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National foreword

This British Standard is the official English language version of
EN 14092:2002.

The UK participation in its preparation was entrusted to Technical Committee
ACE/68, Space systems and operations, which has the responsibility to:

— aid enquirers to understand the text;

—  present to the responsible European committee any enquiries on the
interpretation, or proposals for change, and keep the UK interests
informed,;

— monitor related international and European developments and
promulgate them in the UK.

A list of organizations represented on this committee can be obtained on
request to its secretary.
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Foreword

This document EN 14092:2002 has been prepared by CMC.

This European Standard shall be given the status of a national standard, either by publication of an
identical text or by endorsement, at the latest by August 2002, and conflicting national standards shall
be withdrawn at the latest by August 2002.

It is based on a previous version" originally prepared by the ECSS Working Group on ECSS-E-10-04
Space Environment Standard, reviewed by the ECSS Technical Panel and approved by the ECSS
Steering Board. The European Cooperation for Space Standardization (ECSS) is a cooperative effort of
the European Space Agency, National Space Agencies and European industry associations for the
purpose of developing and maintaining common standards.

This standard is one of the series of space standards intended to be applied together for the
management, engineering and product assurance in space projects and applications.

Requirements in this standard are defined in terms of what shall be accomplished, rather than in terms
of how to organize and perform the necessary work. This allows existing organizational structures and
methods to be applied where they are effective, and for the structures and methods to evolve as
necessary without rewriting the standards.

The formulation of this standard takes into account the existing ISO 9000 family of documents.
Annexes A, B, C, D, E, F, G, H and | are informative.

According to the CEN/CENELEC Internal Regulations, the national standards organizations of the
following countries are bound to implement this European Standard: Austria, Belgium, Czech Republic,

Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Luxembourg, Malta, Netherlands,
Norway, Portugal, Spain, Sweden, Switzerland and the United Kingdom.

Y ECSS-E-10-04
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Introduction

This European Standard is intended to assist in the consistent application of space environment
engineering to space products through specification of required or recommended methods, data and
models to the problem of ensuring best performance, problem-avoidance or survivability of a product in
the space environment.

The space environment can cause severe problems for space systems. Proper assessment of the
potential effects is performed in the early phases of a mission when consideration is given to e.g. orbit
selection, mass budget, thermal protection, and component selection policy. As the design of a space
system is developed, further engineering iteration is normally necessary with more detailed analysis.

In this European Standard, each component of the space environment is treated separately, although

synergies and cross-linking of models are specified. Extensive informative annexes are provided as
explanatory background information associated with each clause.
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1 Scope

This European Standard applies to all product types which exist or operate in space and defines the
natural environment for all space regimes. It also defines general models and rules for determining the
local induced environment.

Project-specific or project-class-specific acceptance criteria, analysis methods or procedures are not
defined.

The natural space environment of a given item is that set of environmental conditions defined by the
external physical world for the given mission (e.g. atmosphere, meteoroids and energetic particle
radiation). The induced space environment is that set of environmental conditions created or modified by
the presence or operation of the item and its mission (e.g. contamination, secondary radiations and
spacecraft charging). The space environment also contains elements which are induced by the
execution of other space activities (e.g. debris and contamination).

2 Normative references

This European Standard incorporates by dated or undated reference, provisions from other publications.
These normative references are cited at the appropriate places in the text, and the publications are
listed hereafter. For dated references, subsequent amendments to or revisions of any of these
publications apply to this European Standard only when incorporated in it by amendment or revision. For
undated references the latest edition of the publication referred to applies (including amendments).

EN 13701, Space systems - Glossary of terms.

ECSS-E-10, Space engineering — System engineering.

ECSS-E-30 Part 1, Space engineering — Thermal control.

ECSS-Q-70-01:—?, Space product assurance — Cleanliness and contamination control.

Normative references for the specific components of the space environment are provided in the
respective component clauses.

NOTE Informative references for the specific components of the space environment are provided in the

respective component clauses.

3 Terms, definitions and abbreviated terms

3.1 Terms and definitions

For the purposes of this European Standard, the terms and definitions given in EN 13701 and the
following apply.

3.11
Ap, K indices
geomagnetic activity indices to describe fluctuations of the geomagnetic field

NOTE Values of Ap range from 0 to 400 and they are expressed in units of 2 nT (nanotesla). K, is
essentially the logarithm of Ap.

% To be published.
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3.1.2

absorbed dose

energy absorbed locally per unit mass as a result of radiation exposure which is transferred through
ionization and excitation

NOTE A portion of the energy absorption can result in damage to the lattice structure of solids through
displacement of atoms, and this is now commonly referred to as Non-lonizing Energy Loss (NIEL).

3.13
accommodation coefficient
measure for the amount of energy transfer between a molecule and a surface

314
albedo
fraction of sunlight which is reflected off a planet

3.15

bremsstrahlung

high-energy electromagnetic radiation in the X-y energy range emitted by charged particles slowing
down by scattering off atomic nuclei

NOTE The primary particle is ultimately absorbed while the bremsstrahlung can be highly penetrating. In
space, the most common source of bremsstrahlung is electron scattering.

3.1.6

contaminant

foreign (or unwanted) molecular or particulate matter that can affect or degrade the performance of any
component when being in line of sight with that component or when residing onto that component

3.1.7
contaminant environment
molecular and particulate environment in the vicinity of and created by the presence of a spacecraft

3.1.8

current

often used in the discussion of radiation transport to refer to the rate of transport of particles through a
boundary

NOTE In contrast to flux, current is dependent on the direction in which the particle crosses the boundary

(it is a vector integral). An isotropic omnidirectional flux, f, incident on a plane gives rise to a current of ¥f normally
in each direction across the plane.

3.1.9

direct flux

free stream or outgassing molecules that directly impinge onto a critical surface, i.e. without prior
collisions with other gas species or any other surface

3.1.10

distribution function f{(x,v)

function describing the particle density of a plasma in 6-D space made up of the three spatial vectors
and the three velocity vectors, with units $’m®

NOTE For distributions that are spatially uniform and isotropic, it is often quoted as f(v), a function
of scalar velocity, with units s m™, or f(E) a function of energy, with units J"'m™. This can be converted to flux
as follows:

Flux = jvf(v)dv or
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Flux = j]%E)dE

where
v is the scalar velocity;
E is the energy;
m is the particle mass.
3.1.11
dose

quantity of radiation delivered at a position

NOTE In its broadest sense this can include the flux of particles, but in the context of space energetic
particle radiation effects, it usually refers to the energy absorbed locally per unit mass as a result of radiation
exposure.

3.1.12

dose equivalent
quantity normally applied to biological effects and includes scaling factors to account for the more
severe effects of certain kinds of radiation

3.1.13

dust

particulates which have a direct relation to a specific solar system body and which are usually found
close to the surface of this body (e.g. Lunar, Martian or Cometary dust)

3.1.14
Earth infrared
Earth emitted thermal radiation

NOTE It is also called outgoing long wave radiation.

3.1.15

energetic particle

particles which, in the context of space systems radiation effects, can penetrate outer surfaces of
spacecraft

NOTE For electrons, this is typically above 100 keV, while for protons and other ions this is above
1 MeV. Neutrons, gamma rays and X-rays are also considered energetic particles in this context.

3.1.16
equivalent fluence
quantity which attempts to represent the damage at different energies and from different species

EXAMPLE For example, for solar cell degradation it is often taken that one 10 MeV proton is
“equivalent” to 3000 1 MeV electrons. This concept also occurs in consideration of Non-ionizing
Energy Loss effects (NIEL).

NOTE Damage coefficients are used to scale the effect caused by particles to the damage caused by a
standard particle and energy.

3.1.17
exosphere
part of the Earth atmosphere above the thermosphere which extends into space
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NOTE H and He atoms can attain escape velocities at the outer rim of the exosphere.

3.1.18
F1o,7 flux
solar flux at a wavelength of 10,7 cm in units of 10* Jansky (one Jansky equals 102 W m? Hz ™)

3.1.19
fluence
time-integration of the flux

3.1.20

flux

amount of radiation crossing a surface per unit of time, often expressed in “integral form” as particles per
unit area per unit time (e.g. electrons cm? 3'1) above a certain threshold energy

NOTE The directional flux is the differential with respect to solid angle (e.g. particles cm?
steradian s™') while the “differential” flux is differential with respect to energy (e.g. particles cm?MeV's™).
In some cases fluxes are also treated as a differential with respect to Linear Energy Transfer (see 3.1.28).

3.1.21

free molecular flow regime

mean free path of a molecule is greater than compared to the dimensions of the volume of interest
(characteristic length)

3.1.22
geocentric solar magnetospheric coordinates (GSM)
elements of a right-handed Cartesian coordinate system (X,Y,Z) with the origin at the centre of the Earth

NOTE X points towards the Sun; Z is perpendicular to X, lying in the plane containing the X and
geomagnetic dipole axes; Y points perpendicular to X and Z and points approximately towards dusk magnetic local
time (MLT).

3.1.23

heterosphere

Earth atmosphere above 105 km altitude where species-wise neutral concentration profiles are
established due to a diffusive equilibrium, with N, dominance below 200 km, O dominance from 200 km
to 600 km, and He dominance as of 600 km altitude

3.1.24

homosphere

Earth atmosphere below 105 km altitude where complete vertical mixing yields a near-homogeneous
composition of about 78,1 % Na, 20,9 % O,, 0,9 % Ar, and 0,1 % CO, and trace constituents; the
homopause (or turbopause) marks the ceiling of the homosphere

3.1.25
indirect flux
molecules impinging on a critical surface, after collision with, or collision and sojourn on other surfaces

3.1.26
isotropic
property of a distribution of particles where the flux is constant over all directions

3.1.27
L or L shell
parameter of the geomagnetic field, often used to describe positions in near-Earth space

NOTE L or L shell has a complicated derivation based on an invariant of the motion of charged particles

in the terrestrial magnetic field (see clause 5). However, it is useful in defining plasma regimes within the
magnetosphere because, for a dipole magnetic field, it is equal to the geocentric altitude in Earth-radii of the local

magnetic field line where it crosses the equator.
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3.1.28

linear energy transfer (LET)

rate of energy deposit from a slowing energetic particle with distance travelled in matter, the energy
being imparted to the material

NOTE Normally used to describe the ionization track caused by passage of an ion. LET is
material-dependant and is also a function of particle energy. For ions involved in space radiation effects, it
increases with decreasing energy (it also increases at high energies, beyond the minimum ionizing energy). LET
allows different ions to be considered together by simply representing the ion environment as the summation of the
fluxes of all ions as functions of their LETs. This simplifies single-event upset calculation. The rate of energy loss of
a particle, which also includes emitted secondary radiations, is the stopping power.

3.1.29
magnetic local time (MLT)
parameter analogous to longitude, often used to describe positions in near-Earth space

NOTE Pressure from the solar wind distorts the Earth magnetic field into a comet-like shape. This
structure remains fixed with its nose towards the Sun and the tail away from it as the Earth spins within it. Hence
longitude, which rotates with the Earth, is not a useful way of describing position in the magnetosphere. Instead,
magnetic local time is used. This has value 0 (midnight) in the anti-sunward direction, 12 (noon) in the sunward
direction and 6 (dawn) and 18 (dusk) perpendicular to the sunward/anti-sunward line. This is basically an extension
of the local solar time on Earth, projected vertically upwards into space although allowance is made for the tilt of the
dipole.

