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1. Activity of the Israeli team.

buring this period the Israeli team has carried out the folowing
tasks., alona the project plan:

(i) The theoretical approach to identify the aquifer properties
and  the natural recharge under unsteady conditions developed during
the precedino period bas been applied to a portion of the Israeli
Coastal Agui fer. The analvsis and the result are presented in the
first fAppendix of this report. The material has heen accepted and isg
due to be published as an article in the journal Water Resources
Research.

(ii) Collaborative work has been carried out with the Fortugaese
team during its wvisit in Israel toward application of the
methodology to the Rio Maior aguifer in Fortugal. A full account of
this activity and of results is given below in the For-tugaes team
report.

{iii) PFrof. G. Dagan has visited LNEC in Lishon in Marcty, 1986,
Besides intensive talks sbout the project, a series of lectures on
the inverse problem and its solution by the methodology developed in
the frame of the project has been given. These lectures have boen
attended by the research team as well as by other Fortugaese
hydrologists interested in the subject.

de. fetivity of the Fortugaese team (reported by Drs. Lobo Ferreira
and J. Rodriguesz)..

During the &-month period starting january 1, 1968, the
FPortuguese team-worked mainly in the following areas:

(i) Collection and analysis of piezometric data of the Rio Maior
fAguifer (Januwary and February).

(ii) Completion of the geoloay and hydrogeology description of
the Rio Maior Aquifer. A synthesis of this description is presented

in Appendix 2.
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(iii) Application of the theory developed by the Israeli team to
the Rio Maior Aquifer. The data information selected for this case-—
study includes a 19 month sequential set of 18 piezometric head data
and a set of I (out of 4 available) tranemissi vity values. This dala
corresponds Lo the Novthern region of the Ivio Maior aguifer, which
in this area is a cunfined agquifer. The Southern part of the aquifer
has different characteristics. being an unconfined aquifer. The
January 1988 piezometric data was also analyzed, being considered as
an extra reference value.

The results of the case-study will be part of a paper submitted
to The Journal of Hyvdrology. They are presented in Appendix .

(iv) Two  further apolications of the theory were carried out
during this period. The first one analyzes the Southern part of the
i Maior Agur fer. The =zecond chne deals with the dewep quaternary
aqui fer of AVETRO. The results  otained were polt considered
watisfactory, due to scarcity of hvdrogeologic data. The two case-
studies will he further developed dwing the next research period.

{(v) Dr. Lobo Ferreira and Dr. Delgado Rodrigues visited for a
month and for three weeks, respectively. the University of Tel-Aviv,
working with Frof. 6. Dagan and with Dr. Y. Rubin, mainly on the
cvase-study described in item 3.

Reported by Drs. J.F. Lobo Ferreira and J. Delgado Rodrigues.

Se_dJdoint_activity.

Reported under items 1 (ii), (iii) and 2 (v) above.

Gedeon Dagan
Slery

Frofessor of Fluid Mechanics
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STOCHASTIC IDENTIFICATION OF RECHARGE, TRANSMISSIVITY AND
STORATIVITY IN AQUIFER UNSTEADY FLOW: 2. CASE STUDY.

5/_/ 7(" 7

by

YORAM RUBIN and GEDEON DAGAN
Dept. of Fluid Mechanics and Heat Transfer, Faculty of Englneering

Tel-Aviv University, Ramat-Aviv, Tul-Aviv, 69978, Israel

ABSTRACT

The stochastic-analytic solution to the inverse pr‘oblem in aquifer flow
under transient conditions, which was developad in Part 1 (Dagan and Rubin,
this issue) Is applled to a section of the lsraell coastal aquifer. This is a
heavily pumped aquifer and the input data consists of measurad monthly heads,
a few transmissivitlies and wells rates of pumpage and recharge. In the first
stage, identification of the model parameters by a maximum-likelihood
procedure (MLP), based on head and transmissivity measurements is carried out.
Relatively small parameters' variances prove the sultability of the approach
to the case at hand, The model parameters then serve to estimate the monthly
naturai recharges, which are compared to recorded precipitation. Furthermore,
the MIP estimates include that of storativity. Results are found to be in fair
agreement with previously obtained estimates. In the second stage the spatlal
distributions of head and logtransmissivity through thelr conditional first two
moments are determined, which completes the solution of the inverse problem,
The selacted aquifer s characterized by few measurements of transmissivity

(five) and a larger number of heads (thirty five). It {3 found that under these
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conditions the solution of the inverse problem {s extremely beneficlal in

obtaining sound estimates for the aquifer parameters.
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INTRODUCTION

A solution to the inverse broblem in unsteady groundwater flow is presented
in an accompanying paper (Dagan and Rubin, this issue). The solution includes
the identification of recharge, transmissivity and storativity under transient
conditions.

The main distinctive feature of the model is its reliance on an analytic
solution of the stochastic flow equation, a. compared with the numerical study
of Carrera and Neuman (1986) and other works reviewed by Yeh (1986). Closed
form, simple analytic expressions were obtained for I‘H, the time dependent

head residuxls . variogram, and for (o the time dependent

YH'
1ogtransmfssivity-head crosscovariance, for a given exponential
logtransmissivity covariance “unction CY' An attempt has been made to include
as small as possible number of parameters in these expressions, and
consequently, a parsimonious model parametrization was achieved.

The main aim of this part of the study is to apply the ncwly proposed
method to a real-life case. This task is dnone stagewise, as follows: In Section
2, the hydrogcology of a section of Israel's coastal aquifer, which serves as
our case study, i3 brlefly described. In Section 3, the details of the

methodology arc eluciduted. Section 4 contains the main results, followed by a

summarizing discussion in Section 5.

