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ABSTRACT 

A method by which a Geographic Information System can be integrated with a 

hydrologic model in a seamless manner is presented. The three dimensional finite 

difference ground-water flow model, MODFLOW, is used as an example to show GIS

model integrations using Common Object Interfaces (COi). The model is integrated with 

the GIS using a set of required steps needed to identify the nature ofMODFLOW's data 

requirements and computational structure. This allows alternate methods to be developed 

that can obtain data from a Geographic Information System or from a Graphic User 

Interface. Results of the integration are analyzed by running the integrated model on a 

sample data set and problems that were encountered during the integration proceedure are 

identified. The results of the integration indicate that the use of Common Object 

Interfaces can be successfully incorporated into legacy FORTRAN coded hydrology 

programs. Factors which verify this conclusion are considered, and the benefits and 

problems with this type of integration are discussed. Recommendations for future 

integration efforts and issues that need to be addressed are explored. 



CHAPTER 1 

INTRODUCTION 
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The use of quantitative description and analysis creates the need to process large 

bodies of observed data in such a way that interesting regularities may become apparent. 

The regularities can then be used for both study and in explanatory or predictive models. 

As hydrology has developed into an interdisciplinary field, devoted to the quantitative 

description and analysis of systems using empirical data, mathematical models and 

computational technology, the measure of its success has been based on the capability to 

reliably explain and predict the behavior of objects under study in a quick, accurate and 

precise manner. This has required the need to utilize geo-referenced data in complex 

mathematical models, store data in geo-referenced data formats, and has required the 

capability to visualize data in a real world extent. 

In order to utilize geo-referenced data in this manner, it is necessary to have the 

capability to acquire, express, store, search, combine, extract, and transport sets of data 

collected from differing sources, methods, and research purposes over widely ranging 

scales of measurement in time and space. In addition, displaying these data sets in a 

composition of two and three dimensional computer generated scenes can be used to 

express empirical data and modeling results within a common real world extent. 

This allows any individual to notice spatial relationships between characteristics 



of the environment, conduct a thorough analysis of the data, and define existing 

regularities. Based on the need to advance quantitative modeling, the purpose of this 

study is to address the problems of improving mathematical models, data management, 

and data visualization through the development of GIS-model integrations via the 

utilization of Common Object Interface (COi) modules. 
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These needs, of utilizing geo-referenced data in complex mathematical models, 

storing of data in geo-referenced data formats, apd the visualization of data in a real 

world extent, were first addressed in the field of surface water hydrology with the use of 

surface water models and Geographic Information Systems (GIS). Uses of GIS in surface 

water hydrology have been documented by Berich ( 1985) with the use of GIS technology 

in water resources planning; Ragan and White ( 1985) with the utilization of GIS 

technology in large scale hydrologic modeling; Fellows (1985) use of GIS in regional 

hydro logic modeling; Schmidt et al. ( 1987) determination of runoff model parameters 

using a GIS; Needham and Vieux (1989) presented a method to create AGNPS input files 

from GIS ARC/INFO and utilize the GIS for displaying model output; and Warwick et al. 

(1991) development of a GIS ARC/INFO integration with the surface water model 

HECl. Vieux (1991) discussed his use in using the GIS ARC/INFO to provide 

topographic information for modeling overland flow in a small watershed. The model 

obtained manning roughness coefficients and principle slope at each finite element node 

through the use of the GIS. The resulting model output was displayed using the GIS. Shea 



et al. (1993) also developed the use of GIS and hydrologic modeling for a county wide 

drainage study. The GIS was used to help create a finer scale of modeling detail, cre~te 

numerous modeling scenarios by automating many of the tedious and repetitive tasks 

associated with the project, and help create the HECl and HEC2 input files. 
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The incorporation of technologies has also occurred in assessing contamination 

due to agricultural pollution with studies by Baker and Pancier ( 1990) in the area of 

ground-water planning; Evans and Myers ( 1990) evaluation of regional ground-water 

contamination with DRASTIC; Bruner et al. (1990) utilizing the GIS to determine 

shallow aquifer vulnerability; and Holliday and Wolfe (1991) using GIS technology to 

determine ground-water pollution potential for nitrogen fertilizer. More recent papers by 

DeVantier and Feldman (1993), Ross and Tara (1993), Djokic and Maidment (1993), and 

Udoyara and Jolly (1994) have recently the development and importance of GIS-model 

integration to the field of hydrology. 

According to Watkins et al. ( 1996), the use of GIS for surface water modeling has 

been more prevalent than for ground-water modeling because the standardized GIS 

coverages that are available are primarily of the land surface; few standardized coverages 

of hydrogeological properties are available. This is now changing with the development 

of the Ground-water Site Inventory Data system in the USGS National Water Information 

System, state ground-water data base development, and local ground-water data base 

development by area water authorities and local governmental units. 
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Studies by Pope and Declercq (1988) using GIS for data management and analysis 

for a ground-water flow model; Hubbard and Darling ( 1987) demonstrating a GIS 

interface to a ground-water flow model in the Walla Walla River Basin; Ozbilgin et al. 

(1991) developed an integrated numerical model and a GIS; Ross et al. (1991) using a 

GIS integrated with a dynamic surface water/ground-water model for phosphate mine 

reclamation in Florida; Baker et al. ( 1991) developed well head protection areas using a 

GIS linked ground-water flow model; and Chieh et al. (1993) developed GIS applications 

for a three-dimensional ground-water flow model have shown the recent uses of GIS in 

the area of ground-water studies. Other applications have been developed by Camp and 

Brown (1993) utilizing a GIS to create subsurface profiles; Rifai et al. (1993) created a 

GIS modeling user interface for delineating wellhead protection areas (WHP A's); Darling 

and Hubbard (1994) developed a regridding procedure for a ground-water flow model 

using a GIS in the Walla Walla River Basin; Stibitz and Hoebenreich (1992) used GIS in 

a ground-water modeling feasibility study in the southern Vienna basin of lower Austria; 

and site specific ground-water modeling using the data-handling and graphic capabilities 

of the GIS by El-Kadi et al. (1994). 

These applications were developed because of the need to simplify the laborious 

task of model data entry and model development. This task was accomplished in these 

studies by utilizing some of the common procedures identified by Watkins et al. ( 1996) 

and others. 



These procedures consisted of: 

• Preparation of data from the GIS for model input 

• Grid design 

• Assessment of adequacy of the model input utilizing the display 

functions of the GIS 
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• Allocation of pumping, recharge, evaporation and other stresses to 

each grid cell 

• Visual comparison of simulated vs. measured head or 

concentration values 

• Interactive revision of parameter values and/or spatial 

discretization 

• Display of model results such as contours of hydraulic head, flow 

vectors, map preparation, tabular reports, and statistical analysis of 

data 

The existence of GIS databases, the assistance GIS can provide to model development, 

and the need for the rapid insertion of data into the ground-water models has led to the 

development of ground-water models that are linked to GIS by one of three methods. 

These methods are described by Udoyara and Jolly (1994) as three levels of 

integration of the model with the GIS, with each level of integration having associated 

procedures, problems, opportunities and potential errors, some of which have been 
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discussed by Burrough (1988), (1989), Zhang et al. (1990), Maidment (1991), and Tim et 

al.(1992). 

The first level of integration (ad hoc integration)(Figure 1-1) allows for the GIS 

and the model to be developed separately. The input data is extracted from the GIS and 

put into the required input format. The model is run separately from the GIS and the 

model output is in the model's traditional form. An example of a program of this type is 

the GIS-model ARCMOD (Van Metre 1990). ARCMOD is a set of programs that have 

been linked between the modular three-dimensional finite difference ground-water flow 

model MODFLOW (McDonald and Harbaugh 1988) and the GIS ARC/INFO. The 

program allows for the input of the program to be taken from GIS data files and the 

output to be analyzed using the GIS. The program uses GIS macro programs that read 

GIS data and write the ASCII input files. Another example is the development of 

MODELGIS by GEOTRANS, INC (1996). This model utilizes the GIS ARC/INFO to 

convert data from the GIS into MODFLOW data sets using a series of program 

commands, Advanced Macro Language (AML) functions, and FORTRAN 77 programs. 

It differs from ARCMOD only with the existence of automated AML procedures and the 

presence of a graphic user interface (GUI) that allows for easier program execution. 

The second level of integration (partial integration)(Figure 1-1) allows for a GIS 

data base to be developed that can be used to run the model. The input data for the model 

is then structured according to the data in the GIS. The GIS database supplies the model 
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data and receives the model results for further processing, presentation or analysis. An 

example of this is the program MODFLOWARC (Orzol and McGrath 1992). This 

program is integrated with the GIS ARC/INFO. The program is designed in that no data 

transfer programs are utilized to pass data from the GIS to the model. The model input is 

read directly from formatted data files and GIS database files. The program utilizes 

macros to control the operations of the program, control the GIS, open all necessary files, 

and run the program. The code ofMODFLOWARC is similar to that of the original code. 

It varies in that all 1/0 portions of the code have been intercepted to allow for the reading 

or writing to GIS database files directly. 

