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Introduction

Open-source SHEMAT-Suite (Simulator for

HEat and MAss Transport) is a numerical 

code for computing flow, heat and species

transport equations in porous media. The 

code solves transient or steady-state, 

forward and inverse coupled problems in 1D, 

2D, and 3D.

Governing Equations of SHEMAT-Suite:

• Groundwater flow

• Heat transport

• Species transport

(Vogt, C., et al)
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Introduction

SHEMAT-Suite can solve the following classes of problems:

groundwater flow

conductive heat 

transport

diffusive species 

transport

chemical reactions

SHEMAT-Suite uses a finite difference method to solve the partial differential equations 

numerically. 
• Upwind Differencing Scheme 

• Il’in Flux Blending Scheme 

• Smolarkiewicz Advection Scheme 

Two coupled 

processes
Three coupled 

processes
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Important Application Areas

Four important application areas of SHEMAT-Suite:

(Ebigbo, Anozie, et al.) (D. Mottaghy et al.) 

120 D. Mottaghy et al.: Lake El’gygytgyn site: thermal modeling
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Fig. 1. (a) Geographic position of the El’gygytgyn Crater in NE

Russia (red box). (b) A Landsat image showing the crater (dotted

line) and the drill sites 5011-1 and 5011-3.

141.5-m-long permafrost core composed of frozen deposits

was recovered (Fig. 2).

In this paper, we focus on the characterization of the ther-

mal field beneath and around the lake, studying the influence

of variations of thermal properties and past ground surface

temperature changes using numerical modeling techniques

(e.g. Osterkamp and Gosink, 1991; Galushkin, 1997; Mot-

taghy and Rath, 2006; Holmén et al., 2011). In the recent

years, the impact of climate change on permafrost forma-

tion and evolution has become a particular subject of inter-

est. The understanding of the response of permafrost regimes

to transient changes in surface temperatures is a key issue

regarding the prediction of the influence of global warm-

ing on permafrost areas (amongst many others, Saito et al.,

Fig. 2. Basin scheme of the Lake El’gygytgyn site with the digital

elevation model in the background. The numerical model is based

on this conceptual model by Melles et al. (2011).

2007; Lemke et al., 2007; Serreze et al., 2007; Miller et al.,

2010a,b; Serreze and Barry, 2011).

When studying heat transfer in the Earth’s upper crust, the

upper boundary condition of heat transport is determined by

the local climatic conditions. The variations of this bound-

ary condition induces a transient signal which diffuses into

the subsurface. Thus, ground temperatures may be seen as an

archive of past climate signals. Reconstructing past changes

is of major interest, since one of the most important com-

ponents of climatic change is the variation of temperature at

the Earth’s surface. However, the diffusive character implies

that the older the signal is, the more it is attenuated, with

a corresponding larger uncertainty in magnitude and timing.

Analyzing the variation of temperature with depth, past fluc-

tuations at the Earth’s surface can be reconstructed to a cer-

tain extent (see, e.g. the recent review by González-Rouco

et al., 2009, and the references therein). This reconstruc-

tion can be performed by numerical forward modeling with

models of varying complexity, or inverse methods in the nar-

row sense (amongst others, Shen and Beck, 1991; Beltrami

and Mareschal, 1991; Beck et al., 1992; Rath and Mottaghy,

2007). A prerequisite for such a reconstruction is the avail-

ability of sufficient data, the most relevant of which is tem-

perature observations. Here, we limit ourselves to forward

modeling for determining the present-day temperature pro-

file, because the available temperature data is not sufficient

for a reliable reconstruction by inversion of the ground sur-

face temperature history (GSTH) at the study area. Neverthe-

less, we propose that the combination of forward modeling

and sensitivity studies allow some meaningful statements to

be made concerning the local GSTH.

As our approach relies on forward modeling, we must as-

sume a certain GSTH entering the simulations. In particular,

it has been shown that the amplitude of the Last Glacial Max-

imum (LGM) and the following warming from Pleistocene to

Holocene influence the temperature distribution at all depths

Clim. Past, 9, 119–133, 2013 www.clim-past.net/9/119/2013/

(Thomas, A. T., et al.) (Rath, V., A. Wolf, and H. M. Bücker.)

