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ABSTRACT 

A numerical model which simulates the convective transport of 

conservative ions through groundwater aquifers is presented and dis-

cussed. The model uses the fully implicit, central finite difference 

technique to predict transient, two-dimensional areal groundwater level 

or piezometric head fluctuations, the corresponding flows, and the 

convective transport of conservative ions. The model uses the fully 

explicit finite difference technique to calculate the contaminant 

concentrations. The model neglects the dispersion portion of the 

convective-dispersion equation. Either square or rectangular grids 

which remain constant throughout the study period may be used. 

Simple longitudinal and radial flow problems are solved. In 

addition, criteria to assure convergence and stability of the model 

are developed theoretically and empirically. The sensitivity of the 

model to variations in grid size, time increment and seepage velocity 

are presented. 

The study was limited to confined aquifers. However, the model has 

been developed to handle unconfined aquifers also. The study was also 

limited to homogeneous and isotropic porous media. 

Leslie W. Pittman 
Civil Engineering Department 
Colorado State University 
Fort Collins, Colorado 80523 
Fall, 1977 
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CHAPTER- I 

INTRODUCTION 

Water is the most abundant substance on earth. It is estimated 

that there is six times as much water on the earth as there is feldspar, 

the most abundant solid material. Of all the fresh water, approximately 

97% -- about 8 trillion acre-feet -- is groundwater (Universal Oil 

Products, 1974). 

Rapid population and industrial growth have led to extensive utili-

zation of groundwater for municipal, agricultural, and industrial 

purposes. At the same time, improper disposal of human wastes, garbage 

and toxic chemicals, in addition to agricultural irrigation and fertil-

ization, and a general unfamiliarity with groundwater hydrology have 

resulted in many instances of groundwater contamination. 

These problems have finally begun to make officials aware of the 

potential for contamination of groundwater aquifers. The need for 

managing the quality of groundwater has also become apparent. In order 

to study and predict the areal distribution of contaminants in ground-

water aquifers, it is necessary to understand the movement of the 

contaminants through the groundwater systems. 

Groundwater Quality Modeling and its Limitations 

As a means to study the movement of contaminants in groundwater 

aquifers, numerical models using digital computers have been developed. 

1 
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These models simulate the movement of groundwater with additional pro-

visions to simulate the transport and dispersion of contaminants. 

Recent attempts at developing groundwater quality models have 

been limited primarily to conservative substances, principally the 

mineral salts. While this simplifies the development process, it is 

not undesirable since certain conservative parameters (e.g. total 

dissolved solids, chlorides, etc.) are of significant interest to 

water quality agencies. 

These water quality models generally model only one contaminant at 

a time. The models are normally two-dimensional simulating areal or 

vertical distribution of the contaminant. While many models ignore the 

effects of soil chemistry, some models (Water Resources Engineers, Inc., 

1969, and Perez et al, 1972) take the effects of the unsaturated 

soil zone into account. 

Various numerical techniques have been used in the attempt to 

simulate the convective transport and dispersion of contaminants in 

groundwater aquifers. The finite difference technique has been adapted 

using the fully explicit, fully implicit (including forward, centered, 

and backward in time approaches), and the alternating-direction methods 

for solution. Previous research has indicated that, while these methods 

are valid, large amounts of computer time and storage usually limit 

their application. 

The finite element technique has been studied more recently because 

it supposedly has advantages over the finite difference technique. 

However, some studies have shown that the Rayleigh-Ritz method exhibits 

convergence and stability problems and is not applicable to cases where 
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convection is the dominant transport mode. Another approach, the 

Galerkin method, requires large amounts of computer storage and time 

because small time steps and grid sizes must be used during the early 

calculations. 

The method of characteristics is another numerical technique used 

to simulate convective transport and dispersion. Initial research where 

concentration values of the stationary grids were plotted indicated a 

significant amount of numerical dispersion. However, additional studies 

were made and accurate results obtained when the concentrations of the 

moving points were plotted. 

Objectives of this Study 

The previous discussion indicates that serious limitations are 

inherent in most numerical methods used to simulate convection and 

dispersion in groundwater aquifers. Most of the models require that 

the coefficient of dispersion be known and that the users have an 

extensive understanding of numerical methods, groundwater hydrology and 

the convection-dispersion process. In addition, these models often 

require extensive field data and very large amounts of computer time and 

storage. 

Sunada (McWhorter et al, 1977) presented a finite difference 

numerical model called WfQUALl which simulates the convective transport 

of conservative ions. This model simplifies the simulation of contam-

inant movement through groundwater aquifers by neglecting the disper-

sion process. The model ignores the effects of the unsaturated soil 
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colwnn and handles only one conservative parameter at a time. By using 

the fully explicit technique to calculate contaminant concentrations, 

the model minimizes the need for costly computer storage and time. 

The objectives of this study are to: 

1. Briefly discuss WTQUALl, paying particular attention to the ground-

water flow equation and the mass balance equation used to calculate 

the contaminant concentrations. 

2. Modify WTQUALl so that it is applicable to a wider variety of 

problems. 

3. Verify the numerical model by comparing numerical solutions to 

appropriate analytic solutions. 

4. Develop criteria to assure convergence and stability of the model. 

5. Perform a sensitivity analysis of the model, specifically evaluating 

those terms which appear in the stability criteria. 

A review of literature dealing with numerical simulation of convec-

tion and dispersion in groundwater aquifers will be made. The problems 

encountered in these approaches will be noted and the effort of this 

study directed toward minimization or elimination of these problems. The 

existing numerical model will be modified and a hypothetical aquifer 

developed for which both numerical and analytic solutions for convection 

problems will be made. Computer runs will be made primarily on the 

HP 9830A desk-top computer with verification of these runs being made on 

the CDC 6400. Theoretical and empirical approaches will be used to 

develop criteria to assure convergence and stability of the model. 

Analyses will be performed to determine the sensitivity of the model to 
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changes in grid size, length of time increment and seepage velocity. 

In addition, runs will be made to verify that the model produces accurate 

results for the two-dimensional convection process resulting from radial 

flow from a recharge well. 
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CHAPTER II 

CONVECTION AND DISPERSION IN POROUS MEDIA 

The first recorded study of dispersion in porous media was done 

inadvertently by Slichter (1905). In attempting to determine the rate 

of movement of groundwater, he injected a salt solution into a well 

and observed the time of arrival at an observation well down-gradient. 

He noted that the salt did not arrive at the observation well as a 

slug, but that the salt concentration gradually increased to some 

maximum value and then decreased. Since that time, much work has been 

done on the properties of dispersion and molecular diffusion of 

contaminants in groundwater. 

Variation of concentration of contaminants in groundwaters is 

caused by three processes: convection, dispersion and molecular 

diffusion. Convection is the transportation of contaminants associated 

with groundwater flow and is based on the average seepage velocity. 

Dispersion in a porous media is associated with the convection process 

and results from a mechanical mixing caused by the individual fluid 

particles traveling at variable velocities through the pore spaces of 

the media and along microscopic path lines. Molecular diffusion results 

directly from the thermal motion of the individual fluid molecules and 

takes place under the influence of a concentration gradient. A detailed 

discussion of convection and dispersion is contained in Bear (1972). 

6 
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Due to the difficulty encountered in trying to describe the 

boundary conditions on a microscopic scale (i.e. diffusion), the system 

is usually described on a macroscopic scale (i.e. convection and 

dispersion). Dispersion is a function of three physical properties: 

the fluid, the porous media, and fluid flow. Fluid properties of concern 

are density, viscosity, contaminant concentration, and miscibility of 

fluids in systems containing two or more fluid types. Media properties 

affecting dispersion are permeability, pore geometry, and pore space 

dimensions. Velocity is the major flow property. 

According to Scheidegger (1961), and deJosselin deJong and Bossen 

(1961), the convection and dispersion of a contaminant in fluid flow 

through a saturated homogeneous porous medium is described by the 

differential equation: 

where 

ac 
at = a 

ax. 
]. 

a C [D. . - v. C] J.J ax. i 
J 

D .. = coefficient of dispersion 
J.J 

C = the contaminant concentration 

t = time 

v. = the component of the seepage velocity vector in a 
]. 

cartesian coordinate system, and 

x. (i=l,2,3) = the cartesian space coordinates. 
]. 

(2-1) 

The double subscripting of D .. and x.,x. represent the tensorial nature 
J.J ]. J 

of the dispersion process. The first term in brackets represents the 

dispersion process while the second term represents convection. 
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Analytic Solution of Longitudinal Convection and Dispersion 

For longitudinal convection and dispersion in a homogeneous and 

isotropic porous medium with a plane source at 

Equation 2-1 becomes: 

ac 
at 

X =0 3 
(see Figure 2-1), 

(2-2) 

where DL is the longitudinal dispersion coefficient neglecting 

molecular diffusion. The initial and boundary conditions needed for the 

schematic in Figure 2-1 to apply for steady state flow in the 

direction of the velocity vector are as follows: the concentration C=C0 

of the contaminant source is constant for all times; the concentration 

in the porous media is initially zero for all values of x3 ; the concen-

tration at x3 equal infinity is always zero. Mathematically, these 

initial and boundary conditions are given by: 

C(0,t) = c0 ; t > 0 

C(x3,0) = O 

C(oo,t) = 0 

x3 > 0 

t > 0. 

(2-3) 

Ogata and Banks (1961) used Laplace transforms to obtain the following 

solution to Equations 2-2 and 2-3: 

[ 
erfc ( _x3_-_v_3_t ) + exp ( _v 3_x_3 ) erfc 

2fi\t DL 
(2-4) 

where erfc=l-erf. For areas not close to the source and where x3>v3t, 

the second term in Equation 2-4 can be omitted and the equation 

simplified to: 
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9 

C=O 

L 
Figure 2- 1. Schematic of longitudinal dispersion. 

= ...,.. 1 - erf ( --- ) l [ X3 - V3t J 
2 2/ DL t 

x3<v3t, the applicable equation is: 

(2-5) 

(2-6) 

Equations 2-5 and 2-6 assume that the dispersion is symmetric about the 

point C/C0=0.50 and assume steady state flow but non-steady state 

dispersion. 
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Analytic Solution of Longitudinal and Lateral Dispersion and 

Longitudinal Convection 

If the source area is less than the area through which flow is 

occuring, longitudinal and lateral dispersion and longitudinal convection 

will occur. A schematic of this condition is shown in Figure 2-2(a). 

For a homogeneous and isotropic media with one dimensional flow 

in the x3 direction only, the governing equation is: 

(2-7) 

where DT is the lateral (transverse) dispersion coefficient. For 

steady state conditions and with flow in the direction of the velocity 

vector, the initial and boundary conditions for this equation are: 

C(x2,0,t) = co 0 x2 < b t > 0 

C(x2,0,t) = 0 b X2 R,2 t ~o 

acco,x3,t) 
0 = t > 0 ax2 

, 

acc.e.2,x3't) 
(2-8) 

ax2 
= 0 t > 0 

C(x2,oo·~r) =. bounded 

C(x2,x3,o) = 0 0 X2 R,2 X3 > 0 

The actual dispersion process is graphically shown in Figure 2-2(b). 

Harleman and Rumer (1963) gave the following approximate steady state 
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C=O Tx2 
R-2--~ X3 

c= o 

L 
t = 0 

( a ) 

\ 
\ 

C=O 

_,_ ___ R, \ 
21 

I 
I 
I 

. I 

-- - -~~limit of 

l. tr acer. sptea d 
at t = t,. 

q 

q 
V3=7 

t= t, 

( b ) 

Figure 2-2. Schematic of longitudinal and lateral dispersion. 

solution to Equations 2-7 and 2-8: 

= !. [l - erf ( _x3_-_b_ ) ] 
2 

. 2 IDT 2_v_ 
3 

(2-9) 

Analytic Solution for Radial Convection and Dispersion 

The partial differential equation governing radially symmetric 

diverging flow and the associated convection and dispersion from a well 

is (Bear, 1972): 

ac 
at = ac v-ar (2-10) 

where r is the radial distance from the recharging well and a1 is 

the longitudinal dispersivity of the porous media expressed as the 

coefficient of dispersion DL divided by the seepage velocity v. 
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For a well of radius rw injecting a fluid at a constant rate into 

a confined aquifer, the initial and boundary conditions for Equation 

2-10 are: 

C(r,t) = c0 

C(r,O) = 0 

C(oo,t) = O 

t > 0 

r > r w 

t > 0 

(2-11) 

Because of the nonlinearity of Equation 2-10 (resulting from the 

fact that v is a function of r), exact analytic solutions are 

difficult to obtain. However, deJosselin deJong (Lau et al, 1959) 

obtained the following approximate analytic solution to Equation 2-10 

.£ = .!. [ 1 - erf ( r - r 
CO 2 / t al r 

(2-12) 

-where r is the average radius of the body of injected water. 

Raimondi et al (1959) suggested an approximate solution to Equation 

2-10 based on the assumption that the influence of dispersion becomes 

small in comparison to the local convective effect as the contaminant 

moves away from the source. They assumed that the influence of dis-

persion and diffusion on the concentration distribution as the contami-

nant moves past any point becomes small as compared to the accumulated 

effect of dispersion and diffusion that has taken place up to that point. 

For the case of a well continuously injecting a contaminant of constant 

concentration they derived the equation: 
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[ 
- erf ( r2/2 - Gt ) ] 

/! a r3 3 I 

where G is obtained from the relationship 

G=~ =vr 

(2-13) 

(2-14) 

where h is the saturated thickness of a confined aquifer, v is the 

seepage velocity and is the porosity. 

Dispersion Coefficients 

Ebach and White (1958) developed the following empirical relation-

ship for the longitudinal dispersion coefficient based on experiments 

over a wide range of particle sizes and shapes and where the Reynolds 

numbers (R) were less than 100: 

DL al 
= al td) (2 - 15) 

\I \I 

where (vd) = the Reynold's number R 
\I 

V = the fluid velocity 

d = the particle size of the porous media 

\I = the kinematic viscosity of the fluid 

a1 and a1 = porous medium coefficients. 

They found that a1 is strongly dependent on the porous medium 

while a1 is a function of the flow regime and the porous medium. 

Various experimental values for a1 and a1 have been obtained and 

are listed in Table 2-1. 
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TABLE 2-1. Experimentally Determined Values 
for a1 and 131 

Reference al 131 

Harleman and Rumer (1963) 0.66 1.2 
Hoopes and Harleman (1965) 1.70 1.2 
Ebach and White (1958) 1.92 1.06 

Harleman et al (1963) also correlated the longitudinal dispersion 

coefficient with intrinsic permeability and obtained the following 

-empirical relationship: 

(2-16) 

where k is the intrinsic permeability. They found a 2=54 for spheres 

and 88 for sand with 132=1.2 for both media. 

Attempts to fit the lateral dispersion coefficient into a form 

similar to Equation 2-15 .led to the following equation: 

(2-17) 

Experimental values for a3 range from 0.036 (Harleman and Rumer, 

1963) to 0.11 (Hoopes and Harleman, 1965). Both studies estimated 133 

to be 0.7. 
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Review of Finite Difference Simulation Techniques 

Numerical methods approximate the governing differential equations, 

allowing for high speed solution of a set of equations. While the 

use of analytic solutions is limited to simplistic problems, the 

numerical models can be applied to problems involving many source or 

sink terms and a variety of boundary conditions. To verify the validity 

of a numerical scheme, it is necessary to compare numerical and analytic 

solutions for the same problems. A discussion of numerical methods is 

contained in Conte (1965). 

Douglas, Peaceman and Rachford (1959) solved the problem of 

miscible displacement in a two-dimensional flow field using an 

alternating-direction implicit scheme. This work was expanded on by 

Peaceman and Rachford (1962) and by Blair and Peaceman (1963). Two 

significant problems were often encountered: either the results were 

effected by numerical dispersion or the solution developed severe 

oscillations, especially in the regions where the concentration changed 

rapidly. Numerical dispersion is the error associated with the 

numerical approximation of the governing differential equation. 

In an effort to overcome the problems of instability and numerical 

dispersion, Stone and Brian (1963) developed a method which consisted of 

writing a general finite difference equation for the one-dimensional 

convective-dispersion equation. Their method contained arbitrary 

weighting coefficients for approximations to the space and time deriva-

tives of the contaminant concentration. With proper choice of weighting 

coefficients, the model did reduce oscillations and numerical dispersion 

but could not handle two- and three-dimensional problems. 
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Shamir and Harleman (1966) took advantage of the Stone and Brian 

scheme by transforming the two-dimensional dispersion equation into a 

potential flow coordinate system (i.e., equipotential and streamlines). 

In this case, the velocity is everywhere tangential to the streamlines 

and the equation becomes one-dimensional in the convective term. They 

observed that C/C values greater than 1.0 occurred behind the dispersion 
0 

front. While the method did exhibit this oscillation, the solution was 

considered stable since the magnitude of the oscillation was constant 

with time. 

Shamir and Harleman also discussed several basic finite difference 

approaches of simulating the movement of contaminants in groundwater 

aquifers. They stated that the fully explicit method of calculating the 

contaminant concentrations was impractical due to the large amounts of 

computer time required to solve even very simple problems. They 

determined that the grid size in the direction. of flow must be on the 

order of a single grain size. They also concluded that the maximum 

admissible time increment was of the order required for the mean velocity 

to cover a distance equal to a fraction of the grain size. This 

particular numerical scheme required that the coefficient of dispersion 

be known to solve the dispersion equation. 

Review of Finite Element Simulation Techniques 

The finite element technique supposedly has several advantages over 

the finite difference technique. Chief among these are the use of 

smaller amounts of computer time and less storage, additional flexibility 

available to model irrigular shaped basins by using triangular grids as 
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opposed to square or rectangular grids, and a minimizing of numerical 

dispersion. Whereas the finite difference technique solves the 

dispersion equation directly, the finite element technique uses a 

functional which is minimized for each triangular element. The resulting 

set of equations is then solved. 

Price, Cavendish and Varga (1968) used the Galerkin method for 

solution of the one-dimensional diffusion-convection equation. They 

obtained more accurate results while requiring less computer time than 

central or non-central finite difference approximations and the method 

of characteristics. 

Guyman (1970a) applied the Rayleigh-Ritz finite element technique 

to the solution of the nonsteady state one-dimensional diffusion-

convection equation and later extended it to the two-dimensional case 

(1970b). The method was not applicable to problems defined by mixed 

partial differential equations. Later, Guyman (1972) suggested an 

improvement to his previous solution of the convective dispersion 

equation but that method displayed numerical dispersion and gave erratic 

results for small values of the dispersion parameters. It was concluded 

that the method was not applicable to convection dominated mass 

transport. 

Th-~ fforts by Guyman and additional work by Nalluswami (1971) 

suggested that the method could not be applied to convection dominated 

transport which is the case for a majority of field situations. In 

addition, the time domain solution was comprised of inherently explicit 

schemes and so exhibited convergence and stability problems. 
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Prakash (1974) applied the Galerkin method to the flow of salt 

water towards partially penetrating wells located in homogeneous and 

isotropic aquifers consisting of a fresh water layer .overlying a salt 

water layer ~ He found that in order to prevent oscillations in the 

solution of the flow equation, small initial time steps must be 

followed by gradually increasing time step size . He also found that the 

number of elements required for reasonably accurate results with a 

linear interpolation function has to be very large, necessitating huge 

amounts of computer storage. Due to the combined effect of small initial 

time steps and the large number of elements, the number of iterations 

to be performed becomes very large. 

Review of Method of Characteristics Simulation Technique 

Garder, Peaceman and Pozzi (1964) used the method of characteristics 

to solve the problem of miscible displacement of an oil-solvent system 

in order to reduce numerical dispersion. The method gave good results 

for low oil-solvent viscosity ratios but ignored the tensorial nature 

of dispersion. However, the method required large amounts of computer 

time and storage while giving results slightly more accurate than 

previous, cheaper methods. 

Reddell and Sunada (1970) developed flow and convective dispersion 

equations for non-homogeneous, unsteady flow fields. The flow equation ; 

. wa~- -solved using an implicit numerical technique and the convective 

dispersion equation was solved using the method of characteristics. 

This technique required so much excessive storage to catalog information 

on each moving point that auxilliary storage was required. They 

observed that the magnitude of error did not converge to a minimum value 



I 
I 
I 
I 
I 
I 
I 
I 
I 

19 

regardless of the number of points used per grid in the simple one-

dimensional case. They also observed that the concentration profile 

lagged the actual frontal movement when the moving points remained inside 

a grid throughout a time step. Use of a weighted-average in the concen-

tration calculations and taking the tensorial nature of dispersion into 

account allowed for more accurate calculations. 

Kraeger (1972) applied the method of characteristics as developed 

by Reddell and Sunada to a field problem. She observed numerical 

dispersion inherent in the method of characteristics which did not show 

up in Reddell and Sunada's study. She attributed this to the grid size 

used. Reddell and Sunada used grids on the order of fractions of 

centimeters: in size, allowing the actual physical dispersion to partially 

absorb the numerical smear. Kraeger used grids approximately one-half 

mile square which clearly indicated the numerical dispersion. She also 

encountered difficulty in trying a trial-and-error process to arrive 

at a time increment which produced a concentration distribution 

resembing the data collected in the field. 

Shariatmadar Taleghani (1974) used the method of characteristics 

to solve the convective-dispersion equation for the case of partially 

penetrating wells pumping from an aquifer consisting of a fresh water 

layer underlain by salt water. He obtained accurate results when the 

concentrations of the moving points were plotted. Kraeger had plotted 

the concentrations of the stationary grids while neglecting the dis-

persion process. Therefore, she whould have obtained a vertical front 

regardless of the value of the dispersion coefficient. Shariatmadar 

Taleghani concluded that the numerical dispersion which Kraeger noted 
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was a result of the manner in which she plotted the concentration 

distribution curves and not the grid size used. 

Summary of Previous Research 

The development of the analytic solutions for dispersion in porous 

media were major accomplishments. However, their applicability to 

physical situations is severely restricted. The effect of boundary 

conditions and inability to handle more than one contaminant source 

are serious limitations. 

The numerical methods which have been developed offer a significant 

improvement over .the analytic solutions but have their own limitations. 

These methods often require large amounts of costly computer time and 

storage. Many of the models are affected by instability. In addition, 

some models require extensive physical data such as longitudinal and 

lateral dispersion coefficients which are often economically impossible 

to obtain or which simply are unavailable. 
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THE GROUNDWATER QUALITY MODEL 

The groundwater staff of the Civil Engineering Department at 

Colorado State University recognized the need to develop a numerical 

approach to simulate two-dimensional flow in aquifers consisting of 

multiple sources and sinks. The basic philosophy of the model was 

presented in Bittinger et al (1967). Eckhardt (1976) modified the model 

to handle confined and unconfined leaky aquifers. Sunada (McWhorter et 

al, 1977) added provisions to simulate the convection of conservative 

water quality parameters and called the model WfQUALl. 