2. HYDROGEOLOGICAL BACKGROUND

As a case study we chose to concentrate on a section of Israel's coastal
aquifer, The coastal aquifer, of length 120 Km and width 12 to 20 Km,

stretches along the Mediteranean coast. The aquifer {s wedge-shaped in a

o
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vertical cross-section perpendlcular to the coast, reaching there {ts maximal
depth of 180 m'. Our case Study Is located in the Be'er Tuvia reglon, which is
on the south-castern periphery of the aquifer - about 9 Km east of the
coastline, and covers a rectangular - shaped area of dimenston 7x7 Km?.

Figure 1 depicts a typlcal vertical cross-section of the aquifer, In a
direction perpendicLlar to the coastline. The aquifer consists malnly of medium
tc coarse-grained sand and sandstone of the Pliopleistocene age, with
sub-layers and lenses of clay and loam. The aquifer 1Is underlain by an
impervious clay botlom (Mercado, 1970), and is covered by a semipervious loam
layer.

Tne aquifer is replenished by raln and by artificlal recharge through wells.
The direction of the flow {s generally seaward, with some exceptions {n areas
where head depressions were caused by heavy pumping. The Be'er Tuvia region {s
such an area, In which intensive pumpage In summertime, {s followed by
artificial rccharge through wells {n wintertime. The aquifer {s constantly
monitored by Tahal =- lsracl Water Planning Ltd., and the Israell Hydrological
Service. We have chosen to analyze here a perifod of 7 months, starting October
1970 until april 1971. For this period Tahal has provided us with records of

heads and pumping rates (see SeclL. 4).

3. DETAILS OF THE METHODOLOGY APPLIED TO THE COASTAL AQUIFER

The observations vector is defined by:

'_/._—(Yl. hl'k-hN.k) i-?...M; 1-M+:|,..,N-1; K=l,..,P (3)

h H H i HeH -H

1,k ey 2 ¢y
where Ht (the total head), Hw (the well Induced head) and H (the difference
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between tie first two) are defined ‘n €qs.(3-5) in Part 1. It {8 reminded that
¥ 1s the number of points at which the transmivsivity Ti-ln Yi has been
measured, whereas N-M is the number of points at which heads were monitored.
Angle brackets denotes the expectation operator, whereas single index indicates
location in space. When double indexing 1s used, the second one (k) denotes in
running order the month in which the head measurement was taken. The size of
Z is L=M+«(N-1-M)P, and head residuals spatial increments are employed rather
than h alone for reascns glven in Dagan (1985), and Rubin an Dagan (1987). Thus
Z is of a dimension lesser by unity than the number of head measurements,

The observation vector Z s employed to {dentify with the ald of a maximum
likelihood procedurg (MLP) the optimal estimator é of the vector 8, which ls
defined as follows.

0,=mY; BZ-EZY; 0,=w; 0,=1

Y; 65"53

%.kox,kt O7koy ki 08k 1y ¢ B9,k "2C1a s
Hoi (=l P) (2)

The first four paramcters pertain to the statistical structure of Y, which is

%l0,k™C22,kF 011 k"

defined in eq.2 of Part 1. The others are the parameters of the time-dependent
quadratic polynomial which describes the mean recharge-induced flow glven by
€q.9 in Part 1. P is the number of periods over which heads were measured in
the field.

Posing the inverse problem as a maximum-likelihood procedure (MLP) was
first suggested by Kitanidls and Vomvoris (1983), and later adopted in the
Studies of Dagan (198%), Carrera and Neuman (1986) and Rubin and Dagan (1987).
MLP estimators are unbiased, ccasistent, asymptotically unique, of minimum

variance, and normally distributed (Mood and Graybill, 1963).
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MLP, in our case, requires the maximization of the Gaussian 1likelihood

function

SL

-1
F=(2n) 2 lq| ° exp[—%(Z~<Z>)TQ_1(Z—<Z>)] (3)
where f_J Is the covariance matrix defined as 9-<(Z-<Z>)(Z—<Z>)T>, and i{s of
order L7, Superseript T denotes the transpose operator. Also in eq.3 we define:
6, i=1,..,M
KZ)D= . (4)
0 i=M+1,..,,N~1 and all k
The matrix Q is cbmpr‘ised of submatrices as follows,

Qo Wiver ol eerennn W

P

w, T '

1]

Q= (5)
T '
1
1}
PLE . . T
p . * Epp

The submatrix Q, is the covariance matrix of the Y-measurements, which is

time independent, and its terms are
(Q°)i1’<Y1Yl>'CY(‘1"1) (l.l“?....M) {6)

wk is the crosscovarlance matrix of logtransmissivities and the heads
residuals inerements at time t-tk, and {ts terms are
(Nk)n-di(h

lk"hNK)> (1-1,..M; 1=M+1,,.,N-1) (7
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Ekk' is the covariance matrix of the head residuals increments at tk and tk"
anc its terms are:
(Ekk‘)pl=<(hpk-hNk)(hlk"hNk')) (p!l-M'1’--|N-1)‘ (8)

The covarlance structure given in (5) is required for a simultaneous
identification of all the parameters in 8. The MLP {n this case may, however,
be quite cumbersome., One reason is the heavy computational burden associated
with the manipulation and inversion of matrices of the order LZ.

Following the discussion in Section 4 of Part 1, this problem is reduced
considerably I{f' we replace the process of simultaneous identification of 8 at
all times by a sequ;znce of P sub-processes, where in each one we identify only
a part of 8. Hence, instead of ldentifying 8 as given in (2), we identify a

sequence of vectors 8 where ka=1,..,P and each vector pertains to one of the P

_k
periods during which head measurements were taken. 9+< is given by:
At = myy W, 02, Iy S, Jou ej y v Ho) (1,3=1,2) (9)

and contains only 11 terms instcad of 5+6P in 8 (2).