• Geothermics: • Paleoclimate: • Hydrogeology: • Inverse method 

development:
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Important Application Areas

Four important application areas of SHEMAT-Suite:

➢ Borehole heat 

exchanger and 

temperature sensor 

simulations

➢ Deep geothermal 

reservoirs simulation

➢ … 
(Ebigbo, Anozie, et al.) (D. Mottaghy et al.) 
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Fig. 1. (a) Geographic position of the El’gygytgyn Crater in NE

Russia (red box). (b) A Landsat image showing the crater (dotted

line) and the drill sites 5011-1 and 5011-3.

141.5-m-long permafrost core composed of frozen deposits

was recovered (Fig. 2).

In this paper, we focus on the characterization of the ther-

mal field beneath and around the lake, studying the influence

of variations of thermal properties and past ground surface

temperature changes using numerical modeling techniques

(e.g. Osterkamp and Gosink, 1991; Galushkin, 1997; Mot-

taghy and Rath, 2006; Holmén et al., 2011). In the recent

years, the impact of climate change on permafrost forma-

tion and evolution has become a particular subject of inter-

est. The understanding of the response of permafrost regimes

to transient changes in surface temperatures is a key issue

regarding the prediction of the influence of global warm-

ing on permafrost areas (amongst many others, Saito et al.,

Fig. 2. Basin scheme of the Lake El’gygytgyn site with the digital

elevation model in the background. The numerical model is based

on this conceptual model by Melles et al. (2011).

2007; Lemke et al., 2007; Serreze et al., 2007; Miller et al.,

2010a,b; Serreze and Barry, 2011).

When studying heat transfer in the Earth’s upper crust, the

upper boundary condition of heat transport is determined by

the local climatic conditions. The variations of this bound-

ary condition induces a transient signal which diffuses into

the subsurface. Thus, ground temperatures may be seen as an

archive of past climate signals. Reconstructing past changes

is of major interest, since one of the most important com-

ponents of climatic change is the variation of temperature at

the Earth’s surface. However, the diffusive character implies

that the older the signal is, the more it is attenuated, with

a corresponding larger uncertainty in magnitude and timing.

Analyzing the variation of temperature with depth, past fluc-

tuations at the Earth’s surface can be reconstructed to a cer-

tain extent (see, e.g. the recent review by González-Rouco

et al., 2009, and the references therein). This reconstruc-

tion can be performed by numerical forward modeling with

models of varying complexity, or inverse methods in the nar-

row sense (amongst others, Shen and Beck, 1991; Beltrami

and Mareschal, 1991; Beck et al., 1992; Rath and Mottaghy,

2007). A prerequisite for such a reconstruction is the avail-

ability of sufficient data, the most relevant of which is tem-

perature observations. Here, we limit ourselves to forward

modeling for determining the present-day temperature pro-

file, because the available temperature data is not sufficient

for a reliable reconstruction by inversion of the ground sur-

face temperature history (GSTH) at the study area. Neverthe-

less, we propose that the combination of forward modeling

and sensitivity studies allow some meaningful statements to

be made concerning the local GSTH.

As our approach relies on forward modeling, we must as-

sume a certain GSTH entering the simulations. In particular,

it has been shown that the amplitude of the Last Glacial Max-

imum (LGM) and the following warming from Pleistocene to

Holocene influence the temperature distribution at all depths

Clim. Past, 9, 119–133, 2013 www.clim-past.net/9/119/2013/

➢ Property module for ice 

for simulating freezing 

and thawing processes in 

porous media.

➢ …

➢ Simulating the submarine 

groundwater discharge

➢ Ensemble-based and rely 

on high-performance 

computing for the modern 

aquifer flow simulations

➢ …

(Thomas, A. T., et al.)

➢ Three-dimensional inverse 

parameter estimation

➢ Uncertainty quantification of 

expected geothermal energy 

usage  

➢ optimal experimental design

➢ …
(Rath, V., A. Wolf, and H. M. Bücker.)

