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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.

different tyj}
editorial ru

Attention is
patent right]
any patent 1
on the ISO li

Any trade n
constitute a

For an exp
assessment,
to Trade (TH

The commif
vehicles, Sub

This first edlition of ISO 16457 cancels and replaces ISO/TS 16457:2009, which has been techn

revised.
This correct

In the Forew

This first edlition of ISO 16457 e¢ancels and replaces ISO/TS 16457:2009, which has been techn

revised.

bes of ISO documents should be noted. This document was drafted in accordance\wit
es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may be"the subjg

ights identified during the development of the document will be in thé)Introduction ay
st of patent declarations received (see www.iso.org/patents).

hme used in this document is information given for the convenience of users and doe
h endorsement.

anation on the meaning of ISO specific terms and\expressions related to confor
as well asinformation about ISO’s adherence to the W.TO principles in the Technical Bar
T) see the following URL: Foreword - Supplementary information

tee responsible for this document is Techni¢al Committee ISO/TC 20, Aircraft and s
committee SC 14, Space systems and operations.

ed version of ISO 16457:2014 incorporates the following correction.

bord, the following sentence/has been added regarding the revision:

ct of

5. ISO shall not be held responsible for identifying any or all such patentrights. Detafils of

1d /or

S not

mity
riers

[pace

cally

cally

© ISO 2014 - All rights reserved


http://www.iso.org/directives
http://www.iso.org/patents
http://www.iso.org/iso/home/standards_development/resources-for-technical-work/foreword.htm
https://standardsiso.com/api/?name=372f14308f1972d5b4a50bc06b0858f4

ISO 16457:2014(E)

Introduction

Guided by the knowledge gained from empirical data analysis, this International Standard 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 reference ionosphere (IRI).

IRI is an international project!) sponsored by the Committee on Space Research (COSPAR) and the

International Union of Radlo SC1ence (URSI) These organlzatlons formed a worklng group in the late

editi

For

bns of the model have been released (see References [1], [2], [3], [5], [6 ] [18%A.29], [20

0]

given location over the globe, time, and date, IRl describes the monthly averages of elect

pources. The

y to discuss

ily improved

and [53]).

ron density,

electron temperature, ion temperature, and the percentage of O+, H+, He*, N¥yNO+, O*, and Clusterions in

the g
integ
clim{
IRI
soun|
also
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evoly
and {
func
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IRI is
as ng
fram|

users

Ititude range from 50 km to 1 500 km. In addition, IRI provides the‘electron content by
rating over the electron density height profile within user-provided integral bounda
itological model describing monthly average conditions. Thé nrajor data sources for
jodel are the worldwide network of ionosondes, the powerful incoherent scatter radars
ders, and in situ instruments flown on several satellites*and rockets. This Internation
presents several empirical and semi-empirical models\that can be used to extend the
nasphere altitudes.

hdvantage of the empirical approach is that it solely depends on measurements ang
(ing theoretical understanding of the progesses that determine the electron and i
emperatures in the Earth’s ionosphere. A‘physical model can help to find the best m
ions to represent variations of these pakdmeters with altitude, latitude, longitude, tim|
b1, and solar and magnetic activity.

ework of the InternationalStandard of the Earth’s ionosphere and plasmasphere for t

p.

numerically

ries. IRI is a

building the
the topside
al Standard
RI model to

| not on the
bn densities
athematical
e of day, day

recommended for internationaluse by COSPAR and URSI. The IRI model is updated aind improved
w data and new sub-models.become available. This International Standard providep

a common
he potential

1) The homepage of the IRI project is at http://irimodel.org/. The IRl homepage provides access to the IRI
FORTRAN computer code and an interactive system for computing and plotting IRI parameters online A special
PC Windows version of IRI-2001 with multiple plotting options is available from the University of Massachusetts
Lowell at http://umlcaruml.edu/IRI-2001/[16]. The IRI-Plas code including IRI extension to the plasmasphere is
available at http://ftp.izmiran.ru/pub/izmiran/SPIM/.
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Space systems — Space environment (natural and
artificial) — The Earth’s ionosphere model: international
reference ionosphere (IRI) model and extensions to the

plasmasphere

1

This|International Standard provides guidance to potential users for the specification g
distrjibution of ionosphere densities and temperatures, as well as the total contefit of eleg
height interval from 50 km to 1 500 km. It includes and explains several optigns for a pl:

cope

f the global
trons in the
iIsmaspheric

extension of the model, embracing the geographical area between latitudes/’of 80°S and 80°N and

longitudes of 0°E to 360°E, for any time of day, any day of year, and various solar and magn
condfitions.

