretion rate, w ere plotted wlth respect to time on

nondlmensionat graphs. Flgures 5.25a and 5.25b show the effect of stream

wldth on the process of hydraulfc connectÍon. As streambed width increases

wlth respect to aquffer thickness the duration of the transition process is

reduced. For wlde streambeds, b/D > 10, the transltion ls instantaneous

once the free surface reaches the base of the semipervious layer.
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Figure 5.25 (a) Problem RECT : Effect of stream widÈh, b on hydraulÍc
head, $ at the stream centreline.
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Figure 5.28 (a) Problem RECT : Effect of streambed hydraulic impedance,
B on hydraulic head, 0 at the stream centreline.
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The effect of the maximum suction head, h" below the streambed on

the s¿Ìme parameters is shown in f igures 5.26a and 5.26b for a síngle

streambed configuratlon with perameter values as specified in the flgure.

For higher suction heads the free surface rises more quickly due to higher

lnittal i.nf iltration rates.

An íncrease in stream stage, 0" results 1n higher hydraullc heads in

the aquifer and hlgher aquifer lntake retes (figures 5.27a and 5.27b). A

decrease in the streambed hydraulic impedance, B has a simllar effect.

(flgures 5.28a and 5.28b).

The leakage rete at the base of the aquffer mey have a signlficant

effect on the timing of the connectlon process and may prevent ít occurring

at all (see figures 5.29a and 5.29b).

These parameter sensitivity tests on a simple rectangular streambed

provide a fírst estimate of their lmportance in preventing or controlling

the timing of hydraullc connection. The BIEM model is subsequently applled

to a more reallstic streambed geometry.

5.4.2 Reservolr release lnto a trapezoidal channel (Problem TRAP).

A volume of water 1s to be released from a reservoir into a

trapezoidal ephemeral stream channel for the purpose of recharging the

underlylng aquifer. The channel surface has a semipervfous líning. The

questlon arises as to the effect on aquifer storage of the release rate

used to discharge the release volume. This problem is investígated uslng

the BIEM model.

Assumlng normal

and depth of

Q/'

Q*

a

flow, H*

Qn/wo8/3so

flow in a trapezoldal channel wlth bottom wídth, \
appltcation of Mannlngrs equation gives

L/2 = @+a2)5/3 6+2.82a¡-2/3 
5 '29

= dímenslonless dlscharge rate in open channel.

= dlscharge rate in open channel tl3 r-I]

= Manningrs n (a surface roughness parameter) [],

where

n -L l3 T]
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So = bed sloPe of the channel

a = H't/wb

This equatÍon applles only for bankslopes of 45o.

D|llon (1981b) used thls equation to relate steady stete seepege rates to

streamfloÍr rates for a number of simple hypothetical models of streem-

aquifer interactlon (Appendix C.2). Setting the release volume fn

dlmensionless form to be

Q*1:t = lQ

where T* 1s the dfmenslonless form of the release duratfon T

'r* = 'rK/n.L 5.30

and ln this example the characteristic length, L is chosen to be I metre.

The geometry and boundary conditions of problem TRAP are shown ín figure

5 .30.

semipervious layer, B/D = 2

free surface at time, t
Hw 50

l-- _J - 
inj-tíal free surface

L I/D¡ 500 
:0

Yt=1'5
D:1

($ì.0= o

vt

I

=lu6
z

ø1

t Ë!)r,o =o

Fígure 5.30 Transition from hydraulically disconnected
connected stream for a trapezoÍ_dal channel
geometry and boundary conditions.

Ëo hydraulically
: problem TRAP

Figure 5.31 shows the variatlon

each release pattern. Increasing the

intake rate and the return flow rate

in exchange flowrate with

streamflow rate lncreases

time for

Èhe aqulfer

---

during recession. The consequent
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bank storage

bank storages

variations are shown in figure 5.32 and maximum and flnal

are recorded Ín Table 5.2.

Table 5.2

Problem TRAP : Release pollcles and their effect on aquifer {ttorâge.

Pattern

RP3

RP4

RP5

RP6

RP7

RP8

0.02

0.05

0.10

0.20

0.50

1.00

.L92

.331

.l+98

.740

L.223

1. 753

e

.0960

.L657

.2488

.3 700

. ó113

.8767

L9.52

14. 50

L2.L9

10.59

9.29

8.86

19. I4

13 .91

13.35

9.49

7 .85

7 .27

H
w

*
a

*
T TLTS (rnax ) TLrs (f rnal )

s00

200

100

50

20

l0

As expected the longer flow durations result, in substantially higher

peak and ftnal storeges. The storage loss due to return flow ls larger for

the hfgher flow rates. Thls is due to the high heads induced adjacent the

stream and the narrower spreâd of the groundwater mound for the shorÈer

duration flows. Ftgure 5.33 shows the relationship between peak and flnal

bank storage and t,he duration of the release dfscharge. Also plotted in

Èhis figure fs the ratlo of peak bank storage to the product of stream

depth and the squere root of the duratlon of discharge. Cooper and

Rorabaugh showed for Èhelr problem of a slnusoidal flood wave in a

hydraulically connected stream that this ratio was constent. Although

there are a large number of differences between Cooper and Rorabaugh's

problem and problem TRAP, ít is epparent that where hydraulic connection

occurs durlng a release the efficiency of recharge at lower release rates

ís hígher than that which would be predicted by consíderíng the stream as

belng hydraulically connected only.
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Peak and flnal bank storages are elso plotted against nondímensionel

release rate uslng log-1og scales (figure 5.34) and the best fit

relationship for peak bank storage, Vr"* found to be

5.3rv_-__ = 8.2 ( Q* ) -0'2
max

In order to contain computer executlon tlmes, which averaged 90 CP

seconds per release pattern (52 tlme steps), and to maintain solution

eccurecy, tfme increment values were changed during executlon. SmaIl time

steps were required during boundary condition change-over at hydraullc

connection and on the formatton of the seepâge face and disconnection

durlng recession. A pattern of logarlthmic and constant time stePs rrere

used to produce approximat,ely equal mass balance errors at each time step

giving a maximum overell error of. 2"L.

The hydraulic head variation in the free surface/st,reambed/seepage

face nodes during their boundary condition transitions is represented by

some potentiometrlc surface profiles for release pattern RP8. (See flgure

5.35). A rapid rlse in hydraullc head occurs once the free surface reaches

the semipervious layer. That is the aquífer becomes semi-confined in this

vicinlty. The model neglects changes in elastic storage, whlch are

neglibible compared with storage changes due to free surface movements.

The seepage face condition is approxlmaÈed crudely as the heed profile is

expected to be t,ângent. to Èhe stream bank.

Return flow would normally result in an exponential decline ln streem

stage wlth time, rather than the step change used in this problem. Hence

the boundary condition is more severe than would be encountered in reality.

The shape (or tlme constant) of the recession hydrograph depends on the

nature of the stream-aquifer Ínteractlon upstream of the section modelled

ln thls problem.
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5.4.2.1 Effect of streambed hydraulic impedance on bank storege

An lndÍcatÍon of the effect of the dimenslonless coefflclent of

streambed hydraulic impedance, B/D (= K 1 / KU O) on peak bank storage for

release pettern RP3 is shown in figure 5.36. If B/D < 0.1 the hydraullc

reslstance of the semi-pervious layer has negliglble effect and aqulfer

transmlssivity limlts aquÍfer lnÈake. For B/D < 10-3 very high lnltÍal

intakes rates occur and very small time steps are requlred to contaln mass

balance errors. Figure 5.36 shows a 37" reductton ln intake for ¡/n = 1O-3

with respect Èo B/D = 1O-2. This reductíon is due to these initial

errors. The case of no seml-permeable layer (B = 0) would result in

theoretically infinite inltial infiltration rates (tn common with Marinors

step change in sÈreem stage, section 5.3.1). Substituttng B/D = I0-2 for

such a case results in negllgible error, and avoids the necessity for very

small initial tlme steps.

Hydraulic connection occurred at time t < T for cases of B/D < 9.

For B/D ) 9 no hydraulic connectlon occurred hence the intake rate 0 < t< T

ís inversely proportlonal to B. For these cases the streambed behaves es a

strip recharge source. Flgure 5.36 shows the transfer of control of the

intake from Èhe aquifer transmisslvlty to the streambed blanket as Èhe

hydraullc resistance of the btankeÈ increases.

5 .4.2.2. Linearity

The advantage in approximating aqulfer response wíth Iinear models is

the simplicity of the mathematical solution compared with nonlinear models.

The literaÞ-ure contains many examples of lmpulse response (linear) models

relating stream stage to exchange flow. Among them are Venetis (1968 and

f970), Moench and Kísiel (1970), HalI and Moench Q972) and Moench, Sauer

and Jennings (f974).

Other modellers relled on linear assumptions for the streem-aquifer

interaction process, lforel-seytoux (1975), Besbes, Delhomme and de Marsily

(1978) and Flug, Abi-Ghanem and Duckstein (1980). These models have been
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used vríth fleld data but an examÍnation of linearity of the stream-aquifer

interactlon process has not been seen by the author. The BIEM model is

used agaín for the problem of reservolr releases lnto a trapezoidal

streambed Èo determÍne whether the superpositlon principle is appllcab1e.

The geometry ís as shown in figure 5.30. A plot of exchange flow rate with

respect to stream depth is shown in figure 5.37.

The inltial hydraulically dlsconnected recharge rate ls seen to be

nonlinear. An increase in stream depth results in proportionately higher

seepege retes through the semipervious layer and also fncreases Èhe wetted

perimeter of this layer. Upon hydraullc connectlon aquífer lntake rates

decline and as time progresses intake rates become more linear with respect

to stream st,age. The tÍmlng of hydraulic connection depends on t.he inÈake

rate history which ln turn depends on the stream hydrograph.

As a comparison a simllar review of linearity for a rectangular

streambed is given in flgure 5.38. In this case the effectlve intake area,

being constant, gives a recharge rate to the disconnected aquifer

proportional to the depth of flow in the stream. In other respects the

graphs take a similar form to those in the previous figure.

Flgures 5.37 and 5.38 rely on a uniform semipervious layer over the

streambed and on channel geometry and blanket properties being índependent

of tÍne and discharge rate. Uníform porouÍ¡ media are rarely encountered in

field studles and alluvial streams with their braided and lenticular

beddíng ere no exception. Reference has been made to scour due to high

discharge by several writers (see assumptlon 2.L.L.(4)). Hence it is

llkely that the blanket hydraulic impedance should be reduced at high flows

and posslbly a change in streambed geometry should also be allowed. The

number of pennutations of these changes ls large for any given channel and

only an elementary investigaÈion of these types of effects on model output

has been made. lwo runs with time-varying streambed hydraulic impedance

were performed and these are described ln secÈion 5.4.3.2.



l-26

1.0

Ë o.g
â

0.2

0.5 1.0 ,l.5

STREAM DEPTH (m)

Figure 5.37 Problem TRAP : Exchange floq rate related Ëo stream depth at
various times from the coÍtrnencement of st,reamflow.

0.6

0¿

lrl
t-
É.

Lrl
-
F

=

0
0

Y disconnected intake rate
af ter Bouwer ( 1969 ),
see Ditton (1981b) t t

v
2

./

-'-
50

*
c

:10

tä= time at which
hydrautic connection
occu rs

t=s

t*: 2o

*

f



127

0.4

í"
rl"

l¡¡
f-

É.

0.3

IlJg

É o,z

=

0.1

0
0.2 0.4

STREAM DEPTH { f, - v^)
0.6

Figure 5.38 Problem RECT : Exchange flow rate relaËed to stream depth at
various times from the commencement of streamflow.

(v; o) /o = 0.1

,Ë

h
c

tr=

1

I

lo -o

BlD

blD
t*<

,ã

tx = 2.5

: t ime at wh ich
hydrautic connection
occu rs



L2E

The results in fígures 5.37 and 5.38 show that the exehange flow rate

responds quite dlfferently to a change in stream stage dependlng on whether

or not the stream is hydraullcally connected to the underlytng aqulfer.

Secondly as tlme progresses for consÈant streem stage, the relatlonshtp

between stream head and intake rete becomes more llnear lf the stream and

aqulfer are hydraulically connected.

5.4.3 Flood xreve superlmposed on reservolr release.

The effect'of a flood rdeve on exchange flow rate and bank storage

during the course of a reservoir release is examlned using the BIEM model.

It shell be shown laÈer why thfs particular problem is of interest.

Releaae pollcy RP3 fs chosen and superimposed on asymmetrlc sinusoldel

stream hydrographs having crest heights of 1.0 and 1.5 uníts and perlods of

12 and 24 dimensionless tlme unlÈs. Flrstly a brief lnvestlgatfon of the

effect of the nagnitude and perlod of the superimposed flood neve on

exchange flowrates and bank storage ls presented ln flgures 5.39 and 5.40.

In each case the flood wave commenced at t* = 50. Bank storage ls shown to

be more senslÈive to the perlod of a flood wave than Èo its peak stage.

Flgure 5.39 ehows that the superimposed weve has a signiflcant effect on

exchange flow rates during its passage and for up to two perfods

af t.erwards.

5.4.3.1 System Memory.

The problem was extended by conslderíng the effect on bank storage of

the arrival tlme of the flood wave for arrival tlmes t* = 50 "nd t* = 230.

The difference in bank storage at the end of the reservoir release due to

the arrlval time of the flood wave reflects what Dooge (1973) calls Èhe

r\nemoryrr of the st,reem-equif er system. He def ines memory as the length of

tlme of the history of Èhe system and its input which affects Èhe response

of the system to an input et eny instant. Most literature describlng

groundwater models avoids conslderation of the memory of the system by

choosing the fnitial free surface to be horlzontal at the same elevaÈ1on



1.0

t29

g Curve Period Amplitude

FBo
FlrzH
f¡l
H
ú
Bo
Flh
t¡l
C)z
(J
X
trl

.6 C

G

F
A
B

0
1.0
1.5
1.5
1.5

I2
t2
24
24

0
100 200 ¿00 tr

5.39 Problem TRAP : Exchange flow rate TelaÈed to asymmetríc
sinusoidal flood hTaves of different amplitudes and periods
superimposed on release pattern RP3.

âs the stream head or at a depth below the streambed such that hydraulic

connection need not be considered. However the intial elevation may

determine the time at which hydraulic connectlon occurs. This process is

nonlinear as seen in figures 5.37 and 5.38. Hence the exchange flow rate

pettern and bank storage pattern are sensiÈive to the iniÈial free surface

elevatlon.

5.4.3.2 Time-varíance

Several model paremeters which may change with tlme are identified in

section 5.t+.2.2. A token ettempt was made to determine the likely ef fect

of varylng only the streambed hydraulic impedance. This was varied as a

function of stream stage. The value of B was decreased from 2 to 0.1 as

the streamstag,e increased from it,s iniÈial position to its peak (figure

5.4L, curve D). Thts had the effect of reduclng the blanket hydraulic

impedance until it was negligible. This corresponded to the stripping of

the semipervious blanket wÍthout changing streambed geometry during high

discharge. The cholce of the function relating B to stream

300
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stage was arbitrary:

B=B exp(-2(H -H )) 5'32
O - I¡7 $7O

where B^ = initial streambed hydraulic lmpedance = 2L
o

H--^ = stream depth during constant release RP3 = 0.192 L
rto

and L = length scale dimension.

For curve E the streambed hydraulic impedance remeins at the lowest

value (n = 9.1 L) reached at the peak of Èhe flood. This essr¡mes streambed

cloggfng fs a slow process compared wíth scour.

Bank storage changes for the time-variant and tlme-tnvariant cases

are shown in figure 5.41. The peak bank storages for these cases are glven

in table 5.3.

lab1e 5.3

Problem TRAP : Peak bank storage (at t* = 500) for varlous cases involving

release pattern RP3 and changing streambed hydraulic lmpedance.

curve peak bank storage peak/peak (e) comments

L9.52

20.56

20.69

20.5r

21 .50

I

RP3 only, B = 2

B=2

late flood, B=2

B= 2..0.I+2

B = 2 -¡ 0.1

I .01

1 .05

The t.emporary change ln impedance (curve D) Ís lndisÈlnguishable from

the tfme lnvariant case (curve A) at t* = 500. However the long term scour

case (curve E) results in a 5% increase in peak bank storage, which as

expected ls smaller than Èhe Il7. increase in bank storage due to a

reduction ín the constant value of 0/D from 2 to 0.1 for release pattern

RP3 only (from f.lgure 5.36). Fig,ure 5.36 also shows that bank storage is

c
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B

D

E
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most sensltive to streambed hydraulic irnpedance changes when B/D > 2 for

problem TRAP wtth release pattern RP3. Therefore although the effect of

varylng hydraulic impedance was small in the examples above Èhere may be

ceses where Èime varying sÈreambed condittons may not necessarily be

adequately modelled using time-invarlant Parameters.

5.5 Applicatíon to a Field Study

The ability of the model to simulate a range of theoretical problems

has been concluslvely demonstrated. The next step involves Èesting the

model agalnst field data to verlfy that the governing equat,ion and boundary

conditions are applfcable to real problems. Chapters 6, 7 and 8 describe a

full scele field study of the Little Para Rlver and lts interaction wlth

aquÍfers. Chapter 6 describes the study method and data acquisition and

processing. Chapter 7 is an account of a detalled study of seePage from an

artificial pond i.n the streambed. Chapter 8 describes the derivation of a

recharge release rule for the Little Para Reservoir using a simple

regression model.

In ChapÈer 9 data acquired in the Little Para study are used to

calibrate and validate the BIEI'I model at several crogs-sections on the

s tream.
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CHAPTER 6

LITTLE PARÂ RECIIARCE STUDY

6.f 3"tp*
The Little Para River is a small ephemeral streem located 20

kílometres north of Adelalde the capltal cfty of South Australla. (see

figure 6.1). The stream rises ln a 92 (tt)2 catchment In the Mount Lofty

Ranges and flows west for 16 km across the Northern Adelalde Plains to the

see. Its annual dlscharge has e meen of. 9.4 * 106 .3 (9400 ML) and a

coefficient qf variation (etandard deviatlon divtded by the mean) of 0.66.

Dlscharge follows a marked seasonal pettern wlth on everage 85% occurlng in

the five ¡rinter months June to October. On Èhe plains the stream is often

dry durlng summer months.

In 1977 the state government completed constructlon of the Little

Para Dam located on the stream wlthln Èhe Mount Lofty Ranges. The

reservolr augmented the metropolftan water supply headworks storege

capacity by lE * 106 rn3 (1S0OO l,fl.). Its primary functíon 1s to store lvater

pumped from the Rlver Murray 80 km ertey. The dam reduces the effective

catchmenÈ aree to 10(km)2 at the point where the rlver emerges onto the

coastal plaín. The rLver is a known recharge source for âquifers

underlying the plain, whlch provlde irrigation weÈer for market gardens.

The Parliamentary Standing Committee on PubIic l.Iorks required that

the dam should have no adverse affect on aquifer recharge by providing

appropriate recharge releases -

The Engineertng and Water Supply Department of South Australia, (nWS)

and the Civll Engfneerlng Department of the University of Adelaide

initiated a joint study fn 1978 wlth the following obJectives-

(I) to estinate the recharge due to flow in the Little Para RÍver prior to



340

Little Para
sËudy area

ADELAIDE

1400 E1380E

350

.ti.:i,

-<.r
ranges

original drainage

gauging sEation

built up areas

main roads

Hundred boundaries

original sett lements

present sett lements

L34

o

o

km

R l/

AW I
,?

7

G
o
È

PORT
D

,l '.'\','.
i..' -L,

I
Mont
v¡ilaTe

V IRG IN IA

MU ARlr¡r:NO

LE VALE

O Penf ield

recharge

âïêâ :

udy

P

St LiËtle Par
Reservoir

j(.

Figure 6.I Location of Little Para River and recharge study area.



135

constructlon of the dam.

Q) to recommend a recharge releases rule for the reservolr to ensure that

the dam does not reduce aqulfer recharge from the streambed.

(3) to essesa the feasibility of conjunctlve menegement of the LitÈle Para

Dam and aqulfers recharged by the streem.

The author had responsibtllty for the technical overstght of the

study, from planning the field investígation, through three and a half

yeers of day to day activity in data collectlon and processlng, to report

wrltíng and submitting detailed recommendatlons on reservoír operation.

6.2 Study Èlethod

The rnethod used was

the reservoir and observe

to release vreter at var{ous uniform retes from

the discharge rate at a number of gauging

losses to water table elevation 1nstations and relate dlscharge

piezometers adJacent the stream. A feature of the Little Para River

downstream of the dam is the abillty to regulate flow and to limlt it to

the sensitlve range of the discharge measurement structures.

The study was conducted ln three stages. Firstly dfscharge and

groundwater levels were recorded usÍng existing observaÈion bores and

minlmal gauging sÈation works. A revíew of these results led to the

construction of a neLwork of observation bores and to the i.nstallatÍon of

several new gauging stations wlth contínuous water level recorders - A

second serfes of releases was intensively monltored. The thlrd stage usíng

the establlshed installations extended the period of monitoring with a

revised and less intense data acquisition Progremme. The stages of the

study occurred as follows-

Stage I FebruarY 1979 - MaY 1979

Stage II February 1980 - APril 1981

Stage III July 1981 - June 1982

Almost 6 * 106m3 (6000 ML) were released over a períod of three and

a half years. The reservoir release schedule is gfven ín Table 6.1. The
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(nr,¡DaÈe
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0
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0
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work was reported in full at the end of each stage by the Civll

Englneering DepartmenÈ of the Unlversíty to the Engineering and I'later

Supply Deparrmenr (Dillon 1979, 1981a, 1983a). An outllne of field

installations, data acquisition and data processing follows but ffrst a

brief descrlptlon of the hydrogeology of the area is províded as this had a

major bearlng on Èhe number and location of observatfon bores (collectlvely

the most expensive field installations).

6.3 Hydrogeology of Little Para Reglon

A number of studies of the hydrogeology of the Northern Adelaíde

plalns have been reported, Mlles (1952), Shepherd (1966 and 1975), Boucaut

Q977) and Linke and Eberhard (198I). They reveal that the Little Para

Ríver is perched on an alluvlal delta varylng in thlckness bet\reen 40 and

60 metres. Thls formation known as Hlndmarsh Clay was deposlted from

Plelstocene to Recent tlmes. Although consístíng mainly of clays it

contains beds of sands and gravels some of whlch provide suffícÍent !'teter

to irrigate market gardens. A geological section of Shepherd (figure 6.2)

(located in figure 6.4) dtsplays these Quaternary aquifers, previously

described by Þfiles (1952 ).

I'River gravels and sands within the flood plains of the prlncipal

streams crossing the Adelaide Plains provide numeroua aquifers.

Individual beds of these gravels are seldom more than 3 or 4 feet

thick and are discontÍnuous and lenticular. They may be separated

from each other both laÈerally and verticelly by relatlvely

lmpermeable claYs.rr

Shepherd (1975) found up to Èhree Ehin sand layers up to 10 metres

thick 1n the vícinity of the Little Para River less than two kílometres

downstream of the Para Fault (the eastern margin of the plains). He

summized Èhat I'they were deposited duri.ng f luviatlle stages of the

pleistocene from flood flows ín the antecedent riverrr. Sand beds were atso

found elsewhere. They ldere poorly developed and contained higher
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proportlons of clay and silt when more than flve kilometres from sÈreams

and 1n the vrestern part of the plaln. Mlles obeerved a hydraulic

reletionship between the rivers and their Quaternary aqulfers.

"Shallow sand beds generally have a direct hydraulic

connexlon wlth these streems by both lateral and under-flow and

usually yield considerable supplles of goundwater. The yield and

Ìrater level of these aquifers are however, subject to seasonal

variation correspondlng to fluctuations ln flow of the streamsrr.

Underlying the Hindmarsh Clay are Èhe Carisbrooke Sands - a Plio-

Pleistocene transitlon from the predomfnantly maríne lertiary to the

non-marine Quaternary. These are silty sands reachlng a maximum thickness

of 50 metres on the eestern eide of the plains near the Little Para River.

They act as a conflned aquifer which appears to be hydraulfcally connected

to the thick underlylng martne sand and limestone beds of the Tertiary

aquifers. They receive leakage from the Hindmarsh Clay but there is no

evidence of any more direct connection with the Little Para River.

A map of the region showlng fsohalines for total dlssolved salts (by

electrical conductivity) of water ín Quaternery aquifers was drawn by I'liles

(LgsÐ, and revised in a report of the South Aust. Dept. of Mines (1968)

and by Llnke and Eberhard (f981). See figure 6.3. A plot of Chloride

concentrations was comptled from a comprehensíve data seE also by Linke and

Eberhard (not shown). Each map reveals a band of low salinity adjacent the

rlver positively identifylng ít as a recharge source. The maps indicate

the low salinity zone spreads south of the river in the eest of the plaln

and north of the rlver in the west.

6.4 Fteld Installations

6.t+.L Gauging statÍons

A total of fifteen stream gauging stations were used durlng the

study, six of which were equipped wÍth continuous vtater level recorders for

at least part of the study period. The recordlng statlons are situated at,
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sufflciently wíde spacings that the dífference ln discharge rate beÈween

station pafrs Is a slgnificant proportfon of the measured discherge rate.

The sites were chosen glving regard to natural controls in the

stresm, the river channel croas-section and Èhe permeabiltty of streambed

maÈerlals (to avoid underflow). The control at each recordÍng gauglng

statfon took the form of a sharp crested 90o or 1200 triangular weir.

The steel plate contaíning the notch wes supported by a concrete footíng

which was keyed lnto the bed and banks. A two metre wlde concrete aPron on

the downstream side prevented scour from underminlng the weir. Stevens FB

(8 aay recorders) were replaced by Stevens 471 (3 month recorders) as these

became avallable. A gaugeboard was lnstalled at each statÍon.

A 250mm diameter float inside a stllling well wes attached to a

punched stainless steel tape. The tape was suspended by a pulley and kept.

in tenslon by a counterwelght at its other end. Rise or fall of the floet

waa conveyed to the recorder by rotation of the pulley. Sprockets on Èhe

pulley engaged punched holes in the tape to prevent slipping.

Gaugings were performed by personnel from the Hydrographic Sectlon of

the Engineerlng and i.Iater Supply Department working under directíon of the

author. The ratings obtained for each station are shown in Table 6.2.

Intermediate gauging stations used elther low Crump weirs or natural

controls. The natural controls proved to be unstable as cen be seen from

the square of the correlation ccefficíent , (tZ) ín the table.

Daily discharge was calculated for recording gauging stations. The

statlstics of these records are displayed in Table 6.3.

6.4.2 Observation bores

During Stage I all available observation bores were monltored. Prior

to Stage II a major construct.ion prograrnme wes started and 53 observatfon

bores lncludtng 14 double piezometera \dere installed. Ten streambed

piezometers were sunk in 1980. A summary of the number of bores is glven

in Table 6.4.
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Table 6.2

TTLE PARA RIVER GAUGING STATION RATINGS

River km
from release

valve

Highest
Gauging
r3 /s

Type of Control t2

b
Range of R¿tfûg

(n)
EWS Gauging No. of
RegÍster Nos Gaugfngs

GS Nr..uber
LP Srudy

cS State
Àluober

q = a (H_IO00)
ab

3.95

5. 04

-0. 30

-0.05

1.09

2.49

2.593

2.098

2.375
4. 1r8

2.493

Notches in crest of
reservoir spillwaY

Sharp crest l20o
triangular t¡elr
Pipe culvert
Sharp crest 90o
triangular weir

Sharp crest 1200

triangular veir
Short crest 90o

triangular weir

crump V weir

Sharp crest l20o
triangular weír

Crrop V weir

Crump V weir

Natural control
Crr-mp V weir
Sharp crest 90o
trlangular weir

Crrnp V veir

Natural control

0504528

504532

s045 33

50450 3

-*

l*

2

3**

1. 855

1. 738

r.249
3. 040

2. 381

1. 669

5. 501

l.4.374

2.O54
8.409

39.t37

17. 513

2.r23

L2.936

1. 307
2.767

7.981
9. r39

0.393

r.297
2.669

0.970

0.998

0.998

0. 996

0. 995

0.995

0.990

0.991

0.999

0. 484

0.998

0.996

L-7

t-6

33-64

L-22

78-Ir9

H<1.16

H <1.32

H<1.60
1.6<t<2.41

Il<1.44

7

6

31
1

22

t2.55

0. 30

0.015

0.16

t.26

0.27

1. 58

o.23

0.23

0.58

r.45

0.23

5045 34 4

504504 5*

5045 35

5045 36

5045 37

5045 38

5045 39

504540

50445I

504542 I3

504543

504544

6

7*

6.00

1 .98

r-23
1-30

40
2

20

28
2

l3
15

I
t2

L2
2

7

5

7

10
2

256

2.604
4. 538

2.824

2.172
3 .909

3.278

2.927

3.440

2.73L

2.408
3.539

2.434
2.456

r.289

H<l . 54

L.54</' 4.72

H ¿.25
H sl.40

1.40<d<1.65

B<1.2r

H<1.23

H< r. 32

H<1 .51
1 . 51< ll<1 . 85

<Julv 1980) 
H

'.luty t98O)r'r,

I
9

10

11

t2"

8.76

9. s5

L0.26

1r. 70

12.67

1-14
1-15
1-8
l-12
r-14

I4
r5* Sharp crest 90o

14.90 1-12 0.947
0 .999

0. 785

o.977
t7 .22

18.95

L-7
1-12 2.

3.
394
464

H<l.5r
I . 5l <It<l . 8l 1. 31

triangular weir
* contlnuous record available during part

of study period.
** base station.

TOTAT
ts¡.
N)
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Table 6.3

STATISTICS OF RECORDS FROM RECORDING GAUGING STATIONS

The layout of the fity three observatíon bores is a compromise

between three competlng requirements. In the Little Para Recharge Study,

It was important to determine the fate of recharged weter, requirÍng

estimates of groundweter storage changes and regional groundwater flow

directions in the Quaternary aquifers. A grld layout with wlde and regular

bore spacings ls the most cost-effective pattern to meet this information

requÍrement. Secondly, to define the naÈure of stream-aquifer interactlon

a concentration of bores in the vicinlty of the river is requlred. For

instance Johnston et al 0972) ¿ritlea lines of bores perpendicular to a

stream to determlne the groundwater gradient adjacent to the stream and lts

affect on exchange flow reÈes. Thirdly the effect of heterogeneity of the

porous medium, which was expected to be most significant on the basis of

prevíous hydrogeologlcal studíes, f,ey be determlned by clusterlng together

S tn. Dígítized
poínts

Mean no. points No.
valíd days

% valid days
from starÈ
of recordvalld day

1

3

5

7

3 676

17 383

19 031

6 L64

l_0 615

t1 301

5.34

L3.62

L6.L6

6.Bs

13. 39

L4.LL

688

I276

1l_78

900

793

801

56.44

99.92

96.48

73.7L

97.30

92.82

L2

15



Table 6.4

TYPES OF FTELD OBSERVATION SÎATIONS

Stream Discharge Stations

Stage I Stage II Stage IIl

Recording GSrs
Non rec, GS I s
Natural controls

3 (1,3,5)
3 (2,4,7)

6
6
2

(1 ,3r5
(4,6

7 ,r2,L5)
8 r 9,11, 13)

5
5

(3
(4

5,7,12, 15)
6,9,11,13)

( 10 I4

Observation Bores

Srage I
Shallor¡ Deep

Stages II and IfI

Shallor¡ Deep

Existing Ì11nes Dept Obs Bores
Prlvate Bores or Wells
New Bores 1979 Series
New Bores 1980 Series
River Bed PfezomeÈers Sept 80

T2
I
3+3

1I L2
14
tl+5

'k53+r4**10

11

TOTAL I6+3 I1 100+19 II

* 3 have been continuously dry
** 4 have been continuously dr¡'
It+5 lndicates 5 of the ll sltes have double piezometers
Bores less than 60 netres deep are regarded as shallow.

Pr5
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a number of bores et severel locations. Multiple pLezometers may be used

to determíne the vertíca1 hydraulic continuity of the medium.

The approach used in the Little Para Recharge Study ls a comblnatlon

of the above (figure 6.4). Each píezometer was installed with a cable tool

rig by Department of Mines and Energy drillers. If more than one distinct

rveter bearing layer tn more pervlous mat.erlal Ítes encountered a dual

completion in each "aquiferrr zone was made using gravel packlng around

sloÈted PVC caslngs and pressure cementing between packings and up to the

surface. In the cese of síngle completfons the drlller used slotted casfng

at the elevation of the most pervious zone below the wåter table. Logs of

the fifty three holes were recorded by personnel from the Soils and

Foundations Sectlon , EI.JS ( South Aust, 1980 ) .

The dlfference ln water elevation between dual plezometers wes small

in all ceses. Vertical hydraulic gradlents so obtained were significantly

less than horizontal hydraullc gradients. I.later quality vartations between

samples taken from dual piezometers were minor. Where bores were clustered

together they gave water elevatlons which were entirely consistent with the

predicted values for those locations based on nater elevatlons ln adjecent

bores.

The conclusion is drawn that in all observed cases the heterogenelty

of the aquífer both horizontally and vertlcally has an insignificant effect

on the representativity of water levels in observation bores. That is the

sand beds, although they may be discontlnuous and lentlcular, are

hydraulically connected and the free surface positíon at eny polnt on a map

of the study eree mey be rellably determined by interpolation from adjacent

bores. A contour map of the free surface on 31st March 1980 is shown in

flgure 6.4 as an example.

Streambed piezometers were hand-augered by Mr. A. Zeluk (laboratory

technician) and the author to three metres or to the maxlmum depth

achievable lf gravels were encountered below the water table. Each



7

a

a
a

a

oo
Oa

3O24 o

49tL p-

a
a

a

a

a

ô
aa

a
a

/aa

a

5163 d

5191

a

aa

a

N

boundary of
study area

0

¡ lr0

phreaÈic surface
contour (rnetres AHD)

gauging station
observation bore

geological cross-
section

020 1

km
15

20

{

--o--

0 Figure 6.4 Little Para recharge study area showing
location of Quaternary aquífer observation
bores, contour map of the phreatic surface
ot 3I/3/80 and the position of Èhe
geological section (figure 6.2). tsr

o\

a

a



Lt+7

consisted of PVC casíng, slot,ted over e 300 mm ínterval and was completed

with gravel packing and cement grouting from the response interval to the

surface. These piezometers showed whether hydraulic connection of the

stream to the underlytng aqulfer occurred. The casings extended upwards

beyond the expected range of stream stage and were sealed with replaceable

PVC caps.

6.4.3 Reservolr release valve

At the start of the joint study the Engineerlng and l.Iater Supply

Department constructed a reservolr release valve chamber and river outlet

structure. These were located 200 metres downstream of the dam. The

release maln ls a dlversion from the prlncipal reservoir outlet main so

water quallty was of a hÍgh standard, as the elevation range of reservoir

Ireter of f take could be selected. The release main blf urr.ates and PasÍ¡es

through two valves before discharging fnto a vertical concrete outleÈ pfpe

near the streambed. The weter surges over a small blanket of rlp-rap and

thereafter follows the natural course of the stream. The use of two valves

enables e rang,e of discharge rates to be set up to a maximum of 0.3 *3"-I.

An orifice meter meesures díecharge rate and this is recorded on a Kent

7 d.ay clrcular chart recorder and lntegrat.ed by a clock and cam arrangement

to give a digital counter dlsplay of accumulated discharge.

6.4.4 Mlscellaneous works

I.Iater level recorders nere mounted on six bores. For five of these

the recorders were contalned in a concrete box sunk into the ground at Èhe

bore head. The other was located in a frame welded in a 200 litre drum

with a steel lid whtch could be locked down. The drum was secured t.o the

bore casing with a U-bracket and to stakes driven into the ground through

eyelets. Although much of the study area is suburban and vandalism was

antlcipated no equipment in these enclosures vtas lost or damaged.

(previously the weir at gaugíng station 5 had been demolished by vandals

and had to be reconstructed for this study. )



148

A concrete well cover was designed by the author and constructed and

lnstalled with Èhe help of laboratory staff on a disused well adjacent the

river. The land owner permlÈted the well to be used for groundwater level

observaÈlons on the condiÈfon that the

conditfon. A streambed test pond was

lnstallation 1s described ln Chapter 7

6.5 Data AcqulsiÈ1on

well head wes restored to a safe

constructed 1n February 1982 and this

A field study of the magnitude and duration of the Little Para

Recharge Study demanded conslderable human resources. The authorrs role

was to decide on the data collectlon programme and request personnel or

funds from the Englneerlng and Water Supply Department to enact it. This

involved making out a cese to support these requests and negotiating with

EWS on the prloritles for data when considerlng financial constralnts.

Every request for personnel and equipment in the Joint study proposal

(Otllon, 1978) and the first and second stage progress rePorts (Dillon,

1979 and 198Ia) was granted. However a change of government and policy

caused some delay in lmplementing stage three, which was intended to be

continuous w1Èh ståge two.

An example of the assistance sought for project operetion and data

acquisitlon is a llst condensed from the flrst stage Progress rePort: EWS

internal supervlsor, technical essistant (read gaugeboards, observation

bores, groundwater consumption), hydrographers (stream gauging and gauging

statlon maintenance), key- to- disk operator (transfer fÍeld data to

computer flles), progrenmer (to update and control data files), reservoir

keeper (to change valve settings on the release valve), water chemist (to

perform chemical analysis on water sarnples ), soils laboratory technicians

(to perform streambed infirtrometer tests), drllling crew (observatlon bore

construction and clearing blocked bores ), hydrogeologist (for supervision

of drilling, bore logglng and sampllng) and construction personnel (gauging

station construction).
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Considerable energy wes spent tn ensuring that each of these people

understood their speclfic task and the value of the informatlon they would

provide. The need for accurete observaÈions ltar¡ stressed. For example the

technlcal assistants \dere issued with binoculars for taking gaugeboard

readings, and the author collected and recalibrated the cables they used

for groundweter Ievel observations.

6.5.I Types of data

Data are classlfíed in two functlonal grouPs: those kept on computer

files and those not. Models such ês the BIEM streem-aquifer lnteraction

model and the regression model (dlscussed ln Chapter 8) are calibrated

using data residing on computer files. However the formulatlon of those

models depends largely on informatlon whlch is unnecessery or inconvenient

to store on the comPuter. Thls seÈ may be further classified lnto

quantitatlve data and information (qualitative data).

Maps such as those <lefinlng land use or catchment areas and

stratígrephic bore logs are examples of the latter. Quantitative data

acquired and not saved on computer flles consist of chemical analyses of

sÈream and hore water samples, streem gauging data and streambed

infiltrometer test results.

Data stored on computer files was derived from a nr,unber of sources.

The Bureau of Meteorology provided daily A class Pan evaPoration, rainfall,

mlnimum and maxlmum temperetures and 9am atmospheric pressure readings -

These were hand copÍed onto standard coding sheets whlch were treated as

described in section 6.5.2. Observatlons of release rate and integrated

discharge were recorded by reservolr keepers. Stream stege readings at

nonrecording gauging stations, bore water level observations and weter

consumption readings at lrrígation bores were coded onto standard sheets ín

the fleld by technical assistants or the author. Results from surveys of

streambed cross-sêctions and deciles of particle size analyses of streambed

soil samples were also hand coded. Data from recordlng gauging stations
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and bores also found their way onto computer files by the Process described

ln sectlons 6.5.3 or 6.5.4.

