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Foreword

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

The procedures 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 of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any o such patent rights. Details of any
patent rights identified during the development of the documen e in the Introduction and/or on
the ISO list of patent declarations received. www.iso.org/p tepb

Any trade name used in this document is information gi the convenience of users and does not
constitute an endorsement.

The committee responsible for this document i 20, &c Ift and space vehicles, Subcommittee

SC 14, Space systems and operations. Q
2> O
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Introduction

This International Standard provides guidelines for determining the Earth’s upper atmosphere
properties (above 120 km). A good knowledge of temperature, total density, concentrations of gas
constituents, and pressure is important for many space missions exploiting the low-earth orbit (LEO)
regime below approximately 2 500 km altitude. Aerodynamic forces on the spacecraft, due to the
orbital motion of a satellite through a rarefied gas which itself can have variable high velocity winds,
are important for planning satellite lifetime, maintenance of orbits, collision avoidance maneuvering
and debris monitoring, sizing the necessary propulsion system, design of attitude control system, and
estimating the peak accelerations and torques imposed on sensitive payloads. Surface corrosion effects
due to the impact of large fluxes of atomic oxygen are assessed to predict the degradation of a wide
range of sensitive coatings of spacecraft and instruments. The reactions of atomic oxygen around a
spacecraft can also lead to intense “vehicle glow”.

The structure of Earth’s upper atmosphere, accepted empirical models that can specify the details of
the atmosphere, and the details of those models (Annex A) are included imthis International Standard.
Annex B provides a detailed description of the Neutral Electromagnetic R‘%}ion and Indices.

vi © ISO 2013 - All rights reserved
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Space environment (natural and artificial) — Earth
upper atmosphere

1 Scope

This International Standard specifies the structure of Earth’s atmosphere above 120 km, provides
accepted empirical models that can specify the details of the atmosphere, and uses annexes to describe
the details of those models. Its purpose is to create a standard method for specifying Earth atmosphere
properties (densities, etc.) in the low Earth orbit regime for space systems and materials users.

2 Terms and definitions
For the purposes of this document, the following terms and defm{gapply
2.1

homosphere
region of the atmosphere that is well mixed, i.e. the mospecies concentrations are independent of

height and location @,

Note 1 to entry: This region extends from 0 to % , and i s the temperature-defined regions of
the troposphere (surface up to ~8 - 15 km altitud trato 10 12 km up to 50 km altitude ), the
mesosphere (~50 km up to about 90 km altlt% he 1 D rt of the thermosphere.

2.2

heterosphere

portion of the atmosphere, ab \25 km e diffusive separation of species dominates and
atmospheric composition de n helgA\

2.3

thermosphere

region of the atm betwee temperature minimum at the mesopause (~90 km) and the
altitude where th ical sca t is approximately equal to the mean free path (400 - 600 km)
altitude, depending solar omagnetlc activity levels

2.4

exosphere

region of the atmosphere that extends from the top of the thermosphere outward

2.5

NRLMSISE-00
Naval Research Labatory Mass Spectrometer, Incoherent Scatter Radar Extended Model
model that describes the neutral temperature and species densities in Earth’s atmosphere

Note 1 to entry: It is based on a very large underlying set of supporting data from satellites, rockets, and radars,
with extensive temporal and spatial distribution. It has been extensively tested against experimental data by the
international scientific community. The model has a flexible mathematical formulation.

Note 2 to entry: It is valid for use from ground level to the exosphere. Two indices are used in this model: F1¢.7
(both the daily solar flux value of the previous day and the 81-day average centred on the input day) and 4;
(geomagnetic daily value).

Note 3 to entry: See Referencelll

© IS0 2013 - All rights reserved 1
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2.6

JB2008

Jacchia-Bowman 2008 Model

model that describes the neutral temperature and the total density in Earth’s thermosphere and exosphere

Note 1 to entry: Its new features lead to a better and more accurate model representation of the mean total
density compared with previous models, including the NRLMSISE-00.

Note 2 to entry: It is valid for use from an altitude of 120 km to 2 500 km in the exosphere. Four solar indices and
two geomagnetic activity indices are used in this model: F1¢g 7 (both tabular value one day earlier and the 81-day
average centred on the input time); S1¢.7 (both tabular value one day earlier and the 81-day average centred on
the input time); M19.7 (both tabular value five days earlier and the 81-day average centred on the input time); Y19.7
(both tabular value five days earlier and the 81-day average centred on the input time); a;, (3 hour tabular value);
and Dst (converted and input as a dTc temperature change tabular value on the input time).

Note 3 to entry: See ReferencelZ2]

2.7
HWMO07 6
Horizontal Wind Model

Comprehensive empirical global model of horizontal winds in h@e osphere and thermosphere
(middle and upper atmosphere). 6

Note 1 to entry: Reference values for the ap index needed as input ind model are given in Annex A.
Note2toentry: HWMO07 doesnotinclude adependence on so &dla e.Solar cycle effects onthermospheric
winds are generally small during the daytime, but can exc /s at nn\

Note 3 to entry: HWMO07 thermospheric winds at ?5 eomagr@ itudes during geomagnetically quiet

periods should be treated cautiously. .

28 NN

Earth GRAM 2007 Q h\

model, produced on behalf of NA§<' descri@ terrestrial atmosphere from ground level upward

for operational purposes

Note 4 to entry: See Referencel3] ‘&\C)

*

Note 1 to entry: These mo vailabl Vl icense from NASA to qualified users and provide usability and
information quality similar tothat ofthe SISE-00 Model. Earth GRAM 2007 includes options for NRLMSIS-00,
HMW-93, and JB2006 models.

Note 2 to entry: See Referencel4]

29

DTM-2009

Drag Temperature Model 2009

model that describes the neutral temperature and (major and some minor) species densities in Earth’s
atmosphere between an altitude of 120 km to approximately 1 500 km

Note 1 to entry: DTM-2000 is based on a large database going back to the early ‘70s, essentially the same that was
used for NRLMSISE-00 except for the radar data. In addition, high-resolution CHAMP and GRACE accelerometer-
inferred densities are assimilated in DTM-2009.

Note 2 to entry: Itis valid from an altitude of 120 km to approximately 1 500 km in the exosphere. Two indices are
used in this model: F1p 7 solar flux (both daily solar flux of the previous day and the 81-day average centred on the
input day) and Kp (3-hour value delayed by three hours, and the average of the last 24 hours).

Note 3 to entry: The DTM model codes (DTM-94, DTM-2000, DTM-2009) are available for download on the ATMOP
project websitel),

Note 4 to entry: See Referencel5]

1) http://www.atmop.eu/downloads.php

2 © IS0 2013 - All rights reserved
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3 Symbols and abbreviated terms

ap the 3-hour planetary geomagnetic index, in units nT
Ap the daily planetary geomagnetic index, in units nT
CIRA COSPAR International Reference Atmosphere

COSPAR Committee on Space Research

Dst the hourly disturbance storm time ring current index, in units nT
F1o the F1¢.7 solar proxy, in units of solar flux, x 10-22 W m-2

Mi1o the M1g7 solar proxy, in units of solar flux, x 10-22 W m-2

S10 the S19.7 solar index, in units of solar flux, x 10-22 W m-2

URSI International Union of Radio Science 6

Y10 the Y107 solar index, in units of solar flux, x10-22 @g

4 General concept and assumptlons

4.1 Earth atmosphere model use &

The NRLMSISE-00 model [1] should be use lculat@th the neutral temperature and the detailed

composition of the atmosphere.

The JB2008 model [2] should be r calcu ﬁle total atmospheric density above an altitude of
120 km, for example as usedQ 1n1n§5 te drag in LEO.

The Earth-GRAM model may for calculating the total atmospheric density above an
altitude of 120 km, for le as@ etermining satellite drag in LEO.

The DTM-2009 [ sed caleulating the total atmospheric density above an altitude of 120 km,

for example as use deter satelllte dragin LEO.

For altitudes below 12&\ LMSISE-00 or Earth GRAM 2007 should be used for calculating the
total air density.

NOTE This usage follows the advice of the CIRA Working Group, sponsored by COSPAR and URSI, and
following the resolution of the Assembly of COSPAR in Montreal in July 2008.

4.1.1 Application guidelines

a) The NRLMSISE-00 model for species densities should not be mixed with the JB2008, Earth GRAM
2007 or DTM-2009 model for total density.

b) For worst-case high solar activity results and analysis periods not exceeding 1 week, high daily
short-term values given in Annex A should be used as input for daily activity together with the high
long-term values for the 81-day average activity.

c) For analysis periods longer than 1 week the long-term solar activities given in Annex A should be
used as input for both the daily and the 81-day averaged values.

d) For analysis periods longer than 1 week and conditions specified in Annex A, the daily and 81-day
averaged solar activities given in Annex A should be used.

© IS0 2013 - All rights reserved 3
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e) Short-term daily high solar activity values should not be used together with low or moderate long-
term solar activity values.

NOTE1 The JB2008, NRLMSISE-00, and Earth Gram 2007 models can only predict large scale and slow
variations in the order of 1 000 km (given by the highest harmonic component) and 3 hours. Spacecrafts can
encounter density variations with smaller temporal and spatial scales partly since they are in motion (for
example, +100% or -50% in 30 s), and partly because smaller-scale disturbances certainly occur during periods
of disturbed geomagnetic activity.

NOTE 2  Reference values for the key indices needed as inputs for the atmosphere models are given in Annex A.

NOTE 3  The F19.7 81-day average solar activity can also be estimated by averaging three successive monthly
predicted values.

NOTE 4 Information on density model uncertainties can be found in Annex A and in References[1] and.[2]

NOTES5  Forhigh solar activities, the atmosphere models only give realistic results if high short-term values are
combined with high 81-day averaged values.

NOTE 6  High Dst values can be used corresponding to low, moderate or hig( activities.

The HWMO07 wind model [3] should be used.

4.2 Earth wind model use 6@'

High daily short-term solar activity values should be us %st—c se for the daily activity but the 81-
day average activity should not exceed the high long- ue. \

NOTE1 Reference values for the key indices neede@puts fo @ nd model are given in Annex A.

.
NOTE 2  The F19.7 81-day average solar activit x o be estimated by averaging three successive monthly
predicted values as given in Annex A. ‘\() $

NOTE 3  The use of the HWMO07 modg i

necessitates caution in the interpretati @

4.3 Robustness of standaé. g@

The Earth’s upper atmo% modelsrdeseribed in this International Standard are intended to be
0

adapted and improved oveRltime as international scientific community obtains and assesses high
quality data on the upper atmo herefore, the users of the models described should ensure they
are utilizing the latest version of'the respective models.

geoma r@latitudes and for disturbed geomagnetic periods
odel resu &

4 © IS0 2013 - All rights reserved
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Annex A
(informative)

Neutral atmospheres

A.1 Structure of the Earth’s atmosphere

The Earth’s atmosphere can be classified into different regions based on temperature, composition, or
collision rates among atoms and molecules. For the purposes of the document, the atmosphere is broadly
divided into three regimes based on all three properties, as shown in Figure A.1:

concentrations are independent of height and location. This regi tends from 0 to ~100 km, and
includes the temperature-defined regions of the troposphere e up to ~8 - 15 km altitude), the
stratosphere (~10 - 12 km up to 50 km altitude ), the mesoE 50 km up to about 90 km altitude),

i) The homosphere is the portion of the atmosphere that is éell mixed, i.e. the major species

and part of the thermosphere.

ii) The thermosphere is the region between the temp Q minimum at the mesopause (~90 km) and
the altitude where the vertical scale height is app ely equal to the mean free path (400 - 600 km
altitude, depending on solar and geomagnetlc evels)!

iii) The exosphere extends from the top of @o space.
In practice, the boundaries between thﬁ@lons wh determined in altitude or in a pressure co-
atit

ordinate system, vary with solar, sea udi and other conditions.

Due to winds and turbulent mi homo has a nearly uniform composition of about 78,1%
N2, 20,9% 0Oz, and 0,9% Ar. perat oflle of the thermosphere increases rapidly above a
minimum of ~180 K at the ause, radually relaxes above ~200 km to an asymptotic value

known as the exospheric&n'peratii?.

«©
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Figure A.1 — Temperature p file

A.2 Development of models of t here

A “Standard Atmosphere” is defme rtlcal utlon of atmospheric temperature, pressure,
and density, which by international ment i eh to be representative of the Earth’s atmosphere.
The first “Standard Atmospheres? lshed rnational agreement were developed in the 1920s
primarily for purposes of pre&altl rations, aircraft performance calculations, aircraft
and rocket design, ballistic tc La some countries, notably the United States, also developed
and published “Standar phere The'term “Reference Atmosphere” is used to identify vertical
descriptions of the atmosphere f 2 ic geographical locations or globally. These were developed
by organizations for specific a s especially as the aerospace industry began to mature after

World War II. The term “Standard Atmosphere” has in recent years also been used by national and
international organizations to describe vertical descriptions of atmospheric trace constituents, the
ionosphere, atomic oxygen, aerosols, ozone, winds, water vapour, planetary atmospheres, etc.

Currently some of the most commonly used Standard and Reference Atmospheres [6] include: the ISO
Standard Atmosphere 1975, 1982; the U. S. Standard Atmosphere Supplements, 1962, 1966, 1976; the
COSPAR International Reference Atmosphere (CIRA), 1986 (previously issued as CIRA 1961, CIRA 1965
and CIRA 1972); the NASA/MSFC Global Reference Atmosphere Model, Earth GRAM 2007 (previously
issued as GRAM-86, GRAM-88, GRAM-90, GRAM-95, and GRAM-99); the NRLMSISE-00 Thermospheric
Model, 2000 (previously issued as MSIS-77, -83, -86 and MSISE-90); and most recently the JB2006 and
JB2008 density models.

A.3 NRLMSISE-00 and JB2008 — Additional information

The Mass Spectrometer and Incoherent Scatter (MSIS) series of models developed between 1977 and 1990
are used extensively by the scientific community for their superior description of neutral composition.
The models utilized atmospheric composition and temperature data from instrumented satellites and
ground-based radars. The initial MSIS 1977 model utilized a Bates-Walker temperature profile (which
is analytically integrable to obtain density), and allowed the density at 120 km to vary with local time

6 © IS0 2013 - All rights reserved
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and other geophysical parameters to fit the measurements. The temperature and density parameters
describing the vertical profile were expanded in terms of spherical harmonics to represent geographic
variations. Subsequent versions of the model include the longitude variations, a refined geomagnetic
storm effect, improved high latitude, high solar flux data, and an extension of the lower boundary down
to sea level.

The NRLMSISE-00 model represents atmospheric composition, temperature, and total mass density from
the ground to the exosphere. Its formulation imposes a physical constraint of hydrostatic equilibrium
to produce self-consistent estimates of temperature and density. NRLMSISE-00 includes the following
enhancements compared to MSISE-90:

i) dragdatabased on orbit determination,

ii) more recent accelerometer data sets,

iii) newtemperature dataderived from Millstone Hilland Arecibo incoherentscatter radar observations,
iv) observations of Oz by the Solar Maximum Mission (SMM), based,on solar ultraviolet occultation,

v) anew species, “anomalous oxygen,” primarily for drag esti a(g 7allows for appreciable O+ and hot
atomic oxygen contributions to the total mass density é %ﬂ titudes.