2
For t

2.1

iono
regid
ioniz

2.2
plas
torug

trapped on the Earth’s magnetic field\lines and co-rotates with the Earth

Note
elect

2.3

plas
outw
the H
more

Note
descr]

Terms and definitions

he purposes of this document, the following terms and.définitions apply.

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 magnetosphe

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

mapause
ard boundary{of the plasmasphere located at between two and six earth radii from t
arth and forured by geomagnetic field lines where the plasma density drops by a fag
across arange of L-shells of as little as 0,1

1 to éntry: The L-shell is a parameter describing a particular set of planetary magnetic fiel
ibingithe set of magnetic field lines which cross the Earth’s magnetic equator at a number of Ear

etic activity

hing weakly

re, which is

a few dozen

he centre of

tor of 10 or

d lines, often
th-radii equal

to th

h’s magnetic

e [~value, e.g. “I = 2” describes the set of the Earth’s magnetic field lines which cross the Ear

equator two earth radii from the centre of the Earth.

2.4

solar activity
series of processes occurring in the sun’s atmosphere which affect the interplanetary space and the
Earth

Note

© ISO

1 to entry: The level of solar activity is characterized by indices.
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2.5

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 entry: lonospheric storms are the ultimate result of solar flares or coronal mass ejections, which produce
large variations in the particle and electromagnetic radiation that hit Earth’s magnetosphere and ionosphere, as

well as large-

2.6

scale changes in the global neutral wind, composition, and temperature.

sunspot number

R, alternati
number of i

2.7
R12
12-month ri

2.8

kp index
kp
planetary t
magnetic fig

Note 1 to ent

29

ap index
ap
three-hour |
Note 1 to ent

2.10
total electr
TEC
integral nun

Note 1 to ent
and 80 km du

Note 2 to ent

2.11
Ionospherg
IG

Ri G s ada of S SDC as R=k Qg+s
ual spots, g is the number of sunspot groups, and k is an observatory factor

arhere

divid

Inning mean of monthly sunspot number

hree-hour index of geomagnetic activity characterizing the (disturbance in the Eg
1d over three-hour universal time (UT) intervals

Fy: The index scale is uneven quasi-logarithmic and expressed in numbers from 0 to 9.

JT amplitude index of geomagnetic variation‘equivalent to kp

Fy: Itis expressed in 1 nT to 400 nT.

on content

hber of electrons in the column from a lower altitude boundary to an upper boundary

[y: Typically the integralis taken from the lower boundary of the ionosphere (65 km during day
ring night time) to theyplasmapause.

Fy: It is express€dyin units of 1016 electrons m-2 (TECU).

globalindex

ionosphere-

pffective sunspot number[26] that is obtained by adjusting the CCIR mapslZ] to g

rth’s

ytime

lobal

ionosonde nmeasurements of the E2 p]acm:\ critical Frnqnnnry foFE2

2.12
1G12

12-month running mean of monthly ionosphere-effective sunspot number
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3 Abbreviated terms

IRI international reference ionosphere

ELF  extremely low frequency (less than 3 kHz)

VLF  verylow frequency (3 kHz to 30 kHz)

LF low frequency (30 kHz to 300 kHz)

MF medium frequency (300 kHz to 3 MHz)

HF high frequency (3 MHz to 30 MHz)

VHF| very high frequency (30 MHz to 300 MHz)

UHF| ultra high frequency (300 MHz to 3 000 MHz)

