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PREFACE 

In a January 1970 memorandum to Dr. Lucien Duckstein, Dr. Chester C. 
Kisiel, Professor of Hydrology and Water Resources, outlined several pro- 
blems in hydrology which he felt could benefit from a systems engineering 
approach. Among them was the development of a "computer program for optimal 
estimation of aquifer constants in a distributed parameter model" of an 
aquifer. 

The method then being used by the investigators of the Tucson basin 
aquifer was subjective trial and error. However, a number of papers had 
recently appeared offering various methods of optimizing the constants, or 
"calibrating the model" as the procedure is often called. The questions 
then became: Are any of these methods appropriate in whole or in part? 
Can they be placed in a form suitable for processing by a digital computer? 
Were assumptions made in these techniques which would not be applicable in 

the present case? Can subjective information be introduced somehow into an 
automated procedure for estimating these constants, or must some different 
concept be developed? The attempt to answer these questions led to develop- 
ment of the adjustment procedure described here. 

I would like to express my thanks here to both Dr. Duckstein and Dr. Kisiel 

for the time spent in consultation with me in weekly meetings as the experi- 
mental work evolved, and for the opportunity to use them as sounding boards 
for my ideas as they took form. Both of them were extremely helpful in 

supplying suggestions and reference material. Also, Joseph S. Gates, 

Graduate Research Associate at the University of Arizona, was extremely 
helpful in filling in the voids in my background in hydrologic and geologic 
matters, and in playing the role of "the hydrologist /geologist team" in my 
work with the Tucson aquifer. The computer time for my studies was partially 
supported by a matching grant (B- 007 -ARIZ) from the Office of Water Resources 

Research, U.S. Department of the Interior, for studies on the worth of 

hydrologic data. 
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ABSTRACT 

The problem of evaluating the parameters of the mathematical model of 
an unconfined aquifer is examined with a view toward development of auto- 
mated or computer -aided methods. A formulation is presented in which sub- 
jective confidence ranges for each of the model parameters are quantified 
and entered into an objective function as linear penalty functions. Para- 

meters are then adjusted by a procedure which seeks to reduce the model 
error to acceptable limits. 

A digital computer model of the Tucson basin aquifer is adapted and 
used to illustrate the concepts and demonstrate the method. 
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CHAPTER 1 

INTRODUCTION 

The requirements for development of new water resources, and for ex- 
tension and better management of existing resources, have led many investi- 
gators in the past two decades to large scale mathematical modeling of the 
underground storage and flow of water. Manipulation of these models of 
underground reservoirs (aquifers) was originally done with electric analog 
techniques. As digital computers with larger memories and higher computa- 
tional speeds became available, a number of investigators began adapting 
the model for digital treatment (Pinder and Bredehoeft, 1968). The hybrid 
computer, combining some of the more useful features of both analog and 
digital computers, also came into limited use in some applications (Vemuri 
and Karplus, 1969). 

However, the accuracy and value of the results obtainable by manipula- 
tion of a model are heavily dependent on the quality of the parameters, 
rather than on the computational methods used for model manipulation. One 
of the key problems in modeling, then, is the calibration of the model; 
that is, the adjustment of the parameters (or constants) of the model to 
obtain a satisfactory match between predicted and historical aquifer response 
based on available knowledge of hydraulic stresses imposed on the aquifer in 
the past. Since the data available for modeling are generally incomplete, 
and often inaccurate, the inverse problem is not unique. It is possible to 
adjust the parameters in an infinity of arbitrary ways to obtain the desired 
fit. But if the model is to serve well as a tool for future aquifer manage- 
ment studies under a great variety of projected future stresses, the para- 
meters ultimately selected must reflect as nearly as feasible the underlying 
physical structure of the aquifer. 

This, then, is the classical system identification problem but with 
insufficient and inaccurate data, in a situation where ability to gather 
additional data is severely limited by physical and economic considerations. 
Observations of input /output relationships for the most part are limited to 
observing inputs and outputs beyond the control of the investigator. Inputs 
are prescribed by nature and by users of water. Outputs of water are inputs 
of stress to the aquifer as far as the modeler is concerned. The output is 
aquifer response, i.e., change in water level in the case of unconfined 
aquifers, and change in piezometric head in confined (artesian) aquifers. 
In general, the gathering of additional data is costly, and experimental 
manipulation of the physical system itself is infeasible, except at a few 
test wells which may be under the experimenter's control, and may disturb 
the system to an unknown extent. 

If parameter adjustment is to be done inexpensively, and in a way which 
is more likely to represent the true underlying structure, something must be 
done to the original data other than adjust it by trial and error, by ran- 
domization, or by using a purely mathematical approach limited only by the 
absolute physical bounds assignable to the parameters. This requires input 
of additional information other than that typically inserted into the model. 
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A potentially valuable source of information usually overlooked is the 
"educated discretion" of the hydrologist /geologist team which is making the 
original assignment of parameters to the model. The team reviews geological 
maps, drilling logs, pumping records, aquifer test data, and all the other 
original sources of information which may prove useful. During this process 
they can be expected to develop a reasonably good insight into the accepta- 
ble range of perturbation that should be permitted in any automated program 
for calibrating the particular model. This insight will accumulate from 
several sources, e.g., understanding of measurement accuracies, insight 
gained during field collection of data, knowledge of the extent of inter- 
polation and extrapolation of data, the presumed geology of the region, and 
experience developed in modeling other aquifers. 

This collective "educated discretion" or "subjective confidence ", if 
suitably quantified, could play a valuable role in the calibration program. 
By incorporating this subjective information into the adjustment procedure, 
hopefully one can guide the adjustment program in a more natural way toward 
the actual physical representation. Also these inputs could provide more 
realistic (narrower) bounds for perturbations of individual parameters. 
The objective then would be to adjust parameters so that the desired degree 
of fit between the predicted and historical response surfaces could be met, 
and so that some measure of confidence -weighted parameter perturbations 
could be minimized. 

This paper is concerned with the general problem of calibrating large 
unconfined aquifers, and the existing model of the Tucson basin (Arizona) 
aquifer is used to illustrate the results obtained. Specifically, we are 
seeking an approach to automated adjustment of aquifer parameters, which 
gives suitable recognition to subjective inputs from the investigators pre- 
paring the model data, as a possible alternative to gathering additional 
information in the field, and which gives a framework for this input. 

Chapter 2 covers the general background of modeling unconfined aquifers 
for digital computers and some of the parameter adjustment schemes that have 
been proposed in the past. It also reviews the series of experiments with 
the model of the Tucson aquifer which were used to develop insight into the 
problem and to validate the concepts which were to be incorporated in the 
adjustment algorithm. Those interested only in considerations leading 
directly to the final adjustment procedures could profitably omit Chapter 2 

and proceed directly to Chapter 3. 

Chapter 3 presents the underlying thoughts and methods used in the 
TRINSUCOSE (TRouble INdex / SUbjective COnfidence /SEnsitivity) algorithm, 
which is the end product of this study. Chapter 4 reviews the results ob- 
tained in application of the algorithm to a portion of the Tucson aquifer. 
Chapter 5 points out the general conclusions reached, limitations noted, and 

some possible improvements in and extensions of the method to obtain better 
results or to treat a wider variety of problems. The more important FORTRAN 
programs used are presented in Appendix A. 
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Notation 

The notations used for parameters and variables of the model and their 
fundamental dimensions are as follows: 

A, the area of a node (Z2); 

h, the underground water level or hydraulic head (Z); 

HE, the underground water level at the End of the calibration period (Z); 

HS, the underground water level at the Start of the calibration 
period (i); 

L, the distance between two nodes (Z); 

Q, the volumetric rate of water discharge, whether by pumping or by 
imputed pumping at an artificial boundary (i3 /t); 

R, the negative of the volumetric rate of the boundary and infiltration 
recharge of the aquifer (13 /t); 

S, storage coefficient (dimensionless); 
T, transmissivity (12 /t) 

t, time (t) 

W, the maximum width of the underground flow path between two nodes, 
i.e., the length of the common boundary between the nodal areas (Z). 

The notation in the FORTRAN programs of Appendix A conforms in general with 

the above. Special variable and parameter names in FORTRAN are either self - 

explanatory or are identified in the individual subprograms by COMMENT cards. 

Subscript notation is as follows: 

B, the node or nodal area currently under consideration (i.e., the 

Base node), identified in the computer programs by the FORTRAN sub- 

script (I,J) denoting the row and column, respectively, of the node 

in the array of square nodes in the Tucson aquifer; 
k, a nodal area sharing a common boundary with node B, with corresponding 

FORTRAN subscripts as follows: 

(I -1,J), the node to the north, 
(I,J +1), the node to the east, 

(I +1,J), the node to the south, 
(I,J -1), the node to the west; 

kB, the region between the center of node k and the center of node B; 

n, any node in the model. 

A summation over k indicates a summation over those nodes having a common 

boundary with B. A summation over n indicates a summation over all nodes 

in the model. 
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CHAPTER 2 

APPROACH TO THE PROBLEM 

The equations of ground water flow have evolved over an extended 
period. One of the earliest contributions seems to have been that of 
Darcy (1856) who reported his experiments on water flow through sands of 
various permeabilities. The relationships originally identified empirically 
by Darcy have now come to be known as Darcy's Law, and relate velocity com- 
ponents of water flow to the product of pressure gradient and permeability 
(Hubbert, 1969). The common present method of segmenting an aquifer into 
polygonal nodes for numerical analysis is due to Thiessen (1911). A brief 
history of the development and computer manipulation of aquifer models, to- 
gether with extensive historical references, is given in Pinder and Brede- 
hoeft (1968, pp. 1069 -1071). 

The physical /mathematical relationships for aquifer modeling are now 
well established both theoretically and experimentally. The remaining 
problems are the selections of model structures for particular aquifers, 
assignment and adjustment of parameters, and methods of solution. This 
paper is particularly concerned with the methods for adjustment of parameters. 

Allison (1967, p. 11) summarizes the process of model -building for an 
aquifer as follows: 

a. The area is broken down into a large number of sub -areas, usually 
by the Thiessen method of polygon construction, around control 

points referred to as nodes. 

b. Initial estimates, based primarily on geologic data, are made on 

the storage characteristics of each nodal area, and transmissibility 
between nodes. These estimates provide a basis for writing a set 

of equations, one for each nodal area within the basin, which form 

the first rough mathematical model of the basin. 

c. Historic hydrologic data are analyzed and estimates made of net 

recharge to or withdrawals from each nodal area for a period of 

years, which will be referred to hereafter as the base, or cali- 

bration, period. Also, hydrographs of ground water surface fluc- 

tuations, based on historic observations of water levels in wells, 

are prepared for each polygon. 

d. An attempt is then made to simulate the behavior of the basin, 

starting from known values of water surface elevation at each node, 

feeding in historic values of recharge or discharge, and having 

the computer solve the initial set of differential equations for 

each successive year of the base period. The hydrographs of water 

surface elevations computed for each node are then compared with the 

observed hydrographs. System parameters are then adjusted where 

necessary to obtain more faithful reproduction of actual behavior 

of the basin, and the process is repeated until an acceptable 

degree of reproduction is obtained. 
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e. The model is then accepted as built, and is ready for use in pre- 
dicting the behavior of the basin under any proposed plan for future 
management. 

This procedure appears to be representative of the methods usually 
employed in modeling large aquifers. Step d is critical since no criteria 
for adjustment are suggested except to adjust in such a way that mathemati- 
cal predictions will be better, without much consideration of physical 
reasons for the adjustment. The human trial /computer error iteration rou- 
tine is costly in time and computer expense. Pliska (1968) reports that 
this method typically requires about 50 calibration cycles over a period 
of possibly several months. Allison (1967, p. 94) considers a reasonable 
range of calibration runs to be 20 to 200. Pinder and Bredehoeft (1968, 

p. 1088) required 37 runs to calibrate a model with 1145 20 -foot square 

nodes extending over a region about 800 x 1000 feet. Gates (1971, p. 3) 

reports 38 runs were needed to bring the Tucson aquifer model to its present 
state; that is, to reduce the maximum nodal error from 190.6 feet to 28.6 

feet, and the average (absolute) error from 24.4 feet to 5.3 feet. 

The concept investigated in this paper is to modify steps c and d by 

inclusion of gathering of subjective information (if possibly, at the time 

of compilation of the original data), and to modify step d to replace trial 

and error adjustment with a suitably automated technique for bringing the 

model into calibration with a minimum of disturbance to the subjective 
information. 

A note of caution must be given on step e: the adjustment of the 

parameters of a model, even using a technique that represents the "true" 

underlying physical situation for the calibrated region, does not insure 

that the model will perform well over "any proposed plan for future manage- 

ment." There may be unidentified geologic structure that cannot be found 

by the range of water level variations incurred in the past. For example, 

continued withdrawal of water from the aquifer below the level where data 

have previously been available would produce behavior not encountered at 

the time of calibration and, therefore, not incorporated in the adjustment 

program. The transmissivity, for example has been shown to be a function 

of the depth of the water remaining in the aquifer, but is often assumed to 

be constant in the model. Clearly, any severe change in the depth of water 

in such a model could invalidate the results. In the extreme case, if the 

pumping is such that certain regions of the aquifer no longer contain water, 

the effective boundary will have changed and the original model will not 

apply at all. Whether or not a model calibrated over a limited range of 

water levels can be considered valid beyond that range can probably best be 

judged by those providing the subjective inputs, and should not be assumed 

a priori. 

A discrete parameter model results from the first three steps of 

Allison's procedure, and the parameters associated with any one node are 

related by the following differential /difference equation: 

E (hk- hB)TkBWkB 
/LkB 

- QB - RB = ABSB(dhB /dt). Eq. (1) 

k 
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This equation has a general applicability to isotropic unconfined aquifers 
and in some special cases can be applied to anisotropic aquifers. The pre- 
ferred method of solution of families of the above equations when written 
around polygonal nodal areas obtained by the Thiessen method seems to be a 
Gauss -Seidel procedure (Tyson and Weber, 1964). 

Pinder and Bredehoeft (1968) show the detailed development of similar 
finite difference equations from Darcy's Law in the more general case of 
anisotropic aquifers, and extend the discussion to show how it can be spe- 
cialized to isotropic aquifers. Their model is made up of square nodes of 
uniform area in order to permit solution by the more efficient alternating 
direction implicit technique (Bruce et al., 1953). 

The Model of the Tucson Basin Aquifer 

The digital model of the Tucson aquifer was constructed in 1968 -1969 
for manipulation originally by the Gauss -Seidel method, and later was modi- 

fied for manipulation by the alternating direction implicit technique 
(Moench, 1969 and Gates, 1970). For model purposes the aquifer was consi- 

dered to be isotropic, unconfined, with S and T parameters considered con- 

stant with h and t. It consisted of 1890 square nodes each 160 acres in 

area. Since Wk and LkB were both equal to 2640 feet between every adjacent 

pair of nodes, these quantities cancel each other in Equation (1). 