6.5.2 Manual data retrieval

A schedule of station observations \rras drawn up at each sÈage of the

study. Engineering and l.Iater Supply Department personnel carrled out these

observations under directlon of and supplemented by the author during

perlods of rapid changes in groundwater levels and for occesional check

readlngs. The data was coded in the field onto standard coding sheets

designed by the author. EWS personnel collated these and perlodically

keyed the data lnto disk storage on the South Australian Public Servlce

Cyber computer and later copled it onto magnetic Èape-

After each stage of Èhe sÈudy was completed the tape was updated and

brought to the llnlversity of Adelaide. There iÈ was copíed onto disk and

backup tape on the Uníversítyrs computer, also a Cyber. This procedure

mínimized staff ttme and made best use of existing terminal faclllties.

The method had the drawback that any systemaÈic data monitoring errors did

not become evldenÈ to the author until the end of each stage. Instructions

were issued to personnel handling data to report to the author any strange

observations or dífficulties. This circumvented nr¡merous problems but not

atl of them. The most glarlng one was occasional observation bores being

overlooked for prolonged periods.

6.5.3 Chart recorder data reÈrieval

1 Three types of recorders were used duríng the course of the study.

Initially six surplus Stevens F-type recorders were Purchased from EWS for

use on key bores and gauging stations. Eventually these were phased out

from gauging stations as Stevens 471 recorders became available. The

F-type recorders were Iater replaced at observation bores as the University

of Adelaide digltal recorders became avaílable.

The F-type charts were hand dígitized by part-time assistants and the

author at the university and coded onto the fteld sheets referred to
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previously. These were treated ln the s¿rme vtay as manually retrieved data

except thaÈ on installation on the Universityrs computer the data was

plotted on a CALCOMP plotter to the scale of the original charts (using

Program BPL, see also sectlon 6.6.1 and Appendix D) and the two were

overlayed and compared on a light table. Editíng correctlons were made to

the appropriate computer f11e thereby elÍminatlng errors from the

dlgitlzing and the key-to-disk operations.

The 471 charts were dlgitized by EHS personnel uslng a digÍtlzing

table and pen coupled to a computer. They also plotted the output flle and

compared iÈ with the orlgínal chart Èo ensure correct dlgftlzing. Normally

more digitized points per day were created from 471 charts than from FB

charts and this is reflected in Table 6.3. The digitized 471 data files

were added to the tape transferred to the University.

6.5.1+ Digf tal recorder data retríeva1

Ear1y in the study the problems essociated with the use of Stevens F8

recorders for observatlon bore monitoring became obvl-ous. Weekly site

vislts, the length of tlme spent digiÈizing and checking bore records, the

consideraUte fftction evldent in those records and the frequent incldence

of recorder failure suggested that an alternative recordíng method should

be found. A survey of commerclally available recorders revealed some

suitable dlgftal recorders but these were beyond our budget. After

consulting Mr. S. tJoithe, an lnstrumentatlon technicían with the Civi!

Engineering Department, work began on the desígn of a digítal recording

system, consisting ot ^ Çp,"tion-f ree ldat,er level transducer, a solíd-

state digital recorder and a fteld reader / computer interface unit.

Although taklng longer than anticipaÈed the resulting operating system geve

most satisfactory performance. At the time of publication it was the

subject of an Australian Provlslonal Patent (no. PF 3149) and under

commercial developmenÈ by Southern Cross Instruments Pty. Ltd-' Elwood,

Victoria. A brief description of the system developed for this study
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eppears in Appendix C.5.

Digltal recorder data was collected by the author. A digital

recorder field data sheet (Appendix C.5, flg.3) was used to register field

data at. the times of installing and removing each solid state memory- See

plate 6.1. The memory contents were conveyed through the reader unit into

the Ctvil Engineering Departmentrs PDP computer. A programrne was vrrltten

by Þir. R. Flint (post-graduaÈe student) to allow the real times and data

values recorded on the field data sheet Èo be entered at a terrnlnal and

thereby edit the memory contents. Error checks were performed

automatlcally durfng thls process. The resulting flles vtere transmitted to

the Cyber for storage and data plotting and processing'

6.5.5 l.Iater quality data collectÍon

Stream \reter samples were taken et geuglng stations end analysed at

the State Water Laboratorles at Bolivar. A baeic analysis of conductfvity'

total dissolved salts, pH, suspended sediments and turbidtty was performed

on most samples. On occasions thls was exÈended to include determination

of rnajor anlons and cations.

Groundwater samples \dere taken at irrigation bores by market

gardeners. The author, accompanied by an ltalian interpreter (t"tr- P.

DeMarla) tra¿ prevlously vislted gardeners to inform them of the study and

ask permlssl-on to monitor bore consumption. In addttion the author

collected each sample and returned a copy of the results of the chemical

analysis Èo the market gardener.

A double afr hose method of collecting plezometer water samples was

tested by Mr. D. Cltfton (S.¡. Dept. Mines and Energy) and the author'

Small discharge rates, constratned by small submergence depths, coupled

with the undesirable aspect of air mixing wlth the sampled water ruled out

this technique. An unpublished report was provided to the DepartmenÈ of

Èlines and Energy (Dillon, 1980). Subsequently a small díameter positive

displacement pneumatic sampllng pump was purchased jointly with the S.A.
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Plate 6 -3

Fluoroscein dYe used as a Ëracer in
the Little Para River downstream of

station 7 '

Plate 6.2

Trial test of single ring infilt-
rometer in the LitËle Para River

streambed.

Plate 6 'l
Digital recorder rePlaces a chart
recorder (at left) aE a píezometer'
Mr. S. l^loithe inserting the solid

state memory'
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Dept. of Mines and Energy and the author found lt gave a saÈisfactory

discharge rate which succeeded 1n draining bore casings quickly in a one

man operetion. It also allowed only minimal míxing, of alr with the water

sample.

A¡ each plezometer the volume of water in the casing was calculated

and when twice thts volume had been ¡¡ithdrawn a sample was taken.

Conductivity measurements were taken during pumping for several bores using

a portable meter. In each case Èhe conductivity changed quickly durfng the

first half caeing volume and settled to a steedy value by one and a half

casing volumes. During pumplng, weter levels were recorded. l,later samples

were tested for conductivity, pH and major anions and cations at the Stete

Water Laboratorles. Results were forwarded on typed sheets via the EI'IS

lnternal supervisor to the author.

6.5.6 Streambed infiltration tests

Single ríng constant head infiltrometers were used to estfmate

infiltration rates. Initlal down hole tests wlth 90 mm dlameter holes gave

excessive infíltratlon rates due to nonuniform flow patterns at the base of

holes and dlsturbance of the soil when hand augering. Thereafter sections

of a 200 litre drum, 460 nun diameter were placed on the streambed surface

(plate 6.2) and soll was removed to a depth of 50 mm in a 400 rrn wide

annulus eround each ring. A 5 rrn thick layer of bentonite was spread over

the cut surface and the Èopsoll replaced, compacted and dampened. Thts

provided an impermeable skirt to prevent water leaking from the

Ínfiltrometer to the surface. In four tests this surface seal failed and

results were discarded. Twenty f ive t.ests wiÈhout seal failures ';ere

completed at fifteen sites. In all cases the ponded water depth was 300 nrm

corresponding Èo the average depth of water in the river during releases.

Infiltratlon rates varied from 0.05 m/day to 6.5 m/day. Tests at Èhe

same site, separated by less than three metres revealed variation of the

same order as the mean value of infiltration. No trend ín infiltration
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rates with rÍver

Tests using

the streem on Èhe

dístance from the release valve was

the rate of

cessatlon of

decllne of water level

observed.

in natural pools in

flow gave infiltratLon raÈes whlch were

significantly lower then thoee from Ínflltrometer tests. Thls is due to

the reduced proportion of horizontal flow, which is related Èo the raÈio of

wetted perimeter to surface eree. Secondly pools may be expected to have

lower infiltratlon rat,es than other parÈs of the streambed due to

deposition of silts and clays during ponding, although thís was found to be

inslgnificanÈ for the arttficial streambed pond experiment described in

Chapter 7.

6.5.7 Cross-eections and particle size analyses

Streambed cross-sectlons were surveyed at 47 locations, 25 of these

under close dírection of the author. At the latter sites flow

cross-sections were meesured and plotted for different reservolr release

rates. Stream width, wetted perlmeter, wetted cros¡s-section area and

elevatfon of the water surface were deríved from the plots by the author

and this data was keyed lnto a disk file on the Universityrs Cyber

compuÈer.

Particle size analysls was performed by Mr. A Zeluk and the author on

43 samples of streambed materlal. Grain sizes at declle intervals for each

sample !'tere elso keyed lnto f ile storage.

6.5.8 Streamflow observations

I'{anqal monltoring of gauging statlon $¡ater levels was performed

followlng some step changes ln release rates. Hydrograph data were

recorded on field data sheets and subsequently keyed lnto computer files.

As infiltration is slow with respect to the mean velocity of flow,

the residence time of water ln a reach has an effect on the proportlon of

dlscharge which ls infiltrated. Observation of the arrival time of a

response to en upstream step discharge change is not a valid índication of

resldence time (or mean velocity). A mean velocity may be determined by
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dividing the discherge raÈe by the mean wetÈed cross-section area of a

reach, whích may be estfmated from a series of randomly located

cross-sections.

Alternat,lvely a readlly detectable Èracer such as sodium chloride or

a dye may be added to the flow at e knovrn concentratlon aÈ Èhe upstream end

of a reach. A graph of electrical conductlvlty or fluorescence at a

particular frequency, respectively, for the downstreâm end of the reach

provides a meesure of the mean velocfty of flow. Two undergraduate

englneeríng students, Mr. M. Elford and Mr. T Potter, undertook such a

study on e reach of the Llttle Para River under the direction of the author

in 1979. Fluorosceln dye was released into the stream at a constent rate

and known concentration at gauglng station 7 (plate 6.3) with the alm of

measurlng seepage retes ln the reach downstream. At varlous downstream

points water samples were taken at regular intervals. These were analysed

wÍth a f luorimeter at the State l,Jater Laboratories by Mr. l.J. Ranford.

Fluorescence \,ras calibrated against fluoroscein concentration ín solutlons

of Little Para River water. Ilence e mess concentration hydrograph could be

developed at a downstream sampling poínt.. The method proved to be

unreliable for seepage rate calculations due to absorption losses and

insufflclent duration of lnjection cornpared with the travel time to the

first sampling point. However mean travel t.ime could be determined as

described in section 6.6.6.

6.6 Data Processing

In this section reference is made to a number of FORTRAN-4 computer

programs written by the author. Each program is briefly documented in

Appendix D and lts llsting is given on a rnicrofische in the envelope lnside

the back cover of this thesis.
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6.6.1 Piezometer water elevations

The ftrst operation performed on the Unlversityrs computer ldas to

screen the data for spurious values. Thís process has been described for

the data retríeved from recorders. Manual bore water level readings were

adjusted usÍng a two stage error decaction process. (Program BPL). Firstly

each reading was compared with the value linearly interpolated from the

preceeding and subsequent readlngs at that bore. If the difference

exceeded a specified threshold the estimate for the number of points ín

error increased by one. Thls estimate was used as the seed value in the

IMSL routine for cubic spline data smoothlng by error detectlon. A list of

the points suspected to be ln error was produced. These were inspected

along with streamflow records, meteorological records and records of

adjacent bores for that period and the data was either deleted, corrected

or left unchanged.

Data to be corrected were usually obvious due to either a misread

measuring tape marker (spaced at 2 metre intervals) or an incorrect bore

identif lcatlon or date. l,Jhere a rise in bore water level occurred which

could not be aÈtributed to streamflow or rainfall penetratlon, nor an error

ín the preceding readings that item of data was deleted from the file.

I.lhere a fa1l occurred it was compared with the historfcal hydrograph for

that bore. Falls too rapid to be attributed to groundwater mound

disslpatlon, and preceded by data in sympathy wlth recharge' I{ere deleted

from the file.

The last operaÈion removed readings affected by short Èerm drawdown

from nearby consumption bores. Thls rrvalidrt data was rejected on the

grounds that each bore was to represent regional groundwater conditíons not

site-specific conditions adjacent to local pumping. If consumption from a

bore caused a reglonal decline in groundwater levels this would be

reflected in the readings from the nearby observation bore after the

transient drawdown had abated.
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Once all groundwater levels had been edited they were corrected to a

common datum, Australian Height Datum (lttO), by subtractíng obeerved water

depth from the elevatlon of the top of the bore casing (Program BAHD).

The hydrographs of selected bores were ploÈted on standard graphs by

the CALCOMP plotter using Program BPLOT. An example of the output of this

program is shown ln ftgure 6.5. Another program, BSTAT dlsplays the

Australian Map Grid coordinat,es and the mean, standard devíation, mlnimum,

maximum, range and nr¡nber of readings of groundwater elevation for each

bore. An array of lnterpolated (wlthín tlme span limits) groundwat.er

elevations on selected dates for all bores is provided by program BORFL.

Thís was used to produce five hand plotted groundwater elevation contour

maps at síx month lntervals during the study period. (Oillon 1983a,

chapter 3). After using a planimeter storage changes below the free

surface were calculated and knowing recharge and groundwater consumption a

shallow aqulfer water balance was determined.

6.6.2 Gauging station dlscharge

The verifled stream sÈage data were cornbined with the gauging statlon

ratings (faUte 6.2) to give a sequence of instantaneous discharge rates.

provldlng adjacent points rrere no more than 12 hours apart the dlscharge

rate was assumed to change linearly with tlme Ín the intervening perlod.

Hance daily discharges could be calculated. The accounting period started

and finished at 9am for consistency with the dally raÍnfal1 and evaporatíon

readlngs which were taken between 8.30am and 9am. The output of program

QPL, which performs this task, ís in the form of a calendar of daily

dfscharge for each recordlng gauging statl-on, for example see Table 6.5.

The daíly discharges for all recording gauging statlons were

combined to oroduce a file, STBMDP which is indexed according to date. In

this form the BMDP statistical software could be readily harnessed to give

daily discharge correlatlons between gauging stations. (ttre gl'4Op package

of programs lvas produced by the Departrnent of Biomathematics, UnlversÍty of
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Los Angeles (Dixon et al, I98l) for statÍstical descriptlon and

data. )
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Table 6.5

Calendar of daily discharge at station 5, 1980 (typical output of Program QPL).
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6.6.3 l{eteorological data

Meteorological data came directly from EWS observations or was copíed

from Bureau of Meteorology records which had been checked for obvÍous

errors by Bureau staff. Daily rainfall readings for dÍfferent stations

were compared to ensure that dates of high rainfalls were consÍstent.

Where misslng data had been incorrectly set as zero, the subtotal recorded

as the ftrst subsequent non-zero reading was partitloned according to daily

rainfall or evaporation at adjacent statlons, gÍving an estimate for the

missing data. Program EPL was used to print out calendars of daily

rainfall and evaporation wlth or without CALCOMP plots. Program EPLT

performed the same functlon for daily tenperature and atmospheric pressure

date. The flle containing all daily meteorologlcal data was reformatted to

give all data lndexed with respect to date. The new file named METBÞlDP was

in a form suitable for processing wlth the BMDP package.

Combining STBMDP and METBMDP provided a file COMBMDP from which

correlatlons of dally discharge and discharge loss for selected

meteorological conditions could be readily obtained using BMDP. This

information lras required to perform Èhe invesÈigation of alternative

reservolr release policies, which Ís reported in chapter 8.

6.6.4 Groundwater consumption

The irrigation bore meter readings were sorted onto a separate fíIe

for processing. These data gave considerable trouble due to very frequent

meter fallures end misreadings. As variations in stream discharge loss

retes nere not dependent on irrigation pumping on a short term tirne scale

it was more expedient to revert to annual consumption figures held by the

Engineering and Water Supply Department. Their readings were taken by

meter readers wíth horticultural experience who could make reasonable

estimates of crop water requirements and crop ereas. The nean monthly

proportíons of annual irrigation demands were calculat.ed by Linke and

Eberhard (1981) for the Northern Adelaíde Plains irrigation area. The
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original set of meÈer readÍngs vras regarded as a standby data source Íf

more detailed pumplng lnformatlon was required. Some of these data were

used to assist in edfting plezometer water elevation records.

Annual irrlgatlon demands for each year of the study were obtained by

addtng consumpÈions of each bore withÍn the study area (table 6.6). Over

the study period the mean annual groundwater consunption in the Little Para

study area nâs 700 ML with only 200 ML of this pumped from Quaternary

Table 6.6

GROUNDI^IATER USED FOR,IRRIGATION.
(megalitres)

Year

(a)
Northern
Adelaide
Plains

(b)
LitÈle Para
study area

total

(c)
shallow aquifers

LiÈt1e Para study
area

(b) / (a) 7"

L97T

L972

L973

r97 4

L975

L975176

L976 /77

L977 /78
L97B/79

L979 / 80

1980/8r

L98L/82

Mean

L7,260

22,77 0

L7,82O

14,500

L7,I20
L7,250

20,330

20,620

19 ,020

15,350

18,990

17,530

18, 210

753

675

7L8

678

706

L97

191

225

220

208

4.0

4.4

3.8

3.9

3.9

(a)

(b)

by subtracring ICI quota (1130 ML) from tot,al consumption.

and (c) area defined bY figure 6'4'
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aqulfers. None of this \{as pumped from near the stream where 1t was

hydraulically connected to the aquifers and the small volumes pumped díd

not prevent hydraulic connection where the stream ltas hydraulically

dlsconnected. Hence groundwaÈer consr¡mption induced no addltional seepage

from the streambed durfng the study period.

6.6.5 Streambed data

The 10, 50 and 907. passing sizes of streambed materlals were plotted

with respect to rlver distance from the release valve (Otlton I983a,

Appendlx I) (not shown). No trends were âpparent for the 10 and 50% passlng

slzes but the 907. passing sizes for stream surface material and underlying

or bank materlal both decreased in a downstream direction, as expected.

Stream wldth and cross-sectlon area showed no significant trend with river

disÈance, but both increased with discharge rate, as expected. BMDP

scatter plots and regression equations

I) and not shown here.

6.6.6 Fluorometric data

are given in Dlllon (1983a, Appendix

Hand calculations were performed by the author using Èhe data

presented by Elford and Potter (1979). A complete dye concentration

hydrograph was obtained for only one point 480 metres downstream of station

7 where the dye was in_'iected (f igure 6.6). This produced a f luoroscein

mass loss of 13% (after compensation for chemical reactions after sampllng)

comparfng favourably with losses of. 20% observed by Smart and Laidlaw

Q977) in a peaty streem\ Losses were mainly due to streambed seepage with

some adsorption of dye by streambed materials and photochemical decay. In

addition decay with time was observed for samples stored in a dark cupboard

at constant temperature. Thís was posslbly due to slow chemical reactions

with Chloride ions in Little Para River water. These were also observed

and documented by Andre and Molinari (1976). A calibration based on the

time lapse between sampling and testing in the fluorimeter was used to

correct for this effect.



L64

c7

c4

t
f

7

= tíme of centre of mass of fluoroscein at staËion 7.

= rr tr rl rr rr tr t, 480 metres
80

downstream of station 7.

4 mg/L, 1300-1505 hrs.

at station 7

(Q=0.022m3 /s)

480m downstream of
staËion 7

?
(Q=0 .019m-/s)

F{

ò0
É

É
o

.F{

]J
d
tr
IJ
É
o
U
É
o
(.)

É
.F{

o
CJ

o
o
H
o

Êl
F¡{

7

6

5

3

2

l.

t t tc480
7c

I Ëq¡ I

time (hours)

Figure 6.6 Fluoroscein concentration versus tíme 480 metres downstream
of the poínt of injecÊion, station 7.

The steady dlscharge rate at sÈation 7 was 0.022 m3/".nd the time

lapse between 50% of fluorosceÍn mass enterlng the stream and passlng the

downstreem station was 100 minutes. This gave a mean velocity of 0.08 m/s

end mean cross-s¡ection area of 0.28 m2. Due to the cost of Èracer sampling

and analysis this method was not employed for other flow rates or reacheg

and instead a series of cross-sectlon surveys ryere used to provide this

lnformatlon.

6.7 Other Sources of Data or Information

Aerial photographs and visual lnspection provided lnformation on land

use. In particular irrígation arees and residential areas could be

defined. Department of Lands 1 in I0,000 scale cadestral maps were used t,o

record this lnformation.

Catchment areas for urban drainage were taken from a flood study
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report by consulting engineers B.C. Tonkin and AssociaÈes (1981), and the

subcatchment areas determlned by planimetry-

Geological logs of observatlon bores \,tere recorded by the Soils and

Foundations Sectlon, EI,IS ( South Aust . , 1980 ) . This also contained

geological sections to e depth of 40 metres. A serles of reports of

earlier geological or hydrological investlgatlons in the same aree, (1lsted

in sectlon 6.3) provided useful background lnformation.

Only data with particular reference to model calibration and

validation in Chapters I and 9 or small data samples typical of much larger

compilations are presented 1n thls thesls. The comprehensive data set ls

presented in the form of tables and figures in the report and appendfces of

Dil1on (19E3a) including ; discharge of recording gauging statÍons,

phreatíc surface levels at observatlon bores, meteorological data,

groundwater quality analyses, LittIe Para River water quality enalyses'

streambed infiltration test results and river cross-sectlon profiles.

, In addiÈion, chapter 5 of the same report identified the data

requirements for sÈreambed recharge studies having a range of objectlves,

with the advantage of hindsight of the Little Para recharge study.
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CHAPTER 7

INVESTIGATION OF INFILTRAÎION FROM A STREAI'IBED POND

7.1 Introductlon

A fourteen metre long test pond was formed ln the streanbed of the

Little Para Rlver by buildlng two embankments âcross the channel at a

selected locaÈ1on and fitling the iit."t.r"rring section with water. The

inflow of water, storage ln the pond and hydraullc gradient and molsture

contenÈ variatlon beneath the pond \üere meesured over a síx week perlod.

The aíms of Èhe experlment were to reveal Èhe mechanics of waÈer

movement below e representetive section of the streambed on tnitial ponding

and to show the fate of water ln the soil profile when the pond drfes. The

first could be compared with the Green-Ampt theory used in the BIEM model

and Èhe second allowed estimates of evaporatlon losses from the streambed

under varlous reservoir release patterns.

7.2 Slte Selection and Planning

The factors taken into account for site selection were

- âccêss by vehicle

- rlsk of vandalism

- proxímity to exlstlng piezometers

- nerro\'v channel width at embankment positions.

- stable stream banks

- uniform st,reambed aPPearance

- absence of surface gravels (for hand dríIling)

- absence of trees (and roots)

- presence of depression and rise in stream invert

- \reter supply

- equipment storage
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The selected site (figure 7.1) had the most promising comprornise of

the above features. Its blggest dlsadvantages were the relatively wide

downstream embankment requíred and presence of rlver red gums with thetr

roots invading soil below the pond slt.e.

Vehicular eccess from the north and south was through Sallsbury

councll property. A communlty market garden on the northern side provided

a water supply from a bore tapping a Quaternary aquifer. As the water was

from a shared supply and controlled by the various gardeners the abiliÈy to

regulate flow was not as símple as expected. When the bore operated water

pressure increased considerably. On two occasions gardeners inadvertantly

cut off supply to the pond overnight. A síte layout diagram epPears in

figure 7.2.

Hydraulic potential measurements through the soil proflle were

requlred to identify the flow mechanism. It was essumed that the

heterogeneous mixture of materíals would require several flights of

tensiometers. Two sets were installed, one on a shoal (elevated streambed

ínverÈ) and one in a depression. It was suspected that the silts

accumulating ln the depression would reduce the lnf lltration rate. l'¡ith

each set of tensiometers neutron molsture meter access tubes were

installed. Five tubes reachíng a maximum depth of 5.3 metres were

positioned adjacent the tensiometers. Tempereture measurement probes and

meters to record the volume of water entering the pond were installed.

A water balance calculation was performed usÍng the inflow and the

volume in storage, Èo calculaÈe the outflow. The moisture meesurements

showed changes ln water storage in the soll profíle above the watertable.

The Little Para Rlver flows through residentíal areas of Salisbury

Park, Ellzabeth Vale, Elizabeth South, Salisbury North, Salisbury and

Bollvar. The river acts as a recreation focus for resldents particularly

children. All parts of the river are âccesslble but some sectlons are

inconvenient to reach. From past experience construction work draws the
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un\ùanted attention of children so lt was decided to perform no siteworks

until the summer school holidays had finished. WtÈh the prospect of autumn

rains and an academic workload commencing 1n mid-l"lerch 1t rras thought

unlikely that the experíment could be extended beyond the flrst week of

April.

7.3 Construction

A tfght construction schedule was set to start on the flrst day of

the school year, 8th February 1982 and to be completed two weeks before the

commencement of the University academic year l5th March. In order to keep

to schedule one of the slx proposed neutron moisture meter eccess holes was

not dug, and two others did not reach their intended depth.

7.3.I Tensiometers

The pattern of the fllghts of tenslometers is sho\dn in ffgure 7.3.

Separate holes were used to avoid the problem of hydraulic linktng of

tensiometers through under-compacted backfill. The ceramic cup of each

tenslometer wes soaked ln bolled rainwater for at least 24 hours before

installation to seturate Èhe pores. Each cuP ltes 120 mm long and 45 nun in

diameter with lts centre of response 70 nrn from the end to whlch the tubes

were attached. Cups were placed in posítion at measured depths belo¡v the

surface datum in 100 rrn diameter hand-augred holes. Sifted ln-situ

material was packed flrmly around each cup and the hole was backfllled and

compacted tn 100 nrn layers using soil in the reverse sequence to the

stockplling sequence during excavation. In each case the compacted densiÈy

approxfmated the original densÍty as there was only a small handful of soil

left over on each occasion.

Each cup was connected to a small bore mercury-rdater manometer using

high pressure nylon brake tubing. Followlng a procedure outlined by Watson

and Ziersch ¿977 ) all air was expelled from the lines by boiled ralnwater

using a hot water bottle as bellows. After seallng the flushing tube and

allowlng tlme for water to flow through the ceramic cup for pressure
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50nmx

stakes whích were concreted lnto 0.8 m deep holes dug outside

the pond. Ceramic cups and manometers were

the S.A. Department of Agriculture.

the embankments at each end of

loaned by the Soils Divlsion

7.3.2 Neutron molsture meter access holes.

A number of installation techniques are listed in chapter 7 of

Greacen (198f). Only one of these was suitable for the test siÈe where

drilling rlg access r,res not posslble, the soil contaíned stone layers and

the deslred depth of the access tubes exceeded 5 metres. It was intended

that this meÈhod (method 5) be used, by constructlng an oversized hole and

conveying e meesured volume of slurry into lts base before pushing in the

eccess Èube. A test hole near the site was dug and an attempt made to

1nsta|l an ecceas tube using a slurry mix of 40% kaollnite, I07. Portland

cement and 50% weter by weight. A major problem arose. The slurry became

more viscous when placed 1n the boÈtom of the hole due to absorptton of

water by the soil. This meant that the force required to push the access

tube ínÈo the slurry was sígnlflcantly large'l'and in this case with a

I25 nrn augred hole and 50 nrn diameter PVC tubing, a depth of less than

0.5 m could be reached in a hole more Èhan a metre deep when pushing the

tubing by hand.

It may have been possible to persevere with thfs technique by using

more water in the slurry and fixíng a tripod with ground anchors to jack

the casing into the hole. The rlsk of an eccess tube becoming stuck

wlthout the slurry reaching the surface and allowfng readings over only a

fraction of the intended depth appeared to be quiÈe hlgh. An alternative

of placing the access Èube ln position and usíng a small diameter tube to

convey the slurry to the annulus at its base was considered. However this

of
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would have required a larger diameter hole and thicker sheath of slurry

than desirable. Also the problem of casing buoyancy Ín the slurry could

not be discounted.

Consequently a new technique was Èried. This lnvolved hand-aug¿f,lng

a slightly oversized (60 rmn diameter) hole and then lowering the alumlnium

tubing (52 rnm diameter) to the full depth. A dry mixture of fine sand and

cement were funnelled lnto the aír gap annulus and a small vibrator used on

the access tube to encourage the flow of the material to fill the geps over

the length of access tube. The top 150 nrn of the annulus ltes filled with a

mÍxture of bentonite and cement powder and covered wtth surface soil and

moistened.

The objective was to prevent the formation of airgaps even at the

expense of partlally compacting the soil adjacent to the access tube- Air

gaps would be expected to have acted as drains and may have prevented the

formation of perched mounds. At the least they would be expected to affect

the count rate of the molsÈure meter. In some eccess holes gravel up Èo

40 nrn was retrieved, indicating that the hole cross section was enlarged ln

some parts of the profile. This technique of access tube installation

brought some difflculties in neutron moisture meter calibraÈÍon which are

dlscussed in sectlon 7.5.2.

In order to reach the access tubes durlng ponding without dlsturbing

the streambed t.wo eight metre span briclges were constructed across the

stream. Each consísted of two expanding floor bearns spaced at 1.2 metre

cenÈres. To these were wired several galvanízed lron sleepers, to make

access easy from the north bank but to discourage pedestrians from using

the bridge es a crosslng. Steel píns were driven into the banks at angles

under the beam ends to stabilize the bridge supports. PVC casings were

placed over the aluminium tubes and tied to the bridges. These were fitted

with PVC caps to keep the access tubes dry.
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7 .3.3 Water supply

A length of, 25 rnm diameter hose was connected to a tap on an unused

gardening plot and three standard water meters were fitted in seríes at the

outlet (plate 7.1). Thls branched to give dlrect discharge from a tap and

to feed three ball-cock valves in parallel. Hessían sacks were tied over

the direct outlet and placed on the bed where the float actuated discharges

occurred. With these measures streambed scour wes prevented. the range of

water pressures encountered due to the switching of the bore pump was

the ball-cock valves. Hence stable waterbeyond the regulating abillty

levels could not be malntained

of

in the pond for períods longer than about 12

hours the usual Ínterval bet¡reen pumping. The water level rose up to 50 nrn

due to pumping.

7 .3.4 Thermometry

A rrl.Iescortr fleld psychrometer wes used wlth copper-constenten

temperature readings in the soil near the downstreemthermocouples to glve

embankment at depths of 0.I, 0.3 and l-.0 metres below streambed level. A

single 100 nrn diameter hole was drilled to a depth of one metre, and

backfllled wlth compactlon in 100 mm layers with each thSocouple set at

the required depth. Water temperature in the pool was meesured wíth a

mercury thermometer.

7.3.5 Gaugeboard

A gaugeboard was lnstalled ln the streambed adjacent the upstream

embankment (Plate 7.1) to allow accurate readings without the use of

blnoculars. The steel gaugepost wes put. in a hole one metre deep and set.

in concrete and the gaugeboard was bolted on later. This provided a

reference leveI for all subsequent elevation measurements. The 1.000 metre

mark (near streambed level) was used as a temporary bench mark and asslgned

a reduced elevatlon level of 10.000 metres. A1I elevations glven in thiø

chapter are with respect to this benchmark, unless specified otherwise.
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7 .3.6 Water level recorder

A water level recorder \{âs situated next to the gaugeboard. A

Stevens F-Type chart recorder was lnsÈalled in a frame inside a 200 lltre

drum (Plate 7.1). This was anchored to the streambed with two droppers

driven through cleats on the drum lnterior walls. The steel lfd was hinged

to the drum and could be locked down. A 200 rrn diameter float was used

insíde the drum and a punched steel tape ren over the recorder pulley to

relate float movements to chart position beneath the fnk pen. The pen

speed was 30.5 rmn/day. A support beam spanning the sÈreambed adjacent the

rlm of the drum was used to ellow eesy eccess to the recorder without

applying any load on the drum. In this way the datum of the recorder was

not shifted with respect to the benchmark.

7 .3.7 Embankments

Upstream and downstream embankments lrere bullt by firstly excavatlng

the top 0.25 m material over a wldth of 0.4 m, including keys inset lnto

the banks to a height of 0.5 m above bed tevel. Bentonite was llberally

sprinked into the base, sides and ends of the cutoff trench. The loose

surface materlal for a width of 0.8 m outside the trench was excavated and

bentonlte spread on the exposed surface. Heavy duty PVC sheet was spread

over the trench and bentonite layer (figure 7.4). Sandbags were filled

from streambank material upstream and downstream of the pond. these were

packed into the trench. A slngle wídth wall of sandbags was constructed up

to 0.5 m above streambed leveI. Theoarea above the plastic wes covered

wfth soil sloping up to the top of the sandbags. The contact between the

sandbags and the backfill was sprlnkled with bentonlte during construction.

A layer of bentonite extended back from the plastic sheet for a further

metre and this was covered with soíl.
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PVC sheet

bentonlte
riverbed a1luvíum

sandbag

Figure 7.4 Embankment cross-section diagram.

7.4 Experimental Procedures

The water balance was calculated by taklng lnstanteneous readings on

the three water meters and the gaugeboard. The three values of discharge

regf-stered by the meters had a range of. 0.5%. Two of the dlals filled with

nater during the first períod of pondíng. These gave lower readings than

the dry meter whlch was assumed to give the correct dÍscharge into the

pond. On occaslons the current gaugeboard reading and time were written on

the wat.er level chart record and a mark made. Each week the chart was

replaced and Èhe clockwork drive rewound.

Tensiometer readings vrere taken at intervals on all manometers (Plate

7.4). On three occaslons when vandals broke mercury reservoirs (glass

vials) or when the mercury column appeared abnormally low the llnes were

f lushed to remove all air. I'lercury levels in the reservoirs were measured

several tímes during the experíment to check tensiometer calibration.

Temperature readings were taken with a mercury thermometer at the

so1l surface and in the vreter when it was ponded. At the same time the

temperature was recorded on the thermocouples set in the streambed. In

-I-



L79

thís way the temperature profile beneath the streambed could be

const.ructed.

The most time consuming readings were with the neutron moisture

meter. A typical reading pattern required the Troxler Portable Scaler

Ratemeter to be turned on for l0 mínuÈes to warm up before calibration

(normallzing) commenced. The probe was placed in a specified positíon

within a calibratlon drum (Plate 7.5). the bore water which was used in

the pond was. also used in calibratlon. An aluminium tube cut from the same

tubing as the access tubes was used in the calibration drum. At least 6 x

1/2 mínutes counts consistent to withln 0.57. were taken. Usually I0

counts were recorded. Having performed this calibraÈlon the first access

tube was run, starting from the botÈom and working uP.

Tape marks on the neutron meter cable at 0.2 metre intervals were

used to fix the locatlon of sampllng polnts. The tape marks were

calibrated agalnst a steel tape to give an accurate fíx on posftion within

the tube. Thls calibration wâs repeated at the end of the experiment to

determine cable stretch, which was found to be negligible. At each

sampllng point tr¡o half minute counts were recorded (Plate 7.2). If these

díffered by rnore than 200 (about 17") further counts were performed at the

same probe position. Af ter logging each bore, a 30 to 40 minute operatio;'r ,

the probe was recalibrated. The mean of the callbratlons before and after

each hole was used as the reference count. Count rate ratios for the

previous hole were calculated during logging of the next hole. Values were

rejected if they dlffered by more than 200 from the mean of the remaining

counts at a probe position. The mean of the accepted values \{ês divided by

the reference count to give the count rate ratío.

An indicator was required to qualitatively assess whether the

moisture meter measurements \rere increasing during ponding and decreasing

duríng drylng. As calibraÈion of count rate ratlo with respect to soll

moisture cont.ent had not yeÈ commenced the indicator used was simply the
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sum of the count rate ratios for a hole. Thls was normelized against the

sum of the count rate raÈ1os from the first run of logs on 23-2412182 f.or

each hole. This value was plotted for each hole (figure 7.5) after each

day of neutron moist,ure meter loggfng. It wes epparent that the meter ruas

responding to moisture changes in the soil profile.

7.5 Neutron l{oisture. Meter CallbratÍon

The mixture of materials and their lrregular dlstribution below the

streambed ís a major problem ln calibrating Èhe neutron moisture meter.

Laboratory calibration, that is packing a drum wÍth representative soll and

measurlng the counÈ rete at various known moisture cont,ents, Iras ruled out

due to the problem of f inding rrrepresentatLverr soil. Field calibratÍon,

the selected alternative, suffers from the lack of uniformfty of the soil

throughout the volume sensed by the meter. This affects the precision of

cal ibratlon.

7.5 . I Sampllng

The procedure adopted was to take core samples at depths where the

count rate was uniform over several consecutive probe posltlons. At each

such positlon the sarnpling depth was reached by hand augering then the

cutting,s on the bottom cleared and the sampling tube driven into the bottom

of the hole. Five samples were collected at each depth on holes

axi-syrmetrícally arranged at a radfus of 0.2 meEres from the access tube

(Plate 7.3). The sampling tubes were labelled and the ends of the samples

coated with wax. \
In the laboratory the volumetric r,rater content and bulk density was

determined for each sample. The mean of each sample set taken at a depth

greeter than 0.5 metre was plotted against the corresponding count rate

ratio (figure 7.6). Using the estímated equívalent water (Greacen, 1981,

p78) catculated from Èhe clay content, the effects of constitutional

hydrogen were incorporated wíth Èhe gravimetric water content to give a

total erater conterit. Secondly a square root density correction $ras
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Table 7.1 Neutron moisture meter calibration adjustments

DENSITY
ADJUSTED

COTJNT RATIO
n'

.247

.475

.323

.295

.458

.457

.437

. 311

TOTAL
I^I. C.

,OT

.tgz

.462

.244

.196

.430

.343

.32L

.262

EQUN. VOL

tü.c.

0e

.035

. 110

.060

.064

.LL4

.o64

.059

034

CLAY
CONTENT

C

.06

.40

.16

.16

.40

.20

.16

.06

MEAN

BULK DENS

p

1.563

1.703

1.730

1. 848

r.769

1. 611

t.707

r.532

MEAN

VOL.I^1. C

0

.r47

.352

.184

.r32

.316

.279

.262

228

MEAN

COT]NT

RATIO
n

.238

.478

.327

.309

.470

.447

.440

.297

MEAN

DEPTTI

(')

0 .99

2.70

o.L2

r.47
2.05

2.90

0. 16

0. 70

1 .80

0.11

0 .51

0.13

SAMPLING
DATE

/ 182

t2/ z

L3l 3

261 3

26/3

30 /3
3r/ 3

7/4

7 /4
8/+

15 /4
L5/4

15/4

ACCESS
TUBE

M3

M3

M5

M5

M5

M5

M1

M1

M1

vt2

l"l2

M4

CAIIB.
NO.

A

B

C

D

E

F

G

H

I
J

K

L

Constitutional hydrogen effects -
Estimation of equivalent r{ater content

W. = 0.L24 Cx+ 0.015 (Greacen, 1981,

C* = clay content g/g (< 0.002uun)

o. Iù"p volumetric equivalent r,sater conÈent

mean bulk density = 1.683 C"t;3
dens i ty correc tion , L¿

1.683, ',n. = r;¡r nP. 78)
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performed to standardize the callbratlon to the mean dry bulk density of

all samples I.683 g cm-3 (Table 7.I). Thls resulted in figure 7.7.

Samples B and F were in silty clays whfch occurred below 2 metres depth in

all access hole sofl profiles. The samples ín shallower more coarse

grained materlals appeared to conform to e different calfbration.

IÈ is likely that if more calibration samples had been Èaken the

number of callbratlon línes may have increased. With the existing samples

two separate neutron responses of materials were evident. Simply based on

depth end material gradings two calibratlon lÍnes r,{ere constructed and are

assumed to apply to materials withÍn those classificatlons. Note that no

samples were taken of the clays in the dry state. Drainage of these was

considerably slower than for the overlying sands, and in the time

constraints of the experiment the clays had no opportunity to dry further.

An arbitrary (and arguable) choice, to pass this calibratlon line through

the origfn was made. Commonly, although not universally, the increase ln

moisture content is larger for clays than for sands for the same increase

in count rate ratio. Hence Ít may be expected that the slope coefficient

for clays 0.957, so obtained, would be greater than that for sandsr 0.749.

