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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

(IS
tec
est

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

prnational Standards are drafted in accordance with the rules given in the ISO/IEC Direttives, Paft 2.
b main task of technical committees is to prepare International Standards. Draft\International |Standards
ppted by the technical committees are circulated to the member bodies for voting. Publicajion as an

brnational Standard requires approval by at least 75 % of the member bodies.Casting a vote.

ention is drawn to the possibility that some of the elements of this documient may be the subjegt of patent
nts. ISO shall not be held responsible for identifying any or all such patent rights.

D/TR 11225 was prepared by Technical Committee ISO/TC 20, Aircraft and space vehicles, Sufjcommittee
14, Space systems and operations.
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Introduction

Since the mid 19" century there has been considerable effort devoted to the development of standards and
reference atmosphere models. The first “Standard Atmospheres” were established by international agreement
in the 1920s. Later some countries, notably the United States, also developed and published Standard

lonospherg-Mesosphere-Electrodynamics General Circulation Model (TIME-GCM), and research reports|on
measurements made by satellite, aircraft, and ground systems of the atmosphere are also not included in this
Technical Report.
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Space environment (natural and artificial) — Guide to reference
and standard atmosphere models
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s Technical Report provides guidelines for selected reference and standard atmosphetic ‘models
pineering design or scientific research. It describes the content of the models, uncertainties and
hnical basis, databases from which the models are formed, publication references, and

m surface to 4000 kilometers, which are generally recognized in the aerospace sciences. This

hatologists in understanding available models, comparing sources of data; and interpreting engin
entific results based on different atmospheric models.

s Technical Report summarizes the principal features of the‘models to the extent the infg

Model content

Model uncertainties and limitations

Basis of the model

Publication references

Dates of development, authors and sponsors
Model codes and sources
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Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 5878:1982, Reference atmospheres for aerospace use

ISO 5878:1982/Add 1:1983, Reference atmospheres for aerospace use — Addendum 1: Wind supplement
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ISO 5878:1982/Add 2:1983, Reference atmospheres for aerospace use — Addendum 2: Air humidity in the
Northern Hemisphere

ISO 5878:1982/Amd 1:1990, Reference atmospheres for aerospace use — Amendment 1

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.1

reference
vertical te
locations d

3.2
mean sea
reference

3.3

geopotent
point in at
relative to

4 COS

41 Mogd

The COS
temperatu
(COSPAR
CIRA 1972

atmospheres
mperature profiles for each latitude and season; atmosphere models for specific geegraph
r globally

level
boint for both geopotential and geometric altitudes

ial altitude
mosphere expressed in terms of its potential energy per unit mass*(geopotential) at this altitd
5ea level

PAR International Reference Atmosphere (CIRA), 1986

el content

e and density from 0 km to 2000 km as_recommended by the Committee on Space Resea
. Since the early sixties, different editions of CIRA have been published: CIRA 1961, CIRA 19
, and CIRA 1986.

The Com

the Thermpsphere, Part 1l: Models of the-Middle Atmosphere, and Part Ill: Models of Trace constituents. H
Il is similar in many respects to| the NASA/GSFC Monthly Mean Climatology of Temperature, Wi

Geopoten
(published
nitrogen d
oxygen, ar

Chapter 1
Spectrome
range is 9
above 120

ittee on Space Research’s CIRA 1986 Model Atmosphere consists of three parts: Part |: Models
jal Height and Presstre- for 0-120 km. This model is described later in this volume. Part
in 1996) gives madel, information on ozone, water vapor, methane and nitrous oxide, nitric a
d atomic hydrogen.

of Partd™(ref 5.1) describes the empirical thermospheric model which is based on the M

ter-Incefierent Scatter (MSIS) 1986 model of Hedin (ref 5.6, 5.8). Like Hedin's model, the altitd
0-2000 km, however, the models presented in Part | should be used exclusively for applicatid
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PAR International Reference Atmosphere~(CIRA) provides empirical models of atmospheric
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km; Part 1l should be exclusively used below 90 km while the “merging models” contained in Pa

should be
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el

are temperature, density, and composition, but not neutral winds. A large number of representative tables,
coefficients, and the FORTRAN program are listed in the appendices of this referenced volume. With the aid
of the program and the coefficients, representative thermospheric parameters can be generated for all
locations, Universal Time and seasons, and for a very wide range of solar and geomagnetic activity.