3.1.30
mass flow rate
mass (g) of molecular species crossing a specified plane per unit time and unit area (g cm?® 3’1)

3.1.31

Maxwellian distribution

in thermal equilibrium, plasma distribution functions can be described in terms of scalar velocity, v, by
the Maxwellian distribution below:

3/2 5
= m 2 _vm
fv) = 4ﬂn(2ﬂkT) v exp( 2kT)

where

n is the density;

k is the Boltzmann constant;

T is the temperature.

NOTE The complete distribution is therefore described by a pair of numbers for density and temperature.

Even non-equilibrium distributions can often be usefully described by a combination of two Maxwellians.

3.1.32
meteoroids
particles in space which are of natural origin; nearly all meteoroids originate from asteroids or comets

3.1.33

molecular column density (MCD)

integral of the number density (number of molecules of a particular species per unit volume) along a
specified line of sight originating from a (target, critical, measuring, reference) surface

3.1.34
molecular contaminant
contaminant without observable dimensions
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3.1.35
omnidirectional flux
scalar integral of the flux over all directions

NOTE This implies that no consideration is taken of the directional distribution of the particles which can
be non-isotropic. The flux at a point is the number of particles crossing a sphere of unit cross-sectional surface area
(i.e. of radius 1/v7). An omnidirectional flux is not to be confused with an isotropic flux.

3.1.36
outgassing rate
mass of molecular species evolving from a material per unit time and unit surface area (g cm? s'1)

NOTE Outgassing rates can also be given in other units, such as in relative mass unit per time
unit: (gs™), (% s™) or (% s ™).

3.1.37
particulate contaminant
solid or liquid contaminant particles

3.1.38

permanent molecular deposition (PMD)

molecular matter that permanently sticks onto a surface (non-volatile under the given circumstances) as
a result of reaction with surface material, UV-irradiation or residual atmosphere induced reactions (e.g.
polymerization, formation of inorganic oxides)

3.1.39
plasma
partly or wholly ionized gas whose particles exhibit collective response to magnetic and electric fields

NOTE The collective motion is brought about by the electrostatic Coulomb force between charged
particles. This causes the particles to rearrange themselves to counteract electric fields within a distance of the
order of the Debye length. On spatial scales larger than the Debye length plasmas are electrically neutral.

3.1.40
radiation
transfer of energy by means of a particle (including photons)

NOTE In the context of this standard, electromagnetic radiation below the X-ray band is excluded.
This therefore excludes UV, visible, thermal, microwave and radio-wave radiation.

3.1.41
return flux
molecules returning to (in the direction of) the source or a surface not in direct view; the cause can be:

—  collisions with other residual natural atmospheric species (ambient scatter) or with other identical
or different contaminant species (self scatter) before reaching the critical surface;

— ionization or dissociative ionization of the molecules under radiation (e.g. UV or particles) and
subsequent attraction to a charged surface

3.1.42

single-event upset (SEU), single-event effect (SEE), single-event latch-up (SEL)

these effects are the result of the highly localized deposition of energy by single particles or their
reaction products: the energy deposition is sufficient to cause observable effects

3.143
space debris
man-made objects or parts thereof in space which do not serve any useful purpose
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NOTE 1 The term space debris is used here exclusively for man-made objects in space.

NOTE 2 In some NASA documents these man-made particles are referred to as “orbital debris” and the
term space debris is used to denote both, natural meteoroids and man-made objects.

3.144

solar constant

electromagnetic radiation from the Sun that falls on a unit area of surface normal to the line from the
Sun, per unit time, outside the atmosphere, at one astronomical unit (1 AU = average Earth-Sun
distance)

3.1.45
solar flare
emission of optical, UV and X-radiation from an energetic event on the Sun

NOTE There is some controversy about the causal relationship between solar flares and the arrival of
large fluxes of energetic particles at Earth. Therefore, it is more consistent to refer to the latter as Solar Energetic
Particle Events (SEPEs).

3.1.46

sticking coefficient

parameter defining the probability that a molecule, colliding with a surface, stays onto that surface for a
time long compared to the phenomena under investigation

NOTE It is a function of parameters such as contamination/surface material pairing, temperature,
photo-polymerization, reactive interaction with atomic oxygen.

3.1.47

surface accommodation

situation which occurs when a molecule becomes attached to a surface long enough to come into a
thermal equilibrium with that surface

3.1.48

thermosphere

Earth atmosphere between 120 km and 250 km to 400 km (depending on the activity level), where
temperature has an exponential increase up to a limiting value T, at the thermopause (where T, is the
exospheric temperature)

3.1.49

VCM-test

screening thermal vacuum test to determine the outgassing properties of materials

NOTE The test is described in ECSS-Q-70-04 and ASTM-E595-90 [RD11.1, RD11.2]. The test results
are:

e TML - Total Mass Loss, measured ex-situ as a difference of mass before and after exposure to a vacuum under
the conditions specified in the outgassing test, normally expressed in % of initial mass of material.

e CVCM - Collected Volatile Condensable Material, measured ex-situ on a collector plate after exposure (to a

vacuum) under the conditions specified in the outgassing test, normally expressed in % of initial mass of
material.

3.2 Abbreviated terms

Abbreviation Meaning
ASTM American Society for Testing and Materials
AE auroral electrojet
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AO atomic oxygen

BIRA Belgisch Instituut voor Ruimte-Aeronomie

CIRA COSPAR International Reference Atmosphere
COSPAR Committee on Space Research

CVCM collected volatile condensable material

DISCOS ESA’s database and information system characterizing objects in space
DTM density and temperature model

e.m.f. electro-motive force

GCR galactic cosmic ray

GEO geostationary Earth orbit

GRAM global reference atmosphere model

GSM geocentric solar magnetospheric co-ordinates
HEO high eccentric orbit

HWM horizontal wind model

IASB Institute d’Aeronomie Spatiale de Belgique
IDES integrated debris evolution suite

IECM in-flight experiment for contamination monitoring
LDEF long duration exposure facility

LEO low Earth orbit

LET linear energy transfer

MAH model of the high atmosphere

MASTER meteoroid and space debris terrestrial environment reference model
MCD molecular column density

MEO medium (altitude) Earth orbit

MET Marshall engineering thermosphere model

MLT magnetic local time

MSIS mass spectrometer and incoherent scatter

NIEL non-ionizing energy loss

PMD permanent molecular deposition

R Sunspot number
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r.m.s. root-mean-square

RTG radioisotope thermo-electric generator
SEU single-event upset

SEE single-event effect

SEL single-event latch-up

SEPs solar energetic particles
SEPE solar energetic particle events
SPE solar particle events

SRP solar radiation pressure

TML total mass loss

TD total density model

USSA US standard atmosphere
VCM volatile condensable material
Vuv vacuum ultra violet

4 Gravitation
4.1 Introduction

411 Newton’s law of gravitation

Gravity models are necessary to define the motion of a satellite in orbit about a central body. The
gravitational field influences the motion both, of the centre of mass (trajectory), and about the centre of
mass (attitude) of the satellite. Newton’s Law of Gravitation states that any two bodies attract each other
with a force proportional to the product of their masses, and inversely proportional to the square of the
distance between them. This relationship is used to define the force of a central body acting on a
satellite (and vice versa). This can be expressed as:

F= _ G]}gm
where
F is the gravitational force;
G is the factor of proportionality in Newton’s Law of Gravitation, the so-called universal
gravitational constant;
m is the mass of the satellite;
M is the mass of the central body;
r is the distance between their centres of mass.

If the central body is spherical and isolated from other bodies, then in the absence of an atmosphere,
the orbit of a satellite about this body is an ellipse of constant size and shape, in a plane whose direction
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remains fixed in space. The moment due to the gravitational force acting on the different mass elements
of the satellite is termed the gravity gradient torque. In the absence of other disturbance torques, this
moment causes the longitudinal axis of the satellite to align with the centre of the body. As its name
implies, the gravity gradient torque decreases with the cube of the distance between the masses.

41.2 Departures from the point-mass model

The Earth is not a perfect sphere, nor is it isolated in space. Thus the motion of a satellite in orbit about
the Earth departs from the simple behaviour described above. Depending upon the nature of the
application, a more complex model of the Earth gravitational field can be required. For preliminary
engineering analyses, simple analytic expressions exist which characterize the dominant perturbations
to a satellite orbit due to Earth gravitational anomalies. These relations are derived from the more
comprehensive spherical harmonic representations of the Earth gravitational field that are presented in
subclause 4.3.1, but assume that the Earth is symmetric about its polar axis and consider only the
dominant terms in the harmonic expansions. These expressions are given in annex B. Gravity gradient
stabilization is normally used where only coarse Earth pointing accuracy is required (>1°) and thus the
point-mass model given above is applicable for most applications. A comprehensive treatise on gravity
gradient stabilization is given by Regan and Anandakrishnan [RD4.1] and Wiesel [RD4.2]. When
considering the gravitational attraction for an Earth-orbiting satellite due to the Sun and Moon, point
mass models are normally sufficient. Mass values for these bodies and the other planets within the solar
system are presented in annex B.

41.3 Accurate representation of the geopotential

For orbit prediction or trajectory determination purposes an accurate representation of the gravity field of
the Earth is necessary. As the Earth is not a perfect sphere it is necessary to represent the geopotential
field in terms of a central force augmented by a series of spherical harmonics® satisfying Laplace’s
equation in empty space (V2 U = 0). The geopotential can be expressed as:

UGr,p, A) = G];% (1 + > z(%) Pu(sin @) C ocos(m A) + S, sin(m ,1)])

n=2m=0

where

G is the constant of gravitation;

Mg is the mass of the Earth;

r is the radial distance from the Earth’s centre of mass;

a is the semimajor axis of the reference ellipsoid (normally taken as the equatorial radius of
the Earth, Rg);

n is the degree of the harmonic term;

m is the order of the harmonic term;

@ is the geocentric latitude;

A is the geocentric longitude;

Coms Snm are spherical harmonic coefficients;

% Other forms of the potential, expressed in terms of ellipsoidal coordinates have also been developed but result in
a more complex representation requiring use of elliptic Legendre polynomials of the second kind. The
development of the potential in terms of spherical harmonics is a natural one to adopt in the analysis of satellite
orbits because the symmetry properties of the harmonics correspond to the division of the potential according to

the type of change in the classical orbital elements.
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P,.(sin ¢) are associated Legendre functions of the first kind where:

) 3 (COS ¢)m dn+m(sin2¢ — l)n
Po(sin ¢) = ——.— dr+m(sin )

are Legendre polynomials.

For computational purposes these expressions and their corresponding coefficients are used in their
normalized form Pum, Cun, and S.» where

_ Jen+ Dk@—mt]”
Pm_[ o+ m)! ] P

_ @+m 1"
Com = [(2;1 + Dk — m)!] Com

1/2
~ (n + m)!
Sum = [(211 + D k@ — m)'] Som

where k=1 whenm =0, k =2 when m # 0.

Depending upon its degree n and order m a Legendre function is referred to as:
1. a zonalharmonic whenm =0
2. a sectorial harmonic when m = n
3. a tesseral harmonic when m # n.