The range in count rate ratios for these silty clays is small so the error

1n slope of the calibration will result ln only small errors in calculated

moisture storege changes.

7"5.2 Effect of sand-cement sealant on neutron moisture meter calibration

Greacen (1981,p66) reported thet a cemenÈ-clay sealant around an

access tube fncreased the value of the calibration slope by 3"L compared

wÍth adjacent tubes installed by an augQf technique wiÈhout sealant and for

which a drurn calfbration vras available. Gravel layers caused variable

thicknesses in the cement-sand sealant for the access tubes in the Little

Para streambecl. The variability in sealant thickness is expected to dffect

the field calibration. OnIy one sample set was taken in gravels, set E at

a mean elevatlon of 7.9 m at access tube M5 on 3013182. This set deviates
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from the best fit calibration for sands by I07. (see figure 7.7) possibly

due to molsture retention 1n the enlarged sealant annulus. The variation

of the calibration slope for such layers from the slopes of the tÌro lines

given are unknown.

The sement-sand sealant was applied in the dry st.ate. After the

first pondíng the cement hydrolized. That is nater molecules became bound

to the cement. This had the effect of increasing the constítutlonal

hydrogen adjacent the access tube. The magnitude of thís effect could have

been estimated lf pond drylng had proceeded for a period of 28 days (the

duratfon from the prevíous discharge in the stream to the runnlng of the

initial neutron moisture logs). Projectlon of the integrated profile count

rate ratio in the drylng phase suggests that this effect could account for

up to I07" of the inltlal moisture content change. That is the neutron

moísture calíbration applles only to the hydrollzed state of the sealanÈ.

7.5.3 Effect of soil density on molsture meter calibration

Gamma-gamma densiÈy logs were run on four access holes and revealed

variations in count rate ratlo as shown ln figure 7.8. These logs show a

decrease ln count rate ratio at the posltíon of the assumed changeover from

the sand to the clay calibration llnes (el Z.: to 7.8 m). The zone of

influence of the soll on the count rate of the back-scattered gamma rays

has a radius of less than 0.2 metre. This is small compared with the more

penetrating neutron meter emlssions having a radius of influence of about

0.5 metre 
\

An attempt was made to calibrate the density meter count rate ratio

against the modifíed bulk wet densit.y of the soil. The method used

followed Schrale ¡976) where the modlfied bulk wet densÍty, 0'*"t is

defined by equation 7.I

Q'----= Q +1.11 0 7.1' wet

where p is the bulk dry density of the soil and 0 i" the volumeÈric

moisture content of the soil. The factor 1.11 aríses from Èhe ratio of
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the gamma ray mass attenuation coefficients (at 0.662 Mev) for water with

respect to soils.

The following calibratlon equation was expected.

o' = B - ßn 7.2
' Ii/eË g

where B is a constant, ß fs â constent (posittve) coefficient and n, is the

denslty meter count rate ratfo. The modÍfled bulk wet denstty on the day

of the clensity log was calculated for the positions from which samples were

later taken using equation 7.1. The bulk dry density wes determíned

gravimetrically from the samples and the volumetric moisture content from

neuÈron logs run on the same day and using the neutron meter catibratlons

of figure 7.7. The resulting graph (figure 7.9) gives only a weak

correlation preventing a calibration equation of the form of equatíon 7.2

from being determined. The exact centre of sensitivity for the probes vras

not locaÈed. This may have reduced the range of count rete ratio, n, for

each sample but would not have diminished the discrepancies enough to give

a reliable density callbratíon.

Wlthout this calÍbration density correction for the moisture meter

logs is not available. As an índication of the variation in molsture

content due to an lncrease ln density meter count rate ratio from 0.45 to

0.55, the range of figure 7.8, the change in calculated molsture content

for materials in either sofl ls within the range -0.7% to +4.3%. This

results from an arbitrary estimate of $ as 1.95 (after Schrale, L976) and

from the squere root density effect described Ín Greacen (198f) as applied

to the neutron moLsture meter count rate and the llnear effect of density

on the constÍtutional hydrogen.

The low sensitivity of moisture content to density over the density

range present allows the use of the soil moisture logs in quantlfying the

change in soil moisture in the profile with time. An estÍmate of soil

moisture changes assuming a uniform profile dry density of 1.683 I cm-3,

the mean dry density of all samples, is used as an indlcator of water
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storage in the soll profile.

7.6 Date Evaluatlon

Surveyed secÈions at I metre lntervals of running distance along the

14 metre length of the pond were used to produce elevation vergus volume

and etevation versus area curves (flgure 7.I0).
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The hydraulic head at the position of each Èensiometer cup wes

calculated from the tensiometer reading. Solute suctlon was assumed

neglígible. The hydraulic head, h, is defined as the sum of the elevation

head (with respect to the adopted detum) and the pore water pressure head

which may be positlve or negative (suction). PloÈs of the hydraulic head

for tensíometers I to 6 and 9 to 14 apPear ln figures 7.lI and 7.12. The

hydraulic head profiles through the streambed for selected days are shown

in figures 7.13 and 7.L4. The elevation of the water table recorded by

plezometer 19, slot.ted over the elevation range -1.55 to -4.55 metres is

also shown on figures 7.11, 7.I3 and 7.14 using the assumption that the

loss ln head over approximately 5 metres between the Ìtater table and the

piezometer response interval is negligible.

Logs of access holes are presented side by side with neutron meter

count rate raÈlo proftles for the driest and wettest conditlons (figure

7.15). This figure also shows the position and counÈ rate ratlo for each

sample set used in calibratlon. Using the derived calibratlon equatÍons

and assuming uniform dry bulk density the total volumetrfc water content

profiles on the same dates are plotted (figures 7.16 and 7.I7). The

lrregularlty ln the profiles is attributed to actual varlations in moisture

content due to the variable nature of the soll and to en error term. The

latter comes from applying the calibration derived from a few samples to a

range of soll types and densitíes and variable thickness tn the cement-sand

sealant. The drlest profíles (logged 23-2412182) also suffer from a

suspected callbratlon shift of up to 107" as the sealant had not hydrolized

until water was first adrnitted into the pool Qgl2l82). In these f lgures a

uniform profile dry bulk density of 1.683 g cm-3 is assumed, thereby

eliminating clensity corrections -
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7.7

7.7.r

Resul ts

Infiltratlon rate

The infiltratlon rate was obtained ln two vrays. Firstly it was

calculated from a pool weter balance, as the difference between inflow and

storege change. Secondly on some occaÈions inflow was stopped and the rate

of decline of the pool rÍater level was observed. The latter method avoids

the need to know the volume-elevation relationship, but suffers from

seepage from the banks lnto the pool whíle the water level declines. It is

expected that the consequent infiltration estimates would be marginally

smaller than those wLth steady vteter level. The fractlonal dífference

between the two methods does not exceed 6"L. Figure 7.18 shows the

varlation in infiltratlon rate wlth time. ScaÈter in the infiltratlon rate

calculated by the first method is due to the precision in gaugeboard

readings particularly for short period water balance calculations and to

water tempereture variatlons. Ftgure 7.19 shows the tnfiltration rate as a

function of total infiltration.

When the pool water elevation dropped below 10.19 m the downstream

end of the pool \Íaa no longer in cont,act with the downstream embankment.

This was due to a saddle point in the streambed invert (as detected also in

figure 7.10). A steady state infl1Èratlon rate of 0.38 m/d, calculated by

Èhe falling head method, was observed for pool elevations less than 10.19 m

at the end of each period of ponding. Above thís level the steady stete

inftltration rate was 0.48 m/d and 0.76 nld during the two ponding periods

respective 1y.

On 2nd March a seepage face 1 m wlde and 0.5 m long was found on the

downstream skirt of the downstream embankment. Its size remained stable

until 8th March when stormttater flooded the pond overtopping both

embankments. The pond was flooded a second time on 22nd March further

weakening the ernbankments. Repairs using bentonite layers covered with

more skirting material were effected on the outer flanks of each
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embankment. These were effective for the upstream embankment as the low

water level steady state infiltration rate remained unchanged for the

second pondíng period. However the downstream embankment showed a small

seepage face on the downstream flank wlthín 24 hours of Èhe start of the

second ponding perÍod. This expanded to an area 1.2 rn wlde and 1.5 m long

on the same day, 3rd April and stabílized.

It had been intended to determine the difference 1n infiltratlon

rates between the shoal and the depression in the pool. It was expected

that during streemflow the suspended sediments would show a preference for

settllng in the depression rather than on the faster flowing shoal. This

was evfdent by visual lnspection of the streambed surface. This may have

gÍven rÍse to lower infiltration rates in the depression due to the

formation of a lower permeabllity surface layer. The hydraullc head at a

depth of 0.3 rn is marginally lower for tensÍometer T10 beneath the

depression than for the tenslometer T2 for dates before 8th March, the

flrst flood (from fÍgures 7.13 and 7.L4). Otherwtse there ls no evidence

to suggest different surface hydraullc lmpedance.

llence lt is suggested that the increase of 0.I m/d and 0.38 m/d in

observed infiltration rates for water elevations exceeding 10.19 m for each

ponding event respectively is clue primarily Èo seepege through the

downstream ernbankment. The hydraulic gradient for tensiometers Tl to T6

(figure 7.f3) is almost identical on 7th March and 5th April when

infiltration rates were 0.48 and 0.76 nld respectively. The ratio of

seepege face area for the second ponding to the first (= 3.6) approximates

the ratío of infiltratlon rate increase (= 3.8). This supports the view

that most of the increase in lnfiltration rate is due to leakage through

the downstream ernbankment. Any lncrease in lnfiltration rate over the

shoaled section of the pool is indetectable.

PiezomeÈers were set in the streambed 2.8 metres and l0 metres

downstream of the downstream embankment and slotted just above the first
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major clay layer encountered. These piezometers remained dry continuously.

In hindsfght a flight of tensiometers in the downstream flank of the

embankment could have been installed to show the hydraulic gradíent. This

would have provided a more rellable lndex of leakage rate but sÈill would

not allow 1t to be quantified.

Temperature of pond water varled through each ponding event (figure

7.20). This had a mlnor influence on inflltration rates. Comparing figures

7.18 and 7.20, the scatÈer of the lnfiltration rate echoes observed

temperature variaÈíons with infiltretion rates lncreasing as weter

temperature increases. Note for example the perlod Ist to 8th March, with

mlnima on the 3rd and maxíma on the 6th March.

Biological influences on infiltration rates could not be isolated.

On drying the pool after the fírst pondíng event mosquito larvae were

abundant on the pool floor. Several days later gras¡s shoots sprang up

from the floor of the depression in the pool (plate 7.6). Sorne of this

grass survlved the flood of 22nd March and on 2nd Aprll at the stert of the

second ponding event grass 50mm high and melon plants were growlng ln the

pool depression. The surface of the shoal was barren, dry and had cracked

to a depth of one or two millimetres. This resembled Èhe lnitial

appearance of the nhole pool prior to the first ponding.

The bore water used to fill the pond came either directly from the

bore or via a header tank in wtrích algal blooms were abundant. There was

no doubt that algae entered the pool but no visible evídence for their

presence was observed. A pool \.teter sample was taken on 4th March and a

basic analysis revealed

Total dissolved salts 743 nglL

conductivity G 25oc 1360 Us/cm

pII 7 .2

Suspended solids 5 mg/I



a

x

o

-a-*

oc)
S

temperature probe

soil surface
' or pool waËer

I
2

3

air ternperature

elevation
(m)

r0. 16

10.06

9. 86

9.t6

depth
(m)

0.0

0.1

0.3

1.0

a

(

28

26

24

22

18

r4

I2

sun

sun

shade

shade
o1

.*<

-ù'-/

28

26

24

22

20

IB

r6

L4

L2

a

a

eË

ó

20

()
o

q)
1]
a
Ð
(ü
t{
c)
È
Þ
c)
.tJ

^.fIU
v
t'I

16

cr')
-ú
N

F\
F{

O
F.l

@
N

ca

March April

Figure 7.ZO TemperaÈure of ponded r^rater and at probe posiÈions versus time.

r\ \:f
F{

Feb

lv
O(¡)



204

Neither of these properties suggest that the water quality had any

effect on infiltration rates. The following ls a quote from an Australian

l.IaÈer Resources Council (1982) report by the workíng group on aquifer

recharge wíth reclaimed wâter. rrConcentratlons of suspended solids in the

range L - 20 mg/1 can reduce infiltration rates in some sltuations.

Generally however, water with suspended sollds up to 30 mg/l will be

suitable for recharge.rf

Lastly the bark and grass seeds lniÈially on the streembed surface

were allowed to remain. On ponding initially the bulk of the debris

floated and Èhis was skinrned from the water surface. llost of the remaining

smaller debrls became water logged and sank. It ls expected that this had

no consequential effect on infilÈration rates as water could pass freely

between the bark and the streambed. Most of this material was flushed out

of the pool durÍng the first floodfng.

7.7.2 Mechanics of moisture flow

The theoretical models descrlbed 1n section 3.3 assume that a wetting

front, either of plston type (Green and Ampt) or dlffusion type (Richards),

progresses downwards until equilibrlum occurs. Above the wetting front the

hydraulic head becomes related to the head in Èhe pond by Darcy's law and

as the material is saturated the hydraulic head exceeds Èhe elevation head

(that is pore pressure is positive). Below Èhe wetting front the hydraullc

head is less than the elevation head due to negative pore pressure

(capíllary head or suction). The wetting front stabilizes at a depth where

the hyclraulic conductivity equals the infiltration rate.

To apply this theory to the observed hydraulíc head profiles gives an

understanding of the features controlllng lnfiltrat,ion. Figures 7.13 and

7.14 show a change from positlve to negatíve pore pressures at two

locations on the last day of each ponding period, 7th þlarch and 5th April.

These are the bases of perched groundwater mounds. The uppermost bases

occur at a depth of 0.6 m for T1 to T6 ancl 1.0 m for T9 to TI4 (el 9.6 m
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and 9.0 m respectlvely). For Tl to T6 a second perched mound extends from

below 2.7 n ro 1.0 m (EL 7.5 to 9.2) on 5th April. T9 to T14 show a second

perching layer at a depth of 2.4 n (m 2.6) on both dates. From the mixed

nature of the streambed materlals it is not surprlsing to find Ehat

perching occurs at different levels for the two fllghts of tensiometers.

The mean vertlcal hydraullc conductivlty of the upper perching layer

is less than the steady state tnfiltration rate 0.38 m/d, as the vertical

hydraulic gradient through the perching layer exceeds uníty and perching

produces mound spread beyond the area of the pond. No tensiometere \.rere

set lnto the banks to determine the lateral ext.ent of the mounds. Small

mouncl heights and heterogeneous materials suggest that the spread is

unlikely to be signiflcant. ThaÈ is Èhe predomlnant direction of flow is

vertíca1.

Tensiometry provides the most reliable guíde Èo soil moÍsture

movement for this field lnvestlgation. The finess of a choice between

Richards and Green-Ampt models of lnfiltratlon 1s lost in considering the

heterogeneity of the porous medlum.

Considering figure 7.19 the infiltration rate reached steady state

after only 0.3 metres total infiltration on 2nd April. From the cliscussion

of downstreâm embankment seepage, which account.s for half Èhe infiltratíon

rate, the effective infiltration through the pool base to this time is

0.15m. The average volumetric change in moisture content for the upper

(t'sandtt) profile from moisture meter measurements is 0.15. Hence the

saturated depth ls no greater than I m at Èhe time when steady state is

reached. This supports the notion that the infiltretion rate is controlled

by the permeability of the uppermost, perching layers located at depths of

0.6 m and 1.0 m at the two tenslometer flights. Signifícant hydraulic

gradients occur up to the streambed above these layers indicating that the

hydraulíc conductivlty does not reduce abruptly at these depths.

In chapter 9 the streambed hydraullc impedance and aquifer hydraullc
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conductivity of the callbrated section representing the reach containing

the inflltration pond are 4.5 m and 4.0 m/d respectívely. In the model it

is assumed thaÈ the impeding layer occurs at the streembecl surface- The

hydraulic characteristics of the surface blanket replacing the actual

configuration of streambed porous medla at the pond are calculated out of

interest. Uslng the model parameters and applying equatlon 4.32 to the

pond steady infiltration rate (0.33 nlday) and the hydraulic gradients

across the uppermost perching layers (figures 7.13 and 7.L4) gives the

equivalent streambed blanket hydraulic conductivity, KU as 0.12 m/d to

0.25 m/d and corresponding blanket thickness, .0 as 0.14 m to 0.28 m. Both

ranges fall wtthin the realm of physically feasible values.

7.7 .3 Fate of infiltrated water

. Inftltrated water may recharge the underlying aqulferr evaPorate from

the ephemeral streambed, become attracted to the roots of vegetation and

eventually transplred or remain with the soil profile above the aquffer

rrater table. The proportfon of each component may vary depending on the

temporal dlstribution of infiltration, amon[i other factors. Evaporation

losses from the streambed alluvium would be expected to depend on reservoir

release patterns. It is assumed that the transpiration of phreatophytes is

independent of soil moisture 1n the vadose zone because the roots also

extend below the aquifer lveter table. Hence the transpiration is

independent of the streamflow pattern providing the aquifer water table is

maintaíned wiÈhin the range of plant roots.

During drilling, in preparing the pond, several holes encountered

tree roots up to 30 nrn in diameter at various depths. The roots belonged

to several large river red gums (eucalyptus camaldulensls) which partially

shaded the site. A further assumption ls made that Èhe effect of roots on

the Èensiometer readings ls non selective or insignificant. That is the

measured heads are represenÈative of the body of soil around them and not

unduly influenced by the (unknown) presence of isolatèd nearby roots. (ttre
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effect of the roots on the hydraulic head is unlform throughout the

medium. ) t^Iíth these assumptions the effect of transpiraÈion may be

neglected when calculating evaporatLon losses-

It was lntended that the method described by Kovacs (198I, p254) be

applled. He locates the depth at which a reversal in hydraullc gradient

occurs. That is above this depth hydraulic head decreases in an upward

directíon and below it decreases in a downward direction. Change in soil

moisture above this depth is considered to be the evaporative loss while

that below is due to downward infiltratíon beyond the depth of the moisture

proflle 1og.

Thls method could not be used directly to determÍne evaporation loss

for the pond because the changeover depth fell within 0.5 m of the soil

surface where the neutron molsture meter is influenced by the surface

boundary. Instead surface samples Ì{ere taken and volumetríc soil moisture

content determíned gravimetrically. The average values at the start and

end of rhe drylng perlod 7th lpríl to L5th April were 0.28 and 0.I3

respective 1y .

At both tensiometer sets the change-over depth was 0.3 m on l5th

April. Ilence the estimated evaporation loss is 45 rrn for thÍs elght day

period. The correspondlng A-class pan evaporation (mean of Little Para

Reservoir and Bolivar stations) is 50 nrn for this period. Longer pond

drying periods could not be obtained due to streamflow events. However the

streem had been dry since 26th January prior to the first filling of the

pond on 28th February. This 32 day drylng period had an A-class pan

evaporatlon of 296 nun.

Tensiometers Tl to T6 show a hydraulic gradienÈ reversal aÈ a depth

of 0.6 m and T9 to T14 show lt at I m, on 27th February. These depths are

identlcal to those of the uppermost perching layers. It is concludecl that

these layers ltmit the dept.h from which evaporation may occur. Hence after

eight days the amount of water remainlng in the profile above the mean
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evaporation llmit 0.8 m is 104 rmn. After 28 days most of this, (64 rnan)

remains here as residual soíl moisture storage. (Based on average total

moisture content above a depth of 0.8 rn from figure 7.16 and 7.L7 on 23rd

and 24th February mlnus mean equlvalent (constitutional hydrogen) water

cont.ent, 0.13 - 0.05 = 0.08. ) Some proportlon of the 40 mm storage

reductlon drains through the perchíng layer whlle the point of hydraulic

gradlent reversal progresses downwards. Beyond this perlod hydraulic heads

reduce considerably at the soí1 surface but very little evaporation occurs

due to the strong adheslon of the residual moísÈure to Èhe soil particles.

The best estimate for Èhe maximum evaporation loss on pond drying over a

sustained perlod is 85 nrn. This is equivalent to less than 6 hrs steaay

state infiltration.

The change in water content in the profile between logs in the driesÈ

conditions 23rd and 24th February and wettest conditions 7th March totals

530 rnnr over the top 5.3 m in the soil proflle. Assuming the mixture of

materials between the bottom of the logged profile (el +.7) and the mean

water table position (EL 4.0) is the same as for the logged profile then

the range of soil moisture storage cepecity above the water table is

600 nrm. Of this capacity approximately 8% is lost to evaporatíon in the

first eight days and up to L4"L Lf. dry condltions persist beyond a month.

the remalnder drains from the soil profÍle to recharge the aquifer or is

transpired by phreatophytes.



CHAPTER 8

DERIVATION OF A RESERVOIR RECHARGE RELEASE RULE

release rule for the Little Para
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recharge nor

Ehe Líttl-e Para

hydraulic

time and

steps was

pumping costs

streem

In

Reservoir

thls chapter a reservoir

is deríved wíth the use of regression and a simulatlon model.

processes would have been exÈravagant with comPuter execution

lmpract.ical for sirnulating 14 years of historical discharge records.

The BIEM model was not used to determlne mean annual natural

the effect of alternatlve release policies on recharge from

Rfver. Daity time steps necessary for investígating streambed

Instead a lumped parameter menâgement model wlth monthly time

used to simulate reservoir operation and the consequences on

and groundwater recharge from the streambed.

Flrstly the princtple of enhancing natural recharge by

discharge regulation is outllned.

8.1 Effect of River Regulation on Aquifer Recharge.

l.Ihere a reservoir is located upstream of a reach which recharges an

aquifer discharge regulation can be shown to enhance recharge. The

relationship between recharge rate ' Q¡ and discharge rete, Q lnfluences the

degree of enhancement of recharge.

The simplest case where the relatlonship between Q* and Q is

time-invariant is presenÈed for a range of stream-aquifer configurations in

Appendix C.2. That analysis assumes stream stage and dlscharge rate are

related by Mannlngs equation. Figure 2 in Appendix C.2 shows that for aII

cases Q* increases with Q but that Èhe proportion Q¡/Q termed rrrecharge

efficiencyrt, decreases as Q increases. In each case, of course, Q* cannot

exceed Q. Streamflow regulatlon redistribut.es s'rrcrt duration high

discharge raÈes (1ow recharge efficiency) into long duration low discharge
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rates (trign recharge efficiency). Hence a reservoir may be used to enhance

groundwater recharge in addition to yieldtng a surface water supply.

It may also improve the quality of aquifer water. Wlth unregulated

flow, lnfrequent hlgh discharge retes which usually have low salt

concentrations contrfbute most of the Èotal dlscharge but have only small

residence times in the stream ln comparison to the longer duration hlgher

saliníty baseflow component. Streamflow regulation has Èhe effect of

malntaining the water qualíty in the stream at its volume-averaged

concentratlon thereby improving the qualÍty of recharged water.

Figure 8.1. presents a simple example of the calculatíon of the

reservoir release, D during period, P to provide the target regulated

recharge. The reservoir intake during this period is D.r. In this example

the target recharg,e is the recharge, R' which ,would have occurred if the

streem was unregulated.

Assumfng a steady relationship betwe"tt QR and Q (ftgure 8.1(a)) gives

a recharge efficiency shown in figure 8.1 (b). If the díscherge rate

exceeds Q. flow extends beyond the recharging reach. A given reservoir

inflow discharge record of duration, P may be divided into tíme increments

and Èhe recharge occurring for each of these determíned using figure

8.1(a). The sum of these is Rr, the hatched area ín figure 8.1(c), which

is the total recharge if the flow was unreg,ulated.

1f the reservoír releese raÈe is to be uniform fígure 8.1(a) may be

rescaled by multiplying the vertlcal and horizontal scales by P to glve the

relationship between recharge, R during perlod, P and the reservoir

release, D. From figure 8.I (d) a release D* provides the target recharge.

ttígher releases would increase recharge at the cost of reducing reservoir

yield. For ephemeral streams it ls likely that Rr, a Q.P and recharge

enhancement up to Q"P is most water efflcient. NoÈe that reservoir

evaporation and phreatophyÈe transpiration losses are neglected in this

simple example.
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This form of recharge calculation was used by Wyatt, Thorn and Mawer

(f974). They examined the effect of conjunctíve menagement of an aquífer

and a reservoir in order to optimize the size of the surface storage. They

defined a maximum recharge rate and all releases at less than this rate

were considered recharged. This was applied to the Ríver Stour ín Essex,

England.

A more sophfsticated relaÈionship between discharge rate and recharge

rate was chosen by Biere and Lee 0972). They combined two reservoirs and

rivers in Callforníars Salinas basin to form a hypothetical ephemeral

stream whlch recharges valley aquifers. They estimated recharge Ra during

perlod, t to be

+ b(D )
E

2 8.1

where i represent,s Èhe season number (i = 1, 2 ot 3)

a. varíes vrit.h the season (0.82 to 1.04) to account for recharge from
1

runoff enteríng the stream downstream of the dam.

b is a negative constant, indicating that percolation efficiency

decreases as streamflow increeses

and Da is the reservoir release during period t-

This expresslon gave recharge efficiencies with respect to releases

ranging from 1.02 to 0.57 for the releases used in Blere and Leers study.

stewart and Boughton (1983) reviewed a range of empirical

relationships between transmission losses and díscharge rates in natural

hydraullcally disconnected streams. However the LiÈtle Para River lras

found to become hydraulically connected in some reaches and the recharge

rate depends on groundwater levels adJacent the stream. Thus discharge

losses are related to the discharge history of the stream. The total

recharge occurring Èhrough the streambed depends on the intake cePacity of

the streambed and the availability of water in the stream. A discussion of

these two factors follows.

a. D.aEtR
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8.2 Little Para Rlver Streambed Recharse Capacíty

Daily discharge linear regressions between adjacent pairs of

recording gauging stations were performed using the BMDP computer package

(Dixon, 1981). The expressions for the line of best fit to the data for

alternatlve data editing procedures are shown in Table 8.1. The

coefficients A and B depend on the ectiting procedure but the value of Y for

any given value of X are similar over the whole flow range. Set iv, the

rnost rigorously edited set is used for subsequent calculattons.

A first test (see Table 8.2) for variation in the discharge

correlations over the study period year by year revealed no obvious Èrends.

ThaÈ is the effect of time on the streambed lntake capacity was smaller

than the effecÈs of antecedent dÍscharge, water temperature, evaporation

rate and discharge measurement error.

Hydraulic connection was observed during sustained flow ín the

reaches between statlons 3 and 5, stations 12 and 15 and for the upper pert

of the reach between stations 5 and 7. The remaining reaches remaln

hydraullcally dlsconnected. Intake rates for these are more sensitive to

discharge rate (see models 2 and 5 in appendíx C.2, table I and figure 2)

due to the dependence of Èhe weÈted area of Èhe semí-pervlous layer and the

hydraulfc gradtent across it to stream stage. this is reflected by lower

values of the regression coefflcient, A between stations embracing the

hydraulícally disconnected sections of the stream: the downstream part of

the reach between stations 5 and 7 and the whole reach between stations 7

and 12.

A plot of Èhe total streamflow loss between sÈations 3 and 15 for

occasions when steady flow was maintained at station 15 in dry weather is

shown in figure 8.2. A deduction for evapotranspiration is made and after

testing a nr¡nber of relationships betr+een antecedent flow and recharge

capacity the relationshlp described by figure 8.3 was selected. This

provides a simple pattern which is related to the stream-aquifer
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Table 8.1

DAILY DISCHARGE CORRELATIONS \^IITH ALTERNATIVE DATA SETS

Station X Station Y Data Set A B R N

3 5 l_

l_ l_

l-11
iv

.95s

.950

.957

.927

-L.57
-L.2I
-L.46
-L.28

0.992
0 .991
0.996
0 .995

405
L762

52L
506

5 7 l_

11
rl-l-
l_v

.947

.844

.999

.864

-3.94
-1. r0
-4.34
-2.79

o.932
0.956
0.964
0 .906

188
860
235
220

7 L2 l-
l_ t_

1al-
1V

.920

.862

.920

.7 45

-3 .81
+0.10
-3.37
-L.65

0.696
0.859
0.963
0. 857

75
753
L44
130

L2 15 l_

ll_
l- l-l
l_v

L.206
0.995
1.050
0.980

-3.L2
-0.45
-2.69
-2.22

0.934
0.964
o.994
0.979

63
768
L23
111

Y=AtsX+B X,YinML/daY
A = regressíon coefficient
B = constant of regression

R = correlation coeffíclent
N = number of days for which correlation could be performed

í = dara seÈ used in April 1981 report (Y>0, 26.2.79 - 20.6.80)

ii = complet,e data set except X' Y > 50 discarded

íii = as for ii except X, Y = O discarded and each day Ehat rain was

recorded at LíËtIe Para Reservoir and the following day were
excluded

iv = as for iii except X, Y > 28 discarded



2L5

TabIe 8.2

DAILY DISCI1ARGE CORRELATIONS BY YEAR

StationX StationY Year A B R N

3 5 L979
1980
1981
L982
All

.923

.94L

.896

.899

.927

-L.47
-1 ? 5

-1. 09

-1.09
-L.28

.992

.997

.988

.986

.995

LL2
2!4

99
81

506

5 7 L979
1980
1981
L982
All

.696

.981

.799

.420

.864

-2.04
-4.92
-1. 13
+1. 70

-2.79

.901
,937
.870
.993
.906

4L
94
80

5
220

7 L2 1980
19 81
L982
All

.726

.926
-2.78
-2.23

i-nsuf f icient
-1.65

.827

.939
data

.857

56
74

.7 45 130

L2 r5 1980
19 8l
L982
All

.895
1.005

-2.23
-L,97

ínsuffÍcíent
-2.22

.963

.9BB
daËa

.979

4L
70

.9 80 111

Y=A*X+B X,YinMl/day
A = regression coefficient
B = constant of regressíon

R = correlatíon coefficient
N = nr¡mber of days for whích correlation could be performed

Set iv daÈa used for all correlations above. MAX = 28.



{J

o

J

c)
o

.¡-- 0 -2

!
.r{
o
o
Ê
d
O

0)

!
(d

O

,q 0.1
!
(,1

.cÉ
d
q)
!
]J
(n

2L6

600

300

l9B0 I9BI I 982

Figure 8.2 Streambed recharge capacity between stations 3 and 15,
February 1980 - June 1982.

40 o one month onlv
+ ¿ìve. over several monEhs

20

100 200 300 400 500 600

s t-{r t Í on 03 clischarge

(ML /month)

-2Q

-40 o

-60 o o-o-

Figure 8.3 Algorithm relating change in sÈreambed recharge capacity to
monthly discharge at station 3.

00

0

q)
òcg
rdn
o t-J
aJÉ
tro É€'\oJË
-ctÉv
d
q)

't4
+J(f) >

Ð
L.É
'rt O

(ÉoÊ
00(!
ÊO
d
O

X recharge
o discharge loss
! minimum discìrar11e loss orrlY

s40max

r
I

I

\

\
.î

\
\

I
I
I ?

I
I

220mln

A
-rîö

J

I
Itg

t

/
o

o

Ix
o10

x
-\

I
ô

t /l

\

x- '(-

\
\
b
f
\

/lt\
/'å t\

,\
bx

I,\ 
,/

'ü'

f--
\r?



2L7

interactlon processes. For statfon 3 discharges in excess of /+00 ML/month

the loss ín streambed recharge capacity is 60 Ml/month, due to the reduced

hydraulic gradient away from the stream caused by growth of the groundwater

mound.

For dischârges less than 90 ML/month the groundwater ridge dissipates

faster than it is replenlshed and groundwater slopes l-ncrease. In fact

some hydraulically connected parts of the stream may become hydraulically

disconnected from the aquifer. An increase of 40 Ml/month ln recharge

capacity results. For station 3 discharges beÈween 90 and 400 Ml/month the

recharge capaclty changes by intermediate values. A discharge of. 2L4

ML/month produces no change ln streambed capacity.

It ls obvlous fron the above that at the end of e wet winter the

recharge which would have occurred w1Èhout the dam would be restricted by

the streambed recharge capacity whích would be low due to the high

dÍscharges over the previous months. Minimum and maxÍmum streambed

recharge capacitíes of 220 and 540 Ml/month have been spectfied based on

figure 8.2 and on calibratlon runs with monthly discharge and recharge

through the study period. A longer study period would be expected to give

a betÈer estimate of peak recharge capacity. Hlgh flows were well

represented ln the study so the minlmum recharge capaclty is a confident

estimete.

Having constructed a simple algorithm for changes in streambed

recharge capaclty based on monthly discharg,e at gauging station 3 and

fltted lt to Èhe post dam discharge record the questlon of the avallabillty

of water in the streambed must be addressed.

8.3 Little Para Rlver Tempor a1 Distribution of Discharge

To relate the unmeasured recharge from unregulated (pre-dam)

discharge to the measured recharge from regulated discharge the concept of

'requlvalent untform flowtr is lntroduced. This is the uniform dfscharge

over a period of one month which would give the same recherge as the
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netural flow pattern. Monthly dlscharge at station 3 was used as the besis

beceuse the reservoÍr release rule was to consist of monthly settings of

dfscharge rate and station 3 had the longeet dlscharge record.

The equlvalent uniform flow was calculated as follows. Flrstly the

daily discharge regression equatlons for each of the four reaches were

combined givlng a dlscharge loes in the vlclnity of 12 Ml/day when

dtscharge exceeded 12 Ml/day at staÈlon 3. When the discharge was less

than 12 Ml/day the entire flow vtes expected to be lost before etation 15.

This simple algorithm was applied to the dally discharge record at station

3 from July 1968 to July L977 í¡. order to find the steady monthly discharge

which would glve the same monthly recharge (figure 8.4).

A number of assumptlons or approximaÈions have been used ln findlng

the equtvalent uniform discharge. The effect, of antecedent flow on

streambed recharge capacity has been neglected. The algorithm gives a

recharge capacity of 360 Ml/month whlch ltes near the mld-range of the

post-dam recharge capacity (figure 8.2). Secondly the regression equatlons

appli.ed to dfscharges less than 28 Ml/day. Refering tù Table 8.1 it ls

observed thaÈ the regresslon coefflclent, A is higher for data set iil

whlch includes discharges up to 50 Mt/dey. Thus it appears that losses

become almost constant over the dlscharge range 28-50 Ml/day. Above

50 Ml/day discharge losses are unknown. As these htgh discharges generally

occur on isolated rain days and having observed in chapter 5 the i.mportance

of the duratfon of flow on recharge for a hydraulically connected streem,

It is thought that the extrapolatfon rias not unreasonable.

Slmllarly thls suggests that only an examínation of dally flows is

necessary as the dlstributíon of dlscharge within a 24 hour perÍod could

provide only very short duratfon floodwaves. Therefore, Èhe dífference

between recharge determined by examlnatlon of instantaneous discharge and

that determined fro¡n daily discharge ís expected to be small.

The equivalent unlform flow is equal Èo monthly discharges up to
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160 ML/month. Above that discharge some allowance is needed for occaslonal

days when high discharges are conveyed through Ehe channel and out to see.

Beyond 320 ML/month substantlally more discharge reaches the sea. No upper

bound was placed on the equlvalent uníform flow as the channel recharge

capacity would timit recharge tn most clrcumstances, and secondly to allow

søne credit for additlonal recharge in the hydraulically disconnected

reach. This was thought to compensate for the rigid L2 l{,lday recharge

capacity used in the derivation, and to allow the maximum post-dam recharge

capacÍty to be obtained. The piecewise lineer functíon for equivalent

unfform dlscharge was fitted by eye.

This method could be ímproved by applying the monthly streambed

recharge capacity, as determfned from ant.ecedent monÈhly discharges, to

adjuet the dally discharge loss algorlthm. Thls was not tried but the

effect ls expected to be small as only a small number of months had

discharges less than the maximum streambed recharge capacity and more than

160 Ml/month (the discharge below which the equivalent uniform flow and the

actual discharge are the same). That is variations on the functlon in

ffgure 8.4 while they may be Justified would not be expecLed to cause

significanÈ changes to recharge volumes.

8.4 Recharge Due to Runoff From the Catchment Below the Dam

The monthly lnflow downstream of statlon 3 was estimaÈed from each

month from the establishment of gaugfng statlons 12 and 15 Ín Pebruary

1980. The daily gain fn flow, QID, in each reach was determlned from

QrD=QD-(a*qu+B) <0 8.2

where QU and QD are the daíly dfscharge at the upstreem and downstream

gauging stations and A and B are the regression coefficients applying to

the reach (from Table 8.f). The dlscharge galn was added for each day and

reach to give the monthly discharge gain, QI between stations 3 and 15.

The monthly discharge gaín was correlated againsÈ the naturally

occurrlng (unregulated) monthly discharge aÈ station 3. The latter was
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calculated from

QN=NI+Q3-RL-SC-SP 8.3

where QN represents the monthly discharge which would have been

recorded at station 3 if there had been no dam.

NI fs the natural catchment lntake to the reservoir estirnated from

the reservoir water balance.

Q3 ls the observed dlscherge et station 3.

RL, SC end SP are the recharge release, scour release and spIll

from the dam.

While the correlatlon between runoff downstrgam of station 3 with that

upstream of station 3 was poor (R = 0.53, see flgure E.5) ttre equation

derived

QI = 0.18 * QN 8'4

is considered satlsfactory given the approximatlons lnvolved in lts

derivation. Note that the under-registerlng of flow gains for summer

months havíng low velues of QN reflecÈs the higher streambed inteke

capacity under dry conditlons. the catchment area for QI ts 38% of that

for QN. Urban development takes up I87" of the downstream catchment

compared wíth none upstreem. The downstream catchment however is flat

compared wíth the steep hills of the upstream caÈchment.

The monthly dlscharge et station 15, Q15 was correlated with the

monthly dlscharge gain downstream of station 3, QI to deterrnlne the

discharge loss, RI occurring due to the runoff downstream of station 3 for

months wlth no reservoír release (flgure 8.6). The best flt llne was used

to derlve an expression for recharge with respect to flow gain,

Rr=0.21*Qr+12 /qt 8.5

Combining equations 8.4 and 8.5 glves an expresslon for discharge loss

arising from runoff downstream of staÈion 3 with respect to the unregulated

discharge at statíon 3

Rr = 0.041 * QN + 12 / o.ra " qn 8.6
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While the algoríthm for discharge loss due to runoff downstream of

station 3 ls perhaps oversimpltfied and has wlde confidence lÍmits lt Ís

thought to be adequate. l'lore sophisticated models relying on more

perameters are less capable of callbratlon with the exfsting data set. An

attempt to correlate QI wiÈh monthly ralnfall data proved less retiable

than the correlatlon wlth QN.

Runoff between the dam and station 3 was considered in conjunctlon

with dam leakage.

8.5 Recharg e From Dam Seepage

The catchment area between the dam and station 3 is 7.6% of. the total

catchment upstream of station 3. The gafn in flow between the dam and

station 3, 13, is correlated against the monthly natural díscharge at

station 3, QN for the period 1980 to L982 to determine the dam seepage

(figure 8.7).

The equation of the lÍne of best fit is

13 = 0.045 * QN + 31 8.7

Assuming uniformity of runoff over the statlon 3 catchment aree, the

natural runoff I3N, is expected to be

I3N = 0.076 * QN 8.8

The resulting difference ln flow is attributed to dam seepege, SEEP, where

sEEP=13-r3N=-0.03t*QN+3I lo 8.9

There 1s no physical slgnlficance in the QN coeffÍcÍent and an ínspectÍon

of flgure 8.7 reveals EhaÈ the slope of the line of best fit for 13 could

be as high as 0.076 without a marked effect on the correlation coeffícient.

