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Outlines

• Brief introduction on ModEM’s structure and the modularity idea

• How to setup ModEM on your server/cluster.

• How to call ModEM with basic options (Forward modelling, Inversion).

• Advanced inversion setting.

• How to perform model resolution studies on your preferred model(s).

• Some examples from few projects on various scales.

• How to control the inversion run (NOT only RMS values) Taking about 
3D targets, it is might be NOT appropriate to 2D inversion!
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Introduction on ModEM and the Modularity idea

• The modularity idea is already presented in the name: ModEM

• Name Definition: Modular system for ElectroMagnetics
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Functional code
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Introduction on ModEM and the Modularity idea

Connect the pieces
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ModEM Structure

Inversion
+ MPI

Interface

Forward 
modeling
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Inversion
+ MPI

Interface

Forward modeling
MT

Forward modeling
CSEM

Forward modeling
DC

ModEM Structure
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The Modularity of 
ModEM at a Glance

Further developments include, but 
limited to:
• Multi-Resolution Grid
• Modified system of Eqs.
• Simple Anisotropy (VTI)
• Joint inversion (EM methods)
Contributions by others:
• General Anisotropy
• Apparent Resistivity Tensors 
• … and much more
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The Modularity of 
ModEM at a Glance

Methods available in 
the academic version

Further developments include, but 
limited to:
• Multi-Resolution Grid
• Modified system of Eqs.
• Simple Anisotropy (VTI)
• Joint inversion (EM methods)
Contributions by others:
• General Anisotropy
• Apparent Resistivity Tensors 
• … and much more
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How to setup ModEM on your server/cluster

Makefile for GFortran

Makefile for PGI

Makefile for Intel

$ make –f MAKEFILE_FOR_YOUR_COMPLIER

• Some adjustments 
might be  required to 
fit within the Linux 
architect/compiler you 
have.

• Make sure you have 
MPI installed on your 
machine
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How to setup ModEM on your server/cluster

Compiles for MPI version 
(parallel computing)
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How to setup ModEM on your server/cluster

Compiles for MPI version 
(parallel computing)

Compiles for serial version
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• User’s manual 
• „Copyrights“ agreement

How to setup ModEM on your server/cluster

The files we share with you include also
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How to setup ModEM on your server/cluster

With this you have an executable which you can call:

$ ModEM COMMMAND_LINE Serial run

$ mpirun –n 10 ModEM COMMMAND_LINE Parallel run

𝒏(𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑪𝑷𝑼′𝒔) = ቊ
𝒎ⅈ𝒏 = 𝟐

𝒎𝒂𝒙 = 𝟐 ∗ 𝐍𝐮𝐦_𝐎𝐟_𝐏𝐞𝐫 + 𝟏



COMMMAND_LINE

• Flags passed to ModEM to perform a specific task:  

14

• -F → To run the forward modelling on a specific model for a given 
set of sites positions and periods.

• -I → To run an inversion for a given dataset.

• -C → To apply smoothing (INV/FWD) on a given model. 

• -J → To compute the sensitivity matrix.



Forward modeling -F
• The command line for calling the forward modeling is:

$ModEM –F 

Input_Model Input_Data Output_Model_Resp

„Basic Input/Output“ 

Input_Model Input_Data Output_Model_Resp [Output_E_solution FWD_para]

„Advanced Output“ 



• Before start discussing the advanced input/output files, let us take a 
look at the basic input files used for running the forward modelling 
and later the inversion.

The model and data files formats

Files formats



ModEM (Input/Output)
• Input_Model Input_Data
Example: Model file

Comments line

Cell dimension (in m) in x direction

Cell dimension (in m) in z direction

# of cells in x, y and z directions, and if 
the resistivity values are LIN or LOGE

LOGE (Resistivity values) for the first z slice

Cell dimension (in m) in y direction



ModEM (Input/Output)
• Input_Model Input_Data
Example: Data file 

Comments lines
Define the data type, sign convention and units
Rotation angle and the Lat/Long of Refe. point 

# of periods (max.) and sites

Full Impedances data block

Full vertical magnetic transfer functions data block

First well know user’s problem 



Inversion (Input/Output)
• Input_Model Input_Data
Example: Data file 

VERY IMPORTANT NOTICE WHEN WORKING WITH TOPO. and/or BATH.
Please keep in mind that the Z-axis is POSITIVE downwards and NEGATIVE
upwards 

-Y +Y

+Z

-Z

Z position of the site



Forward modeling -F

Input_Model Input_Data Output_Model_Resp [Output_E_solution FWD_para]

„Advanced Input/Output“ 

Output_E_solution (Binary format)
• Is a file in which we store the electric field components (Ex, Ey, Ez) at all cell 

edges for all periods and both polarization,
• is necessary to perform later e.g., the nested modeling.

