Calibration of a Saltwater
Intrusion Model for the
Northern Guam Lens
Using a Microcomputer

by

Dinshaw N. Contractor
Rajesh Srivastava

WATER AND ENERGY RESEARCH INSTITUTE
OF THE WESTERN PACIFIC
UNIVERSITY OF GUAM

Technical Report 69
7 May 1989




CALTERATION CF A SALTWATER INTRUSION
MODEL FOR THE NORTHEERN GUAM LEHNS
USING A MICROCOMPUTER

by

Dinshaw H. Contractor
Rajesh Srivastava

University of Guam
Water and Energy Research Institute
of the
wastern Pacific

Technical Report Ho. 6%

May 1SE9

The resear-h on which this report is based was financed in
part by the United States Department of the Interior,
Geclogical Survey, through the State Water Resources Research
Institute.



).
{id).

AaEbD o we

Table of Contents

List of Figures

List of Symbols

Abstract and Key Words

Introduction

Description of Preprocessor

Govermng Differential Equations

Finite Element Formation

Description of Program

Comparison of Numerical Results with Analyticel Solutions
Application to Northern Guam Lens

Data Base

Calibration of Model

Summary and Conclusions

Appendices

Preprocessor Program

Listing of Main Program

User Manual

Finite Element Matrices
Sample Input Data and Qutput

Input Data for Guam Aquifer



List of Figures

1) Discretization of Guam Aquifer

27 Finre Elemnent Network for 1-D Problem

3) Companson of Numerical and Analytical Solutions of 1D
1] Measured Chlonde Corceneration Profle at Well Ex-1
3] Measured Chlorde Concenrration Profile at Well Ex-4
fi] Measured Chloride Concentration Profile at Well Ex-3
7] Measured Chioride Concentration Profile at Yell Ex-7
8) Measured Chloride Concentration Profile at YWell Ex-6
0% Measured Chionde Concentration Profile at Well Ex-10
10} Well Water Level and Inteface depth at Well A-2t,
11} Well Water Level and Interface depth at Yell ACEORP.
12} Well Water Level and Interface depth at Well A-16.
131 Well Water Leve]l and Interface depth at Wel! BPA (1
14) Well Water Level and Intedace depth at Well Ex-9.
15) Well Water Level and Interface depth ar Well M-104.
181 Well Water Level and Intedace depth at Well Ex-7
17) Well Water Level and Intedface depth at Well M-11.
18) Well Water Level and Interface depth at Well Ex-G.
1707 Well Water Level and Intedface depth at Well Ex-10
20) Well Water Level and Interface depth at Well Ex-9.
21) Well Water Level and Interface depth at Well Ex-7.
22) Well Water Level and Interface depth at Well Ex-6.

23) Well Water Level and Interface depth at Well Ex-10.
(i)



List of Symbols

b Thickness of Saltwater Layer.

by Thickness of the Leaky Aquifer.

{B} Vector of Nodal Freshwater and Saltwater Thickness.

[c Finite Element Coefficient Matrix for {$}.

(D Finite Element Coefficient Matrix for {$}.

Ko, Permeability Tensor Compenents

i Vertical Permeability in the Leaky Aquifer.

n Porosity.

[V Matrix of Shape-functions,

NN N, Shape-functions for Triangular Element.

& Source/Sink term.

{2} The Right-hand Side{Load Vector) of Finite Element

Equation.

R Residual in the Galerkin Method.

5 Storativity.

Fa¥: Time increment.

{ &} Vector of nodal Freshwater and Saltwarter Heads,

{'i-} Temporal Denivative of [$].

¥ Specific Weight of Fluid.

Ay ¥ -

g Weighting Funetion to Obtain Average Values during
a Time-step.

Supoerscipt f represents freshwater and s denotes saltwater.

(i)



Absteact

A two-dimensional {areal} Anite element mode! of saltwater intru-
sion was modified so that it can run en a micrecomputer. The model
assumes a sharp interface batween fresh and salt water and simulates
the movement of both fresh and salt water, A preprocessor is provided
to remember the nodes of a given network so as to reduce the band-
width of the matrix. Linear triangular elements are used to discretize
the domain. The model was applied to the Northern Guam aguifer.
The hydraulic conductivity in three regions of the aguifer was cali-
brated using the water level history in a few observation wells. Field
data on the depth of the interface indicate the sharp interface assump-
tion is valid in the major portion of the aquifer. Comparison of the
depth of the measured 50% isochlor with the computed depth of the
interface shaws that the two are equal in most locations. In some
casas, the computed depth is less than the measured depth, resulting
in a conservative estimate of the interface depth.

Key Words: Saltwater Intrusion; 2-D Modeling; Microcomputer
Application; Sharp Interface depth; Field Verification.



1 Introduction

For careful management and efficient planning of a coastal aguifer, it is
essenial to predict the sea water intrusion into the aguifer in response to
varialions in the components of the freshwater balance. The need for an
accurate model to simulate the behavior of coastal aguifers is made mare
acute by the fact that many of the coastal areas are heavily urbanized and
therelore require an adequate and sustained yield of water which is fie for
drink ng and other purposes. Various numerical models have been used o
the piast to estimate the location of the salt water interface for a given =et of
hvdrelogie conditions. These models, depending upon the way they teeat
the interface, are broadly classified inta twa tvpes: [(a) difused interface
models and (b) sharp interface models. In the first type of model 1.2).
the zone of contact between freshwater and seawnter 1s o transition zone,
caused by hydrodynamic dispersion, across which the density of the mixed
water varies from that of freshwater to that seawater. The second type
of mocdel [3.4,5) approximates this gradual transition from freshwater to
seawater by sharp interface. In general. there ts always some degree of salt
water diffusion in coastal aquifers. However, under certain conditions, the
width of the transition zone is small relative to the thickness of the aquifer,
so that tt may still be appropriate to use a sharp interface model, The
assurr.ptien of an abrupt interface, espeecially when combined with certain
assurr.ptions related to horizontal flow. greatly simplifies the model in most
cases of practical interest.