Groundwater Flow Equation 

The basic non-linear partial differential equation describing two-

dimensional transient flow in a saturated porous medium may be derived 

from the mass continuity equation and Darcy's Law and written as 

(Jacob, 1950): 

(K h t::.y ~H) !:::.x + .....£. (K h !:::.x aH)!:::. ah !:::.y + Q = S at!:::.x ai X X ay y ay Y (3-1) 

where h = saturated thickness of aquifer (L) 

H = water table elevation above datum (L) 

K = hydraulic conductivity (L/T) 

s = storage coefficient (dimensionless) 

Q = net groundwater withdrawal (L3 /T) 

21 
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x,y = space dimensions (L) 

t = time dimension (T). 
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Equation 3-1 has no general solution. However, by making use of the 

•grid system shown in Figure 3-1, a finite difference approximation of 

this equation will allow a numerical solution. Equation 3-1 written in 

implicit, central finite difference for m is as follows: 

t+t.t [AH. . l + BH. . l + CH. l . + DH . l . - (A+B+C+D+E)H. . ] l.,J- l.,J+ l.- ,J l.+ ,J l.,J 

t = Q - EH . . l.,J (3-2) 

Figure 3-1. Finite difference grid notation (adapted from Bittinger, 
et al). 
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where, 

A = 
2K- · • K. · 1 • t::.y . .• !::.y . . 1 • h1·,J·-1;2 1,J 1,J- 1,J 1,J-

!::.y . . • K .. • !::.x . . 1 + t::.y . . 1 • K .. 1 • !::.x . . 1,J 1,J 1,J- 1,J- 1,J- 1,J 

B = 
2K .. • K . . 1 • !::.y . . • !::.y . . 1 • h .. 1/2 1,J 1,J+ 1,J 1,J+ 1,J+ 

!::.x. . • K. . 1 • !::.y. . 1 + !::.x . . 1 • K. . • !::.y. . 1,J 1,J+ 1,J+ 1,J+ 1,J 1,J 

C = 
2K .. • K. l . • !::.x . . • Ax. l . • h1. -l/ 2,J. 1,J 1- ,J 1,J 1- ,J 

!::.y. • • K. 1 . • !::.x. 1 . + !::.y. 1 . • K. . • !::.x. . 1,J 1- ,J 1- ,J 1- ,J 1,J 1,J 

D = 
2K. . • K. l . • !::.x. . • !::.x. l . • h. l/ 2 · 1,J 1+ ,J 1,J 1+ ,J 1+ ,J 

!::.y. · • K. l . • !::.x. l . + Ay. l . • K . . • Ax .. 1,J 1+ ,J 1+ ,J 1+ ,J 1,J 1,J 

E = 
S .. • !::.x . • • Ay .. 1,J 1,J 1,J 

At 

Equations 3-1 and 3-2 are subject to the Dupuit-Forchheimer assumptions 

and also assume that the fluid and porous medium are incompressible. 

The subscript notation refers to particular grid blocks in a five-

grid system as indicated in Figure 3-1. The superscript t refers to 

the starting time or previous time level, At is the time increment and 

t+At is the current time level. Equation 3-2 is written for each grid 

in the study area for each designated time increment. The system of 

equations for the first time increment is solved simultaneously for 

the values of H . . 
1, J at the end of the time increment. These computed 

values of H .. are then used as initial values in the system of 1,J 
equations representing the next time increment. 

The coefficients A, B, C, and Dare computed for each grid at the 

beginning of each time increment and are held constant during the time 

increment. The term (hi,j-l/ 2) in the equation for coefficient 

the effective saturated thickness between grids (i,j-1) and (i,j) 

calculated by the following approximation: 

A is 
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h. . l/2 = MAX(H. . , H. . 1) - MAX(Z. . , Z. . 1) 1,J- 1,J 1,J- 1,J 1,J- (3-3) 

where Z equals the bedrock elevation above a datum. A similar 

expression may be written for the h term in the equations for the 

coefficients B, C, and D. The value for the storage coefficient, S, 

included in coefficient E, various spatially but remains constant in 

time. If the time increment is also constant, coefficient E will 

remain constant in time for each grid. 

The rate of net groundwater withdrawal, Q, represents the deep 

percolation of precipitation and applied surface water, and the rate of 

net withdrawal by pumping. The extraction of water by phreatophytes or 

the addition of water by artificial recharge could also be included in 

the value of Q. It is necessary to calculate an average value of Q 

for each grid for each time increment. 

Water Quality Aspects of WTQUALl 

WTQUALl was developed primarily to model the convection of contam-

inants which are picked up when water flows through strip mine tailings. 

The model allows for a continuous contaminant source in those cases 

where the contaminants go into solution over a long period of time. 

The model considers as slug sources those cases where the contaminants 

go into solution in a relatively short period of time. 

WTQUALl uses the fully explicit method to determine relative 

contaminant concentrations during each time increment. However, the 

model only allows consideration of water quality parameters within the 

aquifer itself. Other contaminant sources such as rivers, lakes, 

irrigated land and artificial recharge areas cannot be considered when 

using WTQUALl. 
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The fully explicit method, which assumes complete and instantaneous 

mixing of the waters in the aquifer, satisfies the objective of a 

simplistic convective transport simulator. In addition, the fully 

explicit method as utilized in WTQUALl provides results of sufficient 

accuracy to render the numerical simulator a valid approach. 

Since it was desirable to develop a simplistic simulator of 

convection in groundwater aquifers, it was felt that WTQUALl offered an 

excellent starting point. Because WTQUALl was based on a groundwater 

flow model, all the required inputs and outputs of the groundwater 

system, the geologic parameters and a provision for either slug or 

continuous contaminant injection were available. The primary modifica-

tion required was to make provisions for including and varying input 

contaminant concentrations for each source variable for each desired 

time increment to pe studied. This involves estimating relative con-

centrations of contaminants in rainfall, water applied as irrigation, 

constant head sources (e.g., lakes, rivers, ponds), artificial recharge 

areas, and the underflow into the aquifer from outside the area being 

studied. 

Modifications to WTQUALl 

The first modification to WTQUALl involved providing for the input 

of initial contaminant concentrations for all source waters. This was 

accomplished by expanding Subroutine READPH (see Appendix B for a 

flowchart of the computer program and Appendix C for a description 

of all subroutines). Provisions were made for reading in, as either 

slug or continuous sources, initial contaminant concentrations 

for precipitation, water applied as irrigation, water 
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artificially recharged to the aquifer, and constant head sources such 

as rivers, lakes and ponds. These initial concentrations can be input 

as a constant throughout the study area or can be varied from grid to 

grid. 

The second modification, which is actually an extension of the 

previous one, involved pro~iding for the change of the contaminant 

concentrations of all the source waters at each time increment of 

analysis. This was. accomplished by adding Subroutine READC to the 

program. A controlling variable, AGGIE, is included in the initial 

data input to the numerical model. Depending on the value of AGGIE, 

the model either uses the initial contaminant concentrations for each 

time increment of analysis or control is transferred to READC at the 

beginning of each time increment and new relative concentration values 

are read in. Concentrations for flows through boundary grids into the 

study area are included in this data input. 

The next modification occurred in Subroutine QFIX. In order for 

the relative contaminant concentration calculation to be made later in 

the program, it was necessary to convert all flows to a consistent 

volumetric unit and to identify and store this volume for each source 

and sink for each grid in the study area. These terms are then retrieved 

by Subroutine BYFL0W where the actual concentration calcuations are 

made. 

Due to the structure of Subroutine BYFL0W, the concentration calcu-

lation process was broken into two steps. First, an intermediate change 

in contaminant mass for the current time level was computed based on all 

source and sink terms except constant head grids. This step includes the 

actual flow of groundwater within the aquifer. Then, all constant head 
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contributions to each grid were calculated. A new total change in 

contaminant mass was computed, converted to a relative concentration 

value and combined with the relative concentration value at the previous 

time step to give the new relative concentration value for each grid. 

For confined aquifers, the model automatically excludes contaminants 

resulting from precipitation, water applied as irrigation, water 

artificially recharged to the aquifer, and phreatophyte consumption. 

How~ver, contaminants removed by pumping and added by constant head 

sources in direct contact with the aquifer are included. 

These modifications make the numerical model suitable for applica-

tion to many problems involving either confined or unconfined aquifers. 

This modified version of WTQUALl is called WTQUAL2. 

Explicit Contaminant Mass Balance Equation 

The fully explicit mass balance equation used in calculating the 

contaminant concentrations is very similar to that used in the develop-

ment of the basic groundwater flow equation. In general terms, the 

mass balance equation can be written as: 

[
RATE OF CHANGE] 
OF CONTAMINANT 
IN THE AQUIFER 

= 
[

RATE OF CONTAMINANT] 
INFLOW TO THE 
AQUIFER [ 

RATE OF CONTAMINANT] 
OUTFLOW FROM THE 
AQUIFER 

(3-4) 

where the assumption is made that the rate of contaminant removal within 

the aquifer is zero (i.e. we are modeling a conservative substance). 

The grid system used is identical to that shown in -Figure 3-1. 

However, for more detailed illustration, a typical grid is shown in 

Figure 3-2 indicating the various parameters which effect the mass 
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balance calculation. Neglecting the dispersion process, the applicable 

explicit mass balance equation in finite difference form is: 

where C. = 
;i' j 

V . . l = 1, J-

c .. 1 = 1, J-

V. l . = 
1- 'J 

[V~+tilt . C~ .] 
1+ ,J 1,J 

(3-5) 

relative contaminant concentration in the grid i,j 

volume of flow from grid i, j-1 to grid i,j 

relative contaminant concentration corresponding 

to V . . l 1, J -
volume of flow from grid i-1,j 

I ,,., 
I ~,,., 

---~ I 
I 
I 
I 
>-- -

(VLEAK~+~t C~ . ] 
1,J 1,J 

to grid i,j 

Figure 3-2. Typical aquifer grid illustrating parameters which influence 
a change in concentration. 
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C. 1 . 
1- 'J 

V. 1 . 1+ ,J 

v .. 1 
1, J + 
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= relative contaminant concentration corresponding to 

V. 1 . 
1- 'J 

= volume of flow from grid i,j to grid i+l,j 

= volume of flow from grid i,j to grid i,j+l 

VLEAK .. = volume of flow from grid i,j through the leaky layer 1,J 
beneath the grid (applicable only if leaky aquifer 

conditions exist) 

U. . = total volume of water stored in grid i,j. 1,J 
The term (W•C)~+~t is determined from the following relationship: 1,J 

(3-6) 

where the volumes, V, and relative contaminant concentrations, C, apply 

to precipitation (PPT), artificial recharge (RCHR), water applied as 

irrigation (APW), recharge from constant head sources such as rivers, 

lakes and ponds (SQR), phreatophyte consumption (PHR), and pumping from 

wells (PUM). This equation encompasses the modifications made to 

WTQUALl allowing the contaminant concentrations of all source and sink 

waters to be taken into account. 

Description of the Numerical Model 

WTQUAL2 uses the fully implicit, central difference technique to 

predict transient, two-dimensional areal groundwater level (or 

piezometric head) fluctuations and the corresponding flows. Based upon 

these flows, the model uses the fully explicit mass balance technique 

to simulate the convection of contaminants through the aquifer. 
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The study area is overlain with a grid system. The selection of 

grid dimensions are dependent upon the stability criteria of the con-

centration calculation (see Chapter IV). The rectangular grid system 

is oriented to allow for easy boundary approximation, provide for easy 

adaption of hydrologic and geologic data, and to meet the required 

stability criteria. 

The program reads in the number of rows and columns for the entire 

grid system, including those of the buffer zones which are built into the 

program (Olson, 1973). The desired time increment of analysis, total 

time of analysis, and time increment printout are also input to the 

program. 

The dimensions of each grid and values for hydraulic conductivity, 

bedrock elevation, ground surface elevation, storage coefficient or 

specific yield, coefficient for the fraction of each grid that is 

irrigated, initial relative concentrations for all source waters, and 

initial relative concntrations for each of the grids in the aquifer are 

read as input data. All values are held constant throughout the time 

of analysis except for source water concentrations which may be 

changed at the beginning of each time step. New values of the aquifer 

concentrations are calculated for each time increment based on the 

previous concent~ation of each grid and the addition or loss of 

contaminant during the time period ~t. 

Contaminant concentrations are read in and calculated as relative 

concentrations ranging from 0.0 to 1.0. Normally, a source concentration 

is considered to have a value of 1.0. However, if concentrations are 

anticipated which might exceed a source concentration, then an arbitrary 
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value can be assigned to the relative concentration value of 1.0 and 

all other values will be referenced to it. 

The initial water table (or piezometric head) .elevations are also 

read in for each grid. Impermeable boundary grids, constant head 

boundary grids, and grids with horizontal underflow are identified by 

coding the initial water table elevations. For boundary grids having 

underflow, the difference in water elevation between the outermost 

boundary grid and the next inner grid is held constant throughout the 

total time of the analysis (i.e., a constant hydraulic gradient is 

maintained). 

The program also reads in hydrologic data for annual precipitation 

(the model assumes a uniform depth of precipitation over the entire 

study area), annual water applied as irrigation (the model assumes a 

uniform application of the water over the irrigated portion of the grid 

in question), annual phreatophyte extraction, gross annual pumping with-

drawal, and annual application of water to recharge pits. The annual 

precipitation, irrigation, phreatophyte, pumping, and recharge values are 

read in for each grid of the study area for the year to be analyzed. 

One set of annual distribution coefficients is read in for each of the 

five types of hydrologic data. The coefficients represent the percentage 

of annual precipitation, irrigation, phreatophyte consumption, pumping, 

and recharge that occurs during each of the time increments. The 

coefficients are read in initially and remain constant throughout one 

year of analysis but may be changed at the beginning of each additional 

year of analysis. 
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The program also reads in coefficients that represent the percentage 

of precipitation, applied water, and recharge water that percolates to 

the water table. Another coefficient is read in to represent the 

percentage of the gross pumping withdrawal that does not return to the 

water table. 

The program uses the Gauss elimination method to solve the system 

of equations for each time step. The program output at desired time 

steps includes the following: 

1. Matrix of net vertical withdrawal of water from each grid including 

precipitation, applied water, pumping, artificial recharge, 

phreatophyte consumption and leakage. 

2. List of overdrawn or flooded grids. 

3. List of grids, if any, which change from confined to unconfined or 

unconfined to confined . 

4. Matrix of discharge between grids in the i-directions. Flow down 

is considered positive and flow upward is negative. Discharge 

in the first row of the matrix is the flow between grids 

in row 1 and 2, and so on for the remainder of the grids. Therefore, 

the value in the last row is always zero. 

5. Matrix of discharge between grids in the j-direction. Flow right 

is positive and flow left is negative. Discharge in the first 

column of the matrix is the flow between grids in column 1 and 2 

and so on for the remainder of the grids. Therefore, the value 

in the last column is always zero. 

6. Matrix of net flow from constant head grids. 
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7. Table of water balance computations. 

8. Matrix of water table or piezometric head elevations. 

9. Matrix of relative contaminant concentrations. 



CHAPTER IV 

NUMERICAL SIMULATION OF CONVECTIVE TRANSPORT 

As mentioned in the introduction, a major purpose of this research 

was to study a simplistic numerical technique to simulate convection 

of contaminants in groundwater aquifers. This attempt at a simplistic 

model is based on the fully explicit method of calculating contaminant 

concentrations. In order to compare numerical and,, analytic results, 

the aquifer studied must have both numerical and analytic solutions. 

A hypothetical one-dimensional, homogeneous and isotropic, steady 

state situation was developed using representative values of aquifer 

properties for a coarse sand commonly encountered in actual physical 

situations (McWhorter and Sunada, 1977). The assumptions and calcula-

tions associated with the development of the hypothetical situation are 

discussed in Appendix A and a schematic of the layout is shown in 

Figure 4-1. In order to assure that flow was steady state, the saturated 

thickness of the aquifer was held constant and a constant hydraulic 

gradient was maintained. 

Verification of the Longitudinal Convection Case 

The longitudinal convection case was verified using a one-

dimensional, steady state flow situation with a constant contaminant 

source located along the inflow boundary of the model. Hydraulic 

conductivity was uniform throughout the model and the piezometric head 

was oriented to provide a constant gradient in the direction of flow 

34 
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and zero gradient perpendicular to the direction of flow . Boundaries 

parallel to the direction of flow were considered impermeable. This 

results in a constant seepage velocity v being maintained throughout 

the aquifer in the direction of flow. 

The numerical results were compared with those derived from 

Equations 2-5 and 2-6. The results for time equal 90, 180, 270, and 

360 days and grid size equals 115 feet for a time increment of 30 days 

and grid size equals 40 feet for a time increment of 10 days are shown 

graphically in Figures 4-2 and 4-3, respectively. 

The analytic solution is at all times located a distance equal 

to the product of the seepage velocity and the elapsed time from the 

contaminant source. The numerical solution satisfies this condition for 

the case where C/C0 has a value of approximately 0.5. 

The numerical model yielded relative concentration values which 

decreased gradually with increasing distance from the contaminant source. 

The shape of the numerically determined curve can be attributed to the 

numerical dispersion inherent in the model. This numerical dispersion is 

a result of the error which occurs from numerically approximating the 

governing differential equation. It is a function of the numerical 

model and is independent of the aquifer properties. 

The abrupt change of the analytic solutions shown in Figures 4-2 

and 4-3 is a result of neglecting the dispersion process. Therefore, the 

curves shown are actually vertical lines. The analytic solutions 

including the dispersion process were calculated but not plotted. The 

shape of these curves could not be distinguished from the curves 

neglecting the dispersion process. 
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Previous research indicates that analytic solutions are usually 

S-shaped curves similar to the numerical solutions shown. The seepage 

veloci ties and the associated dispersion coefficients for the analytic 

solutions used in this study are typical for actual physical situations 

and are low relative to those used by many previous researchers. As 

a result, the analytic solutions take on essentially vertical profiles. 

The results shown in Figures 4-2 and 4-3 indicate that the method 

used to calculate the relative concentrations of the contaminant is a 

valid method, especially in the region near the point where C/C0=0.5. 

For the particular cases illustrated, the method gives results to 

within approximately ±10 percent for all relative concentration values 

0~C/C~l.0 at time equal 360 days. 

In addition, Figures 4-2 and 4-3 indicate that the results are 

stable for all times. Thus, the accuracy of the solution does not 

decrease with time. If the initial error which is introduced during 

the very early time steps when large concentration gradients are present 

can be minimized, then a high degree of accuracy can be maintained 

throughout the period of study. 

Verification of the Radial Convection Case 

To show that the numerical model is applicable to problems other 

than simple one-dimensional flow, the model was run for a simplistic two-

dimensional case. This involved simulating the injection of a contami-

nant into a confined aquifer through a recharge well. A constant rate 

of flow containing a conservative contaminant was injected into a 

homogeneous and isotropic confined aquifer and the convection of the 

contaminant was radially symmetric about the location of the well. 
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The model was first run for a square grid network where all grids 

were of a uniform size. The center grid of the system was used to 

simulate a recharge well by maintaining a constant head throughout the 

period of analysis. This resulted in radial, diverging flow into the 

aquifer from the recharge grid. The flow rate from the recharge grid 

into the aquifer remained constant for all time. The piezometric head 

of all grids surrounding the recharge grid were initially level and a 

uniform constant head was maintained on all boundary grids. 

The concentration distribution curves for :various times and the 

associated analytic solutions for Equation 2-13 neglecting dispersion 

are shown in Figure 4-4. It can be seen that the numerical solutions 

lag the analytic solutions by a large but relatively constant value. 

This can be attributed to the fact that the numerical model (using a 

rectangular coordinate system) is trying to simulate purely radial, 

diverging flow. The fact that the model only approximates this 

condition results in the errors shown. 

In order to minimize this problem, a run was made for an almost 

identical hypothetical situation except the grid sizes were varied 

radially, from small dimensions near the recharge grid to larger grids 

on the edge of the grid network. The results for this condition are 

plotted in Figure 4-5. These results are better with regard to the 

location of the point where C/C0=0.5, improving on the results shown 

in Figure 4-4. 

Semi-logarithmic plots were made of piezometric head versus radial 

distance at time equal 270 days for both the uniform and variable grid 

size problems. While the results showed that neither solution was 
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exact with regard to the radial flow case, both numerical solutions gave 

good approximations at points located away from the recharge grid. The 

curve for the variable grid size problem became linear at a radial 

distance of approximately 200 feet while the uniform grid size problem 

did not become linear until a radial distance of approximately 500 feet 

had been reached. The fact that the variable grid size problem gives 

a better approximation of the radial flow case nearer the recharge grid 

explains the reason for the improved accuracy over the uniform grid 

size problem. 

The concentration distribution curves in Figures 4-4 and 4-5 

exhibit significant amounts of numerical dispersion. As time increases 

the magnitude of the numerical dispersion increases. However, the error 

in distance between the numerical and analytic solutions at the point 

where C/C0=0.5 remains constant with increasing time. 

For radially symmetric, diverging flow with a constant flow rate, 

the velocity of the fluid decreases with increasing distance from the 

recharge grid. It will be shown in Chapter V that the degree of 

numerical dispersion is a function of the grid size, time increment 

and seepage velocity. 

Stability Criteria 

The general equation governing longitudinal convection and 

dispersion, which was discussed previously, is 

ac 
at 

ac 
- V -ax 

For the purpose of developing the simplistic model, the term 

was assumed to be zero. This reduced Equation 2-2 to 

ac 
at 

ac 
- - V-ax 

(2-2) 

(4-1) 
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Using the backward finite difference expansion, Equation 4-l ·becomes 

At = - V 
Ct. t - C. 1 1 1-

AX 

Rearranging Equation 4-2 and solving for 

Ct.+At V•At [Ct. _ Ct.]. t 
1 = Ax 1-l 1 + Ci 

(4-2) 

yields 

(4-3) 

Noting that contaminant concentrations are at all times between 

zero and one, and that the worst condition is given by 

and Ct+At=l O Equation 4-3 reduces to i-1 . ' 

1 = v•At [l - O] + 0 
AX 

t C. =O, 
1 

Simplifying this equation leads to the stability criteria 

..E_> 1 0 V•At - . 

t C. 1=1.0 
1-

(4-4) 

(4-5) 

An identical criteria was developed empirically and is discussed below. 

Upon examining the runs made using the numerical model, it was noted 

that the volume of water flowing through a finite difference grid during 

each time increment must not exceed the volume of water stored in the 

grid during the time increment under study or severe oscillation and 

instability of the solution would occur. Mathematically, this necessary 

condition for the one-dimensional flow case may be expressed as 

Q .::_AX• Ay • h •' (4-6) 
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where Q = volume of flow through the grid 

6x, 6y = grid dimensions 

h = saturated thickness 

= porosity. 

Noting that the volume of flow through the grid may be expressed 

using Darcy's law, the grid dimensions and the time increment, Equation 

4-6 may also be written as 

v • 6y • 6t • h • 8X • 6y • h • 

where v is the seepage velocity and 6t is the time increment. 

Cancelling like terms and rearranging this equation, we get 

6x ---> 1.0 
V • 6t 

(4-7) 

(4-8) 

This relationship (which is identical to that developed by expanding 

the governing partial differential equation) indicates that the grid 

dimension in the direction of flow must at all times be greater than 

or equal to the seepage velocity times the time increment. If this 

criteria is not met, severe oscillations and instability, as shown 

in Figures 4-6 and 4-7, will occur. It can also be shown that the 

greates accura~y of the model occurs when 6x 
v•8t =LO. Figures 4-2 and 

4-3, discussed earlier, are plots of two specific instances where this 

stability criteria has a value of unity. 

Conservation of Contaminant Mass 

Contaminant mass within the groundwater system is conserved at all 

times. This is a result of using the fully explicit method to calculate 

relative contaminant concentrations (i.e. mass of contaminant within each 
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grid). Chapter III contains a detailed discussion of the concentration 

calculation process. 

All C/C0 values range between 0.0 and 1.0. Since concentrations 

beyond the third significant figure are not normally of interest, the 

model only prints out concentrations to three decimal places. Many 

computers carry numbers to 10 or 15 significant figures. Therefore, 

grids with a printed concentration of 0.000 often have small contaminant 

concentrations. In order for a total conservation of contaminant mass 

to occur, these small concentrations must always be taken into account. 



CHAPTER V 

SENSITIVITY ANALYSIS OF THE NUMERICAL MODEL 

The response behavior of the groundwater system to the• convection 

of a contaminant may be influenced by many input variables and the 

interaction of many system parameters. The number of possible combina-

tions of these factors is infinite -- not only in terms of magnitude of 

the factors, but also variations in time and space. It is seldom 

economically feasible to ,qiµm~IDtativelyevaluate all or most of the input 

variables and system parameters with precision. It is, however, very 

important that the effect of these variables on the accuracy of the 

model be known. 