The objective function is obtained now by substituting LeN-1 in (3). The
vector of expected values <Z> remains as glven in (4). However, it contains now
only N-1 terms, instead of the [ M+(N-1-M)P] terms it contalned before. The

covariance matrix reduces to:

Q= (10)

|0
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The structure of Qo is given by (6), with CY glven by eq.2 {n Part 1. W i3

given by:
Wu=Cm(xi,xl,tk)-CYH(xi.xN,tk) (1=?,...M l-M+.l...,N-1) (‘-H)

where Cm(x,x',tk) is expressed, with the aid of 81 by €q.16 in Part 1, The
computation of the submatrix E {n (10) reduces to that of any one of the

submatrices on the diagonal of Q In (5), and {ts terms are glven by:

B Gyl px b )-Ctx e, ) (12)
‘-CH(xN'xJ'tk)*CH('N'xN't‘k) (1.J=M+1,N-1)
CH in (12) is formally replaced by the variogram given in eq.19 of Part 1,

leading to:

(E)iJ"FH(x,l"N'tk) + I‘H(xj,xN,tk) - PH(‘i"J't‘k) (?3)

§ in (10) is of the order (N-1)? rather then the higher order [M+(N-1-M)P]?

of Q in (5). It has to be computed repcatedly for each of the P identification

subprocesses.

The basis for the qQuasi-steady analysis is discussed in Section U of Part
1, and it is realized that some loss of information (in the sense of Shannon)
concerning ‘the parameters might be incurred due to the neglect of the
inter-time correlation Structure, i.e. by considering Ekk' of (5) to be a null
matrix for kék'. However, the assumption that this loss 1s minimal is supported

by two obscrvations. First, the major information concerning the values of

|
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0;,..,6,; at time tk can be extracted from the head measurements of that
period. Second, the head measurements of consecutive periods may hardly be
considered as independent realizations of a stochastic process. On the
contrary, they are very strongly correlated over time, and thus add littie or
no informat.on at all with regard to 0,,..,8, when considered Jointly. The same
conjecture was reported by Carrera and Neuman (1986b, pp. 232), based on thelr
numerical simulations. Thus it is assumed here that the possible loss of
information is a worthwhile trade-off versus the considerable reduction in
computational cost and burden, and the possibility to obtaln a quick estimate

of the hydraulic parameters of the aquifer.

4. RE3ULTS®

THE DATA BASE.

The data which serves for the purpose of fdentification {8 extracted from
39 wells and only in 5 of them pumping tests were conducted. 10 of the 39
wells are observation wells, and do not serve for pumpage or recharge
purposes. The rest 29 wells are pumping wells, 6 of which are also recharging
wells at times. Heads were measured monthly in 35 of the 39 wells. Employing
the terminology of eq.A.2 of Part 1, we have: Nw-29, of which M,=5, and M,=24,
Refering to ¢q. (1), we have M=5, and N=40. The head records are available for
many years. However, in our study we concentrated over the data collected
during the 7 winter months starting October 1970 up to April 1971, l.e. P=7.
This data is reported {n detail in the dissertation of Rubin (1988),

A recovery period of 24-48 hours {8 usually allowed before heads are

measured, and the monthly pumpages or recharges were recorded when measuring

| >



the heads,

MLP ESTIMATES O¥ THE PARAMETERS.

Table 1 comprises the MLP estimates of a,-my, 82%W, By=0? 0,=1, and 0,=S,

Y’ Y
which were obtained by employing the two different approaches discussed in
Part 1. The first {s the simplified approach, described in Appendix B of Part 1,
in which the effect of well pumpage or recharge was smeared over the aquifer
and incorporated in Rel" the effective recharge. 'The second 1s the general
approach, in which the wells effects are incorporated explicitely, by using the
stepwise time recqr‘ds of Qlk' The results for the other parameters for both
methods are given in tables 2 and 3.

The 1important finding {s the fact that the Incorporation of the head
measurements in the {dentification process, In addition to the measured
transmissivities, enabl ed Lo obtain meaningfull estimates for the parameters
of the random Y field. This task would have been otherwise {mpossible d' 2 to
the fact that only five transmissivity measurements are at our disposal {n the
present case, unlike the abundant data available in the Avra Valley aquifer
case-study (Clifton and Neuman, 1982, and Rubin and Dagan, 1987).

lnspection of the Tables 1,2 and 3 leads to the following conclusions:

1. The relatively small variance of the MLP estimates indicates an appropriate
model parametrization, and the sultab.ility of the approach to the case at hand.
2, The MLP ecstimates of 01,..,0, obtained by both methods are quite close. The
'smearing' of the effect of the point source/sink terms of the flow equation
by the simplified approach did not cause any pronounced bias In the MLP
estimates., This is mostly due to the fact that a recovery period was allowed

before taking head Mmeasurements, Furthermore, the wells are scattered quite
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evenly over the aquifer, und their pumping regimes are quite similar.
3. Close parameters estimates were obtained for 8i4..,0, When applying the
method for different months. This indicates that the quasi-steady analysis is
Justified in the present casa.
4, The MLP e¢sctimates of consecutive months display a certain variation, i.e.
dispersion around their arithmetic mean. This is, however, of the order of the
sproad tndicated by thelr variance of estimation.
5. The aquifer {3 of relatively low variability with variance of correlatec
residuals E’Y about 0.19 and nugget effect w around 0.}1 » which {s well within
the range for which the firstv-order approximation of the flow equation is a
valid aproximation, as indicated in the Study of Dagan (1985b). The integral
scale Is estimated 6=o.uu km, which {s relatively small compared to the values
provided by Hoeksema and Kitanidis (1985). However, it is larger than the
minimal distance between measurement points (Pmin'0'1 km). Its coefficient of
variation is about 0,2.
6. The results for 0,=S indicate that the storativity {s a parameter of low
variability. This conclusion is in agreement with the study of Freeze (1975).
Butbul (1983) found the values of S of that region to vary between 0.15-0,22
as compared to $=0.2 found hcere,
7. The results given in Tables 2 and 3 lend evidence to two previously-stated
assumptions. First, the proximity of the parameters' estimates of consecutive
months supportc our assumption that the data they are based on do not
represent Independent realizations, l.e. different flow regimes. Consequently,
little information can be galned by a simul taneous identification of @ (2) at
various tk. Second, the small change of these estimates from month to month is
indicative of the gradual change of the head, and {s in agreecment with the

