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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures—tsed—to—devetop—thi ctrent-and—those—intended e are

described in] the ISO/IEC Directives, Part 1. In particular, r the

different types of ISO documents should be noted. This document was drafted in accordande\with the

editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is|drawn to the possibility that some of the elements of this document may \béthe subj¢ct of

patent rights. ISO shall not be held responsible for identifying any or all such patént-rights. Detalils of

any patent rjights identified during the development of the document will be in the)Introduction and/or

on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade npme used in this document is information given for the conyvenience of users and doefs not

constitute ah endorsement.

For an explanation of the voluntary nature of standards, the imeaning of ISO specific termq and

expressions| related to conformity assessment, as well as infermation about ISO's adhereng¢e to

the World [Trade Organization (WTO) principles in the Téchnical Barriers to Trade (TBT)| see

www.iso.org/iso/foreword.html.

This document was prepared by Technical Committee ISO/TC 20, Aircraft and space vehicles,

Subcommitiee SC 14, Space systems and operations,

This second|edition cancels and replaces the first'edition (ISO 16457:2014), which has been technically

revised.

The main changes are as follows:

— adding § description of the newly)developed real-time IRI (Clause 9);

— replacing one of the plasmaspheric extension models (GPID) that is no longer available with the
option to extrapolate thé-standard IRI to plasmaspheric altitudes;

— providipg more detdil and newer references for the IMAGE/RPI and IZMIRAN plasmaspheric
extensipns of IRk

Any feedbadk or questions on this document should be directed to the user’s national standards bqgdy. A

complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

The purpose of this document is to identify a set of management guidelines for dealing with space
systems engineering activities and is intended to define the minimum existing processes on the subject
seeking to reach an international agreement on the topic.

Guided by the knowledge gained from empirical data analysis, this document provides guidelines
for specifying the global distribution of electron density, electron temperature, ion temperature,
ion composition, and total electron content through the Earth’s ionosphere and plasmasphere. The
model recommended for the representation of these parameters in the ionosphere is the international

PPN PC 7Y whara LIDIY
refer\.u\.\. TOTTOSPIICT C (TN

an international project sponsored by the Committee on Space Research (EQSPAR) and the
Interjnational Union of Radio Science (URSI). These organizations formed a working, group in the late
196(s to produce an empirical standard model of the ionosphere based on all available data sources.
The JRI Working Group consists of more than 60 international experts representing different countries
and different measurement techniques and modelling communities. Thehgroup meets [annually to
discyss improvements and additions to the model. As a result of these activities sevgral steadily
imprpved editions of the model have been released [181.[191,[20].[5].[6].[1}[2}.[31.[53].[72).[73], The homepage
of the IRI project at http://irimodel.org/ provides access to the compiiter code (FORTRAN)|of the latest
version of the model and to earlier versions and to links to several related sites that use IR] for various
applications.

For a given location over the globe, time, and date, IRI describes the monthly averageq of electron
densjty, electron temperature, ion temperature, and thé\percentage of 0*, H*, He*, N*, NO*, 0,*, and
cluster ions in the altitude range from 50 km to 1 5004&m. In addition, IRI provides the electron content
by numerically integrating over the electron density height profile within user-proviged integral
bourldaries. IRI is a climatological model deseribing monthly average conditions. The| major data
sourges for building the IRI model are the worldwide network of ionosondes, the powerfull incoherent
scattler radars, the topside sounders and in‘situ instruments flown on several satellites and rockets.
This|document also presents several empirical and semi-empirical models that can be us¢d to extend
the IRI model to plasmasphere altitudes;

One pdvantage of the empirical approach is that it solely depends on measurements and not on the
evolying theoretical understanding of the processes that determine the electron and ipn densities
and temperatures in the Eafth’s ionosphere. A physical model can help to find the best nfathematical
functions to represent variations of these parameters with altitude, latitude, longitude, timge of day, day
of yepr, and solar and ma@netic activity.

IRI i§ recommended for international use by COSPAR and URSI. The IRI model is updated and improved
as new data ang.iew sub-models become available. This document provides a common fijfamework of
the internatienal standard of the Earth’s ionosphere and plasmasphere for the potential usgrs.
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Space environment (natural and artificial) — The Earth's
ionosphere model — International reference ionosphere
(IRI) model and extensions to the plasmasphere
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Terms and definitions

document provides guidance to potential users for the specification of the global dis
phere densities and temperatures, as well as the total content of electrons in the he
50 km to 1 500 km. It includes and explains several options for a plasmasphericexte
], embracing the geographical area between latitudes of 80°S and 80°N and‘longitug

ef introduction to ionospheric and plasmaspheric physics is given imAnnex A. Annej

tribution of
ght interval
nsion of the
es of 0°E to

E, for any time of day, any day of year, and various solar and magnetic activity conditigns.