4 General considerations

Thismodel for the representation of the ionospheric and plasmaspheric plasma parameters |s important
to a Wide spectrum of applications. Electromagnetic waves travelling through the ionized plasma at the

Eart}
on si
plasi
radid

I's environment experience retardation and refraction-effects. A remote sensing techn

pnals traversing the ionosphere and plasmasphere therefore needs to account for the

nasphere influence in its data analysis. Applications can be found in the disciplines
astronomy, satellite communication, navigation'and orbit determination.

ique relying
ionosphere-
bf altimetry,

Radip 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 dgnsity in the
ionogphere and plasmasphere can significantly degrade the signal quality of various radio systems
which even can lead to a complete losscof the signal. Model-based products providing specific space
weather information, in particular ngw~and forecast of the ionospheric state, serve for improvement of
the alccuracy and reliability of impacted communication and navigation systems.

For Righ frequency radio comimunication, a good knowledge of the heights and plasma fr
the reflective layers of the iondsphere and the plasmasphere is critical for continuous and
radiq reception. High frequency communication remains of great importance in many rem
of the globe. The model“helps to estimate the effect of charged particles on technical de
Earth’s environment,and defines the ionosphere-plasmasphere operational environment
and future systems.of radio communication, radio navigation, and other relevant radio tec

bquencies of
high-quality
te locations
vices in the
for existing
hnologies in

the medium and’high frequency ranges.

5 Applicability

There are a multitude of operational usages for ionospheric models, of which the most important are
outlined in this clause. Operators of certain navigational satellite systems such as GPS (USA), GLONASS
(Russia), BeiDou (China), and GALILEO (Europe)? require ionospheric predictions to mitigate losses of
navigation signal phase and/or amplitude lock, as well as to maintain accurate orbit determination for
all its satellites. Users of global navigation satellite systems need precise ionospheric models to increase
the accuracy and to reduce the precise positioning convergence time.[5Z1[58] Radio and television
operators using MF, HF, VHF, UHF satellite, or ground stations require ionospheric parameters for
efficient communications and for reducing interferences. Space weather forecasters have a great need
for accurate ionospheric models to support their customers with reliable and up to the minute space
weather information. lonospheric models are also used in the aeronautical and space system industries

2) GPS: Global Positioning System; GLONASS: Global Orbiting Navigation Satellite System; GALILEO: European
Global Satellite Navigation System; BeiDou: BeiDou Navigation Satellite System.
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and by governmental agencies performing spacecraft design studies. Here the models help to estimate
surface charging, sensor interference, and satellite anomaly conditions.

Users also apply ionospheric models to mitigate problems with HF communications, HF direction finding,
radar clutter,and disruptionto ELF/VLF communications withunderwatervehicles.Insurance companies
estimating the cost of protecting human health in space and satellites make use of ionospheric models.
Scientists using remote sensing measurement techniques in astronomy, biology, geology, geophysics,
and seismology require parameter estimates for compensating the effects of the ionosphere on their
observations. An ionospheric model might be also used to evaluate tomographic, 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
performanc
parameters
frequency nj

6 Model

The first ver
[19], and [2(
used is give
introduced ¥
Standard, IR

IRI-related
annual IRI

workshops lhave been published in dedicated issues of the joutnal Advances in Space Research3). R

reviews of I

This International standard mignt be also applied for ray-path calculations to assey
e of a particular ground-based or space-borne systems. Monthly medians of ionesp
are useful for HF circuit and service planning, while maps for individual days and-hout
jJanagement and retrospective studies.

description

sion of the IRI model, IRI-1979, and its mathematical build-up is desctibed in References
). The most detailed description of the model and the mathematical formulas and met]
n in a 155-page report about IR1-1990.[2] The next significdnt Updates of the model
with IRI-1995[5] and IRI-2000.[3] The core of the version of IRDproposed for this Internat
[-2007, is described in detail in References [53] and [54]-

yorkshops3), with each workshop focusing on a spécific modelling topic. Papers from 1

RI and other ionospheric models can be found;in References [4], [51], [52], and [54].

