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ABSTRACT 1 

TOUGH2 and iTOUGH2 are powerful models that simulate the heat and fluid flows in porous 2 

and fracture media, and perform parameter estimation, sensitivity analysis and uncertainty 3 

propagation analysis. However, setting up the input files is not only tedious, but error prone, and 4 

processing output files is time consuming. In this study, we present an open source Matlab-based 5 

tool (iMatTOUGH) that supports the generation of all necessary inputs for both TOUGH2 and 6 

iTOUGH2 and visualize their outputs. The tool links the inputs of TOUGH2 and iTOUGH2, 7 

making sure the two input files are consistent. It supports the generation of rectangular 8 

computational mesh, i.e., it automatically generates the elements and connections as well as their 9 

properties as required by TOUGH2. The tool also allows the specification of initial and time-10 

dependent boundary conditions for better subsurface heat and water flow simulations. The 11 

effectiveness of the tool is illustrated by an example that uses TOUGH2 and iTOUGH2 to 12 

estimate soil hydrological and thermal properties from soil temperature data and simulate the 13 

heat and water flows at the Rifle site in Colorado.   14 
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  15 

1. OVERVIEW 16 

 17 

TOUGH2 is a nonisothermal multi-phase, multi-component model that simulates the heat and 18 

fluid flows in porous and fractured media (Pruess et al., 1999). iTOUGH2 is a program that is 19 

used for parameter estimation, sensitivity analysis and uncertainty propagation analysis for 20 

TOUGH2 (Finsterle, 1999). TOUGH2 and iTOUGH2 have more and more caught the attention 21 

of the scientific community and been successfully applied in various research disciplines, 22 

namely, carbon storage, environmental remediation, hydrology, geothermal, landfill, nuclear 23 

waste, nutrient cycle and oil & gas. To date, there have been up to 332 publications using 24 

TOUGH2 and 56 publications using iTOUGH2 25 

(http://esd1.lbl.gov/research/projects/tough/documentation/publications.html). However, 26 

difficulties in pre-processing inputs and post-processing outputs have limited their popularity as 27 

they should be. Although the input files in TOUGH2 and iTOUGH2 are well organized and 28 

structured, the natural complexity of these models and the formatted, text-based input files are 29 

error prone and time-consuming for users to manage. Moreover, it is not convenient for users to 30 

graphically analyze the outputs of either model with their text format. For example, it takes a 31 

long time for users to visualize the temporal variability of the model variables at a specific 32 

location or their spatial variability at a given time step in 2- or 3-D. Graphical comparison of 33 

measured and modeled data is also not straightforward. To remedy these limitations, we develop 34 

a graphical user interface (GUI) to facilitate model setup and visualize model outputs, called 35 

iMatTOUGH.  36 

 37 
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Prior to the development of iMatTOUGH, several GUIs supporting TOUGH2 have been 38 

developed. For example, Li et al. (2011) developed TOUGHER to control the input and output 39 

of TOUGHREACT. Adrian Croucher (University of Auckland, New Zealand) developed a 40 

library of Python scripts (named PyTOUGH) for automating setup and execution of TOUGH 41 

simulations. Using PyTOUGH, Wellmann et al. (2012) developed a workflow that processes 42 

grid generation, model setup, execution, and result analysis. Berry et al. (2014) developed 43 

TOUGH2GIS, a GIS-based pre-processor that allows the user to create locally refined 44 

unstructured (Voronoi) grids and to assign rock types to grid blocks. In addition to these open-45 

source programs, there are commercial products that support the development of TOUGH2 46 

models, e.g. PetraSim (http://www.thunderheadeng.com/petrasim/), mView 47 

(http://geofirma.com/software/mview/), and Leapfrog (http://www.leapfrog3d.com/). 48 

 49 

However, no program exists to simultaneously process the inputs and outputs of TOUGH2 and 50 

iTOUGH2 as well as the linkage between them. In this study, we present iMatTOUGH, a 51 

Matlab-based tool that allows users to generate all necessary inputs for both TOUGH2 and 52 

iTOUGH2, execute these models, and visualize and analyze their outputs. The idea of 53 

development of this tool is to hide the complicated input and output data of TOUGH2 and 54 

iTOUGH2 from users, allowing them to concentrate on analyzing model results. In addition, 55 

iMatTOUGH is capable of creating the rectangular computational mesh. Elements and 56 

connections as well as their associated properties (e.g., element volumes, element materials, 57 

interface areas at connections, etc.) are internally generated by iMatTOUGH. The upper and 58 

lower boundary elements are automatically defined. Particularly, the tool supports users to 59 

process the initial and time-dependent boundary conditions for a better simulation of subsurface 60 

heat and water flows, which is usually tedious and causes a lot of errors for users. The upper 61 
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pressure boundary condition is adjusted to account for its dependence on the elevation of the 62 

study site. The upper air mass fraction boundary condition is calculated from the atmospheric 63 

temperature and humidity data. Instead of the atmospheric temperature, the upper temperature 64 

boundary condition is the soil surface temperature, which is estimated from the atmospheric 65 

temperature using the atmospheric – soil surface temperature regression equation at a reference 66 

location with consideration of snowpack.  Rainfall is processed so that it can be considered as 67 

source flux Neumann boundary condition at the soil surface elements. The bottom pressure 68 

boundary condition is estimated from the groundwater level, while the bottom temperature 69 

boundary condition is approximated using the analytical solution of heat transport equation. 70 

