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Foreword

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

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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This document describes the dynamic variability of the environment, i.e. space weather, and identifies
the tools and parameters needed for space systems operations. This document is important for satellite
operators who are not be familiar with space weather. For example, when Satellite operators arrive on shift,
they are often briefed about terrestrial weather, geomagnetic storms, and collision reports. This provides
insight into any possible collisions that their system can have with debris or other satellites. In addition,
others who participate in space systems operations can benefit from this document. For example, designers,
manufacturers, and launchers of space systems require real-time, operational space weather parameters
that can be measured, monitored, or built into automated systems. Users of these systems include developers
of software systems that provide LEO satellite orbit determination, radio communication availability for

scintillafion events (GEO-to-ground L- and UHF-bands), GPS uncertainties, and the radiation environment
from grqund-to-space for commercial space tourism. These groups require recent historical datal current
epoch specification, and forecast of space weather phenomena for their automated or mranual [systems.
National|government agencies often rely on space weather data provided by their national orgarfizations,
such as [those represented in the International Space Environment Service (ISES) group of 14 |national
agencies| and this document identifies key descriptors provided by those agencies.

This docpment identifies the phenomena of space weather as a dynamic component of the space env:lronment

that affdcts the technology of space systems. Annexes A and B describe~expanded material

ncluding

guidelings on how to use the document, how to obtain specific space weather parameters, and ghort but
detailed |descriptions of parameters. Annexes A and B enable easy updates for this document becquse new
advance$ in scientific and engineering understanding provide new tools for characterizing the dpmain of
space wdgather. Table 1 gives an overview of existing ISO documentsrelated to the space environment.

Table 1 — Terrestrial and lunar environment documents

LEO PEO MEO GEO >GEO
150 15856, 150 15856, ISO 15856, ISO 15856,
. . ISO 17851, ISO 17851, ISO 1585,
Testing/analysis/ ISO 17851, ISO 17851,
framew¢rk 150 21980, 150 21980, 1SO/TS 22295,  |1S0/TS 22295, |50 17851,
ISO/TS 22295, ISO/TS 22295, (AUL) ’ (AUL) ’ (AUL)
(AUL) (AUL)
ISO 15390, ISS:?Q%O, ISO 15390, ISO 15390, ISO 1539,
Cosmic 1ays ISO 17520, 1SO*17520, ISO 17520, ISO 17520, ISO 1752,
ISO/TR 23689 NSO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689
Solar phbtons ISO 21348, ISO 21348, ISO 21348, ISO 21348, ISO 2134,
p ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689
)
150 16@, 1S0 16698, 1S0 16698, o0 Teeos 1S0 16698,
IS 0, ISO 17520, ISO 17520, 1SO 17520’ ISO 1752,
Solar pafticles R 18147, ISO/TR 18147, ISO/TR 18147, ’ ISO/TR 18147,
. . . ISO/TR 18147, .
\ ar wind), (solar wind), (solar wind), (solar wind) (solar wipd),
AQ»ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 1SO/TR 23689 ISO/TR 23689
ISO 16689, ISO 16689, ISO 16689, ISO 16689, ISO 1668P,
Solar fields (solar wind), (solar wind), (solar wind), (solar wind), (solar wipd),
ISQ/TR 23689 ISQ/TR 23689 ISQ/TR 23689 ISQ/TR 23689 ISQ/TR 23689
Main magnetic ISO 16695, ISO 16695, ISO 16695, ISO 16695, ISO 16695,
field g ISO 16698, ISO 16698, ISO 16698, ISO 16698, ISO 16698,
ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689
Key
AUL application utility level
IRENE International Radiation Environment Near Earth
AO atomic oxygen
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Table 1 (continued)

LEO PEO MEO GEO >GEO
ISO 16695, ISO 16695, 15012208, ISO 16695,
ISO 16695, ISO 16695,
ISO 16698, 1SO 16698 ISO 16698, 1SO 16698 ISO 16698,
Magnetosphere ISO 19923, ! ISO 22009, ! I1SO 22009,
ISO 19923, ISO 220009,
ISO/TR 23689, 1SO/TR 23689 ISO 19923, 1SO 19923 ISO 19923,
(PC-index) ISO/TR 23689 1SO/TR 23689 ISO/TR 23689
{28 };Z% {28 }%% 1S0 17520, 1S0 17520, 1S0 17520,
1SO/TS 21579 1SO/TS 21;)79 ISO/TS 21979, ISO/TS 21979, ISO/TS 21979,
Radiation belts RN i’ IR > [(JRENE.internal [(IRENE, internal |(IRENE, internal
8 ’ B, HELETTAE charge), charge), char
diirs)) diirg)) ISO/TR 23689  |ISO/TR 23689  |IS 3689
ISO/TR 23689 ISO/TR 23689 n%
1SO 16457 ISO 16457, ISO 16457, ISO 16457, 1SO 16457,
Plasmasphere 1SO/TR 23’689 ISO 19923, ISO 19923, ISO 19923, ISO 19933,
ISO/TR 23689 ISO/TR 23689 ISO/TR 23689 ISO/TR 23689
ISO 16457, ISO 16457, v
Ionosphgere ISO 16698, ISO 16698, (topside) &Q‘
ISO/TR 23689 ISO/TR 23689 (-\\
ISO 14222, ISO 14222,
ISO/TR 11225,  |ISO/TR 11225,
Neutral ptmos- ISO 16698, ISO 16698,
phere (AO, satellite (AO, satellite (He, H) (He, H) (He, H)
drag), drag),
ISO/TR 23689 ISO/TR 23689
Micrometeoroids ISO 14200 ISO 14200 ISO}MO ISO 14200 ISO 14200
. 1SO 14200, 1SO 14200,
Debris (radiation debris) | (radiation debris) |50 14200 1SO 14200 1SO 1420p
Lunar R 1S0 10788
Key

AUL application utility level

IRENE International Radiation Environment Near Earth

AO atomjc oxygen
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Space environment (natural and artificial) — Space weather

infor

mation for use in space systems operations

1 Scope

This dogt
including

This dod
system @
applied |
space sy

2 Norf

There ar

3 Ter
For the g
ISO and
— IS0
— IEC]

3.1

aerodyn
force del
the work

3.2

its sources and effects upon space systems.

ument is applicable for a variety of engineering and scientific domains. It is applicable
perations include ground-based, on-orbit, and deep space automated satellite operations.

stems.

mative references

e no normative references in this document.

ms and definitions
urposes of this document, the following terms and définitions apply.
EC maintain terminology databases for use in starnidardization at the following addresses:

Dnline browsing platform: available at httpst//www.iso.org/obp

Klectropedia: available at https://wwwrelectropedia.org/

amic drag
ived from the kinetic energy.of an orbiting object encountering an atmosphere (3.2) as a
done against the object hythe atmosphere

atmosphere

layer of
often def

3.3

bases surroundifiga planet, moon, asteroid, or comet with species composition and tem
cribed by altitude

deep space

region of

spacebeyond the Earth’s atmosphere (3.2) and magnetosphere and especially beyond the Mo

aeeqweather,

to space
It can be

by developers of software systems for space systems, designers of space systéms, and laufchers of

result of

perature

bn’s orbit

3.4

geomagnetically induced current

GIC

induced magnetic field variation caused by geomagnetic disturbances such as CMEs upon the Earth’s
magnetic field

3.5
geostati

onary Earth orbit

Earth orbit having zero inclination, zero eccentricity, and an orbital period equal to the Earth's sidereal

rotation

period

Note 1 to entry: This orbit allows a satellite to remain continuously over approximately the same point on the Earth’s

surface.
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[SOURCE: ISO 24113:2023, 3.11, modified — The abbreviated term “GEO” has been removed; note 1 to entry
has been added.]

3.6
geosynchronous Earth orbit
orbit with an orbital period equal to the Earth’s sidereal rotation period

3.7
heliosphere
region surrounding the Sun where the emanating solar wind dominates the interstellar medium

Note 1 to entry: It is the magnetosphere and outermost atmospheric layer of the Sun, taking the shape of a vast, bubble-
llke reglo of space; e -2 p]acmq r*a(n'f}r formed ],\}, the Suninthe cuvvnnnr‘ing interstellar medium where th Strength

of the solgr, interplanetary magnetic field is greater than that of the local galactic magnetic field.

[SOURCH: ISO 15856:2010, 3.1.8, modified — The word "emanating" has been added; the original hote 1 to
entry hap been replaced by a new one.]