¢ B provides

erview over physical models, because they are important for understanding and m|
ical processes that produce the ionospheric plasma.

e are no normative references in this document.

he purposes of this document, the following terms and definitions apply.
nd [EC maintain terminology databases for use in standardization at the following adc

SO Online browsing platform: available at https://www.iso.org/obp

EC Electropedia: available-athttps://www.electropedia.org/

sphere
n of the Earth's-atmosphere in the height interval from 50 km to 1 500 km contai
ed cold plasma

masphere
of cold, relatively dense (> 10 cm~3) plasma of mostly H* in the inner magnetosphs

trap;red on the Earth's magnetic field lines and co-rotates with the Earth

odelling the

Iresses:

hing weakly

re, which is

Note 1 to entry: Cold plasma is considered to have an energy of between a few electronvolts and a few dozen
electronvolts.

3.3

plasmapause
outward boundary of the plasmasphere (3.2) located at between two and six Earth radii from the centre
of the Earth and formed by geomagnetic field lines where the plasma density drops by a factor of 10 or
more across a range of L-shells of as little as 0,1

Note 1 to entry: The L-shell is a parameter describing a particular set of planetary magnetic field lines, often
describing the set of magnetic field lines which cross the Earth's magnetic equator at a number of Earth-radii
equal to the L-value, e.g. “L = 2” describes the set of the Earth's magnetic field lines which cross the Earth's
magnetic equator two Earth radii from the centre of the Earth.

©ISO
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solar activity
series of processes occurring in the Sun’s atmosphere which affect the interplanetary space and the

Earth

Note 1 to entry: The level of solar activity is characterized by indices.

3.5

ionospheric storm
storm lasting about a day, documented by depressions and/or enhancements of the ionospheric electron
density during various phases of the storm

Note 1 to en
produce larg
ionosphere (3

3.6
sunspot nu
R

daily index
number of s

Note 1 to ent
Note 2 to ent

Note 3 to ent
with the resu

3.7
F10.7
solar radio f

Note 1 to ent
Often used ay

3.8

try: Ionospheric storms are the ultimate result of solar flares or coronal mass ejections)) ¥
e variations in the particle and electromagnetic radiation that hit Earth's magnetospher
1), as well as large-scale changes in the global neutral wind, composition and temperature.

mber

bf sunspot activity defined as k(10 g + s) where s is the number of individual spots, g i
linspot groups, and k is an observatory factor

ry: R is alternatively called Ri or Rz or SSN.
y: R12 is 12-month running mean of monthly sunspot number

ry: In 2014 the calculation scheme for the officially distributed sunspot number was chang
It that the new sunspot number (SSN2) is about a factor“of 1,45 larger than the old one (SSN1).

lux at 10,7 cm wavelength measured at the ground daily at noon

Fy: Besides this ‘observed’ F10.7 index there is also an ‘adjusted’ F10.7 index that is adjusted td
rerages are the 81-day (3 solar rotatiohs) running mean and the 12-month running mean.

Lyman-a index

solar activit)

3.9

MGII index
solar activit]
and 280,27

3.10
Kp index

b (3.4) index based on daily measured solar emission at 121,6 nm (H Lyman-«a line)

p (3.4) indexchased on core-to-wing ratio of the magnesium ion h and k lines at 279,5
hm

planetary t

vhich
b and

s the

bd[68]

1AU.

b nm

rth's

hree-hour index of geomagnetic activity characterizing the disturbance in the E{

magnetic field over three-hour universal time (UT) intervals!8Z]

Note 1 to entry: The index scale is uneven quasi-logarithmic and assigned to successive 3 h UT intervals giving
eight values per UT day, and ranges in 28 steps from 0 (quiet) to 9 (disturbed).

3.11
ap index

three-hour UT amplitude index of geomagnetic variation equivalent to the Kp index (3.10)

Note 1 to entry: It is expressed in 1 nT to 400 nT.

© IS0 2022 - All rights reserved
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total electron content

TEC

integral number of electrons in the unitary area column from a lower altitude boundary to an upper
boundary

Note 1 to entry: Typically, the integral is taken from the lower boundary of the ionosphere (3.1) to the plasmapause

(3.3)
Note

3.13

2 to entry: It is expressed in units of 1016 electrons m=2 (TECU).

TEC4
TECA
glob4

Note

3.14
GEC
glob:
integ

3.15
IG

ionog
ionof
iono¢

Note

Note

maps

4

ELF

BeiD
GALI
GLOJ
GNSS

y
p

based global index
11 ionosphericindex based on GNSS-derived TEC-noon measurements at the network of|

1 to entry: See References [70] and [82] for more information on IGS stations.