The third level of integration (modeling within)(Figure 1-1) involves the 

encapsulation of the model to run inside of the GIS environment. This allows for no data 

conversion to occur and lets the user interact directly with the GIS and the model. This is 

difficult to accomplish due to the inherent restrictions of GIS software. Recent advances, 

identified by Watkins et al.(1996), have been developed by Mckinney and Tsai (1993), 

Tauxe et al.(1992), U.S. Army Corps of Engineers (1991) and Batelaan et al. (1993). In 

Watkins et al. ( 1996), the benefits and drawbacks of each type of integration were 

summarized in Table 1-1. 
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LEVEL I: Ad hoc integration LEVEL 2 : Partial Integration 

OPERATING SYSTEM OPERA TINO SYSTEM OPERA TINO SYSTEM 

MODEL 

OPERA TINO SYSTEM ~ -/ GIS/FlLE INTERFACE 

USERINTERFACF 

-
LEVEL 3: Complete Integration 

OPERA TINO SYSTEM 

Pre-processor 

Process Model 

INTERACTIVE USER INTERFACE 

FIGURE 1-1: GIS-MODEL INTEGRATION LEVELS 1, 2 and 3 (Revised Udoyara and Jolly 1994) 
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I TABLE 1-1: COMPARISON OF GIS-MODEL INTEGRATION APPROACHES I 
LEVEL I * REQUIRES THE LEAST AMOUNT OF PROGRAMMING 

* PROVIDES FULL CAPABILITIES OF GIS AND MODEL 

* INEFFICIENT IN STORAGE OF DAT A 

* CAN BE SLOW 

* REQUIRES EXTENSIVE DEBUGGING 

LEVEL 2 * MORE EFFICIENT IN TERMS OF CPU USED AND ON LINE STORAGE SPACE NEEDED 

* SEEMS MORE LOGICAL TO STORE SPATIAL DAT A ARRAYS IN A GIS WHILE 

GETTING CONST ANTS FROM AN OUTSIDE SOURCE 

* GREAT DEAL OF HIGH LEVEL PROGRAMMING IS REQUIRED 

LEVEL 3 * GREAT DEAL OF HIGH LEVEL PROGRAMMING REQUIRED 

* COMPUTATIONAL EFFICIENCY IS VERY LOW 

* PROPERTIES CAN ALL BE DEFINED WITHIN THE GIS AND BE EASILY 

TRANSFERRED TO THE MODELING PLATFORM 

* CONVERSION FROM VECTOR TO RASTER DAT A IS RATHER SIMPLE 
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Based on this analysis, Watkins et al. (1996) concluded that in order to make GIS-

model interfaces more efficient and user-accessible, three approaches may be taken: 

• Design models with input/output files compatible with GIS 

• Develop model interface modules for GIS 

• Create embedded models within GIS 

The design of models using GIS data structures has two major disadvantages. First the 

models will have to be written from scratch in order to be able to access the GIS data 

structures. This will essentially eliminate all existing models from the capability to use 

GIS data structures until they are rewritten to handle GIS data. Second, the GIS data 

structures may be proprietary. 

The utilization of embedded models can also be very useful in handling the issues 

involved in model development, data storage and visualization, but as noticed by Watkins 

et al. (1996): 

"In an embedded model each calculation required that an initial grid be read 
as the input and , upon calculation, the resulting grid be written to a storage 
device rather than remaining in memory. As a result, the iterative algorithms 
of the imbedded model require many time consuming input/output (1/0) 
operations. Furthermore, some operators and functions of the GIS map
algebra language are less powerful than FORTRAN and contribute to the 
slowness. " 

Because of these findings, it would seem the most logical option would be to 

develop model interface modules for GIS. This allows for existing models to be altered to 

access GIS data structures without the need to be completely rewritten. This leads to the 
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development of a fourth level of GIS-model integration (stand-alone )(Figure 1-2)(Table 

1-2). This level of integration will allow for the interaction of model and GIS data 

structures through the use of model interface modules. The existing 1/0 of the model is 

intercepted and piped through the GIS-model interface modules. These modules are 

connected to the model and essentially replace the existing 1/0 functions of the original 

model allowing for direct access to the GIS data structure. This will allow for: 

• The avoidance of direct access of the GIS software 

• Improvements in computational efficiency 

• Multi-model interaction 

• Alteration of existing models to read and write any available GIS 

data structures or other file structures 
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LEVEL 4 : Stand Alone Integration 

OPERATING SYSTEM 

GIS DA TA BASE 

t 
GIS MODEL INTERFACE MODULES 

INTERACTIVE USER INTERFACE 

MODEL 

F·f+M 

Figure 1-2: GIS-MODEL INTEGRATION LEVEL 4 
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I TABLE 1-2: LEVEL 4 GIS-MODEL INTEGRATION APPROACH CHARACTERISTICS I 
LEVEL 4 * REQUIRES A MOD ERA TE AMOUNT OF PROGRAMMING 

* PROVIDES FULL CAPABILITIES OF GIS AND MODEL 

* REQUIRES AL TERA TIONS TO MODELS 1/0 FUNCTIONS 

* EFFICIENT IN STORAGE OF DAT A 

* EFFICIENT IN TERMS OF CPU USED AND ON LINE STORAGE SPACE 

* PROPERTIES CAN ALL BE DEFINED WITHIN THE GIS AND BE EASILY 

TRANSFERRED TO THE MODELING PLATFORM 

* STORES SPATIAL DAT A ARRAYS IN A GIS WHILE GETTING CONST ANTS 

FROM AN OUTSIDE SOURCE 

* CONVERSION FROM VECTOR TO RASTER DATA IS RATHER SIMPLE 

* ALLOWS FOR MULTI-MODEL INTERACTION 
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1.1 OBJECTIVE OF STUDY 

Based on these suggestions, the purpose of this study is to address the problems of 

improving mathematical models, data management, and data visualization through the 

development of GIS-model integrations via the utilization of model interface modules. 

This will allow the GIS to act as the "front ends" (preprocessor for data input) and 

"backends"(post processor for the presentation of statistical, visual and numerical 

results). Accomplishing this goal will necessitate the need for more efficient computing 

methods and require: 

• Linkage modules for external models 

• Adaptation of legacy models to use the links 

• Provide user friendly input of data not readily accessible from the 

GIS 

This will be accomplished through the development of GIS-model integrations via the 

utilization of common object interface modules and demonstrated using a common 

hydrologic model as an example. 



CHAPTER2 

METHODS AND MATERIALS 

2.1 GIS-MODEL INTEGRATION PROCEDURE 

The general procedures to meet these requirements will require (Appendix A): 
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• Initial selection of model, architecture and GIS module integration 

• Identification of model 1/0 functions 

• Completion of the connection of the 1/0 functions of the model 

with the GIS-model interface modules by wrapping the model with 

C++ object orientated code. This will allow for easy upgrades to 

the system and allow the ability to read or write any known GIS 

data structures 

• Creation of a GUI data assimilator for variable input not readily 

available through GIS data structures 

• Connection of a GUI to act as the front and back end of the model 

for the purpose of directing pre and post processing activities 

• Testing of the model on a sample database 

• Determination of the speed and accuracy of the altered model 

The performance of the integration is analyzed to provide realization if existing 

hydro logic models can be adapted to the use of GIS/model integration modules or if new 
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object orientated coded models will be needed to be written to improve the modeling 

effort as technology expands. 

2.2 HYDROLOGIC MODEL REVIEW 

This chapter addresses the ground water flow model used in this project. The 

model was selected based on its wide use in the field of ground-water hydrology and 

previous GIS-model integration efforts by Orzol and McGrath (1992), GEOTRANS, INC 

(1996), and Van Metre (1990). Each of the above model integrations have used a level 1, 

level 2, or level 3 GIS-model integration approach. This project uses a level 4 approach 

of model GIS-model integration. 

The model, MODFLOW (Appendix B), is a modular three-dimensional finite-

difference flow code developed by the USGS. According to the USGS (1996): 

"MODFLOW is a three-dimensional finite difference ground-water flow 
model. It has a modular structure that allows it to be easily modified to adapt 
the code for a particular application. Many new capabilities have been added 
to the original model. The model simulates steady and nonsteady flow in an 
irregular shaped flow system in which aquifer layers can be confined, 
unconfined, or a combination of confined and unconfined Flow from external 
stresses, such as flow from wells, areal recharge, evapotranspiration, flow 
to drains, and flow through river beds, can be simulated Hydraulic 
conductivities or transmissivities for any layer may differ spatially and be 
anisotropic (restricted to having the principle direction aligned with the grid 
axes and the anisotropic ratio between horizontal coordinate directions is 
fixed in any one layer), and the storage coefficients may be heterogeneous. 
The model requires input of the ratio of vertical hydraulic conductivity to 
distance between vertically adjacent block centers. Specified head and 
specific flux boundaries can be simulated as can a head dependent flux 
across the model's outer boundary that allows water to be supplied to a 
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boundary block in the model 's area at a rate proportional to the current head 
difference between a "source " of water outside the modeled area and lhe 
boundary block. The ground-water flow equation is solved using the finite
difference approximation. The flow region is considered to be uniform. The 
plan view rectangular descritiztion results from a grid of mutually 
perpendicular lines that may be variably spaced. The vertical direction zones 
of varying thickness are transformed into a set of parallel "layers ". Several 
solvers are provided for solving the associated matrix problem,· the user can 
choose the best solver for the particular problem. Mass balances are 
computed for each time step and as a cumulative volume for each source and 
type of discharge. Primary output is head, which can be written to the listing 
file or into a separate file. Other output includes the complete listing of all 
input data, drawdown, and budget data. Budget data are printed as a 
summary in the listing file, and detailed budget data for all model cells can 
be written into a separate file. " 

MODFLOW allows the user to select a series of packages to be used during a 

given simulation. The only required packages consist of: 

• Basic Package (BAS 1) : The basic package is always required. The input to the 

basic package includes grid dimensions, the computational time and steps, and the 

array identifying which packages are to be used. 

• Block Centered Flow Package, (BCFl , BCF2, BCF3): The block centered flow 

package performs the cell by cell flow calculations. The input to this package 

includes layer types and cell attributes such as storage coefficients and 

transmissivity. 



Additional packages may be added the model depending on the environment being 

modeled. These packages consist of but are not limited to: 
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• River Package (RIVI): The river package is used to simulate river type boundary 

conditions. 

• Recharge Package (RCHI): The recharge package is used to simulate recharge to 

groundwater from precipitation. 

• Well Package (WELI): The well package is used to simulate well type boundary 

conditions and well field pumping. 

• Drain Package (DRNI): The drain package is used to simulate drain type 

boundary conditions. 

• Evapotranspiration Package (EVTI ): The evaporation package is used to simulate 

the effect of evaporation in the vadose zone. 

• General Head Package (GHBI): The general head boundary package is used to 

simulate head type boundary conditions where the value of the boundary 

condition depends on the head in the cell. Commonly used to simulate lakes. 

• Output Control (OUTI): The output control file controls what information is to 

be output from MODFLOW and when it is to be output. 

• Stream-Aquifer Package (Prudic/STRl ): The stream package is used to simulate 

ground water/surface water interaction in the area of a stream or river reach. 

• Strongly Implicit Procedure Package (SIPI): The SIP package is an iterative 



solver based on the strongly implicit procedure. 

• Slice Successive Over-relaxation Package (SORl ): The SSOR package is an 

iterative solver based on the slice successive over relaxation technique. 