A zonal harmonic corresponds geometrically to a particular shape of the geopotential surface [RD4.3].
The second zonal harmonic (m = 0, n = 2) which expresses the main effect of the Earth flattening, makes
a north-south slice through the Earth appear elliptical; the third zonal harmonic (m = 0, n = 3) provides a
profile with a tendency to a triangle; the fourth harmonic relating to a square, the fifth to a pentagon, and
SO on.

A similar representation can be envisaged for longitudinal variation. Thus at any fixed latitude ¢, the
variation of geoid height with longitude 1 is a sinusoidal oscillation having a wavelength 27/m, e.g. each
harmonic of order 15 produces bulges every 242 in longitude.

The evaluation of spherical harmonic coefficients is a non-trivial task. Models are based on analyses of
satellite observations, either photographic, Doppler or laser in nature, together with terrestrial gravity
measurements and data from satellite altimeters.

The development of gravity models and evaluation of the geopotential coefficients is a constantly
evolving process [RD4.4]. The first gravity models were based on the analysis of Transit satellite
Doppler tracking data and Baker-Nunn camera observations and were produced by John Hopkins
University’s Applied Physics Laboratory and the Smithsonian Astrophysical Observatory. These were
complete to degree and order 8.

At the present time there are five contemporary gravity models being used within the astrodynamics
community. These are WGS-84 developed by the United States of America’s Department of Defence,
TEG-2B developed by the University of Texas (UT), OSU-91A developed by Ohio State University
(OSU), GRIM4 developed by the European community, and JGM-2 developed by NASA, UT, CNES,
and OSU. All of the models provide metre-level accuracy for orbit computation purposes. Use of the
JGM-2 model is recommended as it represents the best long wavelength representation of the Earth that
is currently available, and can provide centimetre-level accuracy. The JGM-2 model comprises results
from OSU-91A [RD4.5] and TEG-2B [RD4.6] in its formulation. The WGS-84 and GRIM4 models are
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discussed briefly in the annex. A new model EGM-96 has recently been developed by the National
Imagery and Mapping Agency, Goddard Space Flight Center and OSU. Although not yet established
within the community, this is a possible candidate for a future successor to JGM-2 as the ESA standard
model (see annex B).

4.2 Model presentation

4.2.1 Model

JGM-2 (Joint Gravity Model) [RD4.7] was developed from a combination of satellite tracking data,
surface gravimetry and satellite altimetry observations. It is complete to degree and order 70 in spherical
harmonics.

42.2 Mandatory model parameters

Table 1 — Mandatory model parameters

Parameter Value Units
Constant of Gravitation, G 6,67259 x 10" m°kg”s?
Earth equatorial radius, R 6 378136,3 m
Geocentric Mass, Mg 5,97370 x 10** kg

G Me 398600,4415 km®s?

4.2.3 Guidelines for use

Three models were developed within the JGM-2 family. JGM-2S contains only the satellite tracking data
used in JGM-2. JGM-2S is complete to degree 70. A further version JGM-2G was developed to
accommodate geophysicists. The principal cause of uncertainty in the JGM-2 model is the sparsity of
tracking data from satellites in different inclination bands and the lack of precise tracking data for
satellites in very low orbits. The portion of the model up to degree 70 is well known, due principally to
tracking data from the LAGEOS satellite. The short wavelengths of the JGM-2 model were
predominantly determined using altimeter and surface gravity data, and thus are inherently less
accurate. However, the JGM-2 model is more than adequate for most astrodynamics and engineering
applications, while oceanographers performing precise altimeter computations are advised to use the
JGM-2G version of the model. The coefficients for all these models can be obtained over the Science
Internet via anonymous file transfer protocol (ftp) from geodesy@gsfc.nasa.gov. If a truncated set of
coefficients is used, validation of the data set should be established for the particular application.

4.3 Reference data

4.3.1 Model output

Tables 2 and 3 give the values of the normalized spherical harmonic coefficients Com and S to
degree and order 9. Their associated 1o errors are given in annex B.

4.3.2 Results for typical missions

Table 4 provides an estimate of the predicted orbit error in the radial, cross-track and along-track
directions for representative missions associated with use of the full JGM-2 gravity model.
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Table 2 — Values of normalized coefficients Enm from JGM-2 model to degree (n) and order

(m) 9
n
2 3 4 5 6 7 8 9
0 [-484,1654663 [0,9571224 [0,5401433 [0,0684645 |[-0,1500030 |0,0909460 | 0,0493049 0,0267036
1 |-0,0001870 2,0283997 |-0,5363680 |-0,0591214 [-0,0761294 |0,2758256 |0,0232834 0,1462664
2 [ 2,4390838 0,9044086 |0,3503493 | 0,6533875 |0,0486483 |0,3278766 |0,0787560 0,0245294
m 3 0,7211539 |0,9902582 |-0,4519017 |0,0579537 |0,2508965 |-0,0208114  |-0,1619243
4 -0,1884885 |-0,2950801 [-0,0862993 |-0,2755462 |-0,2448369 | -0,0085254
5 0,1749710 |-0,2671890 |0,0018128 [-0,0251488  |-0,0166623
6 0,0098855 | -0,3590382 |-0,0651558 | 0,0626750
7 0,0012547 | 0,0671575 -0,1184886
8 -0,1238923 | 0,1884251
9 -0,0481248
Units of 10°®

Table 3 — Values of normalized coefficients Enm from JGM-2 model to degree (z) and order (m) 9

n
2 3 4 5 6 7 8 9
10,0011953 0,2488066 |-0,4734226 [-0,0955327 |0,0265588 | 0,0967770  |0,0591996  |0,0206503
2 [-1,4001093 -0,6192306 |0,6628689 | -0,3237786 |-0,3737880 |0,0940337 |0,0662488 | -0,0337777
3 1,4140369 |-0,2010099 |-0,2150966 |0,0090304 |-0,2166254 |-0,0866613 |-0,0751423
m 4 0,3088453 | 0,0496700 |-0,4716700 [-0,1238634 |0,0702875 |0,0192064
5 -0,6696502 |-0,5365234 |0,0177164  |0,0892490 | -0,0543111
6 -0,2370946 | 0,1517702 | 0,3092402 | 0,2224258
7 0,0244337 | 0,0746269 | -0,0965854
8 0,1204626 | -0,0031477
9 0,0966002
Units of 10
Table 4 — Predicted orbit error associated with use of the JGM-2 gravity model
Satellite Semimajor | Eccentricity | Inclination Predicted orbit error (cm)
axis (km) ) Radial | Cross-track | Along-track
ERS-1 7153 0,001 98,8 8,0 15,1 160,4
Ajisai 7870 0,001 50,0 2,6 3,6 13,2
Starlette 7331 0,020 49,8 5,2 7,2 16,1
GEOS 3 7226 0,001 114,9 6,6 9,6 72,5
GEOS 1 8075 0,073 59,3 2,3 3,0 45,1
GEOS 2 7711 0,031 105,8 3,3 5,1 63,8
Peole 7006 0,016 15,0 981,0 106,7 353,5
BE-C 7507 0,025 41,2 9,2 11,4 60,0
DI-C 7341 0,053 40,0 14,5 16,9 70,7
DI-D 7622 0,084 39,5 10,1 11,2 88,9
NOVA 7559 0,001 90,0 9,6 21,7 397,0
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5 Geomagnetic fields
5.1 Introduction — Overview of the geomagnetic field and effects

At low altitude, the Earth field is approximately that of a magnetic dipole while at high altitude it is
strongly distorted by the interactions with the solar wind.

Models of the Earth magnetic field are required by models of trapped (radiation-belt), solar and cosmic
ray particle environments. Trapped particle morphologies are described in terms of location in idealized
geomagnetic dipole space (B, L coordinates), while the field is needed in order to include magnetic
shielding effects for solar energetic particle and cosmic ray environments. Field models are also used for
magnetospheric physics studies, such as tracing the trajectories of particles through the

magnetosphere.

Spacecraft motion across the geomagnetic field results in an induced motional e.m.f. givenby E =v x B
in the spacecraft. If a current path can be completed, a current flows through the spacecraft and the
surrounding plasma. These phenomena can lead to generation of a few volts potential differences on
large spacecraft in LEO. The effect is also used or studied in tethered satellite missions where the length
of the tether perpendicular to B can lead to large currents and potentials.

Interaction between the magnetic field and an on-board magnetic moment m gives rise to a force:
F=(m-V)B
which can be used for attitude control where an on-board magnetic torquer provides m.

This clause deals largely with quasi-static geomagnetic fields, data which are needed for the most
common applications. However, the magnetosphere is a dynamic system and, especially in the outer
parts, is characterized by large fluctuations in plasma populations, electric fields and magnetic fields. It
is through the induced disturbances to the main geomagnetic field that the onset of geomagnetic
sub-storms at high altitude can be monitored. These disturbances are quantified by observations on the
surface of the Earth of the familiar K,,, Ap, Ds; and other geomagnetic indices (see clause 6 for more
detail on geomagnetic activity indices). The disturbed plasma environment which often accompanies
such sub-storms can lead to electrostatic charging (see clause 8 for details).
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5.2 Reference data on the geomagnetic field
The total field strength in an ideal dipole is given by
B =MR®[1+3sin> 2]

where A is the magnetic latitude and R is the radial coordinate (R, A constituting a polar coordinate
system). M is the magnetic dipolar moment. In a dipole approximation for the Earth field, M currently has

a value of about 7,9 x 10%°nT cm® or 30400 nT RZ where Rg is the mean radius of the Earth. The dipole

which approximates the Earth field is both tilted and offset with respect to the Earth’s rotation axis, so
that the geomagnetic poles do not coincide with the geographic poles and the field strength is not
independent of longitude. This configuration is called an eccentric dipole [RD5.1]. Furthermore, the
geomagnetic field is slowly changing. The 1990 value for the displacement of the eccentric dipole is
515 km, increasing at 2,6 km/yr in the direction of 15,62 N, 150,92 E. An eccentric dipole has axial poles
but also dip poles where the field lines are normal to the Earth’s surface [RD5.1]. The 1985 axial
northern pole (geomagnetic south) was at 82,052 N, 270,2° E. Reference RD5.1 contains an extensive
discussion of the geomagnetic dipole and its variations. Table 5 shows the slow decay in the dipole
moment.

Table 5 — Changes in dipole moments 1945-1995

Year M (nT R?) M (nT cm®)
1945 31259,7 8,0844 x 10%°
1955 31125,9 8,0498 x 10*°
1965 30951,6 8,0047 x 10%
1975 30696,4 7,9387 x 10%
1985 30438,0 7,8719 x 10%
1995 30207,7 7,8123 x 10%°

5.3 Geomagnetic field models and analysis methods

5.3.1 Dipole model

Many scoping estimates of geomagnetic field effects can be made with the assumption of a dipole
model for the Earth’s field, as given above. However, account should be taken of the tilt and

displacement of the dipole axis described in 5.2.

The radial and latitudinal components of the field are given in polar coordinates by:

M, .
Bp= — I?Zsmi

B, = ?2—430051

and in Cartesian coordinates by:
B,=3xzzMR’
B,=3yzMR®

B.= (37 -RMR®
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where

M can be taken from the table above;

R is the radius of the location in units consistent with the units of M. The z axis is along the
dipole axis.