Several numerical methods, including the method of charactenstics, fi-
nite ¢ ifference methods, and finite element methods, have been used in
sharp interface models. In this study, the governing equations are solved
by using the finite element discretization of domain inte tnangular alements
and applying the method of weighted residuals with the Galerkin scheme.
This model draws heavily from a previeus modei developed by Contractor
[4], w.th some improvements in computer storage, computation time and
graphical display. A band-width minimization algerithm has been added to
artive at an efficient node-numbering scheme and the stiffness matnx has
been manipulated to make it symmetric. The model has been applied to
a vari:ty of How problems with known analytic solutions to confirm its nu-
mericid accuracy. It was then used te model the behavior of the aguifer in
Guam and results were compared with the ohserved values of the freshwater
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elevation and the interface depth.

2 Description of Preprocessor

The saltwater intrusion program requires the low domain {aquifer in plan)
to be discretized into tnangular elements. The elements and the nodes of
the network are ther numbered. [n the salution of the freshwater and salt-
water heads at the nodes of the network, the program has to solve a matrix
of equations. The solution of this set of equations is time-consuming and
requires considerable computer storage space. Both the computer storage
space and execution bime are a funetion of the bandwidth of the matnx.
The bandwidth is a function of the numbering of the nodes and is indepen-
dent of the nmumbering of the elements. Reduction in the bandwidth results
in a reduction of storage space and execution time. The preprocessor is a
program that takes a network with an initial numbering of the nodes and
then renumbers the nodes so that the bandwidth is minimized.

The program is based on an algorithm suggested by Collins, [9]. This
procedure starts with a node in the initial network and renumbers it as
node %1 in the new network. Then, the program determines the nodes
connected to 1t and renumbers them as new nodes 2.3.4, etc.. The program
takes new node %2 finds out the nodes it is connected to and renumbers
them in sequence. When all the nodes in the network are thus renumbered,
the bandwidth of the system is determined and compared with the initial
bandwidth. If the bandwidth has been reduced, the new numbenng system
is stored in memory, otherwise it is discarded. This procedure 15 repeated
starting with every node in the initial network. The output of the program
presents the old node number and the new node number for every node
in the network, The optimized netwerk can then be used for production
runs with the main program. The preprocessor needs to be run only when
changes in the network are made.

This program was applied to the network used for the Guam Lens, [4].
The bandwidth was reduced from 83 to 63 and the execution time was
reduced by 10% for each soiution of the matrix. Appendix A contains &
listing of the preprocessor and the output of the program when applied to
the Guam Lens. See fig.l.
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3 Governing Differential Equations

The di:pth-averaged differential equations for freshwater and saltwater have
been clerived by Sa Da Costa and Wilson [5]. Their derivation involved the
follow: ng assumptions:

1} Darey’s law is valid

2) A sharp interface exists between the freshwater and saltwater.

3) The horizontal permeability varies negligibly in the vertical direction.
4) The Dupuit approximation holds for unconfined aquifers and essentially
horizontal flow oceurs in confined aquifers. Ounly recharge or leakage will
oceur in the vertical direction.

9) Both freshwater and saltwater are homogeneous and isotropic fluids with
constant density and viscosity.

6) Saturated flow ceccurs in the fresh water and saltwater zones.

Freshwater
r.r I a{ﬁf :aﬁ,
K ) F_ay=rsf 4 0T _ o

Sa.ltwa ter;
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Einstein's summation convention is used with ij = 1,2.

For this report, a few more assumptions were made to simplify the dif-
ferential equations still further:
1) Soil and water compressibilities are small, so that 5/ and 5* can be
dropped from the night-hand side of the equations,
2) ¢, == 0 i.e. there is no saltwater source or sink.
3) #, and z; are the principal directions of the ellipse of permeabilities such
that

Ko, =40 sf iFE )
Kz, = Ky, if i=7;

To mase the final element matrix symmetric, the saltwater equation needs
to be rnultiplied by v*/+/.



Thus, the final differential equations are:

P, -3 dal K
'IJ‘DJ'_ —f\fﬁj N (A =
B n-d §af nvyr G487 (1
o FA Sy I
Y008 3 0 0 ny 05
T e =)+ o H S WG e . AR WL ¥
~f 3:: I3 Ay Ot Sy O
The elevation of the :|1'|r,r,':rfﬁ,cr_' can be determined from the continuity of
pressure acrass the interface, e, pf = p* at z = ¢, Thus
TG - .?.Ifﬁ.f

(¢ = = (& =" o (= (3)

ey

Fquations {1} and [ 2} are sclved numerically using the finite element method
for ¢/ and ¢’ at the nodes of the element network. Equation (3) is then
used to determine the =levation of the interface at each node.

4 Finite Element Formulation

Lizear triangular elements are used to discretize the domain of the aguifer
in pian. Let Ny, Ns, N3 be the usual linear shape functions for a tnangnlar
element and let {®} be the vector of nodal degrees of freedem for such an
element.

Thus,
(2 = (&f 67 ¢f 83 08 437 (4)
Let
o = [¥){2}  and o' = V)% (5)

Where [¥/] = {N, 0 N, 0 V; 0} and [V®] = {0V, 0.V, 0 NV}
Similariy, we can define
{B) = [b] &) & b & 3" (6)

Then,
¥ = [¥']{B} and ¥ = [N|{B} (7}
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Substitnting these expressions in equations (1o and 12, we defre the resid-

uals as
R = o R (B) 5 318 = g R, VB N (#5
+5f - i—n REIC SN EE:‘»”']{&'} ~ 1—?-‘*"",{;?} (8]
B = 7:{;[;1_—;{f{;l[_‘J’jiﬂ}gl-f_".":{ftr}} + aiz {H;Jzifv"]{B}ai [ {®}})
-y s SNy (91

The Galerkin weighted-cesidual method utilizes the following procedure o
obtain the element equations.

j.ﬁ;.RfdA:n and f.-"u',-R’dA: 0 for i=1.2.2 (10)
A A
These ix equations can be written in matnx form as follows:

[C{ &} = 'D){®)} = (@) + Boundary terms (11}

The matrices [C] D] and {Q] are denved in Appendix D. The boundary
terms are also derived for those elements that have cne or more sides along
the bonndary.

At me-integration scheme is adopted and a wetghing factor # is defined.
Thus.
d {%}aar — {2}

(B} = 248} - (12
and

{B} = (1 -2} + 8{B}esa {13)
Substituting cquations (12) and (13} inte (11},
we get

1 1
61C] + 251 DIH® e = ({1~ AIC] + D] (&} + Q).
+ Houndary terms averaged over At {14)

It is stown in Appendix D that the matrices [C] and [ arc symmetne.

