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Abstract

Scientific community actively uses the International
Reference Ionosphere (IRI). Our experience revealed some
shortcomings in IRI source code. This paper describes
improvements and modifications to the IRI-2016 code,
including overcoming the problem of parallelization. The
code can be found at GitLab.

1. Introduction

The Institute of Solar-Terrestrial Physics (ISTP) of the
Siberian Branch (SB) of the Russian Academy of Sciences
(RAS) has accumulated many years of experience in
analyzing radiophysical data recorded by both ionosondes
[1] and the Irkutsk Incoherent Scatter Radar [2].

Scientists and engineers use the empirical models to
calculate radio wave propagation and to take into account
ionospheric effects on radio technical systems (radars,
navigation, communication). ISTP is developing a tool that
allows for rapid validation of ionospheric models using a
large volume of measurement data from various diagnostic
tools [3]. In this regard, ionosphere modeling is required to
be carried out as efficiently and quickly as possible, using
multithreading.

IRI is the most famous semi-empirical ionosphere model.
IRI became the International Standardization Organization
(ISO) standard for the ionosphere in April 2014 and its
revision in February 2022 [4]. The model is actively
developing, but due to historical version consistency it uses
an outdated architecture and Fortran-77 language. An
outdated language standard causes some difficulties in
enhancing the source code (for example, when
parallelizing), and also provokes errors in the code itself,
which critically affect the result of its execution. For this
reason, we modified the IRI-2016 source code [5] and
made the improved code publicly available at GitLab [6].

2. Bug in ion densities modeling below 300 km

In IRI-2016, the default model used for modeling ion
densities below 300 km is the Richards-Bilitza-Voglozin-
2010 model [7]. The “CHEMION” subroutine is called in
the “IRI_SUB” subroutine to model this. The definitions of
it and other functions and subroutines required for its

operation are in the file “iriflip.for”. During the execution
of this subroutine, almost at its very beginning (right after
calling the subroutines “RATS” and “PRIMPR”), the
subroutine “SECIPRD” is called only once. This
subroutine uses the “DATA” statement to initialize the
integer variable “IMAX” with the value 0. Then the
“FLXCAL” subroutine is called, to which the “IMAX”
variable is passed.

The “IMAX” variable is initialized in such a way that the
“FLXCAL” subroutine fulfills the condition of filling the
“DE” and “EV” arrays with the values of the “DELTE” and
“EN” arrays, which are initialized by the “DATA”
operators, respectively. The value of the “IMAX” variable
is changed as well. Neither the “DE” and “EV” arrays, nor
the “DELTE” and “EN” arrays are changed anywhere
further.

The “DATA” statement initializes a variable (or an array)
only once: when the program starts. Thus, when the
“SECIPRD” subroutine is called for the second time in the
current program execution, the value of the “IMAX”
variable is no longer initialized with zero, but remains the
value that was assigned to it in the loop in the “FLXCAL”
subroutine, and this value does not satisfy the condition,
when fulfilled, the arrays “DE” and “EV” are filled. As a
result, the arrays “DE” and “EV” contain random values,
and because of this, all subsequent steps of the algorithm
calculate incorrect values, mostly resulting in NaN.

Figure 1 shows an example of the ion densities latitudinal
profile at 03:00 UT April 25, 2023 at 110° E and 280 km
altitude (standard values of all setting parameters) using
“iritest.for” program, available with the IRI-2016 source
code. It can be seen that the first point provides adequate
values and all other points for all ion species except H™,
He" and cluster ions give either NaN, 0 or negative values.

This behavior can be corrected by initializing the value of
the “IMAX” variable each time the “SECIPRD” subroutine
is called, for example, assigning value 0 to the “IMAX”
variable at the very beginning of the “SECIPRD”
subroutine execution. Figure 2 shows the above example
after the source code correction.
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Figure 1. The ion densities latitudinal profile at 03:00 UT
April 25, 2023 at 110°E and 280 km altitude (standard
values of all setting parameters) using “iritest.for”
program, available with the IRI-2016 source code

10004

_ 800 v No- Ny \
'E 600 N+ Npe+

i 400 = Noj; = Cluster ions

=

2001 r Nuno+ :
0- - .