5.3.2 Internal-source field models

Although to a first approximation the Earth internally-generated magnetic field is dipolar, the non-dipolar
contributions are important and are best described by numerical models of the field which also account
for the offset and tilt of the geomagnetic axis with respect to the Earth’s rotation axis.

The standard numerical models of the geomagnetic field in general use describe the internal field and its
secular variations by spherical harmonic expansions of the scalar potential V [RD5.2]:

B=—VV

Although a number of geomagnetic field models are available, the main internationally accepted
standard ones are those in the International Geomagnetic Reference Field (IGRF) series [RD5.3]. These
shall be used as the standard expect for special reasons given elsewhere in this clause and in clause 9.
The potential expansion is:

V=a z{(%)" i[gfcos(mgb) + A7 sin(me)] P?(cos@)} (5.1)

where a is the radius of a reference sphere and has a value of 6 371,2 km for the IGRF models,
corresponding to the mean Earth radius. The position of a point of interest is specified with R, #and ¢,
the geocentric distance, co-latitude (measured from the geographic north pole) and longitude
respectively; g and A, are the model coefficients and P," are Schmidt normalised associated

Legendre functions.

The IGRF models released since 1960 have had 120 spherical harmonic coefficients (to degree and
order 10) and a further 80 (to degree and order 8) describing the secular variations of the corresponding
main field coefficients in a linear fashion.

5.3.3 Eccentric dipole model

For the IGRF-95 model [RD5.4], the first 15 coefficients and their secular variations are shown in

Table 6 below. Note that the first 3 terms represent contributions to a centred (tilted) dipole from dipoles
along the three Cartesian axes while the first 8 terms define an eccentric (offset and tilted) dipole.
Fraser-Smith [RD5.1] describes how the eccentricity, tilt and axial poles can be computed from these
terms.

Figure 1 shows the total field strength at an altitude of 400 km super-imposed on a world-map.

As described in annex C, the total dipole strength (moment) can be derived from the first three terms as
follows:

M= @) + (g + ()]

So given field model, it is possible to extract a value of dipole moment which includes, through the
secular variations to g and &, changes with time. Table 7 shows how the first 3 model coefficients of the

IGRF series models have been changed with time, and the consequent changes in geomagnetic dipole
moment.
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Table 6 — The IGRF-95 Model: Coefficients
and their secular variations to degree and

order 3
Secular
variation
m n | Coefficient (nT) (nT/yr)
g 0 1 -29682 17,6
g 1 1 -1789 13,0
h 1 1 5318 -18,3
g 0 2 -2197 -13,2
g 1 2 3074 3,7
h 1 2 -2356 -15,0
g 2 2 1685 -0,8
h 2 2 -425 -8,8
g 0 3 1329 1,5
g 1 3 -2268 -6,4
h 1 3 -263 41
g 2 3 1249 -0,2
h 2 3 302 2,2
8 3 3 769 -8,1
h 3 3 -406 -12.1

Table 7 — Changes in dipole-terms and derived dipole moments of IGRF

models
Model coefficients

IGRF

model g g h M (nTR:) | M (nTcmd)
1945 | -30634, -2240, 5806, 31259,7 18,0844 x 10%°
1955 | -30507, 2134, 5796, 311259 18,0498 x 10%°
1965 -30334, 2119, 5776, 30951,6 |8,0047 x 10*°
1975 -30100, 2013, 5675, 30696,4 7,9387 x 10%°
1985 | -29877, -1903, 5497, 30438,0 7,8719 x 10%°
1990 29775, -1851, 5411, 30319,2 7,8412 x 10%°
1995 29682, -1789, 5318, 30207,7 7,8123 x 10%°

5.3.4 Geomagnetic coordinates — B and L

Geomagnetic coordinates are useful or necessary for a number of applications where charged particle
morphology or behaviour needs to be described in the magnetosphere. The most important application
is in models of the Earth radiation-belt environment (see clause 9). These particle models give fluxes of
trapped energetic particles as functions of particle energy and of Mcllwain’s geomagnetic co-ordinates L
and B/B,. L is the radial distance of the field line from the axis at the geomagnetic equator in an ideal
dipole field and B is the magnetic field strength, determining the position along a field line from the
minimum B, at the geomagnetic equator. For many applications the pair B, L (or equivalently, B/By, L) is
sufficient to define a location in the field because of its azimuthal symmetry and the azimuthal symmetry
in particle populations.

In the true geomagnetic field, which is only quasi-dipolar, L is formally defined by means of a function of
the adiabatic integral invariant 7 [RD5.5]:
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where the integral is evaluated along the field line between the two conjugate mirror points /; and /> and
B, is the field at the mirror points. I is a constant on a field line or drift shell. The definition of L is then

written as [RD5.5, RD5.6]:
w{yr) = (57) 52)

where M is the geodipole moment (Mcllwain used a constant value M = 31 165,3 nT Rg). The function f
is evaluated using values for I and B derived from the true geomagnetic field via a model. Hilton [RD5.7]
provided a simple approximation for the function f:

fE) =14 ax'®+ ax*® + ayx (5.3)
where
x = I’BIM;
a =1,35047;
a, = 0,456 376;
as =0,0475455.

L is found to be nearly constant on a field-line or “drift shell”. A charged particle in the geomagnetic field
has three basic components of motion: a gyration about field-lines, a bouncing motion between
magnetic mirrors at higher-field parts of the field-lines and an azimuthal drift around the Earth, tracing
out a drift shell. By transforming orbital locations into the B, L coordinate system and accessing the
radiation environment models throughout the orbit, predictions can be made of satellite radiation
exposures (see clause 9).

It is clear from this that computation of L at a point involves an integration along a field line, making use
of a magnetic field model. It is important that the method of integration and the parameters M and a,, a,,
as are consistent when preparing particle environment models and accessing them. For the purposes of
radiation belt models, Mcllwain’s value was used, un-updated for magnetic moment changes, and this
value shall be used in access routines for the AE-8 and AP-8 models specified in clause 9. Furthermore,
only the magnetic field models specified in clause 9 shall be used for the generation of B, L coordinates
for employing these particle models.
At the geomagnetic equator, which corresponds to the position on a field line with the minimum B,

B =Bo=ML>
where M is the geomagnetic dipole moment.
Polar coordinates in idealized dipole space are related to B and L by:

R =Lcos* 1

and the field strength given by
B =M1+ 35in70)

where A1 is the magnetic latitude and R is the radial coordinate which clearly has a value Ry =L at the
magnetic equator.
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5.3.5 External-source field models

The models described above only describe the field generated by processes within the Earth. At high
altitudes most of the higher-order terms become negligible and the dipole approximation is often
adequate to describe this contribution. However, the solar wind causes large diurnal distortions of the
field at high altitude (see Figure 2 [RD5.8]). This effect, together with the ring current from azimuthally
drifting particles, and other current systems means that the internal field is a poor representation of the
total field. The effects of the other current systems are to introduce diurnal variations into the magnetic
field and a perturbation from the external current systems varying with solar and geomagnetic activity
(solar wind pressure, ring current intensity, Kp variations).

Various models for the external contributions to the field have been developed by Tsyganenko [RD5.9,
RD5.10], Olsen and Pfitzer [RD5.11] and Mead and Fairfield [RD5.12]. No internationally recognized
standard has yet appeared although progress is being made in that direction [RD5.13]. Since these
models include the diurnal asymmetry of the field and depend on geomagnetic activity indices, they are
attractive for use in mapping energetic particle fluxes and their responses to activity variations. The
post-flight data analysis programme for the CRRES mission makes use of external field models
[RD5.14]. However, the effect of the high-altitude distortions is to make the equatorial radius of the
drift-shell of a particle dependent on the particle’s pitch-angle, so that populations are separated and
merged azimuthally in a way that complicates the modelling of their morphologies.

External-source models should not be used in conjunction with current standard radiation-belt
environment models described in clause 9.

No particular external source model is required as standard.

The field magnitudes involved in the external sources are very small and it is emphasized that only in
special circumstances do they need to be considered. Bass and Jordan [RD5.15] inter-compared
various models and show the magnitudes of the errors with various models and also compared with
CRRES magnetometer data can be large, but it should be re-emphasized that the fields are themselves
relatively weak here.

One of the areas where an external model of the geomagnetic field is useful is for improved B, L
coordinate calculation for trapped radiation-belt models. Using an internal-only field results in an error
compared to an internal-plus-external model of up to one Earth-radius at high altitudes. Such improved
methods shall be consistently applied as mentioned previously: the model generation and access
routines shall use the same methods for B and L calculation.

The field at geostationary orbit is of approximately 100 nT strength with an approximately 50 %
modulation due to the diurnal asymmetry. During severe geomagnetic storm events, the field strength
can completely reverse and reach -200 nT. In the geomagnetic tail (anti-sunward direction) the direction
of the field can be far from parallel to the Earth geomagnetic or rotation axes. Data on magnetic field
fluctuations at geostationary orbit are available from the GOES satellite space environment data archive
[RD5.16].

Figure 3 shows the variation of the total geomagnetic field as a function of altitude, as derived from a
combined internal and external source model. Various local time and activity conditions are shown. The
error bar at geostationary altitude qualitatively represents the variability.

5.3.6 Magnetospheric boundaries

Some simple expressions can be used to estimate basic locations of magnetospheric boundaries for
mission planning. The stand-off radial distance of the magnetopause in the sunward direction is given
by:

L,, = 107,4 (ny ufw)fl/6

where L, is in units of Earth-radii, ns, the solar wind proton number density is in unlts of cm™® and the
solar wind bulk velocity is in units of km/s. Typical values for ng, and ug, are 8 cm’ % and 450 km/s
respectively, leading to a stand-off distance of about 10 Earth-radii.
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For modelling the full magnetopause position, the following model of Sibeck et al. [RD5.17] shall be
used. This represents the magnetopause position as the function:

RP+Ax*+Bx+C=0
where
R = y2 + zz;
x,y,and z are GSM coordinates, in Earth-radii;

A, Band C are fit parameters dependent on the solar wind pressure as given in Table 8.

Table 8 — Sibeck et al. [RD5.17] Magnetopause model

Solar wind Sub-solar Dawn meridian
pressure range A B C point (Re)
(nPa) (Re)
0,54-0,87 0,19 19,3 -272,4 12,6 16,5
0,87-1,47 0,19 19,7 -243,9 11,7 15,6
1,47-2,60 0,14 18,2 -217,2 11,0 14,7
2,60-4,90 0,15 17,3 -187,4 10,0 13,7
4,90-9,90 0,18 14,2 -139,2 8,8 11,8

5.4 Tailoring guidelines

As has already been mentioned, careful consideration should be given to application needs before
selecting a model. A low-fidelity dipole model (aligned, eccentric or tilted dipoles) can suffice for many
engineering applications. Most engineering applications never have need of the external-source model
augmentation. These can only be necessary for mission planning for magnetospheric missions or if data
on high latitude or high altitude variability of the fields with respect to local time and solar-geomagnetic
activity is required. They can also be necessary where magnetic torquing is used at high altitudes such
as in geostationary orbit, although the dynamic variability of the field at high altitudes shall be taken in to
account.