Chapter 2 presents theoretical thermospheric models attributed to Rees and Fuller-Rowell (ref 5.7). These
models reveal the detailed interrelationships between thermospheric structure (i.e., temperature and density),
chemistry, and dynamics for simplified models of solar and geomagnetic forcing. A set of initial case studies
using a coupled polar ionosphere/global thermosphere model is also presented, which demonstrates the
major interactions between the thermosphere and ionosphere.
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Part | also contains five specialized chapters which review the major empirical contributions to our current
understanding of the thermosphere. These sections discuss in situ mass spectrometer measurements of
composition, temperature and winds; incoherent scatter radar measurements, satellite and ground-based
measurements of thermospheric temperatures and winds, the thermospheric storm-like response to high
levels of geomagnetic activities; and our understanding of the variance of solar EUV radiation.

Subsequent to publication of the CIRA 1986 model, several related developments have occurred. They
include: (1) the characterization of the mean behavior of the Earth’s atmosphere from 0 to 120 km altitude on
the basis of the CIRA 1986 model (ref 5.4) as an annual zonal mean for 30 deg N to derive single profiles for
the pressure, height, temperature, and zonal wind, and (2) a new zonal mean CIRA-1986 of temperature,
zonalwind,and geopatential L geometric heightas a function of altitude or pressure extending from the ground

to approximately 120 km in the 80 deg S — 80 deg N latitudes (ref. 5.5).

The COSPAR committee responsible for updating the CIRA, 1986 Model met in July 2008 to afdress the
upflating of the CIRA, 1986 Model. The CIRA 2008 Model was adopted by COSPAR.

4.2 Model uncertainties and limitations

4.21 The quality of the database describing some observables is variable, The experimental global scale
database for the lower thermosphere is still extremely limited.

4.2.2 The models are not reliable for large atmospheric disturbances: However, the causes of ajmospheric
vatfiability are discussed in great detail.

Stgndard deviations from mean values of atmospheric parameters are not provided.

4.3 Basis of the model

As|stated previously, the empirical thermosphere-model is based on the MSIS-86 model of Hedin (ref. 5.7).
The empirical model is complemented by theoretical models of Rees and Fuller-Rowell that| show the
relationships between thermospheric structure, chemistry and dynamics for simplified models off solar and
gepmagnetic forcing.

4.4 Databases

The principal publications which™ present the thermosphere database are listed in the MSISF86 model
description (ref. 5.6). Hedin (1988) also wrote a specially-commissioned section within 5.1 relaling to the
suitability and use of MSIS as the selected semi-empirical model for CIRA 1986-Part I.

SN

.5 Publication.references

4.5.1 Rees} D:, Editor, (1988): “COSPAR International Reference Atmosphere 1986 Part |. Thefmospheric
Mddels, “Advances in Space Research, Vol. 8, No. 5/6, Pergamon Press, Oxford and NY.

4.5.2 Rees, D., J. J. Bernett, and K. Labitzke, editors (1990): “CIRA 1986, COSPAR International
Reference Atmosphere, Part IlI: Middle Atmosphere Models,” Advances in Space Research, Vol. 10, No. 12,
Pergamon Press, Oxford and NY.

453 Keating, G. M., editor (1996): COSPAR International Reference Atmosphere (CIRA), Part Ill: Trace
Constituent Reference Models,” Advances in Space Research, Vol. 18, No. 9/10, Pergamon Press, Oxford
and NY.

4.5.4 Barnett, J. J. and S. Chandra (1990): “COSPAR International Reference Atmosphere Grand Mean,”
Advances in Space Research, Vol. 10, No. 12, Pergamon Press, Oxford and NY.

4.5.5 Fleming, Eric L., Sushil Chandra, J. J. Barnett, and M. Corney (1990): “Zonal Mean Temperature,

Pressure, Zonal Wind, and Geopotential Height as Functions of Latitude,” Advances in Space Research,
Vol 10, No. 12, Pergamon Press, Oxford and NY.
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4.5.6 Hedin, A. E. (1987): “MSIS-86 Thermospheric Model.” J. Geophys. Res., Vol 92, Pages 4649-4662.