] electron content
ral of TEC (3.12) over the whole globe based on GNSS-derived TEC measurements

phere global index
phere-effective sunspot number (3.6)[26] that is obtained by adjusting the CCIR maps
onde measurements of the F2 plasma critical fréquency foF2

1 to entry: IG12 is 12-month running mean of monthly ionosphere-effective sunspot number.

2 to entry: See Reference [56] for the ionosphere-effective sunspot number and Reference [7

Abbreviated terms

extremely low frlequency (less than 3 kHz)
pu BeiDou Nayigation Satellite System
LEO Europe€an Global Satellite Navigation System
NASS  Global Orbiting Navigation Satellite System

Global Navigation Satellite System (e.g. GPS, GLONASS, GALILEO and others)

GPS

HF
IRI
LF
MF
UHF
VHF
VLF

©ISO

Globhal Positioning System

high frequency (3 MHz to 30 MHz)
international reference ionosphere

low frequency (30 kHz to 300 kHz)

medium frequency (300 kHz to 3 MHz)

ultra high frequency (300 MHz to 3 000 MHz)
very high frequency (30 MHz to 300 MHz)

very low frequency (3 kHz to 30 kHz)

2022 - All rights reserved

IGS stations

[Z] to global

for the CCIR


https://standardsiso.com/api/?name=dc59fd5d26e5b8af547d0a2e4631de24

ISO 16457:2022(E)

5 General considerations

This model for the representation of the ionospheric and plasmaspheric plasma parameters is important
to a wide spectrum of applications. Electromagnetic waves travelling through the ionized plasma at the
Earth’s environment experience retardation and refraction effects. A remote sensing technique relying
on signals traversing the ionosphere and plasmasphere therefore needs to account for the ionosphere-
plasmasphere influence in its data analysis. Applications can be found in the disciplines of altimetry,
radio astronomy, satellite communication, navigation and orbit determination.

Radio signals, transmitted by modern communication and navigation systems, can be heavily disturbed
by space weather hazards. Thus, severe temporal and spatial changes of the electron density in the

ionosphere
which even
weather infi
of the accur

For high frej
the reflectiyf
radio recepf
of the globg
Earth's envi
and future
the medium

6 Applid

There are a
outlined in 1
(Russia), Be
navigation g
all its satelli
the accurac
operators u
efficient con
for accuratd
weather inf
and by gove
surface chai

Users also
finding, rad
companies
ionospheric
geology, ged

ANd plasmasphere can significantly degrade the signat quality of various radio sy
can lead to a complete loss of the signal. Model-based products providing specifici
prmation, in particular now- and fore-cast of the ionospheric state, serve for improve
hcy and reliability of impacted communication and navigation systems.

quency radio communication, a good knowledge of the heights and plasma frequenc
e layers of the ionosphere and the plasmasphere is critical for continuous and high-qu
ion. High frequency communication remains of great importance in ‘many remote loca
. The model helps to estimate the effect of charged particles on.téchnical devices i
ronment and defines the ionosphere-plasmasphere operationalrenvironment for exi
ystems of radio communication, radio navigation, and other.relevant radio technolog
and high frequency ranges.

ability

multitude of operational usages for ionospheric'models, of which the most importan
his clause. Operators of certain navigationalsatellite systems such as GPS (USA), GLOI
iDou (China) and GALILEO (Europe)V) require ionospheric predictions to mitigate losg
ignal phase and/or amplitude lock, as'well as to maintain accurate orbit determinatid
tes. Users of global navigation satellite-systems need precise ionospheric models to inci
y and to reduce the precise pesitioning convergence timel2Z1[38], Radio and telev
sing LF, MF, HF, VHF, UHF satellite or ground stations require ionospheric paramete
hmunications and for redueing interferences. Space weather forecasters have a great
ionospheric models to stipport their customers with reliable and up-to-the-minute 5
rmation. lonospheric models are also used in the aeronautical and space system indu§
rnmental agencies performing spacecraft design studies. Here the models help to esti
ging, sensor interference and satellite anomaly conditions.

hpply ionosphéric models to mitigate problems with HF communications, HF dire
hr clutter atd disruption to ELF/VLF communications with underwater vehicles. Insu
estimating the cost of protecting human health in space and satellites make u
models: Scientists using remote sensing measurement techniques in astronomy, big
physics and seismology require parameter estimates for compensating the effects d

ionosphere

ems
pace
ment

es of
ality

kions

n the
sting
esin

t are
NASS
es of
n for
rease
ision
s for
need
pace
tries
mate

ction
ance
e of

logy,
f the

on-their observations. An ionospheric model can be also used to evaluate tomogra

phic,

radio occultation, and other similar techniques, by providing the ground-truth background model for
test runs. Amateur radio operators, as well as students and teachers in space research and applications,
also use ionosphere parameters. This document may be also applied for ray-path calculations to assess
the performance of a particular ground-based or space-borne system. Monthly medians of ionospheric
parameters are useful for HF circuit and service planning, while maps for individual days and hours aid
frequency management and retrospective studies.