The Jacchia-Bowman density (JB2008) model is based Jacchia model heritage. It includes two

erning the semi-annual density variation
observed in the thermosphere, but not previously,i ed in any of the semi-empirical atmospheric
models. Secondly, there is a new formulation o ices,%ﬁg more realistically the dependence
of heat and energy inputs from the solar radiation to specif titude regions and heating processes
within the upper atmosphere. The Dst index{equatoria ietic perturbation) is used in JB2008 as the

index representing the geomagnetic agtivi spons 008 inserts the improved ]70 temperature
formulations into the CIRA 1972 mode itintegrating the diffusion equation at every point rather
than relying on look-up tables (the: ion m@ done numerically, in contrast to the analytically
integrable Bates-Walker tempera &ormulm sed in MSIS). In order to optimally represent the
orbit-derived mass density d ich]B is based, the model formulation sacrifices the physical

constraint of hydrostatic eq um sin es not include all physical processes that may actually
be present in thermosph%il ectin te@ratures and densities.

A.4 The seri tmosphere models

version 2007 (Earth GR 2007) is a product of the Natural Environments Branch, NASA Marshal
Space Flight Center. These models are available via license to qualified users and provide usability and
information quality similar to that of the NRLMSISE-00 Model. Like the previous versions of GRAM, the
model provides estimates of means and standard deviations for atmospheric parameters such as density,
temperature, and winds, for any month, atany altitude and location within the Earth’s atmosphere. GRAM
can also provide profiles of statistically-realistic variations (i.e., with Dryden energy spectral density)
for any of these parameters along computed or specified trajectory. This perturbation feature makes
GRAM especially useful for Monte-Carlo dispersion analyses of guidance and control systems, thermal
protection systems, and similar applications. GRAM has found many uses, both inside and outside
the NASA community. Most of these applications rely on GRAM’s perturbation modeling capability
for Monte-Carlo dispersion analyses. Some of these applications have included operational support
for Shuttle entry, flight simulation software for X-33 and other vehicles, entry trajectory and landing
dispersion analyses for the Stardust and Genesis missions, planning for aerocapture and aerobraking
for Earth-return from lunar and Mars missions, six-degree-of-freedom entry dispersion analysis for the
Multiple Experiment Transporter to Earth Orbit and Return (METEOR) system, and more recently the
Crew Exploration Vehicle (CEV). Earth GRAM 2007 retains the capability of the previous version but
also contains several new features. The thermosphere has been updated with the new Air Force JB2008
model, while the user still has the option to select the NASA Marshall Engineering Thermosphere (MET)
model or the Naval Research Laboratory (NRL) Mass Spectrometer, Incoherent Scatter (MSIS) Radar
Extended Model.

The National Aeronautic?@ce Administration’s NASA/MSFC Global Reference Atmospheric Model

© IS0 2013 - All rights reserved 7
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A.5 Atmosphere model uncertainties and limitations

For mean activity conditions, the estimated uncertainty of the NRLMSISE-00 species density is 15%. For
short-term and local-scale variations, the estimated uncertainty of the NRLMSISE-00 species density is
100 %. Within the homosphere (below 90 km), the uncertainty is below 5 %. The Earth GRAM 2007 has
a similar uncertainty within the homosphere.

For mean activity conditions, the estimated standard uncertainty of the JB2008 total density within
the thermosphere is in the order of order 10 % (depending on altitude). For extreme conditions (very
high solar or geomagnetic activities), this uncertainty can considerably increase due to the lack of
corresponding measurement data. The total density can have +/- 100 % variation at 400 - 500 km for
some activities and locations.

It should be noted that the models’ accuracy of prediction of atmospheric density and other parameters is
limited by the complex behaviour of the atmosphere, and the causes of variability. While certain aspects
of atmospheric variability are more or less deterministic, meteorological variations of the homosphere
are difficult to predict more than 3 - 5 days in advance, and yet have effects on the thermosphere. In
the thermosphere, the response to varying solar and geomagnetic activit é@mplex, particularly with
respect to the latter. Upper atmosphere density models can be used for ‘prediction of future orbital
lifetime, either to determine the orbital altitude insertions to ensu iven lifetime, or to estimate
energy requirements for maintaining a particular orbit, for a par spacecraft/satellite. When the
sun is active, the primary influence on the accuracy of a model; ity output will be the accuracy of
the future predictions of solar and geomagnetic activity use inputs, rather than the accuracy of the
specific model in representing the density as a function o& nd gexgnetic activity.

A.6 HWMO07 additional information \ QQ
talerfe

The HWM series of models empirically repres@%@horiz n
a truncated set of vector spherical harmopics. T i

utral wind in the atmosphere, using
n of the model released in 1987 (HWM87)
wind data from ground-based incoherent
tical interferometers, HWM90 was extended
eld the ground. HWMO7 is the most recent version
new space-based data obtained since the early 1990s. Solar
cycle variations are included i arlie @, but they are found to be small and not always very
clearly delineated by the c ata; H\@'ﬂoes not depend on solar activity. HWMO07 significantly
improves the model’s re%’ in the $we thermosphere (90 - 200 km), and under geomagnetically

of the HWM, and includes substantia

disturbed conditions. However, duri iet conditions, the model does represent polar thermospheric
vortices in full detail. The mod es the transition from predominately diurnal variations in the
upper thermosphere to semidiurh@l variations in the lower thermosphere and a transition from summer
to winter flow above 140 km to winter to summer flow below. The model software provides zonal and
meridional winds for specified latitude, longitude, altitude, time, and 3-hour ap index.

A.7 Reference data

NRLMSISEOOaltitude profilesatequatoriallatitude oftemperatureand numberdensities (concentrations)
are listed in Figure A.1, Table A.1, and Table A.2 for low solar and geomagnetic activities (F10.7 = F10.7avg
= 65, Ap = 0), moderate solar and geomagnetic activities (F10.7 = F10.7avg = 140, Ap = 15), and high long
term solar and geomagnetic activities (F10.7 = F10.7avg = 250, Ap = 45), respectively. The tables cover both
homospheric and heterospheric altitudes from ground level up to 900 km, averaged over diurnal and
seasonal variations. Figure A.1 illustrates the altitude profile of the temperature. Figure A.2 shows the
atomic oxygen number densities at low, moderate and high long-term activity conditions. For moderate
activity levels, Figure A.3 shows the logarithmic number concentration profiles of the main atmospheric
constituents.

JB2008 short-term, intermediate-term and long-term solar variability reference values are provided in
Tables A.4, A.5, and A.6. Figure A.4 shows the variation of the JB2008 mean air density with altitude for
low (F10.7 = F10.7avg = 65, S10.7 = S10.7avg = 60, M10.7 = M10.7avg = 60, Y10.7 = Y10.7avg = 60, Ap = 0, Dst = -15),
moderate (F10.7 = F10.7avg = 140, S10.7 = S10.7avg = 125, M10.7 = M10.7avg = 125, Y10.7 = Y10.7avg = 125, Ap =

8 © IS0 2013 - All rights reserved
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15, Dst = -15), high long-term (F10.7 = F10.7avg = 250, S10.7 = S10.7avg = 220, M10.7 = M10.7avg = 220, Y10.7 =
Y10.7avg = 220, Ap = 45, Dst = -100), and high short-term (F10.7 = 300, F10.7avg = 250, S10.7 = 235, $10.7avg =
220, M10.7 = 240, M10.7avg = 220, Y10.7 = Y10.7avg = 220, Ap = 240, Dst = -300) solar and geomagnetic activity.
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Table A.1 — Altitude profiles of thgs\\ her @uents for low solar and geomagnetic
actlv

g

NAnomal p
H NyE n & ng @R 0
(km) | (m3) |no(m3)|, (r (m? m-3) |nyg(m3) | ny@m3)| (m3) T(K) |(kg.m3)
0 1.17E+20 000E+0\ +25|4.67E+ 2.08E+23|0.00E+00|0.00E+00|0.00E+00|3.00E+02|1.07E+00
20 9.46E+18 |0.00E+00 .41E424 . +23|1.69E+22|0.00E+00|0.00E+00{0.00E+00|2.06E+02|8.68E-02
40 4.05E+17 |0.00E+00 6.04% 62E+22|7.23E+20[0.00E+00|0.00E+00|0.00E+00|2.57E+02| 3.72E-03
60 3.29E+16|0.00E+00|4.90E+21|1.31E+21|5.86E+19|0.00E+00|0.00E+00|0.00E+00|2.45E+02|3.01E-04

80 |1.89E+15|3.01E+15|2.73E+20|7.27E+19 |3.25E+18|2.65E+13|6.64E+10| 2.28E-51 |2.06E+02 | 1.68E-05

100 |1.17E+14 |4.78E+17 | 1.02E+19 |2.38E+18|1.04E+17|2.70E+13 | 3.10E+11 | 2.24E-37 | 1.71E+02| 6.18E-07

120 |[2.50E+13|7.23E+16 |3.11E+17 |4.36E+16 |1.36E+15|6.07E+12 | 1.19E+12 | 1.41E-27 |3.53E+02| 1.88E-08

140 |1.50E+13|2.12E+16 |4.89E+16 |4.45E+15|1.09E+14 | 2.17E+12 | 6.16E+12 | 2.44E-19 |5.21E+02 | 3.08E-09

160 |1.16E+13|9.37E+15|1.38E+16|1.06E+15|1.88E+13|1.09E+12|1.61E+13| 1.12E-12 |6.05E+02| 9.49E-10

180 |9.61E+12|4.88E+15|4.76E+15|3.34E+14|4.23E+12|7.31E+11 |2.20E+13| 1.45E-07 |6.48E+02| 3.70E-10

200 |8.21E+12|2.73E+15|1.80E+15|1.15E+14 | 1.08E+12|5.94E+11|2.02E+13| 1.20E-03 |6.70E+02| 1.63E-10

220 |7.12E+12 |1.59E+15| 7.14E+14 |4.11E+13 | 2.98E+11|5.32E+11|1.51E+13|1.22E+00|6.82E+02| 7.80E-11

240 |6.21E+12|9.42E+14|2.93E+14|1.51E+13 |8.62E+10 |4.98E+11 |1.04E+13|2.43E+02 |6.88E+02| 3.97E-11

260 |5.45E+12|5.66E+14|1.23E+14|5.66E+12|2.59E+10 |4.75E+11 |6.85E+12|1.40E+04|6.92E+02| 2.13E-11

280 |4.78E+12|3.44E+14|5.27E+13|2.16E+12 |8.02E+09|4.57E+11 |4.50E+12|3.08E+05|6.94E+02| 1.18E-11

300 |4.21E+12|2.10E+14|2.30E+13|8.42E+11 |2.54E+09|4.41E+11 |2.96E+12|3.26E+06|6.95E+02| 6.80E-12

320 |3.71E+12|1.30E+14|1.01E+13|3.33E+11 |8.22E+08|4.27E+11|1.96E+12 |1.96E+07 |6.96E+02| 4.01E-12
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Table A.1 (continued)

ISO/FDIS 14222:2013(E)

(km)

NHE
(m-3)

nop (m-3)

nn2
(m-3)

nop2
(m-3)

nAR
(m-3)

ny (m-3)

ny (m-3)

NAnomal
(0]
(m-3)

T(K)

p

(kg.m-3)

340

3.28E+12

8.05E+13

4.54E+12

1.33E+11

2.71E+08

4.13E+11

1.30E+12

7.64E+07

6.96E+02

2.41E-12

360

2.90E+12

5.02E+13

2.06E+12

5.42E+10

9.06E+07

4.00E+11

8.74E+11

2.13E+08

6.96E+02

1.47E-12

380

2.56E+12

3.15E+13

9.43E+11

2.23E+10

3.07E+07

3.87E+11

5.88E+11

4.60E+08

6.96E+02

9.14E-13

400

2.27E+12

1.99E+13

4.37E+11

9.29E+09

1.06E+07

3.75E+11

3.98E+11

8.15E+08

6.96E+02

5.75E-13

420

2.01E+12

1.26E+13

2.04E+11

3.91E+09

3.66E+06

3.64E+11

2.70E+11

1.24E+09

6.96E+02

3.66E-13

440

1.78E+12

8.06E+12

9.61E+10

1.66E+09

1.29E+06

3.53E+11

1.85E+11

1.69E+09

6.96E+02

2.35E-13

460

1.58E+12

5.17E+12

4.56E+10

7.13E+08

4.55E+05

3.42E+11

1.26E+11

2.09E+09

6.96E+02

1.53E-13

480

1.41E+12

3.33E+12

2.18E+10

3.09E+08

1.63E+05

3.32E+11

8.68E+10

2.42E+09

6.96E+02

1.01E-13

500

1.25E+12

2.15E+12

1.05E+10

1.35E+08

5.87E+04

3.22E+11

2.66E+09

6.96E+02

6.79E-14

520

1.11E+12

1.40E+12

5.11E+09

5.92E+07

2.13E+04

3.12E+11

599E+10
\ 10

2.81E+09

6.96E+02

4.63E-14

540

991E+11

9.14E+11

2.50E+09

2.62E+07

7.81E+03

3.03E

88E+10

2.88E+09

6.96E+02

3.21E-14

560

8.83E+11

5.99E+11

1.23E+09

1.17E+07

2.88E+03

29

2.00E+10

2.88E+09

6.96E+02

2.28E-14

580

7.88E+11

3.94E+11

6.07E+08

5.24E+06

1.40E+10

2.83E+09

6.96E+02

1.65E-14

600

7.04E+11

2.60E+11

3.02E+08

2.36E+06

620

6.29E+11

1.73E+11

1.51E+08

1.07E+06

640

5.63E+11

1.15E+11

7.59E+07

660

5.04E+11

7.67E+10

3.84E+07

490E+ .
2.25] .