The data were compiled using information from the U.S. Geological 
Survey analog model, and from the University of Arizona Department of Agri- 

cultural Engineering, as well as from the conventional sources described 

by Allison. At the time the investigations described here began in early 

1970 the calibration had just begun. This calibration was pursued inde- 
pendently of the present work by Gates (1971) using the trial and error 

techniques. 

The base, or calibration, period covered 19 years -- from 1947 through 

1966. The base period was further broken down into 4 sub -periods as follows: 

1947 - 1952 5 years 

1952 - 1957 5 years 

1957 - 1962 5 years 

1962 - 1966 4 years. 

As will be seen below, the data for the shorter time periods proved to be 

insufficiently independent for actual calibration use. 

The point of departure for this study was this uncalibrated model to- 

gether with subjective confidence information obtained personally from Gates 

in the form of coarse confidence contours sketched on computer maps of the 

various parameter arrays. The course of the investigation is presented 

immediately after a brief review of the present state of automated procedures. 
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Present State of Automated Adjustment Procedures 

The literature reports several approaches to automatic or computer - 
assisted parameter adjustment both from theoretical and practical viewpoints. 
Many of these were examined to determine the extent to which they might be 
applicable to the present problem. Each of them, however, depended on some 
assumptions that made them of little use in the large -scale rather generali- 
zed case being investigated here. 

Haimes, Perrine, and Wismer (1968) treated a special aquifer identifi- 
cation problem by decomposition and multi -level optimization. To make the 
model analytically tractable they postulated a cluster of wells centered in 
an infinite aquifer. Since all wells were assumed to have been brought into 
production and to have been pumped in a uniform way, it was possible to 
decompose the aquifer into pie- shaped wedges, each containing one well, so 

that an assumption of no flow across the boundaries could be made. While 
this procedure may be of theoretical interest, it is not applicable in the 
present instance since the wells are not clustered in a central region, 
were not all brought into production at the same time, and have not been 
pumped in a uniform way. 

Coats, Dempsey and Henderson (1968) described a procedure in which 
upper and lower bounds are placed on each parameter. The parameters were 
subsequently permitted to take on new values within those bounds by a ran- 
domization process. Here, however, we take the position that adjustments 
should be made in amounts and directions that can be shown to be of positive 
contribution to calibration, rather than in random patterns. For this rea- 
son the method of Coats et al. was not considered further. 

Pliska (1968) reported an automated "one run" optimization scheme for 
large unconfined aquifers. But his method also used randomization techni- 
ques and was not considered further. 

Vemuri and Karplus (1969) reported the development of a hybrid computa- 
tion system which permitted near real -time interaction between the hydrolo- 

gist and the model. The interaction was related largely to adjustment of 

boundaries of the model rather than obtaining subjective inputs that would 

be helpful in identifying the parameters at established nodes. For reasons 

given in Chapter 3 the interaction concept given by Vemuri and Karplus was 

rejected in this analysis, although the Maximum Principle concept in their 

report is of theoretical interest. 

Emsellem and de Marsily (1969) reported a new method for solving the 

inverse problem of finding transmissivities by assuming that there are no 

physical reasons for abrupt discontinuities in their spatial pattern. They 

optimize against this criterion. They assume, however, that the water level 

measurements represent a steady state, i.e., that the inflows and outflows 

of water in each elemental area of the aquifer are in balance so that there 

is no change in amount of water stored in any element. These special condi- 

tions are not met in the general case, and clearly fail for the Tucson 

aquifer where a pattern of net withdrawals has persisted for many years. 
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While this is not an exhaustive review of the automated techniques that 
have been presented, it is representative of recent patterns of thinking 
about these matters. Since little of direct help was found in these techni- 
ques, this investigation was carried in the directions described in the 
next section. 

The Course of the Investigation 

There were many steps taken in the investigations leading to the 
algorithm of Chapter 3 and the results of Chapter 4. These steps are out- 
lined below in the order in which work on them was initiated. Several of 
these steps gave important insight into model behavior, extent of adjustment 
necessary, degree of data dependence, and possible approaches to adjustment. 
Steps which are not described elsewhere in the paper are described imme- 
diately following the outline. 

1. Development of error criteria and programs. 
2. Change in node size. 
3. Static water balance tests (see below and Chapter 3) 

4. Withholding of data. 
5. Imputed value tests. 
6. The average transmissivity question. 

7. Development of Trouble Index /Node Rating scheme (see Chapter 3 

8. Model truncation. 
9. Selection of time step size for model manipulation. 

10. Error propagation studies. 
11. Preparation and treatment of confidence data (see Chapter 3). 

12. The perturbation scheme (see Chapter 3). 

13. Parameter adjustment (see Chapter 3 and 4). 

Development of Error Criteria and Programs 

There appears to be no suitable way to measure parameter error except 

indirectly by measuring the difference between water levels predicted by 

model and the measured (or estimated) levels at each node. The typical 

statistics generated from the spatial distribution of water level errors 

are mean error, mean absolute deviation, standard deviation, peak errors, 
and error range. It does not seem appropriate to select any of these as 

"the" measure to represent the state of calibration of the model. In some 

way all have to be considered. The mean error can he correlated directly 
with the static water balance error, while the others are measures of the 

errors in dynamic predictions. Certainly large peak errors embedded in a 

field of small deviations would not be suitable. Alternatively, reduction 
of peak errors while retaining a large root -mean - square or mean absolute 

deviation would be inappropriate. Chapter 4 shows, however, that the deci- 

sion on these points need not be made in advance. The TRINSUCOSE algorithm 

leaves this question open, and automated repetitions of the algorithm pro- 

mise that all reasonable error criteria can be met, subjective and physical 

constraints permitting. 
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In addition to the measures of "output" error given above, it was 
felt desirable to have a simple measure of error trends over the areal 
extent of the model. This would permit study of error propagation through 
the model, and permit visual pattern recognition of areas not responding or 
overresponding to the calibration procedures. Accordingly, a program for 
fitting a least squared error plane to the data was generated. This program 
also includes, (1) individual computation of the deviations from this place 
at each node, (2) measures of the center of error, (3) computation of the 
magnitude and direction of the tilt of the plane, and (4) preparation of an 
error output array. A subprogram was created for this purpose and was used 
in the error propagation studies described below. 

Change in Node Size 

Noting that the data from approximately 500 wells had been made to cover 
1890 nodes, it seemed that much of the data in the model were interpolations 
and extrapolations. Therefore, it was felt that a change from 1/4- square 
mile nodes to 1- square mile nodes, and a corresponding reduction to 512 nodes 
would provide a model in better match with the available data. This reduc- 
tion was accomplished by a special computer program which summed, averaged, 
etc., the various parameters for the nodes as appropriate to the type of 
parameter. All indications were that this reduction did not create any 
anomalies in the patterns, except at some "inside" corners where nodes that 
were originally on boundaries became interior nodes on reduction. Appro- 
priate reassignment of the boundary recharge data was made at these nodes to 
correct this. 

This node reduction scheme was also used by Gates (1971) in making a 
more manageable model for his investigations. 

Static Water Balance Tests 

Analyses of static water balance proved to be of sufficient value that 
the concept and technique are discussed in Chapter 3. For the present dis- 
cussion note simply that these tests involve the algebraic summing of all 
water assigned as inputs and outputs of the aquifer, and the comparison of 
that number with the amount of water released from storage. Any serious 
difference is a measure of modeling or data error, quite independent of 
dynamic considerations of water level contours and ability of individual 
nodes to deliver or receive the water attributed to them. 

The disturbing results of the water balance tests for the 512 1- square 
mile node model (where positive percentages represent water deliveries to 
users in excess of that released from storage) were as follows: 

For the shorter time periods -- 

1947 - 1952 -19.0 
1952 - 1957 2.3% 

1957 - 1962 16.6% 
1962 - 1966 88.4% 
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For the full 19 -year base period - 

1947 - 1966 18.1 %, when based on the Ah data, 
1947 - 1966 -0.3 %, when based on raw h data. 

Clearly the time trend makes the short time interval data highly suspect. 
These results had an important role in the attempt to withhold data des- 
cribed next. 

Withholding of Data Attempt 

As noted earlier, the 19 -year base period was broken down into 4 sub - 
periods. The original concept of this study was to withhold part of this 
data, work out an adjustment procedure using the remaining data, and then 
attempt to verify the calibration obtained by comparison with a computer 
prediction of the information withheld. Specifically, the data for the 
1957 -1962 period were to be blended with those of the 1962 -1966 period to 
create a 9 -year period, 1957 -1966. This, then, would permit a test of the 
model's ability to interpolate to the 1962 water levels. Further, it was 
hoped that 1970 or 1971 data would become available which would permit a 
test of the model's ability to extrapolate water levels. 

However, the static water balance tests reported above indicated a 
serious lack of consistency in the data, which made this whole withholding 
process highly suspect. Further, Gates (1970, pp. 10 -12) reports that all 
of the recharge data are averaged over the 19 -year period and distributed 
pro -rara to the shorter intervals. Also, he notes that much of the pumping 
information is based on averages over some shorter periods, not necessarily 
coincident with the sub -periods over which the data were distributed. Also 
noted were the poor closures between maps of cumulative change in water level 

with maps of the water level. This caused some abrupt discontinuities in 
the last model period as shown above in the static water balance tests, and 

below when data were reviewed for computation of new boundary conditions for 
the truncated model. It seemed that the data in the various time periods 
were not sufficiently independent to permit withholding of data on a time 
basis. This approach was therefore abandoned. 

Imputed Value Tests 

The next step in familiarization with the model was to conduct a series 
of imputed value tests. Here the concept was to make a node by node analy- 
sis of data coherence by computing imputed values of each of the parameters 
in turn, each time assuming all other parameters were correct. Rearrange- 
ments of Equation (1) were used for this purpose. The tests were conducted 
with the 512 node model using the full 19 -year base period, and for the 

5 -year period (1952 -1957) which exhibited the best balance on the static 
tests. 
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All the results were unusable. Of the 512 nodes in the 19 -year test, 
the imputed values of storage coefficient (S) of 357 were clearly infeasible 
(either negative or in excess of 1.0). Only 89 were within the likely range 
of 0.0 to 0.25. Of these 89, only 28 were within the 0.0 to 0.25 range for 
both the 19 -year and 5 -year runs. 

Similar results were encountered when transmissivities (T) were imputed. 
Of the 512 nodes in the 19 -year test, at least 180 had physically impossible 
negative values. Only 89 had values falling between 50% and 200% of the 
originally assigned values. Of these, only 46 coincided with values falling 
in the same range on the 5 -year test. 

The tests of the imputed net pumping /recharge (QR) also showed sub- 
stantial deviations from results that a model close to calibration would 
be expected to produce. Over 200 of the nodes showed sign changes between 
net outflow and net inflow. Fewer than 60 of the nodes had imputed values 
of QR in the range of 50% to 200% of the originally assigned values. 

In retrospect, it appears that some of these results could have been 
anticipated. For example, those nodes which exhibit very little change in 
water level would naturally be very insensitive to changes in storage co- 
efficient. Similarly, those nodes which have an underground inflow roughly 
equal to outflow would exhibit little sensitivity to changes in transmis- 
sivity. 

Clearly, if some "one- dimensional" quantity is to be developed for each 
node as a measure of data coherence, some other technique is required. A 
good answer seems to be the Trouble Index developed in Chapter 3. 

Computation of the Average Transmissivity 

In the modeling process, values of transmissivity are assigned to 
each node in the model. In computing the flow through the underground node 
boundaries it has been customary to compute the effective transmissivity 
TiB as the arithmetic mean of the assigned Ti and TB (Moench, 1969, Gates, 

1970, and McMillan, 1966, pp. 51 -56). 

Warren and Price (1965) and Bouwer (1969) have investigated the rela- 
tive suìtabilities of various methods of finding effective transmissivity. 
They find that theoretical considerations lead to use of the arithmetic mean 
only for parallel flow through regions'of different permeabilities. The 
harmonic mean is most suitable for series flow through consecutive regions 
of different transmissivities. In randomly generated transmissivities 
they suggest that the intermediate results given by the geometric mean are 
more suitable. 

Here the transmissivities are not randomly generated, but are assigned 
on the basis of the best data available. Further, they enter the model as 
parameters for strictly series flow. The alternating direction iteration 
program was therefore changed to use the harmonic mean (TiB = 2.OTiTB 

/(Tì +TB)) 
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with the understanding that the TiB P. 0.0 when both Ti and TB are zero. 

Model Truncation 

After information on Trouble Index and Node Rating became available, 
a second step in reduction of the model to more manageable size was possible. 
Here, the concept was to find a reasonably trouble -free double line of nodes 
across the model. If such a band could be found, then the model could be 
partitioned along that line for parameter adjustment purposes since the 
adjustment procedure would make only minor changes at those nodes that were 
well behaved. 

The Trouble Index -Node Rating maps did identify such a band cutting 
across the southern part of the aquifer. The decision was then made to 
work only with the smaller southern portion containing 166 nodes. Accor- 
dingly, the boundary discharge to the north was computed at the time- averaged 
hydraulic gradient and attributed to the pumping /recharge (Q and R) para- 
meters of the new boundary in the usual way. 

Now, working with 166 nodes in a system with reasonably well- behaved 
boundaries, the problem was sufficiently large to exhibit a substantial 
amount of coupled behavior, but not too large to preclude rather extensive 
computer experimentation. 

Selection of Time Step Size for Model Manipulation 

The FORTRAN program which had been developed for model manipulation by 
the alternating direction techniques (Gates, 1970), was rewritten into a 
FORTRAN subprogram (SUBROUTINE ALDIR) using the same basic iterative techni- 
que but altering the methods of computing internodal transmissivities, as 
reported above, and to permit selection of time step size by calling argu- 
ments in the main program. Two other techniques were incorporated; one to 

permit selection of uniform time steps, and the other to permit time step 

size to be increased in a geometric manner. 

In manipulating the model of the Tucson basin aquifer it had been cus- 

tomary to double the time step for each succeeding iteration. Tests were 

conducted to find whether a uniform time step would be preferable. These 

tests showed a tendency for the results to converge to a stable value (in 

the same sense as in the following paragraph) slightly faster when uniform 

time steps were used. Therefore, uniform time steps were used for subsequent 

iterative tests. 

Iterations were made with the 19 -year period divided into 1, 2, 4, 8, 

and 16 uniform time intervals. The standard deviations of the differences 

in prediction of water levels in these tests were as follows: 

between 1 and 2 steps - 11.46 feet, 

between 2 and 4 steps - 13.19 feet, 

between 4 and 8 steps - .61 feet, 

between 8 and 16 steps - .14 feet. 
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Since there seemed to be very little improvement in using 16 time steps 
over 8, the figure of 8 time steps was adopted for all future model itera- 
tions. 