4.5.7 Rees, D., and T. J. Fuller-Rowell (1988): The CIRA Theoretical Thermosphere Model, “ pages (5)
25-(5) 106, Advances in Space Research, Vol. 8, No. 5/6, Pergamon Press, Oxford and NY.

4.5.8 Hedin, A. E. (1087): The Atmospheric Model in the Region 90 to 2000 km,” Pages (5) 9-(5) 25
Advances in Space Research, Vol. 8, No. 5/6, Pergamon Press, Oxford and NY.

459 Hedin, A. E,, J. E. Salah, J. V. Evans, C. A. Reber, G. P. Newton, N. W. Spencer, D. C. Kayser, D.
Alcayde, PI Bauer L. Cogger and J PI McCIure (1977) “A GIobaI Thermospherlc Model Based on Mass
Spectromete coherent-Scatter Data”MSIS 1. N2 Density and Temperature—J—Geop s—Res—82,

4.5.10 edin, A. E., G. A. Reber, G. P. Newton, N. W. Spencer, H. C. Brinton, H. G. Mayr, and W.|E. Pojter
(1977): A Global Thermospheric Model Based on Mass Spectrometer and Incoherent Scatter Data”, MSI] 2,
Compositipn, J. Geophys. Res., 82, 2148-2156, 1977.

4.6 Dates of development, authors, and sponsors

4.6.1 Da3tes:
O]iginal model 1961
Revised model 1965
Rgvised model 1972
Rgvised model 1986
Trace constituent model 1996
Zgnal mean model 1990

4.6.2 Many scientists made contributions_to:the three parts of the CIRA models. They are identifieq in
referenceq 5.1, 5.2, and 5.3.

46.3 Co-Sponsors: Committee op~Space Research (COSPAR) of the International Council of Scienfific
Unions (IGSU) and the International'Union of Radio Science (URSI).

4.7 Model codes and sources

The thermosphere modelhis published in the form of tables and figures with a FORTRAN computer cgde
included ir] an Appendix,-describing the semi-empirical models of Part I, Chapter 1 (Ref 4.5.1). This program,
and the pfogram ffom' which the results of the theoretical and numerical model results can be generafed
(Part I, Chppter 2).are available in computer-compatible form (tape or disk). They may also be obtained frpm
certain elgctronic databases. See Reference 4.5.1 for thermosphere model, Reference 4.5.2 for middle
atmosphere“model, Reference 4.5.3 for trace constituent model, Reference 4.5.1 for grand mean model, gnd
Reference 4.5.5 for new zonal mean CIRA, 7986 model.

NOTE At the time of preparation of this document, plans were being made by the COSPAR to produce an updated and
revised version (CIRA08) of the COSPAR International Reference Atmosphere (CIRA), 1986. It is anticipated that the
CIRAO08 will be published in 2009 as a Special Issue of Advances in Space Research. Therefore, when planning to use
CIRA, 1986 the availability of the new CIRA, 2008 should first be ascertained.
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5 COSPAR International Reference Atmosphere (CIRA), 2008

5.1 CIRA-08

The COSPAR International Reference Atmosphere (CIRA) provides empirical models of atmospheric
temperature and density from 0 km to 4000 km as recommended and adopted by the Committee on Space
Research (COSPAR) and by the International Union of Radio Science (URSI). Since the early sixties, several
distinct editions of CIRA have been published: CIRA 1961, CIRA 1965, CIRA 1972 CIRA 1986 and most
recently, CIRA-08 (or CIRA-2008), which is currently in preparation by the CIRA Working Group.

5.2 Model content

Thge Committee on Space Research’s CIRA 2008 Model Atmosphere will contain the| folloing major
comtributions, in terms of recommended atmospheric models for use:

Fol Total Mass Density above 120 km:

e Jacchia-Bowman 2008 and GRAM-07

Fof the Structure and Composition of the Atmosphere (ground-level upward):

¢ NRLMSISE-00

Fol Neutral Winds in the Atmosphere (all levels):

e Horizontal Wind Model-07 (HWM-07)
For Neutral Wind up to 120 km altitude:

e Global Wind Empirical Model (GWEM)

There will also be chapters discussing theCeurrent state of knowledge and application of the |[Solar and
Gegomagnetic Indices that are used to drive the new empirical models such as JB-2008; Metal Chemistry of
thg Mesosphere and Lower Thermosphere, and expert advice regarding the limitations of the modg¢ls and the
best use of the models for specific applications.