• Geothermics: • Paleoclimate: • Hydrogeology: • Inverse method 

development:
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SHEMAT to SHEMAT-Suite

• SHEMAT (Fortran 77)

General structure of the simulation package SHEMAT / 

Processing SHEMAT (Clauser 2003)

• SHEMAT-Suite (Fortran 95) 

Git:

❖ SHEMAT-Suite-open

Repository for code development for open-

source SHEMAT-Suite.

❖ SHEMAT-Suite_Models-open

Testmodels for SHEMAT-Suite.

❖ SHEMAT-Suite_Scripts-open

Scripts for Pre-/Postprocessing of SHEMAT-

Suite.
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Overview of current code version

• Current code version: v9.00

• Permanent link to code/repository: https://github.com/ElsevierSoftwareX/SOFTX_2020_135
• Operating environment:  Linux OS

➢ Open source environment

https://github.com/ElsevierSoftwareX/SOFTX_2020_135
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SHEMAT-Suite _Models-open

https://git.rwth-aachen.de/SHEMAT-Suite/shemat-suite_models-open

… …
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Input and Output File

ASCII input files

SHEMAT-Suite

Output Files

• vtk (Paraview)

• plt (Tecplot)

• hdf (hdf5 software)

• txt 

(Keller, Johannes, et al.) 

Example
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Input and Output File

ASCII input files

SHEMAT-Suite

Output Files

• vtk (Paraview)

• plt (Tecplot)

• hdf (hdf5 software)

• txt 

(Keller, Johannes, et al.) 

Example Run Info

Grid

Time Step

Solver Control 

Boundary conditions

Initial Values

Parameters

Output

SHEMAT-Suite-Wiki

• General information 

• Tutorial

• Instructions
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Software functionalities 

The source code of SHEMAT-Suite is functioned in two levels: 1. The branch level 2. The directory level.1. The branch level 

• A forward-mode (master) for pure forward 

computation.

• An automatic-differentiation-mode (master-

ad) for deterministic inverse computation.

• A stochastic-mode (master-sm) for 

geostatistical simulation and parameter 

estimation.

• Master-all compiling in all three modes.

(Keller, Johannes, et al.) 
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Software architecture  

The source code of SHEMAT-Suite is functioned in two levels: 1. The branch level 2. The directory level.

(Keller, Johannes, et al.) 

The master branch contains the following 

directories:

• /forward/: forward computation 

• /solve/: the solution of systems of linear 

equations.

• /props/: dynamic behavior and coupling of fluid 

and rock properties.

• /user/: user-defined input and out subroutines, a 

user-defined Fortran-module.

• /hdf5/: interfaces with the HDF5 library for input 

and output.

• /cmake/: compilation utilities using CMake tools.

• /doc/: input for generating the Doxygen 

documentation.

/simul/ (sm)

/inverse/ (ad)

/mkAD/(ad)
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Pre-/Postprocessing of SHEMAT-Suite

Post-processing:

pyshemkf: Python environment for handling SHEMAT-Suite output of EnKF simulations

pyshemkf can generate graphs and 2D-figures of variables and parameters provided by typical 

output of SHEMAT-Suite. 

(https://github.com/jjokella/pyshemkf)

Pre-processing:

convert_to_hdf5.py : can be used to convert some of the SHEMAT-Suite input arrays into hdf5-files.

The user input for SHEMAT-Suite is provided in an ASCII-file. For reducing the reading time of larger input 

files, SHEMAT-Suite provides the option to readHDF5 input instead. 

Compatible Python-based implementations: 

. 

pySHEMAT: Python wrapper for SHEMAT input and output files. 

(https://github.com/flohorovicic/pyshemat)

❖ SHEMAT-Suite_Scripts-open

https://github.com/jjokella/pyshemkf
https://github.com/flohorovicic/pyshemat
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Important code developments of SHEMAT-Suite

Table 1 (Keller, Johannes, et al.) 
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Why SHEMAT-Suite?

• Computing flow, heat and species transport equations in porous media. 

• Git-branches for software development.

• Automatic differentiation (AD) for calculating exact Jacobian in inversions.

• Large variety of application fields and online test example.

• High performance computing capacities. 

• Deterministic and stochastic inversion. 

(Keller, Johannes, et al.)
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