Hence, the matrix [8{C] + £ {D]] will also be symmetric.
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This symnmetry results in a reduction of compurter storage and execution
ime, sinee only the terms on and above the maim diagonal aeced to be saved.

Ecuation (14} is applied successively to all the elements of the network
anc a global matnx assermbled. The global matrix is solved by a Gauss
Zlimination suoeoutine. A few iterations may be required ro take care of
+he non-linean:v introduced by the time variation of 4 and ¥

5 Description of Program

The computer program has the capability to simulate steady and unsteady
flows. and analvze both conrfined and unconfined aquifers. If the aquifer is
confined. the program considers ieaky or non-leaky conditions. Pumps ¢an
lie located at any number of nodes of the network. Recharge is assumed
eonstant in an element but can be varied from element to element. Head
or flow rates can be applied at the boundaries as a function of time. At a
voastal boundary, a mixed or third-type boundary condition can be speci-
{ied. For steady flow conditicns, the saltwater head can be specified to be
»eto along the boundary or at every node in the network. This procedure
assures shat the Ghyben-Herzberg condition is satisfied. The program can
wlso be run in the unsteady mode with the Ghyben-Herzberg condition.
Constant head conditions are taken into account by eliminating that var:-
wble from the matrix. The righthand side of each equation 15 reduced by
the product of the constant head times its coefficient in the matrx. The
tow and column of that variable are eliminated and the size of the matnx
1educed.

If the saltwater head at every node in the network is specified to be
1auch less than the anticipated {reshwater head. the results of the computer
program will show that the thickness of the saltwater layer is equal to
en arbitrarily small value (BTOE). Under these conditions, the program
can simulate flow in a freshwater aquifer. Use of the program to simulate
freshwater aquifers will be limited only by the number of nodes in the
retwork, since the element matrix still contains saltwater heads. Apart
fromm this limitation, the solution pracedure should still be efficient.

Since the heads are assumed to vary linearly across the rmangular ele-
raent, the velocity will be constant in each element. By specifying NVEL
== 1, the program will print out the velocities in the x and y directions in
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each element in both the freshwater and saltwater layers. These velocities
can then be used to caiculate the Aow rates across any iine or boundary.
By spe:fying NTOE = 1, the program will determine where in the net-
work a freshwater or saltwater toe occurs. A saltwater toe occurs at the
intersection of the sharp interface with the lowet and/or upper boundaries
of the aquifer. A freshwater toe occurs at the intersection of the phreatic
surface with the lower and/or upper boundaries of the aquifer.

The program assumes that there are two independent variablos at each
node: the freshwater head and saltwater head. Afier solving for the heads,
equation {3) is used to determine the depth () of the interface. The lo-
cation of the interface determines the thickness of the freshwater and the
saltwat:r layers. If, however, the interface s calculated to be below the
lower 1inpervious boundary, then the entire aquifer thickness should con-
tain on.y freshwater and the thickness of the saltwater layer should theo-
reticallr be zern. However, the program makes the saltwater layer equal to
BTOE. Similarly, when the phreatic surface intersects the lower impervicus
boundary, the freshwater thickness beyond the toe is made equal to BTOE

instead of zero.

Equation (13} introduces a weighting factor, #, which varies between
zero and one. This factor is useful in regulating the stability and aceuracy
of the solution. When & = 0, the problem formulation is referred to as
explicit  In this formulation, the spatial derivatives are evaluated at the
known ime- step,Al. The time-step,At, necessary for stable results is very
small. “This results in very long execution times for the program. When #
= 0.5, lhe approach provides high-accuracy with large values of At, even
though the results may show some numerical instability,. When & = 1.0,
the forraulation is known as fully implicit. This formulation provides the
maximumn stability at a sacnfice of some accuracy. Values of & between
0.5 and 1.0 {eg., 0.6, 2/3, 3/4) have been used to provide the proper
balance between accuracy and stability. All of the examples presentad in
this report were run with & = 1. When steady state results are desired, the
program should be run with # = 1.0 and At equal to a very large number
(e.g. LNE20). Since At is large, the time derivative terms in the element
equations (1} and (2} become very smail. The program should be leam for
several :ime steps because of the non-linear nature of the problem untif the
error is less than a specified tolerance,

-
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The program can be tun 1in any set of consistent units. Thus, if feet
nnd seconds are the length and time units, the permeability and recharge
must be input in ft fsee and the pump rate in cu.ft fsec. If meters and days
are the length and time units, then the permeabibty and recharge must be
input in m/day and the pump rate in cu.m/day.

A new feature has been added to simplify the input data requirements.
‘The element network is divided into regions in which the element properties
such as conductivity and porosity are constant. Thus, the data for each
region needs to be read only once. The same is true for the elevations of
Lhe bottom and ceiling of the aquifer at the node of the network.

A listing of the main pregram (FORTRAN 77) is presented in Appendix
3. The user manual describing the input variables and their sequence is
riven in Appendix C.

5 Comparison of Numerical Results with An-
alytical Solutions

'n order to develop confidence in the program, a few simple simulations
-were made, for which analytical solutions were available. Van der Veer {10]
lhas given a closed form solution to a one-dimensional flow of freshwater in
wn unconfined aquifer towards the sea coast. Fig. (2) presents the element
network used to simulate the l-dimensional system. Fig. (3} shows a com-
sarison of the numerical and analytical results. The pumerical solution 15
iquite close to the analyvtical solution. The numenical program was also veri-
‘ied by comparing its cutput with the analytical solutions of (a} the gravity
segregation problem described in reference [5] and (b) the drawdown in an
aquifer due to constant-discharge pumnping from a well {Theis solution).

7 Application to Northern Guam Lens

13uam is the largest and southernmost of the Mariana Islands. It is approx-
imately 30 miles long and 4 to 10 miles wide and has an area of 212 square
mmiles. It is divided into two nearly equal parts of different geology [6]. The
northern half is a broad limestone plateau and the southern half is a dis-
sected volcanic upland. The main aquifer of Northern Guam is bounded
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by the sea ceast on the east, north and west, and by a volcanic outerop on
the south, and comprises ofthe Mariana limestone and the older Barngada
limestene. The aquifer also has a complex basement of impervious voleanie
rock. £ contour map of the basement surface was prepared based on a study
by Biealer and Walen {7] and the basement elevations at the nodes were
interpciated from it. The recharge into the aquifer was obtained by using
a techuique suggested by Mink [8] based upon the contrasting hydrologic
features of Northern and Southermn Guam.