7 Model description
The first version of the IR model, IRI-1979, and its mathematical build-up is described in References [18],

[19] and [20]. The most detailed description of the model and the mathematical formulas and methods
used is given in a 155-page report about IRI-1990[2]. The next significant updates of the model were

© IS0 2022 - All rights reserved
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introduced with IRI-1995[2], IRI-2000[3], IRI-2007[231[54], IR1-2012[7111Z2] and IRI-2016[73]. The latest
version of the model is available from http://irimodel.org.

IRI-related research efforts and applications of the IRI model are presented and discussed during
annual IRI workshopsl, with each workshop focusing on a specific modelling topic. Papers from these
workshops have been published in dedicated issues of the journal Advances in Space Research?).
Reviews of IRI and other ionospheric models can be found in References [4], [51], [52] and [54].

8 Model content and inputs

The
altit

ers in different

de ao i reies. ls sch sb-ode r: ‘

[nternational Telecommunication Union ITU-R (former CCIR) model for the)F2 layer critical
frequency foF2 (directly related with the F2 peak electron density, in m=3) arid for the propagation
flactor M(3000)F2 (inversely correlated with the peak height, in km)[Zl; IR xecommendls use of the
CCIR model above continental areas and recommends use of the URSI modell55] above pcean areas,
because the URSI model produces better results than the CCIR modelin these areas; Irjstead of the
[CIR-recommended sunspot number IRI uses the global ionosphére index IGI26] becjuse it gives
Ietter results especially at high solar activities;

— (OSPAR international reference atmosphere (CIRA) model<(NRL-MSISE-00[38]) for|the neutral
femperature;

— $TORM model for storm-time updating of the F2 layerpeak densityl2];

— International geomagnetic reference field (IGRF) model of the International Aspociation of
feomagnetism and Aeronomy (IAGA) for the magnetic coordinates (https://www.ngdc.noaa.gov/

I1AGA /vmod/).

The JRI model requires the following indices:as input parameters:

— R12, the 12-month running mean-of'sunspot number R;

— [10.7, the daily index and 81-day and 12-month running mean;

— 1G12, the 12-month running’/mean of global ionosphere index IG;
— 3p indices, the 3-hourly/planetary magnetic indices for the prior 33 hours.

Thesle indices can geither be found automatically from the indices files that are included ith the IRI
software package and that are updated quarterly, or the user can provide his/her own inpnit values for
thesg¢ indices. ForR12 and 1G12, the indices file starts from January 1958 and include indicds prediction
for one to twoyears into the future. For ap index, the values start from January 1960 angl include no
predjctions:

In addition, model users have the options to use measured peak parameters to update th¢ IRI profile,
including the F2, F1, and E layer critical frequencies (or electron densities), the F2 peak height (or
M(3000)F2 propagation factor), the E peak height, and the bottomside thickness and shape parameters
B0 and B1. In this way, real-time IRI predictions can be obtained if the real-time peak parameters are
available.

The total electron content (TEC) is obtained by numerical integration from the model’s lower boundary
(65 km during daytime and 80 km during night time) to the user-specified upper boundary.

1) Information about past and future workshops can be found on the IRl homepage (http://irimodel.org), which
also provides access to the final report from each workshop and to a bibliography of IRI-related papers and issues
of Advances in Space Research.

2) Alist of IRl issues of Advances in Space Research is available at http://irimodel.org/docs/asr_list.html.

© IS0 2022 - All rights reserved 5
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9 Real-time IRI

Various data-assimilation techniques and indices-updating algorithms have been used to bring IRI
closer to the observed conditions in either real-time or retrospective modelZ41-[81], The most advanced
system developed by Galkin et al.[Z?] uses the global database of ionosonde measurements of the Global
Ionospheric Radio Observatory (GIRO) to provide real-time inputs of foF2, hmF2, BO and B1 for IRI.

10 Plasmasphere extension of the IRI model

10.1 General

The modelsidescribed in 10.2 to 10.5 have been proposed as plasmasphere extension of the IRI'mddel.

10.2 Extrapolation of IRI profiles

With the ve
the upper b
simple extr4

ease
km a

'sion of the IRI model available at http://irimodel.org, a user is given the‘option to inci
undary for TEC computations to up to 20 000 km (GPS satellite altitude). Above 2 000
polation is used employing the IRI topside function.