3.8
low Earth orbit
Earth orpit with an apogee altitude that does not exceed 2 000 km

39
MEO
medium [Earth orbit

mid-Earth’s orbit

Earth orpit with apogee an altitude that is greater than 2 000 km{but does not exceed 36 000 km

3.10
space environment
surroungling, aggregated conditions and influences of photons, particles, and fields outside of flanetary
atmosphegres (3.2)

3.11
space weather
dynamid variability in the transfer of energy,via photons, particles, and fields from the Galaxy ar{d Sun to
the heliofphere (3.7), including planetary(bgdies, other objects, and their environs

3.12
suborbital flight
flight at an altitude and velocity that would result in a trajectory incapable of circling the Earth at l¢ast once

3.13
sunspotinumber
R
daily index of sunspot activity defined as k (10 g + s) where s is the number of individual spots| g is the
number pf sunspotgroups, and k is an observatory factor

[SOURCH: 1S©,16457:2022, 3.6, modified — Notes to entry have been removed.]

4 Space weather

4.1 Origin of space weather concept

The space weather concept originated in the mid-1990’s within the space physics community and their
attempt to understand the temporal, non-climatological variations in the space environment along with the
effects at Earth.

© IS0 2024 - All rights reserved
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4.2 Concept of space weather

Space weather primarily includes energetic processes that originate on the Sun but can include energy
transfer from galactic sources outside the heliosphere. Space weather can affect natural environments and
human technology starting at and below the surface of the Earth through the outer reaches of the Earth’s
magnetosphere. It can also affect the environments around other bodies in the solar system.

4.3 Space weather factors

Solar wind plasma, cosmic rays, solar energetic particles and solar electromagnetic and particle ionizing
radiation are the main space weather factors. All space factors elther orlgmate from the Sun or are
modulat ace and
planetar} (terrestrial) environments.

4.4 Space weather impacts on the near-Earth space

Space wdather factors influence space and terrestrial environments. The main space weather manifg¢stations
occur following solar flares and coronal mass ejections that produce magnetic storms’and magnefospheric
substorms, solar proton events, ionospheric disturbances, changes in thermosphere densities, vriability
in the rafliation environment at aircraft altitudes, as well as variations of ground currents at and Helow the
Earth’s surface.

4.5 Space weather domains

Solar-tenrestrial coupling plays the key role in the development of space weather events. Physical cgnditions
in the Sun, in the heliosphere and in the Earth’s magnetosphere-are susceptible to space weather fagtors and
impact the terrestrial environment. In various space domains different processes are coupled with solar
irradiatipn, both electromagnetic and particulate, and can-.influence space weather factors. Solar-tgrrestrial
coupling|is produced by the chain of the interconnections between processes in the Sun’s environment, in
the helidsphere and in near-Earth space. Measurements of the physical conditions in different r¢gions of
space cah be used to estimate the intensity of spacg'weather factors and their possible impact on flanetary
environrpents, including the Earth.

4.6 Space weather information

Space wgather information is obtained from satellite, air, and ground-based measurements ag well as
from space weather models, the {combination of which can be used to determine the state of the space
environtpent. Information is collected by governmental, academic, and industrial space weather dath centres
and prodessed by operationalI'T-services that can give a reliable release of space weather conditions.

4.7 Space weatherpérational models

The models of physical parameters for the space environment depend on measurements and often work
automatjcally in\real-time mode. Operational models typically originate from scientific models|that are
modified to,fun automatically using observational data input. The process of conversion of $cientific
models tpoperational ones is called R20 (research to operations). Operational models testing is called V&M

hd tibn-anrdsae atricd) Tho e sncc o foucingtha vwacyy o of cmapation ol b dnlco b e danctand o s min
o —_—

for further scientific research is called O2R (operations to research).

4.8 Space weather time frames

Space weather information in different time frames can be used to validate space weather models (e.g.
historical data), for verification diagnostics of current space environment conditions (current data), and for
space weather predictions (forecast data).

© IS0 2024 - All rights reserved
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5 Time frames for space weather information

5.1 Historical

A historical time frame for space weather information starts at the current epoch and continues backwards

in time.

5.2 Current epoch (Nowcast)

The current epoch for space weather information is the present moment in time and whose interval is user-

defined;

for example, the current epoch can be the present second, minute, hour, or day.

5.3 F0|recast

A foreca$t time frame for space weather information starts at the current epoch and continués for
time. The forecast horizon is the time period when forecast can be adequately used as a.decision-ai

6 Galjactic cosmic rays

Galactic

cosmic rays (GCRs) are high-energy charged particles penetrating the heliosphere fr

interstellar space (ISO 15390). They are comprised of high-energy ‘charged particles cons
approxirately H, He, and small contribution of heavier ions[34! contributing to background radig
event ragliation levels. The ISO 15390 model is used for GCR flux calculations. Originating from o
the solai] system, the GCR flux within the heliosphere is modulatedvinversely with the solar cycle,
are highpr particle fluxes during solar minimum. Galactic cosmic rays give radiation impact on h
and on hiological objects in space. They are also responsibléfor single-event effects on electronid
Consider]ing GCR effects are especially important for long-term space missions.

7 Sol

ar environment within the heliosphere

7.1 Sollar dynamo

7.1.1

Phenomenology

The solaf dynamo is the source ofithe Sun’s magnetic field. The solar dynamo refers to the physica
wherebylthe Sun’s magnetic field.i$ created. It contains the elements of rotation of the Sun and the ¢
of highly ionized plasma in 4 region below the surface of the Sun above the core and radiative z

below th

cool enofigh for ions toAform and, as they move as a result of the Sun’s rotation, act in a way such t
kinetic epergy is conyerted into electromagnetic energy.

7.2 Sollar environment

7.2.1

7.2.1.1

Pheénomenology

wards in
.

bm local
sting of
tion and
utside of
i.e. there
ardware
devices.

process
xistence
one, and

e convective zone, called the tachocline. Here, solar temperatures in the range of 2 million K are

hat their

Structure of Sun

The internal structure of the Sun is comprised of the core where thermonuclear reactions occur, the radiative
zone, the tachocline interface layer, and the convective zone. The photosphere is the visible surface of the
Sun where sunspots, faculae, and granules can be observed. The surface of the Sun is also considered the
photosphere at a mean altitude of 0 km or 1,0 solar radii.

© IS0 2024 - All rights reserved
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7.2.1.2 Rotation

The Sun’s average rotation period is 27,75 days from Earth’s perspective. The rotation period varies with
the latitude ranging from 30 days at the poles (90°) to 24,47 days at the equator (0°) also known as the
sidereal period.

7.2.1.3 Magnetic fields

The Sun’s magnetic dipole reverses and returns to the same polarity approximately every 22 years and
is known as the solar magnetic cycle. At the beginning of each 11-year half cycle of the magnetic dipole
reversal, new sunspots begin forming in a band between 25 and 30 degrees north and south latitude; they
then progress towards the equator and this process is known as the solar sunspot cycle.

7.2.1.4 | Heliosphere

The furthest extent of the Sun’s magnetic field out into the local galactic medium, whose‘border i§ defined
as that region where the Sun’s magnetic field strength equals the local galactic magneticfield strerjgth, also
called the heliopause. Inside that bounded region the Sun'’s particles, photons, magnetie fields (grayitational
and eledtromagnetic), dominate all energy transfer processes while outside)rthat region th¢ Galaxy
dominatgs. All solar-system planets reside within the heliosphere.

7.2.1.5 | The photosphere

This is the lower layer of the Sun's atmosphere, that is about 100 krfivto 300 km thick. Temperatute in this
layer vaties from 8 000 K to 4 000 K outside. The Sun’s visible radiation is formed here. The phofosphere
providegthe most part of the star's radiation.

7.2.1.6 | The chromosphere

This is the region of the Sun’s atmosphere above thephotosphere and below the transition regign, which
exhibits femperatures between 4 000 K to 8 000 K.

7.2.1.7 | The transition region

This is the region of the Sun’s atmosphére above the chromosphere and below the corona, which| exhibits
temperafures between 8 000 K to 500.000 K.

7.2.1.8 | The corona

This is the region of the Stn/s atmosphere above the transition region and has temperatures starting at
500 000 K.

7.2.1.9 | Solar flares

An explgsive (release of magnetic energy manifested as a solar atmosphere phenomenon and ¢bserved
as a sudderi\brightening in the electromagnetic radiation from the hard X-rays through far ulfra-violet
wavelengths.