Error Propagation Studies 

In order to gain familiarity with model behavior and to develop an idea 
of how errors propagate or migrate through the system, a series of special 
tests was conducted. These tests all followed the same general pattern. 
The model was assumed correct as given except for the water levels at the 
end of the base period. The model then predicted a number of future water 
levels for as long as 45 years in some cases. These predicted surfaces 
were then taken to be the "true" surfaces. Following this, artificial 
errors were introduced in each of the parameters, one at a time, at one 
node only, and the model was then caused to compute a new series of response 
surfaces. The differences between the "true" response surfaces and the 
response surfaces generated with the artificial error present measured the 
propagation or migration of the error. 

In this manner nine different test series were conducted. The results 
can be summarized briefly by saying that, when "pseudo- errors" were intro- 
duced in the parameters, whether at interior or boundary nodes, the peak 
errors in the predicted response surfaces remained initially at the nodes 
where the parameter errors were introduced. In the cases of errors in 
storage coefficient (S), transmissivity Cr), end water level (HE), and a 
mixed error of S and T such that S/T remained constant, the "node of peak 
error" at all times was the node at which the error was introduced. 

In the cases of error in beginning water levels (HS) and pumping /re- 
charge (Q +R) the same was true in the early years. However, in the later 
years of the test (seven to 15 years) the node of peak error would sometimes 
be found a few nodes away from the node in which the parameter errors were 
originally introduced, but by the time this peak migration took place, the 
error was substantially attentuated, usually to less than 10% of its ori- 
ginal magnitude. 

More details of these test results are contained in Appendix B. 

In Chapter 3 it will be seen that a decomposition or decoupling concept 
is used to permit the first look at the coherence of data at individual 
nodes. This decoupling is based on the concept that the most important part 
of the model prediction errors will occur at the node where the parameters 
are in error. The experiments described above lend important support to 
this notion and permit the decoupling used for that purpose over a rather 
wide range of conditions. 

This chapter has described the various thoughts and directions taken 
during the investigation. Those considerations that were retained for use 
in the final adjustment procedures are presented in the next chapter. 
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CHAPTER 3 

DEVELOPMENT OF THE ADJUSTMENT CONCEPT 

Since each of the six quantities associated with each node of the 
model is subject to uncertainty, it is desirable to develop some knowledge 
of how these uncertainties influence the design of an adjustment procedure. 
The following questions were posed: 

1. Are the data mutually consistent or coherent? That is, do 
they represent a physically realizable set? If not, can 
measures be developed which will express the amount of in- 
coherence in a useful way? Can trouble spots be exposed 
before operation of the model for prediction of future water 
surfaces begins? 

2. Can a priori confidence ranges be obtained from the hydrologist/ 
geologist team and be inserted into the model calibration pro- 
cedure in an effective way? 

3. How can model sensitivities be expressed so that parameters 
can be adjusted in some proportion to their contribution to 
calibration? 

4. How can all these things be combined so that parameters can be 
adjusted in concert rather than sequentially, and in proportion 
to the calibration needs? Can this be done in such a way that 
a measure of the ratio of performance improvement to total 
weighted perturbation is nearly optimal? The balance of this 
chapter addresses itself to these questions. 

The Nature of the Uncertainties in the Model 

There are two fundamental steps in the initial modeling of an aquifer. 
Both are subject to uncertainties, but of different kinds. 

First, and perhaps most important, is the selection of a basic model 
structure. This selection will depend heavily on the hydrology /geology of 
the region and such considerations as the following will enter: Is the 
aquifer confined (artesian), unconfined, or some spatial mixture of the 
two? What are the effective boundaries? Are they subject to change with 
changing water level? Is the aquifer isotropic? Is it leaky? Is it 

coupled to a surface water system? Can the parameters be considered con- 
stant in time and with respect to water levels? What time intervals are 
appropriate? What node sizes and layouts are suitable? 

Clearly, an incorrect answer to any of these questions could lead to 
a very bad model, even though it might somehow be calibrated. 
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The second concern is the series of uncertainties in the gathering and 
preparation of data for the selected model structure. It is these uncer- 
tainties which are considered in this paper. Here we assume that the 
correct model has been selected, and the uncertainties are only in the data 
assigned to the selected nodes. 

In particular, the experimental work here has been done with an uncon- 
fined isotropic aquifer with boundaries assumed known. The storage coeffi- 
cients and transmìssivities are assumed to be constant over time and inde- 
pendent of water level. The aquifer is assumed to be non -leaky and coupled 
to surface water only in ways that can be represented adequately by equi- 
valent pumping and recharge at specific nodes. The model of this aquifer 
is truncated at seven locations, and the underground inflow -outflow at these 
artificial boundaries is assumed to be accounted for also by equivalent 
pumping /recharge rates at the boundary nodes. 

The present model also uses square nodes of uniform size arranged in 
a grid which makes it amenable to computation by the alternating direction 
technique previously mentioned, in lieu of the accelerated Gauss- Seidel 
technique often applied to heterogeneous arrangements of polygonal nodes. 
However, the parameter adjustment methods described herein are equally 
applicable to either type of node layout. 

Data Coherence, Trouble Index, and Node Rating 

Once the original data are assigned to the model, it seems appropriate 
to make a quality inspection. Often gross errors are made in preparation 
of the data or decisions are made in selecting parameters which, on second 
look, will appear invalid. The computer can be of substantial help in 
this process. First, computer printout of the data as they actually have 
been prepared for computer use will automatically highlight gross errors. 
Secondly, without actually going into iterative manipulations of the model 
some measures of data consistency or coherence can be made. Suitable dis- 
play of these data for review by the data collection team is an important 
second step. Clearly a program to optimize the parameters could work with 
data containing gross errors, but better results could surely be obtained 
if as many of these as feasible were removed before parameter adjustment 
begins. Essenwanger (1970) makes a very strong case for such review by 
the compilers of data in the case of preparation of meteorological data 
for extensive analysis. In hydrology also "a good concept of quality 
assurance must precede any data analysis to avoid distortion and bias of 
results by erroneous records." 

Two ways were devised for displaying data for quality inspection and 
are presented in the subsections immediately following. The first is a 

static look at the overall model and the second a decomposed node by node 
review of data coherence. In the second method, important information is 

developed which predicts which nodes are going to perform poorly in the 
fully coupled iterative routines for prediction of aquifer response. Fur- 
ther, it provides weighting factors for use in perturbation of parameters 
for model calibration. 
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Static Coherence of the Overall System 

The most obvious measure of coherence of the model data is a simple 
water volume balance analysis for the overall model. This simply asks 
the question, "Does the amount of water leaving the model, minus the amount 
of water entering the model, equal the decrease in the amount of water 
stored in the aquifer model ?" This question may be asked for any of the 
time periods for which model data are available. Any amount of imbalance 
detected by this analysis must be attributable to modeling or data error. 

This simple water volume balance test takes no account of the dynamics 
of water movement within the aquifer, and, therefore, asks nothing about 
whether the shape of the underground water "surface" is feasible in any 
dynamic sense. Note, however, that the shape of the water surface is used 
in one method of determining transmissivities in an aquifer (Emsellem and 
de Marsily, 1969). 

tion: 

The program for performing this analysis makes the following computa- 

ERROR = E (Qn +Rn- AnSn(HEn- HSn)). Eq. (2) 
n 

The FORTRAN subprogram used for the present investigation of static 
coherence is SUBROUTINE STATIC presented in Appendix A. 

While this computation gives some idea of static coherence of data, 
it provides no insight into how the individual parameters might be adjusted. 
Its usefulness is limited to its ability to identify such extremely poor 
water balance as to cast doubt on the validity of the entire model. 

For reasonably close water balance -- say "net outflow" and "decrease 
in storage" agree within 20% -- the investigator may simply proceed to the 
next steps. The static water balance error is directly correlatable with 
the mean error provided by the error analysis sections of the iterative 
routines, and is automatically adjusted by the TRINSUCOSE algorithm as the 
other measures of modeling error are reduced. 

Coherence of Data for Individual Nodes 

A "first look" at the coherence of data for each node was also desira- 
ble. But a water volume balance at individual nodes required some method 
for inclusion of underground water flow between nodes. According to the 
discrete equation, Equation (1), the instantaneous rate of underground flow 
through the polygon boundaries of a node is proportional to the hydraulic 
gradient between the nodes -- a gradient customarily measured in feet of 
water. In the model the gradient parameters were available at the begin- 
ning and end of the time periods to be used for model calibration. For 
many of the nodes the gradients at the beginning and end of the calibration 
period were approximately the same. This led to the idea of assuming 
linearity of gradient with time over the calibration period for those that 
are not the same. 

16 



Certainly the assumption of time linearity of hydraulic gradients 
between nodes is subject to some objection. Clearly, the pumping history 
at one node could be such that the water level was drawn down to the present 
level early in the calibration period and remained in that vicinity for the 
balance of the time. Similarly, a well which was developed later in the 
calibration period would disturb the water level in a way that would cause 
the average gradient to be understated. But, as a way of getting an initial 
feel for the coherence of data at individual nodes, it does provide a useful 
tool. 

Based on the linearity assumption, a FORTRAN subroutine entitled RATING 
(reproduced in Appendix A) was developed to produce the following informa- 
tion: 

1. Imbalance. It produces an array of water imbalance information 
at each node measured in feet per year of excess water ( +) or 

shortage of water ( -). This quantity, when multiplied by the area 
of the node, produces the volumetric rate of the excess or 
shortage of water in that node. 

2. Trouble Index. A numerical "trouble index" was needed to quantify 
by magnitude and direction the amount of incoherence at each node. 
Also, this Trouble Index becomes useful later as a weighting 
factor in parameter perturbation. 

3. Node Rating. It was also found convenient to rank order the 
trouble indices for easier visual identification on a computer 
output map of data incoherence. In this way the less coherent 
nodes could be called to the attention of the hydrologist for 

reconsideration before they are admitted to the automatic ad- 
justment process. Accordingly, a Node Rating section was 
included in the subprogram. 

The Trouble Index, as explained below, is roughly proportional to 
the cause of data incoherence, while the Imbalance is an estimate of the 
effect of that incoherence. 

One property desired in the Trouble Index was that in some way it be 
proportional to a combination of parameter changes needed to correct the 
data incoherence. Many of the parameters are not useful for this purpose. 
For example, the adjustment of storage coefficient (S) would have no 
meaning at a node where the water levels at the beginning and end of the 

time period were the same. In that case any storage coefficient would be 
equally valid. In other cases physically impossible storage coefficients 
would be required, i.e., less than 0 or greater than 1. 

To adjust the transmissivity (T) alone to compensate for the imbalance 
is often equally unprofitable. Some nodes cannot be made coherent by 
adjustment of transmissivity alone because physically unrealizable negative 
values would be required. 
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Adjustments of pumping (Q) and recharge (R) alone face similar objec- 
tions. The Q and R are really input /output to the model in that sense and 
are not really model parameters. Further, to cure the imbalance, it might 
be necessary to attribute pumping to a node where there is no pumping, or 

to attribute recharge to a node where recharge is not occurring. 

The remaining alternative is to look to imputed changes in water 
levels. An imputed change in HEB (the water level in the base node at the 
end of the calibration period) has many desirable characteristics and seems 
to overcome most of the previous objections. It has the following proper- 
ties: 

1. It always exists. If the water imbalance shows more water is 
required in a node, then a negative "Trouble Index" will always 
bring in the required amount. This negative Trouble Index -- 

as an adjustment to the height of water surface at the end -- 

would always impute larger water inflow (or less outflow) at all 
boundaries, and also impute more water withdrawn from (or less 
placed in) storage. A positive Trouble Index always decreases 
imputed water inflows (or increases outflows) and imputes less 
withdrawal from storage (or greater increase in storage). Hence, 

a Trouble Index can always be found which will "correct" the 
imbalance. 

2. The Trouble Index includes the effect of the transmissivity 
assigned to the node by taking on proportionately higher values 
in nodes of low transmissivity in order to correct an equivalent 
amount of imbalance. 

3. It includes the effect of storage coefficient since it imputes a 

change in Ah. 

4. Experience with the Tucson aquifer has shown that it always 

takes on values in a working range. 

5. The values are unique. 

Note that a perturbation of the starting height of water surface (HS), 

everything else remaining constant, would not have the same properties 

since the changes in underground flow of water would be in the opposite 

sense of the water delivery from storage. A Trouble Index based on HS, 

therefore, could be relatively insensitive and unstable. 

Clearly the perturbation of both the beginning and ending water levels 
together would obscure the contribution of S since Ah would remain unchanged. 

Figure 1 on the following page illustrates the physical meaning of 
the parameters and Trouble Index for a typical node. 
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Fig. 1. The Physical Relationships Associated with the Trouble Index 
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Once having computed the Trouble Index, a few additional FORTRAN 
statements were used to assign alphabetic grades to the nodes. In this 
way a Node Rating map could be prepared in a form which permitted the in- 
coherent nodes to be spotted easily, highlighted, and viewed in their spa- 
tial relationships. The following rating scheme was adopted: 

A, Trouble Index less than 3 feet, 

B, Trouble Index between 3 and 6 feet, 

C, Trouble Index between 6 and 10 feet, 
D, Trouble Index between 10 and 25 feet, 
E, Trouble Index greater than 25 feet. 

On the output maps an upward pointing arrow preceded each positive rating 
and a downward pointing arrow preceded each negative rating. Figure 2 on 
page 40 is a reprint of a portion of the node rating map of the nodes ac- 
tually used in these investigations. 

The Subjective Inputs (Confidence Maps) 

When an aquifer modeling project begins, data are collected from many 
sources which may include geological studies of the area, hydrologic sur- 
veys, water level measurements, aquifer tests, aerial photographs, drilling 
logs and pumping records, utility bills; use is made of virtually any source 
that will permit the investigator to select a model structure, select node 
patterns, and assign parameters to the nodes. A detailed description of 
this process as applied to aquifers in California is described by Allison 
(1967). Sometimes "data" are taken from previous models and do not repre- 
sent original data in the true'sense (Gates, 1971, p. 1). 

As the data gathering process proceeds, the data gathering group 
develops some feeling for the validity of the data (parameters) assigned 
to the model nodes. The calibration method advocated here depends very 
heavily on the quantification of these feelings in suitable form. The 
sources of these feelings are many. Certainly all of the following will 
contribute: 

1. understanding of instrument and measurement errors, 
2. knowledge or estimates of the underlying geological features, 
3. awareness of the extent and assumptions made in interpolation 

and extrapolation of data, and 

4. accumulated experience with aquifer models. 

