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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.
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Introduction

This document describes the main requirements to the Earth's magnetospheric magnetic
A model satisfying the set of requirements is described in Annexes A and B as a working e
model can be used in scientific and engineering applications and is intended to calculate t

field model.
xample. The
he magnetic

induction field generated from a variety of current systems located on the boundaries and within the
boundaries of the Earth's magnetosphere under a wide range of environmental conditions, quiet and
disturbed, affected by solar-terrestrial interactions simulated by solar activity such as solar flares and
related phenomena which induce terrestrial magnetic disturbances such as magnetic storms.

The 1
— providing the unambiguous presentation of the magnetic field in the Earth's magnetos

— providing compatibility of results of interpretation and analysis of space expériments;

bhere;

— providing less labour-consuming character of calculations of the magneti¢ field of magnetospheric

qurrents in the space at geocentric distances of 1,0 to 6,6 Earth's radii{(Rg);

— providing the most reliable calculations of all elements of the“geomagnetic field i
¢nvironment.

The magnetic field model presented in the Annex A (generalldescription) and Annex B
can be used to forecast radiation situation in the space,.in€luding the periods of inten
distyrbances (magnetic storms) when developing systems-of spacecraft magnetic orient
foredasting the influence of magnetic disturbances on tsanscontinental piping and power t
lines

n the space

(submodels)
se magnetic
ation, when
ransmission
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INT

ERNATIONAL STANDARD 1SO 22009:2023(E)

Space environment (natural and artificial) — Model of the

Ea

1

rth's magnetospheric magnetic field

Scope

This document describes the main magnetospheric large-scale current systems and the magnetic field

in thfmmmmm
magnetic field. lonospheric currents are not considered in this document. The documenta

a working example of the model and establishes the parameters of magnetospheric large-s

syst
can
inve

g¢ms which are changing in accordance with conditions in the space environment. Th
Ibe used to develop the new models of magnetospheric magnetic field. Suchymodels 4
gtigating physical processes in the Earth's magnetosphere as well as i calculations,

testing and estimating the results of exploitation of spacecrafts and other equipment opel
spacg environment.

2

Normative references

Therk are no normative references in this document.

Terms and definitions

For the purposes of this document, the followingterms and definitions apply.

[SO dnd IEC maintain terminology databasesfor use in standardization at the following add

31

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

IEC Electropedia: available at https://www.electropedia.org/

maghnetospheric magnetic(field

exte
exte

rnal magnetic field
fnal magnetospheriCmagnetic field

magnetic field produced by magnetospheric magnetic field sources (3.4)

3.2

geomagnetic dipole tilt angle

angl

3.3
inte

¢ of inclination of the geomagnetic dipole to the plane orthogonal to the Earth-Sun line

netospheric
|so provides
cale current
e document
re useful in
developing,
‘ating in the

Iresses:

nal magnetic Iield

magnetic field produced by the sources inside the Earth's core

Note 1 to entry: It can be presented in the form of a series of spherical harmonic functions.

Note 2 to entry: The expansion coefficients (IGRF model) undergo very slight changes in time.

Note 3 to entry: The International Association of Geomagnetism and Aeronomy (IAGA) is responsible for IGRF
model development and modifications and approves its coefficients every 5 years.

Note 4 to entry: The internal magnetic field is described in ISO 16695.

3.4

magnetospheric magnetic field sources
sources of magnetic fields including the following:

© IS0 2023 - All rights reserved
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currents flowing inside the Earth's magnetosphere:

currents flowing over the magnetopause and screening the geomagnetic dipole magnetic field;

— tail current, produced by currents across the geomagnetic tail and closure currents on the
magnetopause;

ring current, including symmetrical ring current, circling around the Earth and carried by

trapped particles and partial ring current, produced by currents flowing outside the region of
symmetrical ring current, mostly in the pre-midnight sector of equatorial plane, closured by
field-aligned and ionospheric currents;

fiel
clog

current
magnet

Note 1 to en|
dependent o

Note 2 to en
magnetic fiel
insignificant

3.5

l-aligned currents, produced by currents flowing along the auroral magnetic field
ured by currents on the magnetopause and in the ionosphere;

5 flowing over the magnetopause and screening the ring current and partiabring cu
c fields

try: In different magnetospheric models, either predefined current systems,or current syj
parameters calculated from satellite data are used.