Seepage is expected to be more closely related to reservolr storage level.

Due to the very small seepege rates and very small variaÈion of seepage

rates predicted by equation 8.9 for the common range of QN no further

analysis was performed.

Dam seepage gives a contlnuous low discharge and never exceeds the

streambed intake capacity. I{owever all flow components, dam seepage,
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runoff below the dam and releases compete for the avallable recharge

capaciÈy. Releases from the reservoir should therefore allow for dam

seepage and the expected runoff from the downstream catchment.

8.6 Reservolr Release Simulation

tllth the relatlonshlps between recharge and downstream catchment

inflow, dam seepege and stream dlecherge deflned the total recharge

associated with alternative reservoir release patterns could be determined.

A simulation model DAMSIM was wrltten to calculate total groundwater

recharge for alÈernative reservolr release strategles and the consequent

costs of inter-basln pumplng to maintain specified target storeges in the

reservoir. The recharge which would have occurred without the dam was

found uslng the same simulation model.

The model also accounts for streambed evepotrenspiration losses and

has an option to enable conjunctive manegement of surface and g,roundwater

storages to be evaluated. Appendlx C.5 contains a block diagram (figure I)

of all physfcal system components consldered ln DAMSIM. Brlef program

documentatlon appears ln Appendlx D and a listing is glven on the

microflsche.

With only 14 years stream dlscharge data for statíon 3 it was decided

to test the sensittvity of the sfmulation results Èo streamflow record.

Two 30 year sets of generated monthly streamflow data vrere provided by the

Englneerlng and Water Supply Department of South Australia. These were

produced by a method described tn a report of that Department (South Aust.,

1978). The mean annual discharge and coefficient of varíation of the

annual discharge for the three data sets ranged from 9400 to 10000 Mt ( 1

Mt = 103 m3 ) and 0.49 to 0.67 respectively.

The resulting range in mean annual recharge was 2040 to 2170 ML, that

is a spread of 6% of. Èhe estlmated mean annual recharge from the historlcal

data set.

The historical record gave the highest value due to a lower lncidence
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of zero flow than the synÈhetic daÈa. All alternative release polícies

were slmulated for each data set. The variatlon in recharge from each set

was mÍnimal but sígniflcant differences in mean annual pumplng costs were

observed. The ranking of costs of alternatlve release pollcies wes almost

identfcal for each data set and the same pollcy wes optimal for each set.

8.7 Release Pollcies and ConsÈraints

More than ten dlfferent types of release pollcies were simulated.

Ttrese lncluded:

. unlform releases,

. set monthly releases

and releases dependent on

. the prevlous monthrg natural reservoir intake,

. the reservoir storage at the start of the month

. the recharge credit at the start of the month, where crediÈ ls defined

as the excess of regulated recharge over the natural (no dam) recharge,

. the streambed intake capacity aÈ the start of the month,

. the need for groundwater extraction during the month to replace part of

the demand on the reservotr for metropolitan weter consumption, and

. various cornbinatlons of the above.

The obJectlve of the simulation r,ras to ldentify the reservoir release

rule which would minimize the cost of pumping weter from the Ríver Murray

to meintain reservoír storages at specified target levels, subject to a

number of constraints.

The constraints on release policies lnclude the followíng

consideratlons.

Mean annual recharge fs to

dam ) recharge.

A minimum annual release of

nater supply in

would require at

be not less than the mean annual natural (no

E10 ML is requlred to secure the irrigation

7. Thisa shallow leaky aquifer downstream of station

least 3 months a year wlth release rates of no less
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than 270 l'{L/month.

Drying periods are required to discourage the growth of algae and to a

smaller extent reed beds, both of whlch may partíally clog the

streambed and reduce infiltratfon retes.

A minlmum release of 120 Ml/month during December and January is

recommended. the stream is the focus of a corrtdor of parks whlch

at,tract large crowds in the sr¡mmer months. The recreational value of

water in the stream is considered lmportent by the Salisbury Council,

whlch owns the parks.

the policy ls to consist of monthly changes in release valve settíngs

and release rates should be relatfvely easily calculated usíng data

readily available to the reservolr keeper.

The policy should eccount, for the existing recharge deficit, Èhat is

the shortfall in recharge due to the effect of the dam, at the date on

which the rule Ís implemented wiÈh the view to produce a recharge

credit within the

The reservoir

a levelprovision of

allowance for

planning horizon.

target levels embodled a range of constraints such as

of security for rdet.er supply from the reservoir and

the pipellne capacity available for transferrlng water from

t,o the reservoir. Thls capacity varled monthly accordingthe River I'lurray

to the demands on other reservoirs fed by the same pipelíne.

In additlon the unit, cost of pumping increases with the plpeline

discharge raÈe (figure 8.8).

The optimal release policy for the speclfied target storages ltas

tested for an alternatlve set of targec storages (Table 8.3). These

allowed a hlgher risk of the reservoir being incapable of meeting demand.

8.8 Results of Simulation

Table 8.4 glves a comparison of mean annual recharge and mean annual

pumpfng cost for a series of alternative release policies for the three

discharge daÈa sets. A plot of pumping cost versus recharge is given
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Table 8.3

Specified and aLLernatj-ve end of month reservoir target voh¡mes
and reservoir demand.

Month Jan Feb

specified 7 5

alLernative 7 5

demand 2 2

( thousand megal-itnes )

Mar Apr May Jun Jul

3 3 5 10 10

33457
20000

Oct Nov Dec

13 11 9

13 11 9

022

Aug Sep

10 13

9 11

00
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Table 8.4

Mean annuaL recharge and pumplng costs aseoclated wlth a range of releage
po11'ciee for three dlecharge data eets'

Annua 1 rechargeo (ML) AnnuaI pumplng cost $'

HIST 118 114 HIST 118 114Data seL
Policy No

1

2

3
It

5
6

7
I
9
0
0

0/0
0/120
0/125

P5

Na¿uraI
Recharge :

740
2122
217 9
2618
2335
2289
2529
2137
2579
2t419
2256
237 1

2361
2344
2201
2173

7U5
?12'l
2180
2589
2318
21 45
2388
2175
2535
229\
2234
2189
2230
2?60
21 95
2031

744
2127
2184
2\9ó
2312
2241
2387
21 86
2565
2433
2337
2255
?249
2291
2204
2066

108
153
155
181
215
173
217
155
178
166+2
159
1 59+3
228
162
156

96
136
138
161
191

122
165
167
189
221
189
229
165
18?
175+2r
168
169+3 â

243
174
167

58

144+3 a
223
145
139

(1.

94
40
60 cL
54+ 1

\7
(1

/ opL

polfcY no description

no releaae
release 120 ML/month
release 125 ML/monLh
release aL sbreambed capaciby minus expected inflow
Kingston and Shepherd (1973) - set nonLhly releaaes
DiLlon (1977) ruie A - dept- on previous Inonbhs inflow only
DiLLon (1977) rule B - dept. on previous monLhs infLow

and Lhe season
depl. on reservoir volume and sbreambed capacity
depl. on reservoir volume and streambed capaci¿y
as lor 6 and including groundwaLer ex¿racLj.on
dept. on res. volume, sLreambed capacity and recharge crediL
as for B and including groundwaLer extracbion
simulaLes natural monlhly recharge pattern
as for 10 fon discharges up to recharge capacity of sLreambed

seb monlhly releases pulsed Lo give recharge in gardenlng
areas.

o/o
o 1120
01125
I
2

3

4

5

6

7
q

9

10
1 0 /opL
P5

a. power cost for groundwater extracbion

b. inclucles recharge due Lo dam seepage and runoff from caLchmenLs

downstream of' Lhe dam.
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in figure 8.9

It was expected that policles which reduced releases in dry years and

resu 1 Èedincreased them in wet yeers such as policles

costs. However

5 , 6 and 8 would have

in lower meen annual pumping rrdryrr years, when reservoir

natural intake ls insufficient t,o meet reservoir demand (10000 ML),

evaporation loss (1070 l,ß) and mean annual releases (1530 Mt) (totalling

12600 l,fl), occur in almost 807. of all years. Thf s means that ln the

occasional |twetrr year when pumping is not required the recharge must be

substantially greater than the mean fígure in order to allow any

signlficant recluction in dry year releasea. The problem ls compounded by

the large amount of runoff from the catchment below the dam in wet seasons.

Under these conditions releases from the reservolr are ln competÍtion wlth

the local runoff for the avaflable streambed lntake capacity, which has

been reduced by the high discharges. Increasing releases at such tlmes may

cause only a marginal lncrease in recharge and unless splll is irnminent

pumping would eventually be needed to replace most of the released water.

If reservoir demand had been significantly less it is expected that

some form of compensation for low natural Íntake to the reservolr by

reduclng releases would result in lower pumping costs. This would be

possible because lower target storages could be set, and higher cerry-over

storages would be available leading to a frequent surplus which could be

released in summer months when streambed intake capacity had recovered and

expected downstream runoff was at a minimum. Hence recharge could be

efficíently increased in frequent frwetrr years allowing substantial

reductlons in releases in occasional r?dryrr years.

The lowest pumping cost is attributed to a unlform annual release.

This spreads the pumping volumes more evenly through the years thereby

reducing the frequency of pumping large volumes with their attendant higher

unlt costs. These ranged from $35/t'tl, for discharges up to 1500 Ml/month to

a peak of $48.5/Ul at the pipeline capacity of 10080 Ml/monÈh. In the
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Table 8.5

Þ{ean annual vol¡mes (megalftree) and etaClstlcs uslng the recomtended

relea6e rule wlth speclfled and alternaEÍve end of month reeervolr target
volumes for Ehree diacharge data seta'

Target resenvoln volumeg speclfled al ternaLlve

Data SeÞ HIST 118 114 HIST 1 
'lB 114

Dlscharge at GS504503
(Std. Deviation)
(5 ) Pumping
( 4 ) ReLease

Demand
Recharge due Lo neleases
Rechange due to d/s
caLchmenb
Recharge due to dam

seepaSe
Recharge due bo sp1J.l
Total rechange
Natural recharge
Evaponablon
Sptll
(1) Pumping cosb ($)
(2) Pumping CosL

No Releases ($)
(3) CosL of ReLeases

= (1) - (2) ($)
(6) $/ML Released =(3) / (4)
(7) $/ML PumPed =(1) i (5)
years of no pumping/yrs
record
years of spiJ.l / record
ReplacemenL / Release
= (6) I (7)
Mon¿hs of summer punpj.ng/
yeans
Max monLh summer pumping
(month )

Þlax season summer pumping
Flnal Volume minus
Initial Volume

542 531

122,OOO 1 08 , 000 96 , 000

45,000 48, 000 43,000

29.4 31.4 28.1

3?.0 36.4 36.3

549 542

9353
(6169)

u512
1 530

'l 0,000
1 466

9954
(67 27 )

4283
1 530

1 0,000
1 \62.

1 0048
( 4962 )

3828
1530

10,000
1 467

9353
(6169)

4077
1 530

'10, 000
1 466

995\
(6727 )

3652
1 530

1 0,000
1462

1 0,048
(\962)
3203
1 530

'I 0, 000
1 468

188
5

2201
2173
1 069
493

1 67,000

193
9

2195
2037
1072
8?9

1 56, oo0

183
5

2204
2066
ì 109
q?3

1 39, 000

188
0

2196
2173

788
0

193
5

2192
2037

815
505

'l 47 , 000

183
0

2200
2066

832
46

'l 26, 000163,000

1 08, 000

55, ooo

35.9

40.0

311\
0/14

0.90

15 t7

2215
6387

5628

531

2270 (1)
667 4

0

549

2390

2O91 (3 )

3863

4/14
3 /14

5 /30
5130

5 /30
6 /30

93,000 71l , 000

54, ooo 52,ooo

35.3 34.0

110.3 39.3

8/3o 8/30
3/30 2l3O

0.88 0 .87

28/11 26114

o-79 0.86

\/2 \t4

869 0

1669 (3) 1985 (3)
1705 r 985

128 (3)
128

0.77

111

0

(1)
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menegement model pumping could occur in May and June to ensure that target

volumes were reached. In these inonths there \{as no other demand on the

pipelÍne. Pumptng in other months would only occur to prevent reservoir

storage fallfng below 500 l'{L. On these occasions it is assumed that the

pipeline is already in use and that to convey vtater to Little Para

Reservoir lt must carry its full dlscharge capacity.

The alternative target volumes íncrease the lncidence of summer

pumping from 147. to 50% of years and lncrease the maximum summer season

pumplng from 1700 ML to 6400 ML for the hístorical discharge data seÈ.

Thls also reduces the pumping cost by $4000 pa, which gíves the value of

allocating additional pipeline capacity to the LittIe Para Reservoir during

summer months. Table 8.5 summarizes the components of the hydrological

balance and the costs associated with the recommended release pollcy for

the spectfled and alternative targ,et reservoir levels.

The recommended release rule P5, shown in table 8.6 provides a

constant annual release of 1530 ML which is distributed through the year in

accordance wlth the constraints on release rules previously outlíned. the

disÈrlbutlon of the annual release between months had only a negllgÍble

effect on annual recharge and on pumplng costs. Of the total recharge,

22OO .*lL, the approximate proportions of the components aie releases 667",

downsÈream runoff 25%, dam seepage 8% and spill I7". The natural recharge,

2170 ML, is exceeded by releasing only 18% of the natural intake to the

reservoír.

Table 8.6

Recommended recharge release rule.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

330 30 90 60 270 30 1 50 60 30 300 60 120 1 530Release
(megalitres )
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Release rule I (in table 8.4) gives 2620 ML recharge, the maximum of

the release rules tested. The maxímum sustaÍnable mean annual recharge is

estimated as 2560 ML based on the discharge at station 3 required to

maintal-n a stable intake capaclty (from figure 8.3). This neglecÈs two

partially compensatfng factors, evapotranspiraÈion losses and recharge due

to runoff entering the river downstream of station 3. Hence the Potential

exists for artificlal groundwater recharge enhancement by up lo 2Q% Èhrough

dlscharge regulation, although at present this þot economl-ca1ly viable.

8.9 Conjunctive Management of Surface and Groundwater Storages

The prospect of drawing metropoliten steter supplies from the Little

Para Reservoir and Northern Adelaide Plains aquifers vtas considered ín some

reservoir release policies listed ln Table 8.4. The DAMSIM model allowed

for artificial recharge facilities and groundwater extraction for

metropolitan \íeter supply. However streambed recharge capacity limlts

groundwater recharge on everage only one year in flve. The capital costs

of these schemes and theír 1o¡¿ rate of use rendered them unviable.

The foundation work on conjunctive operation of dams and aquifers was

presented by Buras (1963). An example of feasible conjunctive operation of

the Burdekin Falls Reservoir and the Budekin Delta aquifer ls glven by

Hadgraft, Volker and Stark (1982).

8.10 Conclusíons

A reservoir release rule was found by simulating reservoir operation

and the relatlonshíp betlveen monthly recharge and discharge ln a streem.

Thfs relatÍonship was determined empirically based on discharge

observatlons over the perlod February 1980 - June 1982. In addition to

lack of confidence in some of the regression equations used, these

relationships may vary wiÈh time on a longer time scale.

The geometry, composition and biota of any segment of a stream

channel is in dynamic equillbrium wfth the dlscharge-frequency function and

the sediment and chemical loads of the streamflow. Each of these factors
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suddenly changed ln August 1977 f.or the LlÈtle Para River when the LlÈtle

Para Dam was sealed. In addition the artificial expansion of the catchment,

through urban drainage schemes has already produced obvious changes in the

shape and elevation of the streambed. The details of reports of these tlro

effects for other streams and observations on the Llttle Para River and the

implicatlons for streambed recharge capacity are presented in D11lon

(1983a, chapter 2). Consequently in the same report a small monitoring

prog,ranme rtas recommended to accompany the implementation of the

recommended release rule.

Based on Èhis study an annual release of only 18% of meen annuel

reservoÍr lntake 1s sufficlent to maintain natural streambed recharge.

There 1s potentlal, though presenÈly lt is not economlcally viable, to

enhance groundwat.er recharge by uP to 20% by díscharge regulatlon.

Dfscharge regulatlon also has the capacity to improve the qualiÈy of

recharged 1reter. Basef 1o\,r recorded at station 3 prior to dam construction

had total dissolved salt (fOS) concentrations between 800 and 1200 mg/1.

During high flow TDS fell lower than I00 mg/l, wlth the volume-averaged TDS

of less than 500 mg/I. For unregulated flow the better quality water has e

relatlvely short residence time in Èhe streambed compared with baseflow

from the upstream catchment. Discharge regulatlon has the effect of

recharging water at the volume-averaged concentratÍon thereby improving

groundwater qualiÈy.



237

CHAPTER 9

CALIBRATION AND VALIDATION OF STREA}T.AQUIFER INTERACTION MODEL WITH DATA

FROI,Í LITTLE PARA RECHARGE STUDY.

The abIllty of the BIEM model to sfmulate theoretical problems has

tnteractionbeen demonstrated ln Chapter 5. Its ability to simulate the

between a real streem and aquifer is shown in thls chapter. The model is

callbrated and valldated for flve cross-aectlons of the Llttle Para River

(flgure 9.1 ).

D¡e to the constraint of computer execution tlme only dally time

steps ere considered and runs are limited to no more than flfty days. Node

spaclngs lncrease logarlthmically from the streem to the outer limlt of the

model, 1200 m. As the duratlon of flow in the stream lncreases the

groundwater mound curvature dlstant from the stream also increases. This

results in increasing mass balance error due to the approxlmatlon of the

volume change below the free surface. Additional nodes ere needed to

overcome this problem, whlch in turn increases the computer executlon time

for each time step. Longer runs would provide better estimates of the

longer term processes such as percolation through the aquifer base, but

Èhese w111 not be pursued at this stege. The model has already been shown

to work for Èranslent problems such as the Cooper and Rorabaugh flood wave

independent of the duration of the period providing there are sufficÍent

model tfme steps to rePresenÈ the change Ín stream head.

If say rflnstentaneousrr or hourly discharge periods were used for

calibration, a flow routing procedure would be required to obtain the

temporal separation of channel storage change and either recharge or

baseflow gain. As the objective of the model is to determine recharge for

dally periods up to a month, the distributlon of recharge durlng a day is
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not required. The assumption is made that the net recharge over a day

derlved from the actual dlscharge hydrograph ls approximated by the

recharge due to the mean dally discharge flowlng uniformly throughout the

day. From the regervoir release pattern study in Chapter 5, lt ls likely

that the model overestfmetes netural recharge on daye when flow rates vary

slgnificantly such as on wet days. However no callbration can be obtained

for such days due to unaccounted local run off entering the streem between

gauglng statíons. Thus datly tlme stePplng is practical from the

perspective of availabillty of data and for contalning comPuter execution

tlmes. The model assumes channel storege changes are negllgíble compared

with daily discharge losses. This assumption ts revlewed in sectlon 9.8.8.

At a conference entftled rrVerificatlon of Mathematical and Physical

I'lodels tn Hydraullc Engineeringrr Wllson and Dettinger (fgZA) compared the

Èheory of steady state and transient calibratlon of groundwater models.

They concluded that static or slowly responding systems are relatively

insensitlve to the values of aquifer hydraulic peremeters. For rapidly

respondlng or highly stressed systems the perameter sensitlvity and

informatlon content of measurements ls slgnificantly íncreased. Hence the

callbratfon procedure focused on periods of rapid change in groundvteter

levels adjacent the Líttle Para River following perlods of no flow. ThÍs

nes expected to give good estímates for the stream-aqulfer interaction

parameters ín the model due to the sensitlvity of groundwater elevations

adJacent the stream to streamflow.

The FORTRAN-4 computer program BIEMCAL containing the model described

in Chapter 4 and all callbration and validation subroutines deecribed in

thls chapter is documented in Appendlx D and its listlng given on the

microfische.
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9.1 Callbration Procedure

A three sÈep callbratlon procedure was adopted to fit the BIEM model

to streem dlscharge and groundwater elevation dat,a from the Little Para

Recharge Study. The unknown parameters to be identlfied were

(1) streambed cross-sectlon geometry

(2) elevatlon of aquffer basement, yb

(3) etreambed hydraulic lmpedance, B

(4) aqutfer hydraullc conduct.lvtty, K

(5) àqulfer effectlve PorositY, ."

(6) hydraulic gradlent through the base of the aquifer, (/+)
\dnl¡

and (7) capillary drlve in unsaturated flow, h"

The river was dlvlded lnto four reaches by flve gauging stations

equlpped wíÈh contlnuous wâter level recorders. Each reach was modelled by

conslderlng a slngle cross-sectfon of the stream ln the viclnity of

observatlon bores (flgure 9.L). Two sections were used for the reach

between gauging statlons 7 and L2, due to quite different groundwater

responses upstream and downstream. For each sectíon the Parameters above

were regarded es constants.

Fírstly the streambed geometry was determined from a serles of

surveyed channel crosa-sections. Although stream width varied conslderably

there waÉ¡ no signifícant trend with runnlng distance along the stream. The

meen lvater surface wtdth varÍed between 4 and 4.8 rnetres for the range of

release rates used (70 to 300 1/s). Channel shape varied conslderably for

the surveyed sectlons. For convenf.ence, a trapezoídal channel with base

width 4 metres and 45o stde slopes was selected to represent the treveragerl

etreambed geometry for each reach. Calibration was performed regardlng

this as the fixed streambed geometry. It is subsequently shown in the

sensitivity analysts that changes in streambed width or stream bank slope

may imnrove model results.

Secondly a relationship between the stream stage in the "averagerl
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section and discharge rate was requtred. Flow in the stream was more like

rtll and pool behaviour than normal flow so in place of Manningrs equatlon

a slmple exponenÈ1al relationship was derived using the best fit

correlation of wetted cross-section area to dfscharge. The elevation of

the water surface in therraveragetr cross-section at a given discharge rate

was found by equatlng wetted cross-sectlon area with the mean correlated

value. Thls crude approach assumes equalíty of averege frictional

resistance of the wetted perimeter along the reach length with the

frictÍonaI reslst.ance of the rraveregert cross-section. While this'1s not

posslble for a rsnge of discharge rates thls approximatlon ls expected to

be insigniflcant compared wiEh the scatter in the correlations used to

derive the rraveragetr section and the stage-discharge relationship:

Q = 320. (a"pttr) 2'88 9.I

where Q is the discharge (t'tl,/¿ay = I03 ,n3 lð'ay)

and the streem depth is given in metres '

The effect of thls equation ls examined later in the sensitfvlty analysls'

Ttre remaÍnlng unknoltns are solved for fixed streambed geometry and usíng

this stage-discharge relationshlp.

The elevation of the aqulfer basement could not be stated simply from

examining bore logs, as the aquifers consisted of interbedded and

lenticular layers of gravels, sands and sllts wíthin the Hindmarsh Clay

formation. The thickness of these more Permeable layers, known in Eastern

Australia as lrshoe string sandsrr varies coneiderably over short distances.

The calibration procedure lncreases ln complexity with successive

stages. In the sÍmplest stage estímates for B and yO are used to predict

K/n. using a small sample of bore weter elevatlon data. The second stage

refines B, yb, (å*) and K/n" uslng all avaílable bore water elevatlon
wb

daÈa. Stream dÍscharge data is also used in the third stage to finallze B

and yO and to determine K, n" and h". All model perâmeters have then been

def ined .
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9.2 Stage I Calibratlon 1166¡=2)

The free surface boundary condition (equatlon 4.3I) involves two of

Èhe above unknowns K and n". To remove these from the boundary conditlon a

time transformation, equatio¡ 4.42 is used. ThÍs scales the model time,

to by a factor of K/n"L with respect to real tlme. The characteristic

length, L is set to I metre for all further reported uses of the model.

Hence the time ratto (tn) or model tlme to reel Èime, to/t becomes K/ne

per metre.

IniÈially the model can be fitt,ed only for time-invartant streem

stege as the time ratlo ls unknown. Hence lnitlal celtbration is carried

out using data from a peri.od of relaÈively constant stream discharge and

also settlng h" = 0. Inspection of discharge records suggested L012 -

2413l8l- as the most suitable period.

The tlme ratlo was determined uslng a set of match points. These are

the palrs of time and free surface elevat,ton for observation bores at known

distances from the stream. Up to two match points per observaÈion bore

were used" the BIEM rnodel was run uslng first estimates for yO, B and

/an\t- I

\an/_ . ùE.ream elevatlon was set at the conetânt. mean value. Logarithmic
a ,b

tlme stepping was found to be most effÍcient, wlth compuÈer tlme while

mainÈainlng satisfactory mess balances (wlthln 57"). The free surfar:e

elevatlons corres¡ponding to obeervatlon bore locatlons were computed at

each model time step. AÈ the end of each model run these were compared

wlth match point elevations and the model time (if found) aÈ each match

point divided by the real time ln days since the model start time gave the

tlme ratio for the match point. the mean and standard deviatlon of the

match polnt tlme ratlos were calculated along with other statistlcs - The

coefflcient of variation (standard devlation divided by the mean) was used

e€¡ e measure of the adequacy of the model.

As a secondary lndicator the model times were regressed on the real

times for each match point. The slope of the llne of best ftt, its real
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time intercept and correlatlon coefficient were recorded. Improved model

performances were lndicated by the slope approaching the mean ttme ratio,

the tntercept approachlng zero and the correlation coefficlent increaslng.

In general these features were observed for runs produclng smaller values

of the coefficÍent of variation, es expected.

A trial and error approach was used to adjusÈ the three parameter
/ ah\

estlmates to reduce the coeff iclent of variation. As \E/O was found to

be negligible in all except one cese (and confirmed fn later calibration

stages) it was a relatively slmple task to adjust B and YO. The typical

effect of changing these perameters is shown in Table 9.I

Table 9.1

EffecÈ of changing streambed lmpedance, B, and aquifer basement elevation,

yb on time ratios for observation bores near and far from the stream.

lncrease

Y6

B

bore adJecent stream

TR increases

TR reduces sllghtly

dístant bore

TR increases rapidly

TR lncreases

This first phase of callbratlon provided e screen to reduce the range

of B and y6 values for further conslderatlon. It also revealed the range

of the tlme ratio for use in the next stage of callbration.

9.3 Stase II Callbration ( tC¡'1, = 3 )

The first stage of calibration is particularly sensitive to errors in

the small subset of observation bore water level data chosen as metch

points. The time ratlo estimate rdas refined by extracting from the

groundwater elevation file (eUOffln) the whole data set for each relevant

observation bore for the calibratlon period and recording the root mean sum

of squares of the resldual (ttre aifference between prototype and model
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9.2

9.3

.r I- (Pi_Mi) 2-l L
RMSS=l-.-., 1 " II-I

Èhwhere P is the I
1

prototype observation

model predlctlon, andM r ll ll
1.

and n is the number of observaÈions.

Stream elevatlona were agaln set constant and logarithmic tlme stePs

employed. This tÍme Èhe best time raÈio from stage I was used and ln

addition t107., 120% and 140% this value were ernployed when comparfng model

results with observation bore water levels. Thls requlred only one pass of

the BIEM model nlth multlple arlthmetic operatlons only on Èhe model

results.

the values of B and y5 were adjusted ln order to mlnlmize Rì{SS-B. It

was found thet Èhe mean of residuals also provided a useful gufde to

perâmeter adjustments. Ae further gulde Èhe metric, X:C deflned by

Cunningham and Sinclalr (1979) as

n (Pi-M.)21-
^r2
^c I

i=1

was calculated in a modlfied form

n

M.
l_

9.4
:-a

]- 1

where P, and M, represent the initial prototype and model groundwater

elevatlons respectivelY.

In most cases the model parameters producing the minimum RMSS-B also

gave the minimum 4 . The major difference was that Xi) gave e hlgher

welghtlng to residuals of bores dfstant from the stream having smaller

elevatlon changes. As the stream-aquifer interactlon wes of prime concern

x;=i t (P . -P1) - (M, -Mr) I2
MM
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the RMSS-B measure of fit was adopted.

Line printer plots of observed and model groundwater elevation

changes at observatlon bores could be performed to allow visual comparison.

A second optlon, the use of a CALCOMP (ftat bed) plotter was used only for

final results as the llne prlnter plots were faster and satisfactory for

calibration purposes. These plots helped ín deciding how to adjust

pâremeters when fine tuning the model.

9.4 Stase III Calibratlon 119¡1 = 4)

/an\I.lith the values of yO, B, \a"/O and TR def ined for steady stream

stege, tlme varying boundary condltlons were introduced. The file

contafnlng daily discharge and meteorologtcal records (COt'l¡l'tOp) provtded

the dafly discharge at the upstreem gauglng statfon. The stream stage was

calculated usÍng equatlon 9.I.

Normally daÍly tlme steps were useð for the model at this stage, wlth

the stream head adjusted at each step. Six initial logarithmlc tÍme steps

were used to reach the end of the first day in order to contain the mass

balance error. (fne fnltial normal hydraulic gradlent, * along Èhe free

surface must be estimated and for all runs presented thís was set to zero.

Large successl-ve ínltial time steps produced large errors in ah
ãn and

consequently in free surface positlon and mass balance error.) Alternatlve

Èime stepplng procedures could also be employed such as solving at

preselecÈed tlmes, or usfng logarithmÍc time steps, with the model

interpolating stream stege linearly with time between pairs of values

determined from the discharge record.

Daily discharge losses or gaíns over the reach between two gauging

stations are connpared with the lnstantaneous streambed intake rate at the

sectlon multÍplied by the reach length. Synrnetry of the prototype about

the stream centre llne and uniform discharge losses or gains along the

length of stream are assumed. The latter lmplies that the time for inftial

onset of flow to cross the reach is small compared with the time elapsed
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since flow commenced for reaches which become hydraullcally connected.

In subroutine FLOIIFIT, the model and prototype díscharge losses or

gaíns each day are co{npared provfding there lÍas no rainfall on the day ln

questlon, or the precedlng day. This screenlng ellminated spurious

correlatíons involving unaccounted runoff entering the reach between the

gauging statlons.

The ratio of proEotype discharge losses QO, to model discharge losses

Ç Sives Èhe hydraulíc conductivity, K of the aquifer, and K dfvlded by the

tlme ratlo gives it,s effective porosity' n
e

i.e. *-Qe/%
and r- = K I G* I ù.t

e

where t*/t ís the time ratlo of the model to real time (aay-l)

and L = I metre, the adopted characteristtc length-

9.5

9.6

Agaín the root mean sum of squeres of residuals, this tlme called RMSS-Qt

where Q denotes dlscharge loss residual, is used as a measure of fit of the

model to prototype data.

The method adopted for calculating K was to take the mean of Qp/%

ratios for dry weather discharge losses. As a secondary index the stope of

the line of best fit of the scatter plot of Qn versus Ç was calculated.

The latter method proved unreliable as larger scaÈter for the initial high

discharge losses had a slgnificant influence on the slope of the line of

best fit.

Days affected by rainfall or wfth missing discharge data for whích

the program made an estimate based on a dry weather discharge correlation

(subroutÍne CORRELQ), were not lncluded in calculation of K. However

discharge loss for these days was estimated and the total discharge loss

during the calibration period calculated. This could be compared with the

total discharge loss calculated from the model.

Only minor variatlons in model parameters were required during stage

three to fine tune the model, indfcatlng Èhat the form of the sÈream-



247

aqulfer lnteracÈion process appears acceptable. Llne printer and CALCOMP

plot options were provided for visual comperison of daily discharge

losses.

9.5 Model Validation (tCll, = 5)

The valtdation period selected was 18th. November 1980 to 5th January

f98I. It was chosen because of its relative freedom from rainfall

interference. Due to lts closeness to Èhe calÍbration period little change

in streambed geometry and hydraulic ímpedance ls expected. Statistics on

the two perlods are presented in Table 9.2.

Both perlods start near Èhe beginning of a sr¡mmer reservoir release

after a period of no release. The calfbration period contains only the

release period whereas the validation perlod also lncludes the drying phase

at the end of a release. The release rate for validation 1s the maximum

release rate and ls 67"L higher then the flow rete used in calibratlon. Day

numbers were adopted for convenience 1n correlating and interpolating data

and plotting graphs. Day I corresPonds to Ist, January L979.

Table 9.2

dates

day number

no. of days

reservoir release (ul,)

date/valve setting (1/s)

date/valve settlng (1/s)

date/valve set.ting (1/s)

release duratlon (days )

rain days

mean afr temp (oC)

Comparlson of characterlstics of callbratíon and validation periods

Callbratlon Valldatlon

L2l2l8r-241318L Lelrr/80-10 ILIEL

774 - 8L4 689 - 74L

4L 53

726 653

L6lr2l80

L}l zlsr

241 3 l8r

0

180

0

42

11

L7 | 6180

18 /11 /80

16 lLLl80

0

300

0

28

9

20.9 21 .8
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The model parameters flnalized in the third stage of calibration were

employed and RMSS-B and RMSS-Q calculated. Prot,otype and model bore

elevatlon changes and discharge loeses were plotted. While it was not

expected that the model would fit as well as for the calibratlon period,

Iarge lncreases in the meesures of flt would lndlcate that there were

faults in the conceptual stream-aqulfer interaction model.

9.6 Analysis of Discharse Loss Resfduals (fC¿'1, = 6)

To correlate independent variables with the discharge loss residual,

a f1le of these variabtes was produced by BIEI"ICAL. Thís ff le, Èogether

wlth input text to control the analysls and the BI"IDP Statistical Software

package were used to determine the nat'-rre of such correlatlons. The

independent variables lncluded day number, upstream discharge, change in

daily discharge, prototype dlscharge loss, evaporatfon and mean aír

tempereture, and each or any combination of these paremeÈers may be

regressed.

BMDP program P2R was used glving a multiple linear regressíon ln a

stepwlse manner. At each step the partial correletlon coefficient was

calculated for all variables not yet in the regressíon equatlon. A first

order llnear regression of the dependent variables on each lndependent

variable was determlned and the F statfstic appropriate for testing the

significance of each regression was calculated. These values are called rrF

to entern values, which mey not be used wíth standard F tables to give
\

leveIs of signiflcance (Draper and Srnlth,1981, p311, also Dlxon,1981,

p698). For variables already included these are called rrF to removert

values.

The variable wlth Èhe largest rrF to enterrr value, provldfng this

exceeds a specified threshold ls incorporated lnto the regression equation

for the next step. Any variable prevlously included whose rtF to removetl

value falts below a specífied value is excluded from the regression
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has an trF to

variable used

the next step. Stepping continues until no excluded variable

enterrr value greater than

in the equation has an rrF

the permissible threshold and no

to removerr value less than the
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marg,inally lower

and exit of

stepwise

rrF to

in the

specified threshold.

than the ItF to enterrt

variables from

Analyses

removerr values.

regresslon was

removerr values

the regression

were performed

A subsequenÈ

performed with

The 'tF to removerf threshold was set

threshold to prevent repeated entry

and 3.9 as the r?F to enterrr and rrF to

forwards and then backwards

shown ín section 9.8.8 are for the best regression (highest

enterrr = I.0.

9.7 Ternperature-Dependent Streambed Impedance (tCel = 7)

withrrF to

set.

using 4

run with

t?F to eriterrt values of 1 and 50 and

of 0 and 49 respectlvely. The parameters included

best regression equation in each case were the same except that the best

regression equaÈion with the lower F to enter threshokl admitted some

additional varíables which were excluded in the previous runs. The results
2,t)

Príor to a formal analysís of discharge residuals BIEMCAL was

modified to al1ow for variation of streambed impe<lance, B with strean

ternperature. An analysis of stream temperature reccrds at station 5

allowed a correlation of mean daily stream temperature wlth mean air

temperature. Hence inean air temperature, recorded on the COl'fBl,fDP f ile, r.¡as

used to modífy the value of B in accordance with the change in hydraulic

conductlvity due to a change in dynamic víscosity of srater. The results of

this exercise are given in section 9.8.9.

9.8 Calibration Results

The calibration proce<lure, resulted in the set of model parameters

gíven in Table 9.3. None of these values trespass ouÈside Èheir expected

range. A review of the parameter values in the light of independently

determined estimates is given in section 9.8.2. At this stage it is of

more int.erest to examine Èhe fft of the model to the clata frorn the



TABLE 9.3 Calibrated Model- Parametens.

REACH LENGTH
(g.s. no's) (metres)

TIME yb
RATIO ,metre

(day-t)( RHo
s, (netres) CAL.

.metres.(Rtn )

43.20+37 .0I
34.95+30.20

25.2L

19. 58->I8.60

13.58

F. S.
VAL.

, metres.(euo )

44.08->37 .01-

34.95-;30.20

25.2L

20.12+l_9 .00

14.00

(n2 /a)
T T/

(n2
n
t"al

B

2

2.25

4.5

8.0

l_0.

K
(m/d) r#r, Yo

metres
AHD

45.60

37 .40

3r. 90

23.90

l-ti . 80

n F. S.
É

._t
P
o
()

CA

0

P

a

R

S

e

(

3-5

5-1

7 -t2
7 -r2

12-I5

a
l_090

2940

4690

62 80

32

30

4-23

0

-6

56

49

36-112

l_40

80

t_600

700

3 50-3100

Ì600

800

I
I

L20

r00

140

80

40

4.5

6.6

4.0

7.0

4.0

.038 -.0002
b.066 0'
b.o29 0
b.088 0
b.l_0 0

Notes:
a Reach length stn 4-5 only. No aquifer: adjacent reach 3-4.
b Approximate only. Srnal.ler than - . 00005 .

h" = 0, "b = 4 metnes, for aII sections'

*b = channe-l- base width

Yb = aquifen base el-evation'

<Sl, = aquifen base nonmar hydraulic gr:adient '

F.S. CAL = range of initial free surface el-evations for cafibration.

F.S. VAL = nange of initial free sunface elevations for validation.

B = streambed hydraulic impedance.

K = aquifer hydraulic conductivity.
t" = aquifer effective PonositY'

Yo = channel base elevation.
T = aquifer tnansmissivítY.

7/n" = aquifer diffusivitY'

N)
t-rr
o
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callbration and validation periods.

9.8.1 Model fit

Table 9.4 summartzes the statlstics of fÍt of the model. Plots of

observed data and rnodel results for groundwater elevatlon changes and daily

streem dÍscharge losses are glven for the calibration and validatÍon

periods for each section ln turn ln figures 9.2 to 9.1I.

In each case the valldaÈlon results were lnferior to the callbratlon

results (columns 4,5r8 and 9). For groundwater levels changes only one

section (p) na¿ an lncrease in Rl"lSS-B of more than 0.04 metres. The

discharge loss resldual however was not as conelstent as all sectlons had a

substantial increase ln RMSS-Q. With the exceptlon of section P however

the magnÍtude of the meen discharge loss residual remained less than

t
300 mJ/a. That ls, between 5 and 107" of the mean observed daily discharge

loss or about 2% of the reservoír release discharge rate. These results

appear satisfactory considerlng the accuracy of discharge measurements

estimared ro be +2 to t5 |ls (t170 to !430 r3/¿) from calculations based on

Bos Q976) and are sufficiently accurete for reservoir release operatlon

where the tolerance on settlng release rates is of the equlvalent

magnitude. However the large values of RMSS-Q prevenÈ any claim that Èhe

nature of stream-aqulfer lnteraction for the Little Para River has been

conclusively defined. That 1s the uniqueness of the nodel cannot be

assured as is discussed ln section 9.8.6.

The high values for the RMSS-Q are in part due to unsteady stream

discharge. Datly dlscharge was calculated from 9am Èo 9am at each station.

Whlle lt wae endeavoured to maintaín a constant discharge rate at statlon 3

thls did not always occur due to variatlons in discharge rate ln the LiÈtle

Para offtake maÍn from which the reservoir release maín branched. Hence

channel storage changes occurred for which no account was taken in

calculatíng dfscharge losses.