The quantification of these feelings can take the form of subjective 
confidence limits for the data assigned to each node. For example, the 

hydrologist may be confident that the data assigned to NODE(I,J) have a 
90% chance of falling within the following limits: 
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NODE RATIrIG. (c) < A < 3 < H <_ b < C < 10 <0 < 25 < E) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

2 TFl +A +A Trt +t3 TA TA +C 

3 rA +A +A T8 +d TA +A +A 

+C +A *A TC +E +A +41 +A 

5 +1) tA +C +A +i) +C +A +A 

6 *E *n *r_) +A +8 *8 TA 

7 *E Tp +A +d +8 +A +A T8 

8 TE *() TA +i+ +A +D t8 +1) 

9 +E +U *A +8 +d +C +A tU 

10 +E +C +C TA +A +t3 T8 +8 +0 

11 +E TK +8 +4 +U +C +8 +A T6 

12 TE +C +A ?A +A TA +A +A +U 

13 +E +C +8 +C +u T8 TA +A TA 

14 +E. +i) *cS +C +C TA +A +A TJ 

15 TU +C +U +6 *13 +A +A +b 

16 Ta +C +A +u TA TA +A 

17 TA *C +C +11 A +3 

18 *E TC TH U TA T(i . 

19 T0 TH +`3 +CS +A Tli 

20 Ttf TA Tn . 

21 . . TU yA +A TA Tá 

22 +0 +A yC *ù 

23 +E +0 *A +A 

24 +E +C +E ?ti +C . 

Fig. 2. A Node Rating Map 
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Parameter 

Transmissivity 

Storage Coefficient 

Pumping 

Natural Recharge 

Water Level at Start 

Water Level at End 

Confidence Bounds 

T 1 /2 <T <est. - Tx2.0 - 
S x 2/3 

- 
<S 

est. - <Sx3 /2 
Q x 1/2 

-est. 
Q x 2.0 

Rxl /3 - <R est. <Rx3.0 
HS - 30' - < HS est. - < HS + 30' 

HE - 25' - < HE est. < HE + 25' - 

This information can then be put on grids, maps or in computer arrays prior 
to the beginning of the calibration runs. 

It has been convenient to call these inputs subjective inputs even 
though they may contain some objective elements, and even though some of 
the assigned nodal parameters are also very subjective. The grids or arrays 
prepared from this information are here called confidence maps. 

The preparation of this information need not be as tedious as it might 
first appear. In the most detailed case a confidence factor or increment 
would be attributed to each parameter at 'each node as the data were origi- 
nally tabulated. More likely, however (and this was the case during the 
present investigation), the various parameter maps will be scanned by the 
hydrologist and confidence "contours" drawn around various clusters of 
nodes. In the present model in the most extreme case (transmissivity) only 
three levels of confidence were assigned, and in the simplest case (storage 
coefficient) equal confidence was assigned to all nodes. Information pre- 
sented in this manner can be easily converted to the form needed for com- 
puter input. 

The primary reason for getting this information a prior is, of course, 
to have it available for the parameter adjustment program. A second im- 

portant reason to extract this information from the hydrologist before 
manipulating the model is to be sure that it is free of feedback information 

based on examination of first iterative results. In this way an attempt is 

made to avoid too much interaction between the investigator and the model. 

This departs from the concept of Vemurì and Karplus (1969) where a hybrid 

computer is used and dynamic interaction between the model and the modeler 

is not only encouraged but is essential to the adjustment process. It would 

appear that hydrologists are not much better at interacting with the model 

on a pure hydrologic basis than systems analysts. Gates (1971), a hydro- 

logist, reports some of his adjustments for the model of the Tucson basin 

aquifer were made on the basis of mathematical rather than hydrologic consi- 
derations. In this type of adjustment hydrologic considerations enter only 

to inhibit certain adjustments rather than to suggest or guide them. 

Here the alternate approach is used where subjective input based only 

on hydrologic considerations is obtained, and it is applied in the adjust- 
ment process in a quantitative way. The confidence maps are used to esta- 

blish weighting factors for parameter perturbation so that no subjective 
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confidence bound is exceeded. The actual adjustments are made so that the 
sum of confidence -weighted perturbations is near minimum. 

The Sensitivity of the Model 

A completely rigorous sensitivity analysis of the model would require 
an evaluation of the change in the predicted water level at every node in 
the model for a small change in each parameter at each node. For the 1890 - 
node model of the Tucson aquifer (6 parameters per node), the sensitivities 
at 1890 points to perturbations of each of 6 x 1890 = 11,340 parameters 
would need to be computed. Then, from this information, small adjustments 
could be made in accordance with some optimization scheme to improve model 
response. As the adjustment proceeded, the optimization scheme would re- 
quire periodic re- evaluation of the sensitivities. Clearly such a scheme 
would be prohibitive in use of computer time, even for models with a mode- 
rate number of nodes. 

Again appeal is made to the decomposition or decoupling concept intro- 
duced above under Data Coherence. The sensitivity question is reduced to 
"What value of the selected parameter is required at that node (if all other 
parameters remain constant) to produce a change in water balance at that 
node of 0.01 feet /year of water ?" The amount of change of parameter im- 
puted by the imbalance change is then expressed as a factor, or incremental 
change, whichever is appropriate for that parameter, and in keeping with 
the manner in which the confidences are expressed. 

Some of the values imputed by these calculations will be physically 
unrealizable; transmissivities less than zero, storage coefficients greater 
than 1.0, etc. In these cases the program assigns a vanishingly small sen- 
sitivity to that parameter. Because of the actual physical coupling be- 
tween nodes, the sensitivities to certain parameters must be considered 
tentative. An adjustment in withdrawal rate (Q), recharge rate (R), and 

storage coefficient (S) at one node will clearly not propagate any change 
to other nodes. The same is not true, however, for transmissivity (T) or 

for the water levels HS and HE. An adjustment of T, HS, or HE at one node 
may improve the "decoupled" balance for that node but have an undesirable 
influence on the adjacent nodes. For this reason perturbations must be 
kept small, and when indicated, must be recomputed. 

Development of the TRINSUCOSE Algorithm 

On the basis of the error migration studies described in Chapter 2 it 

was felt that the errors in parameters would produce their largest dis- 
tortions of the response surface in the immediate neighborhood of the node 
containing the errors. Errors are attenuated substantially as they migrate 
to distant points. The complete node decoupling concept used in generating 
the Trouble Index was, therefore, considered suitable for use in the para- 
meter adjustment process. 
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This localized method of parameter adjustment clearly cannot lead to 
"the" mathematically optimal assignment of parameter values, since some of 
the couplings which are ignored will be of consequence. However, as shown 
by the results of Chapter 4, a very large amount of improvement in predic- 
tion can be obtained with a relatively modest application of the amount of 
perturbation permitted within the confidence- bounded parameter ranges. 

In keeping with these concepts, the adjustment considerations described 
above were combined into the TRINSUCOSE adjustment algorithm. The steps 
were, (1) computation of sensitivities, (2) treatment of confidence informa- 
tion, (3) computation and application of weighting factors, and (4) adjust- 
ment of parameters and analysis of results. Each of these is described in 

a subsection below. 

Computation of Sensitivities 

Rearrangement of the basic differential /difference equation from 
Chapter 2, and incorporation of a second finite difference to replace the 
differential portion of that equation, permits the direct computation of 
the amount (rate) of imbalance of the water volume on a node by node basis. 
The rewritten equation is as follows: 

IMBALANCES 
k 

(hk-hB)TkB-QB-RB-ABSB(HEB-HSB). 
Eq. (3) 

In the corresponding computer program the dimensions are changed so the 
imbalance is presented in feet /year of water for each node. 

The first term on the right represents the rate of underground inflow 
into node B from all adjacent nodes, the second and third terms, the rates 

of inflow not related to underground flow, i.e., pumping or, recharge by 
percolation or by simulated boundary flow, and the fourth term, the rate 
of increase in storage. If all are in balance, the IMBALANCE at node B 

will be zero. If not, the IMBALANCE at node B will be positive if the 

incoherence of the data imputes a buildup of water, and will be negative 
for a disappearance of water at that node. The water level difference 

(111.-110 appearing in the summation is to be taken as the average water level 

diference between the beginning and end of the calibration period. This 

is in keeping with the linearity concepts expressed above in the description 

of the Trouble Index. 

By arbitrarily setting the imbalance at each node to a value of 

0.01 feet /year higher than that computed by the above equation, and by 

suitable algebraic rearrangement, new imputed values of TB, SB, (QB +RB), 

HSB and HEB can be computed individually, each on the assumption that the 

other values are held constant. The marginal changes in these parameters 

to obtain this change in imbalance are the required sensitivities. The 

imbalance, Trouble Index, and sensitivities are computed and tabulated by 

FORTRAN subprogram PERTURB, which is given in Appendix A. 
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Treatment of Confidence Information 

The aquifer parameters are of two types in the way that confidences 
are usually assigned. The first is the type where the confidence is ex- 

pressed as some proportion of the value initially assigned. The para- 
meters S, T, Q, and R fall into this class. Examination of the typical 
statements of confidence intervals given earlier shows that the multiplier 
used to find the lower confidence bound is the reciprocal of that used to 
find the upper confidence bound. Since each bound represents the same 
confidence level, a non - linear relationship exists between the parameter 
values and confidence values. The most manageable curve that represents 
this type of relationship is the exponential. The form is: 

Adjusted Parameter = Original Parameter x exp(f x maxp), where 

maxp is the maximum perturbation exponent derived from the assigned confi- 

dence level, and f is the fraction of confidence interval to be consumed 
in the perturbation (positive for increases in the parameter, and negative 
for decreases). For example, if the confidence bounds for Q. are 0.50Qì 

and 2.00Q., maxp would be assigned a value of 0.70, since exp( -1.0 x .70) = 

0.50 and éxp(1.0 x .70) = 2.0. Then, if the algorithm establishes that . 

should be perturbed by 5% of its allowable confidence in the negative 1 

direction, f would be assigned a value of -0.05, and the new value of Q. 

would be Qi x exp( -0.05 x 0.70) or 0.965Qì. 
1 

The second way of expressing confidence bounds is by a translation of 

the quantity by amounts not proportioned to the value of the parameter. The 

confidence bounds for the HS and HE parameters are of this type. These 

bounds can simply be entered directly into the program, and the adjustment 

equation would be as follows: 

Adjusted Parameter = Original Parameter + f x Confidence Bound, 

where f has the same meaning as in the first type. 

The Weightings 

With sensitivity, confidence and trouble data in suitable form, the 

next step is to combine them in a suitable way so that basic perturbation 

coefficients may be assigned to each parameter at each node. This is done 

in two weighting steps by SUBROUTINE PERTURB which is reproduced in 

Appendix A. An example of the calculations for an interior node of the 

model is given in Table I on the following page. 

The first weighting step involves the combination of sensitivity and 

confidence data. These are combined so that each sensitivity, originally 

expressed as a magnitude, is represented as a fraction of the allowable 

perturbation of that parameter. The sign of the quantity is retained as 

an indicator of the direction of the change. These new measures, called 

sensitivity ratios, are denoted ABj, where the subscripts represent the 
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parameter j of node B and j takes on values one through six, one value for 
each parameter at a node. 

These sensitivity ratios have inverse relationships to the amounts of 
perturbation required. That is, those sensitivity ratios having the larger 
magnitudes are those to which the model is relatively insensitive, and vice 
versa. To invert and standardize these, SUBROUTINE PERTURB finds new values 
(XBj) such that ABj x XBj is constant, and such that the summation over j 

of the absolute values of the X.)33 at node B is equal to 1.0. The values 

for ABj and XBj at node B = (10,9) are shown in the third and fourth columns, 

respectively, of Table 1. 

The second weighting step is the trouble weighting step. Each XBj is 

multiplied by the Trouble Index. Sample values of this computation are 
given in the fifth column of Table 1. 

Adjustment and Test 

The next step is to use the data prepared in subprogram PERTURB in 
conjunction with the iterative routines and error analysis subprograms to 
apply perturbations collectively in small amounts and to determine the 
amount of improvement obtained. This is done by selecting a factor -- say 
0.01 -- as the initial collective perturbation coefficient. All parameters 
are then adjusted by the amount that this implies for the individual para- 
meters as determined by the data from subprogram PERTURB. Limits are applied 
to insure that no parameter is adjusted beyond the range originally permitted 
in the confidence assignment. The aquifer response is then computed and 
the final water levels compared with the water level data. Error data are 
tabulated, and the program is permitted to try larger collective adjustment 
factors until marginal improvement is small. 

Experiments conducted thus far establish some confidence that repeated 
applications of this procedure may reduce the error to any desired level, 
given parameter bounds that are physically capable of producing coherent 
or consistent results. 

The TRINSUCOSE Procedure 

The TRINSUCOSE procedure or algorithm, in summary, consists of the 
following steps: 

1. Obtain confidence data in addition to the customary model para- 
meter data. Put it in appropriate form. 

2. Using SUBROUTINE STATIC, deter mine the overall water balance. 
If the data have a reasonable level of coherence at this point, 
proceed to the next step. Otherwise, return to step 1 and attempt 
to resolve the outstanding problems with the hydrologist /geologist 
team. 

27 



3. Using SUBROUTINE RATING, make the data coherence tests on an indi- 
vidual decoupled node basis. Examine the outputs for cases of 
extremely inconsistent data. For these cases obtain a review by 
the investigating team to identify mistakes in data preparation 
and to "educate their discretion" somewhat on the likelihood of 
the model coming into the desired level of calibration with the 
present data and bounds. If adjustments are obtained, repeat 
step 3 for the nodes for which adjusted information was obtained. 
When all identifiable mistakes have been removed and some level of 
static data coherence established, proceed to step 4. 

4. Using SUBROUTINE PERTURB, compute and assemble the Trouble Index, 
Subjective Confidence and Sensitivity information into the properly 
weighted collective perturbation parameters. 

5. Using appropriate iterative and error analysis programs, perform 
the collective adjustments at the minimum level necessary to obtain 
the desired improvement in model performance. 

6. Review the results and return to any of the above steps that may 
be indicated if results are not satisfactory. Otherwise, assign 
the values obtained by the above procedures to the calibrated model. 

Step 5 was conducted in the present case with PROGRAM TEST 115 which is 
reproduced in Appendix A along with two of the subprograms which it calls: 
ALDIR and ERROR. Most of the results of Chapter 4 were produced using these 
programs. 
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CHAPTER 4 

RESULTS 

The procedures developed in Chapter 3 were applied to the truncated 
(166 node) model of the Tucson aquifer. All six of the parameters at each 
node were perturbed in accordance with the weights assigned by SUBROUTINE 
PERTURB. Six different collective perturbation factors were used: 0.0, 
0.02, 0.04, 0.06, 0.08 and 0.10. The first one, of course, is no adjust- 
ment at all and represents the original model data; The results in terms 
of error performance are tabulated in Table II on the following page. 
These results were each scaled to 100% for the original data and plotted in 
Figure 3 on the second following page. 