Finally, the initial conditions are estimated from the measurement data if they are available at the 71 

beginning of the simulation period. 72 

 73 

2. PROGRAM STRUCTURE AND GRAPHICAL INTERFACE 74 

 75 

iMatTOUGH is an open-source code written in Matlab, which is sufficiently flexible for users to 76 

update/modify the code for their specific purposes. The code can be downloaded at 77 

https://www.dropbox.com/sh/n3yo418puv6ocax/AADTAixV6MS1uH3w0u_541LVa?dl=0. 78 

Figure 1 presents the iMatTOUGH structure. The program includes four main components that 79 

allow users to generate TOUGH2 and iTOUGH2 input files (pre-processing), execute them and 80 

visualize their results (post-processing). The detailed information about these components are 81 

presented as below: 82 

 83 

2.1. Main Control 84 

 85 
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Figure 2 presents the main control GUI, which is responsible for calling all pre- and post-86 

processing programs, namely, 1) generate the TOUGH2 input file, 2) generate the iTOUGH2 87 

input file for inversion, 3) generate the iTOUGH2 input file for sensitivity analysis, 4) visualize 88 

the TOUGH2 output file and 5) visualize the iTOUGH2 output file. Because iMatTOUGH uses 89 

some information from the TOUGH2 input file (e.g., names of materials, elements and 90 

connections) to generate the iTOUGH2 input, the TOUGH2 input file must be created first. One 91 

typical characteristic of the program is its context-based approach, i.e., when possible, the 92 

program automatically fills information for users to reduce their workload and mistakes. For 93 

example, if users select to perform a sensitivity analysis, the program will show only 94 

requirements related to sensitivity analysis and hide all requirements for parameter estimation. If 95 

the observation variable is temperature/pressure/saturation, the program will understand that it is 96 

observed at an element and shows only information related to the elements. By contrast, if the 97 

observation is flow rate, the program will present the requirements for connections. This context-98 

based approach is applied for both pre- and post-processing. 99 
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 100 

Figure 1. Workflow of the iMatTOUGH for pre- and post-processing TOUGH2 and iTOUGH2 101 

models 102 

 103 

 104 

Figure 2. Main control interface 105 

 106 
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2.2. Pre-processing 107 

2.2.1. Pre-processing TOUGH2 input file 108 

 109 

Input data for TOUGH2 are provided by one or several ASCII files and organized in blocks for 110 

different types of inputs (e.g., soil materials, mesh elements, mesh connections, initial and 111 

boundary conditions, simulation and printout control parameters). Each block begins with 112 

keywords that are defined by TOUGH2. The main difficulty when editing the TOUGH2 input 113 

file is that users must strictly follow a stringent input format (e.g., keyword names, number of 114 

spaces for each input, order of the input blocks). iMatTOUGH supports users by automatically 115 

formatting the input data as required by TOUGH2. Figure 3 shows the GUI for TOUGH2 input 116 

generation. Users only need to provide required information for TOUGH2 in an EXCEL file as 117 

shown in Figure 4. At the TOUGH2 GUI, users must identify the location of the TOUGH2 input 118 

EXCEL file, the beginning and end of the simulation period and the option selected for the 119 

computational mesh. There are 3 options for the mesh generation including iMatTOUGH- 120 

MeshMaker (mesh is generated by iMatTOUGH), User input (users provide information for 121 

elements and connections in EXCEL file) and TOUGH2-MeshMaker (mesh is generated by 122 

TOUGH2). The EXCEL file includes 15 sheets corresponding to different blocks in TOUGH2 123 

input file and additional information for rectangular mesh generation (iMatTOUGH- 124 

MeshMaker), and specifying boundary (BOUND) and initial (INITIAL) conditions for shallow 125 

subsurface simulation. The program will read the EXCEL file, process initial and boundary 126 

conditions (if necessary) and write the TOUGH2 input file. In order to help iMatTOUGH read 127 

the TOUGH2 input data, users should use the template EXCEL file to put their data. 128 