7.1 Data Base

The available hydrologic data consisted of rainfall records for the years
1678, ©'9, B0, B85, BA and 57 and the runoff records for 1978- 19853, The
missing; data of rainfall for the period 1981-84 was estimated based upon
an average rainfall-runoff relation for each month and the available munoff
record:. The runoff for the penod 1986-87 was estimated based upon the
rainfall values of those years. The pumping rates were observed to be more
or less constant from year to year. Therefore the pumping rate for 1981-85
was talien as the average of other years for each month. Ocean level data
was aviilable for 7880 and 85-87. During the vears §1-84, the ocean level
was aszumed to be at mean sea level.

The agufer was discretized into 295 elements using 180 nades based
upon tae requirements of proper accurary and the limitation of computer
storage space. Pump discharges were lumped at 72 nodal points. There
were 34 element boundanes along the coastline and the saltwater head was
specified at 40 nodes. The porosity of the aguifer was estimated to be 0.253
but the permeability was considered to be varying widely over the area.

7.2 Calibration of Model

The model was calibrated against the abserved hydrologic data of 137,79
and 80 The aquifer was divided 1nto 3 regions of different permeahilities
for madeling purposes. See fig.l. Reglon I contained elements 1 through
24, region II consisted of elements 25 to 83 and Region 11l compnsed the
rest of the elements. Several calibration runs were made in which the
permeabilities of the three regions were changed until a good comparison
was ob:ained between measured and computed values of water levels at
nine observation wells.
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Hepion | Element Nos. | Permeability(ft /day) | Porosity |
I 1-2¢4 80 0.25
I1 25-83 5000 0.25
I1T 84-205 20,000 0.25

The average absolute error for these values of permeabilities for all the
cbservation wells {excluding well A-20 which showed a large error which
vas attnibuted to some local influenece) was about (.45 feet or about 13%.
T'he error could have been reduced further, if the permeabilities of elements
containing observation wells were changed individually but this level of erzor
was considered satisfactory for most planning and management purposes.
Therefore no fine-tuning of the model was attempted. Further reduction in
the error would be best reduced by utilizing parameter identification and
stochastic analyses.

The program used a time step A? of 1 month. Each iteration {one
solution of the global matrix) took approximately 40 secs on the micro-
computer. The same program required only one second/fiteration on the

VAX 11/780.

& Depth of Sharp Interface

5.1 Measured Data

Exploratory wells were dnlled at vanious locations of the aquifer. The
s3ecific conductance of water samples from different depths were measured
at six exploratory wells at different times of the year. These measurements
were used to plot the chloride- concentration profile wath depth at the six
wells. These profiles are presented in figs. {4)-(%). The depth of the 30%
itachlor1s taken to be the depth of sharp interface. From most of the plotted
profiles it can be seen that depth over which the chlonide concentration
varies, is small in absolute dimensions and in relation to the depth below
MSL. Thus, the assumption of a sharp interface is reasonable. A notable
exception occurs in well Ex-1 which is near region 1. See fig. 4. Region
I is an argilaceous limesione, in which the conductivity is very low and
in which the dispersive effects are large. Fortunately, the areal extent of
region I is not large.
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8.2 Computed Depths

It was felt desirable to compare the measured interface depths with those
calculated by the program. To do this, a simulation run was made for
the tirane pericd 1978-87 using the hydrologic data base described on page
and the calibrated permeabilities {fupendix '}, Figs. 10 to 19 show
the calculated and rneasured values of the well water level and the interface
depth for the period of simulation. It can be seen that the computed values
of the interface depth compare well with the measured values at some of
the wells. At the remaining wells, the computed depth is smaller than the
measused depth. Thus, the program gives a conservative estimate of the
interface depth, the actual depth being greater than the computed one. One
of the reasons for the discrepancy is that the program is two-dimensional
while the flow is three-dimensional in nature. A three-dimensional program
would take into account the vertical components of the velocity, resulting
in a higher freshwater head at the interface and hence in a lower elevation
of the interface. From the measured values of the interface depth, it ¢can be
seen there 1s no long-term trend, even though there are seasonal changes
in the depth. A long-term trend will be experienced if there i3 a significant
increaze i the pumping rate from the aquifer.

Thz computed freshwater head ¢/ is seen to have many sharp peaks and
the measured head is seen to be very smooth and damped. The explana-
tion for this difference lies in the fact that the recharge to the aquifer has
to trovel through 200-300 feet of unsaturated media before it reaches the
grouncwater level. The numerical model assumes that the recharge enters
the groundwater lens instantly and withont change in magnitude. In real-
ity, the recharge will be delayed by the time of travel and the magnitude
will he damped by dispersion effects.

The influence of using or neglecting the Ghyhen-Herzberg approxima-
tion {{ = 40¢/} can be seen in figs. 20-23. Computer runs were made with
the sal:water head specified as zere at all nodes of the network. The results
of these runs are referred to as static state and are shown in the figures by
a dashed line. It can be seen that the influence on the interface depth is
only mwinor. However, the influence on the well water level is quite signif-
icant. Using the Ghyben-Herzberg approximation result in the well water
levels being damped out, with very little variation in the water levels. The
measured data shows more fluctuations in the water level. The influence

11



of the ccean level variations cannot be taken inte account when using the
(hyben-Herzberg approximation,

9 Summary and Conclusions

1} A preprocessor has been provided to reduce the bandwidth of a given
matrix by re-numbernng the nodes of a given triangular, finite element net-
work. Its application to the Guam petwork decreased the bandwidth from
83 to 63, resulting in a lower storage space requirement for the program
and a shorter execution time.

2} A computer program was written in FORTRAXN 77 [or a microcomputer
ty simulate two-dimensional {areal) saltwater intrusion into an aquifer. A
aymmetric matrix was developed to reduce storage space requirements. Im-
proverents have been made to enter data more easly.