2.74E+09

6.96E+02

1.23E-14

B\88E+09|2.63E+09

6.96E+02

9.37E-15

4.84F+092.50E+09

6.96E+02

7.33E-15

3.42E+09|2.37E+09

6.96E+02

5.88E-15

680

4.51E+11

5.14E+10

1.95E+0‘Z

\ 4

IM*

2.46E+11

2.42E+09|2.23E+09

6.96E+02

4.83E-15

700

4.04E+11

3.45E+10

9.94

05
E+0

~

2.39E+11

1.72E+09|2.09E+09

6.96E+02

4.04E-15

720

3.63E+11

2.33E+10

5A0E%)

2.26E+02\127E+00

2.33E+11

1.22E+09|1.96E+09

6.96E+02

3.44E-15

740

3.26E+11

1.06E504)

497E-01

2.26E+11

8.70E+08|1.83E+09

6.96E+02

2.98E-15

760

2.93E+11

1.07E

1.58E+1g‘:?9106

1.96E-01

2.20E+11

6.21E+08|1.70E+09

6.96E+02

2.61E-15

780

2.63E+11

6E+06[00E+03
7.06E+05%2.37E+03

7.75E-02

2.14E+11

4.45E+08|1.59E+09

6.96E+02

2.31E-15

800

2.37E+11

4.§E+09

3.68E405

1.13E+03

3.09E-02

2.08E+11

3.20E+08|1.48E+09

6.96E+02

2.06E-15

820

2.13E+11

3.40E+

98EX 05

5.41E+02

1.24E-02

2.02E+11

2.30E+08|1.38E+09

6.96E+02

1.85E-15

840

1.92E+11

2.33E+09

02E+05

2.60E+02

4.99E-03

197E+11

1.66E+08|1.28E+09

6.96E+02

1.67E-15

860

1.73E+11

1.61E+09

5.36E+04

1.26E+02

2.02E-03

1.91E+11

1.20E+08|1.19E+09

6.96E+02

1.51E-15

880

1.57E+11

1.11E+09

2.85E+04

6.09E+01

8.25E-04

1.86E+11

8.68E+07|1.11E+09

6.96E+02

1.38E-15

900

1.41E+11

7.67E+08

1.52E+04

297E+01

3.38E-04

1.81E+11

6.30E+07|1.03E+09

6.96E+02

1.26E-15

Table A.2 — Altitude profiles of the atmosphere constituents for mean solar and
geomagnetic activities

(km)

NHE
(m-3)

ng (m-3)

nN2
(m-3)

np2

(m-3) |nag (m3)

ny (m-3)

ny (m-3)

N Anomal

0
(m3)

T(K)

p

(kg.m'3)

1.26E+20

0.00E+00

1.88E+25|5.04E+24

2.25E+23

0.00E+00

0.00E+00

0.00E+00| 3.00E+02

1.16E+00

20

1.02E+19

0.00E+00

1.52E+24|4.09E+23

1.82E+22

0.00E+00

0.00E+00

0.00E+00| 2.06E+02

9.37E-02

40

4.38E+17

0.00E+00

6.53E+22|1.75E+22| 7.

81E+20

0.00E+00

0.00E+00

0.00E+00| 2.57E+02

4.02E-03

60

3.55E+16

0.00E+00

5.29E+21|1.42E+21

6.33E+19

0.00E+00

0.00E+00

0.00E+00| 2.45E+02

3.26E-04

80

2.07E+15

3.71E+15

3.00E+20|7.66E+19

3.56E+18

2.53E+13

8.61E+10

8.53E-51| 1.98E+02

1.83E-05
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ISO/FDIS 14222:2013(E)

Table A.2 (continued)

(km)

NHE
(m-3)

ngp (m-3)

nn2
(m-3)

noz
(m-3)

naR (m-3)

ny (m-3)

ny (m-3)

NAnomal
(0]
(m-3)

T(K)

p
(kg.m-3)

100

1.16E+14

5.22E+17

9.60E+18

2.00E+18

9.71E+16

1.89E+13

3.76E+11

7.28E-37

1.88E+02

5.73E-07

120

3.08E+13

9.27E+16

3.36E+17

3.95E+16

1.49E+15

3.47E+12

1.77E+12

5.52E-27

3.65E+02

2.03E-08

140

1.83E+13

2.73E+16

5.38E+16

3.84E+15

1.26E+14

8.82E+11

9.45E+12

8.98E-19

6.10E+02

3.44E-09

160

1.39E+13

1.31E+16

1.72E+16

9.29E+14

2.64E+13

3.46E+11

2.73E+13

412E-12

7.59E+02

1.20E-09

180

1.16E+13

7.47E+15

7.08E+15

3.22E+14

7.67E+12

2.01E+11

4.18E+13

5.33E-
07

8.53E+02

5.46E-10

200

1.00E+13

4.67E+15

3.27E+15

1.31E+14

2.61E+12

1.53E+11

4.31E+13

4.43E-03

9.11E+02

2.84E-10

220

8.91E+12

3.06E+15

1.62E+15

5.81E+13

9.73E+11

1.33E+11

3.64E+13

4.48E+00

9.49E+02

1.61E-10

240

8.00E+12

2.07E+15

8.36E+14

2.71E+13

3.84E+11

1.23E+11

2.82E+13

94E+02

9.73E+02

9.60E-11

260

7.24E+12

1.43E+15

4.44E+14

1.31E+13

1.58E+11

1.17E+11

+04

9.88E+02

5.97E-11

280

6.59E+12

9.94E+14

2.40E+14

6.48E+12

6.69E+10

1.13E+11

14E+06

9.98E+02

3.83E-11

300

6.01E+12

7.00E+14

1.32E+14

3.27E+12

2.90E+10

1.10E+11

1.20E+07

1.00E+03

2.52E-11

320

5.50E+12

496E+14

7.35E+13

1.67E+12

1.28E+10

7.22E+07

1.01E+03

1.69E-11

340

5.04E+12

3.54E+14

413E+13

8.66E+11

5.75E+09

1.07E+1
1.05 {

360

4.62E+12

2.54E+14

2.35E+13

4.54E+11

2.61E+09

T

380

4.24E+12

1.83E+14

1.34E+13

2.40E+11

1.20E+09

E+11

2.81E+08

1.01E+03

1.16E-11

.85E+08

1.01E+03

7.99E-12

.69E+09

1.01E+03

5.60E-12

400

3.90E+12

1.32E+14

7.74E+12

1.28E+11

5.61F#08

9.79E+{0

3.00E+09

1.02E+03

3.96E-12

420

3.59E+12

9.56E+13

4.50E+12

6.90E+10
\d

v

2on4ds

9.59E+10]

5 13E+12

4.57E+09

1.02E+03

2.83E-12

440

3.30E+12

6.96E+13

2.63E+12

3.74

N25E+08

9:3BEH10

1.63E+12

6.21E+09

1.02E+03

2.03E-12

460

3.04E+12

5.08E+13

1.55E+12

9E+10

1.25E+12

7.70E+09

1.02E+03

1.47E-12

480

2.80E+12

3.72E+13

9.15E+11

9.00E+10

9.59E+11

8.92E+09

1.02E+03

1.07E-12

500

2.58E+12

2.73E+13

5.44E+
VN

6.24E+(9

2:925.&

s AdEp07

8.81E+10

7.39E+11

9.81E+09

1.02E+03

7.85E-13

520

2.38E+12

540

2.20E+12

2.01E+13| 3" +
1.48E+13 +11

3.48E+

E+06

8.64E+10

5.71E+11

1.04E+10

1.02E+03

5.78E-13

1956+09

3.40E+06

8.46E+10

442E+11

1.06E+10

1.02E+03

4.29E-13

560

2.03E+12

1.10E+13

¥
1.18E+

N
+09

1.69E+06

8.29E+10

3.43E+11

1.06E+10

1.02E+03

3.19E-13

580

1.88E+12

8.17E+12

7.19E+

6.24E+08

8.42E+05

8.12E+10

2.67E+11

1.04E+10

1.02E+03

2.39E-13

600

1.74E+12

6.08E+12

4.38E+10

3.55E+08

4.23E+05

7.96E+10

2.08E+11

1.01E+10

1.02E+03

1.80E-13

620

1.61E+12

4.54E+12

2.68E+10

2.04E+08

2.13E+05

7.81E+10

1.62E+11

9.69E+09

1.02E+03

1.36E-13

640

1.49E+12

3.40E+12

1.65E+10

1.17E+08

1.08E+05

7.65E+10

1.27E+11

9.22E+09

1.02E+03

1.04E-13

660

1.38E+12

2.55E+12

1.02E+10

6.78E+07

5.52E+04

7.50E+10

9.91E+10

8.72E+09

1.02E+03

7.98E-14

680

1.28E+12

1.92E+12

6.33E+09

3.94E+07

2.83E+04

7.36E+10

7.78E+10

8.20E+09

1.02E+03

6.16E-14

700

1.18E+12

1.45E+12

3.94E+09

2.30E+07

1.46E+04

7.22E+10

6.11E+10

7.70E+09

1.02E+03

4.80E-14

720

1.10E+12

1.09E+12

2.46E+09

1.34E+07

7.54E+03

7.08E+10

4.81E+10

7.20E+09

1.02E+03

3.76E-14

740

1.02E+12

8.27E+11

1.54E+09

791E+06

3.92E+03

6.94E+10

3.80E+10

6.73E+09

1.02E+03

2.98E-14

760

9.45E+11

6.28E+11

9.72E+08

4.67E+06

2.05E+03

6.81E+10

3.00E+10

6.28E+09

1.02E+03

2.38E-14

780

8.78E+11

4.78E+11

6.14E+08

2.77E+06

1.07E+03

6.68E+10

2.37E+10

5.85E+09

1.02E+03

1.92E-14

800

8.16E+11

3.64E+11

3.89E+08

1.65E+06

5.65E+02

6.56E+10

1.88E+10

5.45E+09

1.02E+03

1.57E-14

820

7.58E+11

2.78E+11

2.47E+08

9.83E+05

2.99E+02

6.44E+10

1.49E+10

5.07E+09

1.02E+03

1.29E-14

840

7.05E+11

2.13E+11

1.58E+08

5.89E+05

1.59E+02

6.32E+10

1.19E+10

4.72E+09

1.02E+03

1.07E-14

860

6.56E+11

1.63E+11

1.01E+08

3.54E+05

8.47E+01

6.20E+10

9.45E+09

4.40E+09

1.02E+03

9.03E-15

12
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Table A.2 (continued)

ISO/FDIS 14222:2013(E)

H
(km)

NHE
(m-3)

np (m-3)

nn2
(m-3)

nop2
(m-3)

naR (m-3)

ny (m-3)

ny (m-3)

NAnomal
0
(m-3)

T(K)

p

(kg.m-3)

880

6.11E+11

1.26E+11

6.47E+07

2.14E+05

4.53E+01

6.09E+10

7.54E+09

4.09E+09

1.02E+03

7.67E-15

900

5.69E+11

9.68E+10

4.16E+07

1.29E+05

2.44E+01

5.98E+10

6.02E+09

3.81E+09

1.02E+03

6.59E-15

Table A.3 — Altitude profiles of the atmosphere constituents for high long-term solar and
geomagnetic activities

(km)

NHE
(m-3)

no (m-3)

nn2
(m-3)

no2
(m3)

nag (m-3)

ny (m-3)

ny (m-3)

NAnomal
0
(m-3)

T(K)

p

(kg.m3)

1.41E+20

0.00E+00

2.10E+25

5.65E+24

2.52E+23

0.00E+00

0.00E+00

0.00E+00

3.00E+02

1.29E+00

20

1.14E+19

0.00E+00

1.71E+24

4.57E+23

2.04E+22

0.00E+00

0.00E+00

0.00E+00

2.06E+02

1.05E-01

40

490E+17

0.00E+00

7.31E+22

1.96E+22

8.74E+20

0.00E+00 J0.00E%00

0.00E+00

2.57E+02

4.49E-03

60

3.98E+16

0.00E+00

5.92E+21

1.59E+21

7.09E+19

0.0

0.00E+00

0.00E+00

2.45E+02

3.64E-4

80

2.34E+15

4.36E+15

3.39E+20

8.15E+19

4.02E+18

&>

1.23E+11

2.04E-50

1.93E+02

2.03E-05

100

1.21E+14

5.70E+17

9.71E+18

1.72E+18

9.73E+16

2.5
®+13

5.38E+11

1.57E-36

2.02E+02

5.64E-07

120

3.61E+13

1.15E+17

3.72E+17

3.37E+16

140

2.09E+13

3.51E+16

6.07E+16

3.02E+15

18.08E+12

1.36E-26

3.80E+02

2.22E-08

6E+13

2.12E-18

7.10E+02

3.93E-09

160

1.59E+13

1.86E+16

2.17E+16

6.80E+14

N3.51F+13

1

1.6;@71'31511%
14367 3.9@

5.84E+13

9.74E-12

9.16E+02

1.54E-09

180

1.34E+13

1.15E+16

1.00E+16

2.29E¢

 21E+13

+10

1.02E+14

1.26E-06

1.05E+03

7.87E-10

200

1.17E+13

7.72E+15

220

1.05E+13

5.42E+15

5.24E+15]9.68E
2.93E+ E+13

491E

4.52E+10

1.18E+14

1.05E-02

1.14E+03

4.57E-10

3.83E+10

1.09E+14

1.06E+01

1.19E+03

2.86E-10

240

9.62E+12

3.93E+15

1.7

3.51E+10

9.18E+13

2.11E+03

1.23E+03

1.87E-10

260

8.85E+12

2.90E+15

1.325%13)

2 L+
.42E+131&J +12

.02E+11

3.34E+10

7.39E+13

1.22E+05

1.25E+03

1.27E-10

280

8.19E+12

2.17E+15

+
,QiM
E+144

2.52E+11

3.23E+10

5.87E+13

2.68E+06

1.27E+03

8.87E-11

300

7.60E+12

1

E+12

1.30E+11

3.15E+10

4.65E+13

2.84E+07

1.28E+03

6.31E-11

320

7.07E+12

. 4
1258415

2.51E+12

6.77E+10

3.08E+10

3.70E+13

1.71E+08

1.29E+03

4.56E-11

340

6.59E+12

A

64E15 3 91E+
2;4@3&
1

1.49E+12

3.59E+10

3.02E+10

2.95E+13

6.65E+08

1.30E+03

3.34E-11

360

6.16E+12

9.53E+14(<M4
7.32E+14 | 100E+14

8.94E+11

1.93E+10

2.97E+10

2.36E+13

1.85E+09

1.30E+03

2.47E-11

380

5.75E+12

5.65E+14

6.44E+13

5.41E+11

1.05E+10

291E+10

1.90E+13

4.00E+09

1.30E+03

1.85E-11

400

5.38E+12

4.37E+14

4.18E+13

3.30E+11

5.75E+09

2.86E+10

1.54E+13

7.10E+09

1.30E+03

1.40E-11

420

5.04E+12

3.39E+14

2.73E+13

2.03E+11

3.18E+09

2.82E+10

1.24E+13

1.08E+10

1.30E+03

1.06E-11

440

4.72E+12

2.64E+14

1.79E+13

1.26E+11

1.78E+09

2.77E+10

1.01E+13

1.47E+10

1.31E+03

8.13E-12

460

4.42E+12

2.06E+14

1.18E+13

7.84E+10

1.00E+09

2.72E+10

8.21E+12

1.82E+10

1.31E+03

6.26E-12

480

4.14E+12

1.62E+14

7.85E+12

491E+10

5.66E+08

2.68E+10

6.69E+12

2.11E+10

1.31E+03

4.84E-12

500

3.89E+12

1.27E+14

5.23E+12

3.10E+10

3.23E+08

2.64E+10

5.47E+12

2.32E+10

1.31E+03

3.76E-12

520

3.65E+12

9.97E+13

3.50E+12

1.96E+10

1.85E+08

2.60E+10

4.48E+12

2.45E+10

1.31E+03

2.94E-12

540

3.43E+12

7.86E+13

2.36E+12

1.25E+10

1.07E+08

2.55E+10

3.67E+12

2.51E+10

1.31E+03

2.31E-12

560

3.22E+12

6.21E+13

1.59E+12

8.01E+09

6.21E+07

2.51E+10

3.02E+12

2.51E+10

1.31E+03

1.82E-12

580

3.02E+12

4.92E+13

1.08E+12

5.15E+09

3.62E+07

2.48E+10

2.48E+12

2.47E+10

1.31E+03

1.43E-12

600

2.84E+12

3.91E+13

7.34E+11

3.33E+09

2.13E+07

2.44E+10

2.04E+12

2.39E+10

1.31E+03

1.14E-12

620

2.67E+12

3.11E+13

5.02E+11

2.16E+09

1.25E+07

2.40E+10

1.69E+12

2.29E+10

1.31E+03

9.06E-13
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Table A.3 (continued)