10.3 Glob:

GCPM-2000
plasmapaus
in the trans

1l core plasma model (GCPM)

101 js an empirical description of thermal plasma‘“densities in the plasmasphere,
e, magnetospheric trough and polar cap. GCPM-2000 uses the Kp index and is coupled fo IRI
tion region 500 km to 600 km?3),

10.4 IMAGE/RPI plasmasphere model

The IMAGE
derived fro

lines
| the

RPI plasmasphere modell12] is based on tore than 700 density profiles along field
n active sounding measurements made by the radio plasma imager (RPI)[Z1] of

IMAGE sate
and vary fr
magnetic la
2000 km al
A comparisg
power profi
cap regionld

10.5 IZMIRAN plasmasphere model

The 1ZMIRA
observation|
temperatury
topside half

lite between June 2000 and July 2005. The measurements cover all magnetic local t
pm L = 1,6 to L = 4 spatially. The resulting model depends not only on L-shell but alj
Litude and can be applied to specify the electron densities in the plasmasphere bet}
[fitude and the plasmapausé:{the plasmapause location itself is not included in this mq
n of this model with other.diffusive equilibrium models was published in Reference [

e model as function ofmagnetic activity was developed from RPI observations for the
af

N4) plasmasphere modell8l[111[13] js an empirical model based on whistler and sat
5. IR[-Plas model presents global vertical analytical profiles of electron density]
e inthe plasmasphere smoothly fitted to the IRI Ne(h) and Te(h) profiles at the altitude

imes
0 on
veen
del).
12]. A

bolar

ellite

and

fthe
peak density (400 km to 600 km for electron density and 400 km for electron tempera(Fure)

and extended towards the plasmapause (up to 36 000 km]). For the smooth fitting of the two models,
the shape of the IRI topside electron density profile is modified using ISIS-1, ISIS-2 and IK-193) satellite
inputsl12], The plasmasphere model depends on solar activity and magnetic activity. The latest version
of IRI-Plas model includes dependence on eight solar and ionospheric proxy indices (SSN, R12, F10.7,

3) AFORTRAN code implementation of GCPM that includes all regions except the polar cap is available at https://
plasmasphere.nasa.gov/models/.

4) [IZMIRAN: Institute of Terrestrial Magnetism, lonosphere and Radio Waves Propagation, Russian Academy of
Sciences.

5)

ISIS: International Satellites for lonospheric Studies; IK-19: Intercosmos-19 satellite.
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Lyman-a index, MGII index, TECg, GEC and 1G)[©2].[70].[81]-[84]6), [R]-Plas applies the new global model
GMF2 that provides foF2 and hmF2 global maps based on the re-calibrated sunspot numbers SSNI8el,

11 Accuracy of the model

The IRI model has been built to represent the monthly average behavior of space plasma. Efforts are
underway to also include a quantitative description of the monthly variability in IRI. As variability
measure, either the relative standard deviation or upper/lower quartiles and deciles will be used.

The accuracy of the IRI electron density model is typically (given here as standard deviation divided by
mon hly medianin OA\)[%].

— 50 % to 80 % at heights from 65 km to 95 km;

— 5% to 15 % at heights from 100 km to 200 km during daytime;

— 15 % to 30 % at heights from 100 km to 200 km during night time;
— 15 % to 25 % at heights from 200 km to 1 000 km at low and middle dip latitudes (< 60);
— 50 % to 80 % at heights from 200 km to 1 000 km at high dip latitudes (> 60°).

6) Source code for this IRI-Plas ionosphere-plasmasphere version is available from the IZMIRAN web site https://
ftp.izmiran.ru/pub/izmiran/SPIM/ and IRI-Plas online is available at http://www.ionolab.org/.
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Annex A
(informative)

f introduction to ionosphere and plasmasphere physics

The ionosphere and plasmasphere are conductive, ionized regions of the Earth’s atmosphere consisting
of free electrons and ions. The ionosphere and plasmasphere are embedded within the Earth’s magnetic

field and thus are constrained by interactions of the ionized particles with the magnetic field
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bvels in this near-Earth space plasma are controlled by solar extreme ultraviolet,|(
d particle precipitation. The dynamics of the neutral atmosphere plays a significant

b thermosphere. The ionosphere extends in altitude from about 65 km topabout 1 50
5 significant variations with local time, altitude, latitude, longitude, ;selar cycle, se
netic activity. At middle and low latitudes, the ionosphere is contained within a regi
ines, whereas at high latitudes the geomagnetic field can reconneocfwith the interplang
1d and thus open the ionosphere to the driving force of the solartwind.

ving upwards from the oxygen-dominated ionosphere is{constrained to move §
magnetic field lines co-rotating with Earth and comprising the hydrogen-domir
re extended up to a few Earth radiil25].[26], The O*/H¥transition height where the io
n equal percentage of both ions is often taken as the'houndary between the ionospher

arge exchange reactions between O* and H*. At.quiet conditions, H* in the plasmasy
fuses down to the topside ionosphere at night and undergoes resonant charge exch
th atomic oxygen to produce O* (downward flux). The O produced in this way can m
ontribution to the maintenance of the night-time ionosphere, and works in combination
hal component of the neutral wind.<The depleted night-time plasmasphere can be re
ay through the reverse process; that'is, the O* ions flow up from the ionosphere, exch
h the neutral hydrogen atoms te_produce protons, and the protons are then stored i
re (upward flux). During geomagnetically disturbed conditions the plasmaspheric pl
ed by the enhanced magnetospheric electric fields, and consequently, the flux bec
h during the day and night; due to the reduced plasmaspheric pressure, to refill the e
ric flux tubes. While(the low-latitude flux tubes refill relatively quickly due to their {
st of the mid-latitidde flux tubes are always in a partially depleted state, since the ave
n consecutive geomagnetic storms is not long enough for the upflowing ionospheric fl
efill the fluxtubes.