 129 
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 130 

Figure 3. User interface for TOUGH2 input file generation. 131 

 132 

 133 

Figure 4. Example from the TOUGH2 EXCEL spreadsheet, showing the input of relative 134 

permeability function parameters. 135 

 136 

2.2.2. Pre-processing iTOUGH2 input file 137 

  138 
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The iTOUGH2 input is also an ASCII file. However, instead of using formatted input, it employs 139 

a high-level input language for convenient specification of information in free format. The file 140 

contains commands that are structured hierarchically. Each command belongs to a parent 141 

command and may contain one or more child commands on a lower command level. Compared 142 

to the TOUGH2 input file, it is more flexible to create the iTOUGH2 file. However, users still 143 

have to follow the regulations of the command names and command structures. Our program 144 

provides a list of available iTOUGH2 commands for users to select, and it internally structures 145 

the input file as required by iTOUGH2. Figure 5 presents the main GUI for iTOUGH2 input 146 

generation and its child windows. The main interface is, which appears when users select 147 

“Generate iTOUGH2 – inversion” or “Generate iTOUGH2 – sensitivity analysis” options in 148 

Figure 2, divided into three sections, corresponding to the three highest command levels in the 149 

iTOUGH2 input file, namely, PARAMETER, OBSERVATION and COMPUTATION. The 150 

PARAMETER section requires information about the parameters to be varied for sensitivity 151 

analysis, parameter estimation, or uncertainty propagation analysis (e.g., parameter name, its 152 

initial guess, range and variation). The OBSERVATION section requires information related to 153 

observable variable and their corresponding measured data. When users click the “Add” button, 154 

a child widow as shown in Figure 5b is opened to help users to provide detailed information of a 155 

given data type (e.g., locations of measurements, time unit, data filename, observation standard 156 

deviation). The COMPUTATION section requires information on program options and 157 

computational control parameters (e.g., optimization algorithm, sensitivity analysis method, type 158 

of objective function, convergence criteria, output options, etc.). These requirements are inputted 159 

in 4 child windows corresponding to 4 child commands of the COMPUTATION, namely, error, 160 

stop, option and output as shown Figure 5c, d, e and f. Figure 5b appears when users click “Add” 161 

button in the OBSEVATION section in Figure 5a. Figures 5c, d, e and f appear when users, 162 
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respectively, select “Error”, “Stop”, “Option” and “Output”, and then, click “Edit” button in the 163 

COMPUTATION section. For more detailed information about these requirements, we refer to 164 

Finsterle (1999). Before opening the GUI for editing the iTOUGH2 input, the program loads the 165 

TOUGH2 input file and populates the soil material popup box in the PARAMETER section, and 166 

the element and/or connection popup boxes in the OBSERVATION section. This helps users to 167 

assure consistency between the TOUGH2 and iTOUGH2 inputs.  168 

 169 

 170 

 

(a) 
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(b) (c) 

   

(d) (e) (f) 

 171 

Figure 5. Main user interface for iTOUGH2 input generation (a) and its child windows for 172 

providing observation information (b) and information on program options and 173 

computational control parameters including error (c), stop (d), option (e) and output (f). 174 

Figure 5b appears when users click “Add” button in the OBSEVATION section in 175 

Figure 5a. Figures 5c, d, e and f appear when users respectively select “Error”, “Stop”, 176 

“Option” and “Output”, and then click “Edit” button in the COMPUTATION section. 177 

 178 
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2.2.3. Mesh generation 179 

 180 

One of the hardest pre-processing tasks is to generate the computational mesh, which is 181 

composed of elements and connections between these elements. If the computational mesh data 182 

are available (e.g., from output of a mesh generation code), users can provide these data in the 183 

EXCEL input file (types of soil/rock materials are putted to the ROCK sheet; elements and 184 

connections between elements data are putted to the ELEME sheet). In case the element and 185 

connection data as well as their associated information (e.g., material type, volume, distance to 186 

interface, interface area) are not available, iMatTOUGH can support users to create the 187 

computational mesh. In the current version of iMatTOUGH, the tool can only create the 188 

rectangular mesh. To do that, users need to provide the number of grid cell increments and grid 189 

sizes in X, Y, and Z directions. It automatically sets the name of elements, internally makes the 190 

connections between them as well as determines the boundary elements of the computational 191 

domain. In addition, if users provide the spatial ranges of the soil/rock types (e.g., clay soil in 192 

range 4<X<5 m, 0<Y<1 m, -1.8<Z<0 m), the program will automatically assign the soil/rock 193 

types to elements based on these ranges and the element coordinates.  194 

 195 

2.2.4. Initial and boundary conditions for shallow subsurface simulation 196 

 197 

If the data for initial and boundary conditions are available, they can be provided in the EXCEL 198 

file in Figure 4 to write into the TOUGH2 input file. This section presents an add-in tool that 199 

pre-processes the initial and boundary conditions for the cases of nonisothermal shallow 200 

subsurface heat and water flow simulation. The calculation of these initial and boundary 201 

conditions are presented below: 202 
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  203 

Upper pressure boundary condition: The upper pressure boundary condition is the atmospheric 204 

pressure, which is adjusted from the standard atmospheric pressure with consideration of the 205 

elevation as: 206 

𝑃! = 𝑃! 1− !!
!!