While most aquifers are not homogeneous and isotropic, these basic 

assumptions were made in order to simplify the development of the 

numerical model. As such, sensitivity of the numerical model to varia-

tions in the aquifer properties (i.e., permeability, stratification, 

porosity, storage coefficient, etc.) will not be discussed here. The 

parameters grid size, time increment and seepage velocity are the 

primary components of the stability criteria. The effects of these 

properties on the accuracy of the numerical model should be studied 

prior to the effects of the aquifer properties. 

49 
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Grid Size 

For thJ purpose of analyzing the model's sensitivity to grid size, 

time increments of 10, 30 and 45 days were chosen. Previous work with 

the basic ground,ater flow model indicated that these time increments 

yield results of sufficient accuracy for the groundwater flow. Also, 

a total model time of 360 days was chosen to compare the results of 

the various grid sizes. 

Figure 5-1 shows the concentration distribution curves for grid 

sizes 115, 300, 500 and 1000 feet when the time increment is 30 days. 

It can be seen that the numerical dispersion increases with increasing 

grid size. As grid size increases, the numerical solution, as evidenced 

by the point where C/C0=0.5, lags the analytic solution by an increasing 

amount. However, the calculated distance where C/C0=0.5 for the 1000 

foot grid size only lags·:the analytic solution by approximately 10 per-

cent. Table 5-1 illustrates the percent error of distance for each grid 

size at various C/c0 values. 

TABLE 5-1. Value of C/Ca Versus Percent Error 
in Calculate Distance 

PERCENT DISTANCE ERROR 
C/C0 115' 300 1 500' 1000 

0 3.6 82.9 
0.2 1.4 30.2 
0.4 0 7.2 
0.5 0 1.4 -3.6 -11.0 
0.6 0 - 9.3 
0.8 - 1.4 - 31.0 
1.0 -11.5 -100.0 
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tu The data in Table 5-1 indicates that if a value of v• 6t =1 

is chosen (in this instance this corresponds to a grid size of 115 feet), 

then accuracy within ±10 percent can be obtained for the entire concen-

tration distribution curve while accuracy to within ±2% can be 

obtained for all values 0.2~C/C~0.8. Thus, the model has the 

capability of giving very accurate results. For v~~t =2.6 (a grid size 

of 300 feet), accuracy to less than ±10 percent can be obtained for all 

values 0.4<C/C~0.6. As grid size increases, the model does lose 

accuracy. Yet, very good results are obtained for the location of the 

point where C/C0=0.5 for all grid sizes. Figures 5-2 and 5-3 

show the concentration distribution curves for various grid sizes when 

the time increment equals 10 days and 45 days, respectively. These 

figures confirm the conclusions drawn with respect to the 30 day time 

increment. 

The data for grid sizes 115 feet and 300 feet in Table 5-1 also 

indicate that the numerical model does not produce a symmetric numerical 

dispersion pattern. This can be attributed to the fully explicit mass 

balance technique which is used to calculate the relative contaminant 

concentrations. Regardless of the speed at which the contaminant front 

moves, the numerical model advances the contaminant concentrations one 
--

grid with each calculation. As the time of analysis increases, so does 

the numerical dispersion and non-symmetry of the concentration distribu-

tion curve. Figures 5-1, 5-2, and 5-3 all indicate this pattern. 
6x -However, by keeping the value of v• 6t as close to 1.0 as possible, 

this numerical dispersion and non-symmetric pattern is kept at a minimum, 

and in the case where ~=l v•6t actually stabilizes. 
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Time Increment 

Figure 5-4 shows the relationship of the concentration distribution 

curves for time increments of 10, 30 and 45 days with a constant grid 

size of 300 feet at time equal 360 days. This illustrates that the use 

of a small time increment actually leads to an increase in numerical 

dispersion. This is due to the use of the fully explicit mass balance 

technique to calculate the relative concentration values. If a time 

increment of 10 days is used, three calculations are made over a thirty-

day period as opposed to one for a thirty-day time increment. Since 

each calculation moves the contaminant down-gradient one grid, the model 

has a tendency to smear the front with each mass balance calculation. 

The use of as large a time increment as possible while meeting the 

stability criteria will keep this numerical smear to a minimum. 

From Figure 5-4, it can be seen that each time increment gives 

approximately the same distance for a C/C0 value of 0.5. Therefore, it 

can be concluded that while the time increment does have some effect on 

the accuracy of the numerical model, the effect is not as severe as 

that caused by variation in grid size. 

The maximum value which can be chosen will be dictated by the 

hydrologic accuracy of the, nume,rical model and the stability criteria. 

Figures 5-5 and 5-6 show the concentration distribution curves for 

various times when the grid size equals 500 feet and 115 feet, 

respectively. These figures confirm the conclusions drawn with respect 

to the 300 foot grid size. It should be noted that the larger variation 
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indicated by Figure 5-6 is due to the fact that the value 

for the 30 day time increment is 1.0, resulting in a very accurate 

approximation to the analytic solution which somewhat distorts the 

comparison with the 10 day time increment. 

Seepage Velocity 

As indicated by Equation 2-16, the dispersion coefficient is 

directly related to the seepage velocity. The analytic results presented 

previously are all related to one hypothetical case where the coefficient 

of longitudinal dispersion was calculated to be -3 2 l.44xl0 ft /day. It 

should be noted that the coefficient of dispersion was estimated based 

on Equation 2-16 . (Harleman, et al, 1963). While there is a small loss 

of accuracy in estimating the coefficient in this manner, the research 

by Harleman, et al, indicated that this is a valid relationship which 

gives accurate results. The results of this study tend to indicate that 

this estimation is very accurate and that confidence can be expressed 

in the results obtained based upon this empirical relationship. 

To verify the validity of the numerical model for general use, the 

model was run for hypothetical cases using various values of seepage 

velocity. Table 5-2 lists the particular cases studied. As with the 

original hypothetical case, McWhorter and Sunada (1977) was used as a 

reference to obtain typical values of porosity and hydraulic conductivity 

for groundwater aquifers. 
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The concentration distribution curves for the medium sand and 

medium gravel are shown in Figures 5-7 and 5-8, respectively. It is 

apparent that the numerical model is valid for these different values 

of the seepage velocity and the associated dispersion coefficients. As 

discussed in the previous section, when 6; =l the numerical model 
V•ut 

produces a close approximation to the analytic solution. As the value 
15.x of v•/5.t increases, numerical dispersion increases. However, the model 

continues to produce accurate results with respect to the location of 

the point where C/C0=0.5 for all values of the seepage velocity. From 

this analysis, it can be concluded that while the numerical model 

neglects the dispersion process, the effect of dispersion for typical 

aquifer properties is very small relative to convection over the time 

periods used and thus the model is valid for the range of seepage 

velocities studied. 

TABLE 5-2. Data for Cases Tested 

HYDRAULIC SEEPAGE DISPERSION 
TYPE OF POROSITY CONDUCTIVITY VELOCITY COEFFICIENT CASE MATERIAL K D V 

ft 2/d'ay ft/day ft/day 

1 Medium Sand 0.41 40 0.975 1.26 X 10-4 

2 Coarse Sand 0.39 150 3.846 1.44 X 10-3 

3 Medium Gravel 0.31 1140 36.84 7 .32 X 10-2 

,;, -. ; 
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Summary of the Sensitivity Analysis 

Results of the sensitivity analysis produce three independent 

conclusions. First, the grid size has a very large effect on the 

accuracy of the numerical model. For a constant time increment, the 

larger the grid size, the larger the numerical dispersion. Second, the 

value of the time increment chosen has little effect on the accuracy of 

the model. However, the larger the time increment, the greater the 

accuracy. Finally, the model is valid for a relatively wide range of 

seepage velocities commonly encountered in groundwater systems. 

Collectively, additional conclusions can be drawn. Since the best 
!::,.x numerical solutions occur when -- =l and when large time increments v• t,.t 

are used, this forces the use of large grid sizes which reduce computer 

time and storage require~ents. So long as the value of 

remains close to 1.0, the use of larger grid sizes does not significantly 

effect the accuracy of the model. In addition, the accuracy of the 

model for cases where is so good that results for all values 

O~C/C()2.l can be used with confidence. However, as the value of 

!::,.x increases, the range over which the C/C0 values are acceptible 

decreases. Regardless, for all grid sizes the model produces very 

aocurate locations of the point where C/C0=0.S. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

From theresults of this study, it can be concluded that the 

numerical model is a valid numerical approach for simulating convection 

in confined groundwater aquifers. The accuracy of the model is strongly 

dependent on the value of the function If the value of this 

function can be maintained near unity, very good accuracy of the 

dispersion process can be obtained. While larger values of the function 

result in increasing amounts of numerical dispersion, the model at all 

times locates the point where C/C0=0.5 with good accuracy. 

With regard to the sensitivity of the model, conclusions can be 

drawn about each of the terms which appear in the function !J.x 
v•!J.t . 

With v and !J.t held constant, increased numerical dispersion results 

with larger grid sizes. With !J.x and v held constant, varying !J.t 

has a much smaller effect on model accuracy than varying !J.x. However, 

as !J.t is increased, numerical dispersion is minimi.zed and the accuracy 

of the model increases. The model is valid for a wide range of seepage 

velocities subject to the limitations imposed by varying !J.x and !J.t. 

It is shown that, for a given seepage velocity, the best results are 

obtained by maximizing !J.t within the limits of the accuracy of the 

groundwater flow portion of the model and minimizing !J.x so that the 
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value of 6t 
v•6t approaches 1.0. 
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While this criteria does somewhat 

limit grid size, grid sizes on the order of hundreds of feet should be 

possible for most cases. 

While the majority of work done as a part of this study was based 

on the one-dimensional, steady state flow condition, the model was 

developed to simulate two-dimensional, areal distribution of contaminants. 

For the radially symetric, diverging flow situation, the model produced 

relatively good results as the numerical approximation of the groundwater 

flow equation approached the solution for pure radial flow. The 

numerical dispersion increased with increasing distance from the contam-

inant source and is attributable to the increase in the value of the 

function v~~t as the radial distance increases. 

Several runs were made in which various numbers of recharge pits, 

pumping wells, constant head sources and phreatophyte sources were used. 

These indicated that the programming modifications made are correct 

insofar as computer language is concerned. However, no hypothetical 

cases were run to determine the accuracy and sensitivity of these 

contaminant sources. 

In general, the numerical model minimizes many of the problems 

encountered with the development of previous numerical models. The 

model does not require prohibitive amounts of computer time or storage. 

It has the capability of handling impermeable, constant head and 

constant gradient boundaries. When the stability criteria is followed, 

the model is stable and converges to a reasonably accurate solution. 



66 

It is recommended that the following areas be studied with regard 

to the fully explicit mass balance approach of simulating convection in 

groundwater aquifers: 

1. The validity of the model should be verified for non -homogeneous 

confined aquifers .. 

2. The validity of the model for both homogeneous and non-homogeneous 

unconfined aquifers should be established. 

3. The model should be applied to an actual field problem. 
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APPENDIX A 

DETERMINATION OF HYPOTI-IETICAL AQUIFER PROPERTIES 

In order to show that WTQUAL2 is a valid dispersion simulator, it 

was felt that the data used in the comparison of the analytic and 

numerical solutions should be representative of values commonly 

encountered in actual physical situations. Therefore, typical values 

of hydraulic conductivity and porosity were chosen from a table 1n 

McWhorter and Sunada (1977) containing maximum, minimum and arithmetic 

mean values for soils ranging from the finest silts and clays to coarse 

gravels. The values K=lSO ft/day and ~=0.39 were chosen for the 

sensitivity analysis of grid size and time increment and are representa-

tive of a typical coarse sand. 

Once these values were chosen, it was then necessary to choose a 

value for the hydraulic gradient. Review of several actual physical 

situations indicated that a gradient of 0.01 (10 feet change in vertical 

elevation per 1000 feet change in horizontal distance) is typical and 

so this value was chosen. 

Assuming that the flow regime would be laminar (this :will be 

checked later), Darcy's law was applied. The version used in this 

situation was 

q = K•dh 
dl (A-1) 
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where q is the Darcy velocity, K is hydraulic conductivity, and 
dh dl is the hydraulic gradient. Using the previously chosen values for 

K and dh a Darcy velocity q of 1.50 ft/day was obtained. Dividing 

this value by the porosity gave a seepage velocity v of 3.846 ft/day. 

At this point in the analysis an additional assumption had to be 

made. For the purpose of this study, a groundwater temperature of 50°F 

was chosen. The groundwater system was then assumed to be isothermal 

throughout the period of study. The appropriate fluid properties of 

water at this temperature are 

dynamic viscosity 2.735 X 10-5 2 µ = lb-sec/ft 

kinematic viscosity X 10-5 2 \) = 1.410 ft /sec 

density p = 1.94 slugs/ft3 

acceleration of gravity 32.2 ft/sec 2 g = 

specific weight y = 62.4 lb/ft3 . 

Applying the relationship between hydraulic conductivity and intrinsic 

permeability k 

k = K•µ = K•µ 
p g y (A-2) 

yielded a permeability of 7.609 x 10-lO ft 2 . 

At this point, Equation 2-16 as developed by Harleman et al (1963) 

was applied and a longitudinal dispersion coefficient value 
-3 2 DL=l.439xl0 ft /day was obtained. This value was then used in 

Equation 2-5 to obtain the analytic solution values of the concentration 

distribution curve. 
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To verify that the flow regime was laminar, the Reynold's number 

lR was calculated from the following equation: 

R = vlf 
\) 

This calculation yielded lR =8. 708xl0-S 

(A-3) 

Since this value is less than 

0.01, the flow regime can be characterized as laminar and Darcy's law 

applies. 

To determine the storage coefficient, it was necessary to estimate 

values for the pore volume compressibility and the compressibility of 

water due to the formation lying above the confined aquifer. Pore volume 
-5 -1 compressibility a was assumed to be 3xl0 psi and compressibility p 

-6 -1 of water S was assumed to be 3.3xl0 psi These values are rela-

tively constant for most problems commonly encountered in groundwater 

hydrology and are therefore assumed to be representative for the 

condition being studied. 

A specific storage Ss of 5.68xl0-S ft-l was obtained by applying 

the formula 

S = p • g • ct> • (a +S) s p (A-4) 

With a confined aquifer thickness set at 60 feet, a storage coefficient 

S of 0.0034 was obtained. 
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APPENDIX B 

PROGRAM FLOW CHART 

START 

READ 
NR, NC, NW, NP, 

ICFAQ, ILKAQ, 
DT, ST, FWTOP 

CALCULATE. FIRST 
WORD ADDRESS FOR 

RRAYS TO BE PACKED 
IN BLANK COMMON 

CALCULATE. LAST 
WORD ADDRESS 

1 



[ 

l 

PRINT 
TOTAL N~OUNT 
OF CORE USED 

SET BUFFER 
ZONE BOUNDARIES 

PRINT 
NR NC DT, ST 

CALL 
READPH 

CALL 
READH 

2 
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SUBROUfINE READPH 
Reads and Writes 
Physical Data Des-
cribing System & 
Initial Contaminen 
Concentrations in 
Source Waters 

SUBROUTINE READH 
Reads in Initial 
Water Level or 
Piezometric Head 
Elevation 

CALL 
MATROP 

SUBROUTINE MATROP 
Organizes Data into 
Suitable Form for 
Printing and Prints 



l 
l 

YES 

NO 

CALL 
LEKAQF 

CALL 
STORAG 

CALL 
CSET 

LOOPUL=ST/DT 
INDX=l 

I=l 
Is I.LE. 

LOOPUL 

YES 

3 
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SUBROUTINE LEKAQF 
Reads and Writes 
Leaky Aquifer 
Parameters 

Computes Increase 
or Decrease in 
Storage 

SUBROUTINE CSET 
Reads in Initial 
Contaminant Con-
centrations in 
the Aquifer 

CALL 
MATROP 

SUBROUTINE MATROP 
Organizes Data int 
Suitable Form for 
Printing an<l Print 



l 
r 

3 

IDT=DT 
Jl=lDT*(I-1) 

J2=IDT*l 
FI=I, TI=JI, T2=J2 
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SUBROUTINE OFIX 

CALL 
QFIX 

Reads and Writes 
Hydrologic Param-
eters and Computes 
Hydrologic and 
Artificial Inputs 
For Each Grid 

SUBROUTINE MATSOL ,, 
CALL Sets up Coeffic-

MATSOL !f---11 ients Matrix and 
Right Hand Side 
Vector Matrix 

4 

ET 

CALL 

FUNCTION ET 
Computes the 
Phreatophyte Use 
Using Water Table 
Elevations 

SUBROUTINE ~11ATROP 1 

WJ MATROP lf-i Organizes Uata intc, 
Suitable Form for ' 
Printinv fi Prints 

FUNCTION PARAM 

ri PARAM If-II ~omputes Coef ficient.s 
tfol'. Finite Difference 
Equations 14-

CALL 
11J NSCONTi'-1 

. CALL 
"""II BSCONT 

SUBROUTINE NSCONT 
Checks for Known 
Grid Values, Such a~ 
Boundaries, and 
Transfers them to 
Right Side Vector 
Matrix ----

SUBROUTINE nc::01 V 
Solves Banded Matrb 
Set up in MATSOL 
by Gauss Eliminatim 



l 
r 

t 

l 
r 

4 

CALL 
BJUST 

CALL 
ODFLOD 

YES 

7'.J 

SUBROUTINE BJUST 
Adjusts Under Flow 

~-•Grids Water Level 
or Piezometric 
Head Elevation 

SUBROUTIN 
Checks for Flooded 

15---•or Overdrawn Grids 
and Writes Results 
if Any 

INDX=INDX+l 
STTTEM=STT 
STATEM=STA 

CALL 
STORAG 

5 

SUBROUTINE STOAAG 
.,._ .... computes Increase 

or Decrease in 
Storage 



f 

r 

l 

' 

5 

CALL 
BYFLOW 

CALL 
BALCOP 

Set 
HP=HT 

' 7 
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Computes and Writes 
Flows for Each Grid, 
Thru Boundaries and 
from Constant Head 
Grids. Computes 
Relative Concentra-
tion Based on Mass 
Balance 

SUBROUTINE BALCOP 
Writes Out Balance 
Computations for 
a Time Increment 

PARAM 

CALL 
MATROP 

FUNCTION PARM! 
Computes Coeffic- 1 
ients for Finite 
Difference 
Equations 

Organizes Data 
into Suitable 
Form for Printing 
and Prints 



r 

t 

l 
t 

7 

YES 

CALL 
READC 

8 

NO 
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CALL 
READC 

8 

SUBROUTINE READC 

SUBROUTINE READC 
Reads in New Relative 
Concentration Values 

~---- for All Source Waters 
and for the Boundary 
Grids 

Reads in New Relative 
Concentrations for 
Boundary Grids Only 
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APPENDIX C 

DESCRIPTION OF SUBPROGRAMS 

Subroutine READPH 

This subroutine reads and wtites the physical data describing the 

study area. The following variables are read and printed: DX, DY, FK, 

Z, CS, CPPT, CAPW, CRCHR, CSQR, G, PHI, and PHIC. CA is also read but 

printed later. Coded values of CS are printed. Only one data card is 

required if all variables are uniform for each grid, otherwise each 

parameter that is variable must be read in matrix form. Variables DX 

and DY require only NC and NR values, respectively. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: MATR0P 

IMPORTANT VARIABLES: DX, DY, FK, Z, G, PHI, PHIC, CA, CS, CPPT, CAPW, 

CRCHR, CSQR 

Subroutine READH 

This subroutine reads the initial coded water level or piezometric 

head elevations. His decoded and set equal to HT and HP. One data card 

is required if the initial water level is horizontal, otherwise the 

entire H-matrix must be read. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: H, HT, HP 
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Subroutine LEKAQF 

This subroutine reads and writes the leaky aquifer parameters. 

The following variables are read and printed: HL, TL, and FKL. One 

data card is required if these variables are uniform, otherwise each 

matrix that is variable must be read. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: MATR0P 

IMPORTANT VARIABLES: HL, TL, FKL 

Subroutine CSET 

This subroutine initializes the relative concentration throughout 

the aquifer. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: C0, CT, H, G, CS 

Subroutine ST0RAG 

This subroutine computes the initial storage and increase or 

decrease of storage. Total area and between station (between buffer 

zone boundaries) storage is calculated. Also storage of overlap areas 

is computed. 

CALLED FROM: 

SUBROUTINES USED: 

IMPORTANT VARIABLES: 

Main Program 

None 

STA, STT, ST0L, H, HT, Z 
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Subroutine QFIX 

This subroutine reads and writes the hydrologic parameters. The 

hydrologic and artificial inputs are then calculated for each grid. 

A value of zero on the input card indicates a particular parameter is 

not used. The exception to this is the number of grids with phreato-

phyte use, NGPU. If NGPU is blank, the entire PHR matrix must be read, 

otherwise the number of grids specified is read. NGPU equal to zero 

indicates no phreatophyte use. 

Coding PHR less than one indicates that phreatophyte use should be 

calculated every time increment from the previous time step water level 

elevation. The ET subprogram is used for this. 

The factors considered in QFIX are (1) precipitation, (2) applied 

water as irrigation, (3) phreatophyte use, (4) wells, (5) recharge areas 

or lines, and (6) leaky aquifer conditions. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: ET 

IMPORTANT VARIABLES: PPT, CPT, YPT, APW, CAW, YAW, NGPU, PHR, YPR, 

WELL, RPUM, YPM, PIT, RCHR, YRC, Q, SQT, SQA, 

REPEAT, CPM 

Function ET 

This subprogram computes the phreatophyte use for each grid using 

the water level elevations from the previous time step. If the depth of 

water table DTWT is negative, an error message is printed. It is 

anticipated this program, if used, will change with each study area. 
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CALLED FROM: QFIX 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: ET, DTWT 

Subroutine MATS0L 

This subroutine sets up the coefficient matrix, CMATRX, and the 

right hand side vector matrix, CR. CMATRX is a reduced matrix containing 

only the band of known values in the left side of the difference 

equations and is written vertically rather than diagonally. Its ,, 

dimensions are (NR-2)*(NC-2) by 2*NR-3. The coefficients are computed 

using Function PARAM and checked for adjacent boundary values of Hin 

subroutine NSC0NT. MATS0L treats known grid values of H. BS0LVE is 

used to solve the matrix equation set up. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: PARAM, NSC0NT, BS0LVE 

IMPORTANT VARIABLES: CMATRX, CR 

Function PARAM 

This subprogram computes the coefficients in the left side of the 

finite difference equation. For confined aquifer analysis, saturated 

thickness is compared to aquifer thickness and the smallest of the two 

is used to calculate the coefficient. 

CALLED FROM: MATS0L, BYFL0W 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: PARAM 
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Subroutine NSC0NT 

This subroutine transfers the coefficients, in CMATRX, multiplied 

by their respective H-value, to the right hand side v.ector matrix :in 

case of adjacent head or known boundary conditions. It also sets 

coefficients equal to zero in case of adjacent impermeable grids. 

CALLED FROM: MATS0L 

SUBPROGRAMS USED : None 

IMPORTANT VARIABLES: None 

Subroutine BS0LVE 

This subroutine solves the matrix equation set up in MATS0L by 

Gauss Elimination. BS0LVE is designed specifically for a diagonal matrix 

that results from analysis of groundwater systems. 