• Preconditioned Conjugate Gradient Package (PCG2): The PCG2 package is an 

iterative solver based on the preconditioned conjugate gradient technique. 
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These packages are the most often used packages in MODFLOW. New packages 

are continuously being developed to model unique hydrologic situations that have been 

encountered. One example of these new packages is the BCF2 package that allows for the 

rewetting of dry cells during a simulation. The model program structures are modular, 

which allows program functions to be grouped in a manner that each function or process 

is independent of another. It is because of this that new options can be added or altered 

without changing existing subroutines. 

Current input procedures rely on model parameters being input and stored in 

separate, external, and formatted files. Formatted input allows for structured arrays to be 

read for data input without code modifications. MODFLOW is written in strict 

FORTRAN 77. It can run on most platforms that have FORTRAN 77 compilers with 

little or no modification. The current allowable size of a problem has been determined to 

be about 8000 cells on 8088 and 80286 computers. Extended memory versions have no 

theoretical limits except time. Problems using 60,000 cells or more are possible 

(Anderson et al. 1993). 



2.2.1 Governing Flow Equation for MODFLOW 

The governing partial differential equation of three dimensional groundwater 

movement through porns material may be described by the following equation 

alax (Kxx ahlax) + alay (Kyy ahlay) + alay (Kzz alhoz) - W = Ss ahlat (1) 

where 
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Kxx, Kyy and Kzz are the hydraulic conductivity along the x, y, and z coordinate 

axes, which are assumed to be parallel to the major axes of hydraulic conductivity (Lt-1
); 

h is the potentiometric head (L ); 

W is the volumetric flux per unit volume and represents sources and/or sinks of 

water (r1); 

Ss is the specific storage of the porous material (L- 1
); 

t is time (t); 

Equation (1 ), together with initial conditions specifying flow and/or head 

conditions at the boundary of an aquifer system, creates the mathematical equations for 

the system. A solution of equation (1 ), is the functional expression h(x,y,z,t) such that 

when head ( as a function of time and space) is substituted into equation ( 1 ), the equation 

and the initial boundary conditions are satisfied. Except for simple systems, analytical 

solutions are rarely possible. This led to the use of numerical models to obtain 

approximate solutions. The use of The Modular Three-Dimensional Finite-Difference 

Ground Water Flow Model (MODFLOW), developed by McDonald and Harbaugh 
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FIGURE 2-1: A DESCRITIZED HYPOTHETICAL AQUIFER (McDonald and Harbaugh 1994) 

(1984 ), applies a finite difference scheme to equation ( 1) over a set of discrete points in 

space and time (Figure 2-1 ). The process leads to a set of simultaneous linear algebraic 

equations which supply the time varying head distributions that would be given by 

solving the equation analytically. The head at node points in the center of each cell within 

a finite difference grid are then provided by the program. 
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2.2.2 Problems with the MODFLOW Code 

The MODFLOW code has areas that need improvement due to a structured style 

and a need for formatted input files and arrays. The ways that the program could be 

improved consist of: 

• Construction a graphic user interface 

• Construction of alternate methods of data extraction from 

unformatted or standard files 

• Improvements in data pre and post processing for model input and 

display of modeling results 

• The storing of data output in a more efficient and user friendly 

manner 

• The utilization of visualization engines to process and display data 

• The utilization of scalable architectures to improve computational 

efficiency of the model. 

The utilization of formatted input files in model construction can be a tedious 

process in model development. The extraction of data from computer diskettes, hand 

written logs, USGS reports or other sources can be a time consuming task. The 

development of data storage and access abilities for MOD FLOW consists of improving 

storage and access abilities to large amounts 6f spatial orientated data. The capability to 

relate data to each other and spatially referenced points allows for the elimination of 



redundant data files and structures. All of these developments in data storage and 

utilization result in improvements in the reporting of results and data analysis. This can 

be accomplished directly with the utilization of GIS-model integration modules. 

2.3 GIS SELECTION 
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The method that will allow for model improvements in data access, visualization 

and storage will result from the direct integration of MODFLOW to a Geographic 

Information System (GIS). A GIS is an electronic system that is connected to database 

structures that are associated to geographically represented points or areas. A GIS can be 

utilized to store the topology of an area, which is the spatial relationship between points, 

lines and polygons and can also store attributes associated with each of these entities. 

Each feature has a unique identifying number and is related to a spatially orientated 

descriptive data base. A complete GIS system will also have the ability to create high 

quality cartographic products that can be set to various scales and size. This allows for the 

post processing of model results and the ability to interact with a relational database 

allowing for the rapid preprocessing of data requirements for the model. 

The answers to the problems with hydrologic modeling lies in the capability to 

use a GIS integrated model. The utilization of GIS-model integrated systems will allow 

for the management, analysis, and display of spatially/temporally structured data in two 

and/or three dimensional formats. 
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The method used to link the data management abilities of the GIS system and the 

analytical capabilities of the model can be approached in two ways. The first approach is 

to use simulation engines with GIS software and to use those engines to help develop 

models. The second approach is to create tools that will allow for direct access to GIS 

data layers without directly accessing the GIS software. This method has been chosen for 

this project with the integration of the GIS to MODFLOW via the use of GIS-model 

integration modules. 

By using the GIS for visualization of the data we can know how the model 

behaves, recommend improvements and prescribe uses for the model. We can even 

change initial data to improve problems that are encountered with the averaging and 

smoothing of data, parameter estimation, error propagation, sensitivity analysis and 

model reduction or expansion. The data can then be identified, usefulness can be 

determined, a user friendly database can be developed, and repositories can be created in 

direct transfer formats for distribution across the world wide web. The GIS ARC/INFO 

(ESRI, 1996) was chosen for this project as an example of a widely used commercial 

software package. The software has the capability to input data via digitizing, editing and 

reformatting data, creating high quality maps and reports, numerous functions for the 

purpose of overlay, buffer creation, spatial query analysis, connecting to statistical 

programs, and handling both vector and rasterized data. 
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2.4 ESTABLISHMENT OF SYSTEM ARCHITECTURE 

The utilization of scalable computer architectures leads to the use of powerful 

work stations as they become increasingly available and as commercial markets become 

more open to massively parallel super computers. One direction is that of the distributed 

computing environments where different modules can be run on different machines. At 

the application level, this leads to the development of simulation engines, GIS, database, 

visualization and intelligent controllers that can all be located on separate machines. 

Separate tools can be unified by a software interconnection network. The results will be a 

highly user friendly front end (GUI) that can easily construct different runs on varying 

platforms employing different GIS databases, and visualization platforms. The 

components of the system architecture that were selected for this project consist of: 

• Unix Operating System (Solaris 2.x) 

• Sun Microsystems Spare Workstation 

This architecture allows for the portability, computational efficiency and raw 

computing power that is required to utilize GIS technology, advanced visualization 

platforms and has available numerous tools that will aid in the advancement of modeling 

efforts. 
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2.5 SELECTION OF MODEL INTEGRATION MODULES 

The GIS-model integration modules that were chosen to be used in this 

integration consist of modules developed by Dr. George Ball of the University of 

Arizona, School of Renewable Natural Resources (1996). These modules, known as 

Common Object Interfaces (COi) allow models to be constructed independent from 

storage and provide access to large amounts of GIS data. This seems to be a logical 

approach to modeling problems since Bian et al. (1996) believes the extraction of the data 

from the GIS is currently "a major hurdle in the effort to enhance the spatial capabilities 

of hydro logic modeling." 

The method used to extract the data from the GIS depends on the method used to 

store the GIS data. These structures consist of raster or vector data representations. Vector 

representations can be points, lines or polygons. Raster data is used primarily for storing 

data that is a continuous surface. Examples of such storage is digital elevation data and 

satellite imagery. 

According to Ball (1996), Smyth ( 1991) has proposed the development of an 

integrated frame work that would allow for the development of a reference model for GIS 

application integration. The most recent standardization that we have seen is the Common 

Data Exchange format which provides a common format for transferring ASCII formatted 

data from one GIS to another. Ball and Gimblett (1992) proposed a link that made data 

access transparent and direct for the model. It is this proposal that led to the development 



36 

of the Level 4 GIS-model integration approach. Based on the fact that all data in a GIS is 

gee-referenced and secondly, that a model only performs two functions with the database: 

input and output, Ball developed an object that would perform the task of data transfer 

access between the GIS database and the model. Ball stated that the basic attributes that 

must be addressed by a Common Object Interface consist of: 

1. Only the Common object interface needs to understand how a GIS 
database functions. 

2. Following from item 1, the model should be able to request data 
input from the COi by stating the coordinate location of the 
particular data theme (e.g. hydrology or vegetation) desired 

3. The model should be able to request that the data be supplied as 
an integer or real value, regardless of how the data was originally 
stored 

4. The corollaries for items 2 and 3 are the corresponding 
functionality to store data. 

5. Most spatially distributed ecological models use raster data 
structures to represent the environment. This is primally due to the 
ease of designing process algorithms in a cellular system rather 
than a vector system. Therefor internal data storage would best be 
done using arrays. 

6. Vector information should be accessible but not internally stored 
This makes the use of vector data easier as well as allowing the 
multiple association of attributes with a single point. 

7. Data are assumed to represent either collections of points or cells. 
This does not preclude the use of lines or polygons, only 
consistency with item 5. 

8. In cases where neighborhoods are involved, consideration should 
be made to supply data in an appropriate form. This form can be 
stated as: 

a. A single cell or point 
b. A vector of cells or points representing multiple data in a 

single location 
c. A window of cells or points surrounding a central 

location 



d. A block of cells or points representing multiple data 
surrounding a location 

9. Data generated by the model and stored in the COi may need to be 
written to disk. 
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These points led to the development of the object class definition created by Ball 

and utilized in this study to show the application of the object class in the field of ground-

water modeling and high performance computing. 

The object was created using C++ and has the advantage of hiding its actual 

implementation from the user. Ball likened this to the way a person would sit down to 

play a computer game, in that the user does not need to understand how the computer 

works. The way the object works is of no importance if the user knows how to instantiate 

the object and what functions are available. The modeler need only instantiate the object 

in the program and the object will load or capture the required information. The object 

will supply the input and output capabilities for the model in a raster format but, no 

theoretical reason precludes vector data from being handled by the object. 