=90 -70 -50 -30 -10 10 30 50 70 90
Latitude, °

Figure 2. The ion densities latitudinal profile at 03:00 UT
April 25, 2023 at 110°E and 280 km altitude (standard
values of all setting parameters) taking into account the
correction of an error in the IRI-2016 source code

3. Specifying the directory of coefficient files

IRI requires 55 files of different coefficients to operate: Ap,
F10.7, CCIR, DGRF, IG, RZ, URSI, MCSAT. The source
code requires all the files are in the directory where the
program is run, and usually this is the directory in which
the executable file of the program is located. The working
directory gets clogged and it becomes extremely
inconvenient to work and there may be more than one
program that uses these files. It would be much more
convenient to place all these auxiliary files in one specific
place and just indicate the path to them in each program.

In all signatures of subroutines and functions that directly
or indirectly read files, two additional arguments have been
added to the end of the list of passed arguments:
1. “path” — directory with trailing slash, character type;
2. “ilpath” — length of this string, integer type.
The variable “path” is declared as a pure scalar variable of
character type of size “ilpath”. Then in each “OPEN”
operator in the “FILE” specifier it is necessary to perform
string concatenation: attach “path” to the beginning of the
file name.

4. Multi-threaded mode using OpenMP

The outdated Fortran-77 language standard prevents multi-
threaded mode. There is no simple way to parallelize it
neither using the programming languages (e.g. C++
(version 14 and higher) or Fortran (version 2008 and

higher)), nor by third-party tools (e.g. OpenMP). Also, the
IRI-2016 source code is quite large (about 20 000 strings
in total), so it is difficult to completely rewrite the code into
a modern language standard providing multi-threaded
mode. We decided to achieve parallelism using third-party
means. OpenMP was chosen as a parallelization tool
because it is easy to use and learn, it continues to develop,
it is open and accessible, and also supported by most
modern compilers and allows one to parallelize C, C++ and
Fortran code.

Here are the main problems preventing the IRI-2016 code
from being used in multi-threaded mode:

* many COMMON-blocks;

* a huge number of SAVEd variables;

* many initializations with the “DATA” statement;

« fixed “units” for files operations (mainly reading various
coefficients).

4.1 COMMON:-blocks

Fortran-77 does not have global variables, i.e. variables
that are shared among several program modules (functions
and subroutines). Instead, so-called COMMON-blocks are
used, declared with the "COMMON" statement. This
statement defines a block of the main memory storage so
that different program units can share the same data
without using arguments. These blocks can contain several
named variables. When the program is used in multi-
threaded mode, COMMON-blocks are shared among all
threads, and each thread modifies/reads data from the same
memory areas. This causes collisions, errors and crashes.

To avoid this, it is needed to use the OpenMP
“threadprivate” directive. It creates for each thread its own
copy of what it was used for (this copy is shared between
all program units within that thread). And each thread will
perform all actions with its own copy, and not with the
original. Each non-empty COMMON-block in each
program unit must be specified in this directive, and its
name must be enclosed in slashes when listed in it.

4.2 SAVEd variables and “DATA” statement

The “SAVE” statement keeps variables and their values
available after the function or subroutine is executed, i. €.,
after exiting the function or subroutine, the variables will
not become undefined and will be stored in the main
memory area. If this statement is without a list of variables
to which it is applied, then it is applied to all local variables
of the function/subroutine, except arguments. In multi-
threaded mode (just like COMMON-blocks) SAVEd
variables are shared among all threads, and each thread
modifies/reads data from the same memory areas, this
causes collisions, errors and crashes. Variables initialized
with the “DATA” statement also implicitly become
SAVEd variables.



To avoid this, it is needed to use the “threadprivate”
directive. Each SAVEd variable, declared both explicitly
and implicitly, and initialized with the “DATA” statement,
in each program unit must be specified in this directive.

4.3 Reading and writing files

In IRI-2016 each file is read by joining a certain “unit”
fixed for each file, while the access specifier “ACCESS” is
not specified, i. e. all files are read in sequential access
mode. Fortran has the following feature of reading files: if
you open a file with the same “unit” with which the same
file is already opened, then the file is considered to be
opened again to change the reading parameters, the
position in the file does not change (specifying a different
“unit” will cause an error). And then, if you have written a
loop of sequential reading of this file, then when reading it
simultaneously by several threads, each thread will read the
already opened file with the same “unit”, and the reading
position will be permanently knocked down due to other
threads. Firstly, the data will not be read correctly, and
secondly, the reading will sooner or later go beyond the file
boundaries, which will cause an error and the program
crash.