Observe at the 0.06 level of collective perturbation that mean error 
is reduced to 30% of its original value. This shows that the overall water 
volume balance responds well to these adjustments. The other three measures 
all reflect model performance in a dynamic sense. At the 0.06 level all 
are reduced to less than 70% of their original values. Beyond the 0.06 
level the marginal improvement is small. This indicates that the improve- 
ment obtainable in the first round of TRINSUCOSE computations has been 
reached. The amount of subjective constraint consumed thus far in the 
adjustment procedure can be measured in several ways. Table III shows that 
very few of the parameters have reached their subjective constraints, even 
at the 0.10 collective perturbation level. Clearly a substantial amount of 
room for adjustment is available for second, third, etc. applications of 
the algorithm to reduce errors further. 

Table IV shows the specific effects of adjustments at an interior 
node of the model. This is an extension of the sample computations for 
Node (10,9) contained in Table I on page 50. For this particular node the 
pattern of error reduction was as follows: 

Collective Model Prediction 
Perturbation Error 

Level (feet) 

0.00 -11.3 

0.02 -10.0 

0.04 - 8.7 

0.06 - 7.5 

0.08 - 6.2 

0.10 - 4.7 

The node may be considered a representative node in many ways, but no node 
in the model can be considered typical. 

The results reported here and other considerations that arose during 

the study form the basis of the concluding remarks of the next chapter. 
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Table II. Errors vs. Collective Perturbation - Factor 

COLLECTIVE 
PERTURBATION 

FACTOR 

MEAN 
MEAN ABSOLUTE 
ERROR DEVIATION 
(FT.) (FT) 

STANDARD 
DEVIATION 

(FT) 

PEAK 
ERROR 
RANGE 
(FT.) 

0.00 6.11 20.11 28.77 159.15 

0.02 4.45 17.60 24.55 126.56 

0.04 3.02 15.36 20.96 100.75 

0.06 1.80 13.44 18.09 86.36 

0.08 1.19 12.54 16.75 78.89 

0.10 1.07 12.26 16.26 78.52 

Table III. Constraint Analysis at Perturbation Level 0.10 

NO. OF NODES NUMBER PERCENTAGE 
HAVING HAVING THAT AT A 

PARAMETER PARAMETER CONSTRAINT CONSTRAINT 

Q 66 0 0.0 

67 7 9.6 

S 166 6 3.6 

T 166 0 0.0 

HS 166 9 5.4 

HE 166 13 7.9 

TOTAL 797 35 4,4 
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Fig. 3. Error Reduction at Various Perturbation Levels 
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CHAPTER 5 

CONCLUSIONS, LIMITATIONS AND FUTURE PROSPECTS 

The conclusions reached in the course of this investigation may be 
summarized briefly as follows: 

1. Prior to mathematical manipulation of the aquifer model, parameter 
quality information can be generated which will measure the cohe- 
rence of data, predict which nodes will be troublesome in the mani- 
pulation, and help to identify mistakes in preparation of data for 
the model. 

2. Subjective information can be quantified in a useful way and can 
provide narrower constraints than the corresponding physical con- 
straints. 

3. Subjective information can be formulated into an objective function 
so that the adjustment of parameters proceeds in a way that the 
desired level of calibration is obtained with a near minimum of 
application of confidence- weighted adjustments to the originally 
assigned parameters. 

4. Error propagation and migration studies of developing models can 
provide important insight into future model behavior and help 
determine whether the decoupling scheme proposed here would be 
applicable. 

5. Nodes which cannot be brought into the desired range of calibration 
with the above procedures can be clearly identified by a final 
Trouble Index. 

6. Subjective over -reaction to the iteration results is avoided by the 
procedures described, since for the most part the subjective infor- 
mation is extracted from the investigators in advance, and the 

opportunity for subjective interaction in the automated or semi - 

automated calibrations process are limited. 

There are some precautions and limitations that should be observed in 
application of the above procedure: 

1. Should the model fail to come into calibration within the established 
parameter bounds, it may simply mean that insufficient data are 
available or that the confidence bounds are too severe. But, it 

may also mean that the postulated model structure is incorrect. 

That is, the boundaries may be incorrectly stated, assumptions of 

isotropic flow may be incorrect, leakiness or artesian behavior may 

not be accounted for, the parameters are not stable with time or 

level, or that the selection of nodes does not represent adequately 

the regions of homogeneity and heterogeneity of the aquifer. The 
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TRINSUCOSE procedures cannot specify which of these problems may 
be present. In these cases the geologist /hydrologist team would 
have to review the results and attempt to find assignable causes 
to the failure of the model to come into calibration. 

2. While data quality analyses are presented, in the case of the 
Tucson aquifer the mistakes in assembling the data were not clearly 
identified. Since so many of the nodes had data of great incohe- 
rence, those data with misplaced decimal points, etc., were almost 
completely submerged in a sea of other troubles. 

3. When the data permit optimization over several consecutive time 
periods, the data for the water levels at the end of one calibra- 
tion period become the data for the beginning of the next. This 
means that the freedom to perturb water level data must be con- 
strained at intermediate time steps. What may appear as the best 
water level map for behavior at the end of one time period might 
introduce additional errors at the subsequent time step. 

4. In aquifers of high transmissivity, or in any case where the model 
calibration period is long with respect to the ability of errors at 
one node to introduce errors in distant nodes, these procedures 
may not be valid. Tests similar to those described at the close of 
Chapter 2 may help identify these conditions. 

During these studies several ideas for extension and further develop- 
ment of these ideas arose. Some of these are as follows: 

1. The subprogram PERTURB could be modified to furnish its information 
directly to the adjustment and test programs. In this way the 
intermediate data decks of weighted perturbation information could 
be avoided. 

2. The trial multipliers for parameter perturbation could be selected 
by the adjustment procedures rather than by the programmer. Then a 
proper one could be selected by the computer for most effective 
adjustment. 

3. The entire procedure could be made to re- evaluate itself as it 
proceeded. That is, after application of a selected collective 
adjustment factor, the results could automatically be evaluated 
and repeated with new Trouble Indices and sensitivities until the 
desired degree of error reduction was obtained, or until too many 
of the troubled nodes had used up all of the available perturbation. 

4. The method should be applied to other regions of the Tucson aquifer, 

and the resulting adjustments should be compared with those ob- 

tained by the trial and error methods. 

5. The method should be applied to the original data of other aquifers, 

preferably ones that are now considered to be well calibrated. 

Here, however, It would be difficult to obtain uncontaminated 
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subjective information of the type needed. 

6. Other criteria should be considered for incorporation into objec- 
tive functions for parameter adjustment. 
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APPENDIX A 

FORTRAN PROGRAMS 

In the course of the investigation many FORTRAN programs and subpro- 
grams were used. PROGRAM TEST 115 produced most of the results reported 
in Chapter 4 and is reproduced here. 

Also reproduced below are the following: 

1. SUBROUTINE STATIC. Subprogram STATIC computes a complete volume 
balance on the aquifer and prints the results in tabular form as many times 
as specified by a calling argument. The printed outputs show the percen- 
tage error in volume balance as well as the net inflow /outflow in acre -feet 
summed from both the pumping /recharge information and the change in storage 
imputed by assigned storage coefficients and historical changes in water 
levels. The average storage coefficient is also computed. 

2. SUBROUTINE RATING. Subprogram RATING is designed to permit a de- 

tailed look at the data assigned to each node and that of its immediate 
neighbors, to permit an initial evaluation of its validity. Computations 
are based on the assumption that the height of the water table at any node 
changes linearly with time from the initial value to the end value. Based 

on this assumption, the imputed values of storage coefficient, transmissi- 
vity, net recharge, volume imbalance, and end height of the water table at 
the central node of each local system surrounding each node are computed. 
The latter figure is called the Trouble Index and is used to compute an 
alphabetic Node Rating at each node. In addition to the tabulated informa- 
tion the Trouble Index and Node Ratings are placed in arrays for call by 
SCLMAP if desired. 

3. SUBROUTINE PERTURB. The basic structure of Subprogram PERTURB is 

similar to that of Subprogram RATING in the computation of volume imbalance 
and Trouble Index, but it uses a simpler output format. It goes beyond the 
computations of Subprogram RATING in that it computes the sensitivities and 
assigns them weights in accordance with the requirements of the TRINSUCOSE 
algorithm. It places its results in arrays so that they may be made availa- 

ble for use in the final adjustment programs. 

4. SUBROUTINE ALDIR. ALDIR is the subprogram that predicts future 
aquifer water levels based on the present state and input stresses to the 

aquifer. It uses the alternating direction implicit method approximate 

solution of the model equations which are in simultaneous linear form. 

5. SUBROUTINE ERROR. The small Subprogram ERROR was constructed to 

compute and print out certain identifying information and a simple analysis 

of the array at the bottom of any array map. Information includes mean 

value, mean absolute value, standard deviation, root mean square value, 

maximum and minimum values. 

36 



Two other subprograms were used extensively in the experiments re- 
ported here. These are the housekeeping programs SETUP and SCLMAP. 
They are not reproduced here but are described briefly as follows: 

1. SUBROUTINE SETUP. This subroutine is a general purpose one for 
working with arrays of aquifer parameters. It clears arrays, fills them 
with constant values, reads in arrays, array headings, and scale factors 
in variable FORMAT from data cards, scales arrays by any desired factor, 
and /or prepares new data cards from array information. The modes of 
operation are selected by the calling arguments or use of the ENTRY point 
PUNCHEM. Use of the subroutine avoids the multiple placement of array 
manipulation statements throughout the main program. 

2. SUBROUTINE SCLMAP. Subprogram SCLMAP is called when an array is to 
be printed in matrix form. The array, number of maps, scale factor and 
heading are selected by the calling arguments. The scaling for printing 
does not change the values in the array being printed. For alphabetic 
maps the ENTRY point MAPALFA is used. 
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Program Test 115 

PROGRAM TEST 115 (INPUT, OUTPUT, TAPE 5 = INPUT) 

C RESTRUCTURED APRIL 19, 1971. 
C ROBERT E. LOVELL - SYSTEMS ENGINEERING 410. 
C ITERATION TESTS UNDER PARAMETER PERTURBATION. 

,i1CO+1MON KIS +KIE+ KS(51),KE(5]), KJS,KJE, ISM1IEPI,FMTY 
1 + SCLFTR, FHEAD(8), FMT1(6), WIDTH, AREA, TIME+ ITER 
2 + TRATIO, AN 
(,DIMENSION HS(25,14)+ HE(25,14), T(25,14), S(25 +14) 
1 , R(25,14)+ HT(25,14), H(25,14), PES(25,14) 
2 + PEQ(25,14), PER( 25,14), SP(25,14), TP(25,14) 
3 + PERCT S(25,14), PERLT T(25,14), PERCT Q(25,14) 
4 , CS(25,14), CT(25 +14)+ CQ(25,14), CR(25,14),FMT8T(8) 
5 , FMT8O(8), FMT8R(8), 0(25,14), PET(25,14), FMT8(8) 
6 , PHS(25,14), PHE(25 +14), PEHS(25,14), PEHE(25,14) 
7 , ORP(25,14), PERCT R(25,14), FMT8S(8) 
ITER = 0 $ TRATIO = 0.0 
TIME = 19.0 $ WIDTH = 5280.0 
AREA = WIDTH * WIDTH / 43560.0 

C READ IN OUTPUT HEADING AND FIRST SUR- HEADING. 
READ(5,1) FHEAD $ READ(511) FMT8 

1 FORMAT (8A10) 
C READ IN THE AQUIFER LOCATION DECK. 

READ(5 +2) KIS+ KIE,( KS( I) +I =1,25),(KE(I),I=1,25) +KJS,KJE 
ISM1 = KIS - 1 $ IEP1 = KIE + 1 

2 FORMAT (20I4) 
87 FORMAT (1X, A10, F10.2, 5X, 6A10) 

PRINT FMT8 

CALL SETUP (PERCT S, 25, 14, 0.0, 5, 1.0) 
CALL SETUP (PERCT T, 25, 14, 0.0, 5, 1.0) 
CALL SETUP (PERCT Q, 25, 14, 0.0, 5, 1.0) 
CALL SETUP (PERCT R, 25+ 14+ 0.0, 5+ 1.0) 
CALL SETUP ( SP, 25, 14, 0.15+ 5, 1.0) 
CALL SETUP ( TP, 25, 14, 0.0 + 5, 1.0) 
CALL SETUP ( HT+ 25+ 149 0.0 + 5+ 1.0) 
CALL SETUP. (CARP, 25+ 14, 0.0 + 5+ 1.0) 
CALL SETUP ( H, 25, 14, 0.0 , 5, -1.0) 

C READ IN THE HJ47 DECK. 
CALL SETUP (HS, 25, 14, 0.0+ 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMT1 

C READ IN THE HH66 DECK. 
CALL SETUP tHE+ 25+ 14+ 0.0+ 1+ 1.0) 
PRINT 87, FMTY, SCLFTR, FMT1 
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C READ IN THE T (TRANSMISSIVITIES) DECK. 
CALL SETUP ( T, 25, 14, 0.0, 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMT) 

C READ IN THE S (STORAGE COEFFICIENTS) DECK. 
CALL SETUP ( S+ 25, 149 0.15, 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMT1 

C READ IN THE Q19 (19 -YEAR PUMPING) DECK. 
CALL SETUP ( Q, 25, 14, 0.0, 1, 1.0) 
PP-INT 87, FMTY, SCLFTR, FMTI 

C READ IN THE R19 (19 -YEAR RECHARGE) DECK. 
CALL SETUP ( Re 25, 14, 0.0, 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C FALLOWING DECKS PREPARED BY SUBROUTINE PERTURB. 
C TRANSMISSIVITY PERTURBATIONS (PET -TI). 

CALL SETUP (PET, 259 14, 0.0 , 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C STORAGE COEFFICIENT PERTURBATIONS (PES -TI). 
CALL SETUP (PES, 25, 14, 0.0 , I, 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C PUMPING PERTURBATIONS (PEQ -TI). 
CALL SETUP (PEO, 25, 14, 0.0 , 1, 1.0) 
PRINT 87, FMTY, SCLFTR. FMT1 

C RECHARGE PERTURBATIONS (PER-II). 
CALL SETUP (PER, 259 14, 0.0 , I, 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C STARTING WATER LEVEL PERTURBATIONS (PENS -TI), 
CALL SETUP(PEHS, 25+ 14, 0.0 , 1, 1.0) 
PRINT 87, FMTY, SCLFTR. FMTI 

C ENDING WATER LEVEL PERTURBATIONS (PEKE-TI). 
CALL SETUP(PEHE, 25+ 14, 0.0 , 1, 1,0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C FOLLOWING DECKS CONTAIN PEKTURRATION BOUNDS. 
C TRANSMISSIVITY BOUNDS (PT). 