assumptions underlying the Quasi-steady analysis of the time-dependent

.
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quadratic mean flow field given by eq.9 of Part 1. Eq.12 in Part 1 states the
eriterion for the head varfogram in two-dimensional flow to adapt to its
Steady state cxpression, which was obtained by Dagan (1982). This criterion can
now be checked based on the data in Table 1 and 5, dH,/dt belng given In the
last. Typical values for 1 are about 10 months. For a typlcal distance of 2500
m', we get values of 9 and 2 for the left hand and right hand sides of the
inequality (12) of part 1, respectively, and the condition for quasi-steady
analysis is met.

8. The analysis Dvased on the general model, which accounts for the local
effects of the point source/sink recharge is i{n general favorable, In the sense
of reducing model ‘uncertainty, and this {s shown below.

The paramcters of Table 2 and 3 differ in their physical meaning, since
O0uyesy 0,6 in  the simplified approach include the effect of the wells.
Consequently, it is best to measure the reduction of the parameters' variances
globally, by employing Information Theory, which regards variance reduction as
gain in information, rather then by comparing Separately and directly the
variance of each parameter. Table 4 contains Shannon's (1948) {ndex of
information pertaining to the seven months of the analysis. This index 1is
defined by I=loy det( L), where I is the estimation error covariance matrix of
the parameters (0,28 excluded, since it 1s not common to both methods).
Information is gained upon minimizing I.

It is evident from Table 4 that ignoring the local effect of the point
source/sink terms leads to some lose of information, expressed by larger I.
Furthermore, the additional computational complexity of the general model is
evidently worthwhile in light of the gain in information made available without
resorting to additional measurements in the fleld. There 1s an additional gain

in informatic-, namely the estimates of the natural recharge and of the
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Storativity and theipr variances, which are available only in the general model.

ESTIMATION OF THE NATURAL RECHARGE

The estimuation of natural recharge is carried out based on eq.10 of part 1
and on the procedure outlined there in Section 6. The details and results are
given in Table 5, covering the winter period between Oct ‘ber 1970 and April
1971,

The results show that the water table at that area rose steadlly by a
total of 1.39 m' during that period. The total natural recharge for that period
is estimated in Téble 5 to be 0.055 m't 0.0053 m'. The precipitation {n that
area can .be estimated according to the data collected by the Be'er Tuvia
meteorologie station. The total precipitation as measured by the station during
the winter of 1970/71 was 0.50 m'.

It is instructive to compare our recharge cstimates with those obtained by
Tahal-Israel Water Planning Ltd. Tahal employed two methods for that purpose
(Mercado, 1970): The first Is based on multi-seasonal and regional water
balances. Thesc data served to calibrate the model Ri-u(Pi—B)' where a and 8
are two constants., B is somotimes refered to in the literature as treshold
rain, Ri and Pi are the yearly natural recharge and precipitation, respectively.
For that area it was found that a=0.267 and 8=260 (mm/year). According to
these values, the anticipated natural recharge for the winter of 1970/71 is
0.004 m. Different values for a and B were found when calibrating the coastal
aquifer by an analogue computzr in which each cell represented a smaller zone._
There {t was found a=0.1 and B=15 mm/year, which leads to an estimated R of
0.0488 m'.t)h\%atcr‘ report by Tahal (Butbul, 1983), i{n which the Coastal aquifer

was calibrated by an indirect numerical method, the calibration is based on a

| (o
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only, B being ncglected, There {t was found «=0.1, which glves R=0.0503 m'.
Thence, the three different val ues are quite clcse to the one we found.

Another method employed by Tahal (Mercado, 1970) 1s based on the fact that
the relationship between Ri and P1 depends mainly on the texture of the carth
cover layer. For the coastal aquifer it was found that this relationchip 1s
given by ni/Pi=6.378*10"( n)+h.558%107 n,)*3.u56*}0"’( M) *0.0207 where n,,n, and
Ny are the share (in 9) of sand, red loam and clays in the layer which
constitutes the upper cover, respectively. For that area nz=10 and n,=90, which
leads to Ri/P1=O.097 or R=0.048 m' for the winter under consideration. All
these cstimates . ‘e in close agreement with our results,

The data of Table 1 and 3 offer the possibllity to estimate the monthly
recharge Lo Lhe aquifer {n the area under consideration, which is given in
Table 5. The resultas are {1lustrated in fig.2, in which we also have
reprcsented Lhe monthly measured rainfall, and they permit one to learn about
the effects of the upper soll cover on the recharge, First, {t can be seen that
al though the monthly rain vary from month to month, the rate of infiltration
is quite steady on the dverage, which is generally expected due to the huffer
effect of the unsaturated 2one. It Is interesting to note that the relatively
heavy rain of April 1970 did not contribute to the recharge of that month and
the following one, and scems to have turned into floods. This agaln can be

explained by the texture of the earth cover mentioned above.

ESTIMATION OF THE CONDITIONAL HEAD MEAN FIELD.