!"
!"       (1) 207 

in which 𝑃! = 101,325  Pa is the sea level standard atmospheric pressure; 𝐿 = 0.0065  K/m is 208 

temperature lapse rate; 𝑇! = 288.15  K is the sea level standard temperature; 𝑀 = 0.029  kg/209 

mol  is the molar mass of dry air; 𝑅 = 8.314  J/(mol.K) is the universal gas constant; ℎ is the 210 

altitude of the study site above sea level and 𝑔 is the gravitational acceleration.  211 

 212 

Upper temperature boundary condition: Because the current version of TOUGH2 cannot 213 

simulate the radiation and energy exchanges at the soil surface, the upper temperature boundary 214 

condition should be the soil surface temperature instead of the atmospheric temperature. If soil 215 

surface temperature data are not available, they can be estimated from the atmospheric 216 

temperature and snowpack data based on the historical data of the atmospheric and soil surface 217 

temperatures at a nearby station (reference location) following the approach introduced in Zheng 218 

et al. (1993): 219 

1. Calculate 𝑛-day running averages of daily air temperature to smooth fluctuations. The 220 

number of days for the running average is determined so that the estimated and measured 221 

soil surface temperature data are best fit. Next, establish the linear regression equation 222 

between the smooth air temperature with the daily soil surface temperature (without 223 

smoothing) at the reference location where both air and surface temperature data are 224 

available. 225 
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2. Use the regression equation in Step 1 to estimate the daily soil surface temperature (𝑇!) at 226 

the location of interest. 227 

3. Adjust 𝑇! obtained in Step 2 based on the presence of snowpack on the soil surface. If 228 

snowpack exists, the soil surface temperature is temporally more stable, and thus, the soil 229 

surface temperature 𝑇!! at date 𝑖 is more closely linked to 𝑇!!!! at the previous date 𝑖 − 1 230 

and the equation below is used: 231 

𝑇!! = 𝑇!! − 𝑇!!!! 𝑀! + 𝑇!!!!     (2) 232 

When snowpack is not present, the soil surface temperature is more closely linked to 𝑇!! 233 

and the equation below is used: 234 

𝑇!! = 𝑇!! − 𝑇!!!! 𝑀! + 𝑇!!     (3) 235 

𝑇! represents the daily air temperature; and 𝑀! and 𝑀! are the empirical coefficients 236 

which were determined by Zheng et al. (1993) as 𝑀! = 0.1 and 𝑀! = 0.25.  237 

 238 

Upper air mass fraction boundary condition: The upper boundary condition for the air mass 239 

fraction is calculated from the atmospheric temperature and humidity data as suggested by the 240 

National Oceanic and Atmospheric Administration 241 

(http://www.srh.noaa.gov/epz/?n=wxcalc_vaporpressure): 242 

𝑒! = 6.11×10
!.!!!

!"#.!!!!      (4) 243 

𝑒! =
!"
!""

𝑒!       (5) 244 

𝑋! =
!.!"#!!
!.!"#!!

       (6) 245 

𝑋! = 1− 𝑋!       (7) 246 

in which 𝑒! and 𝑒!  are, respectively, the saturated and actual vapor pressure, respectively; 𝑋! and 247 

𝑋! denote the mass fraction of water vapor and air; and 𝑅𝐻 is the atmospheric relative humidity.  248 
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 249 

Bottom pressure boundary condition: If the bottom boundary is below the groundwater table, the 250 

bottom pressure boundary condition can be calculated from the groundwater table depth as: 251 

𝑃 = 𝑃! + 𝜌𝑔 𝑧 − 𝑧!"      (8) 252 

in which 𝑧 and 𝑧!" are, respectively, the depth of the bottom boundary and groundwater table; 𝜌  253 

is the density of water.  254 

 255 

Bottom temperature boundary condition: The bottom temperature boundary condition is 256 

approximated from its nearest location where the measured temperature data are available 257 

(reference location) using the analytical solution of the heat transport equation, assuming that the 258 

temporal variation of the temperature is sinusoidal (van Wijk and de Vries, 1963): 259 

𝑇 𝑧, 𝑡 = 𝑇 + 𝐴!𝑒!
!
!  𝑠𝑖𝑛 !!"

!
− !

!
    (9) 260 

in which 𝑇 and 𝐴! are the mean and amplitude of the temperature at the reference location; 𝜏 is 261 

the period, e.g., if the annual variation is considered, 𝜏 = 1 year; 𝑧 is the distance between the 262 

reference location and the bottom boundary; 𝑡 is the relative time with respect to time 𝑡! at which 263 

the temperature at the reference location is equal to 𝑇; 𝑑 is the damping depth which is defined 264 

as: 265 

𝑑 = !"
!