CALL SETUP (CT, 25, 14, 0.09 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMT1 

C STORAGE COEFFICIENT BOUNDS (PS). 

CALL SETUP (CS, 25, 14, 0.0, 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C PUMPING WOUNDS (BO). 

CALL SETUP (CU, 25, 14, 0.0, 1. 1.0) 
PRINT 87, FMTY, SCLFTR, FMTI 

C RECHARGE BOUNDS (PR). 
CALL SETUP (CR, 25, 14, 0.0, 1, 1.0) 

PRINT 87,.FMTY, SCLFTR, FMTI 
C STARTING WATER LEVEL BOUNDS (PHS). 

CALL SETUP (PHS, 25, 14, 0.0, 1, 1.0) 
PRINT 87, FMTY, SCLFTR, FMT1 

C FINAL WATER LEVEL BOUNUS(PHE). 
CALL SETUP (PHE, 25+ 14, 0.0, 1, 1.0) 

PRINT 87. FMTY, SCLFTR, FMTI 
C PERTURE3ATIUN TESTS. 
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C kEA0 IN EKRUk MAN 1EAOlN6. 
READ(591) FMTH 
uO 75 K = 2,5 
FAC = FLOA1(1-K) * 

00 11 I=KIS,KIE T. JS=K,S ( I) g, JE=KE ( 1) K(,O 11 J=JS,JE 
TEmP A_ PHS(I,J) tEAP = PFHS(I,J) * FAC * TEMP A 

M(I,J) = HS(I,J) + SIGP.(AMItNl(AFiS(TEriP), TEMPA), TEMP) 
TEMP = PET(I,J) * FAC $ TEMP A = CT(I,J) . 

TP(T,J)=T(I,J)#ExN(SIGN(AMINI(APS(T.EMP),TEMPA),TEMP)) 
TEMP = PES(I,J) * FAC $ TEMP A = CS(I,J) 
SP ( 1,J) =J ( I, J) *F'XP (SIGN ( A')IN1 (A8S(TFMP) ,TEMPA) ,TEMP) ) 

TEmp = PE:w(I,J) * ËAC % TE,,,P A = C(3(I,J) 
U TEMP =iJtI,J)*EXP(SIGN(AMIN).(ARS(TFMP),TEMPA),TEMP)) 
TEMP = PF_k(I,J) * FAC S TEMP A = CR(I,J) 
R (EMP =rc(I,J)*EXP(SIGN(AmIPd1(AE3S(TEMP),TEMPA),TEMP)) 

11 (rRP(I,J) = 0 TEMP + R TEMP 
CALL ALOIR (8, 1.0, 25, 14, ORP, SP, TP, H, HT) 
DO 16 I=KIS,KIE g JS=KS(I) % JE=KE(1) $ no 16 J=JS,JE 
TEMP A = PHE(I,,}) $ TEMP s PEHE(I,J) * FAC * TEMP A 

160HT(I,J) s HT(I,J) - HE(I,J) - SIGN(AMIN1(A8S(TEMP), 
] TEMPA), TEMP) 
CALL SCLMAP (1, HT, 25, 14, 10.01 FMT8, 8) 
CALL ErlRUk (rtT,25, ) 4 ) 

75 CONTINUE 
STOP 
ENU 
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Subroutine STATIC 

SUHROUTINE STATIC (S.UH.t,1Fl, IR.IC,NUMRER.FMTO, IFMTO) 
C 'cSTRUCTUKED APRIL 19. 1971. 
C COmPARiSON OF NET OR ITH CHANGE IN STORAGE. 
C THIS SjPROUTINE kECO"-IPUTES AN (THE NUMyFrT OF NODES) . 

i'COmMON KIS.KIE KS(51).KF(51). KJS,KJE, ISM1,IEPI,FMTY 
, SCLFTR, FHEAU(8), FMT1(6), wIUTH, ARFA, TIME, ITER 
. TRATIO, AN 

UImENSION S(IN,IC)+ DH(IR,IC) (JH(IP.IC), FMTO(IFMTa) 
C COMPUTE AVERAGE STORAGE COEFFICIENT (ASC). 

ASC = í; 0 $ NODES = Ií 

DO 8 I =KIS,KIF 
JS = KS(I) $ JE = KE(I) 
DO 8 J = JS, JE 
NODES = NODES + l 

9 ASC = ASC + S(I,J) 
AN = NODES $ ASC = ASC/AN 

C ENTRY CAN BE MADE HERE AFTER THE FIRST CALL TO AVOID 
C RECOMPUTATION TIME. 

ENTRY STATIC 1 

C COMPUTi+TIuNS ON THE OR ARRAY. 
NPUR = NNOR = 0 $ SUMPOS = SUMNEG = ZERO = 0.0 
DO 845 I =KIS,KIE 
JS = Ks(1) $ JE = KE(I) 
DO P45 J = JS, JE 
TEMP = flR ( I , J ) 

IF(TEMP) 843. 845. 844 
843 SUMNEG = SUMNEG - TEMP 

ivNOR = NNOR + 1 

GO TO 845 
844 SUMPOS = SUMPOS + TEMP 

IvPG1R = NPOR 1 

845 CONTINUE 
C COMPUTATIONS ON THE DELTA H ARRAY. 

SUMnHHP = SUMpHHfI = SP = SN = 0.0 $ NP = NN = 0 

DO 854 I=KIS,KIE $ JS=KS(I) $ JE=KE(I) $ D0854 J=JS,JE 
TEMP = DH(I.J) $ IF(TEMP) 852.8549853 

85?. NN = NN + 1 $ SN = SN - TEMP#S ( I +J) 
SUMUHHN = SUMDHHN - TEMP $ GO TO R54 

953 NP = NP + j 

SP = SP + TEmP#S(I.J) 
SUMUHHP = SuMUHr+P + TEMP 

854 COwTjìNUE 
C CLOSING COMPUTATIONS. 

OUTFLOn = SUMPOS - SUMNEG 
VOLINC = SN * 640.J $ VOLDEC = SP ++ 640.0 
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uELvNEG = VOLPEC - VOLINC 
NZ = NODES - NP - +'1N $ NZQR = NODES - NPQR - NNQR 
A, JPCR = NP(. R $ ANNOR = NNQR $ ANP = NP $ ANN = NN 
IF(NPQR .E( ). 0) ANPOR = 1.0E99 
IF(NNQR .E(. o) ANNOR = 1.0E99 
IF(NP 0) ANP = 1.0E99 
IF (NN .EU. ,T) ANN = 1.0E99 
A SPQR = SUMPOS / ANPOR 
ASNQR = SuNNEG / ANNQR 
A40 = vOLDEC / ANP 
AV1 = VOLINC / ANN 
ASP = SUMUHHP / AND 
ASSN = SUADHHN / ANN 
PMN = SUMQHHP - SIJ A1)HHN 
APMN = PMN / AN 
.)VA = DELVNEG / AN 
AOLJT = OUTFLOW / AN 
ESC = DELVNEG / (PMN * AREA) 
'MFGH2U = (OUTFLOW / DELVNEG - 1.0) * 100.0 

C PRINT OUT RESULTS. 
1)0 737 KO = 19 NUf'1AER 
PRINT FHEAí) $ PRINT FMTQ $ PRINT 711, WIDTH,AREA,TIME 
PRINT 71!, NPQR, SUMPOS, ASPAR,NP,SUMDHHP,ASP,VOLDEC,AVD 
PRINT 714 
PRINT 711, NNQ R, SUMNEG, ASNQR,NN,SUMDHHN,ASN,VOLINC,AVI 
PRINT 735 
PRINT 711,NZQR, ZERO ,ZER0,N7,ZERO,ZERO,ZERO,ZERO 
PRINT 716 
PRINT711,NOOES, OUTFLOW, AOUT,NODES,PMN,APMN,DELVNEG,UVN 

737 PRINT 712, ASC, ESC, AMFGM20 
RETURN 

71;1OFORMAT( /* STATIC ANALYSIS OF OVERALL MOTEL. *20X,F6.I, 
1. * FEET HETwEEN NUDES. */54X, F6.1, * ACRES PER NODE.* 
2 /54X,F6.1,* YEARS. * / / / /20X* QR DATA - - --* 
3 * OELTA H r* 
4 *ATA */35X *TOTAL *AX *AVERA(,E* 
5 1dX *TOTAL *1OX *AVERAGE *8X *TOTAL* 10X *AVERAGE* / 20X 
6 *NODES* 9A *VOLUME* 9X *VOLUME NODES DELTA 
7 *HEAD UELTA HEAD DELTA VOL. DELTA VOL.* 
8 // * POSITIVE INPUT *) 

711 FORMAT(IH *, 14X, Il , 2E15.0, I10, 2F15.19 2F15.0) 
7120FORMAT ( /// * AVERAGE STORAGE COEFFICIENT = *, F7.3,/ 

) * EFFECTIVE STORAGE COEFFICIENT = *, F7.3, // * TOT* 
*ML (TR EXCEEDS STORAGE CHANGE BY* F7.1* PERCENT. * /// 

3 * ALL VOLUmES ARE IN ACRE -FEET. *) 
714 FORMAT (* NEGATIVE INPUT *) 
115 FORMAT (* ZERO INPUT*) 
716 FORMAT ( *QTOTALS /Od7FLOw*) 

ENO 
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Subroutine RATING 

OSUBROUTINE RATING(MODE,IR,IC,HS,HE,T,S,NR, ST,TI,ORI 
1 ,F IF) 

C RESTRUCTURED APRIL 19, 1971, 
C MODE = O MEANS TO PREPARE ARRAYS ONLY. 
C MODE = 1 MEANS TO PRINT TABLES AND PREPARE ARRAYS. 
C TI = TROUBLE INDEX MAP, SI = THE RATING MAP, 
C ORI ° THE IMBALANCE MAN, F(IF) = OUTPUT HEADING. 

C PART I DECLARATIONS AND INITIALIZATION. 
INTEGER SI, TINXX 

OCOMMON KIS,KIE, KS(51),KE(51), KJS,KJE, ISM1,IEP1,FMTY 
1 . SCLFTRs FHEAD(8), FMT1(6), WIDTH, AREA, TIME, ITER 
2 r TRATIO, AN 
ODIMENSION HS(IR,IC), HE(IR,IC), S(IR,IC), T(IRIC) 
i , SI (IR,IC), TI (IR,IC), ORI (IR,IC), OR(IR,IC) 
2 , TA(4), HSA(4), HEA(4), \TAB(4), DHS(4), DHE(4) 
3 s DT(4), FI(4), F(IF)r DHA(4), DHAI(4) 
DO 3 IB = 1,IR $ DO 3 JB = 1,IC $ SI (IB,Jg) = 57B 

3 TI(IB,JB) g URI(IB,JB) = 0.0 
CA = 365.25 / (7.4805 * 43.56 +, AREA) 
CC = 1.0/TIME $ CH = CC/AREA 
NODE = 'COUNT = IPAGE = 0 

C PART II - OPERATIONS. 
C COMPUTATIONS OF IMPUTED VALUES AND SENSITIVITY. 

DO 617 I8 = KIS,KIE $ JS = KS(IB) $ JE =.KE(IB) 
INN = IB - 1 $ ISS = IB + 1 $ IEE = IWW = IB 
DO 617 JB = JS,JE 
JWW _ J8 - I $ JEE = Jß + 1 -$ JNN = JSS = JFi 

NODE = NUDE + I 

C SELECT REOUIRED VALUES FROM STOGE, 
TB = T(I8,J9) g HSB = HS(19,J8) $ HER = HF(IB,JR) 
TA(1)=T(INN,JNN)$HSA(1)=HS(IN(J,JNN)$HEA(1)=HE(INN,JNN) 
TA(2)=T(IEE,JEE)$HSA(2)=HS(IEE,JEE)$HEA(2)=HE(IEE,JEE) 
TA(3)=T(ISS,JSS)$HSA(3)=HS(ISS,JSS)$HEA(3)=HE(ISS,JSS) 
TA (4)xT (IWw,Jww)$HSA (4)=HS (IWW,JWW)$HEA (4)=HE (IWw,Jww) 
St3 a S(IB,JB) $ (3ttB = OR(IR,JR) $ DHß = HEB - HSB 
TEMPI = TEMP2 = TF:MP10 = 0.0 

C MAKE COMPUTATIONS AROUND ADJACFwT NODE:S, 

DO 417 IG = 1,4 
DHS(IG) = HSA(IG) - HSB 
DHE(IG) = HEA(IG) - HEB 
DHA(IG) = (DHS(IG) + DHE(IG)) / 2.0 
TAB(IG) = TA(IG) + TB $ IF(TAB(IG),FO.0.0)TA8(IG)=1.0 
DT(IG) = DHA(IG) * TA(IG) 
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FI ( IG) = UT ( IG) / tab ( 1G) 
TA6( IG) _ 2.0 * Ti; ( 1G) * T? / TAB( In) 
tEmP 1. _ TEMN1 '+ EI ( IG) 

TEmPi = 1F_'IP1 + (f'FA(I(ì) + Um5(IG) ) * TAFt(Ir) / 2.0 
4)7 TEMP2 _ (-t,1a2 + Til(Itî) / 

C FitGIN FINAL CON,NUTnTIt',,iS. 
1 EmP i = CA * TF-1P1 

TEmN3 = CC * HS.) 

TEmp5 = ,-iEh * TE 9p2 
TEmP 7 = -CC * Si * HEi 

C LvMPUTE IN;RALHNCE AND STOKE IN ?RI. 
ORI ( I3, JrI) = TFNP1 + 1 tN+P5 TPMN4 + TFMP7 + TFMP6 

C CumPUTE TPOI!HLE IHnEx AW STO2F. IA TI AND NODE RATING 
C 4N1) STORE IN SI. 

1 EMP b= Sb#t;C-TEMP 2 T IF (TEmP 8.E0.0.9) TEMP 8=1.0E6 
MF_d I = 

( TEr^P i + + TF_,0P6 ) / TEmPg 
TI (IB,JH) = 1 INA = TINY = HFbI - HER 
T ItvXX = 7000b 
IF(TINX .EU. AqS(TINx) ) GO TO 116 
TINx = AbS (TINX) 
TI,vxx _ 71108 

116 IF (TIrvX .GT. 3.1) 1;t) TU 117 

SI (TRJß) = TI1AX 018 
G9 TO 121 

117 IF(TINx .GT. TO 138 
SI (INJB) = tI,vAx + 028 
GO TO 

118 IF(TINA .GT. 1n.n) GJ TO 11'4 

SI (1t3,Jr3) = 1 I\1xx + 038 
,GloTO 121 

11q IF(TIrvx .GT. ?.q) GO TO 1?^ 
SI (IßJq) = tP!.xX + 346 
GO TO 121 

121 SI (I3,JN) = + 056 
IF(MODE .EU. (.) Gu TO 617 

C COfPUTATI(1N UF ImP;)Tri; T. 