TABLE 9.4 Statistics of Fit of Calibrated Model for Cal-ibration and Validation Peniods.

I
SECTION

Notes:

2

REACH
(g.s. no's)

3-5

5-7

7 -L2

7 -L2

12-t_ 5

3

CAL.
OR

VAL.

C

V

4

RMSS-B
(m)

.2s0

"287

. r-7t

.327

.263

"296

.l_39

. t_38

.130

.L+2

5

MEAN-B
(m)

.039

-.2r1

. 036

.184

.200

-.2r0

-.0s3

-.061

.o42

-.065

6

2

2.4+

9.62

0.99

5.r_8

6 .45

174 .4

r-7 . l_

6.7

53. B

Ì6.9

7

N_B

B

RMSS-Q
(r3l¿)

I
MEAN-Q
(r3/¿)

t0
N-Q

30

2B

27

2I

23

2I

23

2L

15

t_8

l_1

2 954

2673

6161

6672

5424

62 38

5424

62 38

2776

3443

X MEAN-Q
(r'l¿ )o

D

0 50

66

40

60

65

78

83

97

50

67

257

425

372

l_l_l_9

l-l_04

l-527

l-107

1507

378

922

-6

-36

I
-8 68

35

-288

l_19

-l_86

-29

l-9

P

a

R

e

C

V

c

V

c

V

C

V

B=P.
I

Q=Qp

M, (prototype minus cornesponding model groundwaten elevation)
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D¡e to the 1111 and pool nature of the stream the data requirements

for validetlng, a routfng model were consldered excessive and no attempt wes

made to eccount for channel storage changes even though these could be of

some signiflcance. In sectlon 9.8.8 the discharge loss reeldual ls

regressed on the change in daily dtscharge at the upstream gauging station,

whlch 1s an tndex of channel storage change. The valldation perÍod also

covers the closure of the reservoir release valve from 25900 m3/¿ (300 1/e)

which produced chennel storage changes contributtng to the RMSS-Q value.

From figures 9.2 to 9.I1, dlscharge loss rates declined signlficantly

on days followlng rain i.nduced high streem discharges. 'Thls lndícates

return flow to the stream from bank storege occurs even where the aqulfer

ls not hydraullcally connected (as ln sectione Q and R, figures 9.6 to

9.9). The discrepency between protoÈype and model dlscharge losses for the

hydraulically dlsconnected reach is at least partlally due to channel

storege changes (from section 9.8.8). Ilowever thfs does not dlscount Èhe

possfbllity of unsaturated return flow through the stream banks.

Alternatively the semipermeable layer mey be located beneath the streambank

surface in places gfving saturated return flow from perched bank storage.

Table 9.5 presents details of the bores used 1n model calibratlon and

validatlon including statlstlcs of fit for each bore and the aggregated

bore daÈa. Ttris table amplffles the celibratlon problem of sectlon P.

Wlth only one bore further then 15 metres from the river avallable for

calíbration the lnformation on the transmissivity of the aquifer is not as

good as for other sectlons. Secondly with the very rapid hydraulic

connectlon of the aquifer after streamflow commences, the preclslon of the

time ratio estlmates from the bores adJacent the stream is low and the

welghtlng of time ratlo estimates from the only distant bore is enhanced,

resultlng ln an rrunbalancedrr calibration.

Table 9.5 also showe the dlstrlbutlon of the groundwater elevation

resldual root mean sum of squares (RMSS-B) and mean (Neetl-S) between bores
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REACH NO OF EORES

3-5 4

5-? 3
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RIVER DATA
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7

-80
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7

-100
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OBS. BORE
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CHANGE
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.!J¿
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.l_03

"IO2
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8

I
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I
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7

38
l5
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(n)
-04

87
88

6
6

6
\7

6
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6

t6
15

E

5

1,0

5
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5

I
7
5

6
I
5

5
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6
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.421
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. Ì28

.371-
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.0f8
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A + = south of river,



275

for each section (columns 7,8 11 and 12). These are compared with the mean

observed groundwater elevat,lon changes for each bore. (columns 9 and 13).

The ratio of RMSS-B with mean observed changes (columns 719 end lI/13) is

comnonly between 207. a¡d 50"L fot all bores. Bores wlth small elevatÍon

changes gfve higher ratios. Hence the two sectlons furthest downetream, (n

and S) run int,o the problem of being Ínsufficfently stressed. That ls,

after Wlleon and Dettfnger (1978), the lnformation content of measurements

ls low and corresponding parameter sensitivity may be low. An example of

this effect is given later (1n section 9.8.6).

In summary the flt of the BIEM model to the obgerved data ls clearly

satisfactory for most englneerlng purposes but does not fully account for

all the fine scale hydraulic processes occurring at the streambed nor in

the aquifer.

9.8.2 Model perameter estimates

The values of the callbrated model parameters¡ are given in Table 9.3.

Independent estimates for some of these perameters mey be used for

comparison.

Hydraulic conductlvity, K

Geological logglng of bores on the Northern Adelaide Plalns reveals

increases ln the fines content of the Quaternary aqulfers fn the downstream

(westerly) directlon. Thls 1s coneistent with the formation of a

fluvfatlle delta where river slope and water velocity decrease in a

downstream direction giving a size-graded depositíon of sediment. A

simÍlar variatlon ln partfcle slze accurs across the delta perpendfcular to

its princlpal direction with the proportion of silts and clays Íncreasing

with distance from the principal axis. Hydraullc conductivity was expected

to follow the pattern of particle sizes.

A reglonal multiple-aquifer finite element (fnU) model callbrated by

Close and Linke (1981) ai¿ not glve a distrlbution of hydraullc

conduct.lvity conformíng to the above pattern. Results from pump tests on
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seven bores in the QuaÈernary aqulfers revealed a large variation in

hydraulic conductlvity. (l,inke and Eberhard, 1981). The range of results

for these independent tests are compered ltith the hydraulfc conductivity

for the callbrated BIEM sections ln Table 9'6'

TABLE 9.6¡ Aquifen pnoperties obtained by independent methods.

Aouifer DìroDertvæ Method

7 punp tests FEM model BIEM sections

(I) Hydraulic conductivity

(m/d)

5-99 0.3-5 +-7

(2) Thlckness (m) 5-It 50-65 7-23

(3) lÞansmissivlty (n2la) 46-800 20-300 50-140

(4) Effective porosity 0.r 0.029-0. r0

(5) Diffusivity (n2/a) 200-3000 700-3100

The pump tests reflect the transmlsslvtty of sand beds wíthin Èhe

Ilind¡narsh Clay formatlon, whereas the FEM model conEiders the nhole

thlckness of the formatlon. The BIEM model treats the aqulfer aa e unlform

medium thicker than a sand bed but much thinner than the full depth of Èhe

Hindmarsh Clays. (ft attempts to represent the thickness of the medium

contributing slgnificantly to ground\rater flo¡¡. ) ttre caltbration procedure

ln effect, determlnes the dlffusivlty from observation bore responses and

transmissivity from stream dlscharge lossee, such that the depth chosen

minimizes the RMSS-8. The interaction of aquifer basement elevation yb

wtÈh hydraullc conductlviEy on R-l'fSS-B 1s illustrated later

( sectlon 9.8.6 ) .

Table 9.6 reflects Èhe different methods ln rows I and 2 but shows
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satfsfectory agreement in the range of transmlssivity and diffusivity- Ihe

natural heterogeneiÈy of porous rnedia is ref lected by each method. I'Jhile

the BIEM sections gave the smallest range of trensmissiviÈy, the range is

not so small as to suggest that the callbratton procedure artificlally

constralns Èhese Parameter values.

Ef f ec tive poro s i t,Y ' n"

Typtcal effectlve poroslty for sands is ln the range 0.I to 0.3.

Sllty or clayey sands have lower values, typically uP to 0.1. The speclfic

yield of clays ls similar but the tlme for equilibrium drainage of pore

spaces may be many days or months. Row 4 of Table 9.6 reveals a

satisfactory range of values by the BIEM method for effectlve porosity-

The aqulfer dlffusivity which is lnversely related to the effective

poroslty is seen to be comparable with results of Close and Linke.

Aquifer basemenr hydraullc gradient, (å*),

During períods of no flow at section 0, the groundwater levels were

observed to decline at a rate which indicated outflow from Èhe model. This

could have been caused by percolation through the base of the aquifer Èo

underlylng aquifers or by an increase in groundwater flow in the downstream

direction (perpendicular to the model cross-section) over the length of

this reach, or both. A negatÍve hydraullc gradient was assigned Èo the

aqulfer base to account for this outflow. The value of the hydraullc

gradient was assigned by rnaÈchlng prototype and model rates of decline at

bores distant from the river príor to the arrival of the recharge mound.

As the initial free surface for the model replicated the prototype free

surface, dissipation of the initlal groundwater mound is taken into account'

by the model.

For all other sections RI'ÍSS-B was hlgher when the aquifer basement

hydraullc gradient was changed from zero to -0.00005, the smallest outflow

gradient tesÈed. The calibration perlod was not long enough to determine

leakage rates smaller than thís hence impermeable aquifer bases were
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assr¡med. Numerical dispersion for the model gave rise to smalt declines in

free surface elevations at observation bores distant from the river prior

to the arrival of the recharge mound. These decllnes while inslgnlfant for

model fitting could be expected to conpltcate deÈerminaÈÍon of hydraulic

gradients smaller than .00005 even 1f longer callbration períods lrere

used.

Close and Llnkets regional finite element model contalned a

separatlng layer between the Quaternary and Tertiary aquifers. The

calibraÈed value of the vertical permeability of the separatíng layer is

shown in row 1 of Table 9.7 for positione corresPonding to the locations of

the BIEM sectlons.

IABI.E 9.7: Aquifen baEenent hydnaullc gradient fno¡n Finite Element Model

of Close and Línke.

Section 0 Section P Sections Q'R,S

(1) Venticat perrnea.bility

(m/d )

(2) Mean vcntlcal hydnaulfc

gnadient through aquifen baee

(3)=(1)x(2) vertical leakage nate

(m/d)

(+) Hydnaullc conductlvlty f:rorn

BIEM eection (¡tr'd)

(5 )=(3)/(t+) EquivaLent vertical hyd.

gnadient thr:ough base of aquifer

for BtrEH (r 106)

(6) BIEM sèction hyd. gradient

(x lo6)

(7) BIEl,l minimum signj.ficant

gnadient (x to6)

0005

o.7

. 0003 5

4.5

.0005

0.25

,00013

6.6

L9

0002

0.25

.00005

4. 0-7. 0

7 -r378

200 0 0

50 50 50
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From known vertical hydraulic gradíents, (row 2), the vertical

leakage râte corresponding to the FEM nodel ¡rere found (row 3). Using the

BIEM isotroplc hydraullc conductivitles the corresponding vertical

hydraulic gradienÈs were calculated (ro¡r 5) and compared with the

callbrated BIEM model values (row 6). At section 0, this is sígnificantly

hfgher than the correspondÍng FEI"I value. The BIEM model does not åccount

for net groundwater outflow ln the downstreem dlrectÍon, hence it may

compensate by over estfmating vertical leakage. For other sectíons the FEM

derived value of vertical hydraulic gradient at the aquifer base is less

than the mlnÍmum slgnÍfícant gradlent detectable by the BIEM model over the

callbratÍon period.

Streambed hydraullc imPedance, B

It can be seen from Table 9.3 that the calibrated streambed hydraullc

impedance lncreased with distance downstree¡n. Thls 1s coneistent with the

expected. paÈtern of hydraulic conductivity due to streambed morphology as

previously described. It may also correspond with an lncreasing

concentration of organtc metter in the streambed arisfng from a serÍes of

stomwater outfalls draínlng residential and lndustral areas of the cities

of Sallsbury and Elizabeth.

Suctlon head, h"

Ttre effect of säction head was lnvestigated only for the sectlons

which became hydraulically connected. For disconnected sectione, changing

the streambed hydraulic impedance could account for the effect of changÍng

the sucÈion head (for suction heads of smaller magnitude than the minimum

vertical dlstance separating the streambed and the groundwater mound)-

Ilence for these cases h. was arbltrarily set to zero, and the case of h"

exceedlng the difference 1n elevation of the streambed and the maximum free

surface elevat,ion below it was neglected. For hydraulically connected

sectlone, h" had a negligible effect on model groundwater elevatlons,

except those 1r¡rmedíately adjacent the stream prior to hydraulic connection
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which rose more rapidly as h" became more negatfve. Non-zero vâlues of h"

were found to produce no Ímprovement (with one exceptf-on, discussed below)

in the fit of discharge losses, so h" was set to zero.

It was observed for the calibration perlod of sectlon 0 that a finite

suction head (h_ = 1.0 m) reduced the Rl'fSS-Q (see sensitlvity analysis,
c

Table 9.8). Thls occurred due to an increase Ín model discharge losses at

the start of flow corresponding more cloeely with observed losses. Channel

storage increases were considerable durlng this perlod hence overestlmating

observed dlscharge losses. Also h" was found to have a mosÈ significant

adverse effect on the valtdatÍon fit. It was also observed that mlnor

damped oscl1latlon of dlscharge loss rates on alternate days occurred.

These osclllatlons lncreased in amplitude from 2.4"L to 3.I7" maxímum

dlscharge loss as h" was lncreased from 0"5 to 2.0 metres. Thts is caused

by the strong dependence of exchange flowrate on groundwater elevation

whtle this !s rislng rapidly. Smaller time steps would reduce the

magnltude of thls minor temporery instabllity.

9.8.3 Sensttlvlty of model output to Parameter values.

Sensitivity analyses were performed for t¡vo sections 0 and S whlch

are hydraullcally connected and disconnected respectlvely. Parameter

values were changed by 107", except for yO which was reduced to increase the
/an\

aquifer thickness by 107" and h" and \¿"-"/o whích were orlginally zero for

at least one of the sectfons. The calibratlon period was used for all

runs.

Cunningharn and Sinclair described sensitivlty in terms of an index,

n100
Insc 9.7
i=l

where all symbols are as defined at equation 9.3. They defined sensitivlty

as the change in Sa (percentage change ln model output wlth respect to

prototype response) for a glven change 1n the value of a model parameter.
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this means that sensítlvíty depends on the lnitial set of nodel perameters.

A simllar lndex, SO was chosen to deflne the change ln bore water levels

wtth respect Èo initfal bore water levets.

(P . -P1) - (M. -M1)

P.-P.1I
SD=

n
100;T I 9.8

i=2

Tables 9.8 and 9.9 contaln two rows for each observation bore and the

aggregate of observatlon bore data : the model mean change in groundwater

leve1, Í {*"ttes) and the change in sensitivity lndex, ASD due to the

change in parameter value. The value of SO for the calibrated model is

shown |n brackets. Also shown are RIISS-B and RMSS-Q and the change in each

due to the change Ín parameter value. Flnally the sum of dlscharge losses

during the calibratlon period on days with no ralnf.all inÈerference, MEAS-Q

is presented along ¡vith lt,s fractfonal change due to the change in

paremeter value.

The ranklng of sensitlvity of perameters ls seen to depend on the

nature of the connectlon between the stream and aquifer. For the

hydraullcally connected section, O, yO hence aqulfer thickness is shown to

have a signiffcant effect on model ouÈput, particularly MEAS-Q, as aquffer

transmlsetvity conÈrols the exchange flow. For the hydrau1lcally

disconnected section, S, Ì'{EAS-Q is lndependent of aqulf er Èhickness and

K/n but ls most sensftive to the streem stage - discherge relatlonshlp,
e

streambed width and hydraulic ímpedance.

the sensltivity of output to section head for section S which remains

nyd{ulically disconnected is high as expected. Changing the suctton head by

0.1 m increases the hydraulic heaC loss Ehrough the semipermeable blanket

by 0.I m causing hydraulic gradients to increase by 33% on Èhe flat

streambed wiÈh larger percentage increases on the sloping banks. l{ence the

407" increase 1n discharge loss causing a large increase in RMSS-Q.

The change in sensitivity index, ASD dld not yield a convincing
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Calibrated model value

Sensitivity analysis - section o.

Streambed Sþearibank Yb K/r¡.
v¡idth slope
(n) (tan) (¡r.AHD) (u/d)

4 l- 32 120

4.4 0.9

TABLE 9.8

None
changed

o.o77
(16.6)

l. I99
(32.0)

2. Ìl_6
(7.8)

0.929
(s.s)

1.695
( rL.2 )

.250

88800

K .ah.(ã1'o

(¡nld )

rts -.0002 t$-lrlr..r B/43

B

(m)

2

2.2

2.053
1.0

0.886
3-?

1.640
t.5

.292

.o42
.225

-.02s

209
-41

88200 87400
-o.7 -1.6

Sù.eam
depth
[\ o=]

0.081
L.3

1.25s
3.3

2.L78
0.4

0.970
L.2

I.748
o.l

.237
-. 013

89800
L.2

No. of nodes
streambed/

total

0.070
0.7

2.L2'.1
0.1

0.951
o.7

t.707
0.1

hc

(n)

0

Sensitivity test value
(only one changed)

bo::e 80 M(m)
SL=500m ÀSo

30.6 r08 4.9s -.00022 1.0 t.1 * \o r8l6s

U(rn )
Àso

u(n)
aso

M(m)
Àso

al-l bores M(m)
AS

D

bore 9L
SL=6Orn

bone l-00
SL=-7m

bore lfO
SL=-ll0m

RI{SS-B
(m)

RMSS-Q
(m3 /a )

MEAS-Q
(r3 )

0. 082
t.l

r.2\7
3.0

2.l-69
0.]

0. 966
1.1

89600
0.8

0.078
0.3

1,. 205
0.4

2.].22
0.0

0.934
o.2

1.701
0.0

.247
-.003

243
-7

89000

o.257
t13.

L.140
3.7

2.045
0.4

0.906
1.6

L.652
9.9

.289

.039

368
118

95300
7.3

0.033
3.0

Ì .154
2.7

2.095
0.I

0.874
4.4

I.665
L.2

.269

.0L9

o.022
5.8

1. I80
1.1

2.108
o.2

0. 906
L.2

1.680
0.6

25s
005

257
7

89600

0.073
I.2

1. r39
4.0

0.084
2.9

r.237
2.6

L,22L
1.3

2

1
149
4

963
0

27

0.
0.

L.7
1.0

I.742
o.2

.234
-.016

]87
-63

.244
-.006Â

Â

276
26

368
l-r8

33r{
84

179
-7.1

2t+4

-6

87t+00
-1 .6

250

0.9o.2
^t

90700 97?00
2-L L0.0

ú(m) = mean modeÌ groundwater level change, in metres.

AS. = change in smsitivity index, SD, from its calibnated nodel value,
- shor¡n in brackets.
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Sensitivity test val-ue
(only one changed)

PARAMETER

Calibrated model value

TÀBLE 9.9 Sensitivity analysis

Streambed Stnea¡nbank
width slope
(m) (tan)

l+ I

None
changed 4.4 0.9

- section S.

Yb K/a,

(n.AHD) (m/d)

-6 40

-8 36

K -ah.(ã;-)o

(n/d )

4.0 0

4.t+ -.0001

Strearn
depth
¡\o =l

, Q ,r/2.88\øot

No. of nodes
stnea¡¡bed/

total

8/43

t8l6s

. t3?
0.9

.oo2
10. I

.2LI
1.0

B

(n)

l0

l1

.r23
5.7

hc

(m)

0.1 l.f * h¡¡

bore 420
SL=Ì00m

bore 430
SL=15n

bore 431
SL=2m

bore 48880
SL=-4L0m

aIl. bores

Rì4SS-B
(m)
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. t95
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.00?

t70 247
o77

42t00 46300
0. 0 10.0
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4.8

-.060
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.149
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o

42100
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.250 .385
6.2 37.0

.307 .474
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-.001 -. 001-
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1.3
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83

.142

.012

38300
-9. r

.129
-.001A

Á
240

70
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t?2
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42300
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ÁSo = change.in- sensitivity index, SD, fron its cafibrated node). value,
shown ln ÞracKetsi

¡\)
@(,
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estlmate of seneltivity as bores wlth smaller mean model groundwater level

changes Ín general gave htgher values of ASD. For example see Table 9.8,

'*\ . For each section tnbore 80 for YO and Table 9.9, bore 48880 for (orr'

general weter levels in bores close to the stream were sensitive to the

same parameters as exchange flow. Groundwater levels in bores distant from

the stream r,rere aensitÍve to flt) but relatively lnsensltive to the- \ðn/u
streambed parameters. As expected MEAS-Q ls directly proportional to K

when K/n l-s constant.e

During callbratlon the streambed geometry was fixed. The sensltivity

analysis reveals RMSS-B and/or RMSS-Q could be reduced by adjusting the

streambed geometry. No doubt subsequent lterative changes of other

parameters could further lmprove the callbratlon fit. Such an exercise was

not attempted. The analysis of dlscharge loss residuals (secÈlon 9.8.8)

and reflectlons on the unlqueness of model parametera (sectlon 9.8.6)

indlcate that further paramet,er refinement to improve callbration fit may

not necessarlly improve model predlctÍve performance.

The effect of Ehe choice of the number of nodes (43) ls shown in

Tables 9.8 and 9.9 to be satlsfactory for both cases of stream aqulfer

lnteractlon. The effect of node numbers on execution time and mass balance

error at the end of each run are shown in Table 9.10. All runs were on the

Unlversity of Adelaide CDC Cyber 73 computer. Execution tfme is

approximately proportional to the square of the number of nodes.

9.8.4 Comparisons between t'wo sections in one reach

The reach between gauging stations 7 and 12 was modelled using two

independent sectlons, Q and R. They produce the same discharge loss tlme

serfes due Èo the discharge loss callbration procedure and because the

strean remains hydraulically disconnected. As could be expected due to the

differences in groundwater responses the parameters of the rnodels are quite

dlfferenÈ (Table 9.3). This lmplies Èhat model parameters lncluding

streanbed hydraulfc impedance are sensitive to the groundwater records
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TABI,E 9 .10 Effect of nurnÞen of nodes on computen execution times and

fiej.d length.

SECTION O SECTION S

I. Number of nodee 43 65 l+3 65

2. Nu¡rben of potential

streambed nodee I8 I8

3. l,lax field length (octal) 104000 105200 104000 105200

4. Execution time (CP sec) 84 225 68 r52

5. Final mass balance e¡rron (t) -4.5 -2.5 -0.7 -0. L

6. Nr¡nbe¡r of time steps 47 t+7 37

7. Exec. time/tinestep (sec) I.8 4.8 t.8 4.1

used for callbretfon. Thus lf other sets of bores had been chosen for any

section different values for model peremeters would have resulÈed.

9.8.5 obgervations on stage I calibration (tC¡'1,=2)

Stage I callbration aims at ,estimating the time ratío for use 1n the

second stege. The time ratio maÈching operation \des very efffcient with

computer tlme (due to logarfthmic time stepping) and assisted in reducing

the ranges of parameter values to consider in subsequent stages. The

values of tlme ratio for the calibrated sections lvere in all cases withln

50% of, the best time ratlos derived from stage I (labte 9.11) even though

runs in the second stage used a wide span of t,ime ratios. The problems

aseoclated wlth noisy data are not es severe ln subsequent callbration

stages where data sets are larger.

The first stage of callbration was rerun substituting the final

I

37

Y6 and (PJ,calibrated parameter values for B, to predict time ratio.



TABLE 9. TI Comparison of best paraneter values for first and second stages of calibration vith stage IfI calibrated values'

TRIAL I STAGE r (lcAL = 2) | sTAGE II (tcal, = 3)-l-9ue9 III-I
(rcÂr = 4)àoH

F
c)
Þ¡
u)

l-TR-l-Best fit t* V. t -l
Mean s'd' Slope t at t*=o r
(d-¡) rnean (d-r ) (days)

1I9 .l-9 1¡+5 1.9 .98

337 .66 39 -64 .21

62

r22

0 B.A.S

c

B. A, S.

c

B.A. S.

c

B. A. S.

c

B.A. S

c

no. ratch
pts. /max.

6/8

6/8

4/6

6/6

e/ñ
8/10

s/14

9/r4

8/1s

8/1s

. Ðh.

l1')'ã"'o tt', ,'.lho, 
tå*'o

3 32 -.00012

2 32 -.0002

B
(¡¡) (¡r

2

2

ÏR
1a-r ¡

t20

120

RMSS-B
(m)

.235

.393

.222

.240

156

156

I{EAN-B
(n)

-.o74
.20s

.092

.092

RHSS_B
(n)

ME¿.I{-B
(¡¡ )

32

32

0

-. 0002

34

44

P

a

R

117

t36

1.3

I.4

I
2.25

25

30

55

7l{

16

ì0

0

0

0

0

0

0

0

0

0

4

]00

100

100

140

80

80

.194

.194

30

30

-.061 3 4-23

. ]33 4.5 4-23

.250 039

.L7f .036

263 200

f39 -.053

.130 o42

2.25

2.25

0

0

0

0

0

0

0

0

4

7

2.9 .50

50

¡+6

S

98

226

.43

Ì. 16

r07

145

.62

.70

-f
-4

2.5

4.5

L2

4-23

L09

73

70

45

B. A. S.

c

.73

.6t{

132

80

I.I
0.5

33

27

45

15 12 -.051

-.05r

-. 008

-.008

80
I 80

85

ÊÈ

2.9 f0
l0-6

{0
40

. L34

. ]34

-6

-6

= best parameter esti-mates at that stage.

= parameters of stage III calibrated sections. N)
@
Or



287

If the first stage ls a reliable lndicator of the final perameter values,

Èhe mean time ratio so obtained should approach its (stage III) calibrated

value and have a lower coefficient, of varlation than the prevlous best run

for stage I. In fact this occurred for sections R and S but not the other

three. One mey argue that guesses of time ratio values could be an equally

satisfactory way to commence calibration aÈ the second stage.

9.8.6 Observatlons on stage II calibratlon 11ga¡=3)

Due to the ab1llty to regulate dry weather discharge in the Little

Para River at the reservoLr release valve, relatively sÈeady dlscharge

rates could be mainËained for qulte long periods. Consequently the

assumptlon of constant stream stage et a sectíon was tolerable. In

practice beside o""""iorr"l rafnfall induced runoff from the catchment

downetream of the dam, there waÉ¡ a trend to.yrards increased discharge rates

with time for downstreâm reaches, due to the decllne ln dlscharge loss

rates in hydraulically connected upstream reaches.

Using a constant streem head allowed the results of a single model

run to be compared with sets of observed groundwater elevatlons for a range

of Èlme ratlos. During stage II model paraneters changed signíflcantly

from their stage I value and for three of the five sections (P, R and S)

the parameter est,lmates could not be improved ln the Ehird stage of

c al lbrat lon.

IÈ was dlscovered at stage II that model uniqueness could not be

assured, due to the fnteractlon between Parameters B and Y6 on RMSS-¡.

Figures 9.I2 and 9.13 illustrate thfs lnteraction clearly. An increase ln

st,reambed lmpedance B reduces the aquifer recharge rate thus reducing the

rate of rise of the free surface. An equivalent effect is observed at

bores dlstant from the stream tf yb is increased, causing a reduction in

transmissivlÈy of the aqulfer. In these two cases two sets of model

parameters vrere selected for testing at the third stage of calibration,

(B'yb) = (10,6) and (8,0) for secÈion R and (12,0) and (10,-6) for
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sectlon S.

The dependence of

9.I2 for each of these

tlme ratto and for each

for the two (B,yb) pairs.

sensitivlty to time ratlo

sectfon.

RMSS-B appears to exhlbft the same

pair of B and y6 values for each

290

RMSS-B on the t,ime ratlo is illustrated ln Table

(B'yb) pairs. RMSS-B ls a parabollc functlon of

section the range in Rl'fSS-B 1s approximately equal

That is

for each

TABLE 9. 12:

Sectlon B Io IR= 48 64

(m) (m)

Effect of tine :ratio on RIISS-B fon eections R and S in

second stage calibration.

72 80 88 96 I]-2

R106

80

s120

180 .161 .157 .156 .158 "162 ,I'.17

.1?8 " 160 .156 ' 156 .159 .165 .183

TR= 24 32 36 r+0 44 48 56

].60 .142 . ]3? .135 . r35 .137 . f47

10 -6 . Lso . 136 .133 .134 .137 .142 .157

For sectlons of the stream exhibiting a change from hydraullc

disconnection to hydraulic connection, the time ratio for the time at whlch

the free surface intersects the streambed is used es a constraint and

llmits the range of B and Y5 comblnations. If B is too large or yb too low

t,he model does not allow hydraullc connection.

For sectlon Q, the rise in ground¡úat.er levels within 200 metres of

the rlver were significantly higher than would be expected in proportion to
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rises ln groundrdater levels further from the stream. ThÍs could be due to

e number of factors such as a reduction in aquifer transmissivity with

distance from the streaÍì or a reduction 1n net groundwater outflow in the

downetream direction (perpendlcular to the model cross-r¡ectlon) in the

vicínlty of the streem. The flrst of these was simplest to model and the

aquifer basement adjacent the stream was lowered to provide the

transmissivity range required to reproduce the observed groundwater level

changes.

9.8.7 Observations on stage III calibration

The effect on model parameters of the variatlon ln rnodel stream stage

due Èo variation in actual discharge rate was found to be inslgniflcant.

Model parameters varied only marginally 1f at all durlng this thlrd stage.

Thls was |n part attrfbuted to the cholce of a calibration period wlth

mínimal dlscharge varlatlon. The questlon as to whether the model could be

adequately calibrated without sustained perlods of constant discharge

remalns open to further investlgatlon. Computer runs for stage three

callbratlon having daily time steps required rnore execution time (typically

80 sec) than second stege runs, (typlcally 60 sec) havtng logarithmic time

steps.

The choice of fittlng bore vrater elevations before rather than after

stream dlscharge losaes is parametrlcally efficient and consequently

reduces the aggregete computer execution time for calibration.

9.8.8 Results of analysis of discharge loss residuals

Larger discharge losses were expected to occur on days of hlgher

stream Eemperature, due Èo reduced water vlscoslty Ín the semipermeable

layer and on days of htgher evaporation. Along with a number of other

facÈors these were lnvestigated for theír impact on the difference between

dry weather prototype and model dlscharge losses. The BMDP program P2R for

stepwise regression was used as described ln 9.6.

Table 9.13 summarizes the best regressÍon equatlons and rrF to removerr



TABLE 9. 13

Section Cal-ib. or vafid No. of days

Regression of discharge loss residuaf on selected independent vaniabl-es.

Regression coefficient (2 dec. places), above
F to z,emoue Ðalue (1 dec. pLace)

I.r7
8.3

cU

6
2

2t+

24

2I

l_8

t8

l_8

18

18

l_l

l_6

Standard
ernor of
estimate
initial/

best
regnession

(m3/¿)

f98/f76

42s/2r7

3ss/3r_4

702/604

r2o4/2BB

1259/2es

L2O2/288

1257 /289

390/ 303

MuItiple
r-squane

best
regression

.3t

.77

.43

.39

.95

96

.95

.96

.58

DAY NO STN U/S
(m3 /¿ )

LPEVAP
(mm)

MEANTMPX
(oc)

DELU
( *3/¿)

Regression
constant

6.39
2.7

43. Ll
26.4

-7.64
1,.03

-55.72
L.2

-126.r2
7 2.9

-L26.r2
72. I

-58.24
6.L

2.37
5.0

-.23
46.

.12
L0.4

-.23
44. 7

.12
10. B

6.3

53 .28
4.55

4r.2Ì
L.5

T2.LL
1.7

26.29
6.8

B2 .51
3.0

41.59
3.4

39.14
6.3

4l_.60
3.4

39.11-
o. ¿

0. 85
234. L

0.56
1_06. B

0.85
234. 0

-5307

-31970

5520

-t7453

l_740

84810

179r

84870

42395

04
3L

P

nx

V

C

V

c

V

C

V

R

C

V

S

0. 56
L06. B

64

¡\)
\o
N)36

3
883/ s39 .65

26
4308
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values for each variable admitted. The independenÈ variables were day

number (oev t'lo), daily dtscharge at the upstream gauging station (STN U/S),

Little Para Reservoír A class pan daily evaporation (lfnVee), Adelaide mean

dafly air temperature (Uen¡tUpX) and the íncremental change tn daily

dlscharge et the upsÈreem gauglng station (DELU).

Each data set conslsted of between eleven and twenty four dry days

for which all daÈa were available. The standard error of the lnftial

estlmate corresponds to the case of setting the predÍctor to the mean of

the discharge loss residual. The standard error of the best regressíon is

reduced significantly for sections Q and R and to a smaller extent for the

other sections. ThÍs is also represented tn the square of the multiple

regression correlation coefficient. In no case does the standard error of

the best fir, regresslon fall below 175 m3/a (2.0 I/s) whlch corresponds

wíth the accuracy of the discharge meesurements (quantlfied in section

9.8.1). The valldatlon runs for sectLons P and S result ln best regression

standard errors of 500-600 rn3/¿ (6 to 7 lls) which exceed the tolerance on

discharge meesurements. There is therefore a moderate uncorrelated

component of discharge losses for these sections, Índlcatlng minor

deficiencies in the model structure.

Apart from sectlon 0, the regression coefficient for day number ls

negative revealing that dlscharge losses decline wlth time more rapldly

than the model predlcted. For the hydraulically dísconnected sections day

number was signíficanÈ for the callbratlon run or Èhe validation run but

not both. It had been suggested that for some parts of the stream eiÈher

permeability may reduce wiEh time, due to set.uratlon of cracklng/swelllng

clays and organic components of the substrate or Èhat. hydraulic gradient

may be reduced due to formation of local perched water tables which may

lntersect Èhe streambed. The lack of consistent significance of the day

number suggests that the effecÈ of these features on dÍschar¡;e losses

during the calibration and validation períods is unimportant.
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The upstream station discharge rdas fncluded to determine whether the

dlscharge-stage relationship introduced systematic discrepancles. For each

section the calibration and validation regressÍon coefficÍents for upstream

dlscharge were of opposite sign or one wes inslgnlficent. One is led to

conclude that the stage-discharge relatlonshfp is suitable for the given

streambed geometry as no consÍstent trend was observed.

Evaporatfon rdes highly correlated with mean t,emperature having a

correlation coefficient of 0.87 and 0.70 for the calÍbration and valldatlon

periods respectlvely. Hence lt is not surprísing that only one of

evaporatlon or temperature find their way Ínto the equatÍon. In most cases

temperature had a more signiflcant correlation with discharge loss

residuals. the regreseion coefficlent usually varíed between 12 and

42 n3 ldlo} with the shorter reach, containing sectíon O havlng the lower

coefficient. For sectfon S evaporation was more significant for the

calfbratlon perfod and the regresslon coefficlent 4l *3/¿/** corresponds to

a pan coeffíclent of 1.4 which exceeds the maxÍmum likely pan coefficient

0.8. Due to the small nr¡mber of degrees of freedom for thls equation,

stream dlscharge measurement error could lnfluence the regression

coefficient and no further explanations are ettempted.

It was expected Èhat changes Ín channel storage due Èo flow

variations would have featured more strongly in the dÍscharge loss residual

regression equation. Sections Q and R and section O for calibration only

found the discharge change significant. While the regression coefficient

is strlctly limited in the range 0 to I it is observed that more than 507.

of the discharge change on average contrlbuted to a channel storage change

for these sections.

The regression constent is glven in Table 9.13 in order to complete

the regression equation. As Èhfs corresponds to the mean of the residual

between the dependent variable and the sum of the product of independent

varíables and their regression coefficients it has no F to remove value.
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In conclusion no uniform Èrend was observed to link the lndependent

varlables to discharge loss residuals, although some variables were found

to be sígniflcantly correlated for soÍìe sections during one or both periods

of interest. RegressLons including these parameters significantly reduced

the standard error of estimate for the reach between statlons 7 and 12, and

also between station 3 and 5 for the validatlon perlod. However for the

remalning sectlons, P and S the uncorrelated component of error remains

high lndicating that improvements could be made to the model. For example

lowering the elevation of the semipermeabte blanket to some finite depth

below streambed level would provlde a small drainable bank storage for

hydraullcally disconnected streams and alter the temporal pattern of

exchange flow raÈes following stage changes 1n hydraulically connected

streams. Such changes fall beyond the scope of this thesis.

In general the standard error of estimate for the best regression wag

conststent with the expected error 1n discharge meesuremenÈ with the

exception of sections P and S.

9.8.9 Effect of ternperature compensatlon on discharge loss reslduals

For ICAL=7, the streambed hydraulic impedance was adjusted dally in

accordance with sEream temperature. This was found to have negligible

impact on the fit of groundwater levels, but a sígnlflcant effect on

discharge losses. Table 9.14 summarizes the multíple regression of the

dlscharge loss residual on selected independent variables.

One would expect thet the regression coefficient for temperature

would be zero or that it would not be signiflcant if the t,emperature

compensetion algorlthm was correct. On the contrary it is observed that

the regression coefficient for temperature has fncreased from values in

Table 9.13 for most cases. The F to remove value has declined in some

instances. llowever in all except two cases, the callbration periods for

secÈions P and S, the strong correlation between temperature and

evaporation causes the regression coefficlent for evaporation to be forced



TABLE 9"14 Regression of dischange loss nesidual on selected independent vaniables for tempenatune
compensated stearnbed hydraulic impedence model-.

Regression coefficient ( 2 dec. pJ-aces ), above
F to remoue uq.Lue (1 dec. place)

Section Cal-ib. or valid No. of days Standard MuJ-tipJ-e DAY NO STN U/S LPEVAP MEANTMPX DELU
error of n-square (m3l¿) (urm) (oc) (m3/¿)
estimate best

initial/best regnession
regnession

(m3 /¿ )

186/168 .33

-33.45
4.2

35.9t
L.7

-l_56. 69
26. 5

35.08
1.. 6

-l_5 5 . 57
26.7

-29.52
ooâ. â

-32 . 19
2.7

-49.59
1_.7

-132.90
8.7

-l_44.42
8.9

-t3l-. 3t-
8.6

-143.01
8.9

-73.43
5.0

1.09
45. I

.41
L0.I
1.09

45. B

.4r
L7. 2

Reg::ession
constant

-9218

-1322

2l_053

-20292

-2 3885

109073

-23230

l-08366

II5

5462

29I6o
5.4

c

V
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V
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V
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negative, lmplVing that prototype discharge losses are reduced, with

respect to model values, as evaporation increases. Clearly the effect of

tempereture ls over-compensated in Èhls model and based on the physical

incongrufty of the regression coefficients, and the generally poorer

performance of the best regresslon equatÍon as evidenced ln the standard

error of esÈimate and the square of the multfple regresslon coefficlent,

one is led to reject this model in favour of the uncompensated model.

The physlcal significance of this is illustrated in chapter 7 where

an impedíng layer for the lnflltratlon pond is located 0.8 metres below the

streambed and tempereture varlations at that depth have lower amplitude

than surface temperature variations and reflect only longer term variations

1n water tempereture. Temperature compensation usÍng say mean monthly

streambed temperatures may posslbly be Justtfied after further

lnvestigation.

9.9 Sum¡nary

Firstly the BIEM model is shown to be capable of calf.bratlon for a

field problem involvfng interaction of an ephemeral stream and an aquifer.

The three stage calibration procedure used 1s cornputaÈ1onally efffcient and

is capable of further refinement as outlined in the next chapter (sectlon

r0.2).