The object class can be used on a range of computer platform with only 

recompiling. Currently the code has been implemented on Sun Microsystems Spare 

workstations, SGI Indy, DEC Alpha, and the CM-5 super computer. Current access is 

available to GIS databases from GRASS, Integraph, and plain binary files. Connection to 

ARC/INFO will be available in the near future. Ball is currently researching the uses of 

the COi with both raster and vector data that will require for no modifications in the 

function call. This will allow for raster and vector data to be used by a model at the same 
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time. This will further increase the use of GIS-model interface modules in the area of 

hydrology. 

2.6 IDENTIFICATION OF MODEL I/0 

The Identification of the model I/0 consists of: 

• Identification and Location of Input Functions for Data Available 

from a GIS Data Structure 

• Identification and Location of Input Functions for Data Not 

Available from a GIS Data Structure 

• Location and Identification of Model Output Functions and Format 

Options 

The identification and location of the I/0 (Appendix B) is critical in the process on GIS

model integration in that all data needed to run the model must first be identified. The 

data must then be examined to see if it can be extracted from a GIS data structure or if it 

must be inputted into the model via an auxiliary method. The model storage of data and 

the methods by which the data is read in must also be determined. This is accomplished 

to simplify the procedures used when integrating the GIS-model integration modules into 

the program. The output functions must also be located so the type and format of the 

models output can be identified. This allows for the correct method to be selected to write 

the model output to a GIS data structure or other format. 
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2.7 LINKAGE OF GIS-MODEL INTEGRATION MODULES 

After the 1/0 portions of the code have been identified and the data requirements 

of the model have been noted, the selection of methodologies to link the GIS and the 

model depends if the data are: 

• Not Available from the GIS 

• Available from the GIS 

• Written to the GIS or other format 

If the data are not available from the GIS, connections must be provided that will 

allow the data to be acquired from an outside source such as a GUI data assimilator. 

These connections can be accomplished by wrapping the FORTRAN legacy code with 

C++ object orientated code and utilizing the passing of values (Appendix D) by: 

• Common 

• Reference 

• Value 

If the data are available from the GIS and the input function that reads this data 

into the model has been identified, the function can be replaced with a call to a function 

in the C++ wrapper code that will allow access to the GIS-model integration modules. 

The natural process of reading in the data is not altered, but is intercepted and redirected 

to a function outside of the legacy code (Appendix E). 
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Once the output portion of the program has been identified and the selection of a 

suitable output format has been decided, the output functions can be intercepted and 

redirected to the C++ wrapper code. The redirected output function can then utilize the 

GIS-model interface modules to write the data to a GIS storage structure. 

2.8 GUI CONSTRUCTION 

The GUI will act as a total interconnection between the computer system and the 

user running the model simulation. A pop up menu type interface will be created and 

connected to a MODFLOW variable list. Variables that were once input using formatted 

files will be activated or deactivated with a click of a button. The GUI will rely on the 

keyboard and the mouse as the main forms of information input into the model. The 

display will include graphic images and related pieces of text. This will allow for rapid 

model construction and implementation. 

The GUI was created utilizing three distinct steps: 

• Design of GUI 

• Creation of GUI 

• Implementation of GUI 



The basic design of the GUI (Appendix F) should allow for: 

• Rapid Data Entry 

• Simple Screen and Window Designs 

• Should Stay Consistent with Original Model Architecture and 

Input Processes. 
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The actual creation of the GUI depends on the tool kit being utilized to develop 

the code or the actual programming language that is being used to create the GUI. This is 

usually a multi step process that utilizes both the initial design of the GUI and the 

developers imagination. The goal to make the program as user friendly as possible can 

turn a simple task into a major problem. The designer of the GUI must understand who 

will be using the program and the nature of the program's use. 

The implementation of the GUI can be explained as the compiling of the GUI and 

the adding of additional code to the GUI source code so that specialized processes or 

functions can be executed. These processes can be as simple as calling a function for 

model execution or can be as complicated as reloading previous model variable lists. 
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2.9 CONNECTION OF GUI TO GIS-MODEL INTEGRATION 

The process of connecting the GUI to the GIS-model integration requires 

processes that would: 

• Capture the Required Data 

• Connect Data to Intermediate Storage Structure 

• Connect Storage Structure to GIS-Model Integration 

The capturing of the data is the process by which the required data to run the model is 

input into the GUI. This data must then be transformed into the correct format so that it 

can be used within the model. The formats that it must be stored in can either be 

character, integer or float. The storage classes range from one, two and three dimensional 

arrays, static variables or data structures. 

After the data are in the correct format and form, it can be connected to an 

intermediate storage location outside of the GUI. The storage location can be a structure, 

binary file, array or a formatted file depending on the needs of the program. The storage 

area can then be filled by setting an input variable equal to a location within the storage 

area. The storage variables can then be written to binary format or passed to the GIS

model integration. Once the model data have been put into the storage area, it can be 

passed to the list of variables not available from a GIS. 



2.10 TESTING OF THE GIS-MODEL INTEGRATION 

The testing of the GIS -Model Integration requires: 

• Running of Original Model on Test Data Set 

• Running of GIS Integrated Model on Test Data Set 

Each model should be tested after being compiled under optimization conditions and 

against a known data set (Appendix G). The characteristics used to conduct this 

comparison consisted of: 

• Speed of the Model Run 

• Precision of the Integrated Model vs. the Old Model 
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The speed and precision of the model run should be analyzed using a computer 

program analysis tool for program optimization. This tool will allow the user to 

determine the speed of each model run as the program runs through each individual 

subroutine. The determination of the precision of the model is performed by comparing 

the integrated model vs. the original models results on a previously tested data base. 

Additional tests can be made on the output from the integrated program by calling it from 

the GIS software and performing visualization processes on the data coverage. These 

could consist of contouring, map presentation or statistical analysis. 



CHAPTER3 

DISCUSSION AND RESULTS 

3.1 INITIAL MODEL SELECTION 
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MODFLOW has been previously integrated to a GIS using the first three levels of 

integration. Because of these previous integrations, it was a logical choice to show the 

benefits of using level four type integrations. MODFLOW has been in use since 1988 and 

is an industry standard for ground-water flow models. Since the code has been used for a 

number of years there are a large number of available sample data sets. This makes using 

MODFLOW even more attractive in that reproducible testable data sets can be acquired 

and used in the testing of the model integration. The sample data sets could be easily 

converted into GIS grid data coverages. This allowed for the test data sets to be put into a 

GIS format and used to validate the integrated model. 

The existence of a large user base for MOD FLOW is also important since this 

increases the possibility of the integrated model being used as a teaching aide or for 

future scientific research. MODFLOW is also a good example of a traditional FORTRAN 

model with its strict programming style and use of formatted input files. The presence of 

these characteristics helped to determine if it is prudent to alter existing FORTRAN 

legacy code programs with the use of COi modules or if they will have to be rewritten in 

an object orientated language to take advantage of GIS technology. 

The model also contains data that is GIS available and non-available. This 



45 

allowed options to be explored inputting variables and passing of both types of data 

between FORTRAN and C++. The presence of a highly detailed users manual also aided 

in the integration process. The user manual assisted in the understanding of the program' s 

structure (Figure 3-1 ), theory, nature of the program's variables, and the computational 

processes used to solve the modeled problems (Figure 3-2). 

3.2 SELECTION OF SYSTEM ARCHITECTURE 

The system architecture used during the model integration provided the ability to 

use powerful workstations. This allowed for the ability to expand the use of the basic 

model and utilize heterogeneous, distributed computer environments that can utilize the 

full extent of computer resources. The capability to execute various modules of the 

simulation on different machines allows for increased problem size due to the large 

amounts of available memory in the work station environment. The system architecture 

allows for the simulation of the environment at high levels of resolution over large areas 

giving problem sizes in the millions of cells the possibility of being solved. The 

relaxation of problem size results in the improvement of the utility of the program for 

general use by scientists, engineers and managers. 
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(McDonald and Harbaugh 1984) 

46 



Q. 
0 
0 
-' 
C 

Q. _g 
8 • - ! 
1 8 ; 
~ -• Q. . .! • j en 

I -

Srart 

Dehne 

s, .... 

Formut••• 

Approaeffl9te 

No 

OEFINE - Read c:1 .. a sc,ec1ty,n9 numoer of rows. 
columns. iayen. stress C)ef•oas. ano ma1or orogram 
OOtlOflL 

ALLOCATE - Allocate IP9C• 1n tl'te com outer to 

storw dai&. 

A!AD ANO PA~AAE - Aud aa .. wfttCft •• conatant 
tftfougftOut me •mu&atlOft. Preoare rne data Oy 
pertonning wftat~ caacuaauona can be m•d• at 
ffita a.ge. 

sii.ESS - C)etennlM tne lengffi of a atreu penOd 
and ca,a,&aae terms 10 dn,.oe 1treu penoas into tune ..... 
READ ANO PREPARE - RHd Gata wtucn cnanges 
from one 1trea pet10d to tne ne•t ?rec,are rne oata 
oy oertorm•"9 wftate¥et caecu1arsona canoe maoe at 
thaa~. 

ADVANCE - ~1cu&a1e 1en91n of ttme steo ana set 
Ple8da ar Degtnn,119 ot a new ume 11eo eaua1 to neaas 
ca1eui.1.cs tor me ena of tne p,e,,.oua ttme steo. 

l'ORMULA T! - C.U:u&ate tfte coeffictenis of tne 
fin•• ditt9rwnce equanons tor e.cn cetl. 

APAOXIMA Tl - ..... one CUI ar approa,m•t•"9 • 
IOtuaon to me ayaiem of finne ditterence eaua11ons. 

OUTPUT CONTROL - Determine wt1etner results 
snou,cs be wnnen or_,,., on c:1,aa tor m,s time steo . 
Send 119nata to tne BUDGET and OUTPUT oro
cedu,- to ,ncaicat• •uctty wna11ntorm911on snou1c:1 
De pUt out. 

BUDGET - ~ICu&ate terfflS tor tne overall vohr 
IMfflC OUOoet and caleu&ate and uve ceu-oy<ell 
flow.,.... tor ...:,, compc,nent of flow. 