To avoid this, each block of file reading code (i. e. starting
with the “OPEN” statement and ending with the “CLOSE”
statement) must be placed inside a so-called critical
section, defined with the OpenMP “critical” construct.
Everything inside this section is executed by only one
thread at a time, and the other threads wait until it finishes
executing the commands in this section. Thus, each thread
will open an unopened file, read data from it and close it,
and the reading position will not be knocked down.

4.4 Acceleration of IRI-2016 simulation using
multithreading

To demonstrate the advantages of multi-threaded mode for
IRI-2016, we calculated the altitude-time dynamics of the
ionosphere (densities and temperatures of ions and
electrons, temperature of neutrals) for 52.9°N 103.3°E with
standard values of setting parameters for February 1, 2022.
Time step is 1 minute, altitude step is 2 km (from 170 to
2,000 km). The computer that performed the simulation
has an “Intel Core 19-9900k” CPU with 8 cores and 16
threads and a maximum frequency of 5 GHz. The testing
program source code can be found in the previously
mentioned repository [6]. In single-threaded mode, the
simulation took 74.4 seconds, and in multi-threaded mode
using all 16 logical cores — 9.8 seconds, i.e. multi-
threaded mode is ~8 times faster. Figure 3 shows the
electron density plot that is the result of this simulation.
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Figure 3. Altitude-time dynamics of the ionosphere
electron density for 52.9°N 103.3°E February 1, 2022

5. Conclusion

This paper describes the IRI-2016 modification, but
IRI-2020 [4] has already been released and is being
actively updated. We could expect newer versions of IRI as
time goes on. Each version will require a lot of routine job
to introduce above changes, test results and debugging the
code. We could participate in further IRI improvement and
could suggest some recommendations (that were
introduced in this paper) for further developing the IRI
source code where we also could participate:

» make it possible to specify the directory of the files to be
read, as shown in section 3;

* consider the possibility of adding geomagnetic field
components to the “OUTF” array;

* adding the described OpenMP directives for all cases
described in section 4, so that the IRI code can be used in
multi-threaded mode;

* do not use implicit variable declaration. This makes the
code less readable. And if a function/subroutine has many
implicitly declared variables and the “SAVE” statement is
used for all variables, then it is very difficult to find all the
variables in order to use the “threadprivate” directive;

* do not initialize variables using the “DATA” statement.
Firstly, it can cause errors, as described in section 2, and
secondly, it interferes with parallelization (as described in
subsection 4.2). Instead, use initialization with an equal
sign (“=") separately from the variable declaration
(because the declaration together with the initialization
implicitly applies the “SAVE” statement to the variable);

* try not to use COMMON-blocks (they are considered
obsolete nowadays), and it would be ideal to replace all of
them either with modules (a modern alternative) or with
custom data types (for thread-safety). If you still use
COMMON-blocks, then in each program unit the same
block should have the same names of its components;

+ allocate memory dynamically for some arrays, for
example, for arrays into which all existing coefficients Ap
and F10.7 are read (so that when a certain number of
coefficients is reached, after a certain date, it does not
exceed the dimension of the array). That allows not
improve subroutines after increase in index files;

s remove the limitation of 1,000 profile points in the
“OUTF” array of the “IRI_SUB” subroutine, and instead
allocate memory for it dynamically, for example;

* use a version control system such as Git to make it easier
to retrieve and update code;



« provide tests for all modes, similar to those presented in
the repository [6];

* implement a REST API on the Community Coordinated
Modeling Center website [8] for more convenient use of
the IRI Web-version;

* eliminate jump discontinuity when merging models of
densities of some ions when changing models at the
altitude of 300 km. Figure 4 shows the O" ion density as an
example.

200 400 600 800 1000
h, km

Figure 4. Jump discontinuity when merging O density
models at the altitude of 300 km for 52.9°N 103.3°E
05:00 UT June 25, 2023
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