CALLED FROM: MATS0L 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: None 

Subroutine BJUST 

This subroutine adjusts the underflow boundary water level eleva-

tions. Gradients are calculated three grids in from the exterior 

boundary grids and the gradients are projected back to the exterior 

boundary grids to obtain new water level elevations. This calculation 

is performed at even time steps. At odd time steps the water level 

elevations are held constant and the exterior boundary grids are treated 

as constant head grids. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: H, HT 



/ 

88 

Subroutine 0DFL0D 

This subroutine checks for overdrawn or flooded grids. If either 

should occur, a message is printed indicating such. 

analysis the flooded grid computations are bypassed. 

For confined aquifer 

Total flooded 

and overdraw amounts are computed for the total area and between stations. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: 0ACFTT=0VT, 0ACFTA=0VA, FACFTT=FVT, FACFTA=FVA 

Subroutine BYFL0W 

This subroutine computes flows for each grid. Total flow through 

model boundaries and buffer zone boundaries is calculated as well as 

flow into the system from constant head grids. The flow equation used 

is developed from the finite difference equations and uses particular 

values of the CMATRX. These values are transferred from MATS0L except 

for boundary values which are calculated in BYFL0W using Function PARAM. 

Flow is not allowed to or from an impermeable grid and between any two 

adjacent underflow grids. I-direction and J-direction flows are printed 

and flows from constant head grids are interpreted and printed as flow 

from river grids. Relative concentration calculations are made using 

the flow between grids. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: PARAM, MATR0P 

IMPORTANT VARIABLES: SQGGI, SQGGJ, SQBT, SQBA, SQR, SQRT, SQRA, CS, 

CPP,T, CAPW, CRCHR, CSQR 
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Subroutine BALC0P 

This subroutine writes the balance computations at the desired time 

steps specified by FWT0P. Mass balance for the entire area cannot 

always be obtained, due to accounting procedures used to compute mass 

flow at exterior boundary grids. However, for between stations, which 

refers to the area between the buffer zone boundaries, mass balance must 

always be satisfied except for the case when a confined grid becomes 

unconfined. This error should be small and is indicated by the "TOTALS" 

in the mass balance output being different than zero. To reduce this 

error, decrease the value of 6t. For confined aquifer analysis, a 

message is printed indicating if a grid becomes unconfined. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: SQA, SQT, SQRA, SQRT, SQBA, SQBT, STT, STTTEJ.1, STA, 

STATEM, S'JV)L, 0VA, 0VT 

Subroutine MATR0P 

This subroutine organizes data or results into a suitable form 

for printing and then prints. 

CALLED FROM: READPH, LEKAQF, QFIX, BYFL0W 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: NR=N0R0W, NC=N0C0L 
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Suur outino RL:J\DC 

This subroutine reads in new relative concentration value s for all 

source waters and the boundary grids for each time increment of analysis. 

Execution of this subroutine is controlled by the value AGGIE. If 

AGGIE is less than or equal to zero, only new concentrations for the 

boundary grids will be read in. If AGGIE is greater than zero, new 

values for each source water throughout the grid network can be read in 

as a single value. Variable concentrations must be read in matrix 

form. Boundary grid concentrations are read in one value per card for 

each grid other than impermeable boundaries. 

CALLED FROM: Main Program 

SUBPROGRAMS USED: None 

IMPORTANT VARIABLES: CPPT, CAPW, CRCHR, CSQR, C0, AGGIE 
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PROGRAM WTOUAL2 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

P~ OG11AM WTQUAL2 

PROGPAM TO COHPUlf ARTIFICIAL ANO HYOROLCCYC INFLUF.NCF. CN GRCUNQ 
WAHR LEVtL. 

OASIC PROGRAM OEVELOPEO RY THE GROUNOWATER STAFF AT c.s.u. 

MODIFIED FOR UNCONFINf.0 ANO CCNFINEO LtAKY AQUIFERS, CYNAMIC CO~E 
ALLOCATION ANO STRIP MINE WATER QUALITY BY O.K. SUKACA 1~76. 
MODIFIED AS A GPOUNOWATER OUAL!TY MANAGEMENT MOCEL BY L.W. PITT~AN 
1'l77. 

SEE USERS MANUAL FOR CATA IKFUT, 

PROGRAM USES BUFFER ZO~ES. IT SHOULD EE NOTED THAT HASS BALA~CE 
OCCURS FOR THE CASE OF CONSTANT HEAD OR !~PERMEABLE ROUNOARIES. 
FOR THE CASE OF UNOF~FLCW BCUNOARitS, CNLY HASS BALANCE 
BETWEEN BUFFE~ ZONES SHOULD eE EXPECTEC. euFFER ZO~ES ARE 
SET I~ PROGRAM ANO FOR EFFECTIVE USE, NR.GT.7 ANC NC.GT • 7 • 
LCIW=LEFT IJI BUFFER ZONE 
LCIF=RIGHT (JI l!UFFER 70NE 
LCJW=TOP III BUFFER ZONE 
LCJE=BOTTOM Ill BUFFER ZONE 

FOR EXPLl~ATION OF VARIABLES ANO SUBRCUTl~ES, SEE SUBRCUTINES. 

CONTROL VARIABLES 
NR=NUHBER OF ROWS 
NC=NUHBER OF COL UMNS 
NR SHOULD ALWAYS Bf LESS THAN OR F.OUAL TO NC 
NW=HAXIMUH NUMBER OF WELLS 
HP=MAXIMUM NUHOlR OF RtCHtRGE PITS 
ICFAU=l FOR CONFINED AOUIFf ~ ANALYSIS, CTHERWISE eLANK 
.I LKAQ=J. .. F.DR LE.AKY . AO!JlF.1:R CCNDITIONS, CTHERHISE RlA~K 
DT=TIME INCRE ~EN T (DAYSI 
ST=TOTAL TIME OF ANALYSIS (CAYSI 
FWTOP=DESIRED TIME OF OUTPUT (MULTIFLE OF CTI 

NA=NUMBER OF ROWS IN REDUCED eANO MATRIX 
Nq=NUMBER OF COLUMNS IN REDUCED BAND MATRIX 
INYP=NU~BER OF TIME INCRE~E~TS FER YEAR 
IFK, IPHI ElC.=FIRS! WORD AOORESS OF FK, PHI ETC. A~RAYS 

OIH£NSION TITLE181 

COMMON /BLK1/ Jl , S! . ICFAO,ILKA0,LCIE,LCIW,LCJE,LCJW,FWTOP 
COMMON /OLKZ/ STA , STOL,STT,SQA,SOl,SO~A,SOBA,SORT,SOBl,CVA,OVT 
COH'10N CIZI 

RF.AO 15,ZuJI TITLE 
READ 15,2201 NR,NC,NW,NP,ICFAO,ILkAO,CT,ST,FWTOP 
RF.AO 15,2701 AGGIF. 

IF AGGIE EQUALS 1, NEW CONCENTRATIONS HUST eE REAO IN FCR EACH SOURCE 
WATER AT THE BEGINNING OF EACH TIME INCRE~ENT. 
IF AG~IE F.OUAL 0, NEW CONGE~TRATICNS ~UST e~ READ IN CNLY FOR CONSTANT 
HEAD ANO CONSTANT GRAOTENT 80UNOAFY GRIOS AT THE DEGl~~ING OF EACH TIME 
INCRE11€NT • 
IF AGGIE IS LESS THAN 0, OLO CO~CFNTRATIC~ ~ALUES WILL eE USEC FOR All 
SOURCE WATERS ANO 60UNDARY GRins. 

11C 
12 ~ 
13 , 
1 .. 
15 0 
1£:C 
17r, 
18'0 
1<J v 
zoc. 
21C 
ZZG 
2!C 
2 .. 0 
250 
260 
270 
28 ( 
2'l 0 
30~ 
310 
!2C 
!3 0 
J l);j 

3S~ 
36 l 
!H 
38 C 
!<JC 
i, D. 
i,1 0 
'42 C 
i,J o .... 
45 , 
4f: c 
i,7L 
_lt8l 
.. 'l( 
50 0 
51C 
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C 

C 

C 
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NA=INl>•Zl•INC•ZI 
NB=Z•NR-3 

H, YR=3f>Q. UOT 

I DC= NR•NC 
IFK=! 
IP tH=IDe•1 
r Z=?•roc+1 
IG=3 •me+ 1 
IDX=1+•1oe+1 
IOY=5•IOe+t 
IeA=&•roe+1 
IH: 7•tne•1 
1HT=ft•IOC+1 
I HP• q• me+ 1 
lO • iO•roe +1 
IW l:'. LL•11•trle+1 
lPIT•tZ•IOC•1 
IPHR 2 1l•toc+1 
rsnr.Gt=11+•roc+1 
I SOGGJ=15 •IOe•1 
ISOR=t6•roc+1 
IA=t7•IoC+1 
I e=18•1oe+1 
IPHRT~P=1q•J •e•1 
IHF=20•IOC+1 
reo=z1•IOC+1 
1er=22•1oc+1 
res=23•IOC•1 
IA~EA=21+•1oc+1 
IOPPT=Z5•IOC+1 
I OAPW=26'IOe+1 
ICReHR=27'IDC•1 
IOPHR=?B•roc+1 
IQPUM=2q•roe+1 
IOLEAK=3o•1oc+1 
ICPPT=3i•IOC+1 
IeAPW=32•toe+1 
IeReHP.=H•IOC+1 
ICPHQ=34•toC+1 
IePUM=35•IOC•1 
!CLE AK=36' IOe+1 
ICSOR=J1•IOe+1 
IPHIC=ICS+ICFAQ•rne 
IHL•IPHie•ILKAQ•roc 
ITL • IHL+ILKAO•roe 
IFKL=ITL+ILKAO•IOC 
IfN01=38•roe+ICFAO•toC+ILKA0~3•IDC 

IYPT=IEN01+1 
I YPR=IY PT+ I NY-s 
IYAW=TYPR+INYR 
IYPM=IYAW•IN '/ ~ 
IC?M=IYPM+NW•I~YR 
1 R PUM= ICP 11+ NII 
IYRC=IRPUM+NW 
IRCHR=IYRC•NP•iNYR 
IENC2=IEN01+3•INYR+NW•INY~+!•NW+NP• : AYR+~P +1 

ICMATPX=IEN02•1 
IC~=IFN02+1NA•~Rl+1 
H_N03=HND2•NA• INA•NBI 

LWA=LOCFICIIEN0 3 11 
Wl<tTf (n,2301 LWA 
CALL CORF ILM/l l 
00 100 LI=1.If.N03 

CIL!l=UNOEF 
100 CO'H!NUf 

LCtM=3 
LCtE=NC-2 
LCJM=3 
LCJE=NR-2 

W~tTE 16,2101 TITLE 
IF IILKAO.LE.01 GO TO 110 
W~ITE 16,2501 

52[ 
53\. 
54C 
~5, 
5E G 
57 0 
S8G 
50 ,-
EO C 
6H 
62 C 
E3 . 
64 L 
&5, 
E6(; 
r,1 : 
Ii e: 
6% 
700 
11 
72 
73 
7't 
75 
76 
77 
78 
79 

85C 
e&;. 
87 i. 
ae ,; 
8% 
90. 
c;1 ,: 
c;z :. 
'!3i, 
q .. ,. 
~5 J 
% J 
91 ., 
': 8 
qq ( 

100 .; 
101 ..) 
102C 

103(; 
101+ .; 
105G 
1 or,;,, 
101 : 
108 0 
1Lq , 
110 :; 
1!10 



C 

GO TO 13C 
110 IF IICF"AO.LE.01 GO TO 120 

WRITE 1&,2'+01 
GO TO 130 

120 WIHTF I&, 2601 
130 WFIT£ l&,lqQJ NR,NC,OT,ST 

94 

112 u 
113 ( 
11'+ 0 
1151i 
1160 
117L 
118 J 

CALL REAOFH INR, NC,CI !Fl(I ,C II FHII ,C 1!11,C IIGl,C IIOXI ,C!IOVI ,CIICAI 11'lJ 
1,C IIPHICI ,C IICPPTI ,CIICAPlil ,C IICRCH"-1 ,Cl ICSOl<I ,Cl ICSI ,CIIAREAI ,TAR 
2£ Al 

C 121~ 
CALL REAOH INR,NC,CIIHl,CIIHPl,CIIHTl,CIIHFl,LBC,RBC,TOC,BBCI 

C 1230 
IF IILKAO.Lf.01 GO TO 1'+0 12'+U 
CALL LtKAQF INR,NC,CIIHLl,CIITLl,CITFl<LII 125C 

C 1Z6 u 
11t0 CALL sror:Ar. IN~,NC,l:IHtl,CII • Tl,Cfill,r.ltnXl,CltOYl,CIIPHll,CIIGI, 1Z7 u 

1C(fPHICII 1lll0 
t:Al.L CSET INR,NC,CIICOI, CIICTI, CIIHI, CIIGl,CIICSII 

C 12qc 
LOOPUL=ST/OT 1!0~ 
INDX=1 1?10 

C 1 !20 
DC 170 I=1,LOOPUL 1!3 .' 

C 1~'+ 0 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

1 
2 
3 ,. 
1 
2 

1 

1 

1 
2 
3 .. 

150 

IOT=OT 135 " 
Jl=IOT•lt-11 1!6C 
J2=rnr•r 1!7 ~ 
FI=I 138. 
T1=J1 1Jq, 
T2=J2 1'+0u 

1 '+1C 
CALL OFIX INF,NC,CIIOXl,CIIOYl,CIICAl,CIJHl,CIIZl,CIIHTl,I,CIIC 1'+2 ~ 
I ,NW,NP,CI IPHRI ,CIIWELLI ,C IIPI Tl ,C IIYFTI ,C IPAWI ,C IIYPRI ,CIIYPH 1'+30 
I ,CI IR PUHi, C II CPHI ,CI !YRC I, C IIR CHR I, I~ YR, C IIHL I ,C I ITL I, CI IFl<LI, 1 '+'+~ 
CI IG I , CI IPHR T HP I , CI I QPPT I , Cl IO AP WI , CI IO RCHR I , C II0 PHR I , CI I OFUl'I , 
CI !OLE AK I, CI IAPE A I, TAHA I 

1'+6 0 
CALL HATSOL INR,NC,NA,N13,CIIFt<l,CIIPHil,CIIHl,CIIHTl,CIIZl,CIIO 1'+70 
XI , C II DY l , C II QI, C II CM ATRX I , r, I I CR I , CI I A I , CI I fl l, C II GI, CI I PH IC I ,CI 1 '+6 C 
IHPl,C IIHFII 1'+<:i u 

1~0 ) 
CALL fl.JUST INR,NC,C IIHI ,C IHHI ,C IHPI ,C IIOXI ,C IIOYI, Il 1510 

152G 
CALL OOF'LOO INR,NC,CITHl,CIIHTl,Cll71,CIIGl,CIIPHil,CIIOXl,CIJO 1!30 
Yl,CIIPHICII 1S'+ C 

155C 
STYTF:H=STT H6C 
STATFH=STA 1570 
CALL STORAG INR,NC,CIIHl,CHHTl,CIIZl,CIIOXl,CIIDYl,CIIPHJl,CII 158i; 
Gl,CIIPHICII 159~ 

1fOG 
PCNT=INDX 1610 
IF IIFI•OTl.~€.IPCNT•FWTOPII GO TO 150 tf20 
INDX=INOX.1 HH 

H'+O 
CALL BYFLOW INR,NC,NA,NB,CIIFKl,CIIHl,CIIHFl,CIIZl,CIICXl,CIIOY 1&50 
1,CIISQGGil,CIISOGGJl,CIISORl,CIICl'ATRXl,CII,1,CIIP.1,CIIHFl,CII 1f60 
Gl ,I,C IIC01,CIICTI ,CIIFHYl ,CIIFHICl,C IICSI ,CIIOPPTI ,C IIOAHI ,Cl 
I ORCHR I , CI I ('J PHR I , CI IOPUH I , CI IO LE AK I , C I I CPP l 1 ,CI IC A FW I , C I ICRC HR I 
, C I IC SOR I , C I I OJ , C I IC PU M I , C II CLE A K I , C I IC P HR I I 

1f80 
CAL L P.ALCOP IJ1.JZ,I , STTTEl',STATEHI 1ECJ U 

170 C 
WRITE 16,1~0 I T2 171C 
CALL MATRJP INR,NC,C!IHill 172" 

NCT=U 
00 160 L:1,NC 
00 160 1(:1,NR 

CIIHP•NCTl=CIIHT•NCTI 
NCT=NCT+1 

173 ~ 
17'+ 0: 
175 0 

160 CONTINUE 

17& G 
17?Q 
1? BC 
17'li. 

IF II .FO, LOOPULI GO YO 170 
CALL RFADC (NR,NC,CIICiPMl,CCICRCHRl,CIICSQRl,CIICCl,l0C,RBC,Tec, 

1R fl C,AGGIEI 
170 CONTINUE 

STOP 
1 so ;; 
1H 1 0 

· 1 s2 u 



C 

95 

FOR MAT ILSH-ROW DIHENSTON=l,.,2!H 
1E INr.~EMfNTED av Gq,2,SH DAYS,27H 
2H DAYSI 

200 FORMAT 18A101 
210 FORMAT 11H1,/////,Z7•,eAt GI 
220 FORMAT lblS,SF1C,11 

COLUMN OIHENSION=l,.,2,.H TIM 
TOTAL T[HE OF ANALYSIS Gq.z,s 

.?!0 FCR '1 ,\T (1H ,Ill, l C•t FJ<UJ L"Nf. Ttt = ,C ZO I 
2"0 FO'l HAT UH-,,.,x, 2', ttt:ONF"Tt-[; o AQUirf.R ANALYSIS) 
2 '10 ro~MAT (1tt•,•tHX, z:ttll AKY A'llJI Fl'. R ANALY S IS I 
2~0 FOR MAT (IH•,~ &X , E7HU~~ON FIN EC AO UIF fR At-ALYSISI 
HO F" CRMAT I 1F 10, 11 

E t,O 

1A50 
1 e -
167C 
188 1' 
1A% 
1qoo 
1 ~ 1(, 
1qzo 
1 'l3 J 
1 .. J 

SUBROUTINE READPH 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

·c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

SUBROUTINE READPH INR,NC,FK,PHI,Z,G,OX,DY,CA,PHIC,CFPT,CAPW,CRC~R, 
2CSQR,CS,AREA,TAREAI 

RP 
RP 

THIS SUBROUTINE READS ANO WRITES THE FHVSICAL OATA DESCRIBING RP 
THE SY S TEH, RP 
Fl(=PERHEA!IILITY IFEET/DAYI RP 
PHI=EFFECTIVE POROSITY RP 
Z=BFDROCK ELEVATION IFEETI RP 
G=GROUND SURFAC E ELEVATIO~, OR TOP CF CONFINED AQUIFER (FEETI RP 
OX•X•DIMENSION OF GRID IFEETI RP 
OV=V•OIHENS I ON OF GRID IF EETI RP 
CA•FRACTION OF GRID THAT WATER IS APPLIED IDFCIMALI RP 
PHIC•CONFINED AQUIFER ~TORAGt COEFFICIENT RP 
OLX =UNIF ORM DX RP 
OLV=UNlFORM OY RP 
FrK =UNTFORH FK RP 
l?•UNIFCl?M Z RP 
GG=UNIFORH G RP 
PPHI=UNIFORM PHI RP 
CCA=UNIFORM CA RP 
PPHIC=UNIFORM PHIC RP 

CS=RELATIVE CONCENTR~TION CF CCN7A~INANT IN AQUIFER IDECI~ALI 
CPPT=RELATIVE CONCEN¥RATICN CF CONTAMINANT IN PRECIPITATICN 
CAPW=RELATIVE CONCENTRATION ~F CONTAMINANT IN WATE~ APPLIED AS 

! RRIGATION 
CRCHR=RELATIVE CONCENTR4TION OF CO~TA~INANT IN RECHARGE WATERS 
CSOR=P.ELATIVE CONCE NTRAT ! CN OF CONTAMINANT FRO~ CONSTANT l'EAC 

SOURCES 
ARF.A=AREA OF EACH GRIO 
TAREA =TOTAL AREA COVERED SY THE GRID NETWCRK 

DIMENSION Fl(INR,NCI , PHIINR,NCI, Z(NR,NCI, Gl~R,NCI, CX(NR,NCI, DY ,:: 
11NR,NCI, CA(NR,NCI, PHICINR,NCI, CS( NR,NCI, AREAINR,NCI, CPPT(NR, 
2NCI, CAPW(NR,NCI, CRCHR !NR,NC) , CSQRl~R , ~CI 

Z, 
3 G 
4 L 
50 
f, ;) 
1a 
8 1j 
qo 

10 : 
110 
1Z J 
13 L 
lit e 
1s .: 
1bJ 
17 () 
a .: 
1% 
zot 
21G 

zzc 
230 

COMMON /BLK1/ OT,S 7,ICFAO,ILKA~,LCIF,LCIW,LCJt,LCJW,F~TOP 

00 110 J=l ,NR 
00 11C K=l,NC 

FKIJ,Kl=O.O 
ZIJ,Kl=C,O 
GIJ,Kl =O.O 
PHT C.J,Kl =Q, 0 
CAIJ,10 , 0.0 
PHICIJ,Kl=O.G 

RP 25 G 
RP 2&0 
RP 27~ 
RP 28 !. 
RP 2'3 c 
RP JOO 
RP !10 
RP 32: 
~ f' !3 ., 

CSIJ,KhO,O 
CPJJTIJ,Kl=O.O 
CAPWIJ,tO ~o.o 
CRCHl'I J ,Kl ~o.o 
r,~()P( .J, 6< t ~ 11 . r, 

11 J CI •H f NtJt: 

RrAO IS,~401 DL X,D <. Y,F FK,ZZ, GG, 0 Pl'l ,CCA , PPHIC 

IF IOL~,LE,C . 01 GO TC 13~ 

~p J~ J 
RP !% 

RP JE, c 
RP 37s 
RP 360 
RP 3~t 
RP ,.G~ 
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00 120 J=1,NC RP loH 
DO 120 I=1,NR RP i.2,, 

120 onI,Jl=OLX RP lo3. 
GO TO 150 wP .... .; 

130 R[AO 15, 1.40 l COX 11 , J l , J: 1 , NC l RP 45 t 
OD 14C I =2 ,NR RP 4b , 
0(1 140 J=t,~IC RP 47,l 

140 OXl(,J) allXll.,JI Rf' 
"" r' 11;0 CONT I NII~ '"' 41JI 

C t/1' ,, 0 .; 
IF IOLY,Lr,0,01 GO TO 1'0 ~p 'HO 
00 16C J= 1, NC RP 52 ~ 
no lliC t=1,NR RP 53 ;; 

160 OYlt,Jl=OLY RP 54 0 
GO TC 19C RP 55 .; 

170 J;fAD 15,440 l IOYII,11,1=1,NRI RP 56 -
DO 180 J=2,NC RP '57 ,J 
DO 18~ 1=1,NR RP 583 

180 DY CI, J l =DY I I, 1 l RP 590 
190 CONTillUE RP 6Ci ; 

TAREA=O,G 
DO 195 J=1,NC 
00 t<l'; I=t,NR 
AREAII,JI =OXCI,Jl•OYII,Jl 
TAREA=TAREA • AREACI,Jl 

1'35 CONTIIWE 
C RP 610 

IF CFFK,LE,O,Cl GO _TO 210 RP E 2 C 
00 200 J=1,NR RP &3 c 
oc 200 K-=1,NC RP E:4 0 

2CO FKIJ,Kl=FF!s RP E50 
GO TO 220 RP 66 ( 

210 READ 15,440) FK RP E,7C 
C RP fi8u 

220 IF IZZ,NF,0,01 GO TO 230 RP E 9C 
IF ISIGNl1,0,Zll,LT,0,0l GO TO 250 RP 7C C 

230 DO 2Ctli J=1,NR RP 71C 
DO 2«.0 I(: 1, NC RP Tl l 

2«.0 ZIJ,l<l=Zl RP 7!. 
c.o TO 260 RP 71oG 

2'i0 l'HAO 15,loC,O I z RP 75L 
C RP 76u 

2f,O If IGG,NE,0,01 GO TO 270 RP 770 
IF (STGNl1,0,GGI.LT.a.c, GO TC 290 RP 78U 

270 00 280 J= 1,NI< RP 7'! , 
00 2~0 K= 1, NC RP l!OL 

280 GIJ,Kl=GG RP 81;) 
GO TO 3CO RP 82L 

290 RfAO i5 ,lo40 l G RP H3. 
C RP Alo ~ 

JOO IF IPPHI,LE,0,01 GO TO 320 RP 85c 
DC 310 J=1,NR RP 86L 
DO 31C K= 1, NC RP an 

310 PHIIJ,Kl=PPHI RP 88 0 
GC TO 330 RP 1!9" 

320 11.f AO 15, 4 ~O I PHI RP 900 
C RP 9L 

3!l IF ICCA,NE,0,0l GO TO JloO RP gz o 
lF ! SIGN! 1, 0, CC A I , LT, 0, 0 l GO TO HO RP 930 