d variation at altitudes below 1 000 km. In the region above 1,5 Re effect of ionospheric curr
Magnetic field of ionospheric currents is not the subject of thisdocument.

magnetopause stand-off distance

geocentric d

3.6
solar-magn
Cartesian gd
OX axis and

4 Gener

4.1 Magn
Vector of m4
EM = El

where

istance to the subsolar point on the magnetopausé

etospheric coordinates
bocentric coordinates, where X-axis is directed to the Sun, Z-axis lies in the one plane

nl concepts and assumptions

etic field induction ini the Earth's magnetosphere

ignetic field inductien EM in the Earth's magnetosphere is calculated by Formula (1).

+B,

ines,

rrent

tems

'ry: Electric currents flowing entirely in the ionosphere (ionospheri¢ currents) contribute to the

ent is

with

geomagnetic dipole axis and Y-axis supplements the X and Z axes to the right-hand system

(W

B, is tllle vector of induction of the internal magnetic field, in nT;

éz is the vector of induction of the magnetospheric magnetic field, in nT.

The magnetic field of the magnetospheric currents (magnetospheric magnetic field), BZ , is calculated
in terms of the quantitative model of the magnetosphere.

4.2 Magnetospheric magnetic field standardization: process-based approach

The magnetospheric magnetic field standard does not specify a single magnetospheric model,
theoretical or empirical. In order to encourage continual improvements in magnetospheric modelling,
this document is process-based for determining the magnetospheric magnetic field. Magnetospheric
magnetic field model, after its development, may satisfy the requirements in Clause 4 and the list of
criteria presented in Clause 5. The working example of the model is presented in the Annex A and

© IS0 2023 - All rights reserved
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shall be reconsidered every 5 years on the basis of competitions of the candidate models. The current
working example is presented in Annex A.

5 Model requirements

5.1

General

— The model of the magnetic field of magnetospheric currents (referred to below as "model") presents
the vector of induction of magnetospheric currents in solar-magnetospheric coordinates.

.

.

5.2

The s
curr

5.3
Each

ne model describes a regular part or the magnetic rield 1n the region rrom 1,U K o 0,

[he model reflects compression of the Earth's magnetosphere in the dayside due‘tg
vith the solar wind, day-night asymmetry (the field on the nightside is weakened), day
rariations.

[he model takes into account the geomagnetic dipole tilt angle, varyingirvthe range fi
+35°.

The magnetospheric magnetic field sources

tandardised magnetospheric magnetic field is produced By currents described in 3.3.
ents' effect is not considered in this document.

Parameterization

magnetospheric source of magnetic field depends on parameters which are calc

empirical data.

5.4

Magnetospheric dynamics

The magnetospheric dynamics is determined to be a sequence of its instant states.

5.5

Model testing and comparison with measurements

The model testing is carrying out with the help of databases which include the spacecraft-b

grou

6 1
The

nd measurements. The dataset used for the model testing is presented in the Annex C.

List of criteria

conformity criteria for this document consist of the activities common for an

magnetaspheric magnetic field model. These criteria specify the conformity process which

mod

D RE'

interaction
r and season

om —35° to

Ionospheric

ulated from

hsed and on-

y candidate
includes the

el(dpcumenting, publishing and testing.

— The candidate model shall include the statement of the modelling approach used (empirical or
theoretical model). The empirical models are required to include a clear specification of the input
dataused to derive the model and where these data were measured. Theoretical models are required
to include a description of the physical principles and approaches that are used as the basis of the
model.

— The statement about the candidate model area of application and domain applicability should be

i

ncluded.

— The statement about the rms errors during the model calculations comparison with observational
data obtained from measurements should be included. For empirical models, the comparisons
should also be made with data, different from those from which the model was built.

©ISO

2023 - All rights reserved
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— The description and implementation of the magnetospheric magnetic field model should be
published in internationally-accessible refereed journals.

4 © IS0 2023 - All rights reserved
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Annex A
(normative)

Paraboloid model of the magnetospheric magnetic fie
calculation of induction of the magnetic field of the
magnetospheric currents

1d:

General

magnetospheric magnetic field calculated by paraboloid model is the solutionof the m

problem inside the paraboloid of revolution.