7 Model
The IRI mod
altitude reg
— Interna
frequen
factor M

content and inputs

el uses a modular approach combihing sub-models for the different parameters in diff
mes. Examples of such sub-models are:

fional Telecommunication~Union ITU-R (former CCIR) model for the F2 layer cr
cy foF2 (directly related with the F2 peak electron density, in m=3) and for the propag
[(3000)F2 (inversely-correlated with the peak height, in km)[Z]; IRI recommends use

s the
heric
s aid

[18],
hods
were
ional

Fesearch efforts and applications of the IRl model“are presented and discussed diiring

hese
bcent

brent

itical
htion
f the

CCIR model above contidental areas and recommends use of the URSI modell53] above ocean dreas,

becausd
CCIR-re
better 1|

COSPAR

the URSI modelproduces better results than the CCIR model in these areas; Instead ¢
rcommended Stinspot number IRI uses the global ionosphere index IG[56] because it
esults especially at high solar activities,

International Reference Atmosphere (CIRA) modell14] for the neutral temperature,

f the
ives

STORM

madel for storm-time npdnfing ofthe E2 ]nypr pnak Hnncify[‘)]’ and

International Geomagnetic Reference Field (IGRF) model of the International Association of

Geomagnetism and Aeronomy (IAGA) for the magnetic coordinates (http://www.ngdc.noaa.
gov/IAGA/vmod/).

The IRI model requires the following indices as input parameters:

1G12, th

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

e 12-month running mean of global ionosphere index IG;

3)

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.

4
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— ap, the 3-hourly planetary magnetic indices for the prior 33 h.

These indices can either be found automatically from the indices files that are included with the IRI
software package and that are updated quarterly, or the user can provide his/her own input values for
these indices. For R12 and 1G12, the indices file starts from January 1958 and include indices prediction
for two years ahead. For ap, the index values start from January 1960%.

In addition, model users have the options to use measured peak parameters to update the IRI profile,
including the F2, F1, and E layer critical frequencies (or electron densities), the F2 peak height [or
M(3000)F2 propagation factor|, and the E peak height. 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
numerieat ;utcsl attorrfromthe-modetstowerbotndat Y ((15 ket ius da_y tHre-and-86-km urirlg nlght

time) to the user-specified upper boundary.

8 Plasmasphere extension of the IRI model

8.1 | General

The models described in 8.2 to 8.5 have been proposed as plasmasphere-extension of the IRl model.

8.2 | Global Core Plasma Model (GCPM)

GCPM-2000[10] isan empirical description of thermal plasmadensities in the plasmasphere, plasmapause,
magmnetospheric trough, and polar cap. GCPM-2000 usés.the kp index and is coupled tp IRI in the
trangition region 500 km to 600 km>).

8.3 | Global Plasmasphere Ionosphere Density (GPID) model

The [semi-empirical GPID modell23][24] inclades IRI below 500 km to 600 km and extgnds it with
theoretical plasmasphere electron density/description along the field lines. Authors report on drawbacks
of me¢rging of the IRl with the plasmasphere part of GPID®).

8.4 | IMAGE/RPI plasmasphere model

The [IMAGE/RPI plasmasphére modell13] is based on radio plasma imager (RPI)[21] measprements of
the electron density distribution along magnetic field lines. A plasmaspheric model is evolvjing for up to
abouft four earth radii, The depletion and refilling of the plasmasphere during and after maghetic storms
is described in Reference [22]. A power profile model as function of magnetic activity was developed
from|{ RPI observations for the polar cap region.[17]

8.5 | IZMIRAN plasmasphere model

The ZMIRAN7) model[8][11][13] is an emp1r1ca1 model based on whlstler and satelllte obs brvations. It

‘ fitted to IRI
electron den51ty proflles at an altltude oft0p51de halfpeak den51ty (400 km to 600 km for electron density
and 400 km for electron temperature) 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 improved

4) For ap, the index values currently lag a few months behind, because of the problems in obtaining and predicting
this index.

