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Introduction
Groundwater environments are complex and sub-

ject to multiple interpretations and mathematical descrip-
tions. This recognition has led to a growing tendency
among groundwater modelers to conduct multimodel
analysis (MMA), as opposed to model analysis using
a single model. MMA includes the following major
steps: (1) postulate several alternative models for a site,
(2) calibrate the models based on the same dataset,
(3) rank these models using various criteria, (4) eliminate
some of the less plausible models, and (5) weight and
average predictions and statistics generated by the models
(Neuman 2003; Ye et al. 2004, Poeter and Anderson 2005;
Refsgaard et al. 2006). In addition to the conventional
procedure of model development and calibration, MMA
entails processing model calibration results for ranking
the models, analyzing residuals/predictions of the models,
calculating model probabilities or weights, and averaging
model predictions. Postcalibration processing for many
models (e.g., more than five) can be time-consuming,
prone to human errors, and tedious, especially when the
model calibrations are continually updated as new data
and information are collected. Therefore, an automated
postcalibration processing is crucial for MMA.

The MMA computer code (Poeter and Hill 2007) was
developed to perform automated postcalibration process-
ing, which is made possible by utilizing model calibration
results obtained from executing UCODE_2005 (Poeter
et al. 2005) or any code that produces the needed files.
Because UCODE_2005 is a universal code for sensitiv-
ity analysis, calibration, and uncertainty evaluation, MMA
can be used for any set of models, not only groundwater
models. This column provides a review of the basic fea-
tures and capabilities of the MMA code.
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How We Tested
Version 1.000 of the MMA code was tested on

three platforms: A laptop personal computer (PC) with
the Microsoft Windows operating system (OS), a desk-
top PC with the Linux Fedora OS, and a supercom-
puter with the Linux CentOS OS located at Florida
State University (FSU). The laptop computer is equipped
with a 1.80 GHz Intel dual-core processor and 2 GB
random-access memory (RAM), and its OS is Win-
dows XP 2002 with Service Pack 3. The MMA code
is distributed by the United States Geological Survey
(USGS) http://water.usgs.gov/software/lists/groundwater/
through the International Ground Water Modeling Center
(IGWMC) server http://igwmc.mines.edu/freeware/mma/.
The self-extracting zip file mma_1.000.exe (5.04 MB)
was downloaded free of charge. Extracting the file cre-
ated five folders (13.1 MB), containing the executable
files, source codes, documentations, and test files and
data. The test case is based on the example of ground-
water modeling of Poeter and Anderson (2005), and
a number of batch files can be found in the test-win
folder to facilitate the test run. Although the executa-
bles include four binary files (mf2k.exe, ucode_2005.exe,
mma.exe, and linear_uncertainty.exe), only mma.exe can
be generated using the source codes included in the zip
file; if needed, the other three executables can be gen-
erated from the source codes of UCODE_2005 (Poeter
et al. 2005) and MODFLOW_2000 (Harbaugh et al.
2000) or MOFLOW_2005 (Harbaugh 2005) also available
at http://water.usgs.gov/software/lists/groundwater. How-
ever, running the MMA examples only requires files gen-
erated by UCODE_2005, and these are provided in the
MMA download.

The PC with the Linux Fedora OS is equipped
with a 3.00 GHz Intel processor and 2 GB RAM.
Details of the hardware of the supercomputer can be
found at http://www.hpc.fsu.edu/hardware. The tar file
mma_1.000.tgz (1.8 MB) was also downloaded free of
charge from the IGWMC website. Extracting the tar file
created the same files as those on the PC, but not the
executable files. The MMA executable can be created
from the source codes by running the makefile located
in the folder called “bin”. We compiled the code using
two FORTRAN compilers: Intel FORTRAN (ifort) and
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GNU FORTRAN (gfortran). The model calibration out-
put files of the UNIX version are slightly different from
those of the Windows version, which is common for run-
ning the same model calibration on computers of different
architectures.