Solar flares are classified into two types of events using soft X-ray duration and other characteristics. One
type is an impulsive flare whose characteristics are short duration (minutes to an hour), an impulsive time
variation in the hard X-rays, and formed from a simple compact loop structure as observed in soft X-rays.
The other type is a long duration event (LDE), which shows a large-size or complex structure in the soft
X-rays and a gradual time variation in hard X-rays (hours).

Solar flares can be sources of the solar energetic particles that can reach the Earth environment and produce
so-called solar particle events, i.e. abrupt enhancements of energetic particle fluxes, mostly protons, in the
energy range about 1 MeV to 10 GeV (7.5.1).

© IS0 2024 - All rights reserved
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7.2.1.10 Coronal mass ejections

A coronal mass ejection (CME) is an explosive release of charged particles into the ambient solar wind; the
particles were formerly captured in coronal loops in the solar atmosphere and that are released a result of
magnetic shearing process in flaring regions. Solar flares usually occur on solar magnetic field loops while
CMEs are the release of charged particles from ruptured magnetic field loops. The transient ejecta from the
Sun expands as it travels out from the Sun, initially radially, on the curved interplanetary magnetic field
lines. Coronal mass ejection material is also known as magnetic cloud or flux rope ejecta.

7.2.1.11 Coronal holes

Regions that are observed in XUV and EUV solar images as dark areas are manifestations of open magnetic
field linis; extending outwards from the Sun into the interplanetary medium. These open field lin¢s enable
the escape of highly energetic particles, especially electrons, and that are associated with high-speed
streams |(HSS).

7.2.1.12| Solar wind

A non-uniform supersonic stream of charged particles, mostly electrons and prefons, ejected from several
source r¢gions on the Sun, including coronal holes, boundaries with regions ofimagnetic activity, ahd ejecta
during s¢lar flare events. The solar wind velocity ranges from 300 km/s to gver)2 000 km/s, dependfing upon
the solaif source of the material in the solar wind. The solar wind plasma‘consists of electrons and protons
that are fonstrained to follow the interplanetary magnetic field (IMF) emanating from the Sun. The plasma
is usually inhomogeneous and can contain magnetic field propertiesdifferent from interplanetary $pace.

7.2.2 [Effects

The Sun|s magnetic field created by the solar dynamo is>the source of small-scale phenomeng| such as
sunspotg, flares, and coronal mass ejections as well as*large-scale phenomena such as the interglanetary
magneti¢ field that extends throughout the heliosphere and acts as a guide for charged particle§ moving
out throyigh and into the heliosphere. At Earth, sunspots have the effect of diminishing the TSI. Flare short
wavelength photons arriving at Earth can cause ionization in the ionosphere and heating of th¢ neutral
thermosphere. Solar energetic particles give rise to significant intensification of ionizing radiation during
solar prdton events.

Coronal mass ejection material upon arrival at Earth can cause geomagnetic storms as the charged particles
in the miagnetic cloud or flux ropesget injected onto Earth's magnetospheric field lines, which cqn direct
particleq inwards towards geosynchironous Earth orbit and then all the way down to the auroral|zones at
the top off the atmosphere Geomagnetic storms can be also caused by the fast solar wind streams orjginating
from thg¢ coronal holes, whicl/ are dark large regions on the Sun. Strong magnetic field variations are
responsiple for particle acceleration. The addition of charged particles can severely disrupt the Earth’s
electricall field, even in subsurface conducting layers, to cause power surges in terrestrial power transmission
lines. These highly energetic events can cause effects on Earth such as radio communication loss, pdwer grid
failure, sptellite suxface charging, increased satellite drag, and even particle precipitation that enhgnces the
radiation envirehment at commercial aviation altitudes. Wave-particle resonant interaction can afcelerate
electron upsterelativistic energies and produce satellite deep dielectric charging.

7.3 Sunspots

7.3.1 Phenomenology

Sunspots are regions of cold and tenuous plasma on the solar surface that appear dark. These regions are
clearly visible on the surface, or photosphere, of the Sun that evolve through time with expansion and
breakup stages. Sunspots contain strong magnetic fields emanating from the interior, or convective zone, of
the Sun and often form in groups or pairs with one spot having a negative polarity and the other one having
a positive polarity.
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7.3.2 History of discovery, long-term record

Records of sunspot observations go back as far as 3 000 years ago in China. The first mentions of sunspots
in western culture occurred in Greece around 300 BC. Galileo Galilei began to study and record the spots in
1610 with the first astronomical telescope.

7.3.3 Variability

The number of sunspots grows and reduces in concert with the strength of the Sun’s magnetic field half cycle.
During the 22-year Hale full cycle the overall solar magnetic field makes one complete polarity reversal,
where the north pole has one polarity at the beginning of a cycle, has the opposite polarity at the mid cycle
of approximately 11 years and regains the original polarity at the end of the cycle. The approximate 11-year
half Halg cycle defines the sunspot solar cycle whereby the number of sunspots visible on the seldr disk at
the beginning of a sunspot solar cycle are zero; the number of sunspots rapidly rises to a maximbim count at
the sunspot cycle maximum, and the number slowly declines back to zero at sunspot cycle nfinimur.

The strong localized magnetic fields emanating from the convective zone vary in strength and ¢uration,
manifestl as sunspots on the photosphere, and are coincident with active bright regions in higher solar
atmosphlere layers, include coronal loops. At the start of a solar sunspot cycle these'strong magnetic fields
manifest at solar mid latitudes (north and south) and, during the cycle, appear/at'more equatorial Jatitudes
until solar minimum is reached, where they disappear entirely.

7.3.4 Effects

Sunspot$ consist of an absence of photons on the solar visible surface,or photosphere, and have the effect of
reducing the total solar irradiance (TSI) (ISO 21348), sometimes tappropriately called the solar cohstant. A
single large sunspot moving across the solar disk as it is fixed in'the solar rotational coordinate syftem can
become Yip to a 1 % reduction of the TSI when the sunspot is near disk centre.

Although individual sunspots can reduce the total radiative output of the Sun, they are a proxy (ISP 21348)
for the gverall strength of energy output from the. Sun during a solar sunspot cycle. The sunspotf are but
one aspect of the total energy output, whose source\is the increased magnetic field strength. That ihcreased
magneti¢ field strength translates into increased-magnetic energy deposited into high atmosphere(layers of
the Sun, fhich can then become bright active'regions, flares, and coronal mass ejections with up to prders of
magnitufle more photons being created in'the ultraviolet, far ultraviolet, extreme ultraviolet, soft X-ray, and
X-ray portions of the radiative electromagnetic spectrum (ISO 21348).

7.4 Solar shorter wavelength electromagnetic radiation

7.4.1 Phenomenology

The solaf electromagnetic radiation spans the entire spectrum from gamma-rays to radio waveldngths as
blackbody radiation (dSO 21348). Solar photons travel at the speed of light from the Sun to all pafts of the
solar sydtem, thecheliosphere, and out into the Galaxy. Depending upon their wavelength, the phdtons can
cause laijger orssmaller transfers of energy to other bodies and objects in the solar system.

Solar el ctromagnetlc rad1at10n is a manlfestatlon of all permltted atomic energy level transitions, where
the photbrsareprimariy-ereatedin—solarsurfaceand-atmosphere-phenomens 3 g C energy
is injected from below the solar surface through the surface and 1r1to the atmosphere the more energy
is available for transitions of ions and electrons from one energy state to another. The discrete energy
transition relaxations from one atomic energy level to another account for the total of all photons released
across all wavelengths. Shorter wavelength electromagnetic radiation originates from the photospheric
surface through all solar atmosphere layers.

Shorter wavelength electromagnetic radiation ranges from the gamma-rays to ultraviolet wavelengths.
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7.4.2 Ranges of electromagnetic radiation with the shortest wavelength

7.4.2.1 X-rays (0,001 nm to 0,1 nm)

Hard X-ray irradiances are defined as the wavelength range of (0,001 <A < 0,1) nm and come from the solar
corona. See ISO 21348:2007, 6.4.1.

7.4.2.2 Soft X-rays or XUV (0,1 nm to 10 nm)

Usually associated with solar coronal phenomena, flares, million-degree temperatures, and atomic
d1550c1at10n the corona extends from about 21 000 km to 1 400 000 km above the photosphere X- ray flares
are responsik E u sphe A sheating below
150 km in the terrestrlal neutral atmosphere See ISO 21348 2007 6 4 2 and ISO 14222 2022 B, 2 2 1.