FWD_para (ASCII format)
• An Ascii file in which we define parameters that control the 
• It contains the name of Output_E_solution which will be used for the nested 

modeling.
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Electric field components 
defined on edges

Ey

Ex

Ez

Why the size of E_solution file is too large 



COMMMAND_LINE

• Flags passed to ModEM to perform a specific task:  
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• -F → To run the forward modelling on a specific model for a given 
set of sites positions and periods.

• -I → To run an inversion for a given dataset.

• -C → To apply smoothing (INV/FWD) on a given model. 

• -J → To compute the sensitivity matrix.



• The command line for calling the Inversion is:

$ModEM –I NLCG|DCG| etc.

Basic Input/Output
Input_Model Input_Data

Advanced-level1
Input_Model Input_data Input_INV_para.

Advanced-level2
Input_Model Input_data Input_INV_para. FWD_para.

Advanced-level3
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov
.
Advanced-level4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

Inversion -I
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𝜑 = ฏ𝜑𝑑

𝐷𝑎𝑡𝑎 𝑚𝑖𝑠𝑓𝑖𝑡 𝑡𝑒𝑟𝑚

+ 𝜆 ด𝜑𝑚
𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 𝑡𝑒𝑟𝑚

Inversion process
• Objective function:

𝜑
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑

∆𝐦𝑘

𝐦𝑘 = 𝐂𝒎
−𝟏 ∆𝐦𝑘 +𝐦𝟎 𝑎𝑡 𝑘𝑡ℎ 𝑁𝐿𝐶𝐺 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
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𝜑 = ฏ𝜑𝑑

𝐷𝑎𝑡𝑎 𝑚𝑖𝑠𝑓𝑖𝑡 𝑡𝑒𝑟𝑚

+ 𝜆 ด𝜑𝑚
𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 𝑡𝑒𝑟𝑚

Inversion process
• Objective function:

𝜑
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑

∆𝐦𝑘

𝐦𝑘 = 𝐂𝒎
−𝟏 ∆𝐦𝑘 +𝐦𝒑𝒓𝒆 𝑎𝑡 𝑘𝑡ℎ 𝑁𝐿𝐶𝐺 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛



Inversion (Input/Output)→ Level 3
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov

The basic question is: Do I need to use the model covariances file?

Simple model: No Topo/BATH

NO

Model with Topo/BATH

Air

Water

Earth
MUST



Inversion (Input/Output)→ Level 3
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov
Example: Model_Cov (ASCII Format)

16 lines header explain the format 
for the model covariance file. 

Basically, the model covariance file 
contains the indices of each model 
parameter.  You can index the 
model parameters by any number; 
Model parameter with an index of 
0 or 9 will be fixed automatically 
during the inversion, e.g., Air and 
Water  
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Inversion (Input/Output)→ Level 3

Indices and electrical conductivity of each model parameter

Each model parameter has 
2 attributes:
- Electrical conductivity 

value (sigma)
- An index (0 to 9)



Inversion (Input/Output)→ Level 3
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov
Example: Model_Cov (ASCII Format)

An important option is located at 
line # 6 after in the header  (line # 
26 in this example file).
With this option you can switch off 
or define a specific smoothing 
between any two regions in the 
model domain (key word: tear zone)

Example 



Inversion (Input/Output)→ Level 3
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov
Example: Model_Cov (ASCII Format)

All cells inside 
this area have 
an index of 2

All cells outside the 
white rectangle have 

an index of 1 

• The ocean cells with an index of 9 are 
automatically fixed.

• Switching off the smoothing between the 
highlighted area and the rest of the model 
parameters. To do that  assign the index 2 
for all cells located inside the white 
rectangle. 

• At line # 6 in the model covariance file we 
need to write:

1
1 2 0  
This means that we have ONE exception which 
is switching off smoothing between 1 and 2



Inversion (Input/Output) → Level 4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

To use the optional model perturbation file (model_prm) as an input we need first to 
understand few things:
• The output files after each iteration are:

***_NLCG_060.rho  → Inverted model
***_NLCG_060.dat  → Predicted data

***_NLCG_060.prm → Transformed model parameter (rough)
***_NLCG_060.res   → Data residuals
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Inversion (Input/Output)→ Level 4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

***_NLCG_060.rho  → Inverted model
***_NLCG_060.dat  → Predicted data

***_NLCG_060.prm → Transformed model parameter (rough)
***_NLCG_060.res   → Data residuals

The most obvious use of the *.prm file is the following case:
For some technical reasons, the inversion stops after 60 iterations while the 
inversion’s stopping criteria still didn’t reach! What to do?