       (10) 266 

in which 𝐷 is the thermal diffusivity which relates to the thermal conductivity (𝜆) and heat 267 

capacity (𝐶!) by 𝐷 = 𝜆 𝜌!"#$𝐶! in which 𝜌!"#$ is the bulk density of the soil mixture including 268 

soil matrix, air and water content. 𝜆, 𝜌!"#$ and 𝐶! are properties of the soil between the reference 269 

location and the bottom boundary. In iMatTOUGH, users need to provide parameters 𝑇, 𝐴!, 𝜏   270 

and 𝐷. In case the measured soil temperature data are not available, the bottom temperature 271 
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boundary condition can be obtained from the estimated soil surface temperature with the 272 

reference location at the soil surface. 273 

 274 

Rainfall: Rainfall can be considered as water sources at all surface elements in TOUGH2. Due to 275 

difference in units between the rainfall data and TOUGH2 source/sink (kg/s), the unit conversion 276 

from rainfall to source unit is performed as follows: 277 

𝑆!"#$%!! = 𝐶𝑅!𝐴!𝜌      (11) 278 

in which 𝐶 is the unit conversion coefficient from measured rainfall unit to m/s, e.g., if rainfall 279 

unit is inch/hour, 𝐶 = !.!"#$
!"##

; 𝑅! is the rainfall; 𝜌  is the density of rain water (𝜌=1000 kg/m3); 280 

𝑆!"#$%!!  is the rainfall-equivalent source rate in TOUGH2 at the surface element the element 281 

𝑖!!  and 𝐴! is the horizontal interface area between the atmospheric layer and the element 𝑖!!  282 

(𝑚!) of the element 𝑖!! at the soil surface where rainfall arrives.    283 

 284 

It is worth noting that all of the above boundary conditions are time-dependent conditions. 285 

Except for the rainfall is considered as sources and the Neumann boundary condition, the other 286 

data are Dirichlet boundary conditions, which are not available in TOUGH2 but supplemented in 287 

iTOUGH2. 288 

  289 

Initial conditions: Initial conditions of the whole computational domain (pressure, gas saturation 290 

(or air mass fraction) and temperature) are required to start the TOUGH2 simulation. The initial 291 

pressure at the atmosphere layer and unsaturated zone are set to the atmosphere pressure 292 

(Equation (1)). The initial pressure at the saturated zone is determined based on the relative depth 293 

of the grid cell with respect to the initial groundwater table depth using Equation (8). The initial 294 

subsurface temperature profile is estimated by interpolating and extrapolating the temperature 295 
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data measured at different depths at the beginning of the simulation period. In case that the soil 296 

temperature measurements are not available, the initial soil moisture profile is approximated 297 

from the soil surface temperature using Equation (9). The initial value of the air mass fraction of 298 

the single-phase gas at the atmospheric layer is calculated using Equations from (4) to (7). If the 299 

matric potential measurements are available, the initial condition of the gas saturation of the 300 

unsaturated zone can be estimated as follows:  301 

1. Convert initial values of the measured matric potential at the beginning computation time 302 

(𝑃!) to the liquid saturation (𝑆!) by using the retention curve function, e.g., the van 303 

Genuchten’s equation (van Genuchten, 1980) below: 304 

𝑆! = 𝑆!" + 𝑆!" − 𝑆!" 1+ −𝑃!𝛼
!

!!!
!!

    (12) 305 

2. Calculate the gas saturation 𝑆! = 1− 𝑆!;  306 

3. Interpolate gas saturation to all unsaturated grid cells of the computational domain.  307 

 308 

2.3. Post-processing 309 

 310 

The post-processing component of iMatTOUGH includes viewers to enable easy visualization of 311 

the outputs of TOUGH2 and iTOUGH2, respectively.  312 

 313 
2.3.1. TOUGH2 viewer 314 

 315 

TOUGH2 prints out all of its output variables at each time step. This aspect renders it time-316 

consuming for users to analyze the TOUGH2 output. Figure 6a presents the GUI for viewing 317 

TOUGH2 results. Before showing this GUI, the program first checks if the TOUGH2 output file 318 

is available. If the output file is not available, the program will execute TOUGH2 to run the 319 
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simulation. The model reads the element/connection information (i.e., name and X, Y, and Z 320 

coordinates) from the TOUGH2 input file. The outputs are read from the TOUGH2 output file 321 

and stored in a 3-dimentional array 𝑅𝑒𝑠𝑢𝑙𝑡𝑠(𝑚×𝑛×ℎ) in which 𝑚,𝑛, ℎ represent the numbers of 322 

elements/connections, printout times and variables. This format allows users to easily analyze the 323 

temporal variability of different variables at each element (e.g., temperature, saturation, gas 324 

saturation, capillary pressure) and connections (e.g., heat and fluid rates). Users can also observe 325 

the spatial variability of these variables at elements at each time in a 2D slice or in 3D. 326 

iMatTOUGH can plot the TOUGH2 output data in both regular and irregular meshes. However, 327 

for the irregular mesh, when the vertex coordinates of each element are not available, the shapes 328 

of elements cannot be determined and the locations of the elements are specified by the 329 

coordinates of the element centers. In the case where the X, Y, Z coordinates of the elements are 330 

not provided, iMatTOUGH only plot the temporal variation of the TOUGH2 output at elements. 331 