7.4.2.3 | Extreme ultraviolet or EUV (10 nm to 121 nm)

EUV has| emission lines that come from the upper chromosphere (near-coronal températures), tfansition
region, and lower corona. This spectral band is responsible for ionization and heating,in the E and F regions
of the terrestrial ionosphere as well as heating above 150 km in the terrestrial'neutral atmosphere. See
ISO 21348:2007, 6.5.4 and 1SO 14222:2022, B.2.2.2.

7.4.2.4 | Far ultraviolet or FUV (122 nm to 200 nm)

FUV has|emission lines that come from the photosphere. This spectral band is responsible for npolecular
dissociation and heating in the lower terrestrial thermosphere. S€e'1SO 21348:2007, 6.5.5.

7.4.2.5 | Ultraviolet or UV (200 nm to 400 nm)
UV has ¢mission lines that come from the photosphere:This spectral band is responsible for njolecular

dissociafion and heating in the lower terrestrial mesosphere and stratosphere. See ISO 21348:2(07, 6.5.1
and ISO 14222:2022, B.2.2.3.

7.4.3 Effects

Shorter (higher energy) wavelength from-the ultraviolet to the gamma-ray part of the spectrum can cause
moleculdr dissociation and atomic ionizdtion.

7.5 Sollar longer wavelength’electromagnetic radiation

7.5.1 henomenology

Longer wavelength_électromagnetic radiation originates from the photospheric surface through|all solar
atmosphlere layers:Jt ranges from the visible to radio wavelengths.

7.5.2 anges of short-wave electromagnetic radiation in the longer wavelength range

7.5.2.1 Visible

Visible radiation is classified as electromagnetic radiation with wavelengths between 380 nm and 760 nm.
The strongest blackbody radiation for the Sun is primarily emitted in the visible spectrum and is the reason
that life on Earth adapted to this wavelength. Visible is emitted primarily by the solar photosphere.

7.5.2.2 Infrared

Infrared radiation is classified as electromagnetic radiation with wavelengths between 700 nm and 1 mm
(430 THz to 300 GHz). Blackbody radiation is primarily emitted in the infrared spectrum, making infrared
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a reliable source in thermographic applications. Infrared is emitted primarily by the translation, vibration,
and rotation as well as interaction of particles. Any object above absolute zero emits infrared radiation.

7.5.2.3 Microwave

Microwave radiation is classified as electromagnetic radiation with wavelengths between 1 mm and 1 m
(300 GHz to 300 MHz). Microwave radiation is primarily used for line-of-sight communication and radar.
It additionally has limited range in the atmosphere due to high absorption by moisture in the air. It can be
used for point-to-point communication to transmit data, noise, or video. Microwaves can be used in radar
systems to detect the location of objects.

7.5.2.4 Radie

Radio frequency (RF) radiation is classified as electromagnetic radiation with wavelengths [between
1 m and|10 km (30 kHz to 300 GHz). This range includes microwave radiation. Most low-ftequency RF is
suitable for long-distance communication using methods such as ionospheric reflection forover-thd-horizon
communjication. It is widely used for communication between spacecraft and ground syStems.

7.5.3 ffects

Longer (lower energy) wavelengths from the radio to the visible part of the_spectrum can impaift kinetic
energy changes to molecules such as translation, rotation, and vibration.

7.6 Sollar energetic particles

7.6.1 henomenology

Solar engrgetic particles (SEPs) are primarily protons (Z:=\1) with energies ranging from 1 MeV to 500 MeV
ejected from the Sun during explosive events. The other ions can be also ejected from the Sun during flares.
Solar engrgetic particle fluxes can have spectra for species through Z = 92.

7.6.2 olar particle events

Solar engrgetic particle ejected by flares canescape from the Sun environment into the heliosphere} Particle
propagation is controlled by an interplanetary magnetic field. Solar wind structure can be also conpplicated
due to interaction between high speed streams produced by the Sun. In particular, in addition|to solar
energeti¢ particles, solar flares cah also produce coronal mass ejections with the magnetic flux roge inside.
Their passage through the ambient solar wind creates a shock front that can additionally accelerpte solar
particleg.

Solar particle events (SRES) occur when solar energetic particles reach the Earth’s environment. Enhanced
particle fluxes can beregistered during several days.

7.6.3 [Effects

SEPs prgvide\a severe ionizing radiation in space environment that can damage electronic of space¢raft and
aircraft anddis also dnngprmlc for humans on-bhoard

8 Solar event effects on the near-Earth environment

8.1 Magnetosphere

8.1.1 Phenomenology

Structure of the Earth’s magnetosphere depends on magnetospheric magnetic field driven by solar wind
parameters (plasma bulk velocity, density) and interplanetary magnetic field strength and direction. High
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speed streams, coronal mass ejections and IMP reversals all influence geomagnetic disturbances within the
Earth’s magnetosphere.

8.1.2 Magnetospheric magnetic field

Near-Earth environment is strongly influenced by solar activity. Any solar effects reveal themselves as
changes inside the Earth’s magnetosphere.

The magnetospheric magnetic field is the region surrounding the Earth or another astronomical body in
which its magnetic field is the predominant effective magnetic field. The magnetospheric magnetic field
is the superposition of the magnetic fields of planetary internal and external sources. The Earth’s internal
magnetic field is generated by the currents in the Earth’s core (ISO 16698) while external magnetic field is
producedl by magnetospheric currents (ISO 22009). The internal magnetic field experiences slow| changes
(about 7[% per century) while the external field is highly dynamical under continuous influencg of solar
activity.

8.1.3 Trapping

Particleg become trapped in the inner magnetosphere throughout phenomenon ¢alléd magnetic mlirroring.
In the rggion with quasi-dipolar magnetic field particles gyrate around the field'line, and bounce along it
at high gpeed between mirror points in the northern and southern hemispheres. In this region| particle
trajectoify is spiral around the magnetic field lines. Moreover, most energetic'particles are strongly| affected
by the cyrvature and gradient drifts, which results in a relatively slow,drift around the Earth. If 4 particle
completgs its drift around the Earth without being lost to the atniesphere or the magnetopausg, such a
particle 1s considered stably trapped. Trapping contributes to the ring current and the particle popylation of
the outer radiation belts.

8.1.4 (ieomagnetic storms

Geomagnetic storms are magnetic field disturbances.in the near-Earth environment, which are cpused by
solar wiId and interplanetary magnetic field changes’that originate from solar events such as coropal mass
ejectiong or coronal holes. The latter produces-high speed solar wind streams. Geomagnetic stﬁms are
associat¢d with:

a) majar disturbances in the magnetic field;
b) strohgincrease of energetic (tens\to hundreds of keV) ions in the (ring current) region;

c) often intense fluxes of relafivistic (MeV) electrons and occasional acceleration of electrons |to ultra-
relativistic (multi-MeV) efiergies in the outer Van Allen radiation belt.

A geomapnetic storm is atemporary but major disturbance of the Earth's magnetosphere caused by changes
in chargped particle densities, pressures, magnetic directionality, and velocities in the solar wind. A solar
wind shqck wave and/or magnetic cloud of particles interacts with the Earth's magnetic field and fransfers
energy into the near-Earth environment. The strength of a geomagnetic storm is often defined by| changes
in the prpxy of the ring current called the D, index. A geomagnetic storm has three phases: an initial phase,
a main phasé,'and a recovery phase. The initial phase (also referred to as a storm sudden commejcement,
SSC) is characterized by an increase of D, by 20 nT to 50 nT in tens of minutes. Not all geomagnetic storms
have an Initial phase and not all sudden Increases in D are followed by a geomagnetic storm. The main
phase of a geomagnetic storm is defined by a decrease in D, to less than -50 nT. The selection of -50 nT is
arbitrary and some operational systems use -75 nT or -80 nT as thresholds. The minimum value during a
storm can be between -50 and approximately -600 nT. The duration of the main phase can extend up to ten
of hours. In the recovery phase the D, relaxes from its minimum value to its quiet time value. The recovery
phase can last from hours to days.

8.1.5 Magnetospheric substorms

Magnetospheric substorms are caused by the dynamic response of the magnetosphere to varying solar
wind conditions. The energy input from the solar wind is governed by the orientation of the interplanetary
magnetic field, usually with Bz southward, and, as long as the magnetospheric region remains stable, energy
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is stored as magnetic energy. At some critical point the magnetotail becomes unstable and the magnetic

energy is released via the “substorm expansion phase”, which involves:

a) injection of energetic (tens to hundreds of keV) particles (electrons and ions) to the vicinity of the

geostationary Earth orbit;
b) strong electric currents in the auroral region;

c) rapid fluctuations and configuration changes of the magnetospheric magnetic field.