3} The numerical program was checked for accuracy against several analyt-
ical solutions and a satisfactory agreement between the two sclutions was
obtained.

4) The program was applied to the Morthern Guam Lens. The permeabil-
ities in three regions were calibrated using the measured water level data
from nine wells in the aquifer.

5) The measured interface depth data indicated that the assumption of a
saarp interface is reasonable in regions II and IIL In region I, the perme-
ability is much smaller than in the other regions and the dispersive effects
are also greater.

6) A comparison was made between the computed and measured depths
of the interface at four exploratory wells. Good agrement was obtained at
some of these wells, The computed depths at the other wells were smaller
£ian the measured depth, thus providing a conservative estimate of the
interface depth.

7) Using the Ghyben-Herzberg approximation resulted in well water levels
that were damped out. Qcean level variations cannot be simulated when us-
ing this approximation. Thus, aquifers in which water levels are affccted by
ocean level luctuations have to be simulated without the Ghyben-Herzberg
approximation. The location of the interface was unaffected by the approx-

1nation.
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The Pre-processor Program



THI1S PROGRAM RENUMEERS THE HODES TO GET MINIMUM BAND WIGTH,
THE SUCHEME IS5 ADURTED FROM  PAMER BY COLLINS,R.J. [N ThE
INT. J. kUM, METH. IM ENGG., Wol. &, pp 345-356 (1973s.

one

CrIMEASIIN WOGE 200, F0 MCHT 2000, HCH 200, 1501 MU 250 s  MERMED 200,
1 B Rl [ 8 A 3

MEH-TOTAL HU, UF MODELS
ME--TOTAL mO. OF ELEMEMTS
MGDE{ T, J1--HCODE MO. OF FTHE JTH KODE OF ELEMENT I GIVWEM AWRTICLOCKWISE.

S0

OFEMCL, FTUE="OJPTIM. DAT?  STATUS~'JLD" »
OFENTZ, FILE="OFTOUT.DAT® , STATUS=' NEMW® }
READCL, #3 MM, MNE

FEADC, 3 (tNOGETI, JH,J=1,3),1=1,NE;
ISAMD =0

FJMITIAL C7ATIOH TF wARIABLES
MCHWT (I ——TOT&L MO, CF KCIJEZ COMNKNECTED TO WODE [
MLRECT , To- MUE KOO DF 1TH WEDE CONMICTED T3 MOGE ]

LAy -]

Qi 100 1 =1, N
MZMTLI =0
Ly b JI=1,1L0
10 MCHET, Ti=0
DO 20 TR =2 WD
g 20 I=-1,3
F U ) T T S ) N
oo 2a J=1.,3
VoL e,y 0 TE 20
2=MNOTJECIE, T
IF(MCHTCHL}Y  ET. 2] GO0 TG 412
OO 30 K=y ,HECMTONL D
IFCRCH ML, Y EQ.HZY G0 TO 20
o COMT I HUE
40 IFcARGIN: -HN?_GT. ThHaNDy 1BHAND=ABS (NI -PMZ2
MOMT ML t=taZHT CHL D+ 1
BOMOMWL , MCST (B 2 s =2
ot CONT I HUE
WRITE(Z,L01) 4+ IHaAMND+3
101 FORMAT (7 BFAND WIDTH FOE THE ORIGINAL MUMBERIMG SCHEME IS F, 137/
DO 5o I=l,HWH

INITIALTZATION COF WARIABLES

BUMOF>——a&MN IMUEX TO DETERMLINE [F NODE J HAS ALREADY
BEFN COMSIDEREZ cMUM=1} CR HOT {MUM=0]

MEWMHOD S »==0_D MODRE MO. OF THE HEW HODE 1

NODDLDCI »——NEW NDDE KO. OF FHE DLD KDODE I

o n0Mn

0O & J=1,HMHM
LMY =0
18] MEWROD .37 =10
IMEW=0
MAX=0
MEWRNOD L 2=1
MHUMLLI=1
Lo Fo I=1,MCHNTLR
IMNEW=J+1L
MU KOO Th1=1
70 MEWMOD Y IMNEW 3 =MCHN LI, J}
Do 8o J=o, M
00 2 K= ,WMCHT (HEWHNOD T2
IF{MUMIMCHINEWNOD S Ty K21 EQ. LY G0 TO =G0
[HEW=[NENW+L
MUMGNCHNEWNOD T K1 ¥=1
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go

ale]
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T MEWNDDEL IMEW? aMUNCHEWNOD (), K

NOHIFeABRS{ INEW—-J)
IFINGIF.GE. IBANDY GO TD 50
1IF (NRIF.GT. MAXY MAX=NBIF
SOMTIMNUE

SOMT IMUE

IBAND=MA K

DOy 10> II=L,MNN
NODOLDENEWNOD ST 23]

ZORT IMUE

C BAND WIDTH FOR 2 DEGREES OF FREEDOM AT EACH MODE

1o

103

ARl ]

103

[y

MBAND=4# [ BAND+3
HRITE(2,102) MBAND

FORMAT(!' THE OPTIMIZED BAND WIDTH 1S ', 137/

IF (NODDLDE L. NE. D) THEM

HRITECZ, LD3?

FORMAT(' THE MEW NDDE MNOS. OF THE DRIGIMAL MNODES ARE GIVEN
PEELOW-' /" ¢OLD WO, FOLLQWED BY THE NEW MNO.3T412
ARITEC2, 1041 (1, NODOLDGCI}, D51, W)
TORMAT(&(1%, (5,18, I5,1%3/3

ELSE

HRITE (2, LOS)

FORMAT(? THE ORIGINHAL SCHEME ITSELF 15 OPTIMUM' D
CHDRIF

STOF

END



BaND WIDTH FOR THE OMIGIMAL

THE CPTIMIZED BAND WIDTH I3

THE HEMW

(OLD WO. FOLLOWED BY THE MEW NO.}

1

7

13

13

23

a1

a7

43

49

23

61

&7

73

739

91

7

o3

109

121

127

133

133

143

131

157

163

HODE MNOG,
24 z
12 =]
1 1%
i 20
1B =1
4z 3z
43 3g
4B a4
=8 50
=1 123
EL 6z
a3 &8
ES ri;
77 (=15
74 =]
a7 4
33 =g

103 il

117 11Q

128 ile

123 122

132 128

131 134

137 140

144 146

1=1 152

157 13568

[ §=%3 14

13

25

20

21

13

z8

47

=2

k]

33

&6z

7z

i1

78

g1

a3

a5

102

108

118

i11&

124

140

138

146

L5

17

163

MUMBER 1M SCHEME

53

3

E|

13

ZL

27

33

e

43

51

aT

53

%

T

Bl

B?