JloO 00 350 J=1,NC RP %0 
00 350 I=1,NR RP ':15 0 

350 CAII,Jl=CCA RP 9!,~ 

GO TO 170 RP ~L 
360 REAO c 5," i.o, CA RP 98J 

C RP 99C 
370 IF IICFAO,LE,01 GO TO i.oo RP HU ; 

IF !PPHIC,LE,O,Cl GO TO 3'!0 ~p 101 ', 
O!' 380 I=1,NR P.P 102 :; 
DC' 360 J=1,NC RP 103 .J 

JeQ PHICII,Jl=PPHIC RP 1 0 4 , 
GO TO i.oc 'lP 105 u 

390 RfAO t5 ,i. i.o, PHIC RP 10 &, 
i.oo Rf"AD cs, 445) css 

IFCCSS,L!,O,JI GO TO 610 
00 &OG J=1,NC 
00 fiO~ I=1,NR 

600 CS II,Jl=CSS 
CO TO &15 

610 liE AD l"i,4401 cs 
615 READ CS,1+451 CCFPT 

IF ICCPPT ,LT, 0, Cl GO TO 630 

l 
I 

/ 



C 

C 

C 

C 

C 

( 
C 

I 
I 

620 

P,JQ 

f,t,Q 

660 

650 

670 

6'!0 

6110 

700 

720 

710 
730 

00 &20 J=i,NC 
DO e.zo I=1,NR 
CPPT II ,JI : CCPPT 
GO TO f>"O 
R~AO (5 11t .. 01 CPPT 

IH At) IIJ ,~" '5 1 CtAPW 
11' ICCAPW,L t, a. 01 GO to 11r;o 
00 61\0 J"11NC 
00 66C 1=1,NR 
CAPMII,Jl=CCAPM 
GO TO f>7 0 
Rf AO 15,lt<+O I CAPH 

READ 15,.,lt51 CCRCHR 
IF ICCRCHR,LT,0,0) GO TO 680 ' 
00 r,gQ J=1,NC 
00 6'lC 1=1,NR 
CRCHRII,Jl=CCRCHR 
GO TO 70 0 
READ 15,<+ .. ul CRCHR 

R~AD 15,41t51 CCSOR 
IF ICC:SQR,LT,0,01 GO TO 710 
00 72u J=1,NC 
00 720 1=1,NR 
CSORII,Jl=CCSOR 
GO TO 730 
REA'l 15,<+C.OI CSOR 
CONTINUE 

MFITE 16,5301 
CALL MATROP INR,NC,C51 
WRITE 16,5<+01 
CALL MATPOP INR,NC,CPPTI 
M~ITt' ln,5'i01 
CALL MATROP INR,NC,CAPMI 
Wf'ITE 1&,5601 
CALL MAT POP INR,NC,CRCHRI 
MRIH 16, 5701 
CALL MATROP INR,NC,CSORI 
W~ITE 11;,c,5Q) 
CALL MATP.OP INR,NC,DXI 
WRITE fr,,,,601 
CALL MATROP INR,NC,OYI 
IF II C:F AO, GT, 0 I G J TO <+ 10 
WRITE If,, "70) 
GO TO "20 

410 WPITE I&, 5101 
420 CALL MATROP INR,NC,GI 

WRITE IE,, <+601 
CALL MATROP INR,NC,Z> 
MPITE l& . 49CI 
CALL MATROP (NR,NC,PHII 
IF IICFAO,LE,01 GO TO 430 
WF!TE (E,,520) 
CALL HATROP <NR,NC,PHICI 

430 WRITE l&,5001 
CALL MATROP INR,~C,,KI 
RETURN 

440 FORMAT 18F1J,11 
445 FORMAT 11F10,11 
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450 FORMAT 11H1,40X, 50HOELTA•X ~AP,SFACING ACROSS IN J•OIRECTION IFE 
lETI ,/1 

460 FORMAT 11H1,41X, 47HDELT• v HAF, SPACING cow~ IN !•DIRECTION (FEET 
11 • II 

470 FORMAT (lH1,4'+X, <+lHSURFACE ELEVATION MAP IFEET ABOVE OATUHl,/) 
460 FORMAT 11H1,lt<+X, <+1HAFDROCK fLtVATION HAP (FEET AeOVE OATUHl,/1 
4'l0 FORMAT (1Hl,55X, lAHSPFCIF !C v: ELC HAF,/1 
50~ FORHAT (1Hl.<+6X, 26HPEP.ME~BILITY ~AP IFEET/CAVl,/1 
510 FORMAT (1Hl,30X, 57HTOP OF CO~FINEO AQUIFER ELEVATICN HAP IFEET A 

100VE OATUHl.11 
520 FORHAT llHl,J'lK, ~CHCONF!~EO AQUIFER STORAGE COEFFICIENT HAP,/1 
530 FORHAT 11H1,51X, 33HINITIAL AQUIFER CCNCENT~ATIC~ MAP,/1 
540 FORMAT (1H1,<+'lX, 3'lHINITIAL FRECIFITATION CONCF.~TRATIC~ HAP,/) 
550 FCRHAT 11H:.4qx, 3~HINITIAL AFPLIEO WATER CC~CE~TRATIC~ HAP,/) 
560 FORMAT l!H 1.52X, 34hlNITJAL RECHA~GE C~NCENT~ATJCN MAP,/1 
570 FOR~AT 11H1•411X, JR HCONSTANT ~EAO GRID CC~CE~TRAT~C~ ~AP,/1 

f NO 

RP 1080 

RP 109 0 
RP 110:i 
RP 111 C 
RP 112 C 
RP 113 u 
RP 114 :J 
P.P 1150 
RP 1 H, : 
RP 111 : 
RP llll u 
RP 11 % 
RP 120 C 
RP lcH 
RP 122 v 
RP 123~ 
RP 1Z4C 
RP 125 ~ 
RP 126 0 
RP 1 c7 o 
RP 128 0 
RP 129 ,. 

RP 1 ~0 L 
RP 131 0 
RP 1 ?2 0 
~p 1?3 0 
RP 134 ,l 
RP 135 0 
RP 1?6c 
RP 1 ?7 , 
RP 1?8~ 
RP 139S 
RP 14'0 0 

RP 14H 
-~P 1420 
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SUBROUTINE READH 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

110 

120 

130 

1i.o 
150 

1f.0 

170 

180 

1qo 
200 

210 

suniiouTI Nt.' Rt: AOH I NR, N~ ,11 ,ur, II T ,HII , l, ,, c, ~f)C, T 11C, o. nc I 

THIS ~UP.ROUTINE RtAOS IN AN IliITIAL HATER TAeLE ELEVATION OR 
HEAD FOR COMPARING HATER LEVEL CHINGES, 
H=INITAL HATER TAALE ELEVtTION OR HEAO IFEETI 
HT=PRESENT HATEP TABLE fLEVATIOli OR HEAD IFEETI 
HP=HATcR TA r. LE tLEVATION OR HEAD AT PREVICUS TIHE LEVEL IFEETI 
HW=HORIZONTAL HATEP. LEVEL 
LBC=LEF T BO UN OAR Y CODE 
RBC=RIGHT OOUNOAPY COOf 
TBC=TOP BOUNDARY COOE 
BBC=BOTTOH BOUNDARY CODE 

IDENTIFICATION OF BOUNDARY VALUES OF~. 
H(I,JI LFSS THAN 10,000 • WATER TABLE ELEVATICN (NO eoUNOARYI 
HII,JI GREATfQ THAN 10000 eur LESS THAli 20(00 • I~PfR,EABLE 
HII,JI CREATE~ THAN 200CO BUT LESS THAN !COCO• UNDERFLOW 
HII,Jl G~EATE P THAN 300~0 eur LESS THAN 40000 • C.CN~TANT HEAC 

OIHENSION HINR,NCI, HTINR,NCI, HPINR,~CI, HFINR,liCI 
REAL LBC 

READ 15,2201 HH,LBC,RBC,TBC,eec 

IF IHH,LE,0,0l GO TO 140 
00 110 1=1,NR 
00 110 J=1,NC 
Hlt,Jl=HH 
00 12C I=1,NR 

H It • 11 =UIC+HW 
Hll,NCl=ROC+HW 

CONT rnui:: 
00 130 J: 1,NC 

Hl1,Jl=TBC+HW 
HINR,Jl=BBC+HW 

CONTINUE 
GO TO 150 

READ 15,lZOl H 
00 210 J= 1,NC 
00 210 I=1,NR 

KK=HII,Jl/10000,+1 
GO TO 11b0,170,160 o1qQ), KK 
HT II,Jl=HII, JI 
GO TO ZOO 
HT1l,Jl=HII, ~ l-10COO, 
GO TO 200 
HTII,Jl=HII,Jl-20000, 
GC TO 200 
HTII,Jl=Hll,Jl•30COO, 
tjPII,J l=HTII ,JI 
HI" I I, JI= HT II, JI 

CONTINUE 
RETURN 

SUBROUTINE LEKAQF 
C 
C 
C 
C 
C 
C 
C 

C 

SU~RCUTINt LEKAOF INR,NC,HL,TL,FKLI 

THIS SU9ROUTINE READS IN LEAKY AOUIFE~ P,~A,ETERS, 
HL =CONSTANT HEAD VAi.UE :lUSIN~ LEAK IFEfTI 
TL=THICKNf SS OF Lt. AKY LLYtR IFEtTI 
FKL=PERHEABILI~Y OF LEAKY LAYER (FEET/DAYI 

OIMfNSION HUNR oNCI, TLINR,NC I , FKL (NR,NCI 

1>111 ~, 
~H 3U 
HH ~" 
RH l:i '.! 
RH b '' ,/ 

RH 7 U 
RH 8~ 
RH q, 
RH 10 s 
RH 11 C 
RH 12 ;; 
RH 13" 
RH 140 
RH 150 
PH 11:0 
RH 17C 
RH 1~ 0 
RH 1'3 0 
RH 200 
RH 21( 
RH 220 
~H 23 v 
~H 24l 
RH 25 : 
RH 2~ a 
RH 27 J 
RH 2 80 
RH zq .; 
RH 30 11 
RH !1 ~ 
RH !20 
RH 33 : 
RH ?~C 
~H !SC. 
RH ?fO 
RH 37C 
RH ?II J 
RH 
~H 40 C 
RH ~1 : 
RH 42~ 
RH 43 ~ 
RH ~4G 
RH ~c; : 
RH 46 (, 
RH 47 ; 
RH 411 ., 
RH 4<3 1. 
'! H 50i.i 
P.H 51J 
RH 520 
RH 53 0 
RH 54~ 
RH si; c 
RH S6C 
RH 57 0 
RH c;so 

LA iO 
i.A Zu 
LA 30 
LA 4G 
LA 50 
LA l'>C 
LA n 
LA 8G 
LA 90 
LA 100 



l 
I 
I 

C 

C 

00 110 1=1,NR 
no 11, J=l,NC 

HL 11,JI :Q.O 
TLII,Jl=G.O 
Ft<LII,Jl:O.O 

110 CONTINUE 
RfAO C<;,2101 HHL,TTL,FFKL 
IF IHHL.LE.0.01 GO TO 130 
0 0 12 0 I= 1, NR 
00 120 J=1,NC 

120 HLll,Jl=HHL 
GO TO 140 

130 RFAO 15,2101 HL 
140 IF (TTL.LE.a.a> GO TO 160 

00 1c;o 1=1,NR 
00 150 J =1,NC 

150 TL II ,Jl=TTL 
GO TO 17C 

160 READ t5,21GI TL 
170 IF (FFKL.LE.0.01 GO TO 1qo 

00 1~0 I=1,NR 
00 1RO J= 1,tiC 

1ft0 F~LII,Jl=FFKL 
GO TO 200 

1qo RFAO 15,21C I FKL 
200 CONTINUE 

WRITE lf>,2Ztd 
CALL HATROP INR,NC,HLI 
WIIITF (6,2301 
CALL HATROP INR,NC,TLI 
Wl<ITE 16,2401 
CALL MATROP INR,NC,FKLI 
IH TUIIN 

210 FORMAT 18F10 , 11 

99 

22~ FO<>MAT 11H1,/////,38X, lt'4HH£AQ MATRIX CAUSING LEAK (FEET ABCVE 01 
1 TU"! I , //1 

230 FOR"IAT 11H1,/////,lt4X, 32HTHICKNESS OF LtAKY LAYER IFEETl,//1 
240 FORMAT 11H1,/////,36X, ltKHVERT!CAL PE~MEABILITY CF LEAKY LAYE~ IF 

1EET/OAYl,//I 

Et,O 

SUBROUTINE STORAG 

C 
C 
C 
C 
C 
C 
C 

C 

C 

SU9ROUTINE STORAG INR,NC,H,rT,z,nx,ov,s,G , SCI 

THIS SUBROUTINE COMPUTES THE INCREASE OR 0£C~EASE IN !TORAGE. 
STA=OETWcEN STATION S STORAGE CAFI 
STT=TOTAL AREA STORAGE CAFI 
STOL=OVEPLAP ARcA STORAGE IAFI 

OIMENSIOH HINR , NCI, HTINR,NCI, Zt~R,NCI, OXl~R,~Cl, OY(NR,NCI, SI~ 
1 P., NC I , GI NI>, NC I , SC rn~, Nr. I 

COHHCN / BLK1/ OT,S 7 ,ICFAO,ILKAO,LCit 9 LCIW,LCJE,LCJW,F~TOP 
COMMON /RLK2/ STA,STOL,ST:,SO~,SOT,SO-A,~OOA,SO~T,SOBT,OVA,OVT 

NC1=NC-1 
N1>1=W, -1 
STT=l,tl 
sTA=a,o 
00 130 L=Z,NC1 
00 130 K=2,NR1 

IF (H(K,LI.GT.1oooc.1 r.o TO 130 
!F IICFAO.Lt,GI GO TO 110 
IF IHTIK,LI.LE,GIK,Ul GO TO hO 
S TP= I I GI'<, LI -z II(, LI I • S (I(, L I+ If' Tl K, L l -c; < K, LI Y •sc (K, LI I •t X < K, LI• 0 

1 Y<K,Ll/43560, 
GC TO 120 

110 STP:(HTl~,LI-Z<K,Lll•O~<K,Ll•OY ( K,Ll•SIK,Ll/lt!56C. 
120 STT:STT+STP 

LA 11 li 
LA tl i. 
LA llu 
LA 14U 
LA 
LA 16, 
LA 1n 
LA 18i, 
LA 190 
LA 20 i: 
LA 21G 
LA 22 J 
LA Z3L 
LA 24 ~ 
LA 25 (, 
LA 2~ .i 
LA 270 
LA 28 i; 
LA z~ ,J 
LA !O ~ 
LA 310 
LA ?2. 
LA 33G 
LA :! .. LI 
LA :.,50 
LA !fl '; 
LA 37 c 
LA ~K1.1 
LA 3q ,; 
LA 4C. 
LA .. 1: 
LA '42 0 
LA "3 J 
LA 4~ . 
LA 41jl 
u 460 
LA .. 1: 
LA 480 
LA 49 ; 
LA so ,; 
LA 51C 
LA 52J 

ST 10 
S·T 2 ~ 
ST 30 
ST 4j 
ST c;, 
ST 6G 
ST 7C 
ST 8C 
ST % 
ST 1o i: 
ST 110 
ST 12G 
ST 1 ~ I'• "" ST 14 U 
ST 15 (, 
ST 1H 
ST 170 
ST 111~ 
ST 190 
ST 20 0 
ST 210 
ST 22( 
ST ~30 
ST '.? 40 
ST 250 
ST 2H 
ST 270 
ST 26 C 



l 

l 
l 
I 

100 

tF IL.LT.LCIWI GO TO 110 ST 290 
IF IL.GT .LCIEI GO TO 1 3 0 ST 30u 
IF IK.LT.LCJWI GO ro u~ ST ?10 
tF IK.GT.LCJEI GO ro 130 ST 32 0 
STA=STA+STP ST J3u 

130 CONTINUE ST Jlj~ 
STOL=STT-STA ST ?5 C 

C ST 360 
RFTURl4 ST 370 

C ST !II C 
E.NO ST •~ 11 

SUBROUTINE CSET 
suqRoUTINE CSET (NR,NC,CO,CT,H, G,CSI 

C 
C THIS SUBROUTINE SETS THE INITIAL RELATIVE CCliCENTRATICN I~ EACH 
C GPIO OF THE AQUIFER. 
C 
C CS=INITIAL CODEO AQUIFER CONCENTRATIOli 
C CO=INITIAL IOR CURRENTl UNCOCED AQUIFER CCNCENTRATICN 
C CT:NEW UNCODED AQUIFER CCNCENTRATION 
C 

DIMEN~ION COINR,NCI, CTINR,NCl,HINR,NCl,GINR,liCl,CSINR,NCI 
DO 100 J=1,NC 
DO 106 1:1,NR 
CT <I ,Jl =o.o 
IFICSII , Jl,liT.2,01 GD TO iO 
CO<I,Jl=CSII,Jl 
GO TO 100 

10 COII,Jl=CSII,Jl-2.0 
100 COtlTtNUE 

Rt TURN 
END 

SUBROUTINE GFIX 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUOROIJTitJE OrIX INR,l'IC,OX,OY,CA,H,Z,HT,I,0,liW,NP,PHl<,WELL,PIT,YPT, QF 1G 
1YAW,YPR,YPM,~PUM,CPH,YFC,qCHR,INYR,HL,TL,FKL,G,FHRTMP,CPPT,OAFW,OR 
2CHR,OPHR,QPUM,OL£AK,A RE A,TA"EAI 

OF 3( 
QF i.o 

THIS SUBPOUTINF COMPUTES THF HYCROLOGIC ANO ARTIFICIAL INPUTS, OF 50 
PPT=PRlCIPITATION IINCHES/YEARI OF cc 
CPT=COEF. OF EFFECTIVE PRECIPITATION TC GRCUNOMATER IOECIMALI QF 7G 
YPT=OISTRIOUTION OF PRECIPITATION FOR EACH OT OF ONE YEAR QF 8~ 

I DEC I MALI QF 'lO 
APW=APPLitD WA7tR AS A ~ESULT OF su-FACE IRRIGATION (FEET/YEAR) QF 10~ 
CAW=COEF. OF DEEP PERCOLATICN OF APPLIEC WATER IDECIMALI OF 11 [ 
YAW=OtSTRIBUTION OF APFLIEC WATER FCR EACH OT CF CNE YEAR QF 12G 

IDFCIMALI OF 130 
NGPU=NUMBtR OF GRIDS WITH PHREATOPHYTE USE OF 1i. G 
PHR=WATER USED BY PHRElTOPHYTES (AF/YEA~). THIS MAY BE OF 15 ( 

CALCULAiEO FROM THE ET SUBPROGRAM ev COOING FHR VALUES QF 160 
LESS THAN ZF.RO. OF 170 

YPR=DIST~IBUTION OF PHREATOPHYTE USE FCR E~CM OT OF ONE YEAR OF 18 " 
IOECIMALl QF 19 il 

WELL=WELL NUMBER CODE OF 20" 
q FUH=AMOUNT E'. ACH WFLL PU"IPS PER YFA R I AF /VF.AR I QF 210 
CPM=COEF. OF. GROUNDWATER Rt::l'OVEC llY PUl'P!l(G IOECIMALI OF 22 : 
VPM=OISTRIBUTION OF PU~PlliG FCR EACH OT CF ONE YEAR IDECI~ALI OF 23 ~ 
PIT:RECHARGE PIT NUMBER CODE OF 240 
RCHR=AHOUNT EACH l>IT RFCHARGES FER YEAR IFEF.TI QF 2% 
YRC=OISTRIBUTION OF PIT RtCHARGt FO~ tACH OT CF ONE YEAR OF 2E~ 

(O[CIMALI OF 27. 
O=NET VALUE OF HYDROLOGIC ANO HTIFIC YAL II\PUT PER GRID !AF/DAVI OF 28J 
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C SOT=TOTAL O PER OT IAFI 
C SOA=TOTAL O PER OT Of TW EEN STATIONS IAFI 
C REF EAT=OATA INPUT CODE FOR ,uLTIPLE VEAli All'ALYSIS 
C 

C 

C 

OJHENSION OXINR,NCI, OVIN R,NCI, CAINR,NCI, HINR,NCI, 21NR,NCI, HTI 
1NR 1 NCI, OINR,NCI, PHRINR,•JCI, WELLINR,NCI, FITINR,NCI, YPTl!NYRI, 
?YAWIPIYRI, YPRIINVRI, YPH(tjW,lNYRI, IHUHINWI, t:FHl~WI, YR t: nP,HYR 
31, RC:tt ll. (Nfll, 11LCN!'; ,NCI, HIN~· ,,u :1, rHINM,ll' r.1 , GCN~,N(:1, l' ttWll'fCNk 
,,,t-lCl,(ll'PTINR,NCI, llAl>W(Nll,NCI, lll-lCll ~ CNll,NGI, llf'HAIN~ • NCI, llLl'AWIN~ 
5,Nr.l, OPUHINR,NCI, ARtAIN~,NCI 

COMMON /BLK1/ OT, ST,ICFAO,ILKAO,LCIE,LCIW,LCJF,LCJW,FWTOP 
COMMON /BLK2/ STA,STOL,STT,SOA,SOT,SO~A,SOBA,SQRT,SOBT,CVA,OVT 

IF II.NE,11 GO TO 320 
ICT=n 
It<OX=1 

110 00 120 K=1,NR 
00 120 L=l,NC 

PHR IK,Ll=O.O 
OIK,Ll=O.O 
PHRTHPIK,Ll=O.O 
WELLIK,Ll =0• 0 
PITIK,Ll=O,O 

120 CONTINUE 
E TCNT=O, 
00 UO K=1,INYR 

YPTIKl=o.o 
YAWIKl=O.O 
YPRIKl=o.o 

130 CONTINUE 
FFT=HTII,JI-GII,JI 
R[AO 15,,.701 f'DT,Cf'T 

1'40 

150 

160 

170 

1eo 

1'30 
zoo 
210 

220 

IF IPPT,LE.0.01 GO TO 1"0 
PEAD (';,,.801 IYPTl'<l,K=1,INYlil 
REAO 1';,4101 APW,CAW 
IF I A PW• LE• 0 • 0 I GO TO 15 0 
REAi) 15,4!101 IYAWIKl,K=1,!NYRI 
CMH INUE 
P. ! A 'l ( S , '• g C I NG PU 
IF INGPU.ECl.O I GO TO 170 
DO 160 NPR=1,NGPU 

READ 15,,.-301 J,.K,P 
PHRIJ,Kl=P 

CONTINUE 
GO TO 180 
IF ISIGNl1.0,NGPU) .GT.C.01 GO TO 21C 
READ 15,,.TCI PHF. 
DO 190 KK=l,NR 
DO 1'30 LL=l,NC 

IF IPHRIKK,LLI.LT.0.01 GO TO 210 
IF IPHRIKK,LL>.GT.O.~I GO TO 200 

CONTINUE 
Rf AD 15,480) l'/PRIKI ,K=1,INYRl 
IF INW.LE,01 GO TO 250 
RE AO 15,4'lC I NW 
OCJ 220 K=l,NW 
00 220 L=1,INY~ 

YPMIK,Ll=a.o 
CONTINUE 
00 2 .. 0 J=1,N loJ 

RFAD 1,,5001 IWNO,K,L,RPlJl'iJI, CPHlJI 
WELLIK,Ll=IWf'<O 
~EAD 15,48CI IYPt1 ( YWNO,Kl,K=1,INY~I 
IF IVPHIJ,11 .N£.O.OI GO TO 240 
IF ISIGNl!.O ,YPHIJ,111.GE. C.0) GO TO 2'<0 
DO 230 K=1,INY11 

230 YPHIJ,K)=YPHIJ-1,KI 
2'40 CONTINUE 
250 IF (NP.LE.QI GO TO 2qo 

REAO 15,1+901 NP 
QC 2f ~ K=1,NP 
00 21',0 L=1,INYR 

YRC!K,Ll=O.O 
260 CONTINUE 

00 280 J=1,NP 
READ 1,,5001 IPNO,K,L,RCHRIJI 
PITIK,Ll=IPNO . 
PEAD 15,'4801 IYRCl!PIIO,KI ,K=1,INYl<I 
IF IYRCIJ,11.Nf,O.GI GO TC 2~0 
IF ISIGN(l.0,YPCIJ,111.GE.o.o : GO TO ZAO 

OF 29 c 
OF JO O 
OF !le 
OF ?2 j 
OF ?30 
QF ! .. O 
QF )'i , 
Ill ~ IHI 

OF 38 , 
OF •0 . • , V 

OF ~00 
OF '<1 u 
OF 42 ; 
OF .. 30 
OF '44C 
OF 450 
OF 46 , 
OF 47 U 
OF 48 ~ 
OF 490 
OF 50 : 
OF 51 G 
OF 52 i, 
(lF' ~30 
OF r,4 ,, 
QF 55 ,J 
OF 560 
'1F 570 
OF 511: 
OF 59 . 
OF EO ,' 
QF clC 
OF 62 . 
OF 63 ~ 
OF bl.t J 
QF !:SC, 
OF H o 
OF b7c 
OF 1:80 
OF 690 
OF 10;, 
ClF TE 
OF 72 G 
OF 730 
OF 74 •. 
OF 75 u 
OF no 
OF 770 
OF 78 •1 
or 7'1 U 
QF ROO 
OF 8H, 
OF HZ ~ 
OF A3., 
OF 840 
OF 850 
QF 86 ~ 
OF 117 " 
OF 88 G 
OF 890 
OF 

QF qzo 
OF ':!3 t 
OF 94 c 
QF ':!5 
OF '?!iii 
OF 970 
QF 
OF 9<1 J 
OF 100 c 
OF 1G10 
OF 102 ( 
QF 10 ! 0 
OF 101,c 
OF 1050 

Clf' l.07 c 
OF 108C 



102 

l no 270 K:1,INYR !If 10 '10 
270 YQCIJ,Kl=YRCIJ-1,KI ilF 110 , 
zeo CONTINUE llF 111 . 
2'!0 CONTINUE ur 11z. 