8.1.6 Effects

Earth’s : rerte—traghetic—fietd—deflects—most-of-the—sotar—wind,—w rged—partie
otherwige strlp away the ozone layer that protects the Earth from harmful ultrav1olet radiatien
substorms and geomagnetic storms can cause precipitation of energetic particles that affect
concentrjation and thereby the ozone in the Earth’s lower atmosphere as well as the coolingrate in t
atmosphlere. Earth’s magnetospheric magnetic field protects the Earth’s environment frgnr'cosmic
solar endrgetic particles originated from solar flares.

From thg¢ other side, magnetospheric magnetic field variations can provide thé/geomagnetically|
currents| in the polar and subauroral regions and also energetic electron fluxes variations in
radiation belt.

8.2 Plasmasphere

8.2.1 Phenomenology

A torus pf cold, relatively dense (> ~1 000 cm3) plasma in-the inner magnetosphere is trappe
Earth's magnetic field lines and co-rotates with the Earth=This cold plasma is considered to have ¢
between|a few electron volts and a few dozen electron yolts. See ISO 16457:2022, 3.2. The plasmasp
significaptly contribute to the total electron content’{TEC). It controls wave-particle interaction

can influence the ring current and the radiation belts.

The plasmasphere is populated by the outflow.of ionospheric plasma along mid- and low-altitude 1
field lines (i.e. those that map to magneticlatitudes of around 60 degrees and less).

8.2.2 Geo corona

The geogorona is part of Earthils exosphere that reflects UV light and is primarily composed of
hydrogen and helium.
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Due to high level plasma density in the plasmasphere whistler mode emissions up to tens of kHz can occur.
Whistler mode waves occur inside and outside of the plasmasphere and significantly contribute to TEC.

The plasmasphere demarcates the region of hiss and chorus waves and is a boundary between

an outer

region where whistler mode waves provide acceleration and an inner region where waves provide loss of

relativistic electrons.
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8.3 Van Allen radiation belts

8.3.1 Phenomenology

The Van Allen radiation belts are zones of highly energetic charged particles in the inner magnetosphere that
are trapped by Earth’s quasi-dipole magnetic field. This population consists of electrons with energies from
about 40 keV to dozens of MeV and protons from MeV to several hundreds of MeV. The source of the inner
radiation belt is the galactic cosmic rays (GCRs). The sources of the outer radiation belt are the magnetotail
particle injections. The sources of the new belt(s) are solar winds and anomalous cosmic rays. Some other
sources include solar energetic particles (SEPs) and nuclear explosions.

The first_direct measurement of the outer radiation belt particle fluxes was made by Soviet Sputink-2 in
Novembé¢r 1957. However, the discovery of these belts is credited to James Van Allen, who obseryed them
and correctly explained the measurements after the launch of Explorer 1 in 1958.

8.3.2 Quter radiation belt

This energetic trapped particle population (electrons and ions) is populated by the partitles originafing from
the solarf wind and ionosphere. The outer radiation belt generally extends from approximately 2 t¢ 7 Earth
radii. Thiis region contains electrons have energies >100 keV along the outer édge and can drop tp normal
interplanetary levels within about 100 km (a decrease by a factor of 1 000) because of the solar wind. Unlike
the inner belt, the outer belt’s particle population changes by up to 3 orders-of magnitude or more |on times
scales ranging from minutes to days and years. Electrons in the outer gadiation belt usually have[energies
below a few MeV but for selected events reach up to 8 MeV. Electron fluxes usually drop during the main
phase of|the storm due to precipitation into the atmosphere and_the/outward radial diffusion that fis driven
by the lofs to the magnetopause. In the recovery phase of magnetie storms electron fluxes can rise fo higher
than prefstorm levels.

Electron|fluxes in the outer radiation belt are highly variable due to the interplay between accelergtion and
loss mechanisms in the inner magnetosphere during geomagnetic disturbances.

8.3.3 Inner radiation belt

This population consists of trapped particles {mostly protons and electrons) populated mostly by the decay
of albed$ neutrons whose source is galdctic cosmic rays. The inner belt is separated from the outer belt
by the s¢-called slot region which is, usually devoid of high-energy particles. During geomagnetigc storms
Neutron$ with decay times of <0,6_stbreak up into a proton, which captures most of the energy, an glectron,
and a massless neutrino. The inner'radiation belt extends from 650 km to 6 300 km, where the|greatest
intensity is between 1 000 km and 5 000 km. This region forms a ring mostly concentrated in equatorial
plane. It|consists mostly of ¥ery stable protons on the order of 10 MeV to 50 MeV with particle lif¢times of
up to 1 (00 years. Also contains electrons, low-energy protons, and oxygen atoms with energies of 1 keV to
100 keV.

8.3.4 Ring curfent

The ring cuxrerit is another trapped particle population at a distance of 3 R; to 8 R, which profuces an
electricall Currentin equator1a1 plane and c1rcu1ates clockw1se around the Earth when Vlewed from the north.
During sotar g [ JLe ithe dusk-ward
drifting protons in this reglon produce a current system that 1nduces a magnetlc field in opp051t10n to the
Earth’s magnetic field. When this induced magnetic field occurs, an observer sees a decrease in the Earth’s

main magnetic field and the negative deflection due to the ring current is measured by the D, index.

8.3.5 Other radiation belt variability

Two more radiation belts that were recently discovered exist around Earth. One of the belts was formed
by a Coronal Mass Ejection on March 24, 1991, which trapped electronics and ions in a region outside of
the inner radiation belt. Another new belt was also discovered inside of the outer radiation belt, containing
heavy nuclei (mainly oxygen). The sources of this radiation belt are anomalous cosmic rays (ACRs), which
come from supernovae. Radiation belts have variable levels of charged particles over time. New particles are
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occasionally injected by solar wind activity and cosmic rays from outside of the solar system. In between
events, the charged particles within these radiation belts decay over time. The slot region between the
inner and outer belt can be highly variable due to solar wind particles from geomagnetic storms injecting
particles, temporarily filling in the gap between belts and then recovering back to equilibrium after some
days or weeks. In 2012 right after the launch of the Van Allen Probes, the third radiation belt formed in the
slot region. The formed belt later disappeared due to the loss to the atmosphere. Such transient remnant
belts periodically occur and are usually observed at ultra-relativistic energies.

8.3.6 South Atlantic Anomaly

The proton-rich inner radlatlon belt dlpS nearest to Earth S surface (250 km) near South Amerlca and it is
called the agnetic
field. The 1ncreased flux of energetic partlcles exposes low Earth orbiting (LEO) systems hlgher levels of
radiation. The heart of the region is in the southern hemisphere of the Atlantic Ocean, but the end regions

8.3.7
Radiatioh in space can cause surface impacting effects on spacecraft and even/penetrate deep Jayers of
materialp and systems. The surface charging is mostly due to the ring current particles. The deep dielectric

chargingis mostly produced by the relativistic and ultra-relativistic electrons'in’'the radiation belts. Energetic
particleq such as solar energetic protons can originate from the Sun andunost energetic particle§ such as
galactic Fosmic rays originate from outside of the solar system and penetrate the Earth’s magnefosphere.
Conducting materials can degrade over time from radiation impactS<and can lead to premature end-of-life
(EOL) of|spacecraft. Radiation also decreases the output of solararrdys due to atomic displacement and the
formation of colour centres in cover glasses and the underlying:solar cells.

The effefts of natural space radiation can be broadly categorized as: total ionizing dose, displacement
damage,jJand single event effects.

Total ionizing dose (TID) is a cumulative effect that measures the total amount of ionizing energy (i.e.
causing lonization by releasing electrons) deposited in a material. TID can be accumulated over time from
both chalrged particles and photons. The primary-source of TID in the natural space environment if trapped
electron$ in the Van Allen radiation belts. Theéresponse differs by material, and the TID refers to the energy
deposited per unit mass of silicon formerly*designated as Rad (Si). Now, TID is measured in unit$ of gray,
Gy [1 Gy|= 1] kg1 (= 100 rad)]. Silicon sericonductors can be sensitive to TID due to the importange of free
electron$ in how the material is utilized. Following this same principle, inorganics and insulators| are also
sensitive to total ionizing dose, while metals are characterized by mobile electrons and are thus mdre easily
able to nmjaintain equilibrium when TID sources liberate additional electrons.