OUTPUT - Print and ...,. l"leeds. aniwaown and 
~I voh,metnc bu09en in accordance wttft 

119'*8 fraffl OUTPUT CONTROL oroceaure. 

Figure 3-2: OVERALL PROGRAM STRUCTURE (McDonald and Harbaugh 1984) 

47 



48 

3.3 SELECTION OF GIS SOFTWARE 

The selection of the GIS ARC/INFO provided for a system that could utilize 

floating point numerics in grid procedures. Since the current version of the COi interface 

created by Dr. George Ball is raster based, and the program MODFLOW uses floating 

point numerics with a grid based structure , a GIS that could handle floating point 

numerics in a raster environment was imperative. The GIS-model integration was 

originally attempted using GRASS as the GIS component until it was determined that the 

integer file format would introduce too much error. 

The benefits of using GIS ARC/INFO are found with its analysis and post 

production capabilities. Examples of some of these capabilities include interpolating 

surface z values, generating contours, calculating surface area and length, conducting 

volumetric fill analysis, profile generation, and map production. These program attributes 

would be highly useful in the area of ground-water modeling and for model results 

analysis. The large MODFLOW user group and current industry popularity also provide 

for a continually developing tool that is being designed and altered to meet varying 

technical needs. 

The program also has the capability to assist initial model set up by allowing for 

the access to GIS data sets to import information into the model necessary for model 

execution. The GIS can also help replace current arbitrary grid construction methods, that 

are not reproducible, with methods that would allow for reproducible grid construction, 



49 

rotation of the grid, and more precise positioning of the grid. The program also gives the 

user the capability to validate large data sets. Darling and Hubbard (1994) identified this 

use when initial runs of a model on the Walla Walla River Basin produced a high 

percentage of dry cells. After using the GIS to plot the data arrays of the model, it was 

shown that in several cells of the model, altitudes of the top of an aquifer layer were 

above the bottom surface altitudes of the overlying aquifer. 

The major drawback of the GIS ARC/INFO is its proprietary nature and the 

learning curve required to operate the software. This would generally mean enlisting the 

aid of a GIS technician to aid in the analysis. A benefit is that ARC/INFO has the 

capability to be programmed using the Advanced Macro Language (AML), that may 

automate or semi-automate some processes within the GIS. This can be extremely useful 

when doing repetitious post processing activities. The difficulty of using ARC/INFO can 

also be offset by the power of its analysis and post production capabilities thus making 

ARC/INFO a logical choice for use in ground-water modeling. 

3.4 IDENTIFICATION OF MODEL 1/0 

The identification of the model 1/0 was simplified due to the creation of a very 

detailed and informative manual by McDonald and Harbaugh (1988). The model 1/0 was 

also simple to locate due to the modular nature of the code and the use of a consistent 

program structure through out the model (Figure 3-1 ). The data needed to run the model 
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Figure 3-3: EXAMPLE OF RECHARGE PACKAGE FORMATTED INPUT FILE 
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is read in from the packages in the Define (DF), Allocate (AL) and Read & Prepare (RP) 

subroutines of each package and by the utility subroutines found in the model's source 

code. 

The data that was read in by the model falls into three classes. These classes 

consisted of data that was attainable from the GIS that was almost entirely in array 

formats and data not available from the GIS generally consisting of program function 

flags and initial problem definition characteristics. The third class consisted of data that 

might be obtained from either the GIS or from a data assimilator such as a Graphic User 

Interface (GUI). These variable types are traditionally acquired from formatted input files 

(Figure 3-3) and unformatted data storage files.The output portion of the model was 

found to be controlled by write functions within the code and the subroutines UBUDSV 

and ULASAV. 
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Figure 3-4: EXAMPLE OF ALTERNATIVE TO GATHER DAT A FROM OUTSIDE OF PROGRAM 

3.5 CREATION OF LINKAGES 

Once identified, the variables not available from a GIS were altered and redirected 

to be obtained from a GUI. The values for the data had to be extracted from the outside 

source and passed into the program. The problems with this procedure consisted of 

designing methods that could obtain the variable from outside of the program (Figure 3-

4) and adjusting the existing variables within the program to act as storage areas if the 

variable was dependent or related to another variable in the program. The creation of 

methods that could obtain values form outside the program were basically related to the 

nature of the variable itself, in that the variable was either global or local in nature. If the 

variable was global or passed by reference between subroutines, the connection to the 

C++ wrapper code was made in the main subroutine of the original FORTRAN code 
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(Figure 3-5). If the variable was local, the connection was made within the subroutine that 

used that variable (Figure 3-6). An analysis of variable dependencies showed that 

different variables could be dependent on the layer, stress period or time step variables in 

the model. 

Because the traditional MODFLOW code uses formatted data files, the structures 

of some variables had to be changed in order to be connected to the GUI. Unfortunately 

this required numerous code changes at various positions in the model code defeating the 

original hope that the inner workings of the code would not have to be altered. The 

changes in the code did not alter the numerical solution procedures in the model, but did 

alter the using of variables as system flags throughout the model. The altering of 

variables within the model to array structures also required dealing with the problems of 

passing Fortran and C++ arrays. This was due to the communication requirements 

between the model code and the C++ wrapper code. Additional problems were 

encountered in the length of the variable initialization lists in the C++ wrapper code and 

the values of variables within the list being changed depending on position. This problem 

was solved with the initialization of the variables in small subgroups of no greater than 

fifteen. 

If the data was available from the GIS, the problem of getting the data into the 

model was handled by intercepting the CU2DINT and CU2DREL functions in 

MODFLOW. These two functions were used throughout the program to read array input 



Location: MAIN.F 
Connected to: comtyp.cc 
Subroutine: MAIN 
Variable Passed: NCOL 
Method Used: Common 

Example of Procedure Used: 

Fortran Subroutine: MAIN 

C Variable is set COMMON 
COMMON lncolf/NCOL 

C 

C++ Program: comtyp.cc 

II variable is declared to be external and then assigned a value which is represented as 
the value 12 
I I in this example 

extern int ncolf _; 
ncolf = 12· 

- ' 

Figure 3-5: EXAMPLE OF METHOD USED TO PASS GLOBAL OR REFERENCED VARIABLES 
FROM C++ WRAPPER CODE TO MODFLOW 

53 



Location: WEL l .F 
Communication: comtyp.cc 
Subroutine: WEL I RP 
Variable Passed: ITMPW() 
Method Used: Common 

Example of Procedure: 

Fortran Subroutine:WELIRP 

C Variable is set COMMON 
COMMON litmpwf/lTMPW(999) 

C++ Program: comtyp.cc 

II variable is declared to be external and then assigned a value which is represented as 
the value 12 
/ I in this example the array position " i " is being filled 

extern int itmpwf _[]; 
itmpwf _ [i] = 12; 
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Figure 3-6: EXAMPLE OF METHOD USED TO LOCAL V ARlABLES FROM C++ WRAPPER CODE 
TOMODFLOW 
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when required. The basic function calls had to be intercepted and redirected using the 

COi modules to obtain the required information from the GIS (Figure 3-7). This was the 

most effective manner to obtain the GIS data since the original functions were not being 

eliminated, but were just intercepted and redirected. The problems dealt with in these 

procedures were the order of loading the GIS map layers, the reloading GIS map layers, 

the reading in of the loaded map layers, and the writing to GIS map layers as output. 

These problems were solved by creating functions to handle each of these tasks within the 

C++ wrapper code as seen in Figure 3-8. 

3.6 CREATION OF THE GRAPHIC USER INTERFACE 

The creation of the GUI was accomplished using the SP ARC open windows 

developer tool kit. This toolkit allowed for the creation of the basic framework of the 

GUI. After the basic framework was developed, the code had to be adjusted to perform 

desired tasks and methods had to be developed to pass the data from the GUI to the 

model. The modular nature of MODFLOW caused the screen design to be somewhat 

repetitious. The screen designs attempted to stay within the original model design and 

allow for rapid data entry. After the screens were designed, it became apparent that it 

would decrease input time if variables that were previously identified as unavailable from 
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Figure 3-7: METHOD USED TO INTERCEPT AND REDIRECT FUNCTION CALLS 
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Figure 3-8: USE OF SPECIALIZED FUNCTIONS INC++ WRAPPER CODE 
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the GIS could be extracted from the GIS in some manner. This was evident in the Drain, 

Well, General Head Boundary and River Packages. 

The initial creation of the GUI presented limited problems except those 

encountered in trying to add additional code to the model for specialized functions such 

as reloading previous model runs. The GUI also presents problems in that it is not quickly 

updatable by inexperienced programmers to accept new packages as they are designed. 

Some mechanism will need to be developed to make subtle design changes in the GUI to 

allow for additional packages to be added to the program. The adding of additional 

packages to the model will not be a problem upon completion of a comprehensive users 

manual or further development of the integration in the future by the programs creators. 

The passing of the data from the GUI to the model proved to be rather simple by 

using an intermediate storage structure. The structure was then passed to the initialization 

section of the C++ wrapper code. This procedure allowed for the loading of the GIS map 

layers needed to run the model by suppling the GIS coverage names to the COi (Figure 3-

9). This method is very simple and, due to its object orientated nature, allows the GUI to 

be removed and replaced by any other type of data assimilator to fill the intermediate 

storage structure. It also allows for the operational code to be ported to the PC platform in 

the future if desired. 
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Figure 3-9: EXAMPLE OF METHOD USED TO OBTAIN GIS COVERAGE NAMES 
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3.7 TESTING OF THE GIS INTEGRATED MODEL 

The testing of the model was done using the outlined procedure in Appendix G. 