A2

Paraboloid model of the magnetic field of magnetospheric currents

A.2.1 General

Vectgr of induction of the magnetic field of magnetospheric.currents is calculated by Formy

where

The

BZ :Esd (W'R1)+§t (W!Rl 'RZ ’¢°° )+Er (W'bt )+Esr (W'Rl 'br )+1§fac (10)

ésd is the magnetic field of currents efi-the magnetopause screening the dipole field;
B, is the magnetic field of the;magnetospheric tail;

is the magnetic field of the ring current;

éfac is the magnetie'field of region 1 field-aligned currents.

Bfac ar

omponents of the magnetic field of magnetospheric currents, By, By, B,, Bq,,

separately interms of the paraboloid model of the magnetosphere in the form of series i
functions ofEegendre polynomials.

hgnetostatic

1la (A.1).
(A1)

is the magnetic field of currents on the magnetopause, screening the ring current field;

e calculated
h the Bessel

A.2.2“Parameters

The components of the magnetic field of magnetospheric currents, Byy, By, B;, By, Bp,. are determined
by the values of parameters of the magnetospheric current systems:

y is the geomagnetic dipole tilt angle, in degrees;

ﬁl is the distance to the subsolar point at the magnetopause, in R;

R, is the distance to the earthward edge of the magnetospheric tail current sheet, in R;

& _ is the magnetic flux in the tail lobes, defining the current intensity in the magnetotail, in Wb;

o

b, is the intensity of the ring current magnetic field at the Earth's centre, in nT;

© IS0 2023 - All rights reserved
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— I being for total region 1 field-aligned currents intensity, in MA.
A.2.3 Submodels
The instant values of the parameters of the magnetospheric current systems, w, Ry, Ry, ®.., b, I, are

determined using a limited set of empirical data in terms of the so-called submodels (see Annex B).

A.3 Magnetic field of the magnetopause currents screening the geomagnetic
dipole

Bq is calcujated by Formula (A.2).
Esd =-YUsq (A.2)

where the gcalar potential of the magnetic field of magnetopause currents is presented in spherical
coordinates|R,0,¢ (see C.1):

n
(RiJ [dlrll sin y-P, (c059)+dnL cosQ cosq)-Pn1 (cos@)] (A.3)
R no1\ "1

where
P :(2"n!)_1' (d" (xz —1)n /dx" ], Pn1 (x)=v1-x? -(dRfdx) ;

Mg = B -RE is the magnetic moment of the geomagnetic dipole;

By is the magnetic field at the geomagnetic equator of the Earth;

du and d,J,‘ are dimensionless coefficients;the first six of which are listed in Table A.1.

Table A.1 — Expansion coefficients for the scalar potential of the magnetic field of
magnetopause currents

g dyy d,

1 0,649 7 09403
2 0,216 5 0,465 0
3 0,043 4 0,1293
4 -0,0008 -0,014 8
5 -0,0049 -0,016 0
6 6;6022 80,0225

6 © IS0 2023 - All rights reserved
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Magnetic field of the tail current system

The magnetic field of the tail current system, B, is calculated from Formula (A.4).

B, =-VU +B,

wher

e U, is determined by the series

oo

2 (bnk +anK;1 (’lnkao )lnk )Cosn(p']n (;Lnkﬂ)ln (lnka) for <0y

here

o

whet

[

U, =b.Ry =1 Broylna - sign[§—|(p| )+

7 4
RIT—1

> i €051y (A0l ) At S (A BY Ky (Apger)  for oz aug

nk = bnklnkln (ﬂ’nkao )

lem
2 [ [ Jn (i B) £ (Bp)cosng dodp

nk 2 2 2 [}
1Ak =1 ) I i) i (i)
a—oﬁ cosp, foroyf cosp<f;
(Bp)=1""
sign(g—ko ), for oy B coslp = f;
e
l.x are zeros of the J'=0@guation;

_d .
R’

| is the’half thickness of the current sheet;

B,

2D,
D= —°2° Ry / (2R, +R; ) isamagnetic field in the tail lobe at the inner edge of the tail c{

TRy

The magnetic field inside the current sheet, Btin ,is calculated from Formula (A.9).

B_ =b — T —_— B ) B =
tino t o ﬂt W tin B tin®

Desc

o ﬁ cosQ

0

ription of the paraboloid coordinates is presented in C.3.