The flux rate flowing into or out of elements can be viewed using flowing vectors or in X/Y/Z 332 

direction.   333 

 334 

 
(a) 
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 335 

2.3.2. iTOUGH2 viewer 336 

 337 

Figure 6b presents the GUI for viewing iTOUGH2 outputs. In the iTOUGH2 viewer, users can 338 

observe the sensitivity of the model outputs with respect to different parameters at different 339 

locations and times, helping them to effectively identify the most influential parameters, 340 

sensitive observations and important measurement times. Also, the program allows easy 341 

comparison of measured and modeled data with different chart types, e.g., 1:1 plot or temporal 342 

variability of the measured and modeled data at the observation locations. Statistical measures 343 

(e.g., correlation coefficient, bias, RMSE) that evaluate the agreement between observation and 344 

model results are also shown. 345 

 346 

3. EXAMPLE USE CASE 347 

 348 

 
(b) 

Figure 6. User interface for viewing (a) TOUGH2 and (b) iTOUGH2 outputs. 
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In order to illustrate the capability of iMatTOUGH, we present an example that used TOUGH2 349 

and iTOUGH2 to estimate the soil hydrological and thermal parameters in vadose zone from 350 

matric potential head and temperature data along a transect at the Rifle site, Colorado. We 351 

present the pre-processing stage to estimate the initial and boundary conditions and show some 352 

outputs generated by iMatTOUGH. Tran et al. (2015) provides an analysis of the use case 353 

inversion results. Here, we provide a brief description of the input and output of this case study 354 

to illustrate the iMatTOUGH GUI capabilities.  355 

 356 

3.1. Computational mesh and data availability 357 

 358 

The field case study was performed using data from the Berkeley Lab Subsurface 359 

Biogeochemical Scientific Focus area study site, located at a floodplain adjoining the Colorado 360 

River near Rifle, Colorado (USA). Figure 7a presents the location of this site. The perched 361 

aquifer at the site is underlain by low permeability mud- and siltstones of the Eocene Wasatch 362 

Formation. Above the Wasatch Formation is a Quaternary alluvial layer consisting of sandy 363 

gravely unconsolidated sediments with variable silt and clay contents. The uppermost layer is a 364 

silty-clay fill with a thickness of around 1.5 – 2 m that was deposited to replace contaminated 365 

soils and sediments removed from the site following reclamation activities related to the site's 366 

former history as a uranium mill site. The objective of the inversion is to estimate the soil 367 

hydrological and thermal parameters and to quantify the spatiotemporal variability of subsurface 368 

soil moisture and temperature, which are crucial information for investigating the biochemical 369 

dynamics in Rifle. 370 

 371 

Figure 7b shows an electrical resistivity image obtained by geophysical inversion using the 372 
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electrical resistivity tomography (ERT) data to define different soil layers. The three soil layers 373 

(fill, alluvium and impermeable Watsch Formation) are well defined and their locations are 374 

consistent with the information obtained from borehole lithologs. The X, Y, Z coordinates of the 375 

computational domain and boundary between the fill and alluvium layers are extracted from the 376 

ERT and put to the iMatTOUGH-MESHMAKER sheet of the EXCEL file (Figure 4) to generate 377 

the computational mesh. Figure 7c presents the computational mesh generated by iMatTOUGH. 378 

The selected computational domain is a rectangle with 30 m in width and 6.5 m in depth. It was 379 

divided into 29 equally spaced columns, each with a size of 1 m in the horizontal direction. In the 380 

vertical direction, the cell size is 0.05 m for the uppermost 2 m, 0.3 m for the next 1.5 m and 0.6 381 

m for the last 3 m. 382 

 
(a) 
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Figure 7. (a) Plan view of the study site in Rifle floodplain of the Colorado River, Colorado and 383 

location of the TT02 and TT03 wells and ERT line. (b) The 2-D ERT image obtained by 384 

inverting electrical resistivity data. Green square markers denote the fill-alluvium boundary 385 

determined from the well logs of TT02 and TT03. The blue rectangular box indicates the 386 

hydrological-thermal computational domain. (c) Computational domain for the hydrological-387 

thermal inversion with associated grid generated by iMatTOUGH. 388 

 389 

For estimating the hydrological and thermal parameters of both alluvium and fill layers using 390 

iTOUGH2, we used the matric potential and temperature over the period from May 4, 2013 to 391 