MPtTF IE>,'HOI OF 113 1) 
C~Ll HUPQf-' I Nil, NC ,CA I OF 114 c 
Mfl[TE lf>,f> 2CI APM OF 115 .: 
Mli1Tf C fi, fi -~ 01 IYAWIKl,K=1,INYRI QF 116~ 
Mil I Tf i&,SbOI OF 1170 
CALL HATQOP CNR,NC,PHFI OF llA •. 

M~ ITE Cb, b30 I (ypc IKI ,K=l,INY RI QF ll'h 
WRITE If',, bl+OI PPT OF 120 I) 
MRIH l&,b 301 IYPTCIO,K:1,lNYPI OF 121C 
IF INW,LE,01 GO TO 30 0 OF 122 u 
WRITE lb, 520 I QF 12 3 ,; 
CALL 11ATROP INR,NC,WE'LLI OF 121t a 
MRITF lb,b501 OF 1250 
00 zq,; J: 1,NW 

zq,; WFITEl&,6b01J,RPUMIJl,IYPMIJ,Kl,K:1,I~YRI 

l 300 IF (Nl',Lf,01 GO TO HO QF 1270 
WR! TF 16 ,530 I QF 1280 
CALL MA TR OP INR,NC,PITI OF 12% 
W~·ITE (6,&701 OF 1!0 0 
00 305 J=1,IJP 

l 
305 WRITF.lf> 1 hA01J,RCH RCJl,IYRCIJ,Kl,K:1,I~YRI 

C OF 1 !2, 
.110 IF I I• NE. 11 GO TO 320 OF IH •! 

WRITF lb,!>'101 OF 1 ?4 a 
CALL MATR OP (NR,NC,HI OF 1350 
W~·ITE lb, 6001 STA,STOL,STT OF 13E:C 

l C OF 1 !7 -.; 
320 ICT=ICT+! OF 1!6 C 

IF IICT,LE,INYRI GO TO 330 QF 1 ?90 
ICT:ICT-INYR-1 OF lltGl 
READ 15,4701 RE PEAT OF lloH 
IF IREPEAT,NE,0,01 GO TO 320 QF 1 lt2 0 
K YI: AR= I/I NYR OF 1430 
WFITE If>, 610 I l(YEAP OF ! .... J 
GO TO UC OF 11os.; 

330 PCNT=INOX OF 1 ltf: C 

[ FI=I OF 1 It 7~ 
SOA=O,O QF 14 80 
SOT=O,O OF 1'-9 l' 
KCT=~ OF 151 0 
00 440 K:1,NR OF 152 C 

l 00 440 L:1,IIC OF l 3 0 
IF IHIK,Ll,GT,1,El+I GO TO 44 0 OF 1c;4 c 
IF IHT IK,Ll,GT ,ZIK,LI I GO TO 350 OF 155 0 
A=O, O OF 1 Sf: c 
IF IKCT,GT,01 GO TO 340 ')F 1570 
WRITE I b, 5110 I I QF 158 ~ 

r 
l(CT=1 OF 15 q j 

31o0 WIHTF lb,5401 K,L f)F 11:00 
GO TO .JbO OF 1E10 

350 A= 1,0 OF 11>2 ~ 
360 CONTINU E' OF lb 3u 

l C OF H,40 
QPPTIK,Ll=IPPT 4 CPT•YPTIICT)•ARfAIK,L l /TA~cAl/11Z,•43560,I 
OAPWIK,Ll=IAPW'CAW•CAIK,L l"Y AWIICTl•A~lAIK,LI/TAREAl/43560, 

JJJ=PI T IK,ll QF H7 u 
IF IJJJ,L E,O I GO TO 370 OF H>8a 

r 
ORCHRll(,Ll=RCHRI J JJl•YRCIJJJ,ICTI •AP~~l~, Ll/43560, 

GC TO 3110 QF 170 i 
370 QPCHR 11(,L ):O,u 
3110 CONTit.lJE OF 172 G 

IF IPH~IK,Ll,GF.0,01 GO TO 3go OF 1730 

[ \ OPtil'I I I(, LI :f. TI H7 I K, LI , GI I(, LI , ,<, LI •AREA IK, LI /4 3 bO • 
PHRTMPll(,Ll=OPH P IK,LI 

ETCNT:1, QF 176 0 
GO TO 400 OF 177 0 

390 OPHR(K,Ll=PHR CK,Ll'YPRIICTI 

[ 
ltOO CONTINUE OF 179·, 

JJ•WELL IK,ll OF 180 \. 
IF (JJ.LE, 01 GO TO 410 OF 1810 

OPUHIK,Ll=RPUHIJJl•YPMIJJ,ICTl'CPMIJJI 
GO TO 42 0 OF 1 ~3 : 

( 
"10 OPUHIK,LI =0,0 
420 CONT! NUF OF 11150, 

!F IILKAO,LE,O I GO TO 430 OF 18H 
OLfAKIK,Ll=FKLIK,Ll'(HTCK,LI-HLIK,Lll•AREAIK,Ll'07/ITLIK , , I •4 :;; 5 

160,1 
GO TO 431 

l 
l 
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430 GLEAKIK.Ll=0,0 
431 OIK,Ll=IOPPTIK.Ll+OAPW(K.Ll+ORCHP(K•Ll•OPHR(K,Ll•OPUHIK,Ll•OLEA 

1K IK,Ll I/OT 

SOT=SOT+OIK,Ll•OT 
IF ILoLToLCI W) GO 
IF IL.GT.LCIEI GO 
lF lK,LT.LCJWI r.n 
l F (1(, (,1.LCJU r,n 
5~A•~~~•OIK,Ll•or 

TO 4',0 
TO ._40 
TO 440 
TO <• 1,u 

OF 1'120 
OF 1'!3 J 
llF 1 'l<• U 
llf 1 <]Ii J 

t •lhO 
1 •l f 

CONT ItHlf' 
If ( (FI•OTI .NE. lPCNT•FWTOPI l 
INDX=INDX•1 
IF IETCNToLE.O. l GO T_O 450 

GO TC 4t0 

IH 
IH 
Of· 
•JF 
OF 
OF 
OF 

1 ""u 1'!'! 0 
c:000 
201 . 
,02 11 

450 

460 

WRITE lb,'i701 
CALL MATROP INR,NC,PHRTMPI 
WRITE 16,5501 I 

OF 2 0 3~ 
OF 2040 
OF .05 j 

206 ; 
207 " 
i:O~C 

CALL MATROP INR,NC,Ol 
Rf TURN 

470 FO'<.MAT 18F10.11 
480 FORMAT 11f:F5,11 
4'10 FORMAT l2I5,7F10o1l 
500 FORMAT (3I5,6F10.1l 
510 FORMAT 11H1,'+5X.40HCOEFFICIE~T FOR PART CF eLOCK IRRIGATE0./1 
520 FORMAT 11H1,57X,16HWELL NUMBER MAF./l 
530 FORMAT (1H1,5JX,24HRECHARGE PIT NUMOER M~P./l 
540 FORMAT 131H WITHDRAWAL RESTQICTEO IN GRID 2131 
550 FORMAT 11H1,30X, <• 'IHMATRIX OF OII,Jl IAC•FT/OAYI FOR INCREMENT NUH 

lBER, 1101 
560 FORMAT 11H1,2CX,60HMATRIX OF PHRII,Jl • (ACRE•FEET CF WATER USEC/ 

1 GRID / YEARI I 
570 FOR~AT (1H1,20X,60HHAT~IX OF PHRII,JI • tACRt•FEET CF WATER U~EC / 

1 GRID/ I,NYRII 
580 FORMAT 11H1,'l'+HWATf.R TA~LF. ANC BECROCK ElfVATIO~S FRE\E~T WITHC•AW 

1AL FROM THE FOLLOWING GRIDS FCR TIMf FFRIC0,151 

'lF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 
OF 

5'10 FORMAT 11H1,37X, <• 6HINIT!AL HtAO tLEVATio~ · ~AP (F~ET AeOVt OATUMI OF 
1, /) {lF 

600 FORMAT 11H ,///,46X, 24HIN1TIAL STO~AGE IAC•FTl,//,lDX, 5HSTA: , OF 
1F15.3,10X, bHSTOL" ,F1<;,3,10X, 5HSTT: ,FB.31 OF 

610 FORMAT 11H1,/////,5,X, loHY~AR,1X,I3,2X, 11HOF ANALYSIS! OF 
620 FORMAT (1H ,///,38X, 21HYEARLY APFLIEO WATE"=,F10.3,5X, 'IHFEET/YE OF 

1ARI QF 
630 FORMAT 'JF 11H ,//,5X, 12HOISTRl~UTION,JX,12F7,'+l 
640 FORMAT 

1YEARI 
11H1,///,37X, 21HYEA"LY FRECIPITATIO~=,F10.3,5X, 11HI~CHES/ OF 

6511 FOR'1AT (11-H,/////, r,ox, 10HWELL TAOLEI 
660 FO~MAT 11H ,////,5X, AHWF.LL NC.,7X,I10,//,5X, 17~RATE IAC•FT/YEA~ 

11 ,6X.F10o'+, 1/,5Y, 12HnI$TR!flUTION,3X, 12F7.lol I 
670 FORMAT 11H1,/////,53X, ~loHRECHARGE TA~LEI 
660 FOR~AT 11H ,////,5X, 7HPIT NO,,RX,I1t,//,5X, 16HRATE IFEET/YEARI, 

14X,F10.'+, (/,5X, 12HOISTRI'!UTIC N,3X, 12F7, 411 

ENO 

QF 
QF 
OF 
OF 
llF 
OF 
O.F 
OF 
OF 

<09o 
210 ,j 
211 .; 
2120 
2130 
< 1 lo : 
215 J 
21b u 
217C 
218 l 
21% 
2200 
2210 
222 J 
223G 
224 0 
22sa 
Z ZE; :. 
2270 
228 0 
229 0 
230 ~ 
231L 
2 320 
< 33 : 
23'+ C 
23% 
23611 
2 37 '. 
2 3~ : 
2390 ,~oo 
2u.; 
242 ·: 

FUNCTION ET 

C 
C 
C 
C 
C 
C 
C 

C 

C 

110 

FUNCTION ETIAHT,AG,K,Ll 

THIS SUBPROGRAM COMPUTES THE PHREATCP~YTE USE USING WATER 
ELEVATIOtlS, 
fT=tVAPOTRAHSPIRATION IFtET/INYRI 
OTWT=OEPTH TO WATER TABLE FROM GROUNJ SURFACE IFEETI 

OTIH=AG•AHT 
IF IOTWT,GE.O,O l GO 
WRITE 16,1201 K,L 
CONTINUE 
ET=-o.o 
l<FTU IHI 

TO 110 

TAeLE 

F:T 
ET 
ET 
ET 
ET 
£T 
ET 
ET 
ET 
ET 
ET 
ET 
FT 
tT 
tT 

120 FORMAT 11Hl,/////,'+5X, 37HET ERROR, OTWT LESS THAN ZERO IN GNID,21 ET 
151 F.T 

lND ET 
ET 

10 
20 
30 
40 
50 
t;O 
70 
80 
'l 0 

100 
110 
120 
130 
140 
150 
160 
170 
180 
1'30 
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SUBROUTINE MATSDL 

C 
C 
C 
C 
C 
C 
C 

C 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

C 
C 
C 

110 

120 

Sll8ROIJTINE MATSOL CNOROW,NOC:CL,IP,lR,Fl<,FHJ ,H,HT,7,l'lfl~,Ofl,Y,U,CHA t1S 
lT•~,CA,A,n,G,PHlC,HP,Hrl "~ 

THIS SUBROUTINE SETS UP THE 
SIOF. VFCTO~ MATRIX. 
CMATRX=COEFFICIENT MATRIX 
CR=~IGHT HANO SIDE VECTOR 

CCEFFICIEl(T l"ATRlX AND RIGHT HANO 

l'ATRIX 

HS 
MS 
MS 
t1S 
HS 
HS 
MS 

DIMENSION FKINOPOW,NOCOLI, PH!II\OROW,NQCOLI, Hl~CRCW,I\CCOLI, HTINC MS 
1ROW,NOCOLI, ZINOROW,NOCOLI, OfLXII\Ol<CW,NCCOLI, IJELYINCRCW,NOCOLI, MS 
201NOROW,NOCOLI, CHATRXIIP,IRI, CRIIPI, AINOROW,NOCOLI, arnoRCW,I\OC HS 
30LI, GINOROW,NOCOLI, PHICINOkCW,NCCOLI, HFINCROW,NCCOLI, HFII\CRCW, MS 
4NOCOLI MS 

1 
2 

1 
z 

1 
2 

1 
z 

1 

1 

1 

1 

COMMON /8LK1/ DT,ST,ICFAO,ILKAO,LCIE,LCIW,LCJE,LCJW,FWTOP 

DEL T=DT 
00 110 J= 1, IR 
DO 11~ I'"i,IP 

Cl'ATRX II, JI= 0 • 0 
CONTINUt 
DO 120 I=1,NOROW 
DO 12~ J=1,NOCOL 

Al!,Jl=O.O 
'IIT,JI =O.O 

CONTHJUE 
NT=~ 
NC1=NOCOL•1 
NI< 1 = IIOROW•l 
!O=NOROW•2 
IM=t~•1 
lC=tlH1 
10=2•10+1 
00 1~0 J= 2,NC1 
00 160 I:2,NR1 

NT=NT+ 1 
CRINTl=O.O 
IF IHII,JI.GE.10QOG.OI GO TO 1~0 
JA:I 
JO=I 

LEFT i ,U 

HS 
MS 
HS 
HS 
HS 
HS 
MS 
HS 
HS 
'IS 
HS 
HS 
MS 
MS 
MS 
HS 
HS 
HS 
HS 
HS 
HS 
'IS 
MS 
'1S 
l1S 
HS 
HS 
MS 
'1S 
HS 

CMA TRX I NT, 11 =PARAH IF K ( JA, J•1 I , FK I I, J I, HT I JA, J• 1 I , HT I I, JI , l I JA, J MS 
•1 I , Z I ! , JI , DEL X I J A , J•1 I , OF. L XII , JI , tE L YI J A, J•t l , OE L \II, JI , GI J A, J 
•11,Gll,JJI 

TOP CBI 

MS 
MS 
HS 
HS 
'IS 

CM A TRX INT, I13 I =PARA I' If KI I• 1, JI , FK I I, J l , HT Ii• 1 , JI , HT CI, JI , Z I I• 1, J HS 
I , 711, JI , Of.LY I 1-1, JI , nrL Y CI, JI , Ot L JI 1-1 , JI , nu K 11 , JI , GI 1-1 , JI, G HS 
II,JII 'IS 

flOTTOMICI 
MS 
MS 
HS 

CMATRXINT,ICl=PARAMIFKII•1,Jl,FKII,Jl,HTII•1,Jl,HTII,Jl,ZII+t,J HS 
I, ZII, JI ,DELV II•1,JI ,O"LV IT,JI ,DELlCII+1 ,JI ,OELXII,JI ,G 1!+1,J 1,G MS 
II,JII MS 
AII,Jl=CHATRXINT,ICl MS 

RIGHT IOI 

CMATRX INT, IO I =PAR~M I FK CJD, J•1 I ,FK I I, J l, l'T IJO ,J+11 ,HT I I ,JI ,Z IJO, 
J •ii , l II, JI , DEL X (JO , J • H , DEL XI I, JI , DEL V I JO, J • 11 , OE L VI I, JI , GI JD, 
J • 11,G II,JII 
BII,Jl=CHATRXINT,IOl 

CALL NSCONT IHIJA,J•11,HTIJA,J•11,~TII,Jl,llJA,J•11,llI,Jl,Cl'AT 
RX INT, 11,CHATRX INT, IMI ,CR I I\TI I 
CALL NSCONT IHCI-1,JI ,HT(I-1,J) ,HTII,JI ,lll-1,JI ,ZII,Jl,Cl'ATi;xc 
NT,IBl,CMATRXINT,I111, ;:R tNTII 

MS 
HS 
HS 
MS 
HS 
MS 
HS 
HS 
HS 
11S 
HS 
MS 
MS CALL NSCONT IHl!•1,JI ,HT 11•1,Jl ,HT 1!,Jl vZII • 1,Jl, ZII,JI ,Cl"AHXI 

NT,ICI ,CMATRlllt'1,IHI ,Ci<INTI I MS 
CALL N5CONT IH(JD,J • ll,HTIJO,J,11, ;-;T(I,Jl,ZIJO oJ•ll,ZII,Jl,Cl'AT MS 
RXINT,IOl,CMLT~XINT,11'1,CRCNTI) 

IEI 

HS 
MS 
MS 
MS 

I u 
:u 
j . 

" l 
5, 
60 
7 L 
SC 
q~ 

10C 
11[ 
12 1. 
1. ·' 
140 
15( 
16C 
17 il 
180 
1q" 
20 :: 
2H 
220 
23 C 
240 
,sc 
26 C 
27 J 

26 L 
2% 
?00 
31 c 
!2 'J 
?30 
34J 
35 : 
36 '· 
u: 
36U 
!% 
40 ( 
"H 
42(i 
.. 3 J 

""O 45C 
"f.0 
47t, 
4e,;, 
4qo 
sot 
51 ' 
52 ·~ 
i;1 
540 
55G 
~6-
570 -
58G 
5% 
60t 
61G 
~z :. 
c3U 
cit e 
65C 
H:;; 
H~ 
68 G 
6% 
70C 
71C 
72( 
73 G 
740 
750 
76 G 
77 ,J 
760 
1qa 



l 
t 
[ 

I 
I 

C 

C 

C 

105 

tF l[C:FAQ,Lt,01 GO TO 130 
[ F Cit r Cl, JI , lf. , G 11 , ,I l l r. 11 TO l J 0 
:nco1,,, •PtH C 11,JI 
GO TO 11,0 

UO STCOff•PIHII,JI 
11o0 CONTINUE 

C~ATRXINT,IMl=CHATRXINT,I~l•ICHATRXINT,ll • CHAT~XINT,IBl+C~AT"XI 
1 NT,lCl+CHATRXINT,IOl+ISTCOFF•OELXII,Jl•OFLYII,Jll/CFLTl 

CR I NT I =CR I NT l - IHT I I, JI •s TC Cf. F • CEL XII, J l •CHY II, JI I /CELT -a II, JI • 
1 1o3~r,o, o 

GO TO 1b0 
150 CHATRXINT,IHl=1,0 

CRINTl=HTII,JI 
1&0 CONTINUE 

REWIND 7 
WRITF 171 CHATRX,CR 
CALL BSOLVE ICHMTRX,IP,IR,CRl 
NT=O 
00 170 J=2,NC1 
00 170 I=2,NR1 

tH=NT+1 
11TII,Jl=CRINTI 
HF II,J I =CR INT I 

170 CONTINUE 
IF' IICF"AO,LE,01 GO TO 230 
REW!NO 7 
RE AO 171 CHAT RX ,CR 
ICAC•O 
NT=O 
00 210 J=Z,NC1 
00 210 J=2,NR1 

NT =NT • 1 
IF IHTII,Jl,LE,GII,Jll GO TO 1M 
IF IHPl!,Jl•G II ,JI I 1<JG, 1<,0, 210 

180 IF IHPII,Jl•GII,Jll 210,210,200 
1 'JO ERROR= IG I I, JI• I PH I II, J l •PH IC I I , JI I l • 0 EL X II, J l •OEL YI I, JI I OEL T 

CRINTl=CRINTl ~ERROR 
CHA TR XI NT, NR 11 =CHA TP XI NT, NR 1 I+ I PHI II, JI •PH! C II, JI l •o EU' II, JI •OE 

1 LYII,JI/OELT 
WRIT E 16,2401 I,J 
ICAC=1 
GO TO 210 

200 ERROR=IG!i,Jl•CPHIII,Jl•PH!CII,Jlll•OELXII,Jl•OELYII,~1/0F.LT 
CRINTl=CRINTl•tRROR 
CHATRXINT,NR1l=CHATRXINT,~"11+1PHICl!,Jl•PHIII,Jll•OELXII,Jl•OE 

1 LYII,JI/OELT 
WRITE lb,2501 I,J 
ICAC=1 

210 CONTINUE 
IF <ICAC,E0,01 GO TO 230 
CALL BSOLVE (CHATRX,IP,!R,C~I 
Nl=O 
00 220 J=2,NC1 
00 220 I=2,NR1 

NT=NT • 1 
HTII,Jl=CRINTI 
HFII,Jl=CR(NTI 

220 CONTINUE 
230 RE TURN 

21o0 FORMAT (1H ,43X, 
250 FORMAT (1H ,43X, 

f.NO 

4HGRID,2IS,SX, 22HU~CONFI~EO TC CONFINEOI 
4HG~ID,2IS,5X, 22HCCNFI~EO TC UNCONFI~EOI 

F'UNCTIDN PARAM 

C 
C 
C 
C 
C 
C 

FUNCTION PARAHIAK1,AK2,AHT1,AHT2,A l1 ,AZZ,~Xl,AX2,AY1,AY2,AG1,AG2 '. 