121 TEAp11 _ (TEmv.i + TEMN7 + TEmP6) / (-2.6 * CA) 

IF (1tMP 10 .E,). P. .; ) TEMP 1') = 1.0E-6 
T3I = TEMP 11/ TF'f' 10 

DO ?1v = 

T F.,1P 1) = ^ . f I 1 = I:T1 

DO 213 = 1,4 
T;71IN = + T â (J!;) g IF (T1IN .FQ. n. ̂ ) TRIN = 1.0E-6 
FI (J0) = DT (JA / T;-IN 

213 TEMP 1 = TEMP + FI (J0) 

IF (TEAP) 10 .E. TEP 10 = 1 .nE..6 

T 3Ih = TEMP 11 / TF ,,r' 
1') 

IF (TuI .E1. = 1.E-6 
IF (AE3S ( (TEsIN-tNI ) /TrI ) .GE. 0.n1) 214, ?15 

214 = TRIN 
etq TñI = TAIN 

T TF_MP? _ -CA * TEMP2 
T TEr.,P4 = -CR * ORB 
g TEmPF, = Sß * TEMP3 
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DO 216 IQ = 1,4 
Tt3Iti = TtiI + TA(IU) 
IF (TßIN .EU. U.' ) TMIN = 1.0E-6 

216 FI(IQ) = 2.0 * TkI a TA(IQ) / TPIN 
C COMPUTE OTHER IMPUTtT; VALUES. 

TEMP R = CC * Umd $ IF (TEMP ß .FO. ),0)TEMP R = 1,0E-6 
SRI = (TEMPI + TEMP4 + TEMPS) / lEMPij 
ORBI = (ORI (Ir;,Jts) - TEMP 4) / CB 
OHt1 T= HEß I- HSk 
00 372 16 = 1,4 

j7? UHAI (I"s) _ (UHS(TG) + HEA(IG) - HEM) / 2.0 

C PART III - PKINT UP TAaULAtt RESULTS. 
IF (ICOUNT .GT. !,) GO'TU 713 
PRINT FHEAú $ PRINT F 

IPAGE = INAGE + 1 $ PRINT 911+ IPAGF. 
ti '1 FORmAT (1H+, 124X, *PAGE*, 141 #*) 
7 3 ICO!J!rT = ICOUNT + IF ( ICOUNT .GE. 6) 'COUNT = 0 

714(7PRiNT 902,NODE,IH,Jb,TINY,SI(IR,JN),IZ,QRI(IR,JR),HSB 
1 , HEB 

y 70FOKvAT (*ON0vE*1 I4, #. (#, 12. #,*, I3, *) TROUBLE +t 

l *INDEX*, FR.?, * FEET. NO()E. F?ATINr,#, R4, 15X, . 

? i1INRoTF_U I^^PuTE:) ASSIGNF!1#, ?_vX,I1l, / ?5X, *IMt3AL* 
3 arvCE+tF.2a FEET.#13X*NonE FLUt FLOW' AVERAGE a 
4*aVEHwGE DELTA H DELTA H*/61X,3(7X#T*),# DELTA H 

* 5*DELTA ri START ENO h START H EN0+1/26X,BASE 
6 3(;X,#RASE#5bX,2F8.2,/25X,#()ELTA H T S 

7 # rR N*) 
IG = 

7!9 IG - I6 + 1 

IF(TA(IÜ) .EU. ;.()) GO TO R17 
.,PRINT 9:)5, TA(IG), TAB(IG), FI (IG), ()HAHN), DHA(IG) 

t 1 DHS(IG), UHE(I+;), HSA(IG), HEA(Tr) 
FORAT (1H+, 63X, aFd.2) 
GO TO ,316 

n17 PRINT y.°4, TA(IG), TAri(IG), HS.1(1G), HFA(IG) 
9:4 FORNAT (1H+, 63x, 7F8.2, 16X,#BOUNDARY#, 16X, ?F8.2) 
616 GO TO (716, 717, 718, 617) , IG 
716 PRINT 9;!6, OHE, Tb, Srs, ORH 
96 FORmA f (16A, *ASSIt,'''EO#, FR.2, FR.?, FA.?,FB.t^,7X,*E*) 

GO TO 713 
717 r'RINT 97, í)hPI, Tr3I, 5HI, ORHI 
y 7 FORNAT (17X, #Ir'NUTE.L,#, 3F8.2, Fß.O, 7X, *S*) 

GO TO 715 
71S PRINT 908 
9;_ ß FORmAT (63X, # * ) 

GO TO 715 
617 COivTINUE 

rtFTURN 
EPIC 
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Subroutine PERTURB 

.SUeRQJTIvE PERTURB ( IR ,IC,HS,HE,T,S,Q,R.QRI,TI,CT,CS 
1 ,C(,CR,CHS,CHE,F,IF) 

C kF.STRUCTURED APRIL 19, 1971. 
C THE FIRST 6 VARIABLE NAMES HAVE THE STANDARD MEANINGS. 
C wR1 = 1Mii4L4NCF IN FEET. TI = TROURLE INDEX IN FEET. 
C THE CX ARRAYS Hk ING IN THE LN MAX PERTURBATION 
C INFUPMATION ;NU RETURN THE WEIGHTED PERTURBATION 
C EXPONENTS FOk CORRECTION OF 1 UNIT OF ERROR. 
C THE CHX ARRAYS 6RING IN THE MAXIMUM PERMITTED 
C CORRECTION TO WATER LEVEL AND RETURN THE +WEIGHTED 
C CORRECTION I'ACPEmENT. 

C F(IF) IS TrE nE,UING FOR THE OUTPUT LIST. 

C PART 1 - DECLARATIONS AND INITIALIZATION. 
OCOMMOiN KIS,KIE KS(51)KE(51), KJS,KJE. ISM1,IEPI,FMTY 
), SCLFTK, Fr+FAU(P), FMT1(6), WIDTH. AREA, TIMF, ITER 
? . TRATIO, AN 
,'DImENSION HS ( IR.IC) + HE ( IR.IC) , T ( IR, IC) , S( IR.IC) 
1 , R(IR,IC), OR1 (IR,IC), TI (IR,IC), CT(IR,IC) 
2 , CQ(IR.IC), CR(IR,IC), TA(4), HSA(4). HEÁ(4), F(IF) 
3 , CHS(IR.IC). CHE(IRIC). Q(IR.IC). CS(IRIC) 
OP MAX nS = P MAX HE _-1.0E+99 $ P MIN HS = P MIN HE 
1 = 1.E+99 
CA = 365.25 / (7.4805 * 43.56 q AREA) 
CC = 1.0/TIME $ CB = CC/AREA S NODE = 0 

DEL ORB = -0.01 / CB 
F3ALMAX=TIMAX=PERMAXT=PERMAXS=PERMAXO=PERMAXR =-1.0E+99 
dALMIN=TIMIN=PFHMI:,T=PERN4INS=PERMINO=PERMINR = 1.0E+99 
PRINT FHEAO ñ PRINf F 

PRINT 42 

C PART II - OPERATIONS. 
00 617 IE3 = KIS,KIE $ JS = KS(I8) $ JE = KE(IB) 
INN = IB - 1 $ ISS = IB + 1 $ IEE ë IWW = IB 
DO 617 Jd = JS,JE $ NODE = NODE + 1 

JWw = JB - 1 g JEE = JP + 1 $ JNN = JSS = JB 
C SELECT REQUIRED VALUES FROM STORAGE. 

TB = T ( Ir3,,Jt3) g HSB = HS ( It3,JB) $ HER = HE ( I8,JE3) 
Q8 = Q(IH,JB) $ RP = R(IB,JH) $ QRA = OR + RB 
SR = S(It3,Je) 
TA(1)=T(INN,JNN)$HSA(1)=HS(INN,JNN)SHEA(1)=HE(INN,JNN) 
TA(2)=T(IEE.JEE)$HSA(2)=HS(IEE,JEE)tHEA(2)=HE(IEE,JEE) 
TA(3)=T(ISS.JSS)$HSA(3)=HS(ISS,JSS)$HEA(3)=HE(ISS,JSS) 
TA(4)=T(IwW,JWw)$HSA(4)=HS(IwN.Jww)$HEA(4)=HE(IWW,JWW) 
TEM HEA = TEM HSA = TTA = 0.0 
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C+'LKE COMPOTrJIuNS 4,-?0+;'lo AuJ4CEiíT NDI)ES. 
u0 417 I'J = 1,4 $ TT = TA(I,.ì)/(TA(IG) + Ta) 
TTA = TTA + TT 
TEr1 HE d= TEri HEA ( I ,1 #TT 

417 T`ìH HSA = TEN HS4 riSA ( I;) #TT 
C (ILGI'N FINAL CUNiPUTATIOvS. 

TTA = T T4 a Cu 1; 1 T1 = TTA * Tb 
TEM HEA = TE^i 11±= A * CA $ SJ 1 HEA o TEm HEA * TH 
TEM NSA = lEm * CA . 

$ sum HSA. = TEM HSA * TB 

TEN HEH = HEn * TT:; $ Som HH = Tryl HF4 * T4 
TEM HSb = H5d * T14 $ SUM rlSfc = TF;-' H54 * TR 

C LET GINFLC)w = ONuER,RoNA) I AFLn.. 
C SSTORE = STURA,N AT START (RELATIVE.). 
C SINFLü4 = SortE10E INFLUw. 
C ESTnRE = STOkc;rF AT ENO (RFLaTIVE). 

GINFLON = ium 1r ., + SUm HSA - HF6 - S(1M HSP 
SS1GRE = C(: * ;r. * -+SH $ ST dFLO:v = -Cr + * ()RH 

ESTORE = CC * Sr, * HEH 
C COMPUTE ANO STORE IHA(_ANCE AN1) TROUHLE INDEX. 

tRI t I9,Jr3) = HALANCE = GINFLOw + SINFLß'°I+SSTORE-ESTORE 
TI(IB,JR) = TINoEx = HALANCE / (TTA*TF3 + CC*SR) 
KALMAX = Ar1Axl (HAL.akx,dALAraCE) 
TI+HAX = AMAx1 (TIMn,(4 (iNr)EX) 
ßaLMIN = AMIN1 (t4ALmIN,bAL4NCE) 
TIMIN = WMIN1 (TImIN,TINOEX) 

C COMPUTATION uF DELTAS FOR A 0.01 FOOT/YEAR INCREASE 
C IN IMBALANCE. 

TEMP = HSR - HE±. 

IF(ARS(TEP) .LT. '1.O01) Tä;1r' = SIGra(o.001,TEMP) 
DEL Sd = 0.01 * T I mE / TEMP 
TEMP = TEM HEC + TEM HSA - TEM HER - TEM HSR 
IF(ABS(TEMP) .LT. 1.0E-6) TEMP = SIr,N(1.0E-6,TEMP) 
DEL TH It 0.01 / TFrtP 

TEMP = CC#SH - TTT 
IF(AbS(TEMH) .LT. 1.0E-6) TEP = SIGN(I.OE-6.TEMP) 
DEL HSH = 0.01 / TEMP 
OEL HER = -0.01 / (CC * SH + TTT) 

C COMPUTE FRACTIONAL CHANGE IN PAR A*1ETER ANO RATIO WITH 
C LOG PERTURHA 1 I On rl4x. 

RS=DEL SR/,nMµX1(5.001)+1..:1IF(R4.E+).!'.r0R4=-0.01 
RT=DEL Trs/AMAxl (TF,0.0t)1 )+1 .'a$IF (OH.E(a.0.0)QR= 0.01 
RR = DEL Uk(i / 7H + 1.0 
RO = DEL 0PR / U; + 1.0 
IF(RS .LE. 0.01)R5 = 0.01 g CSH = CS(IR,JP) 
AS a ALnG(HS) / CSH 
IF(RT .LE. 0.01)1.-T = 0.01 1 CIR = CT(IR,JR) 
AT = ALOG(kT) / CTA 
IF(RR .LE. 0.01)kk = 0.()1 Ñ CKH = CP(IR,Jg) 
AR = ALOG (PH) / Cft+ 

IF(RQ .LE. 0.01)PN = 0.01 Q COE? = CQ(I'i.Jf;) 

AQ = ALOG(k(J) / CNh 
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CHSB = CHS ( I tt, J4{ ) $ AHS = DEL HSH / CHSR 
CHER = CHE ( I ts, J}i ) g AHE = DEL HER / CHER 

eTEMP A = 10O.0/(1.n/AtiS(AS)+1.C/AHS(ATY+1.0/ARS(AR) 
1 +1.0/ARS(AG) + l. ' / A(iS(AHS) + 1.0 / 48S(AHE) ) 

TEMP = TINDEX * C.1 
XS = TEMP A/ AS $ CS(IES,Jy) = AS = XS * TFMP 
XI = TEMP A / AT $ CT(IR,JB) = AT = XT * TEMP 
XR = TEMP A / AP $ Crt ( IK,Ja) = AR = XR * TEMP 
XQ = TEMP A / AU $ CU ( IEi, Jr3) = AO = XfJ * TEMP 
XHS= TEMP A / ANS $ CHS(IR,Ja) = AHS= XHS* TEMP 
XHE= TEMP A / AHE .fi CHE ( IH,JB) = AHF= XHE* TEMP 
PERMAX r = AMAX) (PERMAX T, AT) 
PERMIN T = AMINl(PERMIN T, AT) 
PERMAX S = AMAXI(PERMAX S, AS) 
PERMIN S= AMTN1(PERMIN S, AS) 
PERMAX = AMAX1 (PERMAX U, AQ) 
PERMIN Q = 4MIr11 (Pfr1MIN W, AQ) 
PERMAX R = AMAX1 (PFPMAX R9 AR) 

PERMIN R = AMIN1(PERMIN K9 AR) 
P MAX HE = AhiQX1(P MAX HE, 4HE) 
P MIN HE = AMIv1(P MIN HE, AHE) 
P MAX HS = AMAX1(P MAX HS, AHS) 
P MIN HS = AMiN1 (P ;AIN HS, AriS) 

PRINT 48,NODE,jH,J8,BALANCE,TINDEX,AT,AS,AQ,ARAHS,AHF 
617 CONTINUE 

()PRINT 44, t3ALMAX,TIrdAX,PERMAX T, PERMAX S, PERMAX Q 

1, PERMAX R, P MAX HS, P MAX HE 
2 , bALMIN,TIMIN,PERMIN T, PERMIN S, PERMIN Q 

3 , PERMIN R, P MIN HS, P MIN HE 
RETURN 

424FORMAT(/28X*TROUBLE*11X*.BASIC PEFìTURBATION EXPONENTS* 
i 13X*BASIC INCREMENTS*/* NO. ROW COL IMBALANCE * 

2 * INDEX*7X#T#11x*S*11X*ka*11X*R*11X*HS#1OX*HE#/) 
440FORMAT(//8X*MAxIMt1NI*2F1026F12.5/X*MINIMUM# 

1 2F10.2, 6F12.ci) 
48 FORMAT (1X, I4, 2I5, 2F10.2. 6F12.5) 

END 
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Subroutine ALDIR 

SUBROUTINE ALDIR ( NUMITER ,RATIO,IR,IC,QR,S,T,H,HT) 
C RESTRUCTURE() APRIL 19, 1971. 
C FIRM REQUIREMENT - S ARRAY MUST BE NON -ZERO EVERYWHERE. 
C FIXED DIMENSIONS NEED CHANGE ONLY IF IR OR IC EXCEED 51. 
C NUMITER = NO. ITERATIONS DESIRED, RATO = RATIO BETWEEN . 