NAnomal
H nyg nn2 no2 o P
(km)| (m3) |no(m3)| (m3) (m-3) |naR (m-3)| ng(m-3) |ny(m3)| (m-3) T(K) |(kg.m3)

640 [2.52E+12|2.48E+13|3.44E+11|1.41E+09| 7.41E+06 | 2.36E+10 |1.39E+12|2.18E+10|1.31E+03| 7.23E-13
660 |2.37E+12|1.98E+13|2.37E+11|9.19E+08 | 4.41E+06 | 2.33E+10 | 1.15E+12 | 2.06E+10 |1.31E+03| 5.79E-13
680 |2.23E+12|1.58E+13|1.63E+11|6.03E+08| 2.63E+06 | 2.29E+10 |9.57E+11 | 1.94E+10 | 1.31E+03| 4.65E-13
700 |2.10E+12|1.27E+13|1.13E+11|3.97E+08| 1.58E+06 | 2.26E+10 | 7.94E+11 |1.82E+10|1.31E+03| 3.75E-13
720 |1.98E+12|1.02E+13|7.86E+10 |2.63E+08| 9.50E+05 | 2.22E+10 |6.60E+11|1.70E+10|1.31E+03| 3.03E-13
740 |1.87E+12|8.21E+12|5.48E+10|1.74E+08| 5.74E+05 | 2.19E+10 |5.50E+11|1.59E+10|1.31E+03| 2.46E-13
760 | 1.76E+12 | 6.62E+12 | 3.83E+10 | 1.16E+08| 3.48E+05 | 2.16E+10 |4.58E+11|1.48E+10|1.31E+03| 2.00E-13
780 |1.66E+12|5.35E+12|2.68E+10| 7.74E+07 | 2.12E+05 | 2.13E+10 |3.82E+11|1.38E+10|1.31E+03| 1.63E-13
800 |1.57E+12|4.33E+12|1.88E+10|5.19E+07 | 1.29E+05 | 2.10E+10 |3.20E+11.29E+10 |1.31E+03| 1.34E-13

820 |1.48E+12|3.51E+12|1.33E+10|3.48E+07| 7.93E+04 | 2.07E+10 |2.67E+ .20E+10|1.31E+03]| 1.10E-13
840 |1.40E+12|2.85E+12|9.39E+09|2.35E+07 | 4.87E+04 | 2.04E+10 | 2,2 1.12E+10|1.31E+03| 9.06E-14
860 [1.32E+12|2.32E+12|6.65E+09|1.59E+07| 3.01E+04 | 2.01E+10 | 1.88E+11|1.04E+10|1.31E+03| 7.50E-14
880 |1.25E+12|1.89E+12|4.72E+09|1.07E+07 | 1.86E+04 | 1.98E+1" 8E+11|9.67E+09|1.31E+03| 6.23E-14

900 |1.18E+12|1.54E+12|3.36E+09|7.30E+06| 1.16E+04 | 1. { 1.33E+11|9.01E+09|1.31E+03| 6.00E-14

mm solar variability

Case 3: Short-term

Table A.4 — Reference values for intergn

Case 1: Intermediate-term TS

(81 days) . s days&activity} (27 days low activity)
Daily Low Moderate Hi& ow Meoderate High | Low Moderate High

Fio7 | 65 120 (22N 90 [(N&A6s 280 | 80 105 145
S107 | 60 120 “aad | 19500 135 185 | 85 100 120
Mios | 60 115 s A 15 185 | 80 95 115
Yior | 50 Q 180 W\, 110 150 185 | 90 110 135

more than one solar rotation (>27 ) for not more than a half solar cycle (<6 years). The 81-day smoothed
minimum, mean, and maximum val rounded to the nearest unit of 5 for solar cycle 23 are used for reference
low, moderate, and high intermediate-term examples, respectively.

NOTE1 Reference index values ére@&ded in Table A.4 for intermediate-term variability that includes

NOTE 2  Daily (short-term) solar variability reference values for less than a solar rotation (27 days) are also
provided in Table A.4 as rounded numbers to the nearest unit of 5. The period of October 14 to November 9,
2003 in solar cycle 23 is used as a reference period when highly variable activity occurred; these are conditions
appropriate to the rise of a solar cycle or large events that occur during the decline of a solar cycle. A second
period is provided from January 7 to February 2, 2005 when lower variable activity occurred; these are conditions
appropriate approaching or leaving the minimum of a solar cycle. In short-term periods, higher values have been
measured than those given in Table A.4, e.g., F10.7 = 380 over a day. However, empirical atmosphere density
models are not developed for such high index values and their use will lead to large and unknown errors.

NOTE 3 In Table A.4, the example Cases 1, 2, and 3 should use the low, moderate, and high solar activity levels
for that Case only as one complete set of inputs into JB2008. The 81-day value should be set to the moderate Case
value for each proxy or index. Values from different Case examples should not be mixed. If a single daily value from
one Case and one solar activity level is desired, the 81-day index should be set to the moderate value for each index.

A.8 JB2008 long-term solar cycle variability

Tables A.5 and A.6 are provided for estimating solar cycle variability in the four solar indices. The example
of solar cycle 23, a moderate cycle, is used. In these tables, the actual monthly minimum, mean, and

14 © IS0 2013 - All rights reserved
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maximum value of each index or proxy is given. Table A.5 reports monthly values for the F1g 7, Fg1 proxy
and the S1¢.7, Sg1 index. Table A.6 reports monthly values for the M1g 7, Mg1 proxy and the Y1¢.7, Yg1 index.

The ranges of maximum and minimum values are not the confidence values since they are the actual
measurements. Smaller solar cycles will tend to produce a smaller monthly range and larger solar cycles
will tend to produce a larger monthly range. Solar cycle 23 is considered a moderate cycle by recent
historical standards.

The table values should be used as provided for periods of up to a solar cycle if no forecasts are available.
If daily values are required, the monthly values can be interpolated to daily resolution. Figure A.4 shows
all four proxies and indices with their monthly minimum, mean, and maximum values. Monthly F1¢.7
forecasts thatinclude confidence bounds are provided by the NASA Marshall Space Flight Center (http://
sail.msfc.nasa.gov/) and by the NOAA SWPC (http://www.swpc.noaa.gov/). Daily forecasts for F19 7, Fg1,
S10.7, Sg1, M10.7, Mg1, Y10.7, and Yg1 out to 5 solar rotations (137-days) are provided by Space Environment
Technologies (http://spacewx.com “Innovations:SET Space Weather Forecasts” menu link).

Table A.5 — Reference values for long-term solar cycle variability in the F19.7, Fg1 proxy and
S10.7, Sg1 index e

Month |[F1omin |F10mean|F10max |F81min |F8imean|F81max |S10mj /S ean S10max [S81min |S81mean|S81max
o | 72 | 74 | 77 | 1 | 76 | 78 78 | 82 | 78 | 79 | 79
L | 7 | | el | | | mfm | 77 | 82 | 78 | 7 | 78
2 |70 | 73 | 76 | s | m w73 [\78 | 8 | 78 | 79 | 79
3 | 69 | 7 | 81 | 74 | m (‘;7?' 74N, 80 | 86 | 79 | 80 | 81
4 | 71 | 75 | 85 | 72 | 7|4 ,—Qt‘ 83 | 91 | 81 | 81 | 81
5 | 68 | 72 | 77 | 72 4] 13N | 81 | 87 | 81 | 81 | 82
6 | o7 | 71 | 80 | #3(]y4 @ 75 | s0 | 87 | 82 | 83 | 86
7 | 71| 79 | 96 s\ 82 & 80 | 89 | 100 | 86 | 90 | 94
8 | 85 | 9 11{% 8g\J=91 | 97 | 100 | 103 | 94 | 96 | 99
9 | 79 | 85 [o1™ 91 =92 | 93 | 92 | 98 | 103 | 99 | 100 | 102
10 | 86 | 100 5 | 96 | 97 | 105 | 120 | 102 | 102 | 103
1 | 85 17 [, 9 97 | 97 | 95 | 104 | 114 | 103 | 104 | 105
12 | 81 | 93 | 108~(No4 | 95 | 96 | 92 | 104 | 110 | 103 | 104 | 105
13 | 83 | 93 %7\-’ 95 | 99 | 103 | 93 | 103 | 110 | 104 | 106 | 108
14 | 90 | 109 3 | 103 | 106 | 108 | 97 | 110 | 123 | 109 | 111 | 113
15 | 88 | 108 | 141 | 109 | 110 | 110 | 101 | 117 | 131 | 114 | 115 | 116
16 | 87 | 107 | 133 | 106 | 107 | 109 | 103 | 114 | 125 | 116 | 116 | 117
17 | 96 | 108 | 122 | 108 [ 109 | 111 | 108 | 119 | 128 | 116 | 117 | 117
18 | 99 | 114 | 120 | 112 [ 119 | 127 | 118 | 118 | 118 | 117 | 118 | 119
19 | 109 | 136 | 179 | 127 | 130 | 133 | 118 | 118 | 118 | 118 | 118 | 118
20 | 116 | 138 | 177 | 130 | 132 | 133 | 118 | 118 | 118 | 118 | 119 | 122
21 | 103 | 117 | 135 | 128 | 130 | 132 | 118 | 120 | 130 | 122 | 125 | 131
22 | 115 | 140 | 168 | 132 | 136 | 140 | 123 | 139 | 158 | 131 | 136 | 140
23 | 120 | 150 | 184 | 140 | 143 | 147 | 140 | 147 | 159 | 139 | 141 | 142
24 | 110 | 141 | 178 | 142 | 145 | 147 | 128 | 136 | 143 | 138 | 139 | 140
25 | 99 | 142 | 205 | 135 | 139 | 143 | 115 | 138 | 159 | 137 | 138 | 139
26 | 102 | 126 | 156 | 127 | 130 | 135 | 119 | 139 | 154 | 137 | 138 | 139
27 | 98 | 117 | 141 | 127 [ 130 | 134 | 111 | 132 | 151 | 139 | 141 | 144

© IS0 2013 - All rights reserved 15
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Table A.5 (continued)

Month FlOmin FlOmean FlOmax F81min F81mean F81max SlOmin S10mean SlOmax S81mir1 S81mean S81max
28 127 149 178 134 144 154 130 153 168 145 152 159

29 139 170 210 155 161 167 154 171 192 160 165 170

30 130 166 206 164 166 169 156 172 200 169 170 171

31 123 171 248 155 159 166 146 169 194 161 164 170

32 107 136 163 153 156 159 136 151 184 158 160 162

33 122 165 200 160 165 169 149 159 168 160 162 165

34 143 192 249 169 176 181 157 177 193 165 169 170

35 130 170 217 166 174 178 144 169 192 169 172 173

36 126 158 211 163 167 172 142 167 200 170 171 173

37 138 173 227 172 179 186 155 177 94 174 179 183
38 178 208 234 185 189 192 173 193 183 187 189

39 158 184 223 187 191 195 179 192&‘11 188 189 191
40 127 185 262 181 183 187 165 212 184 186 188

41 148 180 202 184 191 196 165 N 206 185 191 195

42 148 202 262 181 185 187 17 207 N 234 193 196 197

43 131 163 194 174 180 184{' 18\‘%13 187 192 195
N

44 | 133 | 182 | 232 | 170 | 171 | 173 Jdee | N} 197 | 181 | 183 | 187

45 140 | 168 | 203 | 173 | 176 | a0\ | 166(| 183 | 197 | 181 | 182 | 183

46 | 144 | 179 | 205 | 171 | 173N | 157 ™85 | 224 | 182 | 183 | 184

47 | 135 | 174 | 201 | 172 %6 ) 176 &) 184 | 209 | 182 | 183 | 184
hd

48 152 167 184 16 172 172 178 185 175 179 183

49 130 147 170 1 161 7 158 170 184 171 174 176

50 130 178 274 65 168 70 155 175 218 174 174 176

51 123 | 178 | 2 160 | Sg0t 172 | 152 | 178 | 215 | 173 | 174 | 174
52 | 129 | 148 160 {‘163 171 | 151 | 165 | 186 | 170 | 172 | 174

53 133 174 22‘1 ) 153 160 162 176 190 165 167 170

54 115 131 150 |51 154 158 142 156 168 166 166 167

55 120 163 199 158 173 187 143 168 180 167 173 181

56 183 234 285 188 203 218 174 199 230 182 191 200

57 171 208 248 218 220 222 192 207 222 201 204 206

58 170 213 271 214 220 226 182 201 232 204 206 209

59 206 236 275 223 224 225 197 211 232 207 209 212

60 189 227 261 217 223 227 197 219 235 211 212 213

61 188 205 246 201 206 216 199 205 218 202 206 211

62 166 179 204 186 193 201 181 191 196 191 196 202

63 147 190 226 181 183 186 171 189 203 183 187 191

64 157 178 191 161 172 181 161 180 194 171 177 183

65 131 149 179 159 162 165 150 163 183 164 166 170

66 129 174 242 163 168 175 144 161 181 163 165 167

67 135 184 241 176 181 183 149 172 202 167 170 172

68 138 176 221 174 178 182 153 174 198 170 172 173

16 © IS0 2013 - All rights reserved
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Table A.5 (continued)

Month |F1omin |F10mean|F10max |F81min |F8imean|F81max |S10min |S10mean|S10max [S81min |S81mean|S81max
69 136 167 183 164 170 174 150 164 180 163 166 170
70 137 169 199 162 165 169 149 162 176 160 163 166
71 114 157 213 148 157 162 135 164 177 154 158 161
72 115 144 189 136 143 148 133 149 172 144 150 154
73 102 125 150 129 133 136 111 135 151 134 138 143
74 89 132 160 126 127 129 102 131 153 126 130 133
75 99 126 158 121 123 126 109 128 149 123 125 126
76 92 116 149 122 124 126 104 123 142 124 125 126
77 106 129 193 125 126 127 107 125 139 125 126 127
78 99 128 157 122 126 128 108 127 134 125 126 126
79 107 122 137 117 119 122 114 ]& 136 123 124 125