Secondly the flt of model predlctions to prototype observatfons of

streen discharge losses and groundwater elevation changes is saÈisfectory

for reservolr release operation purposes. However an analysis of discharge

loss residuals reveals that for some sectlons moderate uncorrelated

discrepancies may exceed the bounds of discharge measurement errors. Whlle

the form of the model appears to represent the major features of

stream-aquffer inÈeraction lmprovements which may account for these

discrepancies are possible and some suggestions for model alterations

arising from calibration observations are presented in chapter 10.
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CHAPTER IO

CONCLUSIONS

10.1 Summary end Conclusions

Thts study was aímed at exploring the nature of the interactlon

between a 16 km length of the LÍttle Para River and the underlying

Quaternary aquifer, through monitoring and numerical modelling. After a

review of the literature revealed no investigation of the process of

hydraullc connection of ephemeral Etreams and aquifers, a numerical model

was constructed to satlsfy thls need. The model was successfully applied

to a renge of conceptual stream-aquifer interactlon problems for which

solutions were avaÍlable. IÈ was then used to explore the process of

hydraulic connection.

A field study was undertaken over a period' of three and a half years t

invoLvlng controlled releases from Little Para Reservoir, to monitor

discharge losses ln the Llttle Para River and groundwater elevatlon changes

on a regional scale. In addition a streambed test pond experíment was

conducted to observe hydraulically dísconnected strearlbed infiltratÍon on a

smaller scale. Data fron this overall study was used to derlve a reservoir

recharge release rule for the new reservoir upstream of the study zone.

Fleld data was also used to calibrate and valfdate the numerical model at

five cross-sectlons on the stream. An analysis of stream discharge loss

residuals was performed.

The study met its original objectives of exploring the fundamentals

of streambed hydraulics which govern the exchange of water between

ephemeral streams and aquifers, and of solving an operatlon problem for the

LÍttle Para Reservolr.

The boundary integral equation model gave excellent agreement with
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solutions to a range of theoretical problems. It provided answers to new

probleme accounting for the process of hydraullc connection. An example

reservoir releaee problem demonstrated the usefulness of the model, as

configured, for short term sfmulatíons. Wtren applled to the Little Para

River 1t gave reasonable flt to the observed data in validatfon, but

indicated that ín lts present form 1È dld not account for all processes

occurring at the streambed. Execution times on the available computers at

the time were too long to apply the model to determine mean annual recharge

or to compare recharge from various release policies.

The field study provided a valuable data set from which algorithms

could be derived and used to determine mean ennual recharge due to

unregulated discharge. Slmilarly recharge due to different release

strategies could be estimated. In thls way the pollcy producing the lowest

pumping costs and satisfytng all recharge and ín-stream requlrements could

be isolated. It wás found to be a constant annual release volume, rather

than any policy which attempted to conJuncÈfvely operate the surface

storage and aquífers.

10.2 Sussegtlons for Additional Research

WiÈh the use of a faster computer Èhe BIEM model could be calibrated

and validated using all of the available period, February 1980 to June

1982, raEher than month long extracts. The calibrated model could then be

used with the historical discharge record to estimate the recharge history.

It would be lnteresting to compere that figure with the recharge estimate

derived in chapÈer 8.

Incorporation of an open channel flow routing equation ln the BIEM

model may appeâl to surface water hydroloeists wishing to distinguish

between channel storage changes and bank storage changes during the passage

of a floodwave. A series of sections could be linked and stream discharge

at downstream stetions determlned by routing the upstreem dlscharge and

adding or subtracting the exchange flow for the intervening reach.
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An abillty to vary the depth of the semipervlous layer below the

streambed may have advantages if it is known that the stream becomes

hydraulically connected wlth a perched watertable overlying the regional

weter table. thls would ínvolve treating the aquifer es two zones

separated by the saripervlous layer. The sarne streambed boundary

conditions would apply and the hydraulic lmpedance, B of the streambed

reduced Èo eliminate íts effect lf necesssry.

An extension to a three dimenslonal model would enable an appropriate

treatment of regional groundwater flow, but computation time is llkely to

be excessl-ve even on a very fast computer. A model simllar to that of

Henry (J979) where the stream Is represented by a single line of nodes 1s

more likely to be of value for regional flow problems. The model reported

in this thesis could be used to examine strean crosa-s€ctfons where

dlffícultfes occur in fittlng a horÍzontal plane model.

The calibration phase could be semi-aut,omated by the use of

successlve approximaÈions. That 1s each paremeter estlmate is lmproved by

comparing paired values of prevlous estimates and the corresponding values

of the obJective function (eg. RMSS). The relationshíp between the

parameter estimate and the objective function may be used to forecast the

parameter estimate which would minímize the objective function. Thls could

be repeated parameter by parameter and step by step until no further

inprovement in the objectlve function was obtained. A sertes of iniÈial,

parameter values and orders of stepping through parameters should be used

to check that the global value of the obJective function wlthin the renge

of feasible parameter values is obtained. Thts approach is expected to

consíderably reduce the man hours required for calibraÈion at the expense

of additional computer execution tlme.

The physical dependencLes occurring at the streambed on a micro-scale

are diverse and include Èhe following examples:

. Erosion and sedÍment deposition rates change with waÈer velocity.
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. Growth and transplration rates of algae vary with light, temperature'

vreter velocity, suspended sedíments, nutrient,s, and trater chemistry.

. Growth and decay of streambed vegetation and biota occur with tlme.

. Burrowing of organisms, crusÈecea and anlmals in the streambed causes

local perturbations.

. EvaporaÈ1on from a drying streambed depends on moisture conÈent.

. Cracking and swelling of soll depends on molsture content.

. Hydraullc conductivity varies with moisture content.

. Moisture content varies wíth suctlon head, usually with hysteresis.

Due to the large varlations ln soil types over small areas of

streambed and the combíned effects of the facÈors listed above whlch vary

ln space and tíme it is unlíkely Èhat a comprehensive model of streambed

processes w111 ever be useful at a fleld sc.ale. However sÈudles of the

effects of these processes may be valuable in accounting for mecroscopic

(average) changes ln streambed geometry and hydraulic impedance due to

changes ln catchment land use or streamflow regime.

10.3 Impllcatlons of Results

The release rule recommended ln chapter I has been adopted by the

Engineerlng and l.later Supply Department for the operatlon of the Little

Para Reservoir to ensure the replenishment of Northern Adelaide Plains

aquifers.

The potentlal for groundwater recharge enhancement by discharge

regulation in ephemeral streams is demonstrated. Thls is an important

principle to consider 1n constructing a dam on an ephemeral stream upstream

of a recharge zone. In the case of the Little Para River only 187. of

natural reservoir lntake was required to be released in order to mainÈain

the natural recharge. Addftional releases could efficiently enhance

natural recharge by up to 20%. In arid and semi-arid areas where fresh
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groundweter

recharge and

conservatfon.

1s a valuable resource streamflow regulatíon to enhance

improve groundwaÈer quallty may be a valuable means of water

¡
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DERIVATION OF THE UNSTEADY

FREE SURFACE BOI'NDARY CONDITION
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1. Method I

For steady flow the free surface is a streamline, hence Lhe

derivative of hydraulic head normal to the free surface is zero, and

the free surface boundary conditions are

S = o 4.1
dn

and h=n wherey=n(x) L.2

where n is the elevation of the free surface.

Ttre unsteady free surface is not a stre¡-line and lüithout

accretion is always conposed of the sane fluíd particles (De l^fiest,

1961). tr{riting the equation of the free surface as

y(t) = n(x(t),t) 4.3

, an identity in t, and differentiating with respect to time gives

A.4

Ttris is equivalent to taking the I'substantial derivative" as

described by Bear Q972). Ttrat is partial differentiation of a fluid

property following a particular particle wtrere Ëhat property of the

fluid is conserved. In thís case, following a fluid particle on the

surface, the pressure, p, is always zero.

i
are the fluid particle velocity comPonerits .in the

Applying Darcy's lalr gives

än
ãT

ân ãx

--tâx ât
_ry
ar

âx --, âY

E and ãã

x and y directions.

âx
ãî = -K âti-

n. ãx

where K is

ãv -K AhJL=--ãt r. àyand

n]-s

the saturated hydraulic conductivity of Ëhe medir:m and

the effective porosity of the medium.
e

A.5
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Substituting into equation A-4 and rearranging gives

ne An - ðh ân - ãh A..6K At ðxãx âY

Using the same transformation as used in chapter 4 to make each

varíable and coefficient dimensionless

, ø=h/L t=tK/n"L )

X = x/L !,r = I{/K ) l.Z

Y = yl]*, I = n/f. where L is a characteristic length.

Equation 4.6 becomes

aî = äø â-n - aø A.gât AX AX âY

On the free surface

Ø(x,y,r) = i(x,r) A"9

Differentiating with respect to X at constanË time t gives

àø, âøâY-Ar- Ârnãx âY âx ax

and using equation 4.3 gives

âØ = ã1 rr _ L4l A.11ax ax '- âY'

Sinilarly differentiating 4.9 with resPect Èo time at coristant X

gives

ðø
ãi' ^.12

again using equation 4.3 gives

aø = -f,n. rr - 941 : A.t3àt ât ðY'

Subsrituting for $.ra * t" equation 4.8 using 4.11 and 4.13 gives

àØ = 13912 * r4l' - 99. A.14àT t âx' t aY' aY

Using the inverse of transforn 4.7 yields the equation given by Bear

(jeTz)

+Yã

ât
aø
AY

âî
ãi-

2
)

ah
ãtþ+=(s)'*(K âr 'âx'

âh
ây

for the rate of change of hydraulic head of a poínt on the free

surface.

a.15
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To obtain a boundary condition in terms of h and * "r required

for the BIEM this equation is not useful in this form. Instead,

equaÈion A.B is t,ransfomed by rotaËing the co-ordinate axes Eo make

them parallel and normaL Lo the slope of the free surface et a poinL

on the surface (fig. 4.1).

N

. P(X,Y) = P(l{rN)

M

ß

Figure 4.1 Axls rotatlon.

Y

x

Any point may now be defined

as P(X,Y) = P(M,N)

where

M=Xcosß+Ysinß

N=-Xsinß+YcosB

using the chain rule

àø_àøaM+aøâN
ax âM âx aN ax and

àø_àøðþr,aøâN
AY AM AY AN AY

A.16

A. 17

cos ß 4.18#=*#cosß-N$"i"ß #=
ðø
ðM "inB**#

Substituting 4.18 into 4.8, noting that

ai
âx =tanß gives

$ = cf$ "o" ß - å# sin ß) tan ß - åMq 
sin B - àø cos Ê 4.19

-N.
AN

,sí¡29 + cos2ß. àø
' cosß aM

I
cos B

àø
ãN

(sinß-sinß)

AN

4,.20
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n
-É. on
K AL cos ß

ah
àn

A..2L

This is the equation used in the BIEM rnodel described in chapter 3

for the free surface l¡ithout accretion.

Ttre free surface with accretíon, having recharge rate l'I Û,t 
-t ,

follows the same equations up to 4.4. Ilowever, the free surface is

not composed of Ehe same fluid Partícles throughout time. Again

following Ëhe path of zero Pressure, # t" the rate of verËícal move-

ment of the point of zero Pressure and not of a fluid particle

instantaneously coincident ¡sith the free surface.

Equation 4.5 changes Ëo

-ry, = -K ah + lL a.22
ât ne âY ne

âx.^,
; i" unchanged. Substituting l¡-22 ínt'o A-4 gives
ot -

4,.23

Using the substitution r,r = tr{/K equation 4.23 under the non-dimensional

transform becomes

ai=àø3[-4*- a,.24ât AX AX AY

Note that this díffers from equation 4.8 only by the inclusion of the

last term. Following the same development, equations A.14, 4.15,

A.2O and 4.21 can be shown to become respectively:

teAn-ðhãn-Ah+W
K At âxâx ðY K

*,#r'-11 +w)

'*,s"-(1 +r¿)

ÐØ = tèþtzâr 'âx'
aø
AY

+tI

àø
ây

*¡¿( )

A.25

L.26

4.21

ne 
ãh

T.at
â1
ãî

âh
ðx

t"An=- 1 àh
KAt cosßân

àø
AN

+ r¡r

and +ÍJ 4,.28
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Note that the above derivations assume the effective porosity, n",

is filled or drained instantaneously as the free surface rises or

falls. Ttris assumption is discussed in chapter 2 a¡d is referred to

again in chapter 4.

An alternative derivation of equation 4.21 which the author has not

seen elsewhere follows. A third dlternaËúve is given in Ligge¡t and

Liu ( 1983) .

2. Method 2

A sínpler derivation follows from observation thaË the free surface

always consists of the same fLuid particLes wtren there is no recharge

(or evaporation). Figure 4.2 shows the change in free surface

position during a timq interval At. The slope of the initial free

surface at P is tan ß.

t=t* At

R

S

a

\
\
\ Ân

P

Y = n(x)

\

n

\
\
\

t=t

ß

v

LI
Figure 4.2 The unsteady free surface boundary condition"

x



Applying Darcy's law to Ëhe velocity of fluid Particles at P

direction of the outward normal ã to the free surface, gives

-K âh

308

in the

v 4,.29
ân

e

Over a time period At the partícle on the free surface at P is

displaced to R due to the seepage velocity caused by the hydraulic

gradient field at P. In most problems it is desirable to keep the x

co-ordinate corisËant for each free surface node. Therefore it is the

y co-ordinate of S which requires description. Fron figure L.2

PQ -- v' At A.30

and vAtn
;os E'

ntt

Ps=An=

where Ê is the angle the free surface nakes with the horizontal.

Taking the linit as Àt + o and substituting equation 4.29 into 4.31

gives

An=-K 1_?h A,.32ât n- cos P ânL

which is identical to equation 4.21.

In the case when there is vertical recharge to the free surface Ëhís

is superimposed on Ëhe rate of vertical movemeriË of the free surface

I=i l.ë-ll _{.33AË n. cos S iìn ne

4.31

where trù is

negative.

the recharge rate ["t 
-t] or Ëhe evaporaËion rate if !f ís

This equation agrees with equation 4.28.



APPENDIX B

CoNFTRMATTON OF EQUATTONS FOR OBSERVTNG TIIE

STAsILITY OF IMPLICIT INTEGRATION OF THE FREE

SURSACE BOUNDARY CONDITION

1. Proof Ëhat equation 5.2 is a solution to problem SINE

x glves

(- or)

=0atx=tL/2 q.e.d

(b) base and linearized free surface boundary conditions,

It is shown that equatíon 5.2 satisfies all boundary and initial

conditions of problem SINE, described in figure 5.1. Equation 5.2

ís repeated here for convenience.

h(x,y,t) = a sin'" %Pd#Ð exp (- ot) 8.1

where 6.=mtanh(nII)andrn={ 8.2

(a) side bqundary conditions, at x = t l,/2, ff = O

differentiating equation 8.1 with resPect to
àh cosh (mv + nII)
,; = r. cos urx -aããã-ïìtÐ- exp

309

8.3

8.4

B.5

at

at

y = -H, # = o

v 0
-ah

= ar
âh
ãt

differenËiating equation 8.1 with resPect to y gives

m sinh (my + ¡¡g¡âh
ãt=tsr-nmx

henceat y=-I1,S=o

exp (- ot)
cosh (nII)

q.e. d.

differentiating equation 8.1 with respect to t and

substiÊuting equation 8.2 gives

âh cosh (mv r -u\
Ë = . sin rur =-"-_:-fËlùju (ro) tanh (urrl) exp (- or) 8.6

at v 0,

ah

'ãT=-mas in mx tanh (rnil) exp (- ot)

äh

ah

Ë = rn" sin mx tanh (nII) exP (- ot)

at y=0

ãt aË y = 0, q.e.d.

8.7



(c) ínitial conditions, at y = o, h = a sin mx 310

final condition, ês t + @, h(x,Y) + 0

these conditions are satisfíed for m t O by inspection of equationB.l.

2. Der ivatíon of equation 5.4

Subsrituting equation 5.2 (= B.1) into equation 5.1 (repeated

here as B.8) at y = O

hk*l = hk - ¡r [.,#rn.t + (t -e) ,#ru ]
and making use of equation 8.5 and 8.2 gives

a sin Írx exp (- o(t + 1) AË) = a sin mx exP (- okÄt)

- Ât o a sín r* [. exp (- o(k + r)¡t) + (1 - e) exp (- otlt)]

dividing by a sin mx and renaming the damping coefficient for the

nr¡merical approximation to the free surfacer as d¡ gives

exp (- o¡(t< + l-)At) = exp (- o*kat)

- oÀt[" "*n 
(- or(t + t)At) + (1 -:e) exp (- o*r<lt)]

dividing by exp (- o"kÂt) gíves

exp (- o*Àt) = | - ont [e exP (- o*At) * (r - e) ]

which is the same as equation 5'4.

8.8

8.9

B. 10
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APPENDIX C.1

$tneam-Aquifen lntenact¡on Models: A Reuiew

SÈream-aquifer lnÈeraction models are classified ln
this paper according co the hierarchy shown in
Figure I. InÈegraEed models solve two systens of
equaÈÍons - one for open channel flow and che other
for porous medla flow. Freeze (1972) describes
the rrnlon of che two Parts of che model as external
coupllng when Ehe ouEput of one parE becomes Ehe

inpuc Èo the other without satisfying any condicion
on Ehe lnEernal boundary connecting the E!¡o palts.
Internal couplíng is said Eo occur when an 1nÈernal
boundary cordíEion is satisfíed at each Eime sÈeP'

DefiniÈion skeÈches for hydraulic connecÈion and
disconnectfon betv¡een streans and aquifers are gi'ren
in Figure 2. Sheshtakov and Kravchenko (1967) and
ward (1974) descrlbe a hydraulfcally connected
sErean as one where the screambed below Ehe rrater
level ln Ehe stream ls completely saturated. Beer
(1979) and RushEon and Tomlinson (1979) also con-
sídered cases where differenE parts of Ehe sa¡ne

streanbed exhibired each type of behavíour. Trans-
ition fron one Eype of connecÈion Eo Ehe oÈher may

occur and has been described by WalÈon s¡ ¿l (1967)

and observed by Burkhan (1970).

P.J. DILLON, Grad. LE. Aust.

SLMMARy The assumptions upon which models of stream-aqulfer ínÈeraction are based are examlned. This
provides a starring point to compaie rnodel perfornance for the large veriety of exlstfng models lncludlng
fntegrated sEream-aquifer models.

I INTRODUCTION ponse functlon for recharge frorn epheneral streams,
to predicÈ recharge from subsequent sÈreemflow re-
cords. Analytical response funcEions for seepage
betvreen streams and hydraulically connected aquifers
were developed by Cooper and Rorabaugh (1963).

These have found frequent reuse 1n llnear nodels.
They have also been applied by deconvolutlon in
determining aguifer diffusivtty for aquifers hyd-
raulfcally connecEed Eo rivers. Success ln this
appllcation is restricted by the extreme senslEivíty
of diffusivlty Eo head measurements in observaEion
bores (Plnder et al (1969), Singh and Sagar (1977)'
Smlth (1972) modelled ephemeral flood wave advance
by cons'iderlng Eime dependenE ínflltraEion races.
Thís rnethod appears successful for hydraulícal1y
dfsconnected streams. Thê abundant llÈeraÈure on
seepage losses from canals is not included in this
revlew. Models of baseflow are described in a re-
view paper by Hall (1968).

STREAM AND AQUIFER HYDRAULICALLY

(a) connected (b) disconnected

2 SURTACE I^JATER MODELS

Surface water models (see Table I) consist firstly
of observaÈion based models of galn or loss of open
channel flow along a reach. These are only useful
for hydraulícally disconnected sEreans es seePage
rates are assumed to be independent of PhreaEic sur-
face posiclon. Besbes et al (1978) and Flug et a1
(1980)usedhisÈoricaldata to produce an impulse res- Figure 2

Figure 1 Hiera¡chy of Stream-Aquifer Models

(Paper C1408 submitted to The Institution of
Engineers, Australia on 19 May 1982).

gra
coupled - ínternally

- externally

Surface Water Models
t+1

Gro Models
Í+1

hydraullc connection no hydraulic connection hvdraulic connectlon no hydraulic connecElon

-lLnear response -observaÈfon based
-flood wave advance

-linear response
-physícal process

combíned ínfiltratlon and
groundnater mound models

infiltration groundwacer

C¡vil Enilneering Tnnvc¡ions, l98J



STREAM-AQUIFER INTERACTION MODELS - Dillon

TABLE I
SURFACE $TATER MODELS

connec t
observation based models - Todd (1955)

Burkhartr ( 1970)
Dillon ( l98I)

linear response -Besbes et al (1978)
Flug ec a1 (f980)

flood wave advance - Smirh (1972)
Hydraullc connection
analycícal model review-WatEon(1979,Table II)
linear response - Cooper and Rorabaugh (f963)

VeneEis (1968) and (1970)
Moench and Kisiel (1970)
Hall and Moench (1972)
Moench et al (1974)

ídenEificatlon-using linear cheory-Ferrl-s (1959)
Ror¡e ( 1960)

Plnder et al (1969)
Yeh (1975)

Slngh and Sagar(1977)
Sagar and Slngh (1979

3 GROI'NDWATER ì{ODELS

GroundwaEer models are reviewed wlthín Ehis paper
accordlng to Èhe assumptions which they do noEmake.
This provides a ready reference Èo the effect of
Ehese assumpÈions. Table II lists each assumpÈlon
together lrlth en index code to cross reference ltiEh
Table lV. The noEation C and D refers !o hydraul-
ica11y connected and hydraulically dÍsconnected
streams respectively, where Ehese are ltenised sep-
aracely fn Table IV. Ascerisks indfcete Èhe ass-
umpÈlons which are generally poor and for whlch
compensatfon would signíficantly lnprove a model.

The items 1n Table IV under Ehe headlngs "effecE on
outpuE" and "limitations" conÈaln quantftatÍve and
qualítatlve lnformaÈ1on from Èhe references on Èhe

rlghE. The columns "realiEy" and "maÈhematical adv-
antage[ represenE Èhe authorrs opínlons only.
"RealíÈy" fndicaÈes the líkellhood of encounEerlng
field sÈudy condítions falltng vrÍchln Èhe limlts of
validlty of an assumpEion. "MaÈhematical advanÈage"
expresses the reducÈlon in data requírements and
savíng ln compuÈer tlne and memory upon uslng an
assumptlon.

There ls no s1ngle rnodel whlch is besc, hor.¡ever the
llterature descrlbes models whlch are sulÈable for
various appllcaÈfons, This table may be useful 1n
deternining the relative merits and deficfences of
exlsting models for partlcular appllcaÈ1ons' An
excellent revler¡ of lnfllcratfon models fs given by
Freeze (1969). ttunt (1972) and Reddy and Basu (1976)
using analyÈfcal sÈeady sÈaÈe models concluded Eha!
tnflltratlon raEes are insensiÈ1ve to channel shape
and soil anisoÈropy respectíveIy.

CombÍned models of infllcracíon and groundsraEer
rnound are referenced 1n Table IIl The few
cornmon assumptions of lhe saEurated - unsaturated
flov¡ nodels are aEttibuÈed to experl¡nenlal conven-
ience for model verlficatÍon rather Ehan on lin1Èa-
Èlons of the eppllcabiltÈy of the theory or numer-
ical procedure. Conputer tÍ¡ne and storege ls e
problern for each of these models. The paper by
Vauclin et al (1979) 1n partlcuLar provides lnsighÈ
ínco the physícal process of infiltration f¡om a
hydraulically disconnected s lream.
4 INTEGRATED STREAM AQUIFER MODELS

Harrold (1934) r¡as the flrsÈ to use groundnaÈer
Ieve1s ln wells to predict future baseflow 1n a
streah. However, i.t was noÈ unt1l Ehe 1970s thaÈ

3L2
TABLE II

ASSIJMPTIONS USED FOR GROIJNDI,ùATER MODELS

2C
2D

I C&D

3

ceD

s ðoo

The alluvial aquifer has a horfzontal irn-
permeabJ-e base
All porous medla flow is saturated
see four infiltration nodel assumptlons
below
Water is discharged ínsÈanEaneously upon re-
ductíon ín head
The alluvial aqulfer fs homogeneous, LsoÈro-
pic and lnfinite in extenc
The Dupuit-Forchheimer condiElons are valld
The sÈrean peneCraEes the fu1l thickness of
the aquffer (or a1ÈernaEively the head
ÈhroughouE the aqulfer belor¿ Ehe streambed
ls always equal co Èhe river sÈage).
The groundwater accretfon raEe is constant
once Èhe rde!Èing fronÈ reeches Ehe rrater
tåbIe
The aquffer fs solely conflned or unconfin-
ed. If 1t is unconfíned the fluctuetions
of the waÈertable are a smal1 fractioo of
aquifer lhickness so Ehe transmlsslviEy re-
¡na1ns congtant.
The system is isothermal
The quality of nater in the sEream has no
cumulative effecE on the strean-equlfer
ÈerácÈlon process
GroundlrâÈer flow ín a direction paråIlel Èo
Ehe sÈream does noÈ ãffecÈ Ehe stteaft-
aquffer interactlon

Infl1ÈraÈion rnodels

Flor¡ is one dfmenslonal (vertlcal)
The porous nediun ís unsaÈuraÈed belor¡ a
wettlng fronÈ
The soll is iníEially dry
Reslscance to flow of air dlsplaced by $rater
ls negllgible

* sfgniffcanÈ assu¡nptiong
C - hydraullcally connected
D = hydraullcally dlsconnected

c

D

7

9

l0

II
Í2

I3
t4

nodellers lncorporated streamflow and groundwaÈer
flo¡ wfthfn a slngle model. These models, Iisted
fn Table V, lnclude llnear nodels and models based
on physical processes. The tradeoff betneen com-
puter execution ÈÍne and sEorage and model complex-
iÈy dfffers for each mode1. External coupling re-
qulres slgniflcancly less computer t.lne but should
only be used when the mathenatfcal descriptlon of
Èhe streen-aquifer 1nÈerecÈion 1s sufficiently te-
Presentatlve of Ehe physical process occurring at
Ehe internel boundary. For the lnternally coupJed mod-
els Èhe convergence crlEerion ls the change in eiEher
strean sÈegeorseepage raEe between successive iter-
atlons. Stream scage is derived dírectlyfrorn solvÍng
the screamflo!, routing equa!Íons and 1s less sensiE-
lve than seepagerate Èo changes in groundwater leve1s.

A senslEivity analysls by Cunnlnghao and SinclaLr
(1979) lndicates thac river discharge, waÈêr Eable
elevaÈ1on and seepage rate are most sensltlve to
Mannlngrs roughness coefficienE n, rlver channel
slope and only moderately sensitive to Èhe hydraul-
lc conductlvity of the sEreambed. These results
are encoureglng as Ehe order of decreasing ínport-
1ng9 of pareneters 1s also Ehe order of increasÍng
dffficulty in rneasurenenE.

IÈ should be noted Èhac Cunningham and Sinclair de-
flned sensíElvlty as the fractional ehange ln model
ouÈput lrhen perameEers ere changed by staced frac-
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4C nây be sig. medlum unlforo to
depch of sxstrean
widEh/bed scour
neglfgible
clay layers absenE Poor

mound shâpe

313

REFERENCES

leaky base: Mctlhorter-(1972),SÍngh(1968),
De I.Iiest(1967),Bouwer(1975),Bor¡¡er(19ó9,p 148)

observ. perched mounds: Wllson-(1968),
Mousavl-(1978). perched mound nodels: Brock
(1976),Khan-(1976) .lncl1ned base: Baunann(1965)

Bour¡er ( 1964), Skaggs- ( 197 6), Luchin- ( 19 75 )
¡ta¡1no ( l98l )

Vachaud ( 196 7),Naras1¡¡han- ( 1980 )

K varLaÈ1on: Sharp(1977),BÍanchl-(1968),Bouwer
(1969,p I47). bed scour: Jordan(1977),Lang-(19
62),No¡ris(1970),Randal1(1978). finire aq:
Marlno(1973), Cooper-(1963),Shanra-(1979)

dralns aÈ f1n1Èe dfstance: Anar(1975),Baumann
( 1965) ,Maasland(1959) ,Marfno(1974e) , (1974b)

Sharp ( 197 7),L1n( 1972), Bear ( 1972),Gelhar ( 1974)

Brock ( 1976 ),Khan- ( 1976),Marlno ( 196 7), Singh
(1976),Smtles-(1979)

obaervat lons : Grennemenn- ( 19 7 9 ), Lang- ( 196 2)'
Pluhowekt-(1962),I,la1ton-(1967) . partfal penetra
tlon: Ferrfs-(1962,p 129),Hall-(1972),Ilarlno
(1973). analogue: Bot¡r¡er(1978,p 288),Herbert
(1970) . anelyÈicâ1:Ernst(1979),Streltsova(1974)
FEM: Naraslnhan-(1978) . non-Darcy:Rushcon(1979)

class- (1977),Youngs ( 1977),Solles-( I979)'
l,f arlno ( l9 74a)

STREAM-AQUIFER INTERACTION MODELS - Dillon

TABLE IV

CONSEQUENCES OF ASSUMPTIONS USED FOR GROITNDI"IÀTER MODELS

ASST'MP EFTECT ON

-TION OUTPUT

lC over est. gw

leve 1s / under
est . recharge

LIMITATIONS REALITY

Kbase<Kaq/IO
base slope small

MATH

ADVANTAGE

smal1

snall

snall

large: 0 á

const repl
-aces e '
f (dh/dr, t)
large
(usua1ly
insufflcl-
erit data)

large
-lD

large
-tD

large
allows a*
surtrP tlon

5C

small

good

poor to
good

lD under est.
recharge

2C under est
seepaSe

3 over est.
seePege

6C over est.
seepage

II under est.
recharge

T2 v.sensfElve
Eo h" va1ue

K base very low
base slope snall

capillary fringe
<< aq. thlckness

n.a. l-n bank very
close Èo streaE

good

moderaÈe

4D slg. for

Poor

Poor Èo

moderáte

poof

poor to
good

noderate
È,o good

poor Èo
good

poor to
good

poor Eo
good

good

poor Eo
good

poor

5C snall excepÈ phreaÈ1c surface
belor¡ st¡eam slope ls sna11

5D under esÈ. oound helght < ! moderace
rnound helghÈ LníÈ.saÈ.th{ckness Eo good

6D sig.for lnt- susEafned Perlod
ermfÈÈent of lnff1treElon
inflltra!1on

7 increases tlansÍÈfon ls
wlth proxluri- dfsEanÈ from
cy to stream stream

8 slg.fnc.ln smell ÈemP.

recherge rate range or hyd.
for cenÞ rfse connecElon

9 rnay be sig. 1ow concs. of SS.
ln long Eerm and reactlve

chemfcals

I0 may be sig. no change ln type
of connectlon d/s.

L aq. Èhickness
Penetrated by

streaEl

sErean widÈh
>> depth

steady lnfílÈrn.
K lnc. r,rf th depÈh

allor¡s slm-reglonal scale :

pler mesh local scale:
for num.mod

small

noderate

large
-tD

Rushton- ( 19 75 )
sharp ( 1977)

observaÈlons: Norrls(1970)'tlalton-(1966)
gas pressure changes: I.forstell(1976)

slltatfon: James-(1977),I.¡ebb-(1977). algae:
Jackes(1981).chem reectLons: tlarner-(1967),N1-
ghcl-ngale(1977). densfÈy dlff: Grodzensky(1967)

I3

f4

under est. long drylng perlod
recharge prior to Ínf1ltrn.

narro9t sÈreeûFeasy
aLr escape

sfg. unsaÈ.gravíty: Bor¡wer(1969). adsorptfon: Ta1s¡na(19
zone -lD 69).Bruch-(1978),Bruch eÈ a1 (1978)

slg.saves Freyberg-(1980),Reeder-(1980)
deflnlng tùhfsler-(1970),Botrwer(19ó9,p 158) & (1976)
unseÈurated
K(h)e 0(h)

slg.saves Freeze (1969) , Wallace <1977),Phillp(1969, p282),
conputlng Bor¡¡er(1969,p 157)
0 proffle

slg.saves De Backer(1975),Curtls-(1980)
2 phase flor
conputatfon

over esÈ.
recharge
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TABLE V

INTEGRATED STREAM - AQUIFER MODELS - STRUCTUR.E AND APPLICATIONS

Coulplng Appllcaclons

3]-4

Reference

Taylor and
Luckey
(197 2)

Streen Model Aqulfer model,
main assumPtions

not ll-near resPonse for
stated scream depletlon due

Eo punplng
4, 6, I

est.recharge Stree¡n ls line tfne lnvarLant response
ArkansaE Rlver, sourcerlndept.assuned
Colorado 200km of gw levels

reach -frorn Jenklns
( re68)

1nÈerecÈ1on & hydraullc con- grt levels & stream & gw

weÈer qu¡lfty nectlon only salinltles agree n/-obs
Arkansas Rlver streen dfscharge Poorly
Colorado l6km modelled
reach, Inth Èfne
stePs

flow routlng sÈrean peneÈr- sirnple linear model
Nch canadlan aÈes aqulfer no eÈternPc to rePresent
Rlver,Oklahoma cornpleÈely.af- physfcal processes
l00kn,l2 days ter Ha11-(1972)

Llttle Arkansas sensf!1ve to sol.l nþLsÈ
Rfver Baein, Hydraullc con- ure Peranecers
Kansae. 25 yeat nectl,on only too ruany parane(40)for
weÈer nu¡nagemÈ. saÈfsfactoty calfbratn.

Arkensas Valleyhyd.connected gw levels agree w/- obs
Colorado, 40kn & dlsconnected s!ream discharge poorly

reach streaun ¡rodel1ed
sensltLve to unsat.flow
parameÈers

oanagenent of hydraullc con- v.large conPuter Elne &

punped streer nectlon only storage requlred
connected eq. crude descrlPtlon of
case study? sc¡eam-aq lnEeractÍon

lnÈerac tlon
Process

Lirni Èat1ons , coDÍrenÈs

Koklnor¡ and
Bredehoeft
(r974)

Rovey
(1975)

More l-
Seytoux
( r97s)

noE
sta ted

Mannings
eqn

Musklngum
eqn. ln
response
fn. form
exp 11cit
FD soln

Moench, step res-
Sauer and ponee after
Jennlngs Sauer( 1973)
( le74)

Knapp eÈ al Musklngun
(1975) eqn.

2D 11n. Bousslnesq
eqn. FD soln wlEh
IADI. SoluÈe Èrans
poEt nfÈh ÈlAC

4, 5, 6c

lD sÈep resPonse
semi-inflnlte aq '
seml pervious banks

4, 5, 6c

2D lln.BoussLnesq
eqn. FD soln w1Èh
ADI. 3 soil ttater

"tot"" 5, 6c

2D and 3D Rlchards
eqn.for set-unsaE.
f1o¡¡. FD 1tçl1clt
solutlon

I (D only)

2D lln.Boussfneaq
eqn. ln responlte
fn. form Soln. by
convoluElon using
FD w1Èh ADI

4, 6c

lD lfn.Bousslnesq
FD central dlff '
soln.

5, 6c

ext-
ernal

exC-
ernal

ext-
ernâl

exÈ-
ernal

ext-
ernal

ext-
ernáI

exÈ-
ernal

1n c-
ernal

(seepage
rate)

lnÈ-
ernal

(streaur
head)

lnt-
ernal

( s ÈreaD
head)

lnt-
ernal

(seepage
!ate)

Ca111de-Don
Rlver Basin
Queensland,
100ko,35 days

Fraser and Mannfngs
Jones(1979) eqn wlEh

variable
f lor¿ wldth

hydraullc con- dendtltÍc strean wlth
nection only phreatophyte evaPotrans

sensftlve Eo sÈteambed
K & speciflc Yleld

Plnder and lD dynanric 2D Boussinesq eqn
Sauer(1971) eqn. FD FD'IADI solutlon

expllciÈ
soln.

5, 6c

Fteeze lD dynanic 2D e 3D Rlchards
eqn FD eqn (unsaÈ-sac.
expllcit flow) with
so1n. hysÈeresls

FD lnpllclt LSOR

(r97 2)

bank sÈorage
model for
flood routfng
ÈheoreEical
exanple only

baseflow pre- set.flow bet-
dlctfon for \reen strean &

broad shallort aq. seepage
sÈreerg fron seepage
2D theoretlcal face on
exa.nples only sÈream bank

hydraullc con- does noÈ account for gw

nectíon only flow para1le1 to sEreem

most general of all
models revlewed
excessive data requfre-
ments and computer
Èlne 6 sÈorage

Henry
(te79)

Cunningham
and
S ínclair
( 1979)

l{uskinguut 2D Lfn.Boussfnesq
eqn.
FD solved slnu1t-
aneously
5, 6, 8 (D only)

eqn.
FD

lD Dynarnlc 2D lfn.Boussi.nesq
eqn. eqn.
space-FEl,l space-FEM
tíne-FD,ex tine- FD'IADI
pIlc1È soln. soluÈ1on

5, 6C

Cal11de-Don hydraullcally
Rlver Baeln connecÈed and
Queensland dfsconnecÈed
20knr50 days streens
Henry & Palner
( 198 1) ,Proser-
pfne Rlver
Pearce(1981)

Truckee R1ver, hydraullc con
Nevada nectlon only
6kur reach

solves predlcÈ1on, detec
ÈLon or lnverse problen
solves for stream and
aq. heads conculrenEly
LEeraÈes untl1 converS-
ence achleved
lncludes lrrecoverable
streall sÈorage term

sensLÈIve Eo I'lannlngs n
channel slope
asgesstrEnt of predict-
lve uncertafnÈy and
unlqueness of nodel
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TABLE III

COMBINED MODELS OF INFILTRATION
AND GROIJNDI.¡ATER MOttND

Green-Ampt tn€iltrauion
Rlchards eqn models

Glass et a1
Freeze

1977)
r97 1)
r969)
197s)
l9 79)

Taylor and LuÈhin

" wlth sand tank
LuEhin et el

Vauclin et al

tions from Èheir assumed values. If other assuned
values had been used Èhe ranking of the senslEl-vft-
ies of paramecers would be differenÈ' It ls not
surprlsing to flnd Ehat ouÈPut was only moderaÈely

".rràiti.r" 
Èo sÈreambed hydraullc conducEivÍty as 1Ès

assumed value wes more Ehan four lfmes Ehe hydrauÏ'c
conducElvíty of ¡he aquifer.

5 CONCLUSIONS

The assumpÈfons which poorly represent actual phy-
sical conàltlons and Processes and r¡hlch have been

shown in the liÈerature to have a sÍgnificanÈ eff-
ect on model ouÈPuE are:
a) 4C,40 The alluvíal aquifer ls honogeneous, iso-
Èropic and lnfiniEe in exÈent.
¡) !c The DupufÈ-Forchheimer condÍtlons are valid
(for hydraulic connecÈíon).
c) 6C The sÈream penetrates the full Èhickness of
che aquifer,
d) 6D The groundwater accretion rate is constant'
e) 8 The systemLs isoÈhermal (hyd. dlsconnectlononly)
f) 13 The soil ls inítially dry (infL1ÈraÈ1on
models),
g) 14 Resfstance to flow of alr dlsplaced by water
is negllgibIe.

Strnple methods have been used Eo comPensate for
sornà of Ehese assumptions. However, assumP!Íons
4C and 4D can only be overcome by furcher data coll-
ectlon. The cost of acquiring Ehese daEa may noE

be justlfled by the advantages in reducing uncer-
Eainty in model output. This leads Èo lhe concePÈ

of Eerminal model accuracy for a given budget'

A balance bellreen Èhe amounÈ of daÈa acqulslEíon
and model complexlÈy should be sought ' Reductlon
in Ehe number of model ParameÈels co be Ídentlfied
will greatly reduce calibraEion effort. Table IV
indicåtes those assumpElons whích are satisfactory
and may be used to simplify models withouÈ lnpalr-
ing Eheir performance.