23

9

1035

117

123

123

135

141

147

133

159

165

L

=)

e

22

23

az

did

=4

¥

&0

63

9

83

83

4

6

103

110

126

125

133

L33

143

L33

158

175

e

16

w2

<8

34

40

L1

i

=d

L)

Ta

TE

g2

88

=2

100

105

112

118

124

130

136

L42

148

134

160

166

Is

B3

13

27

Z3

41

45

&0

&7

B

73

L

24

4

147

104

112

173

137

141

147

148

164

152

179

OF THE ORIGIMAL NODES ARE SIVEN BELOW-

i1

17

23

29

33

41

47

53

=3

b3

Tl

F¥

a3

a3

25

101

1907

113

113

125

i3

137

143

143

153

161

157

1&

23

a1

37

a3

46

bt

Fo

5

oz

21

23 |

100

195

113

122

120

135

i3+

HE )

L4%

L7

149%

1603

1z

1d

24

30

26

42

48

&0

T2
78

84

25

102

1dg

114

120

126

132

138

144

130

L3&

162

16H

17

a4

&

=1}

44

-2

54

TG

a8z

g6

a3

101l

106

115

121

130

136

143

150

L3&

154

185



169

175

181

187

16

L8

173

183

170

17E

gz

188

182

171

191

183

171

177

183

183

170

173

182

158

172

178

13:E%

g0

177

184

173
173

185

187

178

igs

174
180

186

169
176

ig&



Appendix B

Listing of the Main Program

AYATLAELE AT WERD LPON RECGUEST



Appendix C

The User Manual



Introduction

This user manual 15 intended to help persons solwe cal twater

intrusi1on  problems wsing the program SWIGRC.  This program  and
its mathematical basis have been described i1in Ref. 1. A large
scale applicatison of the program is presented 1n Hef, 2. The
model gimulates an aguifer in twl dimensions (plaml, in which a

sharp inter face separates the fresh water and salt water. ()
fimit= element grid of linear triangular elements 15 wused to
discrztize the aguarfer, Appropriate boundary conditions can he
spect t1ed at the nodes and along the sides of the elements.  Any
numbe- af pumps can be specified in the nfetwork. For these
condl S1ons, the model solwees for the fresh water and saltwater
heads and ccalculates the depth =f the interface, the location of
the frechwater arnd saltwater toes and the welocity in each
alement.

FroQr am Capabilikies

The computer progqram  has  the capacity to handle steady
ard unstsady flows and analyoe both confined and wneanfined §flaws
If thzr aquifer 1c confined, the program cam consider both leaky
and nmnon-leaky sondibtyions. REecharge 1s constant in an element but
carn b2 wvaried friom glement to element. Epecr fied head or
flaow Cconditions can be applied at the bourmdaries. At a coagstal
bound.ar y, a miswed or third type boundary condition canm hbe

specified,. For steady flow conditions, the saltwater head can be
specified to ke zero along the bouwadary or at every node in the
net Wik . This procedure assures  that  the Bhyben—Herzbheryg
cendizion 1s  satisfied. The praogram cam also be vrum in the
unsteady mode with the Ghyben-Hercherg condition.

[f the saltwater head at every node 10 the network is
spe-ified to be much leas than the anticipated freshwater head,
the riesults of the computer program will show that the thickness
af the saltwater layer is equal to an arbitrarily small walue
(BTOE'. Under these conditians, the program can simulate fIow
in a freshwater adui fer. Lge a2f the program o simulate
freshivabter aguifers will be limited only by the storage capacity
of  the computer.

Simce the hgads are assumed to wvary limearly acrosos
the triangular element, the welaolity 10 gach elemant will be
constant. By specifying MVYRL = 1, the program will print out the
weloo ties in the = anid v directians in sach element 1 bBath the
freshwater and the saltwater lavers., These welaoolties can then be
u=ed o caloulate the flow rates across any line o boundary. By
specl fying NTEE = 1, the program will determine where in the
retwork A frechwater or saltwater toe olcurs. A caltwater toe
oceur:  wherg the inter face intersects the lower impermeable
bouncary. The =utput provides the element nuamber , the node
number , arnd the fractional distance between the two nodes where
the saltwater toe occurs.  The same kind of information is  also
provided about the freshwater toe. A freshwater toE occurs where
the phireatic sur face intersects the lower i1mperviads boundary or
whare the 1nter fare intersects the upper impervious boundary in



confined agu: fers,

The program accsumes that there are two independeont variables
at each node: the freshwater head and the saltwater head. After
golwing for the heads, the depth of the i1nterface (1 is
determinad. The locatieon of the interface determines the
thickmess of the freshwater and the =altuwater layers, If,
howevear the 1nterface 15 calculated to be below the lower
impervicus boundary, the entire aguifer thickness will  contain
only frestwater and the thickness of the saltwater layer shoold
thearetically be zero.  However, the program makes the saltwater
layer egual to an arbitrarily small value, BTOE. Similarly, when
the phreati:c =surface interzsects the loawer imperwvizus  bowundary,
the frashwater layer beyond the toe is made sgual to BTOZ 1nstead
of —ero. In the course af the program, acz the 1nter face and the
phreati: sl face move with racspect to time, tha thickness and
permeability of the caltwate- and the freshwater regqions  are
altered accordingly.

The program wses & weightbting factor, O, which waries between
cerao and  ocne. This factor is wvseful in regulating thoe stabality
and accuracy of the solution, When O = @, the problem formulation
iz referrec to as ewplicit. Inm this formulatiorn, the spatial
der ivatiwves are evaluated at the fmhnown time step. t. The time
step, t, neEc gssar y for stable results is WET Yy small. This
results ir wveary long executicon time for the proogram. When O =
.S, the praoblem formulation is referred to as the Crank-Nicolsaon
approximation. This apgreach provides high accuracy with  larpe
walues =f  f, even though thz results may show some numerical
instability. When O = 1.9, the formulaticon is known as fully
implacit. This formulation provides the maximum stabality at  a
sacrifice of somEe accuracty. Yalues of O betweern 0,3 and 1.0 have
been used &0 provide the proper balance betwesn acIuracy and
stability. When steady state results ars desaired, the program
should be run wath O = 1073 and ¢t egual to & very large number
fte.g. 1.0EZD.