© IS0 2023 - All rights reserved

9:2023(E)

(A4)

(A.5)

(A.6)

(A7)

(A.8)

o =+/1—2R, /R; isthe'parabolic & — coordinate of the inner edge of the tail current sheet;

irrent sheet.

(A9)
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A.5 Ring current magnetic field

The ring current magnetic field, Er, is determined by Formula (A.10).

5 R3( RS
o Mg || 5| ‘Ba+2Bo—| -1, for0 <R <R,
B =1 Bre R> | R, (A.10)
E -
Bd , for R > Rz
where
ch =\/d),5(R2 +R%) Il
Mg =0,5b, -R% /(4\/5—1) is the magnetic moment of the ring current;

By is the magnetic field of the geomagnetic dipole;
is a|unite vector directed oppositely to the geomagnetic dipole.

Expressiong for Ed and e, in the solar-magnetospheric coordinates are presented in C.4.

A.6 Magnetic field of the magnetopause currents screéning the ring current

The magnetjc field of the magnetopause currents screening the ring current, By, is calculated from the

Formula (A.[L1).

By, =-NU

Sr

sr’

\.11)

sr (

where the s¢alar potential, Ug,., of the magnetic field of magnetospheric currents presented in sphgrical
coordinates| R,0,¢ (see C.2) reads

Mp (R Y70 1 1
Ug, =——1gz{[§] [dﬂ siny - P,(c0s860)+d, cosy cos¢@-P, (cose)} (p.12)
n=

Coefficients d',ll and dnL are listéd-in Table A.1.

8 © IS0 2023 - All rights reserved
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A.7 Magnetic field of field-aligned currents
The magnetic field of field-aligned currents, By, is calculated from Formula (A.13).

Bg,e =curldg,. (A.13)

where the vector potential Ag,. of the magnetic field of field-aligned currents is presented in spherical
coordinates R,0,¢ with polar axis directed opposite the Earth's dipole (see C.2 and C.4):

tan(0/2) .o peg
tan(6,, /2) oo
I, si in0
Ao =—L0l0SNP ) SMPm g <g<n-g,, (A.14)
2(1+cos@,,) | sin@
cot(6/2) B <0<
tan(6,, /2)’ meeT

where 6, is the polar cap radius in radians: sin? O =3,9-D,, /|By|, with®,_, in WMb and B in nT.

A.8 | Accuracy of the model
a) Comparison with the large magnetosphere magnetic field databaselZ],

Analysis of distribution of relative discrepancies integral over the whole experimental mlaterial have
the discrepancy mean value about +3 %; o of the distribution is about 80 %.

b) (Comparisons with Dst and satellite measurements
RMS|errors are about 10 % to 15 % of peak'Dst for different magnetic storms.

The |comparison of the model calculations with the empirical data is presented in detail in the
Explanatory Report and published in References [3], [4], [8] and [9].

A.9 | The other relevant models

a) $emi-empirical T96-model by Reference [16];

b) $emi-empirical TO1 model by References [17] and [18];
c) $emi-empirical T04 model by Reference [21].

d) $emj-empirical T15B model by Reference [19].

e) $emi-empirical T1I5N model by Reference [20].

The model’s parameterization is performed using large magnetospheric databases, different for
different models. Several model revisions reflect the different mathematical description of the major
sources of the magnetospheric field and their different parameterization. The most popular T01 model
parameters are geomagnetic dipole tilt angle, IMF B, and B, components, solar wind dynamic pressure,
and Dst - index. An attempt is made to take into account the prehistory of the solar wind by introducing
two functions, G1 and G2, that depend on the IMF B, and solar wind velocity and their time history.

f) BATS-R-US, the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme (University of Michigan).