80 94 112 137 115 122 132 106, ‘1' 135 122 123 126

v

81 92 151 279 129 135 141 /129 185 123 125 127
82 91 141 210 137 138 140 128 153 123 124 126
83 86 115 143 121 126 4 9v2 118 143 117 119 123
84 87 114 135 111 113 4~ 96 ‘X9 126 111 113 117
85 95 107 122 108 110 1 1(1\ 9 120 109 111 112

86 | 90 | 112 | 129 | 105 | #e7\| 108 (] 191" | 114 | 125 | 109 | 111 | 112
87 | 88 | 101 | 117 | 102 4\fo4 | 108 ™99 | 109 | 117 | 108 | 109 | 110

4
88 | 85 | 100 | 118 ,Q;\\.) 99 @ 99 | 104 | 111 | 102 | 105 | 107

80 | 82 | 97 | 119 104 (V08 | 93 | 102 | 109 | 102 | 103 | 104
90 | 78 | 119 | 175 | )106 N 112 | 89 | 105 | 125 | 103 | 104 | 105
o1 | 83 | 110 |49 | 109 & 115 | 88 | 105 | 118 [ 103 | 105 | 106
92 | 88 | 1 31 | 1™t 105 | 107 | 93 | 103 | 112 | 102 | 103 | 105
93 | 87 140 {106 | 107 | 108 | 92 | 105 | 122 | 104 | 104 | 105
94 | 95 | 114 [ aaf D06 | 106 [ 107 | 103 | 108 | 113 | 104 | 104 | 104
o5 | 85 | 95 [N11 | 99 | 103 [ 106 | 92 | 97 [ 106 | 99 | 101 | 103
96 | 83 | 102 | 145 | 97 | 99 | 100 | 86 | 98 [ 119 | 95 | 97 [ 98
o7 | 75 | 97 | 122 | 93 | 97 | 99 | 76 | 94 [ 109 | 92 | 94 [ o5
98 | 74 | 90 | 114 | 90 | 91 | 93 | 76 | 88 [ 101 | 88 | 90 [ 91

99 77 86 106 91 92 93 81 86 92 88 89 90
100 82 100 126 93 95 99 85 92 100 89 90 91

101 77 94 116 94 96 99 82 89 98 90 91 92
102 71 96 130 91 93 95 76 92 107 89 89 90
103 75 91 111 89 91 95 72 88 103 87 88 90
104 72 91 119 85 86 89 74 87 101 84 85 87
105 72 77 83 83 84 85 70 78 83 80 82 84
106 77 86 102 83 85 86 76 80 84 80 81 82
107 85 91 106 86 87 88 79 86 93 82 83 83
108 77 83 94 81 83 86 76 83 89 80 81 83
109 74 77 79 78 79 80 72 76 79 77 78 80
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Table A.5 (continued)

Month FlOmin FlOmean FlOmax F81min F81mean F81max SlOmin S10mean SlOmax S81mir1 S81mean S81max

10 | 72 | 75 | 86 | 79 | 80 | 82 | 71 | 7 | 7 | 77 [ 78 | s0
11 | 76 | 89 | 101 | 82 | 82 | 83 | 78 | 84 | 92 | 79 | 80 | 82
12 | 72 | 81 | 93 | 81 | 82 | 8 | 72 | 83 | 92 | 80 | 81 | 82
13 | 72 | 77 | 86 | 76 | 78 | 81 | 73 | 76 | 82 | 76 | 78 | s0
114 | 70 | 76 | 87 | 76 | 77 | 78 | 70 | 74 | 82 | 74 | 75 | 76
15 | 70 | 79 | 89 | 77 | 78 | 79 | 69 | 73 | 79 | 74 | 1 | 75
116 | 70 | 78 | 87 | 78 | 78 | 78 | &7 | 75 | 82 | 74 | 4 | ma
17 | 70 | 74 | 80 | 78 | 79 | 81 | 66 | 72 | 78 | 74 | 1 | 75
18 | 77 | 86 | 97 | 81 | 83 | 84 | 73 | 77 | 81 | 4 | @ | 75
19 | 72 | 84 [ 103 | 84 | 84 | 85 | 68 | 75 o | 75 | 75 | 75
120 | 76 | 83 | 92 | 79 | 81 | 84 | 72 | 75 é; 73 | 73 | n
1210 | 73 | 78 | 90 | 75 | 77 | 79 | 68 | 72 &7‘5’ 7| 72 | 73
122 | 69 | 72 | 76 | 73 | 7a | 75 | 64 § 73 | 68 | 69 | 7
123 | 68 | 72 | 87 | 73 | 73 | 75 | 63 b 71 | 68 | 68 | 69
124 | 67 | 74 | 87 | 74 | 1 | 75 | 6 68 | 71 | 68 | 69 | 69
125 | 65 | 74 | 87 | 72 | 73 | 751 7(\~X9 68 | 68 | 69
126 | 66 | 72 | 79 | 70 | 711 | 2o 2 | €N} 70 | 65 | 66 | 68
127 | 67 | 69 | 72 | 68 | 69 |20N| 62(] ¥4 | 66 | 63 | 64 | 65
128 | 65 | 67 | 71 | 68 ’68,.‘{%' 60 161 | 65 | 62 | 62 | 63
129 | 66 | 68 | 69 | 68 %\.) 0 8% | 62 | 66 | 61 | 61 | 62
130 | 67 | 70 | 72 | 7 | raldys9 | 60 | 63 | 61 | 62 | 63
131 | 71 | 79 | 94 75 N o60 [ 65 | 71 | 63 | 64 | 65
132 | 70 | 74 | 8o [Mg2 | s ys | 60 | 67 | 76 | 64 | 64 | 65
133 | 70 | 71 72 | St 72 | e1 | 64 | 67 | 63 | 64 | 64
134 | 68 | 73 %)71 {‘72‘ 72 | 60 | 64 | 72 | 63 | 63 | 63
135 | 67 | 70 | 78 |p7€ ) 71 | 71 | 63 | 66 | 71 | 63 | 63 | 63
136 | 66 | 68 | 72 N7 | 68 | 70 | 60 | 63 | 68 | 62 | 62 | 63
137 | 65 | 66 | 67 | 66 | 67 | 67 | 59 | 61 | 63 | 61 | 61 | 62
138 | 65 | 66 | 67 | 66 | 66 | 66 | 58 | 61 | 64 | 61 | 61 | 61
139 | 65 | 66 | 68 | 66 | 66 | 67 | 59 | 60 | 62 | 60 | 61 | 61
140 | 65 | 67 | 69 | 67 | 67 | 68 | 59 | 61 | 63 | 61 | 61 | 61
141 | 66 | 68 | 72 | 68 | 68 | 68 | 60 | 63 | 65 | 61 | 62 | 62
142 | 67 | 69 | 71 | 69 | 69 | 69 | 60 | 62 | 65 | 61 | 62 | 62
143 | 68 | 69 | 71 | 69 | 69 | 69 | 60 | 61 | 63 | 61 | 62 | 62

Table A.6 — Reference values for long-term solar cycle variability in the M10.7, M81 proxy and

Y10.7, Y81 index
Month MlOmin MlOmean MlOmax M81min M81mean M81max YlOmin YlOmean YlOmax Y81min Y81mean Y81max
0 65 72 76 72 73 74 62 66 73 69 71 74
1 62 71 75 72 72 73 63 70 84 69 69 71
2 66 73 80 73 73 74 61 71 80 71 72 72
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Table A.6 (continued)

Month [M1omin |Mi0mean|M10max [M81min |Mgimean|Mgimax |Y10min |Y10mean|Y10max |Y81min |Y81mean|Y81max
3 67 75 86 74 75 76 63 74 87 72 73 74
4 72 78 87 76 76 77 64 76 92 72 73 75
5 70 76 86 76 76 77 65 71 86 72 72 73
6 68 75 85 76 77 80 63 70 91 73 75 80
7 73 82 99 80 84 88 65 85 104 81 87 92
8 81 94 101 88 90 92 96 103 110 92 94 98
9 85 91 98 92 93 95 68 90 100 98 100 102
10 84 98 121 95 96 97 98 112 125 101 103 104
11 84 100 120 97 98 99 91 106 120 104 105 106
12 85 99 114 97 98 99 77 191 114 102 103 104
13 85 96 107 98 99 102 91 ]@ 116 103 106 111
14 83 103 117 103 106 109 102 ﬁ 131 111 114 118
15 94 113 147 109 111 112 1&&30 136 118 120 121
16 90 110 129 112 113 114 w 122 138 120 121 122
17 99 115 139 115 117 11 T? 122 129 122 123 125

18 | 111 | 128 | 150 | 119 | 125 Ju¥808 117, { N2z | 137 | 125 | 130 | 134
19 | 122 | 135 | 148 | 130 | 132 4 | 133N 2 | 162 | 135 | 136 | 138

20 | 121 | 137 | 151 | 132 | 13| 1354 %0 | 140 | 154 | 138 | 139 | 139
21 | 109 | 126 | 137 | 131 0 135 W23 | 132 | 138 | 138 | 139 | 141

22 116 137 169 129 148 162 141 143 145

23 126 146 175 S 142 149 158 145 148 149

5
e

24 109 138 16( 137 126 149 171 146 147 148

25 | 102 | 134 |ya72™ 134 @ 138 | 123 | 144 | 167 | 142 | 144 | w7
26 | 109 | 130 (™59 134 | 117 | 136 | 157 | 137 | 138 | 142

; ’
v
=N
w | W
NN
_
w
62}

27 97 157 13 115 131 143 137 139 141

35 142 150 140 151 172 141 147 152

i

28 | 117 | 145 | 175
151 | 156 | 160 | 152 | 159 | 175 | 153 | 156 | 159

29 | 135 | 163 %7\'
30 | 132 | 162 | 191 | 159 | 160 | 162 | 140 | 159 | 177 | 158 | 159 | 160

31 129 162 202 152 155 161 140 162 181 155 157 159

32 121 142 175 150 152 154 135 147 164 154 155 156

33 131 153 167 153 156 158 144 157 165 156 158 160

34 141 170 195 158 161 164 151 170 184 160 162 163

35 125 159 191 162 165 167 140 158 173 158 161 163

36 129 162 209 163 164 166 138 156 175 157 158 160

37 131 167 193 166 170 174 148 162 174 160 163 166

38 156 185 213 174 178 181 163 173 182 165 166 167

39 164 186 213 178 180 183 153 163 178 165 167 168

40 141 172 210 173 176 179 139 163 188 163 164 165

41 145 174 197 174 181 184 152 164 174 164 168 171

42 156 196 236 181 185 187 152 177 194 167 168 169

43 131 177 220 177 182 183 144 161 176 164 166 168
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Table A.6 (continued)

Month M10min |M10mean|M10max |M81min |M81imean|M81imax |Y10min |Y10mean|Y10max |Y81min |Y81mean|Y81max
44 150 173 196 173 174 176 150 164 178 163 163 164

45 153 175 200 173 174 176 153 165 175 164 166 168

46 137 179 211 173 174 176 149 170 183 166 166 167

47 126 174 203 172 174 176 149 164 181 164 165 167

48 148 172 188 165 170 176 154 161 167 156 159 163

49 127 156 179 159 162 165 137 148 162 155 157 160

50 137 158 216 157 159 164 140 166 204 159 160 161

51 116 163 204 158 159 162 144 163 203 161 161 162

52 125 154 173 161 161 163 137 150 167 156 158 161

53 147 171 194 159 161 163 147 162 175 152 153 155

54 133 152 172 159 160 161 133 145 $ 153 154 157
55 133 157 182 161 166 173 135 160 kl 157 162 167

56 | 172 | 194 | 223 | 173 | 184 | 194 | 167 Mbim 167 | 172 | 177

57 176 202 234 194 198 201 162 p\k} 182 175 176 177

58 168 192 207 200 202 206 16@1‘75 191 175 176 179

59 196 212 232 203 207 212 g W1 182 E 203 179 179 180
60 195 219 243 211 213 214"‘ 3 181, 188 179 180 180

&

61 | 192 | 207 | 230 | 202 | 206 11T\ | 185 | 177 | 177 | 179

62 | 176 | 188 | 202 [ 190 | 195°4" 166 N=A74 | 186 | 176 | 177 | 178
N,

63 | 167 | 188 | 212 | 185 | A8A [)190 | %6 | 179 | 190 | 176 | 176 | 177

64 157 184 210 173 0% 185 >‘}%7 175 182 168 172 176
%

65 | 143 | 167 | 190 | 14e 69 “153 | 161 | 175 | 167 | 167 | 167
66 | 139 | 164 | 201 [y16 167 em 150 | 169 | 188 | 166 | 168 | 170
67 | 134 | 174 | 214 Q}m 7807175 | 156 | 175 | 195 | 170 | 171 | 172
68 | 144 | 177 |e@e 174 } 1 176 | 151 | 166 | 177 | 168 | 170 | 171
69 | 145 | 168 | 19 | .1 Kno 173 | 152 | 166 | 180 | 164 | 166 | 168

p 4

70 140 163 185 ‘% 165 169 152 166 181 163 165 167
71 130 164 193 3 159 163 135 162 182 155 160 163

72 128 149 182 143 149 154 137 151 167 146 151 155

73 109 130 163 132 137 142 116 138 152 138 142 145

74 94 131 172 126 129 132 113 137 154 135 136 138
75 106 130 158 123 125 126 114 136 161 132 133 134
76 94 122 147 124 125 128 105 130 145 133 134 136

77 103 126 151 127 128 131 122 138 163 135 136 137

78 113 134 150 129 130 131 122 138 152 135 137 137

79 118 129 141 126 128 130 131 135 146 132 134 135

80 106 123 145 125 127 130 118 130 142 131 134 138

81 102 133 187 126 129 133 110 144 185 136 138 141

82 92 134 175 128 129 131 113 142 177 138 139 140
83 84 121 159 121 123 128 100 129 151 128 132 138
84 88 112 152 112 115 120 101 123 143 122 124 128
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Table A.6 (continued)