November 25, 2013. The temperature measurements were implemented at six depths 𝑧 = 0.75, 1, 392 

1.5, 2.5, 4.6 and 6 m below ground surface at the TT03 well. The matric head was occasionally 393 

measured using tensiometers at well TTO2 at depths z = 0.5, 1, 1.5, 2, 2.5 and 3 m.  394 

 395 
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3.2. Initial and boundary conditions 396 

3.2.1. Boundary condition 397 

 398 

To specify initial and boundary conditions in TOUGH2, values for three primary variables must 399 

be specified, namely (1) pressure,  (2) temperature, and (3) either air mass fraction (𝑋!"#) for 400 

single-phase conditions (gas or liquid), or gas saturation (𝑆!) for two-phase conditions. The 401 

upper boundary condition is set to the atmospheric pressure adjusted for elevation above sea 402 

level using Equation (1). With the altitude h = 1619  m, the atmospheric pressure at our study 403 

site is P! = 8.3×10!  Pa. Rainfall data were considered as water sources at the surface elements 404 

of the computational mesh. Unit conversion from rainfall to source was performed using 405 

Equation (11). Figure 9a presents the rainfall data over the simulation period.  406 

 407 

The upper boundary condition of the soil surface temperature was approximated from the 408 

atmospheric temperature using the method presented in Zheng et al. (1993). We constructed the 409 

regression equation between the smoothed daily atmospheric and non-smoothed soil surface 410 

temperature using measured data from April 7, 2014 to March 25, 2015 at a location near the 411 

study site (reference location). Based on this regression equation and snowpack information, the 412 

soil surface temperature can be estimated using Equation (2) or (3). Figure 8 compares the air 413 

and estimated soil surface temperature with the measured soil surface temperature at the 414 

reference location. The figure indicates that the estimated soil surface temperature much better 415 

agrees with the measured one (correlation coefficient = 0.98, RMSE = 1.62) than the air 416 

temperature (correlation coefficient = 0.93, RMSE = 3.2). Assuming that the regression air-soil 417 

surface temperature relationship at the reference location is also valid for the study transect and 418 

stable in time, we applied it to estimate the top temperature boundary condition from the air 419 
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temperature. The estimated surface temperature is shown in the middle panel of Figure 9c.  420 

 421 

Figure 9d shows the air mass fraction estimated from the atmospheric temperature and humidity 422 

data using Equations 4 - 7. Figure 9e presents the bottom pressure boundary condition. As the 423 

bottom of the computational domain is situated below the groundwater table, the bottom pressure 424 

boundary condition was estimated from groundwater table data using the hydrostatic Equation 425 

(8). The bottom temperature condition was approximated from the temperature data measured at 426 

depth 𝑧 = 6 m using the analytical solution of the heat transport equation (Equation (9)). Finally, 427 

the bottom boundary condition of the air mass fraction was a very small value. We subjectively 428 

set it at 𝑋!"# = 1.6×10!!. 429 

 430 

Figure 8. Comparison of the daily air temperature and estimated soil surface temperature with 431 

the measured soil surface temperature at the reference location. 432 
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 433 

Figure 9. Top and bottom boundary conditions: Rainfall (a), soil surface temperature (b), air 434 

mass fraction (c), bottom pressure (d) and bottom temperature (e).  435 

 436 

3.2.2. Initial conditions 437 

 438 
TOUGH2 requires the initial conditions at all elements of the computational domain. Figure 10 439 

plots the initial conditions that we used in this study. We refer to section 2.2.4 for the methods to 440 
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calculate these initial conditions. The initial temperature profile was obtained by interpolating 441 

and extrapolating the temperature measured at depths 0.75, 1, 1.5, 2.5, 4.63 and 6 m at the 442 

beginning of the simulation period. It is worth noting that in TOUGH2 the second initial variable 443 

at the saturated zone is 𝑆!  because a two-phase condition exists, while the second variable is the 444 

air mass fraction (𝑋!"#) below the groundwater table (single-phase liquid) and in the atmospheric 445 

layer (single-phase gas). It is also noted that the initial liquid saturation of the fill and alluvium 446 

layers are significantly different because there is a large discrepancy in their porosities (the 447 

porosities are, respectively, equal to 0.4 and 0.2 for the fill and alluvium layers).   448 

  449 

  450 

Figure 10. Initial conditions of pressure, gas saturation and temperature for nonisothermal 451 

hydrological simulation. 452 

 453 

3.3. Visualization of TOUGH2 and iTOUGH2 outputs 454 

 455 

 Figure 11 shows examples of the TOUGH2 outputs that were plotted by iMatTOUGH. Figure 456 

11a compares the temporal variation of the temperature at several elements of the first column of 457 
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the computational domain (𝑋 = 0.5  ,𝑌 = −14.5 m), namely (A11_1: 𝑍 = −0.025 m, A1D1 1: 458 