The conditional head mean field and {ts generalized condltional variance are
computed by following the pruccdure given in Section 3 of the study of Rubin

and Dagan (1987a,b), with tie conditioning equations given in Dagan (1984). The

17
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computatic.i of the conditional head mean field for each month is carried out
based on the head measurements of that month only, fullowing the discussion in
Seetion 7 of Part 1 and verification of the criterion for quasi- steady
analysis given there in section A, The conditional mean head is calcul ated
repeatedly for 112 points of a regular grid, which then serve to plot contour
maps ( conditioning Is an exact interpolator since the value of the conditional
mean head at a measurement point {s equal to the measured value and the
conditional variance is zern). ‘

To illustrate the results, the head contour maps for the aonths of October
1970 and april 1971 are given in figure 3. These maps demonstrate the rise of
the water table durting the winter months. The water table gradient 1s steecper
in the east,'corr‘esponding to the wedge-shaped vertical eross-scetion,

The efferts of the recharging wells on the mean flow field can be studled
through these maps. Artificfal recharge during that hydrologic year took place
mainly between November 1970 and February 1971. The locations of the
recharging wells are in the cenver and western sections of the aquirer,
Consequently, the rise in the water table is generaly more pronounced in these
sections of the aquifer, rather than in its eastern section,

Figure 4 is the contour map of the heads for April 1971 as obtained by the
simplified method described in Appendix B of Part 1. The quallity of estimation
of fig.4 and that of 3b (both pertain to the same month) can be compared by
analysing the mups of the conditional head variance as nbtained by both
methods, given in .ig.5 and 6, respectively. The varlance of estimation in these
figures emanates from two sources., First, the uncertainy which stems from the
variability of the heads and that of transmissivities, as reflected through
their  variogram, and in addition, the variance that {3 caused by the

uncertainty associated with the MLP estimation of the parameters of 8. As can

K
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be seen from Tables 1-3, the ratio 01(01)/();((1 is valid for 1-?,...,10, and thus
Justifying the first order analysls of the generallzed cond{tional variance,
which is described in detail in section 3 of the study of Rubin and Dagan
(1987a).

The results of these maps are succintly summarized in fig.7. This figure is a
hystogram of the frequencies of the head condlitional variance all over the
aquifer, without regard to specific location. It can be concluded that the
general metnod provides more accurate results, with an average variance of
0.0071 m? vs. 0.05 m? in the simplified method. The reasons for that are two:
first, the general model ls.more accurate because the local effects of pumpage
and recharge ar‘e..accounted for; second, the variances of the parameters'

estimates (Table 1) in the general model are smaller.

ESTIMATICN OF THE CONDITIONAL LOGTRANSMISSIVITY MEAN FIELD

The estimation of ;c' the conditional expected logtr‘ansmzssivity and |ts
generalized conditional variance oa’c;(x) is carried out according to the
procedure outlined in Section 3 of the study of Rubin and Dagan (1987a). These
values are computed repeatedly on a regular grid, and the results serve to
plot contour maps.

Figures 8 and 9 {1lustrate the contour lines of ;c obtained by employing the
simplified and general methods, respectively, based on the data of January,
1971, Both maps display close features, and both methods captured the tendency
of §C(x) to grow in the northwest direction, This is in agreement with the
wedge-like shape of the coastal aquifer, as illustrated in fig.1,

Figures 10 and 11 depict the contour 1lines of the conditional

logtransmissivit.y variance oe’g(x) based on the simplified and general methods,

14
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respectively. The quality of estimation of both methods {s compared in figure

g(x) as computed on 112 grid points. It

12, which depicts the {requencies of 02'
{s evident that the geéneral model per‘for"ms be“ter that the reduced model as

far as reducing the conditional generalized variance.

5. SUMMARY

In the present 3equence of two papers, a stochastic method to identify the
natural recharge, storativity and transmissivity under transient conditions {is
proposed. In i{ts development, four malnp assumptions were adopted: Y is a
normal random 8pace function, the aquifer |Is unbounded, a first-order
approximation of the flow equation is adopted and the transients are glowly~
varying.

An advantage of the proposed method is its relatively easy implementation,
which requires only a non-linear search algorithm. An additional one stems
from the fact that the flow equation {s solved analytically, thus saving the
need to carry out a numerical solution of the flow equation, Furthermore, the
estimation variances of the parameters are accounted for when estimating the
sSpatial distributions of H ana Y, resulting in an unbiased estimation,

A unique feature of the method is the possibility to fdentify the
storativity and monthly natural recharge by a simple analytical mean,
especlally in light of the difficulties in obtaining sound estimates of natural
recharge, as discussed recently in the study of Johansson (1987).

The method's main limitations are:

(1) The requirement B’YSI (see Dagan ?985), which prevents its application to
formations of large variability.

(?) The assumption of unbounded aquifer, made in order to simpiify the analytic

20
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solution of the flow equation. In many real-li{fe cases the aquifer's boundaries
and boundary conditions are poorly defined, making this assumption as good as
any. It can be circumvented though, Ly conditioning the head by a series of
puints for boundaries of given head, or by images of measurements points for a
boundary of no f'lux.
(3) The assumption that the average head is slowly-varying in time. It is
recalled that this head is obtalned after filtering the drawdowns due to polnt
pumpage/discharge, and it describes the flow due solely to natural recharge or
changing boundary conditions, which has a time scale of the order of many
months.

The role of the inverse solution in obtaining the above estimates was
discussed in a previous study (Rubin and Dagan, 1987b). It was shown there that
upon conditioning of Y on the measured heads in addition to the measured
transmissivities, the gencralized variance oz'g(x) is reduced compared to the
case where head measurements are not incorporated. The present example
illustrates this polnt in a dramatic way. Indeed, while in the former case of
the Avra Valley aquifer (Rubin and Dagan, 1987b) we had at our disposal about
50 transmissivity measurements and approximately the same number of head
measurements, in this case we have only 5 transmissivity measurements and 35
héad measurements, These numbers by no means allows one to carry out any
meaningfull statistical inference based solely on the transmissivity data.
Therefore, the role of head data in the present case {3 not merely to improve
estimates, but to permit the identification of the transmissivity fleld. It is
believed that scarcity of transmissivity measurements, as encountered in the

present case, is rather the rule for many aquifers.