5) A FORTRAN code implementation of GCPM that includes all regions except the polar cap is available from
dennis.gallagher@msfc.nasa.gov.

6) The GPID model source code was written in MATLAB software but is not currently available for release.
7) IZMIRAN: Institute of Terrestrial Magnetism, lonosphere and Radio Waves Propagation, Russian Academy of

Sciences.
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using ISIS-1, ISIS-2, and IK-199) satellite inputs.[12] The plasmasphere model depends on solar activity
and magnetic activity (kp-index)?).

9 Accuracy of the model

The IRI model has been built to represent the monthly average behaviour 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
monthly medianin %):

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

— 59%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°).

8) ISIS: International Satellites for Ionospheric Studies; IK-19: Intercosmos-19 satellite.

9) Source code for this IRI ionosphere-plasmasphere version is available from the IZMIRAN web site http://ftp.
izmiran.ru/pub/izmiran/SPIM/.

6 © ISO 2014 - All rights reserved
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Annex A
(informative)

Brief 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 magnetjc field. The
ionization levels in this near-Earth space plasma are controlled by solar extreme ultrayiolet (EUV)
radidtion and particle precipitation. The dynamics of the neutral atmosphere plays) &'sighificant role
in causing movement of the ionized particles by collisions with neutral atoms and molecules from the
surrpunding thermosphere. The ionosphere extends in altitude from about 65.km to abofit 1 500 km
and pxhibits significant variations with local time, altitude, latitude, longitude, solar cycle, season,
and geomagnetic activity. At middle and low latitudes, the ionosphere is-eontained within a region of
closdd field lines, whereas at high latitudes the geomagnetic field can re€ennect with the interplanetary
magetic field and thus open the ionosphere to the driving force of the solar wind.

Plasina flowing upwards from the oxygen-dominated topside ionasphere remains constraing¢d by Earth’s
field|lines of force co-rotating with the Earth and comprises)the hydrogen-dominated plasmasphere
extended up to a few earth radii.[25][26] The O+/H* transitien height where the ion gas cqnsists of an
equall percentage of both ions is often taken as the boundatybetween the ionosphere and plgsmasphere.
Thesge two regions of the upper atmosphere are strongly’coupled through diffusion and resqnant charge
exchange reactions between O* and H*. At quiet conditions, H* in the plasmasphere typicplly diffuses
down to the topside ionosphere at night and undergoes resonant charge exchange reactions|with atomic
oxygen to produce O* (downward flux). The O+ produced in this way can make a significant ¢ontribution
to the maintenance of the night time ionaSphere, and works in combination with the meridional
component of the neutral wind. The depleted night time plasmasphere can be refilled dufing the day
throyigh the reverse process; that is, the-O+ ions flow up from the ionosphere, exchange dharges with
the reutral hydrogen atoms to produce protons, and the protons are then stored in the plasmasphere
(upward flux). During geomagnetically disturbed conditions, the plasmaspheric plasma can be eroded
by tﬂ:e enhanced magnetospheric electric fields, and consequently, the flux becomes upward both
duripg the day and night, dué tothe reduced plasmaspheric pressure, to refill the empty plasmaspheric
flux tubes. While the lowglatitude flux tubes refill relatively quickly due to their small volumes, most
of thp mid-latitude flux‘tubes are always in a partially depleted state, since the average time between
consgcutive geomaghetic storms is not long enough for the upflowing ionospheric flux tq completely
refill the flux tubes:

Terr¢strial HF ycommunications rely entirely on reflections from the ionized layers im the upper
atmgsphere;but the ionosphere acts also as a hindrance because it distorts Earth-space and spacecraft-
to-sgacecraft links. Although empirical models of the ionosphere are now accessible via electronic
networking, most of them are far from reliable in predicting the average ionospheric conditions, not to
mention their [imitations in forecasting the ionospheric "space weather”. In particular, a reliable and
standard ionosphere-plasmasphere model is required for calibration of trans-ionospheric signals of
the high altitude Global Positioning System (GPS) and Global Navigation Satellite System (GLONASS)
satellites at 20 200 km above the Earth. On the other hand, Global Navigation Satellite System (GNSS)
are also benefiting ionospheric modelling because they provide measurements of total electron content
(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 International
Reference lonosphere (IRI) plays an outstanding part and is widely used by space agencies and scientists