For radiation belt modelling applications consistence shall be assured between the model’s construction
field model and the users access field model (e.g. Jensen-Cain and GSFC models for AE and AP series
models - see clause 9).
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5.5 Figures

Mognetic Field Strength {Gauss) at 400 km, IGRF 1995
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Figure 1 — Geomagnetic field strength at 400 km altitude based on IGRF-1995
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Figure 2 — Output from geomagnetic field models showing the diurnal distortion to the field and
seasonal variations in the distortion [RD5.8]
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Field models include internal-only (IGRF) and external-source models for various
conditions. Also shown is the typical dynamic variation at geostationary orbit during
disturbed periods.
Figure 3 — Variation of the geomagnetic field as a function of altitude
References

Fraser-Smith, A.C., “Centered and Eccentric Geomagnetic Dipoles and Their Poles, 1600-
1985”, Rev. Geophys., 25, 1-16, 1987.

Stern D. “Representation of Magnetic Fields in Space”, Rev. Geophys. and Space Phys. 14,
199, 1976.

Peddie, N.W., “International Geomagnetic Reference Field: The Third Generation”, J.
Geomag. Geoelectr. 34, 309-326, 1982.

Barton C.E., “Revision of International Geomagnetic Reference Field Released”, EOS
Transactions of the AGU 77, 16, April 16, 1996.

Hess W.N., “The Radiation Belt and the Magnetosphere”, Blaisdell Publ. Co. New York, 1968.
Mcllwain C.E., “Co-ordinates for Mapping the Distribution of Geomagnetically Trapped
Particles”, J. Geophys. Res., 66, 3681, 1961.

Hilton H.H., “L Parameter - A New Approximation”, J. Geophys. Res., 76, 6952, 1971. (Note
that this paper contains a typographical error in its expression for a3 of Equation 5.3).

Documents
Documemgfpharing Hub

Full document details: BS EN 14092:2002


http://www.avadocuments.com/doc/bs-en-14092-2002
http://www.avadocuments.com/doc/bs-en-14092-2002

EN 14092:2002 (E)

RD5.8  Rasinkangas R., K. Mursula, T. Ulich, and J. Kangas, “Magnetic field models” in “Space
Physics Textbook”, http://www.oulu.fi/~spaceweb/textbook/bmodels.html, Oulu University,
1998.

RD5.9  Tsyganenko N.A., “A Magnetospheric Magnetic Field Model with a Warped Tail Current
Sheet”, Planet. Space Sci. 37, 5-20, 1989.

RD5.10 Tsyganenko N.A. and D.P. Stern, “Modeling the Global Magnetic Field of the Large-Scale
Birkeland Current Systems”, J. Geophys. Res., 101, 27187-27198, 1996.

RD5.11 Olsen W.P. and K.A. Pfitzer, “A Quantitative Model of the Magnetospheric Magnetic Field”, J.
Geophys. Res., 79, 3739, 1974.

RD5.12 Mead G.D. and D.H. Fairfield, “Magnetospheric Mapping with a Quantitative Geomagnetic
Field Model”, J. Geophys. Res. 80, 523, 1975.

RD5.13 Stern D.P. and N.A. Tsyganenko, “Uses and Limitations of the Tsyganenko Magnetic Field
Models”, EOS, Transactions, American Geophysical Union, 73, no. 46, 489, 17 November
1992.

RD5.14 Pfitzer K.A., “Improved Models of the Inner and Outer Radiation Belts”, Phillips Lab Scientific
Report PL-TR-91-2187, US Air Force Systems Command, PLGD, Hanscom AFB, Ma., 1991.

RD5.15 Bass, J.N. and C.E. Jordan, “Models of the External Source Contribution to Magnetospheric
Magnetic Fields for CRRES Data Analysis, Scientific Report No. 2”, GL-TR-90-0009,
Geophysics Laboratory, AFSC, 1990.

RD5.16 National Geophysical Data Center, “Space Environment Data from NOAA’s GOES Satellites”,
National Geophysical Data Center, Code E/GC2, Dept. 946, 325 Broadway Boulder Co 80303
3328 USA., also Space Physics Interactive Data Resource at
http://www.ngdc.noaa.gov:8080/.

RD5.17 Sibeck D.G., R.E.Lopez and E.C.Roelof, “Solar Wind Control of the Magnetopause Shape,
Location and Motion”, J. Geophys. Res, 96, p. 5489, 1991.

6  Solar and Earth electromagnetic radiation and indices
6.1 Introduction

A spacecraft in LEO receives electromagnetic radiation from three primary external sources. The largest
source is the direct solar flux. The mean value of this solar flux at the mean Sun-Earth distance is called
the “solar constant”. It is not really a constant but varies by about 3,4 % during each year because of the
slightly elliptical orbit of the Earth about the Sun. In addition the amount of radiation emitted by the Sun
varies slightly (by about + 0,1 %) throughout the 11-year solar cycle.

The fraction of incident sunlight that is reflected off a planet is termed albedo. For an orbiting spacecraft
the albedo value depends mainly on the sunlit part of the Earth which it can see. Albedo radiation has
approximately the same spectral distribution as the Sun and in this standard albedo refers to the total
solar spectrum albedo. Albedo is highly variable across the globe and depends on surface properties
and cloud cover. It also depends on the solar zenith angle.

The third source is the Earth infrared radiation. The Earth-emitted thermal radiation has a spectrum of a
black body with a characteristic average temperature of 288 K. The Earth infrared radiation also varies
across the globe but less than the albedo. It also shows a diurnal variation which is small over the ocean
but can amount to 20 % for desert areas.

Solar and geomagnetic activities are often described by indices. The UV radiation of the Sun, which
strongly effects the Earth atmosphere, cannot be directly measured from the ground. But it was found to
be strongly correlated with e.g. the sunspot number and the cm wavelength Sun radiation. The widely
used 10,7 cm radio flux index (F1o7) gives a good measure of the solar UV radiation output which is
highly variable over a solar cycle.

Geomagnetic indices typically describe the variation of the geomagnetic field over a certain time period.
They provide a measure of the disturbance of the magnetosphere which has direct consequences for
the charged particle space environment.

Solar and geomagnetic indices are required as input for upper atmosphere and other models of the near
Earth space environment. They are provided for short durations or as long time averages. Predictions
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for future index values are usually provided at different confidence levels and they are available for
complete solar cycles.

The given data are mainly average values. For detailed thermal analyses or certain special applications
more detailed data and models are required which are outside the scope of this standard. Requirements
for thermal analyses are specified in ECSS-E-30 Part 1 [RD6.1].

6.2 Solar electromagnetic radiation

6.2.1 Solar constant

The solar constant is defined as the radiation that falls on a unit area of surface normal to the line from
the Sun, per unit time, outside the atmosphere, at one astronomical unit (1 AU = average Earth-Sun

distance).

The solar constant has an uncertainty of about = 10 W/m? [RD6.2]. The following values for the
electromagnetic radiation shall be used:

Solar constant at 1 AU 1371 W/m?
Maximum solar energy flux (winter solstice) 1428 W/m?
Minimum solar energy flux (summer solstice) 1316 W/m?

Solar radiation pressure (100 % reflecting plate) 9,02 x 10°° N/m”.
6.2.2 Solar spectrum

The solar spectrum shall be approximated by a black body curve with a characteristic temperature of
5762 K. A space sink temperature of 3 K shall be assumed.

The UV portion (wavelength, 4 < 300 nm) of the electromagnetic spectrum is of particular importance in
determining effects of solar radiation on the upper atmosphere and on material properties. The
integrated irradiance of the near UV electromagnetic radiation flux (180 nm < 4400 nm) is
approximately 118 W/m?. The far UV portion (4 < 180 nm) contributes about 0,023 W/m?2.

The solar constant changes by only about £ 0,1 % around the mean value over one solar cycle [RD6.3]
and is largest during the period of maximum solar activity.

Certain parts of the spectrum are much more variable, both, over the 27-day solar rotation period and
over the 11-year solar cycle. This variation ranges from about 50 % for the near UV part to a factor 2 for
the UV and far UV portions and can reach orders of magnitude for flare X-rays.

Average and worst case irradiance levels for the high-energy spectrum are summarized in Table 9. The
average values were taken from RD6.2.

For design purposes the worst case values of Table 9 shall be used. The fluxes given for flare X-rays
are peak values of large flares. For design, one such X-ray flare per week, lasting one hour, shall be
assumed.

Annex D contains more details on the solar spectrum.
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Table 9 — High-energy solar electromagnetic flux

Average flux Worst-case flux
Type Wavelength (W/m?) (W/m?)
(nm)

Near UV 180-400 118 177

uv <180 2,3x10% 4,6 x 102
uv 100-150 75x10° 1,5 x 107
EUV 10-100 2x107° 4x10°
X-rays 1-10 5x10° 1x10*
Flare X-rays 0,1-1 1x10™ 1x10°

6.3 Earth electromagnetic radiation
6.3.1 Earth albedo
Albedo is the fraction of sunlight which is reflected off a planet.

The average albedo of the Earth is about 0,3. For short periods the albedo can vary considerably
between about 0,05 and 0,6.

For albedo radiation the same spectral shape as for sunlight shall be assumed.

Albedo values are only applicable when a portion of the Earth that is seen by the satellite is sunlit.
Albedo values vary with solar zenith angle. The sunlit part of the Earth and the solar zenith angle shall
be considered for albedo analyses.

Average albedo values have sometimes to be used with care, e.g. for short duration analyses or for
Sun-synchronous orbits where albedo is from specific local times.

Additional information on the variability of the albedo is given in annex D.
6.3.2 Earth infrared
The Earth-emitted thermal radiation is also called “Earth infrared” or “outgoing long wave radiation”.

For the Earth infrared radiation a black body spectrum with a characteristic temperature of 288 K shall
be assumed.

The average infrared radiation emitted by Earth is 230 W/m®. On a short time scale it can vary between
150 W/m? to 350 W/m®.

The diurnal variations can amount to about 20 % over desert areas while it is small over oceans.

Additional information on the variability of the Earth infrared radiation is given in annex D.
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6.4 Solar and geomagnetic indices
6.4.1 General

Solar and geomagnetic indices are used to describe the activity levels of the Sun and the disturbance of
the geomagnetic field. Most activity indices are given for short periods and as long duration averages.
They are also used for long range predictions of solar activities. Many space environment models
require activity index values as input parameters.

6.4.2 Description of indices
6.4.2.1 Solar activity indices

The most frequently used solar activity indices are the sunspot number, R, and the 10,7 cm wavelength
radio flux, F1o7. These values, which can be measured at the ground, were found to have a strong
correlation with the UV radiation of the Sun, which has a strong influence on the Earth atmosphere.

The F1o7 solar activity index gives the flux at a wavelength of 10,7 cm in units of 10* Jansky (one Jansky
equals 102 W m® Hz').

The F1o7 index and the sunspot number, R, are correlated. Averaged (over one month or longer) values
can be converted by the following expression:

Fio7=63,7 + 0,728 R +8,9 10" R®.
6.4.2.2 Geomagnetic activity indices

Geomagnetic activity indices are used to describe fluctuations of the geomagnetic field. Most widely
used planetary indices are K, and a,. They are based on 3-hour measurements from 12 ground stations.
Values of a, range from 0 to 400 and they are expressed in units of 2 nT. K, is essentially the logarithm
of a,. The conversion from K, to a, is given in Table 10 (taken from RD6.4). A daily index, Ay, is obtained
by averaging the eight values of q, for each day.