2
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Figure Captions.

Figure 1. - Typlical vertical cross section of the Coastal aquifer in Be'er Tuvia
region in a direction perpendicular to the coastline.

Figure 2. - Monthly rain and natural recharge in Be'er Tuvia region.

Figure 3. - Conditional head mean field as estimated by the general method, (a)
October 1970 (o) April 1971. (Lr ')

Figure 4, - Conditional head mean fleld as estimated by simplified method,
April 1970. Lun ')

Figure 9. - The generalized variance of estimation of the conditional head mean
field as computed by the general method for April 1971 (m "m’b) .

Figure 6. - The generalized variance of estimation of the conditional head mean
lield as .Compul;ud by the simplified method for April 1971 f\.rn "h\“).

Figure 7. - Hisvogram of Lhe conditional head generalized variance.

Figure 8. - Conditional logtransmissivity mean field as computed by the
simpiified method.

Figure 9. - Conditional logtransmissivity mean field as computed by the general
method.

igure 10, - The generaiized variance of estimation of the conditional
logtransmissivity mean field as computed by the simplified method.

Figure 11. - The ygeneralized varlance of estimation of the conditional
logtransmissivity mean field a3 conputed by the general method.

Figure 12, - Histogram of the conditional logtransmissivity generallzed

variance.

2l



X 0, =m, oW 03705 8, =1 (km) 0 =S
Month 6, Xy i, Ly |0y Iyq | Oy Ly | O I o
(1 7.09%  0.0n2 } 0,106 0.013 | 0.1332  0.0022 |o.4u8  0.017 | - -
10770 : C
(2) 7.05% .00t | o.ou 0.0094 | 0.24 0.0048 [0.480  0.01 0,220 0.68:107*
{1) 7.053  C.045 | 0.08 0.022 | 0,242  0.0107 |0,421 0.020 | - -
e (&) 1.056  0.0080 | 0,121 0.017 10.199  0.0039|0.460  0.014 | 0.2020 0.52-107°
(1) 7,056 0.056 | 0.169  0.026 | 0.180  0.0039 [0.403 . 0.013 | - -
2/ ‘
e (2) 1.0%% 0.00¢8 10,108 0.016 0.205 0.0041 {0. 462 0.016 0.2002 0.56-107°
, (V) 7.050  0.05 0.13% 0,019 [ 0.193  0.0045 [0.415  0.013 | = -
v (2) 7.0 0.0080 | 0.122  0.018 [ 0.199  0.0039 [0.458  0.015 | 0.72007 0.86-10™
, (1) 7.056 0,052 | 0.137 0,022 | 0.193  0.0053 |0.417  0.015 - -
1 (3 1,055 0,0081 ) o0.138  0.02 0.193  0.0038 |0.454 0,015 | 0.2009 0.93-10™*
i (1) 7.058  0.045 [ 0.108  0.017 | 0.209  0.0049 [0.425  0.014 - -
o (&) 1,050 J.0082 [ 0,173 0.0%1 0.15% 0.0026 |0.426 0.016 0.2202 0,14-10773
1 (1) 7,054 0,068 | 0.119  0.019 | 0.20 0.0048 |0.428  0.01h | =~ -
i (& 1050 0.0080 | 0.182 0.027 | 0.165  0.0029 [0.443  0.016 | 0.2009 0.1-10™2
Table 1: (1) = simplifted method - (2) General method

U stands for the MLP estimates, whereas Li{ are varlances of eatimation
(the diagonal eclements of the inverse Fisher matrix).
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by simpliried method. (0 and Ly

defined in Table 1),

]

) 0=y () 00y, () Oy (g | Oge2e (8 |0, gme ()
fonth % L b g | O I, |0 B9[S0 oo
10770 =0.420  0.0073 | 0.868 0.008u ~0.824  0.0020]0.196 0.0014 ~0.790 0.0031
11770 =0.42% 0,011 1. 081 0.015 -0.833  0.0032]0.027 0.0020 | -0.704 0,0047

. 12770 =0, 304 0.0558 | 0.5506 0.0058 ~0.684 0.0015(0.159 0.0011 =0.723 0.0026.
1/71 ~0.365 0.0049 [ 0,43 2.0051 ~0.597 0.001410,194 0.00M1 ~0.622 0.0029
2/ 0.069  0.0048 | 0.480 0.0037 -0.487 0.0013]0.163 0.0009 -0.619 0,0026
3 =0.210  0.0059 | 0.688 0.0072 [ -0.686 0.0019(0.128 0.0012 |-0.615 0.0027
/71 =0,203 0.0053 0.660 0.00061 ~0.612 0.0015{0.135 0.0011 -0.624 0.0025
Table 2: MLP estimatos and variances of quadratic polynomial (see eq. 9, Phart 1),