© ISO 2014 - All rights reserved 7
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and engineers worldwide. It is recommended for international use by the Committee on Space Research
(COSPAR) and the international Union of Radio Science (URSI).
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Annex B
(informative)

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 formulae.[33] They are solved along

field{lines of the Earth magnetic field where the field is represented either by a simple til
a mulltipole model like the International Geomagnetic Reference Field (IGRF). The equatio
solvdd self-consistently along a full flux tube or the plasmaspheric flux is providedas’a tc
condjiition. The effects of the geomagnetic field on the transport of the ionospheric plasma ar¢
by the magnetic dip (/) and declination (D) angles from the (IGRF).

The Jonosphere is strongly coupled with the neutral atmosphere, chemically ‘as well as dyr
addition to the effects of the neutral wind, the neutral atmosphere significantly affects the
plasina density distribution through neutral composition and tempetature. The neutral

is a ¢rucial factor not only for the production and loss of the plasma; but also for the diff
ionogpheric plasma through the neutral atmosphere. The neutralfemperature effect on the
usually comes from the changes of the neutral densities caused by the neutral temperat

ed. In assimilative mode of opepation, up to six free model parameters should be
gurements within physically reasonable ranges, and this cannot be reached straightfot
in conditions.

State University has been’developing the Global Assimilation of lonospheric Measure
ls that specify and-forecast the state of the ionosphere. There are two models: the G
M-GM) and Full Physics (GAIM-FP) models [27, 29, 59, 60, 61, 62, and 63]. GAIM-GM us

physics-based model is the Ionosphere Forecast Model (IFM), which is global, covers al
1 400 km;dnd takes account of five ion species (NO+*, O+, N+, O+, H*). However, the m
odel is-a.3-D electron density distribution. GAIM-FP uses a physics-based model of the

 ionosphere model and a Kalman filter as a basis for assimilating a diverse set of mep

d dipole or
s are either
p boundary
e introduced

tamically. In
ionospheric
romposition
usion of the
ionosphere
ure change.

ile is largely
jses, plasma

is primarily
re strongly

ipns between

bmperature,
models are
adjusted to
ward under

ents (GAIM)

auss Markov

s a physics-
surements.
itudes from

din output of

ionosphere-

0+, H+ He*).

The prlmary output of GAIM FPisa3-D plasma den51ty dlstrlbutlon However the model also provides
the self-consistent drivers of the ionosphere-plasmasphere system (e.g. neutral winds and composition

and electric fields).

The University of Southern California (USC) and the Jet Propulsion Laboratory (JPL) physic
[301[31] is derived from the Sheffield University Plasmasphere lonosphere Model (SUPIM).[32]

models, such as SUPIM, the time-dependent equations of continuity, momentum (ignori

s model[28]
In physical
ng 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 th

e 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 drift and is an input driver. The parallel component of velocity al
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drivers 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 ionosphere model.[64] As with
many of the theoretical model, 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.[35], [65] 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 a self-consistent
plasmasphefe and low latitude lonosphere models [22]in the Coupled Thermosphere-lonosphere-
Plasmasphefe model (CTIP).[36] The effects of E x B drift at lower latitudes are incorporated ‘by the
inclusion of{low-latitude physical electric field dynamo modell66]. The new ionosphere-plasmasphere
component pf CTIP solves the coupled equations of continuity, momentum, and energy te\calculate the
densities, field-aligned velocities, and temperatures of the ions O+ and H+ and the eleCtrons, al¢gng a
total of 800 independent flux-tubes arranged in magnetic longitude and L value (20 longitudes and 40 L
values).

onal,
local

The Field Ljine Interhemispheric Plasma (FLIP) modell3Z1[67] is a first-pringiples, one-dimensi
time-dependlent, chemical, and physical model of the ionosphere and plasmasphere. It couples the

ionosphere

momentum,)
The interhe
and ion ten
NRLMSISE-
MSIS neutrd
storms, ung
equations fg
solved by a |}
but it can in

