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1 Abstract

This manual describes a stepwise application of an interface between GIS and MODFLOW, the groundwater modeling tool of the USGS. This interface is part of MO2GEO. The interface can be used as standalone software but it links GIS – and here especially OpenSource GIS like GRASS, SAGA GIS and Quantum GIS, but also ArcView with its extension Spatial Analyst – with the basic functions of MODFLOW which is a state of the art 3d numerical groundwater modeling system. The problem of lacking 3d capabilities in GIS is overcome by the slicewise working procedure in the data preparation for MODFLOW. The visualization of the results goes to the edge of data handling in GIS because the results are not only spatially distributed but also time dependent. GIS-MODFLOW can solve this problem only with the help of the user to organize a complex data structure for the projects.
2 Introduction

Since about 10 years the Department of Hydrogeology and Environmental Geology of the Martin Luther University in Halle, Institute for Geosciences and Geography, works on numerical groundwater models and geological models worldwide. Many projects are documented on the homepages http://umweltgeologie.geologie.uni-halle.de and http://www.3d-geology.de. Most of the tools used in the past were commercial tools, but the colleagues worldwide are rarely able to afford the software. This makes collaboration difficult. The development of OpenSource software has additionally gone so far that a substitution of commercial software is possible in most parts of research. In terms of numerical groundwater modeling the development of MODFLOW makes this tool attractive not only for standard questions but also for research topics, e.g. for the connection to hydrochemical reaction modeling tools, for karstified aquifers, for the unsaturated zone and local grid refinement. This development is made possible by contributions of several working groups worldwide. Groundwater flow models tend to become more and more computer intensive. The actual modeling tools support parallel computer structures and therefore even small personal computers can nowadays solve problems for large areas and with a high resolution. 

OpenSource GIS systems like GRASS, SAGA GIS and Quantum GIS have reached in some fields a very high specialization that makes them attractive for research. The basic GIS functions have merged to support a few standards in data formats and user friendlyness. 
This background has led to the possibilty of merging GIS and MODFLOW. Several attempts have been made to connect both as there are ArcHydro for the connection of ArcView and MODFLOW (Strassberg et al. 2011) and GRASS-MODFLOW (Carrera-Hernández & Gaskin 2006).
GIS-MODFLOW Interface has two purposes:

1. It uses GIS (eg. GRASS GIS, SAGA GIS, Quantum GIS or ArcView) to prepare spatial data for MODFLOW. This function should be called the preprocessor function.

2. It uses the same GIS (or another of these tools) for the presentation of the results of the groundwater flow model. This function should be called the postprocessor function.

The GIS – MODFLOW Interface therefore closes the gap between these two software tools. The data exchange is carried out based on plain ASCII files with data structures available in GIS as well as in MODFLOW. That includes the compilation of different file types that are required for the simulations.

Preprocessing

GIS enables the preparation of layer structures based on geological and topographical data. HyVis and InVis (Gossel & Laehne 2011) are two tools to support this process in ArcView but it can be managed by the other software tools as well. The processing and visualization of parameter distributions is also supported by GIS. Examples of layer data include the structure, the hydraulic conductivieties, the recharge and specific storage. For the setup of the data the capabilities of the GIS like different interpolation techniques and visualization methods can widely be used. The layer data have to be saved in a common exchange format, the ESRI-ASCII GRID data format which is supported by all mentioned GISs. Time dependent data as the well data can be prepared with spreadsheets but have to be saved as ASCII data, too.
Model setup and run

GIS-MODFLOW Interface collects all the GIS data and supports the setup of the time dependent data. It transfers these data into the appropriate MODFLOW (ASCII) files and starts the model run with MODFLOW. 
Postprocessing

GIS_MODFLOW Interface coordinates the MODFLOW results so that they are readable – again via the ESRI-ASCII GRID format – for GIS. The time dependent data are prepared for the exchange and visualization in spreadsheet software.
3 Tutorial data

The dataset for the tutorial represents an area in Berlin.
The dataset contains a layer for the ground surface, bottom layers of geological units, layers for horizontal and vertical hydraulic conductivity, as well as for specific storage, boundary conditions and recharge. Also there is tabular data for wells and drains.

In hydrogeology and environmental geology this is an area of interest, because of the abstraction by wells, an infiltration of rainwater as well as several contaminated places.

4 Installation

4.1 Windows

For Microsoft Windows (R) a statically linked binary is available. This means that it is ready to run without any installation. 
For further improvements the source code is also copied. It was built and compiled with wxDevC++ which is a freeware tool. The version GIS-MODFLOW 051 is preliminary but quite stable.

The MODFLOW executable should be copied to the bin folder to run MODFLOW after preparation of the data.
4.2 Linux

The installation under Linux is much more complicated than the installation under MS-Windows (R). GIS-MODFLOW has to be compiled because up to now there is no statically linked version available.

To compile GIS-MODFLOW, the free toolkit wxWidgets 2.9 is necessary (www.wxwidgets.org). It also has to be compiled on most distributions.

Additionally MODFLOW has to be compiled to run it under Linux.

For all software the necessary Makefiles are given so that a compilation is made easy via 
./configure
./make

./make clean

In case of GIS-MODFLOW only the command make is available.

The source code is available in the src_linux folder. After (hopefully successfull) compilation the executable is run via the command

./gis_mf.exe

Also for linux the MODFLOW binary has to be copied to the same folder as the GIS-MODFLOW binary.