We tested MMA on the three platforms by first
running the example problem included in the download
package, and no problem was encountered. When testing
MMA on the laptop, we executed the batch files from
the DOS Command Console, although the batch files
can be executed directly from Windows Explorer follow-
ing the instruction in the manual. The three distributed
example problems use the following three MMA input
files: (1) testmma_min, which uses the default analyses
and thus includes only the options input block (con-
trols the detail level of the output file) and the mod-
el_paths input block (lists paths of the models to be
analyzed); (2) testmma_ext, which uses a broad range
of analyses and includes six additional input blocks;
and (3) testmma_pri, which includes prior information on
parameters used in the UCODE_2005 runs. The examples
are comprehensive and demonstrate nearly all the MMA
functions described in the manual. One exception is
that none of the examples include prior model proba-
bility, and as part of this review an example with prior
model probability was developed by modifying the test-
mma_ext file. In addition, in the analysis input block,
we designed a relatively complicated equation to be the
user-defined criteria for ranking models and calculating
the model probability. At last, we tested MMA using the
UCODE_2005 calibration data files for a set of geochem-
ical models.

What We Found
As MMA is constructed using the JUPITER-API

(Banta et al. 2006), its input file consists of input blocks
that are easy to assemble. The labels use intuitive key-
words, making the input file nearly self-documented. By
varying the input blocks included in a given MMA input
file and their contents, one can perform multimodel anal-
yses with the following parts:

1. Rank the alternative models based on the statistics of
overall model-fit and the character of the residuals;

2. Calculate model probabilities (or weights) using model
selection (or information) criteria. Because there is a
lack of consensus on what criterion to be used (Poeter
and Anderson 2005; Tsai and Li 2008; Ye et al. 2008;
Ye et al. 2009), MMA provides four default criteria
used widely in groundwater modeling (i.e., AIC, AICc,
BIC, and KIC). MMA also allows users to estimate
the model probability by defining their own criteria
in the analysis input block of the MMA input file.
An optional input file (with suffix of .xyzt) providing
the location and time of each observation used for
calibration is needed, if MMA is to calculate measures
of model quality based on the spatial and temporal
distributions of residuals.

3. Calculate model-averaged parameter estimates and
quantify the associated uncertainty (i.e., parameter esti-
mation variance and confidence intervals) by adding
the parameter averaging input block in the input file.
If different models have different parameters, one
can define model groups in the input file and con-
duct parameter averaging within the desired groups
(e.g., a group of models having the same parame-
ters). Defining the model groups also enables users to
exclude certain models from averaging if their param-
eter estimates are unreasonable (e.g., the relationship
between two parameter estimates violates a known
rule). This is a useful feature for incorporating expert
judgment.

4. Calculate model-averaged predictions and quantify the
associated uncertainty (i.e., prediction variance and
confidence intervals) by adding the prediction aver-
aging block in the input file.

The software performance was very good, and its
execution is fast and reliable. As defined by the JUPITER-
API, communication between UCODE_2005 and MMA
occurs using data-exchange files. By accumulating results
from data-exchange files produced by UCODE_2005
as applied to many models, use of MMA eliminates
the tedium of manually gathering them and the nearly
inevitable errors that tend to plague such efforts. Because
running MMA only requires one input file and the file
can be prepared in a few minutes, using MMA can save
a significant amount of time when conducting MMA.
Because the data needed for MMA are readily available in
the UCODE_2005 output files of each individual model
and calculating model-average quantities and associated
uncertainty is simple, running MMA is fast, taking
only a few seconds for the two test problems that
we ran to test all MMA functions. MMA is reliable
and did not experience numerical and computational
difficulty.

Although MMA does not generate any graphical out-
puts, all of the MMA output files are text files constructed
using the JUPITER-API conventions. These files are suit-
able for importing to a spreadsheet or other software
packages for postprocessing and graphical presentation.
For the purpose of illustration, using Microsoft Excel,
Figure 1 plots the AICc-based model-averaged predic-
tions and the lower and upper confidence intervals of the
predictions at 20 locations of the example problem. Sim-
ilar figures can be plotted for model-averaged parameters
and for other criteria.

The MMA manual is included in the download pack-
age and also available on-line at http://igwmc.mines.edu/
freeware/mma/. It is thorough and well written, contain-
ing a detailed description of the methodology of MMA,
data used in the analysis, instructions for preparing the
input file, and essential details of the output files. Expla-
nation of the background of model averaging is suc-
cinct and accessible to readers who are familiar with
single model calibration but are new to the concept of
model averaging. Although there is no on-line help, the
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Figure 1. An example plot of AICc-based model-averaged predicted head, in meters, and the associated lower and upper
confidence interval (CI). The horizontal axis shows names starting with “o” that identify 20 observation locations.

developers were easily reached via e-mail. They pro-
vided rapid responses to questions, and two minor bugs
related to output format were fixed during the review,
which led to an updated version of the MMA code.
The example problem included in the download pack-
age is comprehensive and representative for groundwater
modeling.