Input_Model Input_data Input_INV_para. FWD_para. Model_Cov ***_NLCG_060.prm 

Prior model Starting model



33

Inversion (Input/Output)→ Level 4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

This command line is used when want to perform Model Resolution Studies

Best explained using a real 
world example 
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Model Resolution studies (Example)
3D inversion of 164 MT sites
Data:
• Broad Band from 100 Hz to ~0.001 Hz
• Full Impedance tensor
• Min. site spacing, ~ 500 m
Model:
• 75 x 60 x 83 cells in X, Y and Z
• Min. cell size in X and Y, 500 m
• Topography included→ carful Z gridding
Inversion:
• Prior model: 500 ohm.m
• Error setting: Gradual decreasing approach
• 130 NLCG iterations in total 
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Preferred model
Modified model

Model Resolution studies (Example)

• Use appropriate tools to modify the resistivity values 
in your preferred model.

• “Reset” the resistivity values of your target feature(s) 
with the resistive value of the prior model    
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Inversion (Input/Output)→ Level 4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

We have a Modified model and we want to re-run the inversion

Modified_Model Input_data Input_INV_para. FWD_para. Model_Cov
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Inversion (Input/Output)→ Level 4
Input_Model Input_data Input_INV_para. FWD_para. Model_Cov model_prm

We have a Modified model and we want to re-run the inversion

$ModEM –C   INV Modified_Model rough_pertur.prm Model_Cov Input_Model

What is the mathematical meaning of this operation?
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∆𝐦𝑘= 𝐂𝒎
−𝟏/𝟐

(𝐦𝑘 −𝐦𝒑𝒓𝒆)

𝐦𝑘 = 𝐂𝒎
𝟏/𝟐

∆𝐦𝑘 +𝐦𝒑𝒓𝒆

$ModEM –C   INV modified_preferred.rho rough_pertur.prm Model_Cov Input_Model

Mathematical meaning of –C INV flag 
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𝐧𝐑𝐌𝐒 =
𝟏

𝑵


𝑵

𝒅 − 𝒇(𝐦

𝒆𝒓𝒓

𝟐

The RMS or nRMS

→ This is ONE single number (the overall RMS) which is computed over:
• All sites
• All periods
• All components

Some practical remarks
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Some practical remarks

The overall RMS 
during the 
inversion run

→ info. are found 
in *.log file
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Better to look at the 
RMS at:
• each site
• Component
• Period range

RMS Maps

Some practical remarks
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Some practical remarks

Much better,
Looking at 
the sounding 
curves and 
analyse what 
is fitted and 
what is NOT



• When running ModEM, several outputs are printed on the screen. Among 
others, the solver’s convergence. 

This part shows to 
which tolerance the 
divergence correction 
is converged  

Solver (QMR) tolerance

If you observe large numbers for the errors, 
please check the model and/or data files!

→ Large solver’s error means that the E 
solution is not well computed → The whole 
process (FWD and/or INV) will fail.

Some practical remarks



• You only have the measured data when you start any kind of inversion→
understanding and analysing the data is the key point to understand 
your inversion results and models later.

• There is NO a ready to use recipe to run the inversion → each dataset 
has its own characteristic and needs to be handled with some 
attentions.

• PLEASE KEEP IN MIND: At the end of the day, any code works with what 
you provide and it doesn’t do MAGIC→ If you feed it with noisy and/or 
physically meaningless data you will get meaningless models. 
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Take Home messages



A modular system for regularized inversion of frequency domain EM data 

has been developed.  In principle this:

→ Supports multiple inversion algorithms

→ Is adaptable to a wide range of EM geophysical problems (different 

sources/receivers; joint inversion)

and is designed to make it easy to

→ Change model parameterization, regularization

→ Add new data types

→ … etc

A stable version with basic capabilities is freely available for non-

commercial use

Summary



Mod3DMT: Version of ModEM suitable for 3D inversion of MT 
data was made available for academic use

Now over 400 registered users of Mod3DMT 
around the globe 

At least 50 referred publications cite use of Mod3DMT for 3D inversion of real 
MT datasets to address diverse problems in applied and basic Earth Science 

research at a range of scales (many more abstracts) 

We are proud to see that Mod3DMT is most used code in the academic world
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Thank you for your attention
Iso-Surface from the 3D conductivity model in Clouncurry mining area in Australia together with some interfaces from 

the 3D geological model  