5 Manual

5.1 Getting started on spatial and time discretization

Before starting you have to create a new project. Here you define the folder, where all your files are saved. Within this folder three folders appear that will bring more structure into your project. First folder is for preprocessing of modflow, second one is for post-processing of modflow and the third one is for exchange. Furthermore you have to specify a name file. All the output files that are used later as the input files for MODFLOW will get this name plus their corresponding file extension. These files will be saved in the mf_pre folder. After running modflow, the results of the simulation will be saved in the mf_post folder.  
First you have to set spatial and time discretization. For setting spatial discretization you have to insert the layers with ground surface and surface data of each geological unit, prepared before in GIS.

First Layer to insert is the Top-layer, last one the Bottom-layer (s. fig. 1).
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Fig. 1: Setting spatial and time discretization
For setting time discretization, have a look at the boundary conditions to define stress periods. A new stress period begins, if there is a change in any of the boundary conditions, eg. a higher recharge rate. 

For time discretization you have to insert for each of the stress periods the length of it, the time step length and you have to check, whether you want to run your model steady state or transient (s. fig. 2).
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Fig. 2: Stress period settings

Don´t forget to fix length and time units.

In every tab the data input has to be saved via Save to MODFLOW.

5.2 Defining Parameters, boundary conditions and external stresses
For each layer in your model you have to define the parameters, Top-Layer first.

For hydraulic conductivity you can set a constant value for each layer. Another possibility, that is more up-to-date, is to insert a parameter distribution file per layer, prepared in GIS before. 
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Fig. 3: Parameter settings

Please check, whether the groundwater is confined or not. If the groundwater in this layer can be confined or unconfined, please select the checkbox convertible (s. fig. 4). In this case the transmissivity of the layer can vary and is calculated from the saturated thickness and hydraulic conductivity. 
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Fig. 4: Setting parameter constant
Furthermore you have to choose an averaging method for calculation of transmissivity (s. fig. 3). If you choose arithmetic + log, then the arithmetic mean will be used for calculation of saturated thickness and logarithmic mean for hydraulic conductivity.

To define the vertical hydraulic conductivity it is also possible to set the ratio between horizontal and vertical conductivity (s. fig. 3).

Thereafter you have to define boundary conditions (s. fig. 5). 

First step is to insert the boundary conditions via layer file. In this layer file the cells with constant heads are located by a cell value of less than 0. If the cell has got no constant head, but shall be calculated, the cell value is greater than 0.

At this point there is also the opportunity to constitute inactive cells, which shall not be part of the groundwater flow model. They hold a cell value of 0.
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Fig. 5: Boundary conditions settings

After setting the spatial distribution of the boundary conditions, you have got to determine a value for it. For this purpose you have to insert the initial heads as layer files. If you want to run a steady state model, then use the ground surface layer. If you are simulating a transient model, then use the output of the steady state model.

The next tab requires information about recharge and wells (s. fig. 6). For every stress period, you have defined at the beginning, you have to insert data about recharge and wells. Recharge data can be set using a constant value or a layer as parameter distribution file. To insert water abstraction by wells, a text file with tabular data is required, that determines easting and northing, the number of the layer from where the water is extracted as well as the production rate. While production rate has got a negative value because of the extraction, it is also possible to insert positive values if there is an infiltration, eg. of rainwater through absorbing wells. After all, please fix the recharge and the discharge units.
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Fig. 6: Recharge and Wells
5.3 Output control, Proof and Export 
The Output control is required to produce output files, which can be used to visualize the computed values in an easy way. The output results contain the heads of the groundwater surface in each cell. 

You have to choose the layer and set the time steps, where you want to have an output of the simulation (s. fig. 7 & 8). Also you can save all stress periods or the results for all layers. 
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Fig. 7: Output Control
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Fig. 8: Period choice

Finally you have to fill Proof + Export (s. fig. 8). The maximum number of outer iterations and the number of inner iterations has to be set. While the outer iteration is the primary level of iteration, the inner iteration is the second iteration level and is used to improve accuracy without changing the nonlinear terms of outer iteration. The iterations are repeated until a user-specified maximum number of iterations is reached or until a satisfactory solution is obtained, which is called solver convergence.  

For convergence some indirect measurements are done. One measure, called the head-change criterion, is the difference of the heads of all cells between two successive iteration steps. The maximum difference is compared to the user-specified value for the head-change criterion. If the difference meets the user-specified value or is smaller than it, the convergence criterion is fulfilled. 

Another convergence criterion is the residual criterion. It is named after the residual, which is commonly used for the difference between inflows and outflows of each cell. The maximum absolute value of the residuals computed by the solver is compared to a user-specified value for the residual criterion. The residual criterion has been met, if the maximum residual is less than or equal the residual criterion. 
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Fig. 9: Proof and Export
After all click Save + Run MODFLOW.
Now you have already prepared your input data for MODFLOW!

Please start MODFLOW to insert your files.

Enter the name of the name file you specified at the beginning and run your model.

6 Summary and discussion

The MO2GEO -- GIS – MODFLOW Interface enables to execute groundwater flow modelling with open source software packages. If the required data is prepared as ASCII files, it is easy to insert it into the interface. The interface itself is converting the data in that form, which MODFLOW needs as input. After running the groundwater flow model in MODFLOW it is also quite easy to visualize and analyse the results in a GIS. 
The MO2GEO -- GIS – MODFLOW Interface will be enlarged through a tab, where you can prepare data for transport modelling in Modpath. Besides it will be possible to choose the Solver for the iterations and the Observation Points.
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