Besides K, and a, several other activity indices are used to describe different aspects of the
geomagnetic field activity. An overview of the various activity indices and their definitions is given in
RD&6.5.

Table 10 — Conversion from K|, to a,

K, 0 0+ 1- 10 1+ | 2- 20 2+ 3 30 3+ 4- | 40 4+
ap 0 2 3 4 5 6 7 9 12 15 18 | 22 27 | 32
K, 5- | 50 5+ 6- | 60 6+ 7- | 70 7+ 8- 80 8+| 9-| 90
a, | 39 48 56 67 | 80 94 111 |132 |154 | 179 | 207 | 236 |300 |400

6.4.3 Solar cycle dependence

Table 11 lists the minimum, mean and maximum 13-month smoothed values for Fy,7 and A, throughout
a mean 11-year solar cycle. These values are taken from RD6.2. The minimum and maximum values
are the historical extremes for each point in the cycle and were obtained after the data have been
13-month smoothed and constrained to the mean duration cycle. The standard deviation of the mean
cycle length is 1,23 yr over the historical record. Figure 4 shows these data graphically.
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Table 11 — Maximum, mean, and minimum values of the 13-month
smoothed 10,7 cm solar radio flux and geomagnetic activity index over
the mean solar cycle
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Month Fio7 Ap
of Max | Mean Min Max | Mean Min

cycle

1 73,3 69,6 67,0 11,5 9,5 7,6
2 73,4 69,7 67,0 11,7 9,6 7,7
3 74,0 70,0 67,0 11,8 9,7 7,7
4 74,5 70,4 67,0 11,9 9,7 7,6
5 74,9 70,7 67,0 11,9 9,7 7,4
6 76,2 711 67,1 12,2 9,9 7,3
7 78,4 71,6 67,2 12,5 10,0 7,2
8 79,8 72,2 67,3 12,9 10,3 7,2
9 81,5 72,8 67,4 13,3 10,6 7,8
10 84,1 73,6 67,5 141 10,9 8,1
11 87,7 74,5 67,7 15,1 11,2 8,2
12 93,4 75,7 67,9 15,7 11,5 8,3
13 97,9 77,0 68,0 15,9 11,8 8,3
14 101,7 78,4 68,0 16,4 12,0 8,3
15 107,7 80,1 68,0 17,4 12,3 8,5
16 114,5 82,0 68,0 18,4 12,7 8,4
17 121,1 84,0 68,1 18,7 12,9 8,5
18 129,1 86,2 68,4 18,8 13,1 8,7
19 137,6 88,5 68,5 18,6 13,2 9,0
20 143,4 91,0 68,6 18,3 13,2 9,3
21 147,6 93,7 68,8 18,1 13,2 9,7
22 151,7 96,3 68,7 18,4 13,4 9,5
23 155,7 98,9 68,8 18,4 13,5 9,3
24 160,1 101,6 69,2 17,6 13,5 9,1
25 164,8 104,4 69,7 17,1 13,6 9,0
26 169,1 107,2 70,1 17,4 13,6 9,1
27 173,0 110,2 70,6 17,4 13,6 9,4
28 1771 113,2 70,7 18,5 13,8 9,8
29 186,1 116,2 71,3 19,9 14,0 10,0
30 191,5 119,3 72,2 19,9 14,1 10,0
31 194,3 122,0 72,6 19,9 14,1 10,1
32 196,9 124,3 73,3 20,1 14,1 10,4
33 199,6 126,5 73,9 20,4 14,2 10,2
34 204,2 128,6 741 20,8 14,2 10,3
35 210,6 131,0 74,4 20,9 14,1 10,6
36 214.,8 133,3 74,5 21,0 14,0 10,6
37 217,2 135,6 74,6 21,2 14,0 10,5
38 221,6 137,6 74,5 21,6 14,1 10,4
39 226,9 139,6 741 22,1 14,1 10,6
40 229,9 141,4 73,6 22,2 14,0 10,8
41 231,7 143,2 73,5 21,0 13,7 10,7
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Table 11 — Maximum, mean, and minimum values of the

3-month smoothed 10,7 cm solar radio flux and geomagnetic

activity index over the mean solar cycle (continued)

Month F1o7 Ap

c;(:Ie Max Mean Min Max Mean Min
42 233,7 144,6 73,6 20,1 13,4 10,4
43 233,7 1446 |73,6 20,1 13,4 10,4
44 235,6 1456 |74,0 19,8 13,3 10,5
45 238,8 146,7 |75, 19,3 13,3 10,7
46 242.8 147,2 75,8 19,2 13,3 10,8
47 245,2 147,7 76,5 19,0 13,4 11,0
48 2445 148,1 78,1 18,8 13,3 10,7
49 243,3 148,4 |80,1 18,6 13,4 10,8
50 2447 148,7 82,5 18,6 13,4 10,6
51 245,7 148,2 84,0 18,3 13,4 10,2
52 243,3 146,8 [85,5 18,2 13,5 10,6
53 239,4 145,7 |87,9 18,7 13,8 11,3
54 235,0 1451 89,5 19,2 14,1 11,4
55 232,9 1449 92,2 19,6 14,2 11,3
56 233,3 1449 |93,8 20,3 14,4 11,3
57 233,1 144,7 94,9 21,0 14,6 11,5
58 231,2 1442 95,0 21,4 14,8 11,6
59 229,1 143,5 |94,7 21,2 14,8 11,6
60 228,1 142,7 94,9 20,4 14,7 11,8
61 227,6 142,3 96,5 20,7 14,8 12,1
62 226,7 142,1 97,3 21,9 15,1 12,2
63 225,6 141,3 |96,8 22,7 15,2 12,0
64 223,0 140,1 96,0 22,7 15,1 11,6
65 218,6 138,4 |96,0 22,3 15,1 11,2
66 215,3 136,8 |96,6 21,7 15,1 11,2
67 212,0 135,5 96,7 21,5 15,1 11,2
68 206,9 134,3 |95.1 22,1 15,1 11,2
69 204,0 133,0 [95,0 23,1 15,5 11,3
70 203,6 131,6 |96,3 23,5 15,6 11,3
71 200,4 129,8 96,5 23,4 15,6 11,2
72 196,8 128,3 |94,7 23,3 15,7 11,1
73 195,7 127,3 |93,6 23,1 15,5 10,8
74 194,8 126,5 |93,5 22,2 15,7 10,9
75 191,5 125,1 91,9 221 15,6 11,1
76 187,4 123,5 |88,7 22,2 15,6 11,7
77 182,9 122,3 |86,6 22,5 15,8 11,6
78 178,6 121,5 |87,8 22,6 15,9 11,5
79 176,3 120,5 [86,5 22,5 15,8 11,3
80 174,9 119,5 [85,9 21,6 15,7 11,3
81 171,1 117,9 |85,0 21,0 15,4 11,3
82 164,5 116,3 |83,6 21,1 15,2 11,2
83 158,1 114,6 |82,3 21,6 15,2 11,2
84 154,4 112,9 |81,6 22,2 15,4 11,4
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Table 11 — Maximum, mean, and minimum values of the
13-month smoothed 10,7 cm solar radio flux and
geomagnetic activity index over the mean solar cycle

(continued)
Month Fio7 Ap
of
cycle Max | Mean | Min Max | Mean | Min
85 150,8 109,5 81,9 22,0 15,2 11,4
86 148,1 108,0 81,6 22,2 15,0 11,3
87 148,1 108,0 81,6 22,2 15,0 11,3
88 145,0 106,4 81,4 22,5 14,9 11,3
89 1411 104,9 80,2 22,8 14,7 11,2
90 137,0 103,4 80,3 23,5 14,7 11,1
91 132,4 101,9 80,0 24,2 14,7 11,0
92 125,4 100,3 78,9 24,7 14,8 11,3
93 119,5 98,9 77,6 25,0 14,8 11,3
94 118,4 97,7 76,6 24,9 14,8 11,2
95 118,7 96,6 74,8 24,5 14,8 11,4
96 119,4 95,6 74,0 23,6 14,7 11,6
97 119,8 94,8 73,4 22,8 14,7 11,3
98 119,0 93,9 73,2 22,1 14,7 11,1
99 117,7 92,8 73,1 21,8 14,8 11,1
100 116,4 91,8 72,7 21,4 14,8 11,2
101 114,6 90,6 71,7 21,1 14,8 11,2
102 110,8 89,6 711 20,5 14,7 10,5
103 105,4 88,4 70,6 19,7 14,4 9,9
104 103,2 87,3 70,1 19,7 14,3 9,5
105 102,0 86,5 69,9 19,8 141 9,2
106 100,0 85,7 70,0 19,5 14,0 9,0
107 98,2 84,8 69,9 19,1 13,8 8,9
108 96,6 83,6 69,7 18,6 13,8 8,8
109 94,6 82,5 69,5 17,9 13,8 8,7
110 93,8 81,8 69,4 17,0 13,7 8,7
111 92,7 81,1 69,3 16,5 13,6 8,8
112 92,0 80,3 69,0 16,7 13,5 8,9
113 91,8 79,6 68,8 16,9 13,4 9,0
114 91,4 78,9 68,5 17,1 13,3 9,0
115 90,8 78,2 68,2 17,4 13,3 9,0
116 90,1 77,5 68,2 17,4 13,1 9,0
117 89,1 76,9 68,2 17,6 12,9 9,2
118 88,2 76,4 68,2 17,4 12,7 9,3
119 87,0 75,9 68,3 16,9 12,5 9,2
120 854 75,3 68,3 16,1 12,2 9,1
121 83,2 74,8 68,3 14,7 11,8 9,1
122 80,5 74,2 68,3 13,6 11,5 9,1
123 78,5 73,5 67,9 13,7 11,2 8,9
124 77,6 72,9 67,6 13,4 10,9 8,5
125 771 72,3 67,4 13,0 10,6 8,1
126 76,9 72,0 67,4 12,7 10,5 8,0
127 76,7 71,6 67,2 12,4 10,3 8,0
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Table 11 — Maximum, mean, and minimum values of the
13-month smoothed 10,7 cm solar radio flux and
geomagnetic activity index over the mean solar cycle

(continued)
Month Fio7 Ap
of Max | Mean Min Max | Mean Min
cycle
128 76,2 70,9 67,0 11,2 9,9 8,0
129 75,2 70,6 67,0 11,0 9,8 7,9
130 74,2 70,3 67,0 10,9 9,1 7,2
131 74,0 70,1 67,0 11,1 9,2 7,4
132 73,5 69,9 67,0 114 9,4 7,6

6.4.4

Reference index values

The reference index values shown in Table 12 for low, mean and high solar and geomagnetic activities
shall be used. The long-term values apply for monthly mean or longer term averaged values. They shall
also be used for periods between one day and one month.

The short duration high values apply for periods of one day or less. They shall be used to assess the
maximum short-term variations of environmental properties (e.g. atmospheric density fluctuations).
Annex D contains some historical data on the variability of these indices.