THIS SUOPROGRAH COMPUTES TrlE COEFFl CIENTS USEO I~ HATSCL ANO 
RYFLOW, IT IS APPLICAELE TC CASES CF VARIAOLE QX, CY, FK , 
ANO SATURATED THICKNESS, 

HS dU J 
HS "1 0 
11:'i ft ;',} 
11S ~JC 
HS 84L 
MS 850 
HS enc 
HS 87( 

HS 88. 
MS 8% 
'1S '30 0 
'1S 'JH 
HS 9Z u 
MS 'l 3G 
HS c,4 C 
HS 'J5(J 
MS %C 
'1S 'J7 C 
MS '!8 L 
MS ~gc 
MS 1COC 
MS 1 C 11. 
'1S 102 2 
>4<; 103 C 
MS mT 
HS ics : 
HS 106 ~ 
MS 1 u 7 il 
11S 1080 
HS 1 'J . 
MS 110 , 
HS 1110 
HS 1120 
HS 11L 
HS 114 : 
'1S 115!i 

HS 1HO 
HS 118: 
HS 11 'l C 
HS 120G 
HS 12H 
HS 122l 
HS 1 Z3 t 

HS 1240 
HS 126~ 
HS 127 ( 
14S 128 (, 
MS 12% 
HS noo 
HS l?h 
HS 1?2 •. 
MS 133 J 
HS ni,c 
HS 135 0 
HS 1 ?& O 
HS l?H 
MS ue., 
HS 1 ?'J J 
HS 140 ~ 
HS 141G 
MS 142C 
HS 143 1) 
HS 11o1t: 
MS 145: 
HS lloEO 

PR ~o 
PR 2~ 
PR 30 
PR lo i: 
P. R s : 
PR i. ; 
PR n 



l 
l 
I 

106 

COHHCN /OLK1/ OT, ST,ICFAO,ILKtO,LClt,LCIW,LCJE,LCJW,F~TOP 
C 

IF ctCFAO.LE.01 GO TO 110 
A=AHitt11AHT1,AG11 
R=AHIN11AHTZ,AG21 
SATHCK=AHAX11A,OI-AHAX1(AZ1,AZ21 
GO TO 120 

110 SATHCK=AHAX11AHT1,AHT21•AMAX11AZ1,AZ21 
120 PARAH=IZ,•AK1•AKZ•~v1•Av2•sAT~CKl/((A X1•AKZ•AY2l•IAXZ•AK1•AY111 

C 
RETURN 

C 
ENO 

SUBROUTINE NSCONT 
SUBROUTINE NSCONT IHA,HTA,HTH,ZA,7H,CRXA,CRXM,CRLI 

C 
C 
C THIS SUOROUTINE TRANSFERS THE CCEFFJCTFNTS, ~ULTIPLIEO OY THEIR 
C RESPECTIVE H•VALUE, TO THE RIGHT HANO SIDE VECTOR MATRIX I~ 
C CASE OF AOJACFNT CONSTANT HFAO OR k~OWN eCUNOARY CO~OITIONS. 
C IT ALSO SFTS COFFFICIFNTS EQUAL TO ZERC I~ CASF OF ACJACtNT 
C IHPERHt ABLE BOUNDARIES, 
C 

C 

IF IHA.LT,20000.01 GO TO 110 
CRL=C RL•CRYA•HTA 
CRXH=CR XH•CRXA 
CF< XA=O,C 
GO TO 120 

110 IF IHA,GE.10000.01 GO TO 130 
120 IF ((HTM•ZHI.LE,1.0,ANO,HTH . GT.HT~I GO TO 1?C 

IF IIHTA•ZAI.GT.1,0.0R.HTA,LE . HTHI GC TO 1'40 
130 CR XA=e.o 

11t0 RF.TURN 
C 

ENO 

SUBROUTINE BSOLVE 

C 
C 
C 
C 
C 

C 

SUR ROtJTINF BSOLVf. IO,N,'1,~I 

THI S SUBROUTINE SOLVES THl MATRIX, SET UP Ii HATSOL, ev GAUSS 
f: LI HINA TI ON• 

DIMENSION OIN,HI, V(NI 

LR= IH•11 / 2 
00 120 L=i,LR 

I~=LR-L+i 
00 12C I=l,IH 

00 110 J=Z,H 
110 OIL,J•11=01L,JI 

KN =N-L 
KM =H-I 
O(L,HI =O.O 

120 OIK N+1,KH+11=0,0 
Lf:=LP+l 
I M=N-1 
00 1GO I=1,IH 

NPIV=I 
LS =I+1 
00 13C L=LS,LR 

IF IABSIOIL,1)1.GT.Aa SIOINPIV,1111 NP!V=L 
130 CONTINUE' 

PR 8 
PR q 
PR 1 O ·i 
PR 1H 
PR 12.: 
PR 13. 
PR 1'4 . 
PR 15 
PR 16 L 
PR 17 L 
PR 1e·: 
PR 19 C 
PR zoo 

NC 1 j 
NC 2u 
NC 3G 
NC lo u 
NC S i; 
NC !iL 
NC 70 
NC ll ~ 
NC 'l " 
tlC 1 0 : 
NC 11 U 
NC 12 0 
NC 13 •J 
NC 1«.u 
NC 15 0 
NC 1£: G 
NC 17" 
NC 18 ~ 
NC 1% 
NC 20G 
NC 21 (i 
NC 22 G 

'3S 1( 
OS 2, 
BS 3, 
BS "" !3S SC 
BS 6 ( 
BS 7, 
BS 80 
'lS % 
BS 100 
OS 11 C 
!lS 12 0 
BS 1~0 
BS 1'40 
BS 15C 
BS 1!i C, 
BS 170 
RS 180 
BS 1cir, 
BS 20J 
'!S 2H 
BS 220 
BS 23t 
BS Z't c 
RS ,so 
RS 2EO 



l 

I 
I 
I 
I 
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IF INPtV.LE.II GO TO 15C OS 
no 14.i J =1, t1 OS 

TEMP=O(l,JI OS 
OII ,JI =OOJPIV,JI BS 

11o0 O(NPIV,Jl =TEHP OS 
TEMP=V(II BS 
V (I I =V (NPIVI 'iS 
V!NPIVl=T £'1P 9S 

1,;o V (II =V (II /0 I I , 11 BS 
00 1b0 J=2,M BS 

1b0 D(I,Jl=D!I,JI/O(I,11 flS 
no 1 ii~ L"L S, LR fl S 

Tt MP ~n CL, 11 fl S 
V(Ll • V(Ll•TtM P•vrtl 11 $ 
00 170 J =Z ,M ns 

170 O!L,J•1lsO(L,Jl•T t HP•O!I,JI !I S 

1 "0 OIL,Hl=Q.O l) S 
IF CL R,LT.NI LP=L R •1 BS 

1'l0 CONTINUE 'lS 
V !NI =V(NI /0 (N , 11 BS 
JM=2 BS 
00 210 I=l,IM OS 

L=tl•I BS 
DO 2G v J=Z,J H BS 

KH=L +J BS 
200 V! Ll=V(Ll•O!L,Jl•VI KH•ll OS 

IF (J H,LT, 111 JH =JM+l flS 
' 210 CONTINUt as 

C ' BS 
RETURN flS 

C IJS 
F 110 'lS 

SUBROUTINE BJUST 

C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

1 

110 

1 

120 

1 

130 

1 

11o0 

SU'lROUTINE BJUST (NR,hC,H,HT,HP,OX,CV,II BJ 
BJ 
BJ 

THIS SUBROUTINE ADJUSTS THE UhOERFLCW BO~NOARY WATER TAeLE ON BJ 
HEAD ELEVATIONS, ROUIIOARY ELEVATIOhS A~E HELO CONSTANT FOR BJ 
ono TIME STlPS, GRADIFhT5 ARf. COHPLTEO T~NEE GRIDS I~ ANO BJ 
~ROJFCTED AACK TO oeTAIN NEW WATFP LFVFL ELFVATIONS CA AJ 
HtAO ELEVATIOtlS AT 80UNOA RI ES, OJ 

!)J 
OIHE NSION HINR,NCI, HTINR,NCI, HP(NR,NCI, OXINR,NCI, CYINQ,NCI BJ 

IJJ 
IF III/2•21.Nt,II RETUPN FlJ 

BJ 
NR 1=NR•1 BJ 
NC1=NC•1 BJ 

BJ 
00 120 I2=2,NC1 BJ 

IF (H(1,I21,GE,30000,0I G'O TO 110 'lJ 
IF (H( 1, I21,L T,ZOGOO, 0 I GO TO 11G BJ 
DITP= ( HT 12, I 21 •HT 13, I 21 I• ID YI 1 , I 21 +O Y ( 2, I 211 / I DY 12, I 21 + OY I 3, 12 I 'lJ 
I BJ 
HTl1,I?.l=HTl2, I 2l+nITP ~J 
IF (HINR,I?.I .G£.3C OOO.O I GO TO 12C BJ 
IF (H(N~,I 21,LT,ZOOOO.o, GO ro 120· BJ 
OIAT=(HT INR•2,I21•HT (NR• l , I211 • 1ov (NR,IZl•DYC~i.-1, !211 /IOH~i.-z BJ 
.IZl+DYINR•l,1211 BJ 
HTINR,IZl =HTINR1,I21•0IBT BJ 

CONTINUE BJ 
BJ 

DO 1 lt0 I1=2, NR1 OJ 
IF (Ml!l,11.GE.30000,01 CO TO 13C BJ 
IF (H(I1,11.LT . 2000 0.0I GO TO ! 3t BJ 
0 IL T= (HT(! 1, 2 I •HT I I1 • 311 • (0 XI I 1, 11 +p X II :I. , 2 I I/ I OX I I 1, Z I • OX I I1, 31 BJ 
I BJ 
HTII1.11=HTII1,Zl+O!LT AJ 
IF (HII1, NCI .Gt . • 30000.01 GO TO 140 BJ 
IF !H(Il,NCI ,LT,20 000.01 GC TO 140 'JJ 
OIRT=IHTII1,NC•Zl•HTII1,NC•11 l•I DXII1,NCl•OXII1,NC•111/IOXII1,N BJ 
C•2l • DXII1,NC•111 BJ 
HTII1,NCl=HTII1.NC11•DIRT BJ 

CONTINUE 'lJ 
BJ 

Rt TURN AJ 
I\J 

ENO AJ 

27 c 
21\C 
2CJC 
30( 
31 < 
!2u 
?3 C 
!i. c, 
J,; : 
~f: i. 
?h 
J N\~ 
Jq. 
lt0 ,. 
loH 
lo2l 
"1 
,.,. 0 
1t5 C 
'41':C 
"1 0 
lt8 C 
ltCJ 0 
50 s 
5H 
52.:. 
~3( 
51o (, 
5~ C 
5b 'l 
<,7, 
58 G 

1[ 

2 J 
30 
,. t 
5 " 
bO 
7C 
8~ 
q : 

10 .J 
11 C 
12t 
13 ,; 
lit 0 
15G 
1bC 
170 
18 ; 
1'l0 
zo o 
21 0 
22 0 
230 
24 0 
2°50 
26, 
27 (, 
i'B G 
2% 
300 
31 :; 
n o 
330 
31, a 
Jr: :_ 
31: 0 
H C 
380 
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SUBROUTINE DDFLDD 

C 
C 

SUJROUTINE ODFLDD (NR.NC.H,HT.z.r..s.ox.oY,SCI 

C THIS SUAPnUTINE CHECKS FOR DVFRORAWN OR FLCOOfO AREAS, 
C OACFTT=OVlaTOTAL OVtPO~AW (Afl 
C fACrTT•FVT•TOTAL AMCUNT FLCCrrn (Afl 
C nAcr TA •O VA•l)Vt' ~lll!AW nr rw1:~: N IHJFf'E~- 7.0NF ACUNOAIIIES CAF I 
C IAC~IA e FVA•AMOUNT rLnnn~o erTWFFN ~UFFER 7CNE 80UNOARIFS IAFI 
C 

C 

C 

C 

110 

120 

130 

140 

150 
' \ 

1f>O 

DIMENSION H(NR,NCI, HTINR,NCI, Zl~R,~CI, GIN~,NCI, Sl~R,NCI, OXINR 
1,NCI, OYINR,NCI, scrnR.NCI 

COMMON /ALK1/ DT,ST,ICFAO,ILKAQ,LCit.LCIW,LCJE,LCJW,F~TOP 
COHHCN /ALK2/ STA,STOL,STT.SOA,SOT,SO,A.saeA,SQ~T,SOBT,CVA,OVT 

OllCFTT=O, 0 
FACFTT=C,O 
OACFTA=O,O 
FACFTA=O,O 
SVOLO=O,C 
SVOLF=~• 0 
KCT =O 
00 180 J=t,NC 
00 1~0 I=l,NR 

IF (HII,JI.GE.ioooo.01 GO TC 180 
IF IHTII,JI.GE,ZII.Jll GO TO 1~0 
OOFT=ZII,JI-HT<t.JI 
fACFT=0,0 
FFT=O,O 
SS=SII,Jl 
IF (tCFAO,LE,01 GO TO 110 
S5=SC (I• JI 
IF ( HT ( I, JI • LE • G (t , JI I S S= S (I, J l 
OCACFT=OOFT•OXII,Jl••YII,Jl•SS/435€0, 
IF IHII,Jl,GE,20000,0l GO TO 120 
SVDLO=ODACFT 
HTII,Jl=l(I,JI 
Gtl TD 150 
IF IICFA<l,GT,CI GO TO 180 
IF (HT II,Jl,LE,GII,JII GO TO 180 
FACFT=FFT•OXII,Jl•OYII,Jl•SII,Jl/4?560, 
OOFT=i;,O 
OOACFT=O,O 
SVOLO=O,O 
IF IHII,Jl,GT,20000,01 GO TO 140 
SVOLF=FACFT 
GO TO 150 
HT(t,Jl=GII,JI 
SVOLF=O,O 
OACFTT=OACFTT+SVOLO 
FACFTT=FACFTT+SVOLF 
IF IJ,LT.LCIWI GO TO 160 
IF IJ,GT ,LC!tl GO ·;o 160 
IF 11,LT,LCJWI GO TO 160 
IF 11,GT,LCJEI GO TO lnO 
OACFTA=OACFTA+~VOLO 
FACFTA= FACFTA+SVOLF 
IF IKCT.GT,01 GO TO 170 
wRTTE cr,.zoo, 
WRITE ln,2101 
KCT=1 

170 Wf;TTE lb,2201 I,J,OOFT,OOACFT,FFT,FACFT 
180 CONTINUE 

IF !OlCFTT,EQ,0,0,ANO,F~CFTT,E0,0,01 CO TO 1qo 
W~ITF (b.2301 OACFTT,FACFTT,CACFTA,FACFTA 

190 OVA=OACFTA 
OVT=OACl'"T T 
RETURtl 

200 FORMAT 11Hi,14H-ROW - COL NR,,6X,15HO VER CR A W,2X,13HF LOO 
10 E • .5X,8HAREA 00,,4X,6HAREA FO,/ i 

210 FORMAT UH ,111X,215X,11HFT ACF"/lvf:X,41'ACFT,8X,4HACFT/I 
220 FO~HAT l!H 2I4,9X,4F8,21 . 
230 FCRHAT (1ZHOT OT AL S,ftX,2(~X,Fe.;1,2x,Fe.z,4x,,e.2,,1 

C 
FNO 

OF 1D 
OF 2, 
OF 3, 
OF 4C 
OF ?C 
(lf h ., 
1)r 7 ,: 
or NC 
OF q i, 
OF 10 ,: 
OF 11 1; 
OF 12.; 
OF 13~ 
OF 14 :, 
OF 15. 
OF H, c 
OF 17G 
OF 16(. 
OF 1 <:t 
OF 20( 
OF 21t 
OF 2Zi: 
OF 2 • . ~c 
OF 24 ~ 
OF 2SO 
OF 2b , 
OF 27 C 
OF ze :; 
OF zqo 
OF 30~ 
OF !H 
OF ~2( 
OF 33(i 
OF !4. 
OF 35G 
OF !ct 
OF !7C 
OF JR ~ 
OF ?'l e 
OF 4 O'. 
OF "1G 
OF '<2 :. 
OF 43 G 
OF 44[ 
OF 45 J 
OF 46~ 
OF "7 C 
OF 46 c 
OF 49( 
OF ~Q C 
OF 51u 
OF s2 i:. 
OF S3l. 
OF Sit ; 
OF 550 
OF 560 
OF '570 
OF 5~ , 
OF 5q[ 
OF cOu 
OF 61il 
OF 6Z; 
OF 63 , 
OF b4 ~ 
OF E 5C 
OF E,E,, 
OF 6 7'., 
OF 68 il 
OF E,'Jli 
OF 70 ~ 
OF 71 0 
OF 
OF 7 3 (· 
OF 74 ~ 
ilF 75.; 
OF 760 
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SUBROUTINE BYFLOW 
SUAROUTINE BYFLOH INR,NC,NA,K8,FK,H,HF,Z,DX,OY,SOGGI,SOGGJ,SOR,CHA BF 1G 

C 
C 

1T"X,A,A,HP,G,ITIME,CO,CT,PHI,FHIC,CS,CPPT,OAPH,CRCHR,CFHR,OPUM,CLE 
2AK,CPPT,CAPW,CRCH~,CSOR, O,CPUM,CLEAK,CPHRI 

C THI S SUllRO\ITINf COMPUTE S FLOW '> FOR O CH cine •• HOH Tl-ROUGH 
C IIOtJNOA ~ li" 'a ANO r, rrnM CON 'iT ANf Hi Al\ G~IIVi TS (':ALCULAf f'll , 
C lMt !i :ilJ IWOIJT[Nt COMPUlr S NFW !-! F'lATivr coi,a;Ft,TRATlOIIS fC ~ tACH C~tO 
C RA SlO ON ALL INPUT ANO OUTPUT VA~JArl~S lO fACH GRID, 
C 
C S~GGI =FLDH OETHE£N G~ID S IN r-nrP.ECTIDN (~Fl 
C 50GGJ=FLOW BETWEEN GP!OS IN J-OIRECTIOII IAFI 
C SQ~T=TOTAL INFLOW THROUGH ecUNOARIES (AFI 
C SOAA=INFLOW THROUGH BUFFER ZONE BCU~OAR!ES (AF) 
C SOR=INFLOW FROH CONSTANT HEAD GRIDS 
C SQRT=TOTAL INFLOW FROM RIVEF CP CONSTANT HEAD GRIDS IAFI 
C SORA=INFLOH FROM RIVER 0~ CONSTANT HEAD GRIDS WITH!~ euFFER 
C ZD NE BOUNOARif S I AFl 
C 

C 

C 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 

C 
C 
C 

110 
120 
130 

140 

150 

H,Q 
170 

' \ 
1110 

DIMENSION FKINR,NCI, HINR,NCI, HFINR,ll"C·I, ZINR,t-CI, OXINR,NCI, OYI 
1NR,NCI, SOGGIINR,NCI, SOGGJCNl<,NCI, SO•INFl,~CI, CMATRXINA,N'll, tlN 
2R,llCI , 1HNR,NCI, HPINR, NCI, G INR,NC 1,CO INR,,..CI ,CT (NR,r,.c I ,PHI (NR,r,.c, 
3, PH IC I NR, NC I , CS CN P. , NC I , OPPT I t,;R, NC l , QA FW I NR, I\C I , CR CHR Ir,. R, NC I , CPHI< I 
"NR,NC I, OPUMrnR,NCI ,OLfAK IMR,NCI ,a (NR,~c, ,CFUl"(r,.i;, NCI' CLEAKINR,NCI. 
5CPHRltlR , NCI ,CPPT IMR,NCI ,CAPW C ~R,NCI ,Cl<CHFI Nf.',NCl ,CSOR CNR,I\CI 

1 
2 

COMMON /OLK1/ OT,ST,ICFAO,!LKAO,LCif,LCIW,LCJE,LCJW,FWTOP 
COHMCll /8LK2/ STA,STOL,STT,SOA,SOT,SO~A,SO~A,SORT,S00T,OVA,OVT 

LS=LCIE 
l N=LCIW-1 
NS=L CJE 
NN=LCJW-1 
NR1: N,:-•1 
NC l = NC•1 
Stl lJI A=O 
S fl 11JA • O 
TOIHA =O,O 
TCHJA =O,O 

DO 20 LOOP COMPUTFS FLOW IN THF I OIRECTICN 
STATEMENTS 10 ANO 12 FOPCES DISCHARGE~ AT THE FIRST Ar,.o LAST 
GRIDS TO BE COUNTED AS BOUNOA f; Y GRIDS 
STATEMENT 14 ANO 16 COMPUTES RIVER FLCHS, ~IVER MUST BE INTERICR 
TO GRIDS 3 ANO NR1 OR JNT FRIOFI TO LCIF ANO LCIW, 

00 210 J=1,NC 
SOGGIII\R,Jl=O,O 

DO 210 I=1,NR1 

CHECK FOR IMPERMEABLE ROUNOARY 
CHECK FOR ADJACENT CONSTANT Hf AO OR CCNSTANT GRACIENT CCNOITICNS 

KK=IHII,Jl/10000,1•1 
KL=IHII+1,Jl/1000C,l+1 
GO TO 1110,1E0,120~13JI, KK 
GO TO 11<+0,160,1"0,1<+01, KL 
GC TO 1!"0,160,160,1601 , KL 
GO TO 111t0,160,16J,11t01, KL 

IF IA(I,Jl,NE,0,01 GO TO 150 
S OGG! I I, JI =PARA MC FK I Id, JI , FK I I, JI ,HP I I .-1, JI , HP I I, JI , 7. I I• 1, JI , Z 
I I, JI , 0 YI I +1, JI , DY I I, JI , iJ X I I • 1, JI , nx CI, JI, GI I+ 1 ,JI , GI I, JI I• 11-F I 
I,JI-HF(I+1,Jll•nr, .. i560, 
GO TO 170 
SOGGIII,Jl=AII,Jl•IHFII,JI-HFII.-1,Jll•OT/43SEO, 
GO TO 170 
SOGGICI,Jl=O,O 
IF II,NE,11 GO TO 1~0 
IF IKK,f0,41 GO TO 1qo 
SrJFlI=SOGGIII,JI 

SUH CF I-FLOW THROUGH BOUNDARIES 

sanrA= SOBIA+SOnI 
GO TO 19J 
tF IT,NE,NR11 GO TO 1qo 
IF IKK,F.0,1+1 GO TO 1qa 
SC•H=- <; OGGII I ,JI 

llF 30 
BF .. . 
!IF ~-ur hO 

!3F H 
f!F 8C 
!lF q,:; 
'3F H C 
OF 11[ 
BF 120 
BF 13( 
IJF 11+. 
OF 15" 
fl F 16 ; 
'IF' 1 n 
flF 18 ·: 

BF 1q ,; 
BF 20 0 
IJF 211, 
AF 22 ( 
OF 23 a 
BF 240 
!IF 25v 
BF 2H 
BF 27' 
!lF 2~ , 
IJF 2'l C 
RF !OL 
OF Jl. 
BF !2 L 
llF !J u 
OF !<+ C 
BF !SL 
llF JH 
RF 370 
9f 3a ;; 
!lF 30 · , 0 

BF '40(. 
BF '41( 
,lF 42 :i 
BF 43 l 
[lF ,.,. _ 
BF <+5~ 
9F <+ cu 
BF 1on 
llF '4'8 , 
BF <+'1 0 
[lF so c 
BF SH 
OF ~2 : 
OF 53 ,: 
OF ~" C 
8F 55 J 
BF 56 . 
BF 5H 
OF ~8 0 
f!F 5~ {; 
tlF £:O •; 
OF 610 
flF E20 
OF 630 
BF E'4 ,j 
9F 65u 
nF 66G 
eF ETC 
9F E8 (; 
f!F &'I C 
nr- 7D0 
•JF 7 lu 
BF 12 u 



llO 

C !lF 7J i. 
C SUH OF I-FLOW THROUGH ROUNOAR IfS BF ,,. :;, 
C llf ]lj J 

SO!IIA•SOIIIA.SQ11I [If 7b 0 
1 qg I F (I,N ,NNI c,n Tn ?00 llf ,,, 

IF !J,L l ,U;IWI GO !Cl 110 Il l' 1~ 
IF IJ,GT,U:JEI GO TO 210 r1F rq ; 
IF I KK ,t::a, '< l GO TO 21 0 JJF eo c 
TCOt=SOGGI II ,JI Of Rl . 