What We Liked
The MMA code is easy to use. When the

UCODE_2005 files are available from model calibra-
tion, running MMA only requires the user to prepare
the input file, which can be done in several minutes
using the example files included in the download pack-
age as the template. A third-year doctoral student of the
reviewer, whose only previous modeling experience had
been running MODFLOW_2000, learned to use MMA
in one day and started using it for a research project.
The learning curve would be shorter for users familiar
with UCODE_2005. The MMA code is flexible. It allows
the user to perform one or multiple functions of MMA;
in addition to the four default criteria, users can define
their own criteria. MMA can conduct model averaging
for both parameter estimates and predictions and can cal-
culate the uncertainty associated with the model-averaged
quantities.

The MMA code is comprehensive including almost
all aspects of MMA that have been reported in the
literature in the context of maximum likelihood and least-
squares inverse modeling. The example problem is well
designed for thorough groundwater MMA. The sample
input files included in the download package are general
and can be used as the template for other problems. It is
highly recommend that beginners learn MMA by running
the example problem.

What We Did Not Like
It is noteworthy that the method of parameter and

prediction averaging implemented in version 1.000 of
MMA follows Burnham and Anderson (2002) and Poeter
and Anderson (2005). Other model averaging methods
(e.g., Ye et al. 2004; Vrugt et al. 2006; Rojas et al. 2008)
have not been implemented in the current version of
MMA.

A limitation of MMA is that it is compatible with
the data-exchange files of UCODE_2005, but not with
those of MODFLOW_2000 and PEST (Doherty, 2004)
that are widely used in groundwater inverse modeling.
Given the relationship between MODFLOW_2000 and
UCODE_2005, MODFLOW_2000 users may switch
to UCODE_2005. However, PEST users cannot benefit
from MMA for conducting MMA. This problem could be
addressed by altering PEST to produce the needed files,
which are quite simple, or by altering MMA or creating a
preprocessor so that existing PEST outputs could be used.

Another potential limitation of MMA lies in the user-
defined criteria. In the current version, the criteria can
only be defined using the quantities listed in Table 8 of
the manual. As MMA is still an emerging field, more
definitions of the criteria may be proposed (e.g., Rojas
et al. 2008); unless they depend on the currently provided
list of model evaluations, additional coding is required
to incorporate them into the current MMA version.
This problem could be easily addressed by adding more
quantities to the definition base. Finally, there are more
output files than seems necessary. Although the naming
convention of the output files is clearly explained in the
manual, dealing with so many output files may lead to
human error. This may be easily fixed by combining some
files into one, given that the size of each file is small. For
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example, the individual prediction and prediction variance
files could be combined into one file.

Overall
Overall, MMA is an excellent computer code for

conducting groundwater MMA. It is easy to learn; ground-
water modelers with experience running MODFLOW_
2000 and UCODE_2005 will learn how to run MMA
quickly. It is a comprehensive, powerful tool, and flexible
enough for use in both research and consulting projects.
Execution time of MMA is short, regardless of the number
of models and size of the inverse model.

How to Obtain the Software
The executables for a PC, source codes for both

the Windows and UNIX/Linux operating systems, and
documentation can be downloaded free of charge from
the USGS Web site at http://water.usgs.gov/software/lists/
groundwater/ that links to the International Ground Water
Modeling Center (IGWMC) at http://igwmc.mines.edu/
freeware/mma/.

Our Mission
The goal of Software Spotlight is to help readers iden-

tify well-written, intuitive, and useful software. Indepen-
dent reviewers from government, industry, and academia
try out full working versions of software packages and
provide readers with a concise summary of their experi-
ences and opinions regarding the capability, stability, and
ease-of-use of these packages.

Software Editor Chunmiao Zheng can be reached at
the University of Alabama, Department of Geological
Sciences, Box 870338, Tuscaloosa, AL 35487; email:
czheng@ua.edu.
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