Table 12 — Reference index values

Long-term Short-term
Low Mean High High
Fi07 70 140 250 380
Ap 0 15 25 300

6.4.5 Tailoring guidelines

For design purposes the worst case activity values shall be used. These can be the high or low values,
depending on the effect to be studied.

Depending on the case to be analysed either the constant reference data in subclause 6.4.4 (to get a
typical or maximum value) or the solar cycle data in 6.4.3 (to analyse a longer mission or to obtain the
activity prediction for a specific future date) shall be used.

The solar cycle activity in Table 11 can be extended by repetition of the 11-year cycle.

August 1996 shall be assumed as start of cycle 23 (month 1 of Table 11).
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6.5 Figures

300

‘ Max. F10y7 Mean F10y7 Min. F10y7

200 /\/\\
Ve

R

[— A \M\é

s

100
é

0 12 24 36 48 60 72 84 96 108 120 132

» ‘ ~ Max.A,  ~ Mean4, ~ Min. 4
25
\ /\/\ﬁ \/\f/\\
20 /M v/’ N
15 —— =
”/ - N Ut D s nnen Y
5
0

0 12 24 36 48 60 72 84 96 108 120 132
Month of Cycle

See description in text.

Figure 4 — Standard predictions of solar and geomagnetic activity during a cycle
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7  The neutral Earth atmosphere
71 Introduction

A good knowledge of temperature, total density, concentrations of gas constituents, and pressure can
be important for many space missions in the low-Earth orbit regime (LEO), below 1000 km altitude.
Aerodynamic forces due to the orbital motion of a satellite through a rarefied gas with superimposed
winds are required to be known for orbit maintenance planning, for sizing of the propulsion system, for
attitude controller design, and for the estimation of accelerations acting on sensitive payloads.
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Also surface corrosion due to atomic oxygen impingement shall be assessed to predict the degradation
of sensitive coatings. Atomic oxygen reactions around a spacecraft can also lead to “vehicle glow”.

7.2 Recommended reference model

Due to the large underlying set of supporting measurement data, the large temporal and spatial
distribution of these data, the good fit of these data, and the flexible mathematical formulation of the
model, the MSISE-90 atmosphere [RD7.1] shall be adopted as reference (corresponding to CIRA-86,
the COSPAR International Reference Atmosphere, described in RD7.2 for altitudes above 120 km).

MSISE-90 determines temperature, density, and number concentrations of the major constituents from
ground to exospheric altitudes as a function of seven atmospheric state parameters. Other current and
historic atmosphere models are mentioned in the informative annex. For horizontal winds the HWM-93
model shall be adopted (Horizontal Wind Model 1993, based on RD7.3). It provides north and east wind
components as a function of the same parameters used by MSISE-90.

Annex E contains information on other models.
7.3 Structure of the Earth atmosphere

The Earth atmosphere can be broadly divided into three distinct regimes:

—  the homosphere which comprises the troposphere (0 km to 12 km altitude), the stratosphere
(12 km to 50 km), and the mesosphere (50 km to 90 km);

—  the thermosphere which extends from about 90 km altitude to 250 km or 400 km (depending on
solar and geomagnetic activity levels);

—  the exosphere which begins at the top of the thermosphere and extends into space.

The homosphere, due to vertical winds and turbulent mixing, has a nearly uniform composition of about
78,1 % Ny, 20,9 % O,, and 0,9 % Ar. lts temperature profile shows alternating gradients with a local
minimum at the tropopause (218 K), a local maximum at the stratopause (280 K), and another local
minimum at the mesopause (~150 K).

In the thermosphere, starting at the turbopause near 105 km, vertical mixing processes become less
significant, and diffusion under the influence of gravitation and temperature gradients determines the
concentration profiles with altitude of the major constituents N,, N, O,, O, He, H, and Ar. The
thermospheric temperature profile starts off with a nearly constant value at the turbopause and attains
an asymptotic limit 7., at the thermopause (between 250 km and 400 km). Both the thermopause altitude
and the thermospheric temperature T, are depending on the energy input into the heterosphere. These
inputs are primarily due to EUV radiation from the Sun and its absorption by atomic oxygen, due to Joule
heating caused by charged particles which precipitate into the atmosphere at auroral zones, due to
photo dissociation, and due to re-combination processes. Locally, T,, can attain values between 600 K
and 2000 K for extremely low and extremely high solar activity levels. Upwards from 400 km the mean
free path length of molecules increases to a level at which the light constituent H (which is a major
contributor at these altitudes) may exceed the Earth escape velocity and exit the system (hence the term
“exosphere”).

7.4 Atmospheric state parameters

Satellite drag data from orbit determinations, on-orbit mass spectrometers, accelerometers, sounding
rockets, and ground-based incoherent scatter radars provide a wealth of information on the composition,
temperature, and variability of the heterosphere, particularly between 150 km and 700 km altitude.

Measurement data reveal that temperature, composition, pressure, and total density of the Earth
atmosphere change with the following parameters:

—  h,inkm, geodetic altitude;
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— @, in 2 or rad, geodetic latitude;

— tis in h, local solar time;

—  tw, in h, universal time, or alternatively 6, in ¢ or rad, geographic longitude;
— 14, in days, day of the current year (counting from Jan. 1);

—  Fi07,in 10 W m® Hz" (= 10* Jansky) the daily 10,7 cm solar flux index (mostly used from the
previous day);

—  (F107)avg In 1022 W m™® Hz', a mean solar flux index (mostly a running mean over the previous
three rotations of the Sun, corresponding to 81 days);

—  Ap € [0, 400], daily mean geomagnetic index, or alternatively
K, € [0, 10], quasi-logarithmic daily mean geomagnetic index, or alternatively
ko € [0, 10], 3-hourly quasi-logarithmic geomagnetic indices for one day.

The parameters 1, ty, and @ are interrelated. In order to be consistent, they shall obey the relation
0(%) = 15 x [tis (h) - tu (R)].

The solar activity in terms of the 10,7 cm radio flux F157 and the corresponding Sun-spot number (R)
follow a long-periodic 11-year solar cycle with a superimposed 27-day cycle due to the rotation of the
Sun. Data histories of solar and geomagnetic activities are shown in clause 6 and annex D. The forecast
of the actual level of the daily F1o; and geomagnetic A, index is difficult and associated with
considerable uncertainties.

If the atmospheric state parameters are well known, then the total air density, comprising activity
dependent variations (with (F17)avg, F10,7 @nd A, or kp), diurnal variations (with #s and ¢),
longitudinal-latitudinal variations (with 7; and ¢) and seasonal-latitudinal variations (with 74 and ¢) of the
heterosphere can be modelled with an r.m.s. accuracy of £ 10 % to + 15 % for the MSISE-90
atmosphere model [RD7.1] which shall be the adopted space standard for both homospheric and
heterospheric altitudes.

7.5 Temperature, composition, and density model of the Earth heterosphere
In the heterosphere, well above 90 km, one can assume that the constituents are in diffusive equilibrium

with no vertical mixing, and that concentration profiles develop for each constituent independently under
the influence of the Earth gravity and thermal diffusion.

b de - il
where
i =1, ..., 7 refers to N, O, Ar, O, He, H, and N;
h is the geodetic altitude, km;
T is the local atmospheric temperature, K;
n; is the particle concentration (number density) of species i, 1/m?;
H; is the concentration scale height of species i, km;
o is the thermal diffusion coefficient for species i (o, = -0,4 for H and He, and 0,0 otherwise).
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The altitude profile of the temperature T(k), which is required in equation (7.1), can be well approximated
by an exponential function which reaches an asymptotic limit 7., (exospheric temperature) at the

thermopause.
T =T,-(Ts-Tiy)exp [-s(h - hix)] (7.2)
where
(oo are the conditions at the thermopause (start of the exosphere);
()120 are the conditions at geodetic altitude 120 km;
s is the temperature gradient parameter, 1/km.

Using expansions in the parameter ¢, equations (7.1) and (7.2) can be rewritten as explicit, analytical
approximations of the altitude profiles in terms of the following expressions.

1+a,+y,
n; = n;pexp(— oy, z)[(1 — (c’le):p(cz oz))] (7.3)
T = T,[1— cexp(— 02)] (7.4)
where
z = (h - h120) (Re + h120)/(Re + h), geopotential altitude parameter, km;
c =1-Ti0/T;
T, =Ty (h, @, tis, tu, ta, (F10,7)avgs F10,7, Ap);
T120 =T120 (B, @, tis, tuts tas (F10,7)avgs F10,7, Ap);
n; 120 =120 (B, @, tis, turs ta, (F10,7)avgs F107, Ap);
o =5+ (Rg + h120)'1, temperature gradient parameter, 1/km;
s =5 (h, @, ts, tu, tdy (F10,7)avgs F10,7, Ap)s
¥i = 1/(H; o), dimensionless diffusion parameter;
H; = RT/(M.g), the concentration scale height of species i, m;
M; =28, 32, 40, 16, 4, 1, and 14 for Ny, O,, Ar, O, He, H and N, molar masses, respectively,
kg/kmol;
Re = 6357 km, normalizing Earth radius;
g = 9,806 m/s?, reference gravity acceleration constant;
R =8314 J kmol 'K, the universal gas constant.

The air density is then determined from the mass-weighted, normalized concentrations, and the total
pressure can be expressed as the sum of the partial pressures of the constituents.

_ L
p_NAZ.

7
n; M, (7.5)
=1
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p= ipi = kTini (7.6)
i=1 i=1

where

P is the total density, kg/m?;

p is the pressure, N/m?;

k ~1,3807 x 10% J/K, the Boltzmann constant;
Na ~ 6,022 x 10® mol™ Avogadro’s number.

For aerodynamic calculations in a rarefied gas, in particular below altitudes of 200 km, the mean free
path length, the speed of sound, and the dynamic viscosity are important. They can be approximated
with good accuracy from

= 2ad 2 (7.7)

1 P
L “eET

«

I
=
3
*®

w=21pa |2 (7.9)
where
L is the mean free path of a molecule, m;
u is the dynamic viscosity, kg s'm™;
a is the speed of sound, m/s;
K = 1,44, the ratio of specific heats (in an N, dominated environment);
davg = 3,62 x 10"° m, the mean collision diameter (for Ny).

All quantities on the right-hand sides of equations (7.3) and (7.4) are functions of the above listed seven
atmospheric state parameters, with model coefficients which need to be fitted to measurement data. For
the quality of a model it is essential that an adequate spatial and temporal distribution of measurement
data is available in order to fit altitude profiles and their variation with daily, seasonal, and solar cycle
periods. Due to sparse measurement data atmosphere models tend to be less reliable at altitudes below
150 km, above 700 km, and for extreme excursions of solar and geomagnetic activities.