The program can be run in any set of consigskent urmits., Thus,
if fzet and seconds are the lsngth and taime wunits, the
permeabi1lity and recharge must be input 1n ft/s and the pump rate
in cfs. If meters and days are the length ard time units,
then the permeability and recharge must be input in m/day and
cu.mfday.

When subdividing an aguifer into triangular elements, the
versatility «of using triangles of different sizeas and avientattan
ghould be taken advantage of. A node should be placed wheareaver a
aump exi=ts or 1s projacted to be 1n the future. It is, hawever,
advisable not tz let the ratio of the largest triangle to  the
smallest triangle becoame Yoo farge. [t will gQenerally Be ftwe size
of  the cmallect triangle that determines the time step t that
can be used for stable results.



INFILE

QUTF ILE

TITLE
NDATA

MOUT

JTEC

MVEL

~NTOE

MELEW

NFERM

NN
ME
NMNODHF
MNODHS
NFLUMFS
MEBDGF

NEBDRS

HKEBDICF

NARTRD
NRECHG

TSTART
DT
JMa
ITERMX
TOL

THETA

List of Input Vartablec

Mame of the input file, to be typed on soreen when

prompted [If datafile is on a separate disk,

include the path name also, e.g. Aidata.dat 3

Mamg of the file in which output will be stored.

To be typed when prompgted by the prograt.

Character wariable for the title of run.

=0, Input data will not be printed out

=1, input data will be printad out

=1, Odutput will be printed aut at the end of every
time Ccounter J.

=n, Output will be printed at the end of every MNth
time counter J.

=0, for not printing detailed matrix output

=J, For detailed matriv cutput %o be printed out
beginning at time counter J = JTRC

=%, For not printing velacities in elements,

=1, Foar print out of magnitude and directicn of
valotities 1n 2lements,

=G, For not printing the location of toes.

=1, For grint =ut aof the location of freshwater
and saltwater toes,

=, Mides are not grouped into elevation groups.

=1, Modes are categorised inta NITYPE- groups, each
group having the same top and bottom elevation

=0, Elements are not grouped into permeability
gr Iups.

=1, Elements are divided inte NKTYPE groups, each
having same wvalue of permeability and porosity

Momber of nodes.

Mumber of slements.

Mumber of nodes with specified freshwater head,

Number of nodes with specified saltwater head.

Number of pumps in the system.

Number af element boundaries with specified flow

af freshwater.

Number of 2lement boundaries alang which the Flow

of saltwater is specified.

Number =f @#lemernt boundaries with coastal boundary

condition specified.

Mumber of elements Wwhich lie belaow an aguitard,

Mumber of elements being recharged by specified

amzant of infiltrated water.

Time at the start of the program

Time interval for incrementing time counker, J.

Maximum walue of timea counter J for the execution

af the program,

Masimum npumber of iterations for convergence at

each ti1me interwval.

Tolerance (as a fractiond used in zonwvergence of

the saluotian.

Time weighting factor =0.5 for Crank-MNizolson

=1.0 for fully implicit



SAMAF
SAMAS
BTOE
NODELT, 172
NMODECI, 2D
NMODECI, 3}
PFFY%CID

PFFY (1)
PSSX (1)
PSSY(1]

PESTY LI}
MK TYPFE

PFFXTLID
FFFYTLI2
PSSATCT
PS5YTCI
FRSTYTL(I?
XCeIa
Yool
ZB 13
ZUcla

NZTYFE

BTN
TUTCI
IERCHGT }

RECHG (I,
IEDF 12

NRF (1,1}
NOF (T, 2)
GFWEND (I, J)

IEQS(TY

MRS (I, 1)
NGS{T,2)
QSWEND(T, T}
IECF LI

MCF (1,17
NCF{I,2)
PCCI

INODHF (17
SPECHF (I, J)
INODHS 11
SPECHS(I, J}

Specific weight of lighter fluid {(freshwaterl.
Speci fic weldght of demser fluid (saltwater).
Thizkness of freshwater and saltwater toes.

Node numbers of element I, specified 1 counter—
cloackwise direstion.

Freshwater permeability in the Y-directiomn in

2lement I.

Freshwater permeability in the Y-direction in

element I.

Saltwater permaability 1in the X-direction in
eloement 1.
Saltwater permeabil ity 1M the Y-directiom inm

element I.

Faorasity in element 1.

Total number of agroups of elements having same
permeabilities and porosity.

Froperties for the Ith grooup of elements.

¥=cogrdinate of node 1.

Y-—coardinate of node I

Elevation of the lowsr boundary of agquifer.
Elevation of the ugper boundary of aguafer.
=1000.1 for unconfined agul fers.

Mumber of groups of nodes having same upper and
lower aguifer boundary elevations.

Properties for the Ith group =f nodes.

Element number of l1th element getting specified
rev-harge.,

Recharge into Ith element (i.e. element number ic
IERCHECIY Y at kime counter J.

Element number containing Ith element boundary
along which freshwater flow is gpecified.

Modes between which freshwater flow is  speci fied.
Should be given in counter-clockwise dirvrection.
Freshwater flow per limear foot between HNEFOI, 10
arnd NGOF(],21 entering aguifer betwesan time (J=-1)
and J.

Similar ta abowve, for the case of saltwater.

Similar to abowe, for coastal boundary condition.

Fermeability of the coastal  aguifer adjacent to
the Ith boundary.

Mode number at which freshwater head 1s specified
Specified freshwater head as a function of time,
Mode rumber at which saltwater head is specified.
Specified saltwater head as a function of time.



MODEF ¢ Tt
MNELEMCIN
ERUME T, I
IEAQTDCI Y
POLIN
FHIO I

BOCIL
HF (I, 1)
HS(I, 1)
BFCL, 1)
BSCI, 1)
EMNTYP (1)

I0cIs

Mode number at which pump is t2 be located.