. 06004 @) 0,30,y ) 0g=c1 (me) | Bg=2ey,(gmn) | 0, gmc, (g
Month 9 Y66 6, tq | G 5,8 |% o | %0 Tiono
10/70 =~0.720 0,006t | 0.540 0.0068 | -0.480 0.0012(0.170 0.0010 | ~0.540 0,0021
11/70 -0.690  0.0045 | 0,457 0.0043 | -0.442  0.0008]0.151 0.0007 | -0.513 0.0016
12/70 =~0.718  G.00%3 | 0.530 0,00%% ~0.466  ©.0008]0.096 0.0007 -0.519 0.0017
v/ =0.020  0.004Y | 0,467 0.0045 | -0.446 0.0007|0.120 0.0007 | -0.541 0.0017
2/71 -0.602  0.0042 | 0.394 0.0035 | -0.406 0.0006]0.126 0.0006 | «0.522 0.0015
3m =0.550 0.0022 | 0.%82 0.0034 | -0.473 0.0007|-0.033  0.000H ~0.360 0.0011
/71 ~0.601 0.0033 | 0.507 0.0030 -0.383  0.0005]0.057 0,0004 =~0.471 0,001
Table 3: MLP estimates and variances of quadratic polynomlal (see eq. 9, Part 1),

by general method (0 and Lj; defined in Table 1),




r <
Month 10/70 11770 12710 1/ 2771 3771 41
General -28.26 -28.09 -28.13 -28.11 «2%.21 -27.19 -27.88
Method
Simpliried | -20,67 ~19. 04 -20.63 ~20.95 -20.19 -20.69 -20.88
Method ’
Table 4:

Shannon's [ = log (dec(Z)) (05-3 excluded)
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dH, dH,
. T 5 i (cy1+cey) TG R V(R)

(m/manth) (ri/manth) {m/month) (m/month) (m/month)
9/10 [0.21 0,042 -0.035 0.007 4,5107¢
10/70 | 0.20 0.04 -0.032 0.008 k. 4107
12/70 | 0,13 0.030 ~0.033 0.003 4,0:107°
/N 0.20 0.040 ~0.034 0.006 4,7-107
2711 | 0.20 0.0H -0.032 0.008 h,1:10™®
3/11 0.21 0.0u2 ~0.028 0.014 3.4:107
/11 0.19 0.038 —-0.029 0.009 3.5-107¢

0,055
Table 5: Lstimation of monthly natural recharge 10/70 ~ 4/
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2. GEOLOGY AND HIDROGEOLOGY OF THE RIO-MAIOR AQUIFER

The Rio Maior basin is located approximately 80 km north of Lisbon, on the border of the lower
Tagus Cenozoic basin, 1t is a small praben-like depression of a rough rectangular shape runniag nor-
thwest to southeast, The depression is filled up with Pliocen and Quaternary sediments, with a thick
fayer of sands at the bottom which, in the deepest part of the basin s overlid by a lens-shaped and
very anisotropic sequence of lignites, clays, sands and dintomites, commonly referred to as the lig-
nite-diatomite complex. These lignites have a certain economic value and they are the main justifi-
cation for the studies that have been carried out at the site. The underlaying layer is a quite homo-
geneous body and is composed of medium to fine-grained siliccous, white sands containing around
10 percent of kanlinite. This layer outcrops in a dew places at the basin border where jt is explo-
ited for ceramic and shss industry. It also constitutes the mnain aquifer of the basin from where the

data used in this study were obtained.

Some boreholes were drilled down to the bottom of this sand aquifer showed it to reach a thick-

ness of about 100 m in its deepest part, and 10 terminate abruptly against the graben faults.

The boundary formations range from Jurassic to Miocene and they are composed mainly of silt-
stones, clays:ones, sandstones, marls and limestones. 17ig. 1 shows a sketeh geological map of the

region and Fig, 2 presents a transversil cross-section of the basin,

Beneath lignite-diatomite complex, the aquifer is of the leaky type, as inferred from jis behavior
during the pumping tests. Outside this zone it is unconfined although no pumping test was carried
in this area. Further information on the hydrogeology of this basin s provided in the paper by

Delgado Rodrigues [1983).

The area is crossed by the small and intermitent Caniceira creek, which joins the main water
course, the Maior river, in the southwestern horder of the Graben basin. The relation between the

Caniceira creek and the aquifer is not clearly established bt no major contributions are expected to

Rec’d in SCI: A2 - 1988
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come Trom this source due w the small extemsion of the creck over the aquiler and 10 its intermitent
character. On the other hand, it is clealy catablished that the Maior tiver s the main discharge
boundary of the aquiter and peomanent flow of ot less than 140 Titer/see is estimated 1o discharpe
through it The mean annual precipitation in Riv Maior region s about 800 mm and it cccurs

mainly between October and April,

Possible rechurge sources of the aquiler are precipitation over the unconfined arcas, flov from
the lateral boundiries and leakage from the upper formations. The water flowing in the overlaying
complex is likely to move preferentially in horizonta) directions discharging im0 the underlaying

aquifer mostly at the burder ol the lens=shaped complex where it merges into the underlaying sands.

\,, V)
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7. RESULTY

7.1 General Comments

The previously deseribed methudulogy was applied w the northern region of the Rio Major
white-sund aquifer, which is, inils majority, u conlined wquiler (see Section 2). For an overview we

have inseried the region umder study i squine which has an area of 9 kw3,

The aims of the study are the fullowing: (i) evaluation of the vector of parameters © which
models the random Y and 1 joint ficld, based on the limited transmissivity data and the sequence
of head measurements taken periodically; (ii) Evaluation of the effective recharge of the aquifer;
. . . oty 2.8 ¢ 2.