According to equations (7.1) and (7.3), the changes of the number densities n; with altitude are mainly
driven by the hydrostatic equation which yields an exponential decrease. The logarithmic slope of this
decrease, which is described by H;", becomes steeper with higher molar masses M; and lower
exospheric temperatures T, (see Figure 8). The dominant constituents with increasing altitude are
consequently Np, O, He, and H, with varying altitude regions of dominance according to activity levels
(which mainly determine T.,). Also the position of the diurnal density maximum is governed by the molar
masses. Maxima occur near the sub-solar position with a time lag of 3,5 h for N, and O, and with a time
lag of up to 12 h for the light weight species He and H. Due to the maximum EUV absorption by atomic
oxygen, the diurnal density variation reaches its highest amplitudes of pmax(h)/pmin(h) ~ 10 near h =

600 km, where O is the dominant species. At these altitudes the density variation with solar activity also
attains its maximum amplitude with changes by up to two orders of magnitude between extremes of the
solar cycle (see Tables 13 to 15 and Figures 5 to 7, discussed later).
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Table 13 — MSISE-90 altitude profiles of temperature T, total density p, pressure p, mean molecular weight M and density scale height H for low

activities
h (km) T (K) p(kg/m®) | p(N/m® | M (kg/mol) | H (km) ny, (m® | no(/md) no, (Mm% | nhe (M%) | nar (/M) nn (/md) nn (/m®)

0/ 300,2511| 1,17E+00| 1,01E+05| 28,9502| 11,4737| 1,90E+25 -| 5,09E+24| 1,27E+20| 2,27E+23 - -
20| 206,2085| 9,48E-02| 5,62E+03| 28,950 2 55843 1,54E+24 -1 414E+23| 1,03E+19| 1,84E+22 - -
40| 257,697 9| 4,07E-03| 3,01E+02| 28,950 2 7,2030| 6,62E+22 -| 1,78E+22| 4,44E+17| 7,91E+20 - -
60| 244,1212| 3,31E-04| 2,32E+01| 28,9502 8,1940| 5,38E+21 -1 1,44E+21| 3,61E+16| 6,44E+19 - -
80| 203,1065| 1,69E-05| 9,81E-01| 29,1353 6,1010| 2,62E+20| 3,93E+18| 7,04E+19| 7,21E+13| 1,36E+19| 1,27E+12| 1,20E+16

100| 168,7219| 5,77E-07| 2,89E-02| 28,003 6 50095 1,00E+19| 6,58E+17| 1,64E+18| 4,92E+13| 1,18E+17| 1,25E+12| 2,57E+15
120| 356,8669| 1,70E-08| 1,92E-03| 26,394 8 7,9781| 2,92E+17| 6,34E+16| 3,22E+16| 2,11E+13| 1,05E+15| 7,23E+11| 3,02E+14
140| 545,8594| 296E-09| 537E-04| 250665 152801| 4,79E+16| 1,88E+16| 4,33E+15| 1,34E+13| 9,48E+13| 533E+11| 9,88E+13
160| 630,0652| 9,65E-10| 2,13E-04| 23,7884| 20,2988| 1,44E+16| 8,89E+15| 1,12E+15| 1,06E+13| 1,80E+13| 4,71E+11| 5,03E+13
180| 667,8662| 3,90E-10| 9,62E-05| 2255037| 23,7416| 5,19E+15| 4,85E+15| 3,52E+14| 8,91E+12| 4,32E+12| 4,39E+11| 2,94E+13
200| 684,9187| 1,75E-10| 4,70E-05| 21,2516 26,3234| 2,02E+15| 2,80E+15| 1,20E+14| 7,70E+12| 1,14E+12| 4,19E+11| 1,81E+13
220| 692,6487| 847E-11| 243E-05| 20,0935| 28,6112| 8,17E+14| 1,66E+15| 4,28E+13| 6,73E+12| 3,13E+11| 4,03E+11| 1,15E+13
240| 696,1697| 4,31E-11| 1,31E-05| 19,0789| 30,7226| 3,36E+14| 9,97E+14| 1,55E+13| b591E+12| 8,82E+10| 3,89E+11| 7,33E+12
260| 697,7811| 2,30E-11| 7,31E-06| 18,2300 32,6731 1,40E+14| 6,03E+14| 5,70E+12| 521E+12| 2,52E+10| 3,77E+11| 4,72E+12
280| 698,5220| 1,27E-11| 4,20E-06| 17,5402 34,6129| 587E+13| 3,67E+14| 2,11E+12| 4,60E+12| 7,29E+09| 3,65E+11| 3,06E+12
300| 698,8644| 7,022E-12| 247E-06] 16,9830 36,3499| 248E+13| 2,24E+14| 7,88E+11| 4,07E+12| 2,13E+09| 3,54E+11| 1,99E+12
320| 699,0233| 4,21E-12| 1,48E-06| 16,5214 37,6859| 1,05E+13| 1,37E+14| 2,96E+11| 3,60E+12| 6,26E+08| 3,43E+11| 1,29E+12
340| 699,0973| 2,50E-12| 9,01E-07| 16,1147| 39,0274| 4,49E+12| 844E+13| 1,12E+11| 3,19E+12| 1,85E+08| 3,33E+11| 8,45E+11
360 699,1320| 1,551E-12| 557E-07| 157219 40,0512| 1,92E+12| 520E+13| 4,25E+10| 2,82E+12| 553E+07| 3,23E+11| 5,53E+11
380| 699,1483| 9,20E-13| 3,50E-07| 15,3028| 40,9778| 8,30E+11| 3,22E+13| 1,63E+10| 2,50E+12| 1,66E+07| 3,13E+11| 3,63E+11
400| 699,1561| 5,68E-13| 2,23E-07| 14,8185| 41,9519| 3,60E+11| 2,00E+13| 6,25E+09| 2,22E+12| 5,04E+06| 3,04E+11| 2,39E+11
420| 699,1597| 3,54E-13| 1,45E-07| 14,2332| 42,8975 1,57E+11| 1,24E+13| 2,42E+09| 1,97E+12| 1,54E+06| 2,95E+11| 1,58E+11
440| 699,1615| 2,23E-13| 9,61E-08| 13,5181| 43,8193| 6,86E+10| 7,74E+12| 9,40E+08| 1,75E+12| 4,72E+05| 2,87E+11| 1,04E+11
460| 699,1623| 1,42E-13| 6,54E-08| 12,6581| 451370| 3,02E+10| 4,84E+12| 3,68E+08| 1,56E+12| 1,46E+05, 2,78E+11| 6,92E+10
480| 699,1627| 9,20E-14| 459E-08| 11,6594| 46,6954| 1,33E+10| 3,04E+12| 1,45E+08| 1,39E+12| 4,55E+04| 2,70E+11| 4,60E+10
500| 699,1629| 6,03E-14| 3,32E-08| 10,5547 48,3084| 592E+09| 1,91E+12| 5,72E+07| 1,24E+12| 1,43E+04| 2,63E+11| 3,07E+10
520 699,1630| 4,03E-14| 2,49E-08 9,4006| 50,8992 2,64E+09| 1,20E+12| 2,27E+07| 1,10E+12| 4,50E+03| 2,55E+11| 2,05E+10
540 699,1630| 2,75E-14| 1,94E-08 8,2657| 53,8186 1,18E+09| 7,61E+11| 9,09E+06| 9,82E+11| 1,43E+03| 2,48E+11| 1,37E+10
560 699,1631| 1,93E-14| 1,55E-08 72141| 582364 5,33E+08| 4,83E+11| 3,65E+06| 8,76E+11| 4,58E+02| 2,41E+11| 9,21E+09
580 699,1631| 1,39E-14| 1,28E-08 6,2904| 635906 2,41E+08| 3,07E+11| 1,48E+06| 7,82E+11| 1,48E+02| 2,34E+11| 6,19E+09
] 600 699,1631| 1,03E-14| 1,09E-08 55149| 71,0934 1,10E+08| 1,95E+11| 5,99E+05| 6,99E+11| 4,78E+01| 2,28E+11| 4,18E+09
o 620 699,1631| 7,90E-15| 9,40E-09 48864| 79,7750 5,01E+07| 1,25E+11| 2,45E+05| 6,25E+11| 1,56E+01| 2,22E+11| 2,82E+09
0 640| 699,1631| 6,24E-15| 8,27E-09 43891| 90,0817 230E+07| 8,00E+10| 1,00E+05| 5,59E+11| 5,12E+00| 2,15E+11| 1,91E+09
c 660 699,1631| 5,06E-15| 7,36E-09 4,0012| 102,0265| 1,06E+07| 5,14E+10| 4,14E+04| 5,00E+11| 1,69E+00| 2,10E+11| 1,30E+09
=3 680 699,1631| 4,21E-15| 6,62E-09 36999 1152614 4,89E+06| 3,31E+10| 1,72E+04| 4,48E+11| 5,63E-01| 2,04E+11| 8,82E+08
9]
-
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Table 13 — MSISE-90 altitude profiles of temperature T, total density p, pressure p, mean molecular weight M and density scale height H for low
activities (continued)

h (km) T (K) p(kgim®) | p(N/m®) | M (kg/mol) | H (km) ny, (m® | no (im?) no, (Mm% | nue (M%) | nar (m) nu (/m) nn (/m)

700| 699,163 1 3,58E-15 6,00E-09 3,4648| 129,9408| 2,27E+06| 2,13E+10| 7,15E+03| 4,02E+11 1,89E-01 1,98E+11 6,01E+08

2002:260177L N3 S4 :s|ie1dp juswnoop |jng4

720| 699,163 1 3,09E-15 5,48E-09 3,2789| 142,8583| 1,06E+06| 1,38E+10| 2,99E+03| 3,60E+11 6,35E-02| 1,93E+11 4,11E+08

740| 699,163 1 2,70E-15 5,02E-09 3,1289| 156,2294| 4,98E+05| 8,96E+09| 1,26E+03| 3,23E+11 2,15E-02| 1,88E+11 2,81E+08

760| 699,163 1 2,39E-15 4,63E-09 3,0049| 168,9813| 2,34E+05| 5,82E+09| 5,32E+02| 2,90E+11 7,33E-03| 1,83E+11 1,93E+08

780 | 699,163 1 2,13E-15 4,28E-09 2,8996| 181,3580| 1,11E+05| 3,80E+09| 2,26E+02| 2,61E+11 2,52E-03| 1,78E+11 1,33E+08

800| 699,163 1 1,91E-15 3,96E-09 2,8075| 188,1991| 526E+04| 2,48E+09| 9,65E+01| 2,35E+11 8,68E-04| 1,73E+11 9,15E+07

820| 699,163 1 1,73E-15 3,68E-09 2,7249| 199,7376| 251E+04| 1,62E+09| 4,14E+01 2,11E+11 3,01E-04| 1,69E+11 6,32E+07

840| 699,163 1 1,56E-15 3,43E-09 2,6492| 208,2405| 1,20E+04| 1,07E+09| 1,78E+01 1,90E+11 1,05E-04| 1,65E+11 4,37E+07

860 | 699,163 1 1,42E-15 3,21E-09 2,5784| 212,0086| 5,77E+03| 7,02E+08| 7,72E+00| 1,71E+11 3,69E-05| 1,60E+11 3,03E+07

880| 699,163 1 1,30E-15 3,00E-09 25113] 221,2246| 2,79E+03| 4,63E+08| 3,36E+00| 1,54E+11 1,31E-05| 1,56E+11 2,11E+07

900| 699,163 1 1,18E-15 2,81E-09 2,4470| 223,6053| 1,35E+03| 3,06E+08| 1,47E+00| 1,39E+11 4,64E-06| 1,52E+11 1,47E+07

Concentrations of no, ny, and ny are computed for A > 80 km
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