This procedure allowed for the testing of the integrated model on a small previously used 

data set, that has been modeled in the past at the University of Arizona in a class exercise, 

taught by Dr. Thomas Maddock III (Appendix H). This test exercise allowed for the 

required information from the sample data sets to be converted into GIS grid structures or 

assimilated from the GUI so the problem could be solved with the integrated GIS-model 

code; now being identified as MODGIS (Appendix I). The development of the model was 

done exactly the same in each instance outlined by Appendix G except for the use of 

Fortran formatted input files in the original model to input data and the use of GIS data 

structures or data assimilated into the program via the use of a GUI in the integrated 

version. The results of the test runs show that the first and second steady state runs using 

the original model matched exactly to the first and second steady state runs using the 

integrated model. Deviation occurred between the model results in the transient run with 

small differences in the total volumetric budget between the original version and 

MODGIS. Although these differences were present in the model, the heads and draw 

downs in each time step were exactly the same or very similar in the transient model runs 

varying only in the tenths of feet if at all. The reason for this difference in results can 

possibly be related to precision problems within the code. This difference in precision is 

still difficult to verify since the first two steady state runs matched exactly. The data used 
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to run the transient models are both assumed to be correct and contain the same numerical 

data, but it is highly possible due to the amount of data involved, human error may have 

caused a value in the model run not to be entered correctly or altered by accident. Using 

the assumption that the data used in each model is exactly the same, it seems logical that 

the differences in the volumetric budget are due to computational precision within the 

program. 

Another possible difference that may have caused the changes in the volumetric 

budget could be related to the use of the COi in the transient run. This difference was 

seen with initial head values being read from an unformatted file in the transient run of 

the original model while the initial head values were obtained from the GIS via the COi 

in the integrated models transient run. Although verification of the head values indicated 

they were the same, the differences in acquiring the data may have caused a change in 

precision of the values in the model. Because the draw down and head from the integrated 

models transient run matched the original models transient run in almost every instance, 

the integrated model can be assumed to be running correctly and any differences in the 

model results are related to precision problems created from the use of the COi or human 

errors that have not yet been identified. This statement is supported by the fact the mass 

balance of the integrated model has a zero percent discrepancy for every stress period 

within the model run. This would definitely support the hypothesis that the data either has 

a small error present in the integrated model or precision differences have occured 
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between the integrated and original models. 

The speed of the original model (.49 seconds) as compared to MODGIS (.70 

seconds) shows that the new integrated model takes more time to run as compared to the 

original model. The amount of time is increased from the reading of the GIS data. At the 

small problem size level, this loss of speed is hardly noticed. As the size of the problem 

increases the amount of disk 1/0 in the traditional model will tend to slow the model, 

where as in the integrated model the data for the model resides in memory causing the 

integrated model to operate at greater efficiency than the traditional model. 

The benefit of having the model output in a GIS format was shown through its 

capability to use GIS techniques to assemble data for input into a ground-water model, 

use of a GIS for the rapid display of data for verification, checking of the ground-water 

model output, for the creation of customized maps for use in reports, analysis of the 

model results, and the capability to regrid data from an existing large-area, low 

resoulution ground-water model to a smaller high resoulution grid. Examples of some of 

the analysis and post production capabilities of a GIS can be seen in Figures 3 .10 - 3 .14. 

The advantage of being able to re grid can provide the capability to more acurately 

calibrate the model, assuming detailed and accurate data is available, and to evaluate the 

numerical errors associated with a particular grid design (Darling and Hubbard 1994). It 

also allows for smaller hydrologic features ·such as stream systems or closely spaced 

pumping centers to be modeled more accurately. This would not increase the accuracy of 
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Figure 3-lO: EXAMPLE OF A HEAD CONTOUR MAP 
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Figure 3-12: EXAMPLE OF A FLOW DIRECTION MAP 
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Figure 3-B: EXAMPLE OF A THREE DIMENSIONAL HEAD MAP 
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the model, but would allow for improved resolution and flow directions in regions near 

smaller hydrologic features such as pumped wells and allow for more detailed analysis in 

the area of gound-water surfacewater interaction. 

Inaccurate data used within a model will certainly provide erroneous results, no 

matter how well the model is calibrated. This point raises the question of the percision 

requirements of models, especially high resolution, to produce accurate results. Methods 

by which data are obtained must be addressed to provide increased precision if required. 

Additionally, the effects of grid resoulution and its ability to define smaller hydrologic 

features will also require methods to aquire data that will allow for more detailed 

modeling. These methods should also address the elimination of modeling efforts that use 

data taken at a regional scale and applied to local sized problems such as ground-water 

surface water interaction at the stream/aquifer level of resolution. 



CHAPTER4 

CONCLUSION 
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Based on the results from the development of the GIS-model integration, the use 

of Common Object Interfaces to connect existing Fortran legacy coded programs to a GIS 

in a seamless manner can be accomplished. The required amount of programming and the 

alterations to the original model code may seem costly, but the benefits to this type of 

integration are numerous. The benefits of the integration can be seen, but are not limited 

to, the capability to rapidly create model runs, automate grid preparation, validate data set 

relationships, simplify model results analysis, post production processes for display, and 

storage of model results as gee-referenced data. These benefits just touch on the 

capabilities of Geographic Information System technology. 

Improvements from this integration will be verified through the programs 

subsequent use and continual development. The results will be seen even more clearly 

when the integrated model can be tested in a real life model development situation at a 

high level of resolution. The amount of time and effort to prepare the model runs, the 

model runs themselves and the post production display and analysis of results will show 

the full capabilities of a GIS integrated model. 

Future integration efforts must be attempted on programs of various program 

structure and style to help confirm that traditional FORTRAN legacy programs can be 
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integrated with Geographic Information Systems using Common Object Interface 

modules. Future needs will also require more precise data that can be used to take 

advantage of the relaxed problem size constraints, the further development of GIS 

ground-water data bases, the further development of GIS technology to address the needs 

of hydrologic modelers, the standardization of GIS storage structures, development of 

Common Object Interfaces to handle vector data, improved three-dimensional 

visualization, the creation of databases to more efficiently handle three or four 

dimensional data, and improvements in understanding relationships between grid size and 

data precision. 

The rapid advances in the areas of GIS, high performance computing, and 

hydrology must interact to insure data, data collection methods, and modeling efforts are 

conducted in a standardized format. This will insure that future high performance 

modeling efforts can be conducted at the highest level of computational efficiency, 

accuracy, and precision. This will help provide answers to hydrologic questions that have 

been unable to be answered in the past because of the inability to model areas in high 

resolution using traditional modeling methods. 
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APPENDIX A 

STEPS USED TO COMPLETE A GIS MODEL INTEGRATION: USING MODFLOW 
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APPENDIXB 

MODFLOW PACKAGE VERSIONS USED FOR GIS-MODEL INTEGRATION 
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TABLEB-1 
PACKAGE SUBROUTINE VERISONS FOR MODFLOW 

.. · -.. PACKAGES · .. PROCEEDURES •· VERSION# .DATE _· t 
. .... 

MODFLOW MAIN 1638 24JULI987 

BAS BASIDF 1513 12MAY1987 

BASlAL 1515 12MAY1987 

BASlAD 1412 22FEB1982 

BASlFM 1632 24JUL1987 

BASlOC 1632 24JUL1987 

BASlOT 1522 12MAY1987 

BASlRP 1628 15MAY1987 

BASlST 1614 l5MAY1987 

SBASID 1630 l5MAY1987 

SBASIH 1653 l5MAY1987 

SBASll 1531 l2MAY1987 

SBASlT 0837 09APR1982 

SBASlV 1531 12MAY1987 

BCF BCFlAL 1542 l2MAY1987 

BCFlRP 1636 l5MAY1987 

BCFlFM 1640 15MAY1987 

BCFIBD 1546 l2MAY1987 

SBCFlC 1334 22AUG1987 

SBCFIB 1548 l2MAY1987 

SBCFlC 1334 22AUG1987 

SBCFlB 1548 l2MAY1987 

SBCFlF 1549 12MAY1987 

SBCFlH 1442 31DEC1986 

SBCFlN 1642 l5MAY1987 

DRN DRNlAL 1604 l2MAY1987 

DRNlRP 1603 25APR1983 

DRNlFM 1030 lOAPR1985 
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PACKAGES> ..... DATE 
':: 

PROCEEDURES VERSION# .... 
. . ·. . . : :,.. . ·.·'. ..... ·· .:::: '.·<·.· ·.·.· . .... 

DRNIBD 1338 22AUG1987 

EVT EVTlAL 1607 12MAY1987 

EVTlRP 1635 24JUL1987 

EVTlFM 1031 10APR1985 

EVTlBD 1608 12MAY1987 

GHB GHB1AL 1610 12MAYl987 

GHBIRP 1651 02FEB1983 

GHB1FM 1037 10APR1985 

GHBIBD 1612 12MAY1987 

RCH RCHIAL 1559 12MAYl987 

RCHIRP 1634 24JUL1987 

RCHlFM 1404 12MAY1987 

RCHlBD 1602 12MAY1987 

RIV RIVI AL 1554 12MAY1987 

RIVlRP 1319 25AUG1982 

RIVlFM 0915 27AUGl982 

RIVIBD 1556 12MAY1987 

SIP SIPlAL 1110 31DEC1986 

SIP I RP 0925 16DEC1982 

SIP I AP 1656 24JULl987 

SSlIPll 1417 12MAYl987 

SSlPlP 1636 24JULl987 

SOR SORlAL 1638 24JUL1987 

SORlRP 1005 16MAR1983 

SOR I AP 0936 09MAY1983 

SSORIB 1359 31MARl983 

STR STRIAL 2 18DEC1990 

STRIRP 2 18DECl990 

STRlFM 2 18DEC1990 

UTL UBUDSV 1637 12MAY1987 
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• J>ACKAGES PROCEEDURES VERSION# DATK 

UCOLNO 1638 12MAY1987 

ULAPRS 1640 12MAY1987 

ULAPRW 1642 12MAY1987 

ULASAV 1642 12MAY1987 

UIDREL 1643 12MAY1987 

U2DINT 1645 12MAY1987 

U2DREL 1648 12MAY1987 

WEL WELLIAL 1538 12MAY1987 

WELLlRP 1544 12MAY1987 

WELLlFM 1233 12MAY1987 

WELLIBD 1509 12MAY1987 
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APPENDIXC 

METHODS USED TO IDENTIFY MODEL 1/0 VARIABLES 
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The identification of the Model 1/0 variables is conducted with four main 

objectives. First the variables must be identified and classified as a continual variable or 

an altering variable. Continuing variables are those classified as variables that once 

entered into the model remain static or unchanging in value or form. Altering variables 

are the opposite from continual variables in that they may change over time steps in the 

model or they may be re-read into the model at anytime with the variables being stored in 

the program by any one of the functional data types. This can be seen in Figure C-1 using 

the GIS-model integration of MODFLOW as an example. 