Displacement damage (DDJ.is'a form of non-ionizing radiation, meaning no electrons are released/| Instead,
atoms atte knocked out-of_their position in the lattice structure of a material. This type of damage can be
caused hy charged particles, photons, or neutrons, typically protons or electrons with greater than 1 MeV.
Although trapped protons and electrons are the source of DD in the space environment, testing of mhaterials
and eledtronic_components is often conducted with high energy neutrons due to greater avhilability
as comppred sto: protons. Therefore, the units of displacement damage when referring to matg¢rial and
compongnthardness capabilities are often given in terms of neutron fluence (n/cm? of 1 MeV neutrpns).

Single event effects (SEE) refers to short lived circuit responses caused by a single charged particle. When
heavy charged particles interact with a semiconductor device, they create ionization tracks that result
in spurious current in a device. The resulting current can be small enough to have no impact on device
operation while more deleterious responses can corrupt stored data or output signals with some currents
even having the potential to destroy the device.
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8.4 Polar region and high-latitude magnetosphere

8.4.1 Phenomenology

The high-latitude (or outer) magnetosphere is filled with magnetic field lines connected through the high-
latitude ionosphere to the geotail and interplanetary space. This is the most dynamic part of near-earth
space that actively reacts to changes in the interplanetary environment. Variations in the solar wind and
interplanetary magnetic field cause geomagnetic disturbances, which result in moving the boundaries of
plasma formations and changes in the spectral characteristics and particle fluxes.

8.4.2 Auroral oval

This regjon of auroral emissions in the upper atmosphere contains supra-thermal (tens of eV, to| 20 keV)
particleq (mostly electrons) precipitation from the geotail plasma sheet along the magnetic field lings.

8.4.3 Polar cap

This reglon of ionosphere is connected by magnetospheric field lines with interplanetary space. It if open to
galactic ¢osmic rays and solar energetic particles coming from outside the magnétosphere.

8.4.4 Field aligned currents and auroral electrojets

gned currents flow along the magnetic field lines in thé)inner boundary of high-latitude
magnetasphere. They connect ionospheric and magnetospherie~€urrents in the geotail and on the
pause. The strongest field-aligned currents (up to ¥0°4) arise during magnetic stofms and
magnetaspheric substorms. In these times strong ionospheric\currents along the nightside aurgral oval

The high-latitude magnetosphere and ionosphere*is of great applied importance for space [weather.
eneities of particle fluxes are transmittéd from the magnetosphere to the ionosphere, which creates
great intlerference for radio communications\in the Earth’s ionosphere due to interference of radjo waves
on plasnja inhomogeneities. Precipitation‘of particles in the region of high-latitude electrojets chgnges the
conductivity of the ionosphere, which leads to variations in the magnetic field at auroral latitude§ and the
appearance of geomagnetically indu¢ed currents. The interaction of various layers of the ionosphere and
magnetasphere is important for tropospheric and stratospheric meteorological and other weathertforming

8.5 Gdomagnetic cut-off

8.5.1 Phenomenglogy

The ability of asgedmagnetic field to prevent penetration of energetic particles originating from the Sun or
from galfctic ¢osmic rays into the different regions of the magnetosphere.

Chargedlpa e ——th ag e : A HaER H 3 3 e charge
and momentum. Magnetic rigidity is the simple parameter that describes the trajectory of the particles
in a magnetic field. Magnetic rigidity R=pc/Z, where p is particle momentum component orthogonal to
magnetic field, and Z is the charge of the particle (ISO 17520). Particles with the same rigidity have the same
trajectories. In the dipole magnetic field there exist regions that can be accessed from outside by charged
particles with the given rigidity (allowed trajectories) and that cannot be accessed by these particles
(forbidden trajectories).

8.5.2 Cut-off rigidity

Magnetic rigidity is defined as the total amount of energy required for a particle to penetrate the
magnetosphere at a given level. The magnetosphere therefore prevents particles with too low energies
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from interacting with Earth. Cut-off rigidity is the concept that the Earth’s magnetic field can stand off
charged particles trying to come into the magnetosphere from external sources like galactic cosmic rays
or solar energetic particles. It describes the minimum energy required for a charged particle to penetrate
at a particular location (ISO 17520). Typically, only highly energetic particles can penetrate to equatorial
regions, whereas most particles can penetrate into high latitudes since there are weaker field lines at the
poles. It is not effective for neutral particles since they do not travel along field lines.

8.5.3 Effects

Cosmic ray and solar energetic particles penetrate into the polar region, which has relatively low cut-
off rigidity, and permit greater radiation impact on hardware and biological objects in space. They are

also res?smmmmwm_mﬂ_&n@mmmt‘fhey are
interactipng with atmospheric particles and produce the secondary charged particles that cafyjnfluence

avionics

9 Terrestrial environment

9.1 Ngutral atmosphere

9.1.1 Phenomenology

The entirety of the Earth’s atmosphere primarily consisting of neutral gasimolecules. The Earth’s atnposphere
can be classified into different regions based on temperature, compgsition, or collision rates amopg atoms
and molgecules. For the purposes of the document, the atmosphére’is broadly divided into these|regimes
based orjall three properties: the troposphere, the stratospherg;the mesosphere, the thermospherg, and the
exosphere.

In practice, the boundaries between these regions, whether determined in altitude or in a pregsure co-
ordinate|system, vary with solar, seasonal, latitudinal-and other conditions.

Due to winds and turbulent mixing the homosphere has a nearly uniform composition of about 78,1 % N,
20,9 % @, and 0,9 % Ar. The temperature profile of the thermosphere increases rapidly above a minimum
of ~180 K at the mesopause, then gradually relaxes above ~200 km to an asymptotic value known as the
exospheric temperature.

Aerodynpmic flight is only possible below around 100 km. Above this point (known as the Karman [ine), the
density tf the atmosphere is tog.low to support winged flight, and space begins. The neutral atmosphere
can creafe a drag force on satellites that can perturb its orbit. Additionally, above 200 km atomif oxygen
becomesd the main atmosphericconstituent in the range of about 200 km to 700 km. It can cause erdsion and
oxidation on spacecraft surfaces, depending on the material.

9.1.2 Atmosphericlayers

Multiple|layers.hcluding the troposphere from 0 km to 15 km, the stratosphere from 15 km to 50 km, the
mesosphere ffom 50 km to 85 km, the thermosphere from 85 km to 500 km, and the exosphere 3500 km.
Each lay¢rhas different properties as follows.

— In the troposphere, ambient temperature decreases as altitude increases. Convection is the primary
thermal process, and turbulent mixing is the primary kinetic process.

— In the stratosphere, ambient temperature increases as altitude increases. Convection is the primary
thermal process, and turbulent mixing is the primary kinetic process.

— In the mesosphere, ambient temperature decreases as altitude increases. Radiation is now the primary
thermal process, but turbulent mixing is still the primary kinetic process.

— Inthethermosphere,ambienttemperatureincreasesasaltitudeincreases. Eddy conductionand molecular
conduction are now the primary thermal processes, while eddy mixing and molecular diffusion are now
the primary kinetic processes.
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— In the exosphere, temperature now remains constant as altitude increases. There are no more thermal
processes; atom escape is the primary kinetic process.

9.1.3 Effects

9.1.3.1 Atmospheric drag

Atmospheric drag is the force derived from the kinetic energy of an orbiting object encountering an
atmosphere as a result of the work done against the object by the atmosphere. Atmospheric constituents
impact the spacecraft and produce a net force that is generally opposite the direction of velocity. The
acceleration experienced by the spacecraft is dependent on the atmospheric density at that altitude, cross
sectionafareastass;andcoeffictentof-dragof-the-spacecraftand-veloettyof the-spaceeraftrelatiye to the
surroundling atmosphere:

’

Ap 90,5C, Apvim™!

A |is the effective cross-section of the satellite interacting with the atmosphere;
p  [is thermospheric density;

v [is the velocity of the satellite relative to the atmosphere;

m [is the mass of the satellite;

Cp [is the dimensionless aerodynamic drag coefficient.

9.1.3.2 | Atomic oxygen

Atomic gxygen (ISO 23129:2021, 3.1.1) is the main-constituent of the upper atmosphere (i.e., thermpsphere)
above 2(0 km. Atomic oxygen is highly reactivel.It can cause erosion and oxidation on spacecraft purfaces,
dependimng on the material. As a spacecraft orbits the Earth at high speed, atomic oxygen can collide|with the
spacecrdft's surface at high speed and degrade the surface material.