As describd
including th
the Horizon
precipitatio
the 2003 m

fo the overlying plasmasphere and conjugate ionosphere byisolving the ion continuity
ion and electron energy, and photoelectron equations,along entire magnetic flux t
mispheric solutions yield densities and fluxes of H*, O+, He*, and N+ as well as the ele
iperatures. The neutral densities, temperature, and.wind are supplied by the emp
D0[38] and HWMI39] models. During quiet times, the@rror in the inputs for the solar EUV]
| parameters, reaction rates, and cross sections<are typically about 20 %. During mag
ertainties can be much larger. The set of-honlinear, second-order, partial differe
r continuity, momentum, and energy is transformed into finite difference equations

Clude convection electric fields, which are important at equatorial and auroral latitude

d in the previous paragraphs,driver inputs shall be obtained from empirical m
g following: thermospheric densities from the NRLMSISE-00 model,[38] neutral winds
tal Wind Model,[39] solar EUV,[40] electric fields ([35][41][42][43][65]), and electron e

bdel 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

parameteriz

The Open G
ionosphere
and couples

ed by nine coefficierts at different local times.

eospace General Circulation Model (OpenGGCM) is a global model of the magnetosp
bystem. [t-selves the magneto-hydrodynamic (MHD) equations in the outer magnetosy
via fieldaligned current (FAC), electric potential, and electron precipitation to an ionosy

r and
1bes.
rtron
rical
flux,
netic
ntial

and

Newton-Raphson iterative scheme. The current FLIP model is primarily a mid-latitude npodel

S.

bdels
from

ergy

h flux.[34] The interested.veader can refer to Reference [30] and references therein. In

lated
was

here-
here
here

potential so hbles
studies of tH TIPe
modelisan 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.[43]

ver afid'the Coupled Thermosphere lonosphere Model (CTIM).[44] This code coupling en
eglobal energy budget of the magnetosphere-ionosphere-thermosphere system. The (

bnlinear connledthermasnhore 1nhr\cr\l‘\nr‘n h]')c‘m')c‘hlﬁorn nhucicallyhacod nuumerical
............................................ Pt prier S prry oreory oo Tt oo oot

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
ionosphere.[46] 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
distributions of O+, NO+, O+, 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
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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 ionospheric calculation
is obtained from the empirical modell4Z] for low and mid-latitudes and the empirical modell48] for high
latitudes. Consideration of displaced geomagnetic and geographic poles is included. Results for solar
minimum equinox conditions are presented that show good agreement with MSIS-86.[38] The self-
consjstent model requires only specifications of external sources as solar EUV and UV flfixes, aurora
particle precipitation, ionospheric convection pattern, and the amplitudes and phases'af §emi-diurnal
tideq from the lower atmosphere.

The
atmgd
temp]
the i
unce
ionof
full
quali
depe
accu
(dat3

Rece]

models of the ionospheric plasma density distribution and TEC depend.on a numhj
spheric and ionospheric parameters, such as the neutral density, neutralwind, neutral
eratures, plasmaspheric flux, and ion-neutral collision frequencies. In the numerical

bnosphere, these parameters are generally often only roughly known and can caus
rtainties in the model results.[42] The physical models are alsa, tested for implement

heoretical calculations under all conditions.[50] The physieallmodel can be used to dg
tative relationship, but we do not have to rely on the physical model to provide the
ndence for operational use.[9] The physical models can ntatch empirical models in accura
Fate drivers are available, but their true value comeswhen combined with data in an
assimilative scenario).

nt compilations of ionospheric and atmosphefic models, including statistical and phy

er of upper
and plasma
modelling of
b significant
ation in the

phere tomography though a numerical model is often derived t0 give a close approxinpation to the

termine the
Juantitative
cy provided
bptimal way

sical models

werd published by STEP,[51] AIAA,[52] and NOVA:(54]
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