C CONSECUTIVE TIME STEPS, IR ANO IC ARE ROW AND COLUMN 
'C DIMENSIONS, QR IN ACRE -FEET OVER THE STATED TIME PERIOD, 
C S DIMENSIONLESS, T IN KGALS /FT. /DAY, H = STARTING AND 
C ENDING WATER LEVELS IN FEET, AND HT = TEMPORARY AND ENDING 
C WATER LEVELS IN FEET. 

OCOMMON KIS,KIE, KS(51),KE(51), KJS,KJE, ISM1,IEP1,FMTY 
1 , SCLFTR, FHEAD(8), FMT1(6), WIDTH, AREA, TIME, ITER 
2 , TRATTO, AN 
ODIMENSION QR(IR,IC), S(IR,IC), T(IR,IC), H(IR,IC) 
I , HT( IR, IC), AC( 51), BC (51),CC(51),UC(51),W(51),G(51) 
TFUNCT(ADJ T) = CONST*ADJ T *BASE T/CAUJ T BASE T) 
TIME S = 365.25 * TIME $ AREA Fr= AREA * 43560.0 
CONST = 2.0 * 1000.0 / 7.4805 $ QHFAC = 43560.0 /TIME S 
ITER = NUMITER $ TRATIO = RATIO 
KISP1 = KIS + 1 $ KJSP1 = KJS + 1 

IF(RATIO .NE. 1.0) GO TO 16 
DELT = TIME S / FLOAT(NUMITER) $ GO TO 17 

16 DELI = TIME S /RATIO*(RATIO - 1.0) /(RATIO* *NUMITER 1.0) 
17'00 75 KNUM = 1,NUMITER 

DELT = DELT #RATIO $ FACTOR = 2.0 * AREA B / DELI 
DO 110 J = KJS,KJE $ DO 115 I = KIS,KIE 
BASE T = T(I,J) $ GAM = FACTOR * S(I,J) 
IF(BASE T .NE. 0.0) GO TO 32 
AC(I) = CC(I) = 0.0 $ BC(I) = DC(I) _ -GAM $ GO TO 115 

32 AC(I) = TFUNCT(T(I -1,J)) $ EC =TFUNCT(T(I,J -1)) 
CC(I) _ TFUNCT(T(I+1,J)) $ FC = TFUNCT(T(I,J +1)) 
BC(I)=-CC(I)-AC(I)-GAM 

(1f)C ( I ) =-EC*H ( I, J-1) + (EC+FC-GAM) *H ( I,J) -FC#H ( I,J+1) 
1 + QR(I,J)*()RFAC 

115 CONTINUE 
W(KIS) = BC(KIS) $ G(KIS) = DC(KIS) / W(KIS) 
DO 120 K=KISP1,KIE $ W(K)=BC(K)-AC(n)#CC(K-1)/W(K-1) 
G(K)=(DC(K)-AC(K)*G(K-1))/w(K) $ HT(KIE,J) = G(KIE) 
Dß 110 K = KISP1,r,IE $ KHW = KIE - K + KIS 

110 HT(KBW,J)=G(KBW)-CC(KBW)*riT(Kdw+1,J)/w(KE3w) 
DO 95 I = KIS,KIE S DO 95 J = KJS,KJE 

95 H(I,J)=HT(I,J) 
DO 80 I = KIS,KIE $ DO 85 J _ KJS,KJE 
BASE T = T(t,J) $ GAM = FACTOR * S(I,J) 
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IF(BASE T .NE. 0.0) GO TO 42 
AC(J) = CC(J) = 0.0 $ 8C(J) = DC(J) = -GAM $ GO TO 85 

42 AC(J) = TFUNCT(T(I,J-1)) $ EC =TFUNCT(T(I+1,J)) 
CC(J) = TFUNCT(T(I,J+1)) $ FC =TFUNCT(T(I-1,J)) 
ßC(J)=-CC (J)-AC (J) -GAM 
ODC(J)=-H(I+19J)*EC+H(I,J)*(EC+FC-6AM)-H(I-19J)*FC 
I + WR(I,J)*GRFAC 

85 CONTINUE 
W(KJS) =BC(KJS) $ G(KJS) = DC(KJS) / W(KJS) 

DO 90 K = KJSP1,KJE $ W(K)= BC(K)-AC(K)*CC(K-1)/W(K-1) 
90 G(K)=(DC(K)-AC(K)*G(K-1))/w(K) $ HT(I,KJE) = G(KJE) 

DO 80 K = KJSPI,KJE $ KBW = KJE - K KJS 

80 NT(I,KAw)=G(KBW)-CC(K8W)*HT(I,K8W+1)/W(KBW) 
DO 75 I = KIS,KIE $ DO 75 J = KJS9KJE 

75 H(I,J)=HT(I,J) $ RETURN 
END 
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Subroutine ERROR 

SUBROUTINE ERROR (A, IR, IC) 

C TO COMPUTE STATISTICS AND PRINT THEM ON BOTTOM OF MAPS. 
C RESTRUCTURED APRIL 199 1971 

°COMMON KIS,KIE. KS(51),KE(51), KJS,KJE, ISM1,IEP1,FMTY 
1 , SCLFTR, FHEAD(8), FMT1(6), wIDTH, AREA, TIME, ITER 
2 , TRATIO, AN 
DIMENSION A(IR,IC) 
KONTROL = 0 

3 ZMAX = -1.0E +99 $ NODES = 0 

ZMIN = 1.OE +99 $ E = EE = AN = AE = 0.0 
DO 1 I =KIS,KIE $ JS =KS(I) $ JE =KE(I) $ DO 1 J =JS,JE 
NODES = NODES + 1 $ AIJ = A(I,J) 
ZMAX = AMAX1(AIJ,ZMAX) $ E _ E + AIJ 
ZMIN = AMIN1(AIJ,ZMIN) $ EE = EE + AIJ*AIJ 

1 AE = AE + ABS(AIJ) 
AN = NODES $ RMS = SQRT(EE /AN) $ AE = AE /AN 
EE = SQRT((AN*EE E*E) / (AN*(AN 1.0))) $ E = E /AN 
IF ( KONTROL .E(. 1) RETURN 

C ENTRY POINT FOR PRINTING OF RESULTS. 
ENTRY ERROR 1 

OPRINT 2, AREA, ITER, ZMAX, AE, ZMAX, AE, TIME, TRATIO 
1 , E, RMS, E. RMS, NODES, ZMIN, EE, ZMIN, EE 
RETURN 

C ENTRY POINT FOR COMPUTATION OF VALUES ONLY. 
ENTRY ERROR 0 

KONTROL = 1 $ GO TO 3 

20FORMAT(1X,F5.0* ACRES PER NODE. *I2* ITERATIONS. #4X 
1 *MAXIMUM VALUE =#F7.2* FEET. MEAN ABSOLUTE VALUE s* 
2 F7.2* FEET. *2E12.2 /1X,F5.0* YEARS. *1OX,F5.2* TIME RA* 
3 *TIO. *7X*MEAN VALUE = *F7.2* FEET. *12X*RMS VALUE _* 
4 F7.2* FEET.*2E12.2 /1X,I5* NODES. *31X #MINIMUM VALUE _* 
5F7.2* FEET. STANDARD DEVIATION =*F7.2* FEET. *2E12.2) 
END 
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APPENDIX B 

RESULTS OF ERROR PROPAGATION STUDIES 

Appendix B provides additional details of the nine error propagation 
tests conducted on the uncalibrated model of the Tucson basin aquifer. It 
amplifies the information furnished in Chapter 2 on pages 26 and 27. 

Three tests were conducted to observe how errors in the pumping /re- 
charge parameters of the model would move through the aquifer in different 
durations of time. The behavior of the pumping Q and recharge R parameters 
are indistinguishable in the model (Eq. 1 on page 11). They are called QR 
in the iterative program, SUBROUTINE ALDIR. 

First, QR at the interior node (13,9) was increased by 500 acre -feet 
for the first year only. Because of the sign convention adopted in this 
model, this represented additional withdrawal of that amount from the node 
equivalent to a local error in water level of -5.2 feet. Over an extended 
period, this perturbation would represent a moan error over the 166 -node 
model of -0.03 feet. At the end of two years the peak error was down to 
10% of its original value and was still located at the node where the error 
was originally introduced. By the tenth (and last) year of the test, the 
peak error was located at node (13,10), one mile east of the node where 
the error was originally introduced and was then less than 2% of the ori- 
ginal value. 

The second QR error experiment was conducted in the same way except 
that the error was introduced at a boundary node, (13,5). This happened 
to be a region of lower transmissìvìty. In this case the peak error re- 
mained at node (13,5) throughout the ten years of the test. By the end 

of the tenth year the error was reduced to 10% of its original value. 

The last QR error experiment was similar to the second except, in this 

case, the 500 acre -foot error at node (13,5) was introduced in each of the 
10 years of the run. In this case the peak error remained at node (13,5) 

throughout the test but was 30% of the value of the total error introduced 
over the 10 years. 

Three tests were conducted to observe how an error in the starting 

water level (HS) would behave. For the first test, an error of -5.2 feet 

was introduced at interior node (12,8), and the behavior was observed at 

one -year intervals for 10 years. This error corresponded to a volume error 
of 500 acre -feet and, therefore, was equal in sign and magnitude to the 

mean error associated with the first and second QR error tests described 

above. At the end of the first year the peak error was 12% of the original 

value and at the end of the tenth year was less than 2% of the original 

value. These results were similar to those observed in the first QR test. 

However, in the HS case, the peak error exhibited a propensity to drift 
to nearby nodes. At the end of the first year the peak was found at the 
adjacent node to the east, (12,9). By the second year it had returned to 
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its original location. At the end of the sixth year it had moved to the 
node immediately to the west (12,7), and by the tenth year was located 
two nodes to the west. This opened the question of how it might behave 
over an extended time period. 

The second HS test was an extension of the first, with tabulated 
output every 5 years for 45 years. By the fifteenth year the node with 
peak error had migrated to the west boundary 3 miles away, (12,5), and was 
less than 1.5% of the original size. The peak error remained at this node 
until the end of the 45 -year period but, by that time, was almost uniformly 
distributed over the model. 

A third HS test was conducted to observe whether the same sort of 
behavior would be observed with the sign of the water level error changed 
to positive. A 30 -year test was conducted with the expectation that 
changing the sign would cause error migration in the opposite direction. 
This, however, was not the case. Except for the reversals of sign the 
results throughout the 30 -year comparison period were identical with those 
of the second HS test. The direction was exactly the same. 

A storage coefficient (S) test was conducted by doubling the storage 
coefficient at interior node (11,7) and observing the behavior at one -year 
intervals for a period of 10 years. In this case all measures of error 
increased with time. However, this can be attributed to the falling water 
level at that node. The drop in water level over the 10 -year period was 
approximately 30 feet. Each drop in water level introduced an additional 
increment of water into the overall water balance and, therefore, increased 
the mean error. Also, as this surplus water spread to other nodes, the 
measures of dynamic error also increased. The important result from this 
test was that the node in which the error was introduced retained the peak 
error throughout the test. 

A transmissivity (T) error test was conducted by doubling the trans - 
missivity at interior node (12,8) and observing behavior at one -year inter- 
vals for 10 years. The mean error remained 0.00 at all times since the 
volume balance had not been disturbed. The peak positive error appeared 
at the adjacent downstream node (11,8), and the peak negative error at 
the adjacent upstream node (13,8), and remained there throughout the test. 
The build -up of water to the north and loss of water to the south is 
accounted for by the increased transmissivity and the fact that the primary 
direction of flow through node (12,8) is to the north. The peak errors 
were +1.33 feet and -2.40 feet at the end of the first year. By the end 

of the tenth year they had increased to +3.11 feet and -2.96 feet. Stan- 

dard deviation increased from 0.30 feet to 0.61 feet over the same period. 
In an attempt to determine error trends over the aquifer, a series of least - 
squared error planes was fitted to the error data -- one for each time step. 
An analysis of the results showed that the greatest slope of the error plane 
increased approximately linearly with time at the rate of 0.003 feet per 
year. 
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Clearly, model errors which are caused by transm.issivity errors are 
much more likely to increase with time than are model errors associated 
with errors in the other parameters. A transmissivìty error at one node 
only can easily be identified by the appearance of an increasing positive 
error on one side and an increasing negative error on the other. In the 
general problem of model calibration, in which the transmìssivity at each 
node is subject to uncertainty, the pattern of transmìssivity errors would 
not likely be identifiable by inspection. However, the fact that the error, 
at all times, remains centered about the node in which the error occurs 
provides additional support for the decoupling and local adjustment con- 
cepts described in Chapter 3. 

In some types of pumping tests of aquifer values for the parameter 
T ?S are obtained. Other tests or assumptions are required to separate these 
into two parts. Therefore, an additional error test was conducted in which 
the value of T/S was assumed correct, but both T and S were doubled at 
node (12,8) so that the effect of incorrect separation of the T and S para- 
meters could be identified. The results were almost an algebraic sum of 
the individual S and T error tests. All measures of error increased as the 
water level fell over a period of time. Here again the peak errors re- 
mained clustered about the node in which the original error was introduced. 

In summary, these tests indicate that, in the case of the Tucson basin 
aquifer, the logical place to begin correction of errors observed in the 

calibration process is at the nodes where the errors are observed. For the 
node size, transmissivities and the time span of the calibration period 
used here, there is no substantial probability that prediction errors at one 
node are caused primarily by the parameter or data errors at some distant 
node. 
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