The BATS-R-US code solves 3D MHD equations in finite volume form using numerical methods related
to Roe's Approximate Riemann Solver. BATSRUS uses an adaptive grid composed of rectangular blocks
arranged in varying degrees of spatial refinement levels. The magnetospheric MHD part is attached to
an ionospheric potential solver that provides electric potentials and conductances in the ionosphere

©1S0 2023 - All rights reserved 9
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from magnetospheric field-aligned currents. Inputs to the model are: solar wind plasma (density,
velocity, V,, V,, V,, temperature) and magnetic field (B,, B, B,) measurements, transformed into solar-
magnetospheric GSM coordinates and propagated from the solar wind monitoring satellite's position
propagated to the sunward boundary of the simulation domain. Outputs are the magnetospheric
plasma parameters (atomic mass unit density N, pressure P, velocity V,, V,, V,, magnetic field B,, By, B,
electric currents, J,, ], J,) and ionospheric parameters (electric potentiaf, PHI, and Hall and Pedersen
conductances Sigma_H, Sigma_P).

10 © IS0 2023 - All rights reserved
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Annex B
(informative)

Submodels

B.1 General

In the paraboloid model of the magnetosphere the values of parameters of the magnetospheric current
systdms are calculated using submodels. The submodels represent empirical relations jpr auxiliary
models to relate parameters of the magnetospheric current systems to the measured dath. While the
magnetic field dependence on parameters is fixed, the parameters dependence:on empirifal data can
be cijanged by model's user. B.2 to B.7 give the simple submodels allowing calculating the [model input
parameters. These submodels are not the standardization objects.

B.2 | The tilt angle of geomagnetic dipole
The tilt angle of geomagnetic dipole, v , is calculated by Formuia)(B.1).

jiny =—sin 8 cosay +cosf sinoy cosep, (B.1)
whefe
g =11,43° is the angle between the Earth's axis and the geomagnetic dipole
moment;
3 isthe Sun's deflection (sin B =sina, cos@g,);
py =23,5° islthe angle between the Earth's axis and the normal t¢ the ecliptic
plane;

s =0,985 626 3(172_1da ) is angle between Earth-Sun line and the projection of the Earth's
Y axis at the ecliptic plane;

[day is the number of the day in a year;

Pm =tyr15°=69,76° is the angle between the midnight geographic meridign plane and
northern magnetic pole meridian plane;

fur is the universal time in hours.

B.3 Magnetopause stand-off distance

The geocentric distance, Ry, to the subsolar point is calculated using solar wind data: solar wind
dynamic pressure and IMF B, component!15];

1
Ry ={10,22+1,29 tanh[0,184(B, +8,14)[}(nv* ) 656 (B.2)
where
B, is the IMF z-component, in nT;

©1S0 2023 - All rights reserved 11
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n issolar wind density, in cm3;

v issolar wind velocity km/s.

B.4 The distance to the earthward edge of the geomagnetic tail current sheet

The distance to the earthward edge of the geomagnetic tail current sheet, R,, is calculated by

Formula (B.3).
R, =1/cos’ ¢, (B.3)

where

R, is ekpressed in R;

@y is the latitude of the equatorward boundary of the auroral oval at midnight.

B.5 Magnetic flux through the magnetotail lobes
Magnetic flyx through the magnetotail lobes, @_, is calculated by Formula (B.4).
D, =D +D (B.4)

S

where

D is tIe magnetic flux in the magnetotail during\quiet periods, in Wb;

@, is the time-dependent magnetic flux in the'lobes associated with intensification of the mggne-

totdil current system during disturbances.

S

@, =3,7-108 (B.5)
mR? 2R,

o, =-A —L 241 (B.6)
14 \ R,

where 4, is the auroral indeX of geomagnetic activity.

B.6 The ring current magnetic field at the Earth's centre

The ring cufrent intensity is characterised by the value of ring current magnetic field at the Egrth's
centre, whicdh-His-ealeulated-bythe Dessler-Parker-Seopke relation:

TrTo—toarctroceo o

2 £
b =—=-B, L B.7
r 3 Ogd ( )

where

g, isthe total energy of ring current particles;
1 . C
£4= §BOME is the geomagnetic dipole energy.

Partial ring current (see e.g. Reference [12]) is essential only just in main phase of magnetic storm and
not included in this document.

12 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=d36b0f74a31afc6ca80d6324e7cec65f

IS0 22009:2023(E)

B.7 The total region 1 field-aligned current
The total Region 1 field-aligned current intensity is calculated by Formula (B.8).
0,327 744, forb, >-1,6

%
lo=2,|— - b (B.8)
*""V400 ~1,017- %, forb, <-1,6

where

b, isthe IMF north-south component, in nT;

}  is solar wind velocity km/s.
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