6 NOTATION

Abbrevíatlons used in tables:
aq - aquífer
grú - groundwater
he - effecEíve suction head
inflltrn- lnfilcracion
e - moisEure conÈenÈ
n - MannJ-ngs roughness coefficlent
slg - slgníficant
ADi - alÈernaÈ1ng dfrectlon inPlíc1r solution
FD - finiÈe difference
FEM - finite elemenE meÈhod

IADI - lEeraÈive alEernaÈfng direcclon lwpllclt
solutlon

K - hydraullc conductlvttY
LSOR - line successíve over-relaxation
MAC - marker and ce1l method
-ID - reduces problen by one dlmensfon
n.a. - not applicable
d/s - dor¡ns Eream
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The boundary intcgrirl cqrrrrtion mcthod is lppl rcilm

un¿ 
"n'un.ütÀticd 

aquil'cr lhrotrgh a scmipcrviott 
"':"1

slicc motlcl tlescribcs grountlwittcr lìtrw whcn thc cu or

ctinnc'ctctl ¡ts wcll its tñc lrirnsition hclwccn thcsc ation

ly rJisconncctctl hotrn<lary condit rtsing

tl horc hytlrograph tliltu liom thc l.iillc l'¡rr¿r Rivcr lcchirrgc sttldy. South Âuslralii¡.

llic¡cnt riccur'¿rcy thc inlìow untl or¡lllow lìr¡tn thc \lrcilnì l.() the aquil'cr tluring

vels in the strc¡tm.

lx.rnoout:rlox

of thc study is to dcvclop an opcratin¡t rulc lì¡r it stor¿lgc

reservoir on this river so as to muintain thc naturul rcchargc

with the minimum reservoir release volume' '[hus the intcr-

action bctwcen thc strcam antl thc aqtlil'cr is irn important

connected).

encc bctwccn thc strc¿lnl antl thc aquilL'r' [{cnt-y's slrc:tm

('opyrighl l()81 hy lhc ¡\mcric:tn (ìco¡rhvric:rl llnion

I'irpcr nunrhcr .-ìW0 I 47.
(x)41- l -197ltt3/0(ì3 W-0 I47505.(X)

aquiler intcraction process has bcen extcntlerl in the current

model by (l) introdtlcing a suction hcatl. (2) applying the

Crccn-Âmpt cquittion to approximate unsaturatcrl llow. and

(3)using thc hountlary contlitions th¿rt rcsult nirturirlly as lhc

grounrJwatcr m<¡und intcrsects various parts r.l{' thc strcam-

bed. No attcmpt has been made to solve Richlrcl's equiltion

for unsnturated flow. as was done by ["r¿'titt ll972l tnd

ßouc,v ll975l. The simpler model requircs less computer

timc and storâge and is more suitctl to the availability olfield
rlata.

Tge MrrrHcu^Tlc^L Mc¡oeL

Thc physical situation is indicatetl in Figure l. The rcgion

is divided vcrtically by a linc of symmctry. ¡tcrttss rvhich

rhere is no flow, The watcr table may be either (l)tliscon-
nectctl or (2) connectcd. ¿ts shown in thc figure. The aquifer

hirscrrtcnl (.v"()) mi¡y hc cithcr impcrmcablc or lcirky'
'l'hc soltttitln in the s¿tturatcd z.onc is gtlvcrncd hy Lil-

plircc's cqttation:

il: th it2.l,

i+ {= 1¡ (l)

in which d is the hydrtrulic or piczometric hearl. tlcfincd as

,Þ{'r, l) = P('r' )') * 
-u

'v

where 2(.r. "v) is the water pressure 
-irt 

(-{. ll (M L' '7-:). 7 i*

the weight density ot'wutcr (M L-1'l-2), and l is thc hcight

above an arbitrary rlatum chosen as the clevation of thc

aquiler basemcnt (L)' The boundary conditions are

itú 
=q¡,| K -v=o Qu)

ítn

¡tdt
=0

ãtt
.r=0 (2hl

ú=y
¡t.h t\
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Fig. l. The stream-aquifler system. The water tablÈ muy be either
(ø) hydraulically rlisconnected or (D) hytlraulically eonncctctl.

Fig. l. Results ofexperiment and numerical calculations.

in which I) is the initial saturated aquil'cr thickness (Figure
l). f'revhtrg cr ¿rl. ll9tt0l have indicarcd rhc suitilbiliry of rhe
Creen-Anrpt cquati(rn fbr modclling infiltrarion under rime-
de pentlcnt surlircc wirtcr dcpths. Equution (4) untl the inclu-
s¡on ol'a suction hcatl in (3¿r) reprcscnt the only recognition
ol'thc unsitturiltc(l zonc. lìlth d¡rlir rcquircmcnts iiltd com-
put¡ng, tirnc w(,ul(l [ru high lbr it contplr:tc c¿rleulltion t¡l'
unsaturirtcd tìow. 'fhe limits on accurucy ol this morlel are
considercd to be in the determin¿llion of the streambed
leakagc lìrctor (K/B : Knll), hytlruulic conductivity of the
aquil'er (K), a¡rd the luct that thcsc qu¿tntitics are t¿¡ken as
constunt.

N uuunrcnL C¡ucul¡rroNs
The solution ol (l) with boundary condirions (2) is accom-

plishecl by the bounrl¿rry integral equarion merhod (BIEM).
'l'he BIDM rcduccs this two-dinlcnsinul problcm to onc
computational dimension, it computes with relative ease the
unstcady, nonlinci¡r l'rcc surt'ucr:, it rcquircs minimul data to
spcc¡l'y thc spircial domuin ol'thc ntt¡dcl, itnd it is cllicicnt
compared to finite clcmcnt and finite tiilìèrence merhods.
'ì'he BIEM is buscd on the integral cquation II.i¡¡1¡t'tt unl
Li¡r, l9Ell

wèt.r t¡bl. (ô)
¡)

ô.b
ô=ó,-D _

20

on hcd whcn rÞ ¿ -y,,, l2.ll

in which

¿6::Vó
ân

where n is the outward unit norm¡rl to thc boundary. q¡, is the
leakage through thc aquil'cr bascnrcnt (usuirlly takcn to bc
zeÍo), r 'is time (7'), K is thc aquil'er hytlraulic conductivity
&I'-t), r" is ell'ective porosity, p is the anglc the f'ree surlace
makes with horizontal, rv is rccharge rate (¿7-r), d, is the
head in the stream (L), anrl I = KllKn (L) where / is the
thickness ol'thc scmipermcablc blanket and i(¡ is its hydrau-
lic conductivity.

The nondimensional rcchargc is given by

wlK = (Ò, - y,,, - lt,)lB þ 1 ¡,,,, I lt,. (3rr)

n'lK = (Ó., - Ðlß ¡',u t lt, = ó= Y,,, ßb)

in which y,,, is thc elevation ot'the senripcrmcablc blanket
and 1,, is the cupillary potcntiill or suction hcad ut thc basc of'
the blanket.'l'his rclationship betwccn cxchangc llow ratc u,

and aquil'er head ó is dill'crcnt liom that proposctl by
Rushton und Tomlinson ll979l.'Ihe streambetl and aquifer
heads appears hcrc as two indcpcndcnl puranìctcrs instc¡rd
r-rl'bcing combincrl into a singlc hctd dilì'crcncc tcrnr, thus
providing the flexibility to uccount lbr arbitrury strcambccl
cross sectrons.

A time rJelay t,¡ lor rcchargc to rcach the water tablc al'tcr
the onset <¡f strcamfìow is obtained by integrating the Clecn-
Ampt equation IGreen untl Ampt, l9lll, Bt¡uu'cr, l9ó91 to
grve

in which l'is thc bounr.lary ol'the sr.rlutirtn domain,.l, is any
poinl on l' or in the tkrmain, Q is thc succcssion ol'points on
I'ovcr wltich thc intcgration is pcrlìrlmctl. r¡ = 2zr il'/, is
insitlc thc tlornain, t - t¡il'l'is on u snrooth piu't ol'l', untl ø
is the intcrior irnglc ol'the boundary il'/'is locatcd ut a kink
t¡n l'.'l'hc ln r is thc two-dimr:nsionul, l'rcc sp:rcc Crccn's
function tbr Laplace's cquution whcre r rcprcscnts the
distance bctwccn point P anrj point Q. U' ,þ and itQlítn are
known on l'. (.5) yields þanywherc in thc solution tJomain by
a simplc btlunclary intcgration. ln a wcll-posetl problem,
cithcr r/¡ or it(þlitil but nol both arc givcn rrt cach hountlary
point, arrtl (.5) is usctl to find thc nrissing condition by
choosing /' at a succcssion r¡f'boundury pt-rints. 'l'hc br¡untl-
ary intugrirtion is currictl out by choosing a succcssion ol'
notlc ptrints irnd assuming lhc bchavior ol' þ arrJ ittþlitn
bclwccr¡ nodcs. ln this papcr that bchirvior (thc intcrpolalion

reeded rnrlrdl lrae ¡urld(¡ {bl

¡{ rurl¿r9 ¡l lÍna I

rnrtr¿l lrca
h¡ rurl¿ce (ò)

I

Fig. 4 Diagram ol a hydraulically connccted irquiltr with l sud-
clcn risc in stream lcvcl.

c<l¡|Pl - II ¡/,r (5)
ít it
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.dK J',, - l) - (rÞ. - /r,) ln

l
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I
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Fig. 2, Diagrum ol'the Hele-Shuw motlel oI strip recharge usetl by
Murirut l1967l.
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I'unctions) is assumctl lincar. 'l'hc rr: sulting intcgration can lrc
carried out explic¡tly, leavirtg simult¿rnc()us cquitlions in thc
bounrJary unknowns. Lixxctt uttl I.iu ll9tt3l plovitlc rr

comprlj hensive description ot'thc nrcthotl us applicd to llow
in porous media. Verification ot' the muthenta¡ical anrl nu-
mericill models is presented subsequcntly.

H ¡'d ruu I ic a I I y I) is <'o n n c <' t e tl S tt u m

Whin the horizontal outlìow liom thc aquilcr is sullìciu'nt-
ly high, when the groundwutt:r lcirks vcrtic¿rlly through the

aquil'er basc, anrl/r¡r when rechargc is low. thc groundwittcr
mound does nol interscct thc strcambcd. 'l'he strcam thcn
provides strip rcchargc. Compllisons ol'thc ctl't cnt cirlctllir-
tions with the rcsults of Murit¡t¡ ll967l lbr u Hclc-Shaw
model study (Figure 2) of thc growth of grotrnrJwater mountls
beneath a strip recharge sourcc lre given in Figurc 3.'l'hc
results o[ Nettntutt et ul, [19761, who used a finite element
model, are shown in the sanìe figure and give cxccllcnt
agrccnìcnl. 1'hc lllEM rcsttlt:i iirtisl'y ç^()tìricrvitli()rì t¡l' nlitss
to 0..170, whcrcirs thc cxpcriurcrìtirl ¡'ùsults irt.5 irntl 9 ntinutcs
shr¡w a ncl muss gain (mass bitllncc crr()r) ol'itbotrt 99â. Mirss

balancc cn'or is detined ¿rs thc chi¡ngc in storugc bclow thc
trce surface since the start minus the nct accumulatctl infìt¡w
across the model bounclarics all tlividetl by the changc in

storfige bclow thc lice surl'acc. Scc alsr¡ thc work o[ l.iggt'tt
und l.iu [198]l lbr applications ol'tslEM to t'echtrrgc pt'ob-

lcms.

Ity tlru ul icully C onnt r ! c d .\ I rt u ttt

For a hydruulicully conncctcd strc¿rm thc ritle ol fìow
between stream and aquill'r is r.lcpcntlcnt on thc hc¿rtl in the

- 

BIEM (¿)

-- BtEM (b)

ðnðtytrca( , Marlno (1973 )

aqurltr hcnclth thc strclmbcrl. ln gcnulal, thc livcr betl is
ussurnctl to hc linccl by u scnripcrmclblc bl¡¡nkct ol' finc
¡uirtcli¡rl wlrieh signilic.u¡tly rc(luccs lhc cxe hirn¡tc ol'wutcr
bctwecn thc streirm and aquif'er. Analyticul motlcls basett on
impermcublc bcd and scmipervious bunks have been tle-
scribetl l:ty Murino ll973l and by Hull un¿l Mocnrh Í1972|¡.
Howe ver, Shurp I I9771 t'ound that thc mirjor alluvial ilquil'e rs
ol'ccntral Unitcd .States werc only purtiully punctr¿ttcd by
their strcanrs lncl thut nrost olthe inlerchange olwater takes
place through the rivcr betl,

'l'o tcst the BIEM model f'or a hydraulically connected
streum lbr which an analytical solution is available. the
conlìgurution irr lrigrrrc 4 was choscn, noting that this tk¡es
not rcprùscrìt a gootl nrotlcl l'trr rcal strcirm-aquilcr itìtcrac-
tion. 'l'hc l¿rtcral progression ol'a risc in thc phreatic surface
ovcr timc lbllowing a step change in strcanl head is givcn by
Murittt¡ ll973l as

/rr(r. r) = D2 + ltl: - Dr\ crft lr/(4rrr)rtl (o)

rvlrcrc rr - Kl)ltt,,, thr: ur¡trilc.r dilìitsivity, 11is irnllyticll
solutior¡ is trusctl on thc I)upuit-Folchhcinlc¡' (f)-F) assLrrnp-
titrns. l¡r thr: cxlnrplc lll-DllD = 0. I was choscn to give
shallt¡w I'rcc surfìrcc slopcs. Mttrint¡ fl9ó71 lbuntl thut thc D-
F results agreecl within -57¿ ol'Hcle-Shaw analog rcsults lbr
mot¡nds h¿rving (l/-/))/1) up lo (1..5.

'l'ltc cxehrrngc llow t¡ bctwccn strùltìì iuìd ac¡uilcr is
obtuinctl by tlifìcrentiuting (6) with respcct to r ut.r = 0:

100

I o-r I lo lo2 lo¡
distance from stream,x (m)

Fig, ,5. l-rcc sutli¡ec prolih:s lìrr ir hytlrirulrctrlly sr)nncclcd irr¡rriltr willt ir st¡dtlun risc in sl¡c¡rnt lcvcl

(l
(t(1, tl = KIt - h(1, t) = K(ll2 - D2)l(4¡ø)tt= 0'l

iil

which, whcn intcgrltctl with rcspcct to tinrc. givcs thc birnk
st()rlgc. lit¡ultion (7) givcs initiirlly ¿rn inlinitc cxchangc lìow
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Ccntcrline potcntiirl during hyr.lruulic conncct¡on l'or vari-
ous suction hcuds.

9=zs ø.-o
00

= 0,1 ór-o = o ¡
0

. tK

00

rale corresponding to an ¡nfinile I'ree sqrtìrce slope al the
stre¡¡m bank, Errors in u discrcte numcricirl nrotlcl ilrc to be
expcctcd whcn l'uccd with such tliscoutinuitics.

In the examplc problem the paranreters took the lbllowing
values: II = llm,D = l0m, K : I0m/tl, n" = 0.l.and a =
KDln,, = l0r m2/d. 'l"he BIEM modcl givcs consistcnt results
fbr the shape of the tiee suf'acc und the cxch¿rnge of'flow
between stream and aquif'cr cxccpt, as lnticipatcd. during
the short periotl immediutely t'ollowing thc step changc in
stream head (see Figurcs 5 und ó). 'l'hc e ll'cct ol'artilicially
'seeding' the initial free surl'acc (sce Figure 4) in the immcdi-
ate vicinity of the slream was investigatetl as a means of'
reducing the initial errors. 'l'hcse tcsts showed that the initial
lice surl'acc shapc had no signilicant ellcct (lcss than 0.-5%,)

on the tice surfäce profile, exchange lìow, und bunk storage
alier 0.5 <.lay, and the effèct continucd to rlinrinish with time.
Secontlly, seeding lhe free surfacc coukJ signifìcanrly rcduce
the mass balance error, automutically calculated in the
program at each time step, ltrr thc timc pcriotl up Ì<l 0.-5 day
(see Figure 7). The initial mass balance errol lbr the unsccrl-
ed surface is largely due to thc cxtremely stecp initial l'ree
surface adjacent to the strcam bounr.lary. 'l'hc mirss balirncc
error ol'almost - lo/o .tl l0ll tlays is dr¡e lt¡ curvirturc ol thc
ficc surlace over a zonc whcrc nt¡tlc spircings arc lirrgc. l'hc
crrors are the rcsult ol'approxinrating thc curvcd licc surluce
by a series of straight line scgmr:nts. Such erlors can bc
reclucerl by using more nodcs or highcr ortlcr elcmcnts.
These tests indicatc that in thc cxtrcme cirsc of inlìnitc ratc
ol'change in strcam hcad thc LllllM givcs sutislirctory lcsults
for the free surt'ace, cxchange lìow ratc und bank ltoragc
alìer a dimensionless time ol ta = Ktln,,D = 5.

T r u n :¡ i I it ¡ n J nt n t It 1t dru t t I i t' u I ly D i st. t t tr n ( ( I (.1 I t,
Ity lntul iralh' (- ott tt c t' I td !ì tt u m ht cl

During sustainetl fìow in an ephemeral stre¡¡m the inrluced
groundwater ridge may rise until it intersects the slreambed,
As this occurs, thc rutc of groundwater accre tion diminishes
duc tt¡ thc retluction in potential gratlient ucross the scnriper-
vious slrcitntbctl m¿rtcrill. 'l'his bound¿rry condititln is givcn
us equirtion (2rl).

'l'he potcntiol ¿t the strcam centcrline antl thc groundwate r
accretion ratc ilrc plotterl with respccl to timc (,n nondimcn-
sional graphs tbr a number of cases (see Figures 8 and 9).
'[he cflccts ol'streambecl width on thc transition are illustrat-
ud by thc ptrtcrrtial ilt thc strcanlbcd ccntcrl¡nc (l:igurc Ea)
antl the exchangc tlow rate rlivirjerl by streambed wirJth
(Figure tlå1. As streambed width increascs wirh respect to
aquit'er thickness, thc duration of the transition process is
reduced.

An exirmination ol'thc ellcct ol'the suction heatl ir, on the
same puri¡mcters is given lbr a single streambed cunfìgura-
tion with l tlinrensionless streambed leakuge l¿rctor. B/D =
2.5 (Scc Figures 9¿¡ trntl 9/¡). For highcr suction hctds thc
fiee surlircc rircs murc quickly tlue to highcr initial infiltra.
tit¡n rirtcs. ll thr: lcukagc ratc througlt thu trirsc ol'a pcrchctl
grountlwatcr lnt-¡und is sulficicntly high or il' thc r¿rtio be-
twccn strcanìbctl lctkagc anrl aquilcr pclmc.ubility is sullì-
cicntly low, hytlrlulic conncct¡on will not occur. 'l'hesc
principlcs may bc applictl in licld studics ol' cphcmcrirl
st|cum-irquilcl intcrircti()n to pr('vidc s('nlc constt'itints on
the values ol'motlel par¿¡mcters tluring the morlel calibration
phase. An cxample o[ such an applicarion tbllows,

03 f,=r $=0.'
+=, o'Jo=0,
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Fig. 8b. Rechurge rutcs durinB thu plocess ol hytllaulic c()nncc-
tion lìrr varit¡us slrsanr widths.
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10. Test reach ot the Little Para RivcrFie'

BIEM AppuleD To ruF: L¡r'r'le Pn¡r¡ Rccn,rn<¡t
Sruoy

'[wo rr¡nchor of thc L,ltllc Purr¡ IÌlvcr undcrgo 11 tn¡n!rili(rn
from hydraulic disconnectir,rn to conncction with ¿¡n untlcrly-
ing aquifer tluring sustained streantllt¡w. Figure l0 shows the
location o[ two gauging stations antl several piezometers
encompassing one of these reaches. During a reservoir
release'into the river in late summer l9til. r.lischarge rates
were recortled at thc two g:ruging st¿rtions (Figure ll).
Croundwater levels, as observerl in piezometers l. 2. and 3,
were adjusted to account for the regional groundwater slope,
which is in southwesterly direction. The BIEM was applied
antl m<¡tlcl results lbr grounrJwater elevatiuns ut thr: thrce
piezometer are comparcrJ with the correctcd obscrvutir,¡ns in
Figure 12. Fitting model oulput to the grountlwuter datir
provir.le<I estimates for the nondimensional recharge wlK an<l

the aquifer diffusivity ¿¡. lt was hoperj that the valuc r¡l
leakage through the base of the aquifcr could be quantitìed in
the same way. However, only an upper bound t-rn thc lcakagc
rate could be dctermined (l¿t<þlonl at base < l0'r) bcc¿rusc in
this exanrple thc leakage rate provud ttl be so snrall thlt its
elll'ct on groundwatcr lcvcls wus insignilìelnt tlut'ing tlrc
modeling period comparcd with thc donrinlnt ploccss ol'
streambe<J rechargc.

Drilling has revealed that thc unconfined aquifcr consists
of a series of interconncctctl lcnticular be ds ol silty sanrJs to
grave ls within clays which in thc motle I is approximltcd hy a

homogeneous mcdium. '[he orodcl rlocs not account lbr thc

^,16
I
ø

E

Fig. ll. Dischulgc rltc r¡t g¡rutsinB slittiotts (iSl irrrtl (iS2 tluc ttr
rcscrv<¡ir relcase intt¡ thc Little Pirt¿r Rive¡'

t
t¡

lolz 7ß t2ß l7ß 243tsl

Ì;ig, 13, (lIoun(lw¡rtcr 0luvuti()nñ llt thc Þicz(lntcter sitex,

meandering nature ol the stream nor the variation in ex-
change lìow rates along the 3-km length ol'rcach. With rhese
practic¿rl¡trcs in mintl lnd although model uniqueness has nt¡t
been tlete rnrincd. the motlel calibr¿rtion is consideretl satis-
t'actr.rry lbr its proposed use. Next the BIEM output was
fitted against the observed stream discharge loss rate (Figure
l3), which allowed the value of K, the representarive hy-
draulic contJuctivity ol the aquit'er. to bc calculatcd. Conse-
qucntly, thc clllctivc porosity coultl bc obtuinetl.'l'he values
tbun<i (K = ll m/d. rrr, = 9.99, lic cr.¡mlì¡r¡ably within
indcpendcntly dcterminerl runges lbr these parametcrs. (A
calibrated regional groun<Jwater model gives K = 0,3 m/d, rr,.
:0. l. A pump test on a sand bed in this vicinity gave K =
17,6 ml<i. Rcgional water balance calculations give 1,, =
0.0tJ5. As thc picz-ometers t¿rppcd thc more pcrvious strata,
onc wtlultl cxpcct thitt thc vllrrc ol'K nccuss¡rry to nrodel
thcil rcsponsc would hc highcr tlrirrr lhc rcgiorrtrl irvcnrgc. )

Notc thi¡l thc 1ìltiM givcs ulr instirrìt¡¡ncrrus rcch¡t¡'!ic t'¡tlc itt
thc scction.'l'hc fieltl dltrr givc ln ¿tvcrirgc rcchitrgc t¡rtc li)r
thc rcach, which is not spacially consl¿rnt dur: to stleam lug
time and is always linritcd by thc avail¿rblc strcamllow.

'l'hc cirlibrirtctl lnt¡tlcl is lr-¡ hc r¡scd to prcdict strcirm losscs
and aquilcl rcchlrgc lbr v¿rrious rcscrvoir (rpcr¡rtt(,ns, thus
provitling inlìrrnrirlion which is usctl in tlctcrnrining rclci¡sc
rulcs st¡ irs to givc lhc r.lusi¡'ctl rcehulgc titlcs with n¡ininrul
wustagc. Also, thc rcchurgc ratcs ¿rrc tt¡ be r¡scrj in u rcgional
groundwirlcr nrotlcl which will prcclict thc bchavior ol' thc
tlvcr'¡rll \yslsnì.
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626

Cc¡¡¡cLus¡oN

This papcr was focusctl on the trans¡tion betwcen hydrau-
lic clisconncction und connection o[ cphcmerll stre¡¡ms wilh
aquifers. 'l'he results contuinctl in this papcr indicatr: thut thc
simple specified head/specilicd exchangc lìorv rate motlcls
irre acceptable fbr broad strc¿rmbcds thlD > l()) whcn the
streambetl and the hcad in thc streum ¡.rrc closc to thc initi¿ll
water table, i.e., when

Dlt t,<¡t¡ ¡t,l) Lt(;(;f,'rT: EpHr:vt,n¡t_ StHl,,rrr.t-Aqrrrtt,t R lNlt,nn< rto¡.¡

!n,-D (þ,-D

-<0.1 

<0.3Dt)
For narrower streams the semipermeable bcrl conditions are
ncccss¿rry to describe the transition proccris. 'l'hc rnodel hus
been applied to a fìelil stur.ly wirh satistictory resulrs.
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APPENDIX C.5

DIGITAI HYDROLOGIC DATA

ACQUISITION SYSTEM

P.J. Di11on

Department of Civil Engineering

University of Adelaide, Australia

Abstract

A data aquisition system which monitors groundwater or surface water
1eve1s and loads the recorded data lnto a compuEer is described, IE.

features a novel bore water level transducer and a portable multi-
purpose data reader. The equipnent is relatively inexpensive, adapt-
able Èo other applications and has proved to be reliable and accurate
in a fíe1d study. The syst.em requi-res mínirnal operaEor Eime Eo load
and verify the data.

Résu¡rd

Une descríption drun système dtacqulsition des données qui contrô1e 1es

nlveaux dteaux souterraines et dreaux de surface; et qui al-imente un

ordinateur en données enregistrées. 11 y a un nou1./eau transducteur de

níveaux dteau souterralne et une mémoire portaEive et mulEÍ-usages pour

fournfr des données. Ltéquipement est relativemeì1t bon narché,

adaptable à dtautres applications, et stest révé1é fidèle et précis au

cours des essais sur 1e terrain. Lrali-mentation et 1a vérification des

données de¡nandent peu de temps dans ce système.
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I Introduction

A study of groundwater recharge from a regulated stream overlying a

heavily exploited aquifer has been undertaken joi-ntly by t.he Engineering

and l,Iater Supply Department of South Australia and ¡he University of

Adela1de. Flow exchange betv/een Ehe stream and Ehe groundwaËer was

found to depend on Ëhe positlon of the phreatic surface adjacenr the

stream. Thls was monitored at selected observation bores. Initially

a chart recorder wlth a pulley and float arrangement for detecting

water level changes was installed at each slte. However E.his produced

staircased records due to pulley stiction and Ëhe smal1 \taËer plane

cross-sectlon of the float, whose size was restricted by Ehe casing

dlmensions. Charts had to be replaced weekly and the recorders were

unrelÍable in the humid envfronment in which Ehey \,¡ere placed. There

remalned the onerous task of manually digit.ízing the charts and enter-

ing the data inËo compuËer flles for subsequenË analysis. Alternative

comercially avallable recording equipment was beyond Ehe study's

budget. To resolve these problems a digital recording system l¡7as

designed, developed and constructed chiefly by Mr. S' Woit.he an

ínstrumentatj-on technicían at the University of Adelaide. This system

has been ln rouElne operatíon for nine nonths, recordíng groundwaÈer

1eve1s at slx observatlon bores and stream stage and r.tater temPerature

at several river gauging stations. The recorded data is fed inco

computer f1les.

Systen Operatíon

The data aquisitlon system is conposed of flve pieces of equipment ì-n

addition to a coûputer. See figure l. The trausducer and recorder

are locaÈed at the observation bore or gauging staÈion. At regular

inËervals the battery and solid sËate memory of the recorder are

replaced and date, tlme and an independent measurement of water level

are recorded on a field data sheeÈ. Warning lights on lhe recorder

lndicate whether the recorder is operating correctly. The portable

reader 1s plugged inEo the recorder at site visiEs to give a di.rect

reading of momory contents as an addltional check.

2
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3

Later back in Ehe laboraÈory the memory is plugged inEo lhe reader and

thís is coupled to a Port on a PDPII computer' The data is fed down

thellneandstoredonafloppydisk.AninteracEiveeditingProgram
ls engaged on a comPuter terminal and the contents of the fíe1d data

sheeEarekeyedÍn.TherawdatafileisautomaEicallyediced,scaled,
reformatted and saved as a Processed data file' The program also per-

for¡rs basic checks on data quality. A calcomp (automared) graphical

ploÈ is obtained as an addltíonal check' Such checks are ¿ vital

conPonent of any recording system (Brovm' I980) ' The verified daEa is

Èhen merged Ínto the data bank' The solíd state memory is erased usíng

ultraviolet light and the batEery is recharged ready for the next change

over.

Systen components

3.1 Transducer

A rÍse ln groundwater level lifts Ehe float (fígure 2) attached to a

punched stainless steel tape which is wrapped around a sprockeEEed

mâster pulley' As the pulley turns' the shaft of a multi-turn potenÈ-

iometer roÈâtes causing a variation in electrical resistance' The

voltage across the potenÈiometer terminals is the Èransducer output'

A Jockey pulley directs the cowiterweight down inside Ehe bore casing'

A tape jolter is activated prior to the recorder taking a reading and

Ehe inPacE is sufficient to overcome pulley sticEion and friction-

between froat and caslng, The jolter and potentiomeEer circuits are

only powered for a short time before and during readings' Where water

revers are monrÈored in bore casings greater than 250 mm diameter the

jolter and jockey pu11ey are not required' The transducer has a range

of 3750 nm vtith a resolution of I rnn and is linear ¡o t2 mn over Ehe

fu1l range. Transducer outPut is insensitive Eo temperaEure from 0" to

50"C. In straight casing the jolter allows floaLs as smal1 as 50 urm

diameter to give wacer levels withln !2 nn of their Erue value for

statlc and dynanic tests' For water temperâture recording a thelmo-

couple is used as the Eransducer'
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3.2 Recorder

The recorder is of nodular desígn and consists of four standard size

printed clrcult boards. These provl-de regulated power supplies'

microprocessor control' a transducer interface and solid state memory'

3.2.1 Power suppLY

The power supply board produces a number of lndependenE regulated

supplles for operatfng the recorder and transducer'

,t. ¿. ¿ Mi cropt'o c e s s o r e ontY'oL

AreprogramablechiponthemlcroprocessorboardcontrolsEheoperatlon
of the tecorder and gives lt remarkable versatility' The recorder Eakes

readings at tine lntervals of either 10 seconds' I minute' 10 minutes

or I hour, selected by settÍng â sl'titch on the recorder' Each reading

ls started by activatÍng the Jolter, and pausing' The voltage reading

across the potentiometer is then converted to a digital vaLue'

If the readfng is dÍfferent to the last reading stored in the solid

state memory by nore than a specified threshold value' fhen this read-

1ng and the tlne lncrement number are stored ln Ehe nexE memory location'

Ifnorethanaspeclfledperiodoftimehaspassedsincet'heIaSE'value
was stored then the new reading and time increment number are sEored

regardless. If neithe¡ of these conditlons apply no new values are

storeÛ and the recorder rrestsr unÈi1 the next time inËerva1 has

elapsed. Àt the tlme of removlng the soild sEaEe memory' a manual

over-ride ensures that the current data are stored'

Thfs data comPression procedure reduces Ehe nurnber of data sEored

\ülthouE loss of lnfornation, givfng more effíclent use of ñemory stol-

age 1n the recorder and later also ín the computer' If spectral

analysls 1s required the threshold values are set Eo zero to comply

wlth Fast Fourler Transform rouÈines'
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After 65000 tíme lncremencs (45 days at one minute tirne increments) Ehe

time value ls reset Eo zero and continues counting. Therefore only
data storage and power supply capacity limit the length of unatt.ended

field operation. In the evenË of a porúer failure the memory is noË

erased.

3.2.s Transdueer ínterface

one board Ls used Eo inËerface the lrater leve1 transducer v¡ith Ehe

recorder. Thls contaíns scaling potentiometers which enable very fast
callbratlon of the Eransducer. The analogue voltage from Ehe trans-
ducer is converted to a digltal slgnal on this board. l,Ihen monltoring
temperâtures only t,his board need be replaced.

3.2.4 SoLíd state memorA

The fourth board contains a bank of eight semi conductor chips (eproms)

each of whj.ch store 500 pairs of tine and data value readings. Thus

one board can record a total of 4000 reading pairs. The time reading
is stored as a four dlgit hexideclmal number (resolurion l:É,5000) and

the data value is stored as a four dlgic deeirnal number (resolucion
1:10000), The eproms are erasible using ultra-violet li.ghr. Two

boards are required for each recorder so thaE one can be brought in for
readfng while the other has its turn 1n the recorder.

3.3 Reader

A microprocessor unlt mounted Ín a briefcase serves as a recorder
checklng tool and as a couputer interface for Ehe eprom boards. I^Ihen

plugged into a recorder iË dfsplays the last ti¡re and value srored in
the memory and the current time and value. Back in the laboraLory Ehe

contents of an epÏom board are fed ínto Ehe compuËer by plugging the
board into a sockel on the reader which is connected to a computer

terrninal l1ne. No additlonal hardware is required. One reader can

service a data netrrork of many recorders,
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4

3.4 Menory Eraser

A pair of ultravlolet light tubes are used to erase up to four eprom

boards sj.multaneously. Erasure takes aPproxiurately 30 minutes' The

reader is used to check that each board is completely erased and ready

for re-use.

3.5 Battery charger

A safe unlt to fast charge sealed rechargeable batteries has been

developed. A fu11y drained 8 Anp-hour 12 Volt battery can be fu1ly

recharged Ín 6 hours. The buildup of gas wíthin Ehe battery is ninim-

ízed wlth a consequent reductlon in the likelihood of explosion. Lead-

acid batterles are used as they are relatively cheap and do not have

the I'rnemory" problems of Nickel-cadmium batteries ' Each gives about B

weeks power supPly for a transducer and recorder at one mínute resol-

ut ion.

Example of data aqui.sition

The Little Para River recharge study is located in a meEropolítan area

so the llkelihood of undeslrable interference with equiPment b/as avert-

ed by concealtng 1t underground. ConcreEe boxes 400 nm deep were

constructed and covered by steel-rinned fitted concrete ljds 600 mm x

450 rm set ât ground 1eve1' The toP of the observati'on bore casing

penetrated Èhe bottorn of lhe box' Tenperatutes ranging from 3' co 44'C

were- observed and humídity frequently reached dew poinE. This harsh

environment did not inpede recorder performance'

Thresholás of 50 mn and 4 hours $¡ere progranrmed in the recorder micro-

processor as the maximum change 1n groundwater 1eve1 and maximum Eime

lapse between successive data entries in memery. A t.ime increment of

I ninute fras set. Epron" and batteries r^Iere exchanged at intervals of

about6weeks.Thesevaluesofthethresholdswerechosentoallow
detectlon of diurnal fluctuatíons in groundwater levels due Eo evapor-

atlon and Eransplratlon of phreatophytes flankíng the sÈream' The data
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value threshold was only triggered when streamflow conmenced afcer the

bed had been dry or when nearby irrigaEion bores were in use.

Examples of the field data sheet, raw data fi1e, processed data file
and calcomp plot for a short períod of record from an observation bore

adjacent the rÍver are given in Figures 3,4,5 and 6 respecEively.

Costs

Thls systen was deslgned to keep the capital outlay below Aus$600 per

fleld installatlon and to minimize ope¡ator intervention at all stages

of systen operation. The materials costs and Ehe labour involved ín
producíng the equipment Ís outlined below:

AUS$ Manhours

Transducer - bore 50 l0

- temperature* 20 2

Recorder** 42O 18

Reader + battery charger )

+ eprom erasor ) 560 i 40

Batteries (2) B0

*lncludes temp transducer interface board

** lncludes bore waÈer 1evel lnterface board and 2 eprom boards,

Prices are in l98l Australlan dollars and labour times cover fabric-
aÈlon and an electronics Èechniciants Eime in assembling and testing
the equiprnent.

AUS $1 = 2.6 Dutch Gullders; 6.6 Fr Francs; 2.4 Deutsche Marks;

0.56 Pounds; US$0.98 (August 1982).

Operâtion costs depend principally on Eravel time to reach Ehe record-

lng equipment. Changeover of memory and battery and equiprnent checks

at a field statlon take only ten ninutes. Reading Èhe data and prod-

ucfng a processed data fl1e requires about È'hlenty minutes per sEation.

Perusing Ehe calcomp plot and sorting the processed file inco the data

bank requires a further tefi ninutes. Memory erasure and battery
recharging require rninimal operator time.

535



349

ttle Para recharge study field data sheet.

¡ore uo. 36 Eprom No: lL Battery No: A
oN oFF ¡=cn¡ucn(Hrr")

Date , -
Tine I t

cL (n)

Tc (n)

ET (nfn) 16

Ev (m)
checks

lnftfals

elilst :tøful
t8o.5 l5?.+ )

30o79

- 38 114

-)3 t2

3Oo)l (aec)

96

ERRORS

ô-=ÂT-AET
oi = ¿rc+(¡tv)
D=mean ( TG-GL )

= $.êOl rn,
(15 *'"'\'.3';;

ôt = - [8 min

ôv= 3 *,n

GL,= TGq- D

= {-)33 m

+.e2A
8-s35
c)oo I

tø65

?fD

4.e+o
e.+z
152?-
| 961

?a5D

GL = soundlng gauge reading (st error = t7 m/reading)
TC = tape gauge readlng (st error = 11 nn/readlng)

ET = eprom recorded tÍme

EV = eprom recorded dara value PaG tQ€)l
F11e Nanes: Raw data fí1e: RgG lO I I Processed dara f ile:

Flgure 3 ExamPle field data sheet

time vatue time vaIue time vatue trme vatue

øøøI r B6s Øønt I 853 øtEt I Bó9 ø2Dt l 8ó8
ø3Cl l8ó9 ø4Bl l8óo r'tR^'i \e

-. 

a----t-7-t¿--7&1-1T1î 7:s t 197ø
744t I 9ó4 ?53 I I e6l 7592 I 9ó I FF¡-F FFFF

Figure 4 Exanple raw data fj 1e

H.f. LAGGF:O R.T. OY -18 MIÀIS
trile ScaLÊ f'AcTon = 0.999
fIHE CORRECTI0N APPLIEO

ERtIOR Iil LEVEL CH¡{NGE = 3 MM
X ERRCR TN L€VEL CHNG = -3.? I'

LEV€L CORRECTIIJN ÀPPLIEO

36 1ôO9
1609
1909
1909
19 09

ô1
6!
ô1
ô1
¡i1

1ôOá
2?O 4
o204
060ô
10oa

GL
GL
GL
GL:-' -

[.9J.1
4.935
4. 92I
¡¡.93O

36
36
36
¡6

36
36

GL
GL

i.ð 3't
4.840
a.ô40

o910r 1 1347
o9¡.0ô1 :.5?-4

Flgure ! Example processed data file
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BORT 36 IB/ g /ET ag / ta/ 8I
q ,80

T.85

.+.90

tt.95

s.00

l8/9 20/9 22tg 2t tg 2619 28ig 3019 Ztlo Llto 6/10 8tt0t81

Figure 6 Exarnple calcomp plot

Surmary

The systen descrlbed 1n Ëhis paper has proven reiiable and accurate and

was economically víable for a field study of groundwaEer recharge.
rnterested instrumenÈ manufacturers and users of hydrologic data aqui-
sitlon systems are lnvited to correspond with Ehe auEhor.
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ABSTRACT

A regresslon model is used t.o relate groundwater recharge to releases
from a pumped surface storage into an ephemeral stream. This enables the
operation of the reservoir Ëo be símulated Lo ident.ify the release policy
which meets a given recharge requirement aÈ the least pumping cost. The
meËhod has been applied to the Little Para Reservoir and in so doing the
possibility of its conjuncËíve operaÈion wÍth the Northern Adelaide Plains
aquifers was investigated.