Mumber of elements arcound the pump nade.,

Fump discharge between time counter (J=17 and J.
Element npumber of [th element lyving under aguitard

Fermeability, head and thickness far agquitard
above the Ith element [ element nao. IEAQTDOIY 3.

Initial conditions for freshwater head, saltwater

head, thickness of freshwater layer and thichkness

of saltwater layer at node number .

Twype of element 1.

=, when all three nodes hawve freshwater and salt-
water thickness greater than BTOE.

=1, when all threse nodes hawve freshwater thickhness
equal o BTOE, but caltwatgr thichrmess greater
than EBTOE.

=2, when all three nodes havwe saltwater thiclhness
egual to BTGE,but freshwater thickness greater
than EBTOE.

=3, when all three nodes have freshwater and calt-
water thickrness egual to BTOE.

=, when output 15 mot to be primted at mode I,

=1, when output is to be printed at node I.



Card
Card
Card

Card
Card

If NFEFM = O

[F NFERM =

If NELEY = &

If NELEV =

is used for

INPUT IMSTEUCTIORNS

————— e i e —— —

imput except for the ti1tle cardd

Maximum 80 characters.
MDATA, NOUT, JTRZ, NVEL , NTOE, NELEN , NFERM
NEBDRF , MEEBDRS,

NEBDCF, NNODHF, WNNODHS, NFUMFS,

MALTRD, NREECHS

(Fres format
1 TITLE—
5 MM,  NE,
3
l

Card Set &

1 Then
Card Set &

Then
Card Set 7

I Then
Card Set 7

Then

TSTAFT,DT, IMAX, ITERMY, TOL, THETA
GAMAF , GAMAS, BTOE

ELEMEMT DATA

I,NODECI, 1, NODECT, 2, WNODECT, 30 ,FFFX014,

FRRY I, PEEX Ly, FSEY (] ,PRSTY (L

Fepeat in increasing order of element ng., 1.
However, if 2lements from moo I1 o I2 hawe
zame permeabilities and porasity and the node
numbers  1ncrease linearly, then only I1 and

IZ2 are to be given as input.
(il NETYFE
(i PFFEATCED , PFFYTOL: , PESATEIN PEEYTOI Y,
PRSTYT{1)
Repeat for I = 1 toc I = MKTYPE
(ixdiy I,MODECT, 13, NODECL, 23, NODECT, 2, KTYPE

Fepeat in increasinmg order with similar

provision for shipping slements as  far
the case of MPEFR = O
NMODal DatTa
1 h I, keI, WCA I FBCL, 20T, THZ
C INZ indicates that next IMZ  nodes
have linearly warying walues of XC
and ¥ and same wvalues of IB and 24,
A& O has to be wnmput 1 f INC = O ]
If INZ = @
Fepeat (1" in 1nIreasing order of node
aumgers for I = 1 to I = NN,
If IMZ = O
(111} I XCeIn, ool ZBYIN,ZUCIY Far the last
node in the series 1 to {0 1+INT 7T,
{11 MITYFE
iy FRETCILD ZUTC 12
Repeat for I =1 to I = MNITYFE
Ciiid I,XCL{ly Yi2(I, 2TYPECTIY, INC
Fepeat as before 1if INC = O
IfF IMNE > O
(1w} [,XCEeI1,¥Coly» For the last node of the

series from I ko  I+IMC 3.



If NRECHG > O Then
Card Set B8 (i1 IEFCHZCL ) ITMC
rii? RECHGLT, J1,J=1, JHMAX
If ING = O Fepeat (1) and f1i) for MREECHG:
element =.
If IMC > O
tiiiY IERCHG(I+1) +to IERCHGLI+INGY tji.e.the
glement numbers of the IMC &lements
having the Same recharge as  the
currant element)
If IMNC £ 0
{111} JECHE i all plements from the current
A, to plement Ro, JECR will
have the same racharge!
If NEBODDF > 0 Then
Card Set 9 ‘il IEGF <Ly NOFCI, Ly, NWNOF D, 20
(ii1 QFWBEMD LT, J1,J=1, JMAX
Fepeat (i and ¢iadx till I=NEBDRF
If MNEBDQS > 0 Then
Card S5et 10 (i} IEDS T NOSCT, L NOSCD 22
ti17 OSWBEMNGET , T, J=1, JMAX
Fepeat [i] and €ii1 *ill I=MEBDOS
If WEBDCF > & Then
Card Set 11 ria IECF I NECF T, L), NCF{L, 23, FOTTD
Fepeat till I=NERDIF
If MNODHF > O Then
Card Get 12 £i?l INOOHF C I ¥
Ciid SFECHF (L, J), =1, JHAX
Pepeat (i? and (iil till I=NNODHF
If NNODHS > 0 Then
Card Set 13 i INODHS LTI}
Cii? SPECHS(IL, I, J=1,JMAX
Repeat (17 and (ii) till I=KNNODHS
If NFUMFS > 0 Then
Card Set 14 fi NODEF«I) ,NELEMII
(il QPUMFeI,Jy,J=1,JHAY
Repeat (i) and €ii? till I=NPUMPS
INITIAL CONDITIONS
Ca-d Set 135 I,HF(T 40, HS(E, 1, BF T, 10 BS50T 1)

Fepeat in increasing arder of node number, but 1f
a cserites of consecutive nades have sama values of
HF , HS, BF and BS input only the first ncde of  the
series.[ However, the last nade af the grid ,i.e2.,
node Aaumber MW has bt be giwven a3s input even  when
it igs ip a series of similar values 1]

If NARTRD > O Then
Card Set 16 ¢id» IEAQTDCIY,FOCIY, PHIGOIY, BOCIY, INC

Card Set

Card Set

17

tE

Fepeat as per instructions for Card Set 8.
LMMNTYPCI),I=1,HE
Valupecs ceparated by blanks or comma.
I0¢I3,I=1,HNN
Yalues separated by blanks or comma.



Appendix D

Finite Element Matrices

AVALABLE AT WERT UPON REQUEST



Appendix E

Sample Data Input and Qutput
for 1-D Problem

AVATLABLE AT WERI UPON REQUEST



Appendix F

Input Data for Guam Aquifer

AVATLABLE AT WERI UPON REQUEST