C JJF ez -;. 
C SUH OF I-FLOW THROUGH BUFFER ZONE BOU~!OAR IES !lF 83. 
C BF 8'4 G 

TOBIA=TOBIA+TOBI BF as : 
GO TO 210 BF 8F.,,. 

200 IF II,NE,NSl GO TO 210 BF ~7 0 
IF (J,LT,LCIWl GO TO 210 flF 88 ( 
IF IJ,GT,LCitl GO TO 210 BF e c;. 
IF !KK,EO,'<I GO TO 210 BF 9~ : 
TOflI=-SaGGI!I,Jl Bf 91 s 

C BF "2i. 
C SUH OF I-FLOW THROUGH RUFFER ZONE BOU~OAf.IES BF 93 ;; 
C BF qi, .: 

TOBIA= TQ!JIA+TQBI Rf <:5 :. 
210 CONTINUE BF % 0 

WRITE I b, 4 0 0 I ITI•ff BF 970 
CALL MATROP INR,NC,SQGG!l Bf '?6 C 

C Rf qg.., 
C 00 1+0 LOOP COHPUTES FLOWS IN THE J•OIF1ECTION, BF 100 C 
C !!F 101u 

00 320 1=1,NR l]f 1u Zc 
SOGGJII,NCl=O,O JJF 1 0 ! : 

00 320 J=1,NC1 'lF 1 0'4 : 
KKzlHII,Jl/10000,1+1 nf 105C 
KL= IHI I ,J+ll /10000, l +1 BF 10£> ,: 
GO TO (?20 , 270,230,21+0), KK l:IF 107 -; 

220 GO TO 1250,270,250,250), KL clF 108.; 
230 GO TO (250,270,270,27~1, KL BF H<lG 
21+0 GO TO 12su,210,210,25~ 1, KL Bf 110 ; 

C BF u1 .: 
250 IF 18(!,,Jl ,NE,0,01 GO TO 260 AF 112c 

SOGGJII,Jl=PARAH(FKII,J•ll ,FKII,Jl,HP(I,J•1l,HPII,Jl,Z(I,J•1l,l BF 1130 
1 ( I , JI , 0 X ( 1 , J + 1 l , 0 X I I , J I , CY I I , J + 1 I , CY ·c I , J l , G ( I , J + 1 I , G ( I , J l I • I 1-'F I 'lF 11'< C 
2 I,Jl-HF!I,J+1ll•OT/'<3560, BF 115C 

GO TO 280 flF 116 0 
260 SOGGJ!I,Jl=BII,Jl•(Hf!I,Jl•HflI,J•1ll•OT/43560, 9F 117i, 

GC TO Zd0 £lF 118C 
270 SOGGJII,Jl=O,O BF 11q.; 
280 If IJ,NE,11 GO TO 2'l0 OF HC C 

IF IKK,E0,'41 GO TO 300 'lF 121 ~ 
SCOJ=SQGGJ(I ,JI OF 122 : 

C BF 123 : 
C SUH OF J-FLOW THROUGH BOUNOA~IES 'lF 12'4 2 
C OF 125 c 

SORJA=SQAJA+SQRJ [lF 1 2 &, 
GO TO 300 OF 127 0 

2'10 IF ( J, NE ,NC11 GO TO 300 RF 12~ .. 
IF IKK,FQ,'41 GO TO 3 00 Af 12<;1u 
~QAJ=-SQGGJII,JI Of 1 ! 0 J 

C BF 1 !1 -; 
C SU'1 OF J-FLOW THROUGH OOUNOARIES BF 13Z u 
C Bf 133C 

sr.RJA=SQBJA•SOBJ Bf 13~L 
300 IF IJ, NE.LNl GO TO 310 BF 135il 

IF ,r.u,Lr.Jw> GO TO 1Z':' flF 1 3~0 
IF !I,GT,LCJEI GO TO 320 !lF 1!70 
If IKK .t:O, ~I GO TO 320 BF 13Ba 
TllllJ=SQGGJ!I,Jl OF 1~CJU 

C '3f 1~0 " 
C SUH OF J-FLOW THROU GH RUFFER ZONf BOU~DA~IES ilF 141(; 
C RF 142 , 

TOnJA=TOBJA • TQBJ 'lF 143 '. 

I GC TO 320 OF 141+(j 
310 IF IJ,NE.LSl GO TO 320 '1F 145 J 

IF (I,LT,LCJWI GO TO 320 llf 14E: 
IF II.GT.LCJEI GO TO 320 '!F 147: 
IF IKK,£0,~I GO TO 32il BF H~t 

I TQBJ=-SQGGJII ,Jl "IF 1~% 
C !:!f 1so u 
C SUH OF J-FLOW THROUGH £,UFFER ZONE BOU"OARIES OF 151 1, 
C 8F 1520 

TQBJA=TQBJA+TQBJ IJF 153 0 
320 CONTHIUt:: Rf 15 l<G 

I 
I 
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C 
C 
C 
C 

C 

C 
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W~tTE 1~,4101 ITIMF 
CALL Ml!ROP INR,NC, SrJGGJI 

RFLATIVF CONCENTRATION CALCULATIO~S 
CALCULATE CHANGE IN RELATIVE CONCENTRATIC~S OUE TO ALL VARIAELES 
EXCEPT CONSTANT HEAD SOURCE~ INSICE T~E eOUNOARY GRIDS, 
SOURCE GRIOS ARE TAKEN AS C=1,0 
00 10 J=1,NC 
00 10 I=l,NR 
CPUHII,Jl=COII,JI 
CLEAKII,Jl=COII,JI 
CPHRII,Jl=O,O 

10 CONTINUE 
00 SJ0 J=2,NC1 
0 0 S 3 0 I= 2, NP.1 
IF ICSII,JI ,GT, 2,01 GO TO ~30 
IF IHPII,JI ,GT, Gl!,JII GO TO L80 
CTII,Jl=COII,J-11•SOGGJII,J•11+COII-1,Jl•SOGGIII•1,Jl•CCCI,Jl•C 

1SOGGIII,Jl+SQGGJCI,Jll+OPPTII,Jl•CPPTCI,Jl+ONCHRCI,Jl•CRCHRII,JI+ 
20APW(I,Jl•CAPWII,JI-OPUHII,Jl•CFUHCI,Jl•CPHNll,Jl•CPHRII,Jl•CLcAKC 
31,JI •CLEAKII,Jl 

GO TO 1,'10 
4~ CTCI,Jl=COII,J-11•SQGGJCI,J•1l+COII•1,Jl•SOGGICI•1,Jl-CC(I,JI•( 

1SOGGIII,Jl•SOGGJ(!,Jll•QPUHII,Jl•CPUHII,JI 
lt'IO IF(SOGGICI-1,JI ,GE,J,Cl GC TC 500 

Cl I I, JI =CT I I, JI + C co II , J 1-co I 1-1, J II •sar.G IC I• 1, JI 
500 IFCSQf,G!ll,Jl,Gf,0,01 GO TO c;10 

C T ( I , JI • C T C ! , JI - C CO C I d , J I • CC II , J I I • S OGG I I I , JI 
510 IFISOGr.JII,J•il,Gf.,0,01 CO TC 520 

CT I I, JI =CT II, JI + I co I I, J, -co II , J-111 •soc GJ I I, J• 1 I 
520 lFISOGGJII,Jl,Gf,0,01 GO TO <;JO 

CT C I ,JI =CT I I, JI - I co II, J • 1 I -co II, J 11 •scG GJ I I, JI 
530 CONTINUE 

SORT=O,O 
DC 330 J=1,NC 

SOGG!l1,Jl=O,O 
sar.GIINR1,JI =0,0 

330 CONTINUE 
DO JltC I=l.,NR 

SOGGJII,11=0,0 
SOGGJC!,NC11=0,0 

340 CONTINUE 
0 0 3 5 0 I= 2, NR 1 
00 !SO J= 2,NC1 

SORII,Jl=O,C 
KK=IHII,Jl/10000,1+1 
IF IKK ,Nt:,41 GO TO 350 
SORiI,Jl=-SOGGICI-1,Jl+SOGGICI,Jl•SOGGJCI,J•il+SQGGJCI,JI 
SO"<L=SOR CI ,JI 

C TOTAL INFLOW FROM CONSTANT HEAO GRIDS 
C 

SORT=SQRT+SORL 
350 CONTINUE 

C 
C TOTAL INFLOW THROUGH BOUNOARI~S 
C 

C 
C 

C 

SOOT=SQBJA+SQOIA 
IF CSOP.T,LF.,0,01 GO TO 3~0 
WRIT£ Co,4201 !THIE 
CALL HATROP CNR,NC,SQRI 

360 SORA=O,O 
00 370 J=LCIW,LCIE 

SQGGI C NN,Jl=C ,0 
SOGGI CNS,Jl=~.O 

370 CONTitlllt 
DO I=LCJW,LCJE 

SO GGJ i I, L NI = 0 , 0 
SOGGJ( I,LSl=O,O 

3110 CONTTNUf 
00 3'10 I=LCJW,LCJE 
00 3'1C J=LCIW,LC!f 

SOR er ,Jl=a.o 
KK=CHCI,J)/100C0,1•1 
IF CKK,NE,ltl GO TO 390 
SORCI,J>=-SOGGICI-1,Jl•S0GGICI,Jl•SOGGJCI,J•1l+SOGGJCI,JI 
SOl'IL=SQRCI,JI 

C TOTAL INFLOW FROM CONSTANT GRIDS WITHIN euFFER ZCNE B(~NOARIES 
C 

,ir I~•,, 
Of 1',6lJ 
'IF 15 7 0 

RF 15 8 . 
'lF 159; 
f!F 1EO G 
RF 1£>1 , 
BF 1f2 J 
BF 1E3 : 
'3F Hl+v 
BF 165 J 
OF 11,E, ,j 
'IF 16 70 
BF 1E 8.i 
BF H'I , 
!IF 1H w 
qF 17h 
BF 1720 
BF 173 ; 
BF 174 , 
BF 1750 
OF 176C 
BF 177G 
BF 178 
OF 1790 
BF 180u 
!lF 181J 
BF 162 , 
BF 1 e3 •, 
flF 164 c 
BF 185 C 
BF 186} 
BF 1870 
OF. 188G 
BF 16% 
BF 1'?0. 
BF 1g1 .i 
'3F 1'12 G 
BF 1'?3C 
BF 1'14 c 
BF 1'?5 0 
BF 19E> G 
BF 1 '17t 
BF 1':8 a 
!lF 19'1;: 
'IF 200 c 
BF 2010 
6F 2~2 
BF 203 
8F 204 
BF 205 
BF 206 
BF 207 
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~ ()C, A:S •) l: A• ti(Jhl 
3qo CO •HINUt:: 

C 
C TCTAL INFLOW THROUGH 0UFFER ZCNE OOUNr.APIES 
C 

SOR A:TOl3JA•T013I A 
C 
C CALCULATE NEW RELATIVE CCNCENTPATIONS FOR EACH GRID, 
C 

C 

C 

00 570 J=2,NC1 
00 570 I=2,NR1 
IF ICSll,Jl ,GT, 2,0l GO TO i;c;o 
IF CHPII,Jl ,GT, GII,Jll GO TO 5AO 
CT I I, JI =CO II, JI +CC T II, JI+ SOR I I,. l •c SOR I I ,JI I• 14 35 6 0, / 10 X CI, JI •o YI I 

1,Jl•PHIIY,Jl 4 1HPII,Jl-7.II,JII •011,Jl•Dr .. SQl\(.I,J))) 
GO TO 57C 

580 CTCI,J1~co11,Jl•CCTCI,Jl • SQR(I,Jl•CSO"II,Jl)•(4~560,1cox11,J1•ov11 
1, J l • C PHI I I, JI• ( G CI, JI- Z CI, JI I+ PH IC I I, J l • I HP CI ,J l-G II , JI l l -OFUM II, 
2JI •SORII, JI I) 

GO TO 57C 
590 CTII,Jl=CSCI,Jl-2, 
570 CCNfINUE 

Tlt1t:=ITIMPOT 
WRITECb,4301 TIME 
CALL MATQOP INR,NC,CTI 
00 H7 J=1,NC 
00 3q7 ! • 1,NR 
CO C I , JI • 1: T ! I , JI 

~qr CO N!INIJE 
Rf TURN 

400 FORMAT (1H1,29X, 56HOISCHARGE I~ I•OI•ECTIC~ IAC•FT/OTI FOR INCRE~ 
1ENT NUMnER,IE.l 

410 FORMAT 11H1,2qx, 56HDISCHARGE IN J-OJRECTION !AC•FT/CTI FOR I~CRE~ 
1FNT NUMIJ':R,161 

420 FORMAT 11H1,22X, 74HRIVER FLCW IN EACH G~IO MINLS ~EA~S FLOW FRCM 
1AOUIFfR IAC-FT/OTl,/,1H ,4~X, 16HINCREME~T ~UMBER,Icl 

430 FORMAT (1H1,30X, 27HRFLATIVf CONCENTRATJC~ ICAl,Gl0,2,ltHDAYSI 
END 

SUBROUTINE BALCOP 
SUBROUTINE BALCOP CJ1,J2,I,STTTf.M,STATFMI 

C 
C 
C THIS SUBROUTlNF. WRITF.S OUT TH€ RALANCt CCMPUTATIC~S FCQ EACH 
C TTMf INCREMENT. ALL UNITS ARF IN AC•FT PFR TIME !NCRFMFNT. 
C 
C SOA,~OT • APPLIED MATE~, RETWEE~ STATIC~S, TOTAL AREA. 
C SORA,SQRT • I NFLOW FROM RIVER, nET~EEN STATTC~S, TOTAL AREA. 
C ' soeA,SOBT - BOUNOA'!Y INFLOW, BF.TWEH, STATICNS, TOTAL AREA. 
C ' STT,STTTfM • TOTAL ARFA STO~AGF AM[) Ot.CREASE CF STOPAGE, 
C STA,STATEM • BETWEEN STATIC~S STO~AGE ONO OFC~EASE CF STORAGE, 
C STOL• 5TORAGf OF OVERLAP A~EAS, 
C OVA,OVT - ILLEGALLY WITHD'!AWN, 
C ASTA,A STT • TOTALS, O~TWf~N STATIONS, TOTAL ARfA. 
C 

C 

C 

COMMCN /BLK2/ STA,STOL,STT,SOA,SOT,SO~A,SOAA,SQRT,SOBT,OVA,OVT 

WRITE 16,1101 Jl,J2,I 
w,ITE lb,1201 SOA,SQT 
WRITE H,.UC,1 SORA,SO~T 
WRITE 16,lC.01 SOBA,SOBT 
STTTFM=STTTEM-STT 
STATEM=STATt.M-STA 
W~ITE 16,15ul STT,STTTEM 
WHTF. 16,16C.I STA,STATFM 
WRITE lb, 1701 STOL 
W• ITE 1&,1801 OVA,OVT 
ASTA=SQA • SOkA+SQOA•STATEM • OVA 
ASTT=SQTtSORT•SOOT+STTTEM•OVT 
WP.ITF 1&,1901 ASTA,ASTT 
RtTURN 

'IF '°"~ llF 20'h 
OF ac . 
'IF ;11. 
fJF 212 ~ 
OF 213, 

RF 214C 
Bf 2150 
OF ;161i 
8F 21h 
BF c:180 
BF 21 'l~ 
BF 22.l l 
IJF 2ZH 
RF 222~ 

BF 22~( 

AC 1C 
oc 2:, 
f3C 3( 
BC l+J 
tl C 5C 
tlC bu 
BC 7,, 
,,c 8 u 
oc 'h 
ric 10 0 
DC lH 
RC 12 ~ 
AC 13~ 
RC 140 
BC 15 .; 
11C 1r.1, 
£J C 11 : 
'lC 18 . 
oc 1~ -
£JC 20 .. 
BC 21G 
'lC 22(, 
BC 23 . 
,,c 24 ,:; 
flC 2% 
8C 26C 
oc 21 a 
'IC 26 0 
oc zqo 
RC 300 
BC :?1 C 
BC 32G 
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I 
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110 FORHAT 11H1,1JX, 55HHASS eALANCt COMPUTATIONS CAC-FT/OTI FOR 5I~UL BC BO 
1ATEO T!Hf,I9, 1H-,!9, 26H AS AT Tf'f ENO CF PERIOC,I3,///I 

120 FORMAT 150HO APf'LTt.0 WATER COETWi:H STATTGNS - TOHL A1,£Al ,ZCX, OC 
1ZF15,ZI 'lC 

N 5TATIO"S - TOTAL A~EAI, 1!0 FORMAT C5ltHO flC 
11bX,2F15,21 flC 

11o0 FORMAT C~ZHO OC STATIONS• TOTAL AREAl,le 

C 

1X,2F15,21 
150 FORMAT Clt7HO 

12,15X,F15,21 
160 FORHAT C53HO 

1)(,2F15, 21 
170 FORMAT czgHo 
180 FORHAT C5bHO 

11 , 1 lo X, 2F 1 ~, 21 
1go FORMAT 149H-

1F15, 21 

ENO 

TOTAL AREA STORAGE ANC OtCREASE OF STCRAGE,eX,F15, 

BETWEEN STATIONS STOFAGE ANC DECREASE CF STQ!,AGE,2 

STORAGE OF OV~RLAF ARtAS,26X,F1~,2/I 
ILLEGALLY WITHDRAWN ceET~EEN 5TATIONS • TOTAL AREA 

TOTALS (eETWEfN STATIONS - TOTAL ARFAI ,ZP,c 

SUBROUTINE MATROP 
SURRCUTINE HATROP CNOROW,NOCCL,AI 

C 
C 
C THIS SUB~OUTINE OFGANIZES CATA OP RESLLTS ItiTO A SUITA~LE FCR~ 
C FCR PRINTING ANO PRINTS, 
C 

C 

C 

C 

OIHENSION O(NOROW,NOCOLI 

NOC OL H=NOCOL 
ICONT=l 
N01-=NOCOLH 
IF INOCOLH,GT.121 N01=12 

110 NOZ=NOCOLH-12 
Wt.ITE 1£,_,1401 (JJ,JJ=ICONT,tiC11 
00 t2n I=1,NOROW 

120 WRITE 16,1501 I,IBII,Jl,J=ICCNT,NCll 
IF CN02,LE,LI R~TURN 
NOCOLH=NOCOLH-12 
ICONT=ICOIH • 12 
!F CIIOCOLH,LE,121 GO TO 130 
NOl=ICONT •11 
GO TO 110 

130 N01=ICONT-1 • NOCOLH 
GO TO 110 

140 FORMAT ClH ,//,3X,1217X, 1HX,I21/l 
150 FORMAT 11H, 1HY,I2,12F1J,31 

END 

SUBROUTINE READC 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUOROUTINE READC CNR,NC,CAPW,CRCHl,,CSCR,CO,LBC,~BC,TBC,eBC,AGGIEl 

THIS suqROUTINE RfADS IN RELATIVE CONCENTPATICNS OF SCURCE WATE~S 
WHICH HAY CHANGE WITH EACH TIHE I"TERVAL, 

CAPW=CONCENTRATION IN APPLIEC WATFR 
CRCHP•CONCFNTRATION IN ARTICICIALLY RfCHARGEC WATERS 
CSOR=CO~CENTRATlON IN WATERS FROI" CONSTANT HEAD GRIDS 
tn:cnNCENTPATION IN qcUNOAPY GRTOS Wf'FRE WATFR FLOES INTO THE G~to 

SYSTEH 

'!C 
BC 
BC 
BC 
oc 
BC 
BC 
oc 
;iC 
BC 
BC 50.: 
BC 'HO 

MP 
MP 2, 
'IP 30: 
11P 4C 
MP st, 
MP 6 C 
HP 7~ 
HP 8C 
HP % 
MP 1Q;j 
HP 1H 
t"P 12 , 
HP 13C 
MP 14 c 
HP 150 
HP 11':l 
MP 17C 
HP 18 c 
HP 1% 
HP 20 ~ 
HP 21 C 
HP 22c 
HP 23U 
HP 24 ~ 
•tP 250 
MP 26 l 
HP 27 ~ 
HP 2Rt 
HP 290 
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0 I Mt. N'i t ()M CAPW(II P. ,tlCI, CO(H~ o i r-,NCI, C$ 01i(~li,NCl,CO(Nli,NCI 
IF I A(,Gif • f:(). ~• ~I r,o T fJ 1 ~: 
tr <Ar.Gt E , LT, 0 • 0 I GO Tl) 2 B 

C 
tl~ 1=NP.-1 
!if AD 15,c;OJ I CCAPW 
yr (CCAPW .LT. C • 0 I GO TO 100 
DO 110 J =1,NC 
00 110 1=1,NR 

110 CAPWII,Jl=CCAPW 
CO TO 12 C 

100 l<f AO 15,510 I CAPW 
C 

120 Ft AD I 5,, 5 0 0 I CCF'CHR 
IF I CCRCH ,LT, u , GI GO TO 1 !0 
00 1"0 J : 1,NC 
00 1i.o 1 • 1,NR 

1"0 C~CHRlt,Jl=CCRCHP. 
GO TO 15 0 

130 Fl ~AO 15, 5 10 I CRCHP. 
C 

150 Pf AO 15, 5 001 CC~QR 
IF ICC SOR ,LT, 0, Ol GO TO HO 
00 170 J =1,NC 
00 170 1=1,NR 

170 CSOP.11,Jl =CC SOR 
GO TO 180 

H,0 REAC 15,5101 CSOR 
C 

1110 IF ILBC , NE. 10(00,1 GO TO 1c;u 
2110 IF (RflC .NF, 10000. I GO TO 2 00 
2'l0 If' ITAC ,Nt, 1ocao.1 GO TO ,1c 
300 IF IBBC .NE. 10000.1 GO TO 22 0 

GO TO 23C 
1'l0 FIFAD I 5,510 I ICOII,11, I =2, ~R11 

GO TO 280 
2CO HAO (5,5101 ICOII,NCI, I=2, NR11 

GO TO 2'l 3 
210 Rf AO (5 ,s 10 I IC011,Jl, J=1,NCI 

GO TO 300 
220 /it.AO 15 , 5101 ICOINR,JI, J=1,NCI 
500 FORMAT (~F 1 0,1l 
510 FO~HAT (HFl0,11 
230 CONTINUF 

lNO 
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