HF commuhications rely entirely on reflections from the ionized layers in the y
but_the* ionosphere acts also as a hindrance because it distorts ground-to-space
p-spacecraft radio links. Although empirical models of the ionosphere are now acceg
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ié-networking, most of them are far from reliable in predicting the average ionosp

heric

conditions, not to mention their [imitations in forecasting the ionospheric "space weather™ In particular,
areliable and standard ionosphere-plasmasphere model is required for calibration of trans-ionospheric
signals of the high-altitude GPS and GLONASS satellites at 20 200 km above the Earth. On the other
hand, GNSS are also benefiting ionospheric modelling because they provide measurements of TEC
between ground receiver and satellite transmitter if the system operates on two or more frequencies.
This is the case because TEC can be deduced from the difference in delay at the different frequencies.

Due to the high temporal and spatial variability of the space plasma surrounding the Earth and due
to the requirements of its specification for the design and operation of space vehicles, remote sensing,
reliable communication and navigation, modelling of the ionosphere and plasmasphere is an important
research focus within the worldwide space science communities. Among these efforts the IRI plays an
outstanding part and is widely used by space agencies and scientists and engineers worldwide. It is
recommended for international use by COSPAR and URSI.
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Physical models

Physical models typically use a numerical iterative scheme to solve the Boltzmann equations for the
ionospheric gas including the continuity, energy, and momentum equations/23l. They are solved along
field{lines of the Earth magnetic field where the field is represented either by a simple tilted dipole or
a mufltipole model like the IGRF. The equations are either solved self-consistently alongla‘fpll flux tube
or thie plasmaspheric flux is provided as a top boundary condition. The effects of the)geompgnetic field
on the transport of the ionospheric plasma are introduced by the magnetic dip (1), and de¢lination (D)
angles from IGRF.

The Jonosphere is strongly coupled with the neutral atmosphere, chemicallyas well as dynamically. In
addition to the effects of the neutral wind, the neutral atmosphere significantly affects the{ionospheric
plastha density distribution through neutral composition and temperature. The neutral fomposition
is a ¢rucial factor not only for the production and loss of the plasma; but also for the diffusion of the
ionogpheric plasma through the neutral atmosphere. The neutral€emperature effect on th¢ ionosphere
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ly comes from the changes of the neutral densities caused by the neutral temperat
v the F-region peak, chemical equilibrium prevailssand the plasma density profi
rolled by the neutral composition through the production and loss. As altitude incred
sion becomes important and well above the F-regi@n peak, the plasma density profile
mined by diffusion. However, the diffusion of the'plasma through the neutral atmosph
nds on the neutral densities, mainly the O density in the topside ionosphere, via collisi
lasma and the neutrals.

ysical model requires several input parameters, including the neutral densities and t
ral wind, and plasma temperatures,For these inputs, empirical models are adopted. In
e of operation, up to six free tnodel parameters should be adjusted to measurem
ically reasonable ranges, and.this cannot be reached straightforward under certain co

ure change.
e is largely
ises, plasma
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ere strongly
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bmperature,
assimilative
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nditions.

State University has been.developing the global assimilation of ionospheric measure
s that specify and foreeast the state of the ionosphere. There are two models; the G4

ents (GAIM)
huss Markov

(GAIM-GM) and full physics{GAIM-FP) models[2Z1.[29].[59]-[63], GAIM-GM uses a physics-based ionosphere
mode¢l and a Kalman filtet as a basis for assimilating a diverse set of measurements. The physics-based
modg¢l is the ionosphere forecast model (IFM), which is global, covers altitudes from 90 km to 1 400 km,
and fakes accountcwof five ion species (NO+, 02+, N2+, O+, H+). However, the main output of the model is a
3-D glectron density distribution. GAIM-FP uses a physics-based model of the ionosphere-plasmasphere
systd i
base

plasy

He+):

provides the self-con51stent drlvers of the 1onosphere plasmasphere system (e.g. neutral winds and
composition and electric fields).