9.1.3.3 | Vehicle glow

Spacecrdft in low Earth orbits (LEO) can emit a glow as the vehicle collides with ambient gas atoms and
moleculds around the Earth.(As these collisions occur, the atoms and molecules can be raised to[a higher
energy lpvel and thus emit-d photon of light through photoionization. A visible “glow” emanatjng from
the forward-facing surface of a spacecraft caused by the impact of atmospheric gas molecules with the
spacecrdft surface.

9.2 Ionosphere

9.2.1 Phénomenology

The ionosphere is the region of the Earth's atmosphere in the height interval from 50 km to 1 500 km
containing weakly ionized cold plasma, both electrons and ions (ISO 16457:2022, 3.1). It is within the
mesosphere and thermosphere that has been ionized by solar EUV photoionization, Joule heating, charged
particle precipitation, waves, and winds. Since the primary process is solar EUV photoionization, the electron
densities increase during the day and collapse at night. There is also an increase in electron densities during
high solar activity. lonospheric effects can contribute to scintillation and satellite surface charging.

9.2.2 Ionospheric layers
The D-region exists from 50 km to 85 km and is dominated by H20*. The E-region exists from 85 km to
140 km and is dominated by 02*. E-F1 valley is the cross-over between E and F1, which exists from 140 km
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to 250 km. It is dominated by NO* and the maximum electron density in this region exists at 200 km. The
F2 region exists from 250 km to 500 km and is dominated by O*. The maximum electron density exists at
300 km. Topside ionosphere is everything upwards of 500 km and is dominated by O*. The entire integrated
ionosphere from top to bottom is referred to as the total electron content (TEC).

9.2.3 Ionospheric storm

An ionospheric storm lasts about a day and is documented by depressions and/or enhancements of the
ionospheric electron density during various phases of the storm. lonospheric storms are the ultimate result
of solar flares or coronal mass ejections, which produce large variations in the particle and electromagnetic
radiation that hit Earth’s magnetosphere and ionosphere, as well as large-scale changes in the global neutral
wind, composition and temperature (ISQ 16457)

9.2.4 Effects

9.2.4.1 | Scintillation

Gradients in the total electron content (TEC) can be caused by traveling ionospheric|disturbances,|bubbles,
plumes, streams, or sharp borders. Small structures within the ionosphere are: fréquently associdted with
large-gradient regions and can cause scintillation. For GPS users, scintillatiop-is observed as amplifude and
phase fluctuations in the received signal. Severe scintillation effects in either-amplitude or phase dan cause
a GPS regeiver to lose lock.

Large gradients in TEC and scintillation are primarily associated-with the equatorial and polar|regions.
Howevel, large gradients in TEC and scintillation can be obseryed at mid-latitudes during moderate to
severe gpomagnetic disturbances. Because most GPS users are located at mid-latitudes, the distfirbances
caused by large geomagnetic storms can potentially affect thie\average GPS user.

Knowledge of these TEC gradients is important to varietis GPS users. When a GPS signal encountprs large
gradientp in TEC, the ionospheric error in the range measurement is difficult to model and remove (required
for single-frequency GPS users), or in the case of differential GPS, it cannot be cancelled out. For|DGPS or
RTK usefs, differences as small as two TEC units,over the baseline (one TEC unit is 1 x 1016 electjons m2)
can make resolution of ambiguities difficult, (A“TEC unit is approximately equivalent to 0,162 m|of range
delay at L1, or 1 m of delay at L1 is equivalentto 6,159 TEC units).

9.2.4.2 | Surface and deep dielectric charging

Spacecrdft charging is a variation-in the electrostatic potential of a spacecraft's surface with r¢spect of
the surrpunding plasma. Insulators and dielectric materials can differently charge with respect|to other
spacecraft surfaces. It can aceur in the ionosphere, at LEO, MEO and GEO.

Surface ¢harging is a phienomenon in which charged particles in the natural space environment ac¢umulate
on the exposed surfaee-of a spacecraft. These charged particles are typically characterized by loy energy
levels as|higher enefrgy particles would penetrate further into the vehicle and would thus be clagsified as
bulk or deep dielectric charging. While the distinction is somewhat arbitrary given that they both refer to
the accumulation of charged particles, surface charging is generally considered to refer to surfaceq directly
exposed|taspace or those having less than approximately 3 mils of aluminium shielding.

The effects of surface charging can result in the space vehicle suffering an electrostatic discharge (ESD)
event if not designed properly. The settling of charged particles, either positive or negative, results in a
potential build up. If sufficient charge accumulates to reach the voltage required for arc over, a property
of the specific material, then the surface discharges to restore a more favourable energy state. The rush
of current caused by the discharge event has the potential to damage circuits if directed into a signal line.
The radiated emissions from the discharge has the potential to interfere with space craft receivers. These
problematic effects are avoided by providing all surfaces with a low impedance path to ground. Therefore,
design practice for mitigating spacecraft charging include grounding all metals and ensuring that all
insulation materials have a surface resistivity less than 1E9 Q per square, as well as utilizing robust circuits
with sufficient filtering and protection diodes.
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10 Micrometeoroid and debris environment

10.1 Phenomenology

Micrometeoroids are a naturally occurring environmental condition - part of solar system particle and dust
environment. Micrometeoroids or interplanetary dust particles tend to be <1 mm. The debris environment
is human generated from non-operational objects. Debris is generated by a number of processes including
vehicle-released objects, fragmentation, mission operations and manoeuvres.

10.2 Natural

Particlegcam be of Traturat origim that Tesutt from the disimtegration and fragmentation of comets and
asteroids, which orbit around the Sun (ISO 14200:2021, 3.11).

10.3 AIificial

Human-inade objects can include active spacecraft as well as fragments thereof in Eayth’s orbit. There are
currently more than half a million pieces of space debris orbiting the earth. Forty pércent of thesg objects
are largdr than 10 cm while the rest are about the size of 1 cm. They all travel at‘’speeds faster than(7,5 km/s
and can|[severely damage a satellite. There have been several incidents thatyhave caused the creation of
increasef debris fields and, if left unmitigated, can become a larger problem of debris conjunctfion with
active vehicles (ISO 24113:2023, 3.17).
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Annex A
(informative)

Space weather indices

Al K,index (planetary K index)

A1l1

This is thie planetary three-hour semi-logorithmic index of geomagnetic activity characterizing'the dis
in the Eafth's magnetic field over three-hour universal time (UT) intervals (ISO 16457:2022,3.10).

A.1.2

The planetary K index quantifies the disturbance in the horizontal component of Earth's main magn
It is deriyed from a network of 13 geomagnetic observatories that record thé maximum fluctuatioy
quiet day curve of horizontal components observed by magnetometers during three-hour interval
ranges i 28 steps from 0 (quiet) to 9 (disturbed) with intermediate valdes denoted by -, o, or +, req
0o, 0+, 11,10, 1+, 2-, 20, 2+, ..,, 8-, 80, 8+, 9-, and 9+. The value of 5 or moreindicates a geomagnetic st
[SO 16698:2019, 5.4 and Reference [24].

A.1.3 Application utility

The K inglex defines the level of geomagnetic activity.

A.1.4 (ontributors

Meanno
UK; Bro
Canberr

A15 1
https://

henomenology

escription

k, Canada; Sitka, USA; Lerwick, Shetland Is., UK; Ottawa, Canada; Uppsala, Sweden; Eskgd
felde, Denmark; Fredericksburg, -USA; Wingst, Germany; Niemegk, Germany; Hartlj
, Australia; Eyrewell, New Zealand:

ndex access

ww.gfz-potsdam.de/en/kp-index/

https://

ww.swpc.noaa.goyv/products/planetary-k-index

A.2 a,

A.2.1 Fhenomenology

The plar
magneti

index

etary' daily index of geomagnetic activity characterizes the average disturbance in th

furbance

btic field.
1s from a
5. The Kp
ulting in
orm. See

lalemuir,
ind, UK;

b Earth's

 field over the whole day in UT (ISO 16457:2022, 3.11).

A.2.2 Description

The ajindexis the average of the eight values of the a, indexina UT day. Where a, is a three-hour UT amplitude
geomagnetic variation equivalent to K,. The a, index is introduced as it is roughly proportional to

index of

the geomagnetic disturbances. One a

p

See Reference [27].