𝑍 =   −0.65  m, A1f 1, 𝑍 =   −2.15 m and A1o 1: 𝑍 =   −6.2 m) over the simulation period. This 459 

plot supports users to compare the variation of the soil temperature at different locations and 460 

qualitatively analyze the reason for differences in the temporal variations of variables at different 461 

locations. For example, Figure 11a indicates that the temporal variation of the soil temperature is 462 

more stable at the deep element than the top element due to heat retention effect. The peak of the 463 

soil temperature at deeper element also appears later than that at top element because heat takes 464 

time to move down. Figure 11b shows the liquid water of the whole computational domain at 465 

time t=112 days in 3-D. Figures 11c and d, respectively, show the heat flow that comes from 466 

each element in the computational domain to its neighbor elements in 𝑌 and 𝑍 directions at time 467 

𝑡 = 112 days. These two figures indicate that the heat flow in the vertical direction is much 468 

stronger than that in the horizontal direction. The heat flow in the vertical direction reduces with 469 

increasing soil depth. 470 

 471 

Figure 12 shows examples of the spatial and temporal variations of the sensitivity coefficients 472 

plotted by iMatTOUGH. Figure 12a shows the temporal variation of the sensitivity coefficients 473 

of the thermal conductivity of the alluvium and fill layers with respect to the soil temperature at 474 

1 m. This figure allows users to identify the time that the temperature is the most sensitive with 475 

respect to thermal conductivity. The figure also helps to compare the influence of different 476 

parameters on observation data. Figure 12b presents the total sensitivity coefficient of all 477 

parameters over the simulation period at different locations. This figure identifies the locations 478 

having high sensitivity, which can be used to guide subsequent experimental design. Figure 12c 479 

compares the measured and modeled temperature data in a 1:1 plot. Figure 12d compares the 480 

temporal variation of the modeled and measured temperature at a depth of 1 m.  481 
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 482 

  

(a) (b) 

  

(c) (d) 

Figure 11. Examples of TOUGH2 outputs plotted by iMatTOUGH: (a) Temporal variation of the 

temperature at different elements of the first soil column of the computational domain 

(𝑋 = 0.5  ,𝑌 = −14.5 m), namely (A11_1: 𝑍 = −0.025 m, A1D1 1: 𝑍 =   −0.65  m, A1f 1, 

𝑍 =   −2.15 m and A1o 1: 𝑍 =   −6.2 m); (b) 3-D subsurface liquid saturation at time 𝑡 = 112 

days; (c) 3-D heat flow in 𝑌 direction at time 𝑡 = 112 days; (d) 3-D heat flow in 𝑍 direction at 

time 𝑡 = 112 days. 

 483 

 484 
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(a) (b) 

  

(c) (d) 

Figure 12. Examples of iTOUGH2 output plotted by iMatTOUGH: (a) Temporal and (b) spatial 

variation of the sensitivity coefficients of the temperature data with respect to the 

thermal conductivity of the alluvium (Al, black) and fill layer (Fi, red); (c) Comparison 

of the measured and modeled temperature data in 1:1 plot, and (d) their temporal 

variation at depth z=1 m. 

 485 

 486 

 487 
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4. CONCLUSION AND DISCUSSION 488 

 489 

iMatTOUGH is a new, Matlab-based tool that allows convenient pre- and post-processing 490 

TOUGH2 and iTOUGH2 input and output files. The pre-processing supports users to more 491 

easily generate the TOUGH2 and iTOUGH2 input files. The post-processing part helps users to 492 

visualize and analyze the TOUGH2 and iTOUGH2 outputs with different types of charts. For its 493 

open source code, it is easy for users to update and/or modify the code for their specific purposes 494 

or when there are modifications/updates in TOUGH2 and iTOUGH2. The pre-processing of 495 

mesh generation, initial and boundary conditions as well as visualization of output data not only 496 

are used for TOUGH2 and iTOUGH2 but also can be adapted to other hydrological modeling 497 

forward and inversion codes. The tool requires two popular software tools, namely, Matlab and 498 

Microsoft Excel to perform all of its tasks. Interested users can download this tool at 499 

https://www.dropbox.com/sh/n3yo418puv6ocax/AADTAixV6MS1uH3w0u_541LVa?dl=0 500 

 501 

The program supports the construction of the rectangular computational mesh and determination 502 

of the initial and boundary conditions for the subsurface heat and liquid flow simulation. In the 503 

next version, we will demonstrate on integrating the irregular mesh making code (e.g., Berry et 504 

al., 2014) into iMatTOUGH to generate the unstructured computational mesh. We also plan to 505 

expand the initial and boundary condition processing part so that the program can process the 506 

initial and boundary conditions for different application fields (e.g., geothermal, nuclear waste, 507 

nutrient cycle and oil & gas). 508 

 509 

 510 
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