Month |Miomin |Miomean|M10max [M81min |Mgimean| M81max |Y10min |Y10mean|Y10max |Y81min |Y81mean|Y81max
85 | 91 | 108 | 127 | 100 | 111 | 112 | 106 | 117 | 123 | 118 | 120 | 121
86 | 90 | 110 | 126 | 107 | 109 | 110 | 108 | 120 | 130 | 115 | 117 | 118
87 | 95 | 108 | 122 | 107 | 108 | 109 | 100 | 113 | 135 | 113 | 115 | 116
88 | 95 | 104 | 113 | 101 | 104 | 107 | 101 [ 111 | 122 | 109 | 111 | 113
89 | 87 | 101 | 116 | 101 | 103 | 105 | 94 [ 110 | 123 | 100 | 112 | 114
9 | 79 | 106 | 142 | 102 | 105 | 106 | 90 | 118 | 143 | 113 | 116 | 118
o1 | 83 | 106 | 135 | 105 | 107 | 108 | 96 | 119 | 146 | 117 | 120 | 121
92 | 85 | 105 | 131 | 103 | 106 | 108 | 96 | 117 | 136 | 114 | 115 | 117
93 | 94 | 108 | 131 | 106 | 107 | 109 | 94 | 111 | 131 | 113 | 115 | 116
94 | 99 | 112 | 129 | 107 | 107 | 108 | 107 | 121 | 130 | 113 | 114 | 116
o5 | 87 | 102 | 116 | 101 | 104 | 107 | 100 1@ 122 | 11 | 13 | 1s
9% | 83 | 98 | 117 | 97 | 99 | 101 | 90 J&aTo”| 134 | 105 | 108 | 111
97 | 74 | 96 | 121 | o4 | 96 | o7 N‘bﬂn 117 | 100 | 103 | 105
98 | 72 | 90 | 113 | o1 [ 92 | o4 9% | 118 | 97 | 98 | 99
99 | 75 | 88 | 101 | o1 | 92 | oamIN82 | 95 [ 109 | 98 | 100 | 101
100 | 92 | 98 [ 109 | 93 | 94 =B & 93, L Noo | 124 [ 101 | 104 | 107
101 | 79 | 93 | 107 | 94 | o5 | AN 4 | 116 | 105 | 106 | 108
102 | 71 | 95 | 123 | 92 % o5 N | 106 | 126 | 101 | 103 | 105
103 | 72 | 94 | 118 | 90 W[ 94 o | 99 | 121 [ 97 | 101 | 104
104 | 72 | 90 | 105 | 7089 | @\ | 74 | 99 | 115 | 90 | 93 | o8
105 | 71 | 81 | 93 gg\ 86 (1788 | 60 | 77 | 89 | 86 | 88 | 90
106 | 76 | 84 | 9 §§4 g\{z 87 | 81 | 90 | 104 | 86 | 87 | 89
107 | 80 | 92 [ya071 86 @7‘ 87 | 90 | 97 | 108 | 86 | 89 | o1
108 | 75 | s (02 @., 85 | 86 | 62 | 82 | 98 | 7 | 81 | 86
109 | 72 86 |o 7 g0 | 82 | 53 | e6 | 77 | 72 | 74 | 76
10 | 70 | 7% | sifNso | 81 | 83 | 62 | 72 | 88 | m | 77 | 82
11 | 77 | 88 <<8\" 83 | 84 | 86 | 82 | o1 | 104 | 82 | 84 | 87
12 | 69 | 87 | b6 | 84 | 85 | 86 | 74 | 87 | 101 | 85 | 86 | 87
13 | 72 | 79 | 87 | 80 | 81 | 84 | 68 | 81 | o1 | 80 | 82 | 86
14 | 70 | 79 | o1 | 78 | 78 | 80 | 59 | 78 [ 95 | 80 | s | &1
1s | 67 | 77 | 83 | 77 | 78 [ 79 | 63 | 82 | 97 | 79 | 81 | &2
116 | 66 | 77 | 92 | 75 | 76 | 78 | e6 | 80 | 93 | 77 | 78 | 80
17 | 63 | 72 | 83 | 74 | 75 | 76 | 58 | 69 | 84 | 78 | 78 | 79
18 | 63 | 77 | 86 | 74 | 75 | 76 | 72 | 87 | 97 | 79 | 81 | s3
119 | 62 | 76 | 80 | 76 | 77 | 77 | e1 | 83 | 106 | 80 | 83 | 84
120 | 67 | 77 | 88 | 7 | 75 | 76 | 60 | 81 | 90 | 72 | 7 | so
1210 | 67 | 74 | 8 | 71 | 73 | 7 | 56 | ea | 86 | 66 | 69 | 72
122 | 64 | 68 | 74 | 69 | 69 | 71 | 59 | 63 | 70 | 62 | 64 | 66
123 | 62 | 68 | 80 | 69 | 69 | 71 | 55 | 65 | 89 | 65 | 66 | 68
124 | 64 | 70 [ 80 | 70 | 71 | 72 | 57 | 69 | 8 [ 68 | 69 | 70
125 | 2 | 73 | 89 | 71 | 7 | 72 | 55 | 69 | 87 | es | 67 | 70
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Table A.6 (continued)

Month |Miomin |Miomean|M10max |M81min |Mgimean | M81max |Y10min |Y10mean|Y10max |Y81min |Y81mean|Y81max
126 | 61 | 70 | 76 | 68 | 69 | 71 | 56 | 64 | 81 | 61 | 63 | 65
127 | 60 | 66 | 70 | 66 | 67 | 68 | 56 | 59 | 64 | 58 | 59 | 61
128 | 60 | 64 | 67 | 65 | 65 | 66 | 54 | 57 | 61 | 56 | 57 | 58
129 | 61 | 64 | 67 | 65 | 65 | 67 | 52 | 55 | 58 | 56 | 56 | 57
130 | 62 | 65 | 70 | 68 | 70 | 72 | 55 | 57 | 60 | 58 | 60 | 60
131 | 63 | 80 | 94 | 72 | 72 | 72 | 54 | 66 | 8 | 58 | 59 | 60
132 | 61 | 67 | 77 | 68 | 71 | 72 | 46 | 52 | 1 | 52 | 56 | 58
133 | 64 | 68 | 74 | 66 | 67 | 67 | 49 | 51 | 55 | 51 | 52 | 53
134 | 64 | 67 | 71 | 66 | 67 | 67 | 49 | 55 | 72 | 52 | 53 | 53
135 | 62 | 66 | 71 | 66 | 66 | 66 | 47 | 51 | 66 | 52 | 52 | 2
136 | 63 | 65 | 70 | 65 | 65 | 66 | 48 | 50 Q 49 | 50 | =2
137 | 62 | 63 | 65 | 63 | 64 | 64 | a7 | as [ 48 | 49 | 49
138 | 60 | 62 | 65 | 62 | 63 | 63 | 46 x‘bb 48 | 48 | 48
139 | 61 | 62 | 63 | 62 | 62 | 62 | 47 2| 48 | 47 | 47 | 48
140 | 60 | 62 | 63 | 62 | 62 | 2 4@27 48 | 47 | 47 | 48
1 | 61 | 63 | 65 | 62 | 62 | 62 JetazS 4 49 | 48 | 48 | 48
142 | 60 | 62 | 65 | 62 | 62 62 “ o i. 9 | 47 | 47 | a8
143 | 60 | 61 | 64 | 62 | 62 46 m\ e | v | v | v

A.8.1 ]JB2008 long-term 25-year solar@a ht@
ion purposes, it is often useful to have a 25-

As a guide for orbit lifetime plannm rls ml
‘ ility t 1ven by solar indices. The following procedure

51stent eatable estimate of long-term 25-year JB2008

year estimate of atmosphere densit
is recommended for producing a
thermospheric densities:

1) Determine the relative g pomt the solar cycle for the proxies and indices from Tables A.5
and A6; the most us ex forﬁs is the Fg; mean value in Table A.5; the start may be at the
end of a cycle; for example, to plan a mission with a spacecraft

beginning, rise, maximum, &

launch in 2012 and to esti t -year lifetime, the assumption would be made that the mission
startis approximately at the maximum of cycle 24; an appropriate date in cycle 23 would be selected
such as Month 60 where the Fg1 mean value is 223; the Fg1 mean value can be used a generalized
indicator of solar cycle phases;

2) Form a consecutive set of monthly proxy and index values by concatenating onto Tables A.5 and
A.6 the Month 0 line of the Tables starting in place of Month 124; although solar cycles are often
thought of as 11-year cycles, there is actually a range of cycle periods and this method results in an
acceptable solar cycle length of 124 months (10 years, 4 months) where the discontinuity between
the end of one cycle and the start of another cycle is minimized; the cycle start in the table data set
is Month 0, the peak is Month 60, and the cycle end is Month 123 when the table is used to create
multiple cycles; it is typical for a solar cycle to have a faster rise to maximum and a slower decline
to minimum; the solar cycle minimum is the lowest average value following the peak of the cycle;
this method has a slight high flux bias by excluding the lowest solar activity conditions and favors
shorter solar cycles; and

3) Repeat this process for as many months, years, or solar cycles as are needed.
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Table A.7 shows the JB2008 altitude profiles of total density p [kg m-3] for low (F19.7 = F10.7avg = 65, S10.7
= 510.7avg = 60, M10.7 = M10.7avg = 60, Y10.7 = Y10.7avg = 60, Ap = 0, Dst = -15), moderate (F10.7 = F10.7avg =
140, S10.7 = S10.7avg = 125, M10.7 = M10.7avg = 125, Y10.7 = Y10.7avg = 125, Ap = 15, Dst = -15), high long-term
(F10.7 = F10.7avg = 250, S10.7 = S10.7avg = 220, M10.7 = M10.7avg = 220, Y10.7 = Y10.7avg = 220, Ap = 45, Dst =
-100), and high short-term (F10.7 = 300, F10.7avg = 250, S10.7 = 235, S10.7avg = 220, M10.7 = 240, M10.7avg =

220, Y10.7 = Y10.7avg = 220, Ap = 240, Dst = -300) solar and geomagnetic activity.

Table A.7 — Altitude profiles of total density for low, moderate, and high long-and short-term
solar and geomagnetic activity

High activity (long High activity (short
H (km) Low activity Moderate activity term) term)
100 5.31E-07 5.47E-07 5.44E-07 5.43E-07
120 2.18E-08 2.40E-08 2.45E-08 2.46E-08
140 3.12E-09 3.98E-09 4 %9 4.45E-09
160 9.17E-10 1.36E-09 . g,E-w 1.60E-09
180 3.45E-10 6.15E-10 “40E-10 7.77E-10
200 1.47E-10 317610 o 4.10E-10 4.38E-10
220 6.96E-11 1.77E-1 " 246E-10 2.70E-10
240 3.54E-11 1.0555‘%(a> NOm56E-10 1.77E-10
260 1.88E-11 oq7E1 o L NV1.04E-10 1.21E-10
280 1.03E-11 . (EAr-11 ) 712811 8.57E-11
300 5.86E-12 | £~ N69E-11 5.00E-11 6.22E-11
320 3.40E-12 - 1.80 3.59E-11 4.60E-11
340 2021, 1 2.61E-11 3.45E-11
360 122610/ | . BdBE12 1.93E-11 2.63E-11
380 7/& /) Gose12 1.44E-11 2.02E-11
400 63613 4.22E12 1.09E-11 1.57E-11
420 ﬁ-lk‘ © 3.02E-12 8.32E-12 1.23E-11
440 1.978,18.) 2.18E-12 6.40E-12 9.69E-12
460 1.21%:13 1.59E-12 4.96E-12 7.70E-12
480 8.04E-14 117E-12 3.87E-12 6.16E-12
500 5.44E-14 8.60E-13 3.04E-12 4.95E-12
520 3.77E-14 6.39E-13 2.40E-12 4.01E-12
540 2.68E-14 477E-13 1.91E-12 3.25E-12
560 1.96E-14 3.58E-13 1.52E-12 2.66E-12
580 1.47E-14 2.71E-13 1.22E-12 2.18E-12
600 1.14E-14 2.06E-13 9.82E-13 1.79E-12
620 9.10E-15 1.57E-13 7.93E-13 1.48E-12
640 7.41E-15 1.20E-13 6.43E-13 1.23E-12
660 6.16E-15 9.28E-14 5.22E-13 1.02E-12
680 5.22E-15 7.19E-14 4.25E-13 8.49E-13
700 4.50E-15 5.60E-14 3.47E-13 7.09E-13
720 3.93E-15 4.40E-14 2.84E-13 5.94E-13
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Table A.7 (continued)
High activity (long High activity (short
H (km) Low activity Moderate activity term) term)
740 3.48E-15 3.48E-14 2.34E-13 498E-13
760 3.10E-15 2.79E-14 1.92E-13 4.19E-13
780 2.79E-15 2.26E-14 1.59E-13 3.54E-13
800 2.53E-15 1.85E-14 1.32E-13 2.99E-13
820 2.30E-15 1.53E-14 1.10E-13 2.54E-13
840 2.11E-15 1.28E-14 9.21E-14 2.16E-13
860 1.94E-15 1.08E-14 7.72E-14 1.84E-13
880 1.78E-15 9.27E-15 6.50E-14 1.57E-13
900 1.65E-15 8.01E-15 5.49E-14 1.35E-13
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Annex B
(informative)

Natural Electromagnetic Radiation and Indices

B.1 Introduction

A spacecraft in Low Earth Orbit (LEO) receives electromagnetic radiation from three primary external
sources.[Z] The largest source is the direct solar flux. The mean value of this solar flux at the mean
SunEarth 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. The two other
radiation sources are the fraction of the incident sunlight reflectedoff the planet, termed albedo, and
the Earth infrared radiation.

\‘he UV radiation of the Sun, which

red from the ground. But it was found
er and the cm wavelength Sun radiation.
) gives an indication of the solar UV radiation

Solar and geomagnetic activities are often described by ind
strongly affects the Earth’s atmosphere, cannot be directly
to be strongly correlated with, for example, the sunspo
For example, the widely used 10,7 cm radio flux index
output which is highly variable over a solar cycle. \

Geomagnetic indices typically describe the variation of the gee etic field over a certain time period.
They provide a measure of the disturbance ofithe mag phere which has direct consequences for the
charged particle space environment, og t rnal co ent of the geomagnetic field.

Solar and geomagnetic indices arg inpu@upper atmosphere and other models of the near
Earth space environment. They @ré rt durations or as long time averages. Predictions
for future index values are usually providé ifferent confidence levels and they are available for
complete solar cycles (see B.2 @ he givelﬁi re mainly average values. For detailed thermal analyses
or certain special applications;ore dew ata and models are required, These are outside the scope

of this International St : Q~
B.2 Electromﬁwtic r@tion and indices
B.2.1 Solar constantQ

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 currently measured 1-sigma standard deviation in the composite datasetis approximately
0,6 Wm-2 and there is along-term (yearly) smoothed solar cycle minimum to maximum relative variation
about the mean value of approximately 1,4 Wm-2 (largest during the period of maximum solar activity).

B.2.2 Solar spectrum

B.2.2.1 Soft X-rays or XUV (0,1 nm to 10 nm)
Usually associated with solar coronal phenomena, flares, million-degree temperatures, and atomic

dissociation, the corona extends from about 21 000 km to 1 400 000 km above the photosphere. X-ray
flares are responsible for enhancements in the D and E regions of the Earth’s ionosphere.
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B.2.2.2 Extreme ultraviolet or EUV (10 nm to 121 nm)

EUV has emission lines that come from the upper chromosphere (near-coronal temperatures), transition
region, and lower corona. This spectral band is responsible for ionization and heating in the E and F
regions of the ionosphere.

B.2.2.3 Ultraviolet or UV (100 nm to 400 nm)

UV solar flux is emitted primarily from the base of the Sun’s chromosphere layer, and has components
due to active and quiet solar conditions. This band is responsible for only 1 % of the total solar irradiance,
butitis important because below 300 nm, it is completely absorbed by ozone and diatomic oxygen atoms
in the Earth’s upper atmosphere.