A.2.3 Application utility

The A-index defines the level of geomagnetic activity.
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A.2.4 Contributors

Meannook, Canada; Sitka, USA; Lerwick, Shetland Is.,UK; Ottawa, Canada; Uppsala, Sweden; Eskdalemuir, UK;
Brorfelde, Denmark; Fredericksburg, USA; Wingst, Germany; Niemegk, Germany; Hartland, UK; Canberra,
Australia; Eyrewell, New Zealand.

Union, Washington DC

A25 1

ndex access

https://www.gfz-potsdam.de/en/kp-index/

A.3 D index (storm time disturbance index)

A3.1

The plan
the horiz

henomenology

etary one-hour index of geomagnetic activity that quantitatively characterizes'the distuy
ontal component of the magnetospheric magnetic field at the Earth’s geomagnetic equator

A.3.2 Description

The dist
of the H

irbance storm time index (D) estimates the globally averaged change of the horizontal co
arth’s magnetic field at the magnetic equator based on measurements from four 1

observa

ories. The source of magnetic changes comes from the sglar wind’s perturbation of th

magnetogsphere and, most prominently, the magnetospheric ring current. Severe, global perturba
generically referred to as magnetic storms while smaller eventsrelated to the reconfiguration of th
magnetgsphere are called sub-storms.

The D, ihdex is a measure of the axially symmetric partof the H component along geomagnetic eq
the groupd, and the main physical source is a combination of the equatorial ring current, the plas
current and the magnetopause current.

The D, Index is defined as the average of the*disturbance variations of the H component, D, at

observa
latitudeg
interval

A3.3 ]
The Dy, i
a Surrog;

under th
the Dy, i

A3.4 (

T

at the observatories for normatization to the dipole equator. Dy, is computed for each U
from the four observatories. See ISO 16698:2019, 5.6 and Reference [29].

\pplication utility

hdex defines the storm/phase and the level of magnetic storm intensity within the ring cur
hte for the effect-of low-to-medium energy ions that sweep toward the Earth from the ma

bance of

Imponent
magnetic
b Earth’s
fions are
e Earth’s

uator on
ma sheet

the four

ories (i = 1 to 4), which are listed in;Table A.1, divided by the average of the cosines of the dipole

T hourly

rent. It is
bnetotail
ribute to

e influence of eleetric fields and enhanced by the merging process. Four observatories cont]
dex (Table AA):
ontributors
able A.1 — Four observatories contributing to the Dy, index (ISO 16698:2019, Table 6
Observatory, Coun- Code GLat (°N) GLon (°E) Dipole Lat (°)
try
Kakioka, Japan KAK 36,230 140,190 26,0
San Juan, USA SJG 18,113 293,850 29,6
Honolulu, USA HON 21,320 201,998 21,1
Hermanus, South HER -34,425 19,225 -33,3
Africa
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A.3.5 Index access

http://wdc.kugi.kyoto-u.ac.jp/dst realtime/index.html

A.4 Sunspot number (R)

A.4.1 Phenomenology

The sunspot number quantitatively defines the level of solar activity.

A.4.2 Description

The sun
sunspot

A.4.3 Application utility

The sungpot number identifies the phase of solar cycle activity.

A.4.4 (ontributors

Royal Ofservatory of Belgium, Brussels

A.4.5 Index access

A4.5.1

Commonwealth of Australia 2014, Bureau of Meteorology,Radio and Space Weather Services, (AB
533 532), https://abr.business.gov.au/ABN/View/92%20637%20533%20532

A4.5.2

SIDC-teajm, World Data Center for the Sunspot-Index, Royal Observatory of Belgium, Monthly Repo
Internatipnal Sunspot Number, online catalogue of the sunspot index: https://www.sidc.be/sunspot

A4.5.3

A4.54

https://Www.ngdc.noaa.goy/stp/

spot number (R) is alternatively called R; or R,. Ry,(R,;,) is the 12-month runningmeqg
humber R. See ISO 14222:2022, B.2.3.2 and Reference [33].

Radio and Space Weather Services

Solar Influences Data Analysis Center

in of the

N 92 637

rt on the
data/

National Geophysical Data‘Center

Solar - Terrestrial Physics Division

A4.5.5

https://space-enwesa.int/

European-Space Agency (daily)

A5 F 57

A.5.1 Description

Fio.7 (abbreviated F;) is a traditional solar energy proxy. It corresponds to the solar radio flux emitted by
the Sun at 2 800 MHz (10,7 cm wavelength). The Sun emits radio energy with a slowly varying intensity. This
radio flux, which originates from atmospheric layers high in the Sun’s chromosphere and low in its corona
changes gradually from day-to-day in response to the number of spot groups on the disk. Solar flux density
at a wavelength of 10,7 cm has been recorded routinely by radio telescope near Ottawa since February 14,
1947. Each day, levels are determined atlocal noon (1700 GMT). Beginning in June 1991, the solar flux density
measurement source is Penticton, B.C., Canada. Its observations are available through the DRAO website
and all values are also archived at the Space Physics Interactive Data Resource (SPIDR). See Reference [30].
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Three sets of fluxes — the observed, the adjusted, and the absolute — are summarized. Of the three, the
observed numbers are the least refined since they contain fluctuations as large as 7 % that arise from the
changing Sun-Earth distance. In contrast, adjusted fluxes have this variation removed; the numbers in these
tables equal the energy flux received by a detector located at the mean distance between the Sun and Earth.
Finally, the absolute levels carry the error reduction one step further; here each adjusted value is multiplied
by 0,90 to compensate for uncertainties in antenna gain and in waves reflected from the ground.

NOTE The physical units of Fy,, are 10-22 W m2Hz'1; the numerical value is used without the multiplier as is
customarily done and expressed as solar flux units (sfu), i.e. a 10,7 cm radio emission of 150 x 1022 W m-2Hz! is
simply referred to as F;; ; = 150 sfu.

Fjo.7and the sunspot number, R, are correlated. Averaged (over one month or longer) values can be converted
by the fOl}U \A4 ;115 fUl 1uu1a.

Fjo, =6B,7+0,728R+8,9x10™* R?
See IS0 14222:2022, Formula (B.2).

A.5.2 Application utility

The daily F;, ; solar proxy has a long history of use since 1947 and provides a range of variation with enough
resolutiop to see 27-day solar rotation variability. The 81-day smoothed F;, ; proxy highlights the evolyition and
decay of $olar magnetic active regions. The 365-day smoothed F, ; proxy identifies the maximum and inimum
of solar magnetic field cycles. It is used in many thermosphere and ionosphere models, including JB20(Q8.

A.5.3 Index access

https://spacewx.com/jb2008/

A6 Sip~

A.6.1 Description

S10.7 (@abbreviated S;,) is a solar energy indexof the integrated 26 nm to 34 nm solar extreme ultraviolet
(EUV). This EUV flux originates from the-splar chromosphere and low corona. It is reported in unitf of 10-22
W m=2 Hi1 or sfu. The JB2008 (ISO 14222) thermospheric density model contributes 74,1 % of the energy
input intp the thermosphere.

As descrjibed in Reference [31]\the S;,- index is the integrated 26 nm to 34 nm solar irradiande that is
by the Solar Extreme-ultraviolet Monitor (SEM) instrument on the NASA/ESA S¢lar and
Heliospheric Observatory (SOHO) research satellite. SOHO has an uninterrupted view of the Sun by gperating
in a halq orbit at the Lagtange Point 1 (L1) on the Earth-Sun line, approximately 1,5 million km from the
Earth. SEM was builtand’is operated by University of Southern California’s (USC) Space Science Center (SSC).
SOHO was launched/on December 2, 1995 and SEM has been making observations since December |16, 1995.
The SEM instrunient measured the 26 nm to 34 nm solar EUV emission with a 15 s time resolutign in this
first-ordpr breadband wavelength range. Since SOHO SEM, the NASA TIMED SEE and SDO EVE instfuments,
along with-GOES-13, -14, -15, -16, and -17 EUV and EXIS instruments have been measuring this band.

The S;,-, index is created by first normalizing the data and then converting it to sfu via a first-degree
polynomial fit with F,, ;. Normalization is achieved for the 1 AU adjusted epoch values by division of a mean
value over a time frame common to multiple datasets. The mean value = 1,995 5 x 1010 photons cm2 s'1, The
common time frame is December 16, 1995 to June 12, 2005, which is generally equivalent to solar cycle 23.
See IS0 14222:2022, B.2.3.5 and Reference [31].

A.6.2 Application utility

The daily S, ; solar index has a history of use since 1997 and provides a range of variation with enough
resolution to see 27-day solar rotation variability. The 81-day smoothed S, ; proxy highlights the evolution
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