(i) Diawing ol the replonal maps of (Y7), o Y (M) and o n based on the Y and 1 measure-
ment values,

7.2 The Daty

The available duta For thes study consists of a 19 months sequential st of 18 piczometric head

data measurements and also a set of (only) 3 transmissivity values,

The above duta, which consists of edsurements, constitutes our ‘hard-core’ data. In addition,
there is also the su-called  ‘suflt data’ (see Juurnel, 1986), based on the experience gathered by the
authors about this aquiler. This refers 10 the flat piczometric surface of this aquifer (indicating small
recharge coming from the top conlining aquitard), and above all 1o the high level of homogeneity of
the hydraulic conductivity, the main heierugeneity source being the thickness variation, The incoor-

puration of this data in the evatuation process is described in Section 6, and summarized below,

From the initial set of 18 head measurement points a first set of 14 head points was selected. This
wits done because sume of the initial hoints are located very near to each other, forming a cluster of
points which do not provide additional head information. Finalty, from the set of 14 points a ses of

9 points was selected, by climinating 5 supposedly outliers, as indicated in Section 6.
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The final selected informtion is formed by the sequence of 9 head measurements on i mouthly
busis covering the period from January 1985 10 July 1986 (19 months), and 3 Lransmissivity mes-
urements.  The limited information un the eaperimental evaluated transmissivitics of the aquifer
does not allow fur 4 refiable eviluation of the regionul log-tronsmissivity licld based on the usual

Kriging procedures, and suggests employing the inverse method which cuan interpret also head meas-

urements,

7.3 Unconditional Stuye

The unconditional stage of the study wus divided in the following steps: () Identification of the

parameters of: the random Y field, nnely (Y)i. w aﬁ,_. li' (i=1,.,19) and the covariance matrix,
i

for cach of the 19 months; (i) Averaging the parameters of 'Y of the 19 months, namely:

l- W) g (1

ete., all other Ly, being (E)2)= Z (Ey =, Here EL stands for the covariance of estimition of
=1
parameters 0k and g, determined by the ML procedure outlined in Section 4. The results of step

(i) are showed in Figs.3, 4 and 5, which show the time series of the maximum likelihood estimators
of (Y), a*Y and I, respectively, 1t is evident that the differences between months are very small, as
should be for these structural parameters. Such differences are due not only to variations of the pic-
zometric surfface ol the aquifer, but also to possible head measurement errors. The small variations
with time presented before strengthens the confidence in the model which renders the averaged var-

fnces of (Y), alY. Land w,



)
)

The Tinal results of the uncenditional parameters estimiates and the covariance matrix of the aver-
aged estimators are given in Tuble Lo is empliasiced that the smallness of the variunces of estima-
tion reflects the aceuracy of the ML identitication procedure on one hand, and the effect of averag-

ing over 19 months in Lq.1l,

74 Recharge Evaluation

Aceording 10 Table 1, the net distributed effective recharge Rcl‘ from the top confining aquitard
is almost zero. This is due 10 the fact that the parameters related to the recharge, ie. ¢, amd Can
hiave small or zero values, The effective techarge Ryp of the aquifer is evaluated through the rela-
tionship (sce Eq.0):

i,

Rcl' =R -8 —d-l- - TG (C“ﬂ:“) (12)

where H is the eapected value of the picsonietric hiead of the aquifer at the origin and S is the sto-
rativity, ln our cise, since Sy and ¢y e very small, this expression may be reduced 1o

. dil,
Ras i (13)

which indicates that the rechiarge thiough leahage is counterbalanced by the increase in storage, The
value of § was obtained by averaging the 3 available storativity measurements (located at the same
points where the transmissivities were measured), Those values of S are very close to euch other,
yielding the average value S = L1x10%3, The values Hy were calculated for each one of the 19

months, based on the head measurements for each month,

The recharge wus computed by using (13), in which dH, /dt has been replaced by Al /AL,
Amk -tk-l=l mounth, and ““.k has been identificd in each month by the ML procedure. Fig.6:
shows the time series of the evaluated recharge for the Rio Major aquifer, according 10 Eq.12, Fig.7
shows the time series of the precipitation in Rio Maior. Comparing both figures one observes pood
agreement between the shapes of he recharge and of the precipitation, with a delay of about two

months for the recharge,
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7.5 Conditioing of the logtransmissivity ¥

The conditioning of Y was done on the measurements of Y and H for each one of the 19 months
(for details of the procedure see Dagan, 1985). For this purpose, use was made of the parameters of
Y uand of the covariance matria dveraged over 19 months, shown in Tuble I, In contrust, for the
head 11 use was made of the estimates of Wy Jxi gy €y ¢y and ¢y, from each of the 19 months,
since these paranicters niturally depend on head measurements. Finally, the evaluated monthly res-

ults for Y were averaged for the 19 months,

Fig.8 shows the finul regional lug-transmissivity mup of the aquifer, based on the final averaged
parameters. The similarity between this map and the map of Rio Muior’s bed rock isolines, Fig9, is
emphasized. Notice that the tup ol the squiler is almost horizontal and, us referred 1o previgusly,
the hydraulic comductivity ol the aquiler is considered 0 be a very homogencous one, Thus, the

transmissivity of the aquifer js strongly corelated with the thickness of the aquifer,
Fig. 10 show the regional maps of o ‘Y‘ l.e. the conditional generalized variance ol Y (i.e., includ-

ing the parameters estimation croors in the conditioning procedure) following the procedure of

Rubin und Dagan (1987).

7.6 Condiioning uf the head 11

To complete the siudy, the conditivning ol the piezometric heads ol the aquifer was carried out
for two different months, one in the winte; time (January 1986) and the other in the summer time

(July 1986).

This conditioning was done with the averaged vulues of Y parameters, showan in Table 1, and the

vitlues of H parameters evaluated for each one of the two referred monihs,

Figs.11 and 12 show, respectively, the maps of the expected values of the piezomelric heads obta-
ined Tor Junuary 1986 and those obtained Tor July 1986, As expected the piczometric surfuce of (he

aquiler, in both cuses, is rather Il showing also linle differences in the piezometric heuds between

50



summer tme and winter time,
Finally, Fig.13 presents the variances of the generalized conditional H for the month of July,

7
1986. 1t is seen that the values of a"I'Ll are negligible in the majority of the region under study,

showing a good hnuwledge on the piczometric heads of this aquiler,

N