The University of Southern California and the Jet Propulsion Laboratory (USC/JPL) physics
model[301.[311.[28] js derived from the Sheffield University Plasmasphere lonosphere Model, SUPIMI32],
In physical models, such as SUPIM, the time-dependent equations of continuity, momentum (ignoring
the time variation and inertial terms in the momentum equation), and energy balance are solved along
eccentric-dipole magnetic field lines for the densities, field-aligned fluxes and temperatures of the
ions and the electrons. Its application relies on accurate estimates of the solar EUV, E x B drift, neutral
wind, and neutral densities. The ion momentum equation is further broken into a field-parallel and field
perpendicular component. The velocity component perpendicular to the magnetic field is considered to
be due entirely to E x B and is an input driver. The parallel component of velocity also has input drivers
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due to neutral winds and electron and ion temperatures. Thus, in the USC/]JPL system the only state
variable solved for is the O* density; the rest are input drivers to the system.

The coupled thermosphere ionosphere model (CTIM)[33] was developed by coupling a self-consistent
thermosphere physical model with the Sheffield University high latitude ionospheric modelle4], As
with many of the theoretical models, the global atmosphere is divided into a series of elements in
geographic latitude, longitude, and pressure (or altitude). Each grid point rotates with Earth to define
a non-inertial frame of reference in an Earth-centred coordinate system. The magnetospheric input
is provided by statistical models of auroral precipitation[34] and electric fields[321.[63], Both inputs are
keyed to a hemispheric power index (PI), based on the TIROS/NOAA auroral particle measurements
or use solar wind density and magnetic field measurements. A recent upgrade of this model included
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e interhemispheric plasma (FLIP) modell3Z1I67] is a first;priiciples, one-dimensional, 1
chemical, and physical model of the ionosphere and:plasmasphere. It couples the
to the overlying plasmasphere and conjugate ionesphere by solving the ion conti
tum, ion and electron energy, and photoelectrow,equations along entire magnetic
nterhemispheric solutions yield densities and fluxes of H*, O*, He*, and N* as well a
d ion temperatures. The neutral densities, femperature, and wind are supplied by
RLMSISE-00[38] and HWMI321.[89] models. Du¥ing quiet times the error in the inputs fqg

Epheric storms uncertainties can be.much larger. The set of nonlinear, second-order, p4
equations for continuity, momentum, and energy is transformed into finite differ
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As describgd in the previous paragraphs driver inputs must be obtained from empirical m
including t}I:E following: thermespHeric densities from the NRLMSISE-00 model38], neutral winds
the horizontal wind model{HWM)[39L[89], solar EUVI4Y], electric fieldsl 1, and ele
energy predjpitation flux[24} The interested reader can refer to Reference [30] and references thg
In this 2003[model validation experiment, only vertical drift at the geomagnetic equator was simu
and estimated, while=all the other inputs were held at their empirical values. The vertical drift
parameterized by nin€ coefficients at different local times

The open gg here-
ionosphere here
and couples via field aligned current (FAC), electric potential, and electron precipitation to an
ionosphere potential solver and the CTIMI44l, This code coupling enables studies of the global energy
budget of the magnetosphere-ionosphere-thermosphere system. The CTIPe model is a non-linear,
coupled thermosphere-ionosphere-plasmasphere physically based numerical code that includes a self-
consistent electrodynamics scheme for the computation of dynamo electric fields. The model consists
of four distinct components which run concurrently and are fully coupled. Included are a global
thermosphere, a high-latitude ionosphere, a mid and low-latitude ionosphere/plasmasphere and an
electrodynamical calculation of the global dynamo electric field[42].

bospace general circulation model (OpenGGCM) is a global model of the magnetosp

LYz
=)

cfam It colves thoe maanotahudradunamic (MHD) cquationsin the outer maaonetosy
St OO et e g e to-H yar ooy o eV D e a0 e e O uate T g ecoS

The thermospheric general circulation model (TGCM) of the National Center for Atmospheric Research
(NCAR) was extended to include a self-consistent aeronomic scheme of the thermosphere and
ionospherel4tl, The model now calculates total temperature, instead of perturbation temperature about
some specified global mean, global distributions of N(2D), N(S) and NO, and a global ionosphere with
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distributions of 0+, NO*, 02*, Ne*, N*, electron density, and ion temperature as well as the usual fields
of winds, temperature and major composition. Mutual couplings between the thermospheric neutral
gas and ionospheric plasma occur at each model time step and at each point of the geographic grid.
Steady state results for this first Eulerian model of the ionosphere are presented for solar minimum
equinox conditions. The calculated thermosphere and ionosphere global structure agrees reasonably
well with the structure of these regions obtained from empirical models. This suggests that the major
physical and chemical processes that describe the large-scale structure of the thermosphere and
ionosphere have been identified and a self-consistent aeronomic scheme, based on first principles,
can be used to calculate thermospheric and ionospheric structure considering only external sources.
Global empirical atmospheric models, such as the mass spectrometer/incoherent scatter models
(e.g. Reference [38]), were used to specify atmospheric properties for ionospheric model. Equations
describing the ionosphere and thermosphere are both solved on the TGCM geographic grid.|lon drift for
the ipnospheric calculation is obtained from the empirical modell4Z] for low- and mid-latitiides and the
empirical modell#8] for high latitudes. Consideration of displaced geomagnetic and geegraphic poles is