B.2.2.4 Visible, optical or VIS (380 nm to 760 nm)

Visible light comes from the solar photosphere, which is only about 400 km thick, has a temperature of
approximately 5 000 to 6 000 degrees Kelvin, and yet is responsible for t reatest percentage of the
total solar radiation.

B.2.2.5 Infrared or IR (0,70 pm to 1 mm) 6@'

Solar infrared in this range is responsible for the direct he@ of the Earth’s lower atmosphere,
through absorption by H»0, and has an effect on minor s e@ nstituents in the Earth’s mesosphere

and thermosphere.
[SO 21348 on determining solar irradiances provides %det 'ls@e olar spectrum.

B.2.3 Solar and geomagnetic indices —‘@ional in ation

Solar and geomagnetic indices are used y be the y levels of the Sun and the disturbance of
the geomagnetic field. Most activity indiCes,are giver@ short periods and as long duration averages.
They are also used for long range @\ tions o activities. Many space environment models
require activity index values as input_parame eomagnetic activity indices are used to describe

fluctuations of the geomagnetic ,filsl
B.2.3.1 Sunspot num : a

The sunspot number (R, alterna'Ql lled R;j or R;) is a daily index of sunspot activity, defined as

R=k(10g+s) (B.1)
where

s is the number of individual spots,

g the number of sunspot groups, and

k is an observatory factor.

R12 (Rz12) is the 12-month running mean of the sunspot number R.

B.2.3.2 Fq07

F10.7 (abbreviated F1g) is the traditional solar energy proxy that is used both for NRLMSISE-00 and
JB2008 atmosphere models and the Earth GRAM 2007 model. It corresponds to the solar radio flux
emitted by the Sun at 2 800 megaHertz (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
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spot groups on the disk. Solar flux density at 10,7 cm wavelength has been recorded routinely by radio
telescope near Ottawa since February 14, 1947.

Each day, levels are determined at local 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).

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 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 F1g97 are 10-22 Wm-2Hz1; the numerical value is used without the multiplier
as is customarily done and expressed as solar flux units (sfu). In other words, a 10,7 cm radio emission of
150 x 10-22 W m-2Hz-1 is simply referred to as F1¢.7 = 150 sfu.

F10.7 and the sunspot number, R, are correlated. Averaged (ove émonth or longer) values can be
converted by the following expression: {

F10.7=63.7+ 0.728R + 8.9 x 10 -4R2 & (B.2)

B.2.3.3 E10.7

Although not used in atmosphere models descr e arller 1\%:@ integration in the range from 1 to
105 nm of the energy flux of solar irradianceceported i ux units (sfu) or x10-22 Watts per metre
squared per Hertz.

-\
B.2.3.4 S107 sé}\o $

As described by Tobiska et g ) the S ex is the integrated 26 - 34 nm solar irradiance that
is measured by the Solar E e -ultravi onitor (SEM) instrument on the NASA/ESA Solar and
Heliospheric Observator rese satellite. SOHO has an uninterrupted view of the Sun by
operating in a halo o b\ﬁ Lag int 1 (L1) on the Earth-Sun line, approximately 1,5 million km
from the Earth. S ilt and is'gperated by University of Southern California’s (USC) Space Science
Center (SSC) PI tea dge et a%OOl). SET provides an operational backup system called APEX for the
SEM data processing as well a@ tes and distributes the S19.7. SOHO was launched on December 2, 1995
and SEM has been makil\%s ations since December 16, 1995. The SEM instrument measures the 26 -
34 nm solar EUV emission with 15-second time resolution in this first order broadband wavelength range.

The S10.7 index is an activity indicator of the integrated 26 - 34 nm solar emission and is created by first
normalizing the data, then converting it to sfu via a first degree polynomial fit with F1g 7. Spikes from
abnormal flares and missing data were excluded from the fitting vectors. Normalization is achieved
for the 1 AU adjusted epoch values, denoted as SOHO_SEM3¢ 34, by division of a mean value over a time
frame common to multiple datasets. The mean value = 1,995 5 x 1010 photons cm-2 s-1. The common
time frame is December 16, 1995 to June 12, 2005, which is generally equivalent to solar cycle 23. The
resulting index is called S19.7.

In addition to this basic derivation, corrections to S1g9.7 are made as follows. The originally released
version of S197 (v1.8) ranged from January 1, 1996 to December 30, 2005. In versions 3.0 - 3.9 used
by JB2008, the S1p.7 values between those dates are the original ones derived in v1.8. However, in
versions 3.0 - 3.9 after June 12, 2005, a slight long-term trend was removed to ensure that similar values
at the minima of solar cycles 22 and 23 were achieved. For JB2008, (S19.7 values v4.0 and higher) a
new derivation was completed as given in Equation B.3 and there may be slight differences of <0,5 %
compared to earlier versions of S1g.7. Figure B.1 shows S19.7 and the Sg1 (81-day centred smoothed)
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values (v4.0) for solar cycle 23 from January 1, 1997 to January 1, 2009. Daily updated values are found
at the JB2008 menu link on the SET http://spacewx.com website.

S10.7 = (-2,901 93) + (118,512) * (SOHO_SEM2 34/1,995 5 x 1010)

(B.3)
S10.7
300 T T T T T T T T T T T
200
1005 i
oF
1997 1998 1999 2000 2001 2002 2003 2004 2005 2008 2009
Figure B.1 — S1¢.7(v4.0) daily and 81-day smoot 5‘&; foﬂy the JB2008 model from
January 1, 1997 to ry 1,2
Chromospheric He II at 30,4 nm and coronal F& ’é 28,4 nm@nate the broadband SEM 26 - 34 nm
irradiances but that bandpass includes coutr' tions fro her chromospheric, transition region, and
coronal llnes Wenote thatwhen the SO OS dTIME 26 — 34 nmintegrated dataare compared,

l@ active solar conditions. It is possible that the
2nd order emissions from the coronal 17,1 nm
toplc needs further investigation. The energy in

SOHO SEM measurements are slight
Fe IX line that have not been re ove

this bandpass principally com m sola egions, plage, and network. Once the photons reach
the Earth, they are deposit r ed) rrestrial thermosphere mostly by atomic oxygen above
200 km. We use the dail dex a 1-day running centre-smoothed values, Sg1, with a 1-day
lag (the best correlation with satel en51ty residuals) as described in Bowman, et al. (2008a). We

infer the 1-day lag is consistent e average atomic oxygen thermal conduction timescale in the
thermosphere above 180 km.

B.2.3.5 Mjio7

Tobiskaetal. (2008) describe the development of the M1¢ 7 index. Itis derived from the Mg Il core-to-wing
ratio that originated from the NOAA series operational satellites, e.g., NOAA-16,-17,-18, which host the
Solar Backscatter Ultraviolet (SBUV) spectrometer (Heath and Schlesinger, 1986; Viereck et al, 2001).
This instrument has the objective of monitoring ozone in the Earth’s lower atmosphere and, secondarily,
making solar UV measurements. In its discrete operating mode, a diffuser screen is placed in front of
the instrument’s aperture in order to scatter solar middle ultraviolet (MUV) radiation near 280 nm
into the instrument. Although the NOAA data are from operational satellites, the SORCE/SOLSTICE and
ERS-2/GOME research satellites also make the Mg Il cwr measurements.

On the ground, the Mg II core-to-wing ratio is calculated between the variable lines and nearly non-
varying wings. The result is a measure of chromospheric and some photospheric solar active region
activity is referred to as the Mg Il core-to-wing ratio (cwr), and is provided daily by NOAA Space
Environment Center (SEC). The ratio is an especially good proxy for some solar FUV and EUV emissions
and it can represent very well the photospheric and lower chromospheric solar FUV Schumann-Runge
Continuum emission. The daily Mg Il cwr is used in a linear regression with F1g7 to derive the M1g.7
index for reporting in F19 7 units and with a 5-day lag.
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The 280 nm solar spectral band contains photospheric continuum and chromospheric line emissions.
The Mg Il h and k lines at 279,56 and 280,27 nm, respectively, are chromospheric in origin while the
weakly varying wings or continuum longward and shortward of the core line emission are photospheric
in origin. The instruments from all satellites observe both features. On the ground, the ratio of the Mg
I variable core lines to the nearly non-varying wings is calculated. The result is mostly a measure of
chromospheric solar active region emission that is theoretically independent of instrument sensitivity
change through time. However, long-term changes can occur in the index if instrument wavelength
calibrations change in-flight or the solar incidence angle into the instrument changes. The daily Mg II
core-to-wing ratio (cwr), described by Viereck, et al. (2001), has historically been provided through the
NOAA Space Weather Prediction Center (SWPC). Itis likely, however, that the index values at NOAA SWPC
are presently uncorrected. SET has developed and provides a corrected, operational Mg Il cwr data
product (Mgllcwr sgT) available at the Products menu link of http://spacewx.com that uses the NOAA-
16, -17, -18, SORCE/SOLSTICE, and ERS-2/GOME data sources. Bouwer (2008) describes the detailed
processing of the Mgllcwr sgT product. The NOAA data come directly through NOAA NESDIS and SET
uses the DeLand algorithm (DeLand and Cebula, 1994; Cebula and DeLand, 1998) to create the index.

M10.7 E
300_ T T T T T T T T T T

ol 1 1 L 1 2
1997 19‘98 0 2001 20 032004 2005 2006 2007 2008 2009

anuar 7 to January 1, 2009

Figure B.2 — M1¢.7 (v4.0) @ss\n\d 81@&oothed values for use by the JB2008 model from

The Mg Il cwr is an s@ally go@&xy for some solar FUV and EUV emissions. It well represents
photospheric and%c romogphebic solar FUV Schumann-Runge Continuum emission near 160 nm
that maps into lowerthermo e heating due to Oz photodissociation (Bowman, et al,, 2008a). Since
a 160 nm solar FUV emis§i otosphere index is not produced operationally, the Mgllcwr sgT proxy
is used and modified int e M19.7 index for comparison with the other solar indices. This derivation
is performed in the following manner. A relationship between the long-term (multiple solar cycle) daily
Mgllewr seT and F1g.7 is created by making a first-degree polynomial fit to produce a coefficient set
that can translate the index into sfu. The result is M*1g 7. Next, a correction is added for the decline of
solar cycle 23 to account for NOAA 16 instrument degradation that may be related to its diffuser screen
illumination geometry changing with time; this cause is unconfirmed. The correction is accomplished
by using another first degree polynomial fit between a trend ratio and day number starting 2448542.0
JD (October 12, 1991 12:00 UT) near the peak of solar cycle 22. The trend ratio is formed from the 365-
day centre smoothed M*1y 7 divided by the 365-day centre smoothed F1g7. Equation (B.4) is the final
v4.0 formulation of the M1g 7 index, shown in Figure B.2. The derived Mg 7 index is reported in sfu, i.e.
F10.7 units with a lower threshold minimum value set to 60. There may be slight differences of up to 1 %
compared to earlier versions of Mg 7.

Mig.7 = [-2 107,6 186 + (8 203,0 537)*(Mgllewr seT)] + [(M*10.7)*(1,289 058 9 + (-8,377 723 5 x 10-

5yx- 1))
(B.4)

The day number x = 0, 1, 2, ... with x = 0 equivalent to starting on 244 854 2,0 JD. Figure B.2 shows the
M19.7 index during solar cycle 23 from January 1, 1997 to January 1, 2009.
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The daily M1¢.7 and its 81-day running centre-smoothed values, Mgy, are used with a 2-day lag in JB2008
as a proxy for the Schumann-Runge continuum FUV emission (Bowman, et al, 2008a). Originally, the
JB2008 model, which did not use Y1¢.7, had alag time for M9 7 of 5 days since the index was incorporating
a combination of lag times from several energy transfer processes in the lower thermosphere to the
mesopause. However, with the addition of the lower altitude (85 - 100 km) relevant Y1¢.7 index, a shorter
lag time was appropriate for M1g 7, which represents O, photodissociation, recombination, conduction,
and transport processes at the 95 - 110 km level. We infer the 2-day lag is consistent with the average
molecular oxygen dissociation and thermal conduction timescale in the thermosphere above 95 km,
although eddy and turbulent conduction processes may play a role.

B.2.3.6 Y107

The XL1g.7 index was developed as a candidate index for the JB2006 model (Tobiska et al.,, 2008) but
was unused. While developing the JB2008 model, it was determined that a thermospheric energy
contribution to satellite drag from the 80 - 95 km region was significantly correlated with the composite
XL10.7 solar index.

Solar X-rays in the 0.1 - 0,8 nm wavelength range come from the cool an @orona and are typically a
combination of both very bright solar active region background that v slowly (days to months) plus
flares that vary rapidly (minutes to hours), respectively. The photo riving at Earth are absorbed
in the lower thermosphere to mesopause and (85 - 100 km) by ular oxygen (02) and molecular
nitrogen (N2) where they ionize those neutral constituents to he ionospheric D-region.

operational spacecraft. The GOES/XRS provides the throu rent epoch 0,1 - 0,8 nm solar
X-ray emission data with a 1-minute cadence an as 5-mi a ency. These data, which are
particularly useful for flare detection, are cont \*sly rep NOAA SWPC at their website of
http://www.swpc.noaa.govy/.

The X-ray Spectrometer (XRS) instrument is part of 1&] rumen:package on the GOES series

Tobiska and Bouwer (2005) used the GOES 0,1 O,wata to develop an index of the solar X-ray
active region background, without the f C poger@ perational use. This is called the X1 index
and is used to represent the daily en is dc$ nto the mesosphere and lower thermosphere.
While the 0, 1 - 0,8 nm X-rays ar r energyssolirce in these atmospheric regions during high solar

activity, they relinquish their ance er emission that reaches the same optical depth, i.e.
the competing hydrogen ( an-a e that is the major energy source in this atmosphere
region during moderate ar aetivi Lyman ais created in the solar upper chromosphere and
transition region, and demarcates t@' from the FUV spectral regions. It is formed primarily in solar
active regions, plage, and netw hotons, arriving at Earth, are absorbed in the mesosphere and

lower thermosphere where they'dissociate nitric oxide (NO) and participate in water (H20) chemistry.
Lyman-a is regularly observed by the SOLSTICE instrument on the UARS and SORCE satellites as well as
by the SEE instrument on TIMED (Woods, et al., 2000).

Y10.7
300 T T T T T T T T T T T

ol I I 1 i 1 1 I 1 ! 1 1

1997 1898 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Figure B.3 — Y10.7 (v4.0) daily and 81-day smoothed values for use by the JB2008 model from
January 1, 1997 to January 1, 20009.
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Since these two solar emissions are competing drivers to the mesosphere and lower thermosphere, a
composite solar index of the X109 and Lyman-a has been developed. It does not contain a flare component
and is weighted to represent mostly X,19 during solar maximum and to represent mostly Lyman-a during
moderate and low solar activity. A normalized Fg1, Fg1norm, consisting of the 81-day centered smoothed
F10.7 divided by its mean value for the common time frame of January 1, 1991 through February 16,
2008, is used as the weighting function and multiplied with the Xp19 and Lyman-a (Lya) expressed as
ratios to their solar maximum values. The resulting index is called Y107 and equations (B.5), (B.6), and
(B.7) describe this index as reported in sfu.