Package: Well Package Input 
For Each Simulation 

MXWELL IWELCB 
For Each Stress Period 

ITMP 
LA YER ROW COLUMN Q 

• MXWELL and IWELCB are identified as variables that are continuous and are not required to 
be reloaded at anytime during the model run. 

• ITMP, LAYER, ROW, COLUMN and Qare variables for each stress period of the model. 
There fore they are classified as altering variables. 

Figure C-1: EXAMPLES OF OBJECTIVE 1 (VARIABLE IDENTIFICATION) 

The second objective is to identify the method of storage and the storage 

relationship of the variables to the program. This relationship is defined as either the 

variable can be obtained from the GIS or the variable is only a flag or counter of some 

type within the program. Based on the variables relationship and use in the program, the 
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new method by which the variable will be instantiated into the program can be 

determined. The third objective identifies if a new storage structure will be required for 

variables within the model since they will possibly be obtained via another format rather 

than the reading of traditional formatted input files. These methods of can be seen in 

selected examples from the test GIS-Model integration using MODFLOW. 

Package: Well Package Input 
For Each Simulation 

MXWELL IWELCB 
For Each Stress Period 

ITMP 
LA YER ROW COLUMN Q 

• MXWELL and IWELCB have been identified as continuous variables of type integer in the 
program. MXWELL can be obtained from a GIS but is opted to be input by hand in order to 
stay consistent with the original model. No alterations need be made to these 
variables for them to be obtained from an alternative input method. 

• ITMP is identified as a variable that can either be used as a flag or in loop control. It is used in 
every stress period the well package is active and has the possibility to change. Since it is 
dependent on the stress period it must be redefined in the model as ITMPW(NP) where NP is 
equal to the current stress period. This essentially changes ITMP into an array storage structure 
that will be filled from an alternative input method. 

• LA YER, ROW, COLUMN and Q can be obtained from GIS map layers. Since they can be 
inserted from a GIS the read functions are intercepted and redirected to COi modules. 

Figure C-2: EXAMPLE OF OBJECTIVES 2 and 3 (STORAGE RELATIONSHIPS) 

The fourth objective is to then disconnect the original 1/0 functions of the model 

and replace or intercept the function that will allow for the data that is necessary to run 

the model to be obtained from either the GIS or other data assimilator such as a GUI. 



SUBROUTINE WELlAL(ISUM,LENX,LCWELL,MXWELL,NWELLS,IN,IOUT, 
1 IWELCB) 

C 
C-----VERSION 1538 12MAY1987 WELIAL 
C ****************************************************************** 
C 
C 
C 
C 
C 
C 
C 

ALLOCATE ARRAY STORAGE FOR WELL PACKAGE 
****************************************************************** 

SPECIFICATIONS: 

Cl------IDENTIFY PACKAGE AND INITIALIZE NWELLS 
WRITE(IOUT, 1 )IN 

C 

1 FORMAT(IHO,'WELI -- WELL PACKAGE, VERSION 1, 9/1/87', 
l' INPUT READ FROM',13) 
NWELLS=O 

C2------READ MAX NUMBER OF WELLS AND 
C2------UNIT OR FLAG FOR CELL-BY-CELL FLOW TERMS. 
C WAZNY 7/9/95 
C READ(IN,2) MXWELL,IWELCB 
CWAZNY 

2 FORMAT(2110) 
WRITE(IOUT,3) MXWELL 

3 FORMA T(IH ,'MAXIMUM OF',15,' WELLS') 
IF(IWELCB.GT.O) WRITE(IOUT,9) IWELCB 

9 FORMAT(IX,'CELL-BY-CELL FLOWS WILL BE RECORDED ON UNIT',13) 
IF(IWELCB.L T.O) WRITE(IOUT,8) 

8 FORMAT(IX,'CELL-BY-CELL FLOWS WILL BE PRINTED WHEN ICBCFL NOTO') 
C 

Figure C-3: EXAMPLE OF OBJECTIVE 4 (REPLACEMENT OR INTERCEPTION OF MODEL 1/0 
FUNCTIONS 
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APPENDIXD 

METHODS USED TO PASS VARIABLES BETWEEN FORTRAN AND C++ 
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In order to be able to accomplish this communication between FORTRAN and the 

C++ programing languages one must understand the differences between a programs 

functions and subroutines, the compatibility of data types, if arguments should be passed 

by reference or value, naming conventions used for subroutines or functions in each 

language and the need to tell the compiler to use FORTRAN libraries. Following these 

basic rules as outlined here and described in greater detail in the SP ARCompiler C++ 4.0 

User' s Guide (1993), can help solve many problems when communicating between 

different computer languages. 

The communication between languages may also encompass the communication 

of arrays from one language to another. It is important to remember that in C++ arrays 

always start at zero and FORTRAN always starts at one by default. This problem can be 

handled either by just using the defaults and remembering D(2) in FORTRAN is equal to 

the C++ position of D[l]. An additional solution is setting of the FORTRAN array to start 

at zero by setting the array with an initialization function such as : 

I INTEGER D (0:2) 

Figure D-1: INITIALIZATION OF FORTRAN ARRAY TO START AT ZERO 

This will cause the FORTRAN array at position D(l) to be equal to the C++ array 
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at position D[l]. The passing of arrays in one dimension is a simple task but, the problem 

of passing arrays in two dimensions takes more imagination to solve. In a two 

dimensional array, the arrays do not only start filling in different positions, but they also 

have reversed the array subscripts. This can be seen as: 

Fortran Array D(l,J) = C++ Array D[J-l][I-1] 
if J = 1 and I = 1 

Figure D-2 : SUBSCRIPT ORDER PROBLEMS IN TWO DIMENSIONAL ARRAYS 

The switching of the subscripts and the setting of both arrays to their base subscript level 

allows for simple passing of two dimensional arrays. 

Once these rules are understood, the communication between two different 

computer languages such as Fortran and C++ allows for variables to be passed from 

"FORTRAN calling C++" or "C++ calling FORTRAN" by: 

• Arguments Passed by Reference 

• Arguments Passed by Value 

• Function Return Values 

• Labeled Common 

Examples of these methods of passing variables can be seen in the SP AR Compiler C++ 

4.0 User's Guide (1993). Some basic examples for passing variables by reference, value, 

return, and common when F77 calls C++ are shown as follows with examples. 



The first example shows arguments passed by reference: 

C++ Program Simref.cc 

Extern "C" void simref( 
char& t, 

} 

char& f, 
char& c, 
int& i, 
float& r, 
double& d, 
short & si) 
t = I; 
f=O; 
C = 'z'; 
i = 9 
r= 9.9; 
d = 9.9; 
si = 9; 

FORTRAN Program Simrefmain.f 

logical* I t, f 
character c 
integer*4 i 
real r 
double precision d 
integer*2 si 
external SimRef (t, f, c, i, r, d, si) 
write (*, "(L2,L2,A2,I2,F4. l ,F4. l ,I2)" ) 

& t,f,c,i,r,d,si 
end 

Output: 

demo% CC -c Simf.cc 
demo% f77 -silent Simref.o SimRefmain.f 
demo% a.out 

T F z 9 9.9 9.9 9 
demo%• 

Figure D-3: VARIABLES PASSED BY REFERENCE (SPARCompiler C++ 4.0 User's Guide 1993) 
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When arguments are passed by value: 

C++ Program FloatVal.cc 

#include <math.h> 

extern "C" void floatval ( float f, double& d ) { 
float x = f; 
d = double (x) + 1.0; 

FORTRAN Program FloatValmain.f 

Output: 

double precision d 
real r I 8.0 I 
external FloatVAl !$pragma C( FloatVal) 
call FloatVal ( %VAL{r), d) 
write(*, *) r, d 
end 

demo% CC -c FloatVal.cc 
demo% f77 -silent FloatVal.o FloatValmain.f 
demo% a.out 

8.00000 9 .0000000000000 
demo%• 

Figure D-4: VARIABLES PASSED BY VALUE (SPARCompiler C++ 4.0 User's Guide 1993) 

There is no way to pass arrays, character strings, or structures by value. They are best 

passed by reference. 
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The returning of values through function calls: 

C++ Program Retlnt.cc 

extern "C" int retint ( int& r) 
{ 

} 

int s; 
s = r; 
++s; 
returns; 

FORTRAN Program Retlntmain.f 

Output: 

integer r, s, Retlnt 
external Retlnt !$pragma C ( Retlnt) 
r=2 
s = Retlnt ( r ) 
write( *, "(214)" r, s 
end 

demo% CC -c Retlnt.cc 
demo% f77 -silent Retlnt.o Retlntmain.f 
demo% a.out 

23 
demo%• 

Figure D-5: VARIABLES PASSED BY FUNCTION CALLS (SPARCompiler C++ 4.0 User's Guide 
1993) 

The returning of values is not limited to any data type, but it is recommended to 

avoid returning arrays and structures since alternate methods that are better suited to 

handle these data structures are available. 
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The sharing of values labeled common: 

FORTRAN Program UseCom.f 

subroutine UseCom ( n) 
integer n 
real u, v, w 
common I ilk I u, v, w 
n=3 
u = 7.0 
v= 8.0 
w=9.0 
return 
end 

C++ Program UseCommain.cc 

#include <stdio.h> 
Extern struct comtype { 

float p; 
float q; 
float r; 

}; 
extern struct comtype ilk_; 
main() 
{ 

} 

Output: 

char *string= "abco"; 
int count = 3; 
extern void usecom_ ( ); 
ilk_.p = 1.0; 
ilk _.q = 2.0; 
ilk_.r = 3.0; 
usecom _ ( string, count ); 
printf(" ilk_.p = %4.lf, ilk_.q = o/o4. lf, ilk_.r = o/o4.lf\n", 
ilk _.p, ilk _.q, ilk _.r ); 

demo% f77 -c silent UseCom.f 
demo% CC UseCom.o UseCommain.cc -1 f77 
demo% f77 Usecom.o UseCommain.o -IF77 
demo% a.out 

ilk_p = 7.0, ilk_q = 8.0, ilk_r = 9.0 
demo%• 

Figure D-6: VARIABLES PASSED BY COMMON (SPARCompiler C++ 4.0 User's Guide 1993) 
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The sharing of values labeled common is not limited to any data type and is done using 

the same procedure no matter which language calls which. 