included. Results for solar minimum equinox conditions are presented that show’good agr¢ement with
MSIS-86[38l. The self-consistent model requires only specifications of external selirces as sqlar EUV and
UV fluxes, aurora particle precipitation, ionospheric convection pattern, and.the amplitudes and phases

nd chemical

Ititude range ~ 100 km to several thousand kilometers.<The ion continuity and
ions are solved for all seven species and the temperatubevequation is solved for H*,

es the E x B drift of a flux tube (both in altitude and-n longitude), and includes ion i
homentum equation for motion along the dipole field line. The neutral species are sp4
RLMSISE-00 model(38] and the Horizontal Wind\Model (HWM)[321.[89], A recent study
onde data into SAMI2 was published by Kim et al.[?2ll. The NCAR Thermosphere-
Electrodynamics General Circulation Model (TIE-GCM)[22] is a comprehensive, first-pringd
dimgnsional, non-linear representation of ¢he coupled thermosphere and ionosphere

includes a self-consistent solution of thexmiddle and low-latitude dynamo field. The modjd
thre¢-dimensional momentum, energy-and continuity equations for neutral and ion species
step,|using a semi-implicit, fourth-ordet, centred finite difference scheme on each pressure
staggered vertical grid. TIE-GCM is being improved and further developed by the NCAR gr
the 1}
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Ground-to-topside model of Atmosphere and lonosphere for Aeronomy (GAIA)[23] prg

pbable of handling the entire global atmospheric region, ranging from the troposphere
phere. The GAIA model has been used to examine geomagnetic activity effects on long
e thermosphére and ionospherel24] and has proven its real-time and forecast capabil
recent developments and publications of the GAIA projects can be found at https://g
/indexzethtml.

Plasmasphere thermosphere model (PTM) is a physical model developed to estimate ion {

and 0,%) in
momentum
He*, 0%, and
hemisphere,
hertia in the
cified using
hssimilating
[onosphere-
iples, three-
system that
] solves the
at each time
surface in a
bup. Consult

hodel homepage at https: //www.hao.ucar.edu/modeling/tgcm/tie.php for recent developments.

ject couples

spheric, ionospherieciand electrodynamics models to successfully produce a numericall model that

through the
term trends
ties[23]. The
hia-web.nict

ind electron

densities,temperatures, amd vetocities with—time-dependent equations of CTomtimnuity,

momentum,

and energy along dipole magnetic field lines at altitudes between 90 km and 10 Rel83]. The PTM,
thermosphere model, and ion outflow model are made as functions of time, season, longitude, latitude,
altitude, solar activity, and geomagnetic activity. These models are solved simultaneously. The input
parameters to the models are solar and geomagnetic activities only. The boundary conditions are set at
the altitude of 90 km, where the data from the mass spectrometer and incoherent scatter (MSIS) model
are used[4l. The electron densities by the PTM show clearly a density gradient change at altitude of
~ 1 500 km in the polar region and plasmapause. The density gradient change at ~ 1 500 km altitude
is corresponding to the transition height from O+ to H+. The variations of plasmapause location and
plasma density and temperature within the plasmasphere, and the generation of plasma tail during
geomagnetic storms and the refilling of plasmasphere are reproduced.

The models of the ionospheric plasma density distribution and TEC depend on a number of upper
atmospheric and ionospheric parameters, such as the neutral density, neutral wind, neutral and plasma
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temperatures, plasmaspheric flux, and ion-neutral collision frequencies. In the numerical modelling of
the ionosphere, these parameters are generally often only roughly known and can cause significant
uncertainties in the model results[42]. The physical models are also tested for implementation in the
ionosphere tomography though a numerical model is often derived to give a close approximation to the
full theoretical calculations under all conditions[2%l. The physical model can be used to determine the
qualitative relationship, but we do not have to rely on the physical model to provide the quantitative
dependence for operational usel?l. The physical models can match empirical models in accuracy
provided accurate drivers are available, but their true value comes when combined with data in an
optimal way (data assimilative scenario).

Physical models were assessed and evaluated in a series of studies[2¢l-100] yndertaken by NASA’s
Community[Coordinated Modelling Center (CCMCJ providing performance scores for these mpdels
with regard to specific events and data sources. IRl was the only empirical model includedinthese
assessments and received excellent scores throughout.

Recent compilations of ionospheric and atmospheric models, including statistical and, physical mpdels
were published by STEP[21], ATAA[S2], NOVAI24], and AGUI22],

12 © IS0 2022 - All rights reserved
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