Y10.7 = F81norm * X10 + [(1- Fg1norm) * L10]
(B.5)

L10 = -88,392 6 + (3,358 91 x 10-10 * Lya) + (2,404 81 x 10-22 * Lya2)
(B.6)

X10 = [(-42,599 1 + (0,533 669 * Xp10)]

&
>

This daily index was tested with multi-day lags and the ‘5-day lag was found to have the strongest

X10 has a minimum threshold value of 40.

correlation signal in the satellite drag density resi after modeled density variations due to the
other solar indices were removed. The 81-day ente thed values, Yg1, are also used with
the 5-day lag. It was infered that the 5-day lagsis \t the average molecular oxygen and

molecular nitrogen thermal conduction tirh%a in the er thermosphere above 85 km, although
eddy and turbulent conduction may als.o % role. Fi @ .3 shows the Y107 index during solar cycle
23 from January 1, 1997 to January 1,&

&

% en al dices for the time frame of January 1, 1997 to
o[¢ values used to highlight the trends of each proxy or index.

eX Or pro% ures a different type of solar energy variability. The
and proxi he most complete representation to date, for empirical

els, of% XUV, EUV, Lyman-a, and FUV energy that is deposited at

Figure B.4 provides a compari
January 1, 2009. The 81-day sn
Figure B.4 shows that each
composite of these 4 indice
thermospheric density mod

85k ve 200 km. It is these energies that heat the thermosphere and

optical depths rangi
affect satellite orhbij
daily density variability in theB2008 exospheric temperature equation for Tc can be determined. The

F10.7 contribution to Tc Q

300 T T

expressing the proxies and indices in common units, their contribution to the
bility is 9,8 %, S10.7 is 74,1 %, M1¢.7 is 10,3 %, and Y19.7 is 5,8 %.

JB2008
T T

indices
T

T T T T T

200

sfu

100

ol I 1 1 1 I L 1 1 L I L
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Figure B.4 — Fg1, Sg1, Mg1, Yg1 (v4.0) values for use by the JB2008 model from January 1, 1997 to
January 1, 2009

Table B.1 provides the mapping of each index, including the data used to derive them, from its solar
irradiance source(s) to the thermospheric optical depth(s) in which it is effective. The table includes the
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ISO 21348 spectral category, ISO 21348 spectral sub-category, wavelength range in units of nm, solar
source temperature region, solar source feature, altitude region of terrestrial atmosphere absorption
at unit optical depth in units of km, and terrestrial atmosphere thermal region of energy absorption.
The indices and proxies that are marked with a footnote “@” have been selected for use in the JB2008
empirical thermospheric density model and specifically in its exospheric temperature equation. Table
B.2 summarizes the characteristics of the daily solar indices including their observing facility, the
instrument(s) used for observing the index/proxy, the nominal observation time frame, the measurement
cadence, latency, and an assessment of the observational availability.

Table B.1 — Solar indices related to atmospheric heating

Index | ISO 21348 | ISO 21348 | Wavelength | Solar source Solar Atmosphere | Terrestrial

Spectral | Spectral | range (nm) | temperature source absorption | atmosphere
category | sub-cate- region feature (unit optical | absorption
gory depth, km) (thermal
region)
F10.72 Radio Radio 10.7E7 Transition Active 90-500 Thermosphere
region, cool reglon with 1-day lag;
corona h 9,8 % daily
@' variability
é contribution
S10.72 uv EUV 26-34 Chromosphere, 200-300 Thermosphere
corona (a, glo with 1-day lag;
\“ lage Q 74,1 % daily
% \ s variability
contribution

M10.72 uv FUV 160 here- GR} 95-110 Lower ther-
hromo- mosphere

N < sphere with 2-day lag;

\ 10,3 % daily
& S @ variability
r\ \\ contribution

Mgl- uv MUV \ed ﬂosphere Active 200-300 Thermosphere
Lewr \ @ region,
() - plage, net-
% work
Y1072 | X-raysand | X-ray 0,1 21 | Chromosphere, Active 85-100 Mesopause-
uv Lyman-o transition region, lower thermo-
1 region, hot plage, net- sphere with
corona work 5-day lag; 5,8

% daily vari-
ability contri-

bution
H Lya uv H Lyman-a 121 Transition Active 85-100 Mesopause-
region, chro- region, lower thermo-
mosphere plage, net- sphere
work
Xb10 X-rays X-rays 0,1-0,8 Hot corona Active 85-100 Mesopause-
region back- lower thermo-
ground sphere

a[ndex or proxy is used in the JB2008 model exospheric temperature equation.

b The h and k lines at the band center are chromospheric and are referenced to blackbody continuum wings at edges of
bandpass.
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Table B.2 — Characteristics of daily JB2008 solar indices

Index or Index or Instrument | Observation | Measurement | Measurement | Operational
proxy proxy time frame cadence latency availability
F10.7 F10.7 Radio tel- 1947-2009 3 times/day Up to 24 hours |yes
escope
S10.7 S10.7 SEM, EUVS 1996-2009 15 second Up to 24 hours |(a)
M1o.7 M10.7 SBUV, SOL- 1991-2009 2 times/day Up to 24 hours |yes (c)
STICE, GOME
Y107 Y107 XRS, SOL- 1991-2009 1 minute, 16 Up to 10 min- (b)
STICE (2), SEE times/day utes, up to 48
hours

(a) SOHO/SEM is a NASA research instrument but provides daily irradiances on an operational cadence; GOES 13 EUVS B
channel makes measurements in the same bandpass as SOHO SEM.

(b) GOES XRS is a NOAA operational instrument whereas TIMED/SEE and SORC
providing daily irradiances on an operational measurement cadence.

E/SOLSTICE are NASA research instruments

veral years.

B.2.3.7

IG12isasolaractivity index derived from the monthl
observations. The IG index has been confirmed a
of fOF2 are being prepared with the aid of the

1G12

the IRI-2007 ionospheric model.

(c) UARS/SOLSTICE stopped in 2005; SORCE/SOLSTICE intends to prov1de%é

(04

s of io

oon fOF2 dataavailable from 13 ionospheric

eric characteristics. IG12 is used for

y
@Ernatig) sunspot number when predictions

ey are based on 3-hour measurements from 13
nd are expressed in units of 2 nT. K}, is essentially the

ds of a unit, e.g. 5-is 4 2/3,50is 5 and 5+ is 5 1/3.The
e index Ap can have values intermediate to those of ap.

>

B.2.3.8 K, and ap ¢

Most widely used planetary indji
ground stations. Values of ap ra
logarithm of ap, its scale is 0 fo e
conversion from Kp to ap is g

Dst (Disturbance m Time) is{%eomagnetic indexused in external magnetic field model computation.
It describes variations in the @ atorial ring current and is derived from hourly scalings of low-latitude
horizontal magnetic variation.It is expressed in nT.

B.2.3.9 Dst

B.2.3.10 IMF

IMF (Interplanetary Magnetic Field) is a geomagnetic index used in external magnetic field model
computation. It corresponds to the part of the Sun’s magnetic field that is carried into interplanetary
space by the solar wind. The three orthogonal components of the IMF are Bx, By, and Bz, Bx and By are
oriented parallel to the ecliptic.

The IMF is a weak field, varying in strength near the Earth from 1 to 37 nT, with an average value
of about 6 nT.

B.3 Recommendations

B.3.1 Electromagnetic radiation
a) The valuesin ASTM E490 and Table B.4 should be used for the electromagnetic radiation.
b) The solar spectrum should be approximated by a black body curve with a characteristic

temperature of 5 762 K.
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c) A space sink temperature of 3 K should be used.

B.3.2 Reference index values

a) For daily and 81-day averaged values of F19.7, S10.7 M10.7 and Y10.7, the values given in at the
offered JB2008 website (http://sol.spacenvironment.net/~JB2008/indices.html; also item d in
B.5) should be used.

NOTE1 ap is only weakly correlated with the solar activity indices. It has a seasonal variation and is
higher at the equinoxes.

NOTE 2 81 days corresponds to 3 solar rotations and 81 day averaged values are used as input for
atmosphere models.

NOTE3  The climatological (average) value of Dst = -15 nT.

b) For fixed index values, the numbers given in Table A.4 for low, moderate, and high solar and

geomagnetic activities should be used.
1) The longterm values are averaged values for periods longer th g
2) The long-term values apply as well for periods of 1 week c@
3) The short-term values are daily values. Q
¢) The temporal evolution in ap shown in T ’%{ be uﬁto describe the worst case
fluctuations during successive intervals for a tot on of 4

evant (low, moderate, or high) long-

d) The ap values of Table B.5 should be used tog r with
term averaged values of F1¢.7, S10.7 and M 1n Table

B.3.3 Tailoring guidelines

a) For design purposes the “wors %& act1v1t s given in Case 2: short-term, 27-days high
activity in Table A.4, should be

NOTE These can be the@ low endlng on the effect to be studied.
b) All worst-case value w1 out any additional margin.
c) The values given in Tables A.5 a for a full solar cycle should be used:
1) for applications that regre a realistic sequence of index values for future predictions, for
example orbital calculations using index-driven atmospheric models;

2) for a given specific phase of the solar activity cycle.

d) The solar cycle activity in Tables A.5 and A.6 should be extended by repetition of the 11 year cycle,
as described in A.8.1.

NOTE March 2008 can be assumed as start of cycle 24 unless another estimate with a higher confidence
level is released from the Solar Cycle 24 Prediction Panel (at NOAA Space Environment Center (SEC).

Table B.3 — Conversion from K, to ap

Ky 0 0+ 1- 1o 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
ap 39 48 56 67 80 94 111 | 132 | 154 | 179 | 207 | 236 | 300 | 400
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Table B.4 — Electromagnetic radiation values

Solar constant at 1 AU 1366,0 Wm-2
Solar energy flux at aphelion 1321,6 Wm-2
Solar energy flux at perihelion 1412,9 W m-2

Table B.5 — Example values for ap, Dst, and dTc storm variability

Time [hrs] ap Dst dTc
0 -004 85
1 -006 85
2 -005 85
3 22 -007 85
4 22 015 38
5 22 -0 6 50
6 94 N 56
7 94 Q 4 56
8 94 N\ w017 63
9 94 " 038 86
10 94 122
11 94 N =L Noss” 126
12 179 (N L) 049 130
13 LN 102 193
14 $ 162 266
15 NN3000 8N 171 268
16 . 300" -229 339
17 = ol -329 469
18 NV N\Goo 396 551
19 é S 300 -413 563
20 F,\J 300 -422 564
21 207 -422 509
22 207 -405 457
23 207 343 412
24 111 309 372
25 111 256 339
26 111 230 309
27 80 194 283
28 80 191 259
29 80 185 235
30 80 156 214
31 80 162 193
32 80 162 172
33 22 141 154
34 22 130 137
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Table B.5 (continued)

Time [hrs] ap Dst dTc

35 22 -122 121

36 7 -118 106

37 7 -117 103

38 7 -110 86

39 15 -104 71

40 15 -105 72

41 15 -104 70

42 12 -092 40

43 12 -086 25

44 12 -083 17

45 12 -076

46 12 -069

47 12 -066%‘
NOTE The solar constant, a historical term, is not constant. It v eometrlcally with the Earth’s distance
from the Sun and physically with the Sun’s magnetic field act1v1t t to long timescales, as well as with the
observer’s heliocentric latitude. The value of 1 366,0 W m-2 ure ommunity’s current agreement.
The currently measured 1-sigma variation of the comp051te fspace easurements is approximately
0,6 W m-2, and there is a long-term (yearly) smoothed lar mlmm ximum relative variation about
the mean value of approximately 1,4 W m-2 ISO 21348 ence.
B.3.4 Solar activity values for comple I CyC

Tables A.5 and A.6 list the minimum, mea ‘ axj ily and 81day averaged values for F10.7, S10.7
3. The v e averaged over 30-day (1 month) intervals.
i ces averaged over 30-day (1 month) intervals. F1g
ivity indices, Fg1, Sg1, and Mg are the corresponding
and max, denote the minimum, mean, and maximum

Tables A.5 and A.6 show solar cycle

(F10.7), S10 (S10.7) and M1 (M1o.7}are the dail
81-day averaged values. Th @ l‘@g

values for the given mon olar (

B.4 Additional informati hort-term solar variations

The information given in Tables A.5 and A.6 combined with B.5 starts from low solar and geomagnetic
activity levels, respectively. Then an X-ray flare occurs. On the Sun-surface this may occur with the
ejection of highly energetic charged particles. The flare can push up the solar indicies near Earth almost
instantaneously. The ap is still at its normal value for activity around 4. The solar indices then fade
within about 6 hours to pre-flare values. In less than a day, the faster solar wind particles arrive at
Earth, disturb the magnetic field, and thus the ap index increases. The disturbance lasts up to 24 hours.
Thereafter it settles at its pre-event levels. The solar indices stay at their average values.

This scenario can be recurring as a disturbance event can easily last about a week. During such an
event, flares occur repeatedly within the same active region on the Sun. Extreme values of solar indices
and ap do not usually occur simultaneously. Such a situation would only occur at the Earth if a second
flare, essentially unrelated to the first, occurred on the Sun at the same time that the charged particles
from the first flare arrived at Earth. That situation is possible but happens rarely and seems not to have
occurred within the historical data set.

This scenario describes a “worst case” event but is neither unrealistic nor overly conservative. The
X-rays (high solar indices) can lead to enhanced intensities and heating at equatorial and low latitude
regions where the solar radiation intensity is highest. The high a, values lead mainly to an increase of
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atmospheric density in the high latitude and polar regions where the effect of dissipation of energy and
momentum from the magnetosphere is largest.

The short term variation in Table B.5 addresses ap only. Short-term variations of the geomagnetic field
have larger effects on the atmosphere than short-term variations of the solar activity. The atmospheric
effects of solar activity variations on time scales of hours are still uncertain. Large short-term variations
of ap can occur during all phases of a solar cycle.

B.5 Useful internet references for indices

a)
b)

c)

d)

Indices glossary: http://www.sec.noaa.gov/info/glossary.html
F10.7 daily values at DRAO website: http://www.nrc-cnrc.gc.ca/index.html

F10.7, Kp, Ap, Dst, Solar Wind Speed, IMF archive values at Space Physics Interactive Data Resource
(SPIDR): http://spidr.ngdc.noaa.gov/spidr/index.jsp

F10,5S10,M10,Y10,Dst,apand source code at]B2008 website: htt :@.spacenvironment.net/~]B2008/

F10.7 predictions at NASA Marshall Space Flight Centez’s:@. /sail.msfc.nasa.gov
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