Additional methods for passing variables are: 

• Sharing 1/0 

• Alternate Returns 
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These methods have not been used during this project but can be found and discussed in 

the SPARCompiler C++ 4.0 User' s Guide (1993). 



APPENDIXE 

METHODS USED TO INTERCEPT AND REDIRECT FORTRAN FUNCTION 

CALLS 
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The method by which data is extracted from a GIS or known data structure is very 

similar to the basic principle of passing variables between two different computer 

languages. The underlying difference is that once the FORTRAN function or subroutine 

calls the C++ function, the C++ function contacts the Common Object Interface (COi) to 

obtain the data needed from the GIS or known data structure. This can best be seen with 

the following example. 

C FUNCTION CALL TO C++ WRAPPER CODE 
C 
C W AZNY 5/16/95 CALL C++ FUNCTION TO FILL ARRAY 
C 

IA(J,I)=CU2DREL(l,J,Z) 
C 

Figure E-1: FORTRAN FUNCTION CALL TO C++ WRAPPER CODE 

extern "C" float cu2drel ( int& i, int& j, int&z) 
{ 
return (datafile->get_mapt_flt (i-1,j-1, z)); 
} 

Figure E-2: C++ WRAPPER CODE FUNCTION CALLING COi MODULE FUNCTION 

The COi module function then returns a value back to the C++ wrapper code which in 

turn passes the value back to the FORTRAN legacy code. This method may seem 

inefficient, but it allows for the least amount of changes to the original model code. This 

results in a quick an effective interface method with the COi modules and results in a 

seamless GIS-model integration approach. 
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APPENDIXF 

EXAMPLES OF A GRAPHIC USER INTERFACE 
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Figure F-1: MODGIS MAIN SCREEN 
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Figure F-2: BCF PACKAGE GUI 
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Figure F-3: DRAIN PACKAGE GUI 
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APPENDIXG 

PROCEDURE AND DATA USED TO TEST GIS-INTEGRATED MODEL 



98 

Test Problem Description 

Summary of Test Problem 

As identified in Ronayne ( 1995), an initially confined aquifer underlying the 

unconfined aquifer of Dry Alkaline Valley has been discovered by the Burnout and 

Down wire Company. The areal boundaries of the confined aquifer in the system coincide 

with those of the unconfined aquifer as are the hydraulic conductivity distributions (see 

Table 1 and Figure 2 in Appendix H). The specific yield, which is uniform over the top 

aquifer, has a value of .01. The lower aquifer has a storativity of 0.0001 as long as it is 

confined and increases to .01 if the lower aquifer becomes unconfined. The base of the 

aquifer is a constant 3000 ft above sea level and the lower aquifer is 100 ft thick. The 

vertical conductivity between the upper and lower aquifers is .001 ft/day. 

The region can be seen in Figure 1 of Appendix H. A lake is located to the 

northwest and provides a constant head (3800ft) boundary condition. Outflow occurs 

along the eastern border with the remainder of the areas boundaries being considered no

flow boundaries. A stream originates at the lake with a 20 foot width, bed thickness of 10 

feet and a hydraulic conductivity of l .89ft/day. The average discharge from the lake to 

the stream has been identified as 397 ft3/sec. Evapotranspiration and recharge occur 

within the MacDonald Farm with the rate found in Appendix H. A drain is also present in 

the model and progress from the farm to the eastern boundary of the aquifer. 
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Modeling Approach 

A 22 x 12 mile grid system was used to model the two layer system. A roughness 

coefficient of .030 was selected for the stream and slopes were calculated from the stream 

bed elevation data. 

Two pre-development models were run before the transient state analysis was 

conducted. The first model run used constant head boundaries at the lake inflow site and 

at the eastern outflow site. This was done to obtain fluxes along the eastern boundary. 

The flux values are then inputted into the well package and used to create a prescribed 

flux boundary along the eastern edge of the model. The model was then run again with 

constant head along the lake boundary and the well package fluxes along the eastern 

boundary. The resulting arrays from the run were used as the initial head values for the 

transient model run. 

The transient run consisted of five one-year periods. The stresses that are being 

added to the system consist of a well field that grows over the five year period with 

varying pumping rates and the inclusion of a drain. The drain conductance is 3 .110 ft/day 

with an elevation below the top of the stream bed on a north south transect. 

Since pumping from both aquifers will change the fluxes along the eastern 

boundary, a general head boundary was used in the transient model. The General Head 

Boundary Package is based on the premise that 



Q=C(Hb-Hs) 

where Q is the outflow from the system (flux), C is the Conductance, Hb is the head at 

the boundary node and Hs is the head at the node in the aquifer where the boundary is 

being applied. The conductance term is calculated assuming 

C=(KxA)/L 

where 

100 

K is the hydraulic conductivity in the region between the general head boundary and 

the aquifer. In this case (0.0015ft/sec). 

A is the width times saturated thickness ((5280ft)(Hs-3500ft)) 

L is the linear distance over which the boundary condition is being applied 

( 4.5 X 5280ft) 

The conductance and the Hb value for every node along the boundary. These values are 

inserted into the General Head Boundary Package to create a head-dependent boundary 

condition. 

Utilization of the Test Model 

This model was used to test the GIS-Model interface since it has been reproduced 

on numerous occasions as a class room exercise at the University of Arizona (HWR 582). 

The model was also chosen because it incorporates the use of numerous packages into the 

model run and is small enough in scale where it can be quickly and easily produced. The 
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first step was to run the model using the above methods and data from Appendix H. The 

computer code was compiles under optimized conditions and timed during the model 

runs. 

The comparison of the Model-GIS interface to the original model was conducted 

using the same procedures, but using GIS data created from the original input files. The 

integrated model was also timed and the results from the model were compared to the 

original model's three runs. 
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APPENDIXH 

ORIGINAL EXERCISE USING TEST DATA 



Project 3 

The Brownout and Downwire Electric Company, while digging holes for 

powerline poles, has discovered an initially confined aquifer underlying the unconfined 

aquifer ofDry Alkaline Valley (Figure I and see Project 2). The areal boundaries of both 

aquifers coincide. The distribution of hydraulic conductivities for the lower aquifer is the 

same as reported for the upper aquifer (Figure 2, Table I). The base of the upper aquifer 

is at 3 500 feet and is uniform throughout the region. The lower aquifer is I 00 feet thick. 

The confining zone between the upper and lower aquifers is IO feet thick with a vertical 

hydraulic conductivity of0.001 feet/day. 
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All upper aquifer parameter values and boundary conditions are the same as they 

were in the steady state case for Project 2. There are no constant head boundaries in layer 

2, nor is there any basin outflow at the eastern side. All boundaries are no-flow 

boundaries in layer 2. 

The Mal-Oliente River that transverses Old McDonald's farm has a channel that is 

natural, clean and relatively straight. As in project 2, it has a IO foot bed thickness with a 
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hydraulic conductivity of 1.89 feet/day, and has a width of20 feet throughout the region. 

The average stream discharge of the lake to the stream is 397 cfs. Table 2 presents the 

elevations of the top of the river bed for the upstream end for each reach. 
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You are to perform a steady-state analysis. First, assume constant head 

boundaries at suitable locations and find constant head fluxes. The maximum ET surface, 

the extinction depth, and the maximum ET rates are the same as for Project 2. Net 

recharge from precipitation is the same as in Project 2. 

Second, rerun the steady state with the flux values along the eastern boundaries, 

however, leave the lake area to the northwest a constant head boundary. For each reach 

of the river, determine if the stream is gaining or losing. Determine the distribution of 

recharge, R, and discharge, D. 

Transient States 

The specific yield is uniform over the upper aquifer and has a value 0.01. The 

storativity is uniform over the lower aquifer and has a value 0.0001 as long as the system 

is confined, but increases to 0.01 if the lower aquifer becomes unconfined. 



A drain is constructed as agricultural development comes to the basin. It has an 

elevation of 20 feet below the top of the river bed on a north-south transect. The drain 

conductance was determined to be 3.110 ft2/day. 

The crops grown in the basin have the same ET configuration as for the steady 

state. 

There is reason to believe that the pumpage from both aquifers will change the 

steady-state discharge (or recharge) flows on the eastern boundary. Therefore, a general 

head boundary condition is to be used. Assume the hydraulic heads 5 miles due east of the 

eastern boundary ( off the map in Figure I) are unaffected by pumpage, and that hydraulic 

conductivity is 0.0015 feet/sec throughout the area. 

You are to perform transient-states analyses assuming that there are five annual 

stress periods. Wells in the upper aquifer are added one a year, starting with well #1 in 

year I. All upper aquifer wells are numbered (Figure 1) and the number refers to the year 

that the well is to be added. Each upper aquifer well pumps 1.5 cfs. There are two wells 

in the lower aquifer. They are located in the same nodal locations as well 3 and S in the 

upper aquifer. Both pump 2 cfs and were constructed in stress period 1. 

Determine the drawdown and head configurations for each stress period along 

with a water budget. Determine if the stream is gaining or losing over its reaches and 

compare with the steady-state results. Calculate the river stages. In addition, print out the 

stream flows into and out of each reach. Determine the global capture components, M. 

and llD, and the storage loss for each stress period. Determine local capture from the 

stream by reach for the last stress period. 

Hydraulic Conductivity 
(ft/sec) 
Table l 

Zone Value 

1 .00035 
2 .00070 
3 .00105 
4 .00125 
5 .00150 
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APPENDIX I 

MODGIS GRAPHIC USER INTERFACE WINDOWS 
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Figure 1-1: BAS PACKAGE GUI 
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Figure 1-2: BCF PACKAGE GUI 
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Figure 1-3: DRAIN PACKAGE GUI 



111 

Figure 1-4: EVAPORATION PACKAGE GUI 
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Figure 1-5: GHB PACKAGE GUI 
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Figure 1-6: OUTPUT CONTROL PACKAGE GUI 
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Figure 1-7: RECHARGE PACKAGE GUI 
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Figure 1-8: RIVER PACKAGE GUI 
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Figure 1-9: STRONGLY IMPLICIT PROCEDURE PACKAGE 
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Figure 1-10: SLICE-SUCCESSIVE OVER RELAXATION PACKAGE 



118 

Figure 1-11: WELL PACKAGE GUI 
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