INTRODUCTION

trühen a reservoir is constructed there is often a requiremenË for
releases Ëo be made for in-stream uses, environmental reasons or to supply
those wíËh a prior-right to the waÈer. l'Ihen it is construeted
upstream of a reach recharging an aquifer by streambed seepage provision
should be made for recharge releases from the reservoír. It is shown
later Ëhat releasing even a smal1 proportion of the natural reservoir
intake may yíe1d Ëhe natural recharge. Larger releases would artificially
enhance recharge.

In the case r¿here the reservoir requires inter-basin transfer of r¡Iater
t.o meet demands, the volume of water purnped is related in some way to the
volume of water released for recharge, figure l. The pumping cost
associated with any release policy may be determined by sirnulation. If
the relat.ionshÍp between releases and recharge is Èime-dependent the
release rule which rninimises pumping costs while meeting the recharge
requirement may not be immediaÈely obvious.

S TREAMFLOI^T-RE CIIARGE RELATI ONSITIP

The stream and aquifer may be either hgd.t'aulieaLLg connected or
hydtauLicaLLy diseonnected, figure 2, where the hydraulic head in the
aquifer belov¡ the sËreambed has an influence or no effect, respectively,
on the exchange flow (recharge) rate. In cases where hydraulic connection
occurs during streamflow, the shape of Èhe stream hydrograph has a
significant effect on exchange flow and bank storage.

A simple example of releasing a consËant volume of water using
alternaËive uniform release rates is considered. The channel is assumed
to have a consËant Ërapezpodal cross-section, uniform slope and lined
\./ith a thin semi-permeable blankeË as shown ín figure 3. A boundary
integral equation mode1, described by Dillon and LiggetÈ (f983) vras used
to simulate groundwater flow ori a sÈream cross-section assuming a
homogeneous isotropic aquifer on an impermeable horizontal base. These
last assumptions are reviewed in Di11on, 1983a. The peak and final bank
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(a) (b)
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storage induced in the aquifer as a result of each release pattern appear
in Table 1. Extending the duration of flow significantly improves recharge.

ThÍs, together with other model runs, no¡ shotrn, indicaÈe that
reservoirs or flow cont,rol strucEures may be used to enhance the naÈural
groundwater recharge by streamflow regulation. The percolation tanks of
the Baramati disËricË, Maharashtra, India, are an established example of
thís principle (Dillon, f983b). These impound monsoon runoff and allow
time for the r¿at,er to percolate through the streambed enhancing the yíeld
of well-s in the valley alluvium.

TABLE 1

Effect of release Pattern on recharse.

Release
Rate

Qit

0.02
0 .05
0.10
0 .20
0.50
1.00

Depth

d

Bank Storage, V*

0 .096
0.166
0.249
0 .370
0.611
0.877

Duration
Ttk

500
200
100

50
20
10

peak

L9.52
14. 50
L2.L9
10.59
9.29
8.86

final
.L4
.91
.35

t9
13
11

9
7

7

.49

.85

.27

(a + a )s
t^ _^/st r (L + 2.82a) ¿*l^ -tzQt = Q n l{b Õ'r So ¿

T*=TKNe-lL-1
V*=VNe-lL-2
where Q

tf
So
I'tb
a
T
K
Ne
L

V

= clischarge raËe in open channel tl'-lll] _

= Manníngts roughness coefficient LL ''' Tl
= channel bed slope
= bottom width of channef [l]
= deprh/lÍb = d/l{b
= release duration tr]
= aquifer hydraulic conductivity hf-l]
= effective porosity
= characterísËic length, chosen

here Ëo be I metr. [t ]
= bank storage/unit length of strea* [12]

LITTLE PARA RIVER SOUTII AUSTRALIA

Tn L977 a dam was built on the Littte Para Biver to supplement the
Adelaide metropolitan \^later supply by 10 x 106m3/year. The reservoir
stores r¡rater pumped from the Ríver Murray and harvests a mean annual
9.4 x 1O6ur3 runoff from it.s onn catchmenÈ. Dotùnstream the Little Para
River crosses the Northern Adelaide Plains and recharges 2.2 x 106rn3/year
to the underlyíng aquifers. These are also recharged from other sources
and supply lB x 106m3/year for irrigation of market gardens. Two thirds
of the length of the stream becomes hydraulically connected to the
aquifers during sustained streamflow. Hence the recharge rate declines
during a release as the hydraulic gradient across the strearnbed dirnínishes.

An undertaking was made prior to dam construction that releases would
be provided to .rrãrrt" that not less Ehan the natural recharge occurred'
Ilowever there was j-nsufficient data with which to quantify natural recharge.
In response to this need the Little Para Recharge Scudy commenced in 1979
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vTith Ehe dual aims of :

f. identifying the natural recharge, and
2. recommending a release policy, giving consideration to the

possibility of conjunctive oPeraÈion of the Little Para
Reservoir and the Northern Adelaide Plains aquifers.

ESTIMATION OF NATUML RECHARGE

PrÍor to the sËudy there were insufficient daÈa to reliably determine
the mean annual recharge. So, over a period of. 3L¿ years releases from
the reservoir, discharge aË dorrnstreâm gauging stations and r¡7ater table
elevations near the streambed were monitored. From this comprehensive
data set a regression model was developed to relate streambed int.ake rates
to the post-dam stream díscharge record. (Dillon, 1983c.)

Fírstly dry weather daily discharge correlations betuteen adjacerit
pairs of gaugíng stations úrere found. A test for variation in these
correlaLions over the study period revealed no obvious trends. The sum of
discharge losses over the four reaches in the recharge zoÍLe r¡Ias noË constant.
After a1lowJ.ng for phreatophyte evapotranspiration the aquifer recharge rate
was found to range Ëeu^/een 0.085 and 0.21-0 m3/sec. depending on antecedent
streamflow and waterËable elevation. The'intake rate declines during
periods of high discharge due to the reducíng hydraulic gradient in the
connected sections of the aquifer as the groundwater ridge rises and
spreads. A simple formula for the change in streambed recharge capacity
as a funcÈion of nonthly discharge at the gauging station (station 03)
upstream of the recharge zorie was found by a data best-fit procedure,
figure 4.

i,üith this símple model Ëhe recharge capacity of the streambed at each
monÈh of post-dam discharges could be deterrnined. To project this
relationshíp to pre-dam condiÈions, the term equiualent uniforTn cLLscVntge
is introduced. This is the uniform discharge over a.month whích would
give the same discharge loss over the recharge zone as the natural flow
patËern. It is esËimated by applying the regression equation for daily
discharge loss with respect to daily discharge at station 03 irrespeetive
of the flow history. This algoríthm was applied to the 10 year pre-dam
daily discharge record at ståtion 03. Daíl-y discharge loss is limited by
the available discharge or the streambed intake capacity. The daily losses
in each month are added to produce the equivalent uniform discharge, figure
5.

Using Ëhe dry r.reather inter-station discharge loss correlations the
discharge gain over the recharge zone due to local runoff could be
esÈimated. Mére significantly the recharge resulting from this runoff
could be calculated for the post-dam period. Ilence a relationship betr¿een
recharge from local runoff and the natural (pre-dam) discharge at station
03 was found. Similarly recharge from dam seepage was determined. I^lith
these relationships defined, the total recharge associated with alternative
reservoír release patterns could be calculated. The recharge which would
have occurred without the dam was found using the same simulation model.

RESERVOIR RELEASE SIMULATION

I,Iith only 14 years stream discharge data for station 03, it was
decided to test the sensitivity of the simulation results to streamflow
record. Tr,¡o 30 year sets of generat.ed strearnflow data were provided by the
Engineering and l,Iater Supply Department of S.A. These were produced by a

method described in a report of that Department (1978). The mean annual
díscharge and coefficient of variation of the annual discharge for the three
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1

2

dara sets ranged from 9.4 x 106 ro 10.0 x 106m3 and 0.49 to 0.67
respectively. The resulting range in mean anntral natural recharge was 6%

wiËh Ehe historical record giving the highest value due to a lower
incidence oL zero flow than the synthetic data. All alE.ernative release
policies were monitored for each data seE.. The variation in recharge from
each set was minimal buÈ significanE differences in mean annual ínter-basin
pumping cos¿s were observed. The ranking of these costs was almost
identical for each dat,a set and the same policy r^7as optímal in each case.

A range of alternative release policíes were simulated. These included
uniform or set monthly releases and releases dependent on

. the previous monthrs natural reservoir inEake'

. Ëhe reservoir volume at Ëhe start of the month,

. the recharge credit at. the st.art of the month, r¿here credit is
defined as the excess of actual recharge over the natural (h/ithout
dam) recharge,

. Èhe streambed intake capacity at the start of the month,

. the need for groundwater extracÈion to provide Part of the
meËropolitan Tnlater consumpt.ion during the month

oï various combinatíons of Èhese factors.

The constraints on release po1-icies include Ëhe following considerations:

Mean annual recharge is not to be less than Èhe mean annual natural
recharge.
To secure the irrigation v/ater supply in a shallow leaky aquifer
adjacent the stream in the upsËream part of the recharge zone a minl-mum

annual release 0.8 x 106m3 is required.
To discourage gror{th of algae and to a smaller extent reed beds, both of
which may partially clog the streambed and reduce infiltration rates,
drying periods are required.
The strean is the focus of a corridor of parks through residential areas.
The parks attract large crowds in the sunmer months and the recreational
value of releases at these times vras considered.
The policy is to consist of monthly changes in release valve settings
and release raÈes should be relatively easily calculated using data
readily available to the reservoir keeper.
The policy should account for the existing recharge deficit at the ilate
on which the rule is implernented with the view to produee a recharge
credit over a finite number of years.

Computíng CP time for a si.mulation run of eleven alternative policies
for 360 months of stream discharges r¡ras 19 seconds for a FORTMN IV
program run on a CYBER 173 computer.

RESULTS

The policy resulting in the least purnping cost has a constant annual
release, figure 6. It was expected that policies which reduced releases in
dry years and increased them in wet years would have given lower pumping
costs. Tv¡o factors militated against this. Firstly, the high demand on the
reservoir requires between 777" and 86% of. releases to be replaced by punping.
In the occasional wet year, when pumping is not requj-red recharge must be
substantially greacer than the mean value in order to allow any significant
reduction in dry year releases. This is compounded by the large amount of
runof f from the catchment dovmstream of the dam in t^7et seasons. Hence
reservoír releases compeÈe with 1oca1 runoff for t.he streambed í.ntake
capacity which has been reduced by the high discharges. Only a marginal
increase in recharge results and unless spi11 occurs pumping r,rould event.ually
be required to replace most of the releaseri water.

3

4

5

6
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The optimal release policy has a constant annual release of 1.5 x 106m3.

The monthly release rates r¡ere assigned by satisfying constraints 2 to 4.
This procedure implicitly satisfied constraint 5 and a simple arithmetic
check showed that constraint 6 was observed. The distTibution of the annual
release between months had only a minor effect on recharge and a negligible
effect on pumping costs. The^mean annual recharge from dam Seepage and
dor¡rnstrea*-r,rnofã is 0.2 x 106ur3 and 0.5 x 106m3 respectively. The toÈal
mean annual recharge using Èhe optirnal release^policy marginally exceeds
the mean annual natural recharge oÍ. 2.2 x 10omr.

Conjunctive operation of the aquifer and reservoir was also found to be
economically less attractive than constant annr,ral releases with no ground-
r¡raËer extraction for mains supplies. The potential reduction in spí11 and
evaporation losses from the reservoir by artificial recharge enhancement ín
vret. years using out-of-stream recharge facilities could not cover the cost
of groundrüater extractíon. The viability of conjunct.ive operatÍon is
limited by the high commitment of the natural ínflow of the dam to meeting
the metropolitan \^/ater consumption, and the relative costs of inter-basin
pumping and art.ificial recharge and extrac'tion.

OPTI}4AL RELEASE POLICY

A EesE of che effect of monthly reservoi-r EargeE l.evels on pumping and

recharge for the optimal release policy revealed a negligible effect on
recharge and significant changes in purnping costs. Lowering target levels
increased the proportion of releases to be replaced by pumping, but
decreased evaporation and spi11 resulting in reduced inter-basin pumping.
This required larger pumpíng rat.es and increased the incidence of pumping
in the dry season when pipeline capacity is at a premium.

CONCLUSIONS

Reservoirs on ephemeral streams allor¡ recharge Ëo be regulated and

enhanced. In streams vrhere hydraulic connection wíth underlying aquifers
occurs the effect of regulation is more pronounced. A method of evaluating
natural recharge and predicting recharge due to reservoir releases has
enabled alternative release policies to be compared. This has been applied
to the Little Para Reservoir in South Australia to find the mosË economical
release policy. Conjunctive operation of the reservoir with aquifers was

examined and found economically infeasible. The meËhods used could also be
applied to reservoirs which do not receive vrater from other river basins,
by making reliabiliËy of supply the objective function.
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APPENDIX D.I

PROGRAM BIEMCAL DOCUI"IENTAIION

DescrlptÍon

Program BIEMCAL uses the boundary integral equation method to solve

potenÈial flow problems ln a 2-D vertlcal plane. It is particutarly suited

to porous media flow and can solve problems lnvolvtng confined steady state

flow or free surface transient flow ln homogeneouÉ¡ ieotropic Porous media.

It can account for recharge at the free surface and time-varylng boundary

condltlons.

It gíves comprehensive treatment of stream-aqulfer interactlon and

allows for transltion between hydraulic disconnecÈfon and hydraulic

connection of an ephemeral streem wlth a semlpermeable streambed. A mass

balance check ls performed at each time step and provision ls made for

shiftlng nodes on shlftlng boundaries.

Calibratfon and validat,ton subroutines provide measures of model

performance ln simulatfng groundwater elevatlon changee at observation

bores and stream discharge losses between gauging statíons. Llne printer

or CALCOMP plots of groundrúeter elevation changes and stream discharge

losses are avaílable oPtions.

Input

TAPE 5 - Control parameters, coordinates of boundary nodes and boundary

element tYPes.

TAPE 7 - Datly stream discharge and meteorologlcal data (COU¡t'tOp) (section

6.6.3).

TAPE 8 - Bore water elevation data (AHDFILE) (section 6.6.I).

Output

TAPE 6 Llne printer output of head and normal hydraulic gradient at each

node, stream head, lnfiltration rates, number of connected nodes



TAPE 9 .

PLOT
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components of mass balance and mass balance error at each tlme

step. Optional summary table of selected perameters for all time

steps. Optlonal line prlnter plot of prototype and model ground-

neter elevatlon changes and dally discharge losses-

Optional flle of prototyPe and model dlscharge losses and

selected independent variables. (Used for regresston analysis of

discharge loss residuals with BMDP Package. eg section 9.6)

Optlonal CALCOMP (in-house flat bed plotter at Univ. of Adelaide)

plot of prototype and model groundwater elevation changes at

plezometers and discharge losses.

Note : For a descriptlon of control parameters and the format of input

and output refer to the comments on the listing of BIEMCAL on the

mlcroflsche. The listlng distlnguishes between code from the origínal seed

program of Prof. J. Liggett, code written by the author and code (also by

the author) which is used only in calibrating and velidatlng the model.

Summary of Subroutíne Functions

BIEMCAL (main program)

Reads conrol peremeters, node coordLnates and boundary element types and

determines node types. Initlallzes all parameters and matrices. Contains

tlme stepping loop (which solves for h .rra $| on the boundary) and checks

at each time step whether a second iteration is required and íf so

lnitiates it. Supervíses termination of time stepping and depending on

control paremeters calls subroutines for calibration or validation of the

model wíth field data.

CNRANG - calculates corner angles for boundary nodes

ASSIIBL - assembles matrix I E ] and vector {c} of equatlon 4.27

SoRT - sorts out each unknown as either h, (** )t or (*1,



INTG

FDCOI'IP

FSOLVE

BETA

CHECK

SHIFT

QUAD

INTERP

MATCH

COMPARE

BOREFIT
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performs boundary integration to produce matrices I R ] an¿

t I I and vector {pcon¡¡ }of equatlon 4.56.

reerranges matrix t g ] of equatlon 4.27 f.or solving.

rearranges vect.or {c} of equatlon 4.27, which now also lncludes

{FCORN} of equation 4.57, and solves for the vector of unknowns

calculates the angle of slope of the free surface

calculates componenÈs of mass balance for the tfrne step and

since the start (t=0) and finds the mass balance error (see

section 4.6)

provldes optional shlfting of mld-side nodes on boundaries

with moving end nodes (see section 4.7)

gives quadratlc Ínterpolation for tr ana || when shlftfng nodes

(called only from SHIFT)

interpolates head between nodes to correlpond to bore posítions

(required only for calibratlon or valldation runs, ICAL > I )

scens bore hydrographs produced by model to flnd model Èlmes

at which elevation changes are equal to prototype elevatlon

changes of the epecified match points (only for stage I

calibration, ICAL = 2r see section 9.2)

compares prototype and model match times Èo give estimate for

time raÈto hence K/n" (only for stage I calibratlon,

ÍCAL = 2¡ see section 9.2)

reads observation bore vtater levels (from TAPE 8) and compares

with model output and calculates statlstics of fit., calls

optional line printer or CALCOMP plots of bore prototype and

model groundwater elevation changes (only for ICAL > 2' see

sectíon 9.3)



STREAM

coRRELQ

FLOWFIT

LPLOT

TCOMP
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reads dally stream discharge and meteorological data file,

TAPE 7, and calculates prototype daily discharge loss and

stream head for the model at the current tíme step (only for

ICAL > 3, see sectlon 9.4)

estlmates daíly discharge at a gauging statlon using dlscharge

from an upstream gauging station and mean dry weather dlscharge

correlations (taUle 8.1) when record 1s missing (called only

from STREAM)

compares prototype and model dally discharge loss gfvtng

statistics of flt and optíonal lfne printer or CALCOMP plot

(only for ICAL > 3 ). Determlnes best estimate for K (for

stege III callbration, ICAL = 4, see sectlon 9.4). Validates

model when ICAL = 5r see section 9.5. Produces file (TAPE 9)

for dlscharge loss residual regresslon analysis (see sectlons

9.6 and 9.8.8) when ICAL > 5.

performs line printer plot of superlmposed prototype and model

groundwater elevation changes or dlscharge losses (cal1ed from

BOREFIT and STREAMFIT)

a function whlch adJusts streambed hydraulfc impedance

according to nater temperaÈure (see sectÍons 9.7 and 9.8.9)

when ICAL = 7.
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PROGRAT,I BIEMCAL FLOWCHART

Subroutine
Name

STREAM

TCOMP

SHIFT

start

lnltialize arrays

read control parameters, node coordinates
and boundary element types

determlne node types

set initlal variables

start time loop (2020)

read or calculate w or
at end of Èlme step

hz

if ICAL > 3 read TAPE 7 and calculate
prototype discharge loss and

streem heed aÈ current time step

if ICAL = 7 adjust streambed
lmpedance for temperature

shift shifting nodes if requlred

stert 2nd iteratfon loop (2070)

perform boundary integratlonINTG



366

BETA

ASSMBL

FDCOMP

FSOLVE

SORT

Èo
2070

yes

reset h and Dh/ än to
values at start of time

steP

reset free surface to
rnid-time step posítion

calculate free surface slope

assemblematrixIE]and
vector Í"1 of eqn. 4.27

decompose matrlx
solvlng eqn.

In]ror
4.27 .

solve eqn. 4.27 by back substitution

òh
sort out h and A" and find remalnlng
unknowns at nodes wfth míxed boundary

condi tions

check nodes near streambed
for hydraulic connectlon

move the free surface
to its new positíon

prlnt results for time step

if free surface has moved more
or lf no. of connected nodes

or Íf at any node y, * h"
has changed
<h<y 'm

than threshold

print mass balance checkCHECK

no (3oo)
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to
2020

no

yes (9000)

no

no

yes

yes
MATCH

COMPARE

BOREFIT

if rcAL > I
changes

calculate free surface elevation
at observatfon bores and save

calculate length of next tlme steP

has requfred end tfme been reached ?

stop

print time history of head at selected bores
and/or nodes and selected key parameters

isICAL<2'Ì

IsICAL=2? find model match
t.imes

compute time raÈio
statÍstlcs

sËopread prototype groundwater
elevations (rePn 8)

1f ICAL = 3 start of
tlme ratlo loop

(e 7so)

calculate statlstics of flt of
prototype and model groundwater

elevation changes
BOREFIT
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to
9750

LPLOT

FLOI^IFIT

IT,OI,üFIT

FLOI^TFIT

ELOI^II'IT

no

no

yesyes

yes

no

adjust Ëfune
ratio

been used ?

has last tíme ratio

if IPR > I line printer plot
and 1f IPR > 2 CALCoMP plot

IsICAL=3?

calculate statistlcs of prototype
and model daily dlscharge losses

calculate best estlmate for
hydraulic conductlvlty, K

calculaÈe
dlscharge

of K.

statlstics of fit of dally
Icsses using best estimate
(stage III calibra.tion)

isICAL>4?

calculate statlstlcs of fit of dally
dlscharge losees using K, specified

in input. (valldation)

ifIPR>lline
and if IPR > 2

printer plot
CALCOMP ploÈLPLOT
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no

yes

FLOI,üFIT

isICAL>5? stop

wrlte data flle TAPE 9 for statistlcal
analysls of dtscharge loss resldual

using BMDP multlple regresslon progrem

stop



370

APPENDIX D.2

DOCUMENTATION OF MAIN DATA PROCESSING PROGRAMS

Description

A sulte of programs wes written to perform data checking, editlng'

tabulating, plotting, interpolatíon, statlstical descriptlon and varlous

transformatlons. These functlons are described in section 6-6 and a brief

resume ls given ln Table D2.1.

These programs originated from a multipurpose Program which evotved

as data processing needs were defined and successively refined- Eventually

the progrem grew cumbersome to modify and lts efficlency in accomplishing

any one function was impeded by its sl-ze. Hence the base program lres

subdivided lnto a number of separate enttties each havlng a limited number

of functlons. This improved the efficiency of computêr execution times

considerably. A legacy of the common orígin of the programs is Èhat

substanÈial amounts of code, whole subroutlnes ín particular, are Ídentical

Ín some programs.

A listÍng of each program is given on the microfische. To avoid

repetítíon in listlng subrouÈines these are given only once (in

alphabetical order) at the end of the eight program listlngs. Sllght

variations in code to satisfy partlcular requirements of the calling

progrems occur ln subroutlnes named GRI and SETUP. Where this occurs both

versíons are listed and the program to which each belongs is indicated'

The set of subroutínes called by each program is shown in its listing.

This lnformatlon also appears in Table D2'2'



Summary of

Program Input

BPL GLFILE

BAHD GLFILE AIIDFILE

TABLE D2.I

lnput, outPut and functlons

OutpuÈ

llst of susPect data

and predlcted values
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of data processing programs.

Func t lon

manual bore water depth readings

checked using a 2-stage error

detectlon algorithm

subtract depth to weter from AHD

elevation of top of bore casing

plot selected bore hydrograPhs

on A4 graphs (eg. flgure 6.5)

tabulates AusÈ. maP grid coords.

no. of obs., ranger meanr eÈc.

for all observatlon bores

lnterpolates all obs bore water

levels at regular lntervals and

prints table (assists Plotting of

contour maps )

from stream stage flle calculate

dally discharge at all recording

gauging statlons, tabulates and

plots daily discharge for studY

period

tabulates and plots met.eorologic-

al data which 1s integrated over

time periods

Èabulates and plots meteorologlc-

al data which ís averaged over

time periods

BPLOT AHDFILE

BSTAT AHDFILE

BORFL AHDFILE

QPL STNREC

EPL I'IETALL

CALCOMP plot of bore

hydrographs

Èable of staÈistics

of bore weter levels

table of groundwsÈer

elevaÈions at all

obs bores on

selected dates

STBMDP, calendars of

daily discharge,

plots of dlscharge

METBMDP, calendars

and plots of dailY

raínfall and

evaporation

METBMDP, calendars

and plots of dailY

temperature and air

pres sure

EPLT }IETALL
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Program

BPL

BAHD

BPLOT

BSTAl

BORFL

QPt

EPL

EPLT

ÎABLE D2.2

Subroutines used by data processing programs.

Subroutines

AHD DATE DECDAY GRF ICSMOU MINMAX SFOWN SMOOTH.

DATE DECDAY GRF IREF READREF SETUP.

DATE DECDAY GRF IREF READREF SETUP.

DATE DECDAY GRF IREF MINMAX READREF SETUP.

CONST DATE IREF READREF.

DATE DECDAY FLORATE GRAPII MINMAXL RATING SETUP

DATE DECDAY GRAPH MINI'IAXL NDAYF SETUP.

DATE DECDAY GRAPH MINMAXL NDAYF SETUP.

Sunrmary of Subroutine FuncÈlons

AHD funcÈion assigning bore casing elevatlon to bore number

interpolates between observatíons to find groundwater elevations

on speclfied days, tests time span between readlngs to check

validtty of interpolated values

glven day number calculate the date

given date and time calculate day number with declmal fraction

gfven stetíon rating and stream stage calculate discharge rate

plots graphs on one pair of axes to common scales

prints headings on bore water elevation plots

(fuSl, LIBRARY SUBRoUTINE) data smoothing by error deÈectíon

with cubic spllne

finds an index no. for a bore to deÈermine its map coordinates

and daÈum elevation from table set up in READREF

finds minimum and maximum elements in an arrey

as for MINMAX when maximum mey be undefined or data is missing

gfven a date calculaÈe the day number (integer)

CONST

DATE

DECDAY

FLORATE .

GRAPH

GRF

ICSI'lOU

IREF

MINMAX

MINMAXL .

NDAYF
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RATING

READREF

SETUP

SFOI,IN

SMOOTH

- gfven a gauging station select constants for discharge rating -

up to 3 indept. sub-range ratings allowed

- read all bore coordlnates and datum elevations from flle TAPE 9

- (from BPLOT) plot stendard sheet for bore hydrographs

- (from QPL) ploÈ standard sheet for gauging statlon hydrographs

or meteorologfcal records

- calculates origín and scale factors for plots based on range of

data and speclfied maxlmum axis lengths

- performs línear lnterpolaÈion test to give first estimate of

the number of gw level observations in error then calls IMSL

subroutine ICSMOU whlch uses this estlmate in cubtc spline data

smoothing

In addition to these subroutfnes calls are made to some in-house

CALCOMP plotter subrouÈines. (Some of these are also used in program

BIEMCAL. ) These include:

AXIS - dra¡,rs axis in specified posÍtion with speclf led scale

LINE - draws line connecting specified coordinate palrs

NLTMBER - allows numbers to be drawn on plot

PAUPLOT - gives instructions to plotter operetor

PLOT - ñovês pen to specified coordinaÈes

PLOT25 - initlates all calls to the 25cm wide CALCOMP plotter

SYMBOL - allows words and symbols to be drawn on plot
\
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Subrout.Íne
Name

DECDAY

SMOOTII

SMOOTIl

ICSMOU
(IMSL)

PROGRAM BPL FLOWCHART

yes

no

to
350

I

01

start

read control parameters
(TAPE 8)

start bore loop (1000)

lnitialfze erreyfr

read selected bore data
(TAPE 5)

calculate day number

ls IDTYPE = -2 ?

perform CALCOI"ÍP plot of data

linear lnterpolatlon test for estlmeting
the nr:rnber of data in error

daÈa smoothing by cubic splines
ln error detection mode

is thls the last bore ?

stop

yes

no
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yes

350

isIFTCON=l?

interpolate data at
regular tlme
intervals

compress data bY ellminating
close- spaced obeervatlons
under steady conditlons

4000

if IDTYPE = 0, plot data

if IDTYPE = -1, celculate
AHD elevations

tf IFPF > 0 write transformed
data onto ffle, TAPE 7.

1s this the last bore ?

GRF

I
I

Ëo
0001

no

yes

stop
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Subroutine
Name

SETTIP

READREF

PROGRAMS BAHD and BPLOT FLOI¡CHART

to
1000

BAHD:IDTYPE=2
NGRAPH = 0
IFPF - 1

BPLOT IDTYPE = 0
NGRAPH = I
IFPF = 0

start

reed control perameters
(TA?E 8)

1f NGRAPI{ > 0, draw up
standard sheeÈ for plottlng

4 years bore daÈa

read bore coordinetes and datum
elevaÈlons (fePn 9)

start bore loop (1000)

lnitiallze errays

read selected bore data
(TAPE 5)

lf NGRAPH > 0 ploÈ bore data

If IDTYPE = 2r subtract groundwater
depth from elevatlon (A}tl) of top

of bore casing to give gw elevation

of
0, write file, TAPE 7,
transformed data

if IFPF

is this the last bore ?

stop

yes

no
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Subroutfne
Name

READREF

PROGRAM BSTAT FLOWCHART

yes

to
I000

no

etart

read control parameters
(TAPE 8)

read bore coordinates and
datum elevatlons (fePn 9)

start bore loop ( 1000)

initfallze erreys

read selecÈed bore data
(TAPE 5)

calculate and prlnt bore
data statlstics

ls Èhls the lasÈ bore ?

stop
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Subroutine
Name

READREF

CONST

CONST

CONST

CONST

PROGRAM BORFL FLOWCHART

yes

yes

to
330

no

no

to
3

stert

initialize arrays

read bore coordinates and
datum elevations (fAPn 9)

set day numbers at which
gw elevations requíred

start bore loop (3)

reed selected bore data (fePe S)

start date search loop (330)

ftnd lst obs. before daÈe and
lst obs. on or after date

interpolate and if gap too long
set data to missÍng data value

ls this the last date ?

is this the last bore ?

print table of groundwater
elevatlons on selected dates

stop



Subroutine
Narne

SETUP

RATING and
TT,ORATE

PROGRAT,I QPL FLOWCHART

379

to
4000

stert

read control Paramet,ers(rlpp g)

start gauging station loop (1000)

ff IFPLT > 0, draw uP standard
sheet for plotting 4 Years of

gs dally discharge

lnitialize errayr¡

stert time loop (4000)

read dete, time - stream stage
dara (TAPE 5)

calculate flowrate

integrate flowrate calculations
ovet 24 hours starting at STIME

lf insufficlent data set Q = -l
if stage exceeds rating set Q = -l

is end date reached ?

yes

no
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calculate and prtnt stâtistics of
valld record

calculate monthly discharge and
nin and max discharge rates

calculate quarterly and annual dÍscharge

print successlon of annual
discharge calendars

if IFPLT > 0, plot daily discharge record

is thls the last gauglng statlon ?

0
to
001

MINMÆil

GRAPH

no

yes

stop
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Subroutine
Name

EPL - calculates
totals

EPLT - calculates
mean

MIN},ÍAXL

PROGRAMS EPL and EPLT FLOWCHART

yes

to
7005

no

stert

read conÈrol parameters
(TAPE 8)

start meteorologlcal staÈ1on loop (1000)

lnltlallze erreys

start tlme loop (7005)

read meteorological data (TAPE 5)

if data missing set value Eo '2

is end date reached ?

calculaÈe and Prlnt statistlcs
of valid record

calculate monthly totals [means]
and mín and max datly values
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SETUP and
GRAPH to

1000

no

yes

calculate quart,erlY and annual
totals [means]

prtnt succession of annual
met,. data calendars

Íf IFPLT > 0 plot dailY data

le thls the last met. statlon

s top
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APPENDIX D.3

PROGRAM DAMSIM DOCUMENTATION

Descríptlon

Program DAMSIM simulates the operatlon of a \tater supply reservoir

whlch acts es a pumped storage and also recelves caEchment lnflow. The

reservolr fs requlred to release water to recharge aquifers assoclated wfth

the river on which lt lies. Alternative reservoir release pollcies are

similated to determine their effect on groundwater recharge and pumping

cost.

The model can eccount for artificial recharge facilltles to augment

Èhe streambed and can allow for groundwater extraction to supply some of

the reservolr water demand. It considers recharge attributed to releases'

dam leakage and runoff from the downstream catchment. Allowance is made

for reservolr evaporation and evapotranspfration from the streambed. Using

the concept of equlvalent uniform flow (figure 8.4) the recharge whlch

would have occured wlthout, the dam can be estlmated.

The model was applied, using monthly time steps, to the Little Para

Reservoir and the Northern Adelaide Plalns aquifers enablfng a release rule

satisfying all recharge constraínts and rnínlmízing pumping costs to be

identÍfied. This operating pollcy has subsequently been adopted by the

Engineering and llater supply DeparÈment of south Australia.

Input

TAPE 5 - Control parameters, constants and specified variables. Monthly

demand on reservoír and aquifer, terget end of month reservoir volumes,

monÈhly evaporation and mean temperature, monthly pipeline capaciÈy

availability, expected (medlan) monthly discharge at gauging station 3 and

historical or syntheÈic monthly dlscharge record at gauging station 3 (see

figure 6.1).
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Output

TApE 6 - Mean annual flow components, frequency of spill and fallure of

reservoir to meet demand, mean annual pumping costs for each release

policy. Sunrmary table of these principal statistics for all release

policies.

Surmary of Subroutlne Functlons

DAMSIM (main program)

Reads control paremeters, constants and data; initializes parameters and

matrices; contalns release policy loop (Èo lterate through a range of

policy types); runs through monthly discharge record slmulaÈlng reservolr

operatlon in monthly time steps; prints table of flow components and costs

for each release pollcy and one summary table for all release polfcles'

RECH - calculates recharge capacity of streambed based on antecedent

dlscharge and using figure 8.3'

- ENTRY QIREL - calculates recharge due to reservolr release

- ENTRy ERN - calculates natural recharge whÍch reservoir inflow would

have given if there was no dam

- ENTRY CRN - calculat,es recharge occurring due to dam seepage and

runoff from the catchment downstream of the dam

- ENTRy ECN - calculates the recharge due to expected (median monthly)

dlscharge from the caÈchment downstream of the dam

RELPOL - selects the release rate and the groundwater extraction rate

according, to the assigned release policy number (fnSL)

descriptions of release pollcies appear later

EVAp - a function to calculate evaporat,ion loss from the reservoír

EQVQN - a function to calculate the equivalent uniform flow which

produces the same stream dlscharge loss as the natural

reservoir inflow (or the expected inflow, as requlred) using

f igure 8.4.
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Release Policies

The monthly reservoir release, Ql, is determlned according to a

release policy number, IREL. Each pollcy has one or more constants whlch

are defined in the program input file, TAPE 5. A full sensitivity analysis

of all constants and model parametert¡ rÍas not performed, however the values

asslgned to constants \,vere varied to lmprove the ratio of mean annual

recharge to pr.rnpinS, cost. The renge of possible policy types is large and

those llsted here and contained in program DAMSIM are intended to be a

representetive samPle.

IREL=O constant release rate (=C4)

IREL=I releâse dlscharge loss capaclty of streambed and artificial

recharge ponds, QCAP, mlnus the expected recharge from downstream

runoff, CEN (which approximates expected equívalent uniform

monthly downstream discharge). 1e. mimimlze water wastage while

maximizlng groundwater recharge.

IREL=2 fixed monthly releases with an annual pettern based on estimated

mean monthly flow losses from a report by KÍngston and Shepherd

(1e73 ) .

IREL=3 set the release as a functlon of reservoir natural intake in the

precedlng month, see figure D3.1, after release rule A of Dlllon

0e77).

IREL=4 as for IREL=3 for surnmer mont,hs but for winÈer months (April to

September) the range of release rat.es is restricted, see figure

D3.1, after release rule B of Dillon (1977)'

..RL3 (900) .. .

IRE.L=3andIçlL=4
(Oct. - March only)

01.'t_
(600)-, ..2''RL4

-RL2
TREL=4(April-
Sept. only)

RL2
( 360

(900) = 900 Ml,/rnonth

QNi-r

Release related Eo natural reservoir intake in the precedíng
month for polícies IREL = 3 and 4.

QL3
2520

Tigure D3.1



IREL=5

IREL=6

IREL= 7

IREL=8

IREL=9

IREL=I0
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if reservoir storage is lower than target at end of previous

month, no release (unless there have been 4 consecutfve months

lrithout releases in erttich case relefise nominal dlscharge, RLll ).

If reservoir has potentiel to spill' release (QClp-Cnn), if

reservolr storage is !n lntermedlate range' releese a fraction,

RLl2 of (QCep-C¡¡¡) unless releases have been continuous over 4

months (then no releese).

adjust release rete (QCA,p-CSN) tf pumping rate into reservolr

exceeds PCRIT (the rate above which the unft cost of pumplng

increases). Release rate reduces from (Qcep-Ce¡¡) to zero as

pumping rate lncreeses from PCRIT to PMAX, the pipeline capacity.

as for IREL=6 and in additlon groundwater extraction ls allowed to

supply up to half the reservoir demand (constrained also by

groundwater extrection capaclty for mains supply and an arbitrary

deficit llmlt on the difference between actual recharge mlnus

groundwater extraction and recharge which would have occurred

wlthout the dam).

as for IREL=5 but in the Íntermediete rarige of reservoir storage

no llmlt is impoaed on contlnuous releases and lf a recharge

deficit (as defined above) exists the release rate is (QCnp-Cnn).

if reservoir storage exceeds the target at the end of the previous

month release (QCep-CnU). Otherwise no release (unless there have

been 4 consecutive months without releases in which case release

RLll ) and groundwater extraction may supply up to helf the

reservoir demand subject to the same constraints as in IREL=7.

release the equivalent uniform rnonthly flow of the reservoir

natural intake ln the current month. This simulates the natural

recharge which would have occurred without the dam.

\
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IREL=II as for IREL=IO using the hlstorical discharge record until the

reservolr began lmpoundlng weter in July 1977. Thereafter release

according to the historical release record, contained in vector,

RREAL.

variations on above:

01L25 as for IREL=O with C4=125 Ml/month.

10/opt as for IREL=IO except that releases do not exceed the discharge

loss capacíty, QCAP.

P5 fixed monthly releases pulsed Èo give recharge adjacent market

gardenlng areas. Obtalned by substitutíng values of Table 8.6 for

vector, SHEP ln IREL=2.

Table 8.4 contaÍns mean annual recharge and pumping costs for each of

Èhe above pollcies where each constant is asslgned a specific value defined

in Dillon (1983a). Figure E.9 shows a graph of pumptng cogt versus

recharge for the subset of these pollcles which glve the most cost

efficient recharge. The recommended policy (Table 8.6) gives the most cost

efficlent recharge of all pollcies tested whlch satísfied all constralnts.

It is not claimed that, this is a globally opÈimum policy, but it is simple

and has been adopt.ed by the Engineerlng and Water Supply Dept. of South

Aust. for operatlng releases from the Little Para Reservoir.
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PROGRAM DAMSII"I FLOWCHART

Subroutine
Name

RXCH

RELPOL

RECH
(QIREL)

start

read control parameters rconstants
and monthly data

start releaee pollcy"1ooP (9000)

initlalize variables

start time loop (3000)

calculate recharge potential of streambed

predlct natural reservoir intake for month
(between expected and actual intake)

set the release rate according to operating pollcy

calculate pr-unping to achleve reservoir target leve1

calculate reservoir volume at end of month
using actual lntake

check for reservoir splll or failure of supply

calculate recharge due to reservoir releases



RECH
(ERN)

RECH
(CRN)

I
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to
3000

to
9000

no

yes

yes

no

calculate recharge whlch reservoír natural
fntake would have given without the dam

calculate recharge due to runoff from
the downetream catchment

calculate net artiffcial groundwater recharge credit
(surplus over natural recharge and groundwater extrection)

calculate costs of pumPing
and of groundwater

into the reservoir
extraction

catculate total components of flow and cost since start

is thls the last month of simulation?

print mean annual components of flow and cost

is this the last retease pollcy?

print summery table of components of flow
and cost for all policies

stop
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