5.3 Model availability
CIRA-08 is currently in_preparation, and is expected to be published in early 2009 as a Speciall Edition of

Adyances in Space Research. The recommended Models within CIRA-08 are expected to be Web based,
algng with guides to'the best use of the Models.

5.4 Sponsors

CorSponsors: Committee on Space Research (COSPAR) of the International Council of Scientlfic Unions
(IGSUY)and the International Union of Radio Science (URSI).

6 ISO reference atmospheres for aerospace use (ISO 5878:1982)

6.1 Model content

The International Organization for Standardization (ISO) Reference Atmospheres for Aerospace Use, 1982
consists of three documents containing tables and some figures. They present information on the seasonal,
latitudinal, longitudinal, and day-to-day variability of atmospheric properties at levels between the surface and
80 km.

© 1SO 2012 - All rights reserved 5
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ISO 5878:1982 contains values of temperature, pressure and density as a function of geometric and
geopotential altitude up to 80 km. Specific models include: (1) an annual model for 15 deg N latitude; (2)
seasonal models for 30 deg, 45 deg, 60 deg and 80 deg N latitude; (3) cold and warm stratospheric and
mesospheric regimes for 60 deg and 80 deg N latitude in December and January; and (4) seasonal and
latitudinal variations of temperatures and density for medium, high and low percentile values.

Addendum 2:1983 to ISO 5878:1982 contains parameters (means and standard deviations) of Northern
Hemisphere observed wind distributions in January and July up to 25 km for (1) four latitude zones plus
calculated values of the scalar mean wind speed and of high and low percentile values of wind speed; (2) four
stations (Dakar, Kagoshima, New York and Jan Mayen) with strong winds; (3) (Ajan, Clyde, Guam, and

Muharrag)with-light-winds;-and-(4)fourmeridians-plus-high-andlow-values-of-wind-speeds-

The Addendum contains values (mixing ratio, vapor pressure and dew point temperatures) of the Northern
Hemispherte air humidity in January and July to 10 km for (1) median values at 10 deg, 30 deg, 50)deg, 4nd
70 deg N Iptitude; (2) median values along 0 deg, 80 deg E and 180 deg, 80 deg W meridians; (3) percentiles
(20 percent, 10 percent, 5 percent and 1 percent) in extremely dry and moist areas and séasons, and |(4)
mean valfies for four stations representative of dry and moist regions (Tammaurrasset, North Africa;
Xhigawsk,|East Siberia; Calcutta, India, and Turk, Pacific Islands).

6.2 Model uncertainties and limitations

6.2.1 The temperature, pressure and density models are subject to the uncértainties associated with errprs
(about 1 deg C) in the standard radiosonde instruments used by the various countries to measure temperatlire
profiles to|altitudes near 30 km. Meteorological Rocketsonde temperature' errors are about 2 deg C in the
30to 50 km altitude range and increase to about 8 deg C at.8@ km. For the meteorological rocket
measurements, the thermistor measurements of temperature are subject to large corrections 4nd
uncertainties with increasing altitude. Therefore, the measurements above 50 km were not usgd.
Measurements above 30 km, and especially above 50 km, were very limited. The warm and cold models|for
60 deg andl 80 deg N latitude are based on so few measurements that they are, at best, only rough estimates.
Confidencg¢ in their distribution decreases rapidly above 50 km where data are relatively sparse and
instrumentgation errors relatively large.

6.2.2 The rawinsonde observations of wind vélocity have uncertainties of about 5 percent of the vegtor
wind for 06 km mean layers. For tracking angles-within 6 deg of the horizontal, which occurs under strong|jet
stream copditions, the wind velocities are_unreliable. According to the authors, their analysis of the scalar
mean speed derived from observations, ‘and calculated from the circular normal distribution may be used to
calculate the values of wind speed with an accuracy sufficient for most practical purposes.

6.2.3 asonably reliable ragdiosonde measurements of humidity are available up to 10 km above sea
level. Relafive error varies with’temperature from about 5 percent at +40 deg C to 15 percent at -40 deg C 4nd
are unreligble below -40 deg C. The tabulated humidity values above 8 km should be regarded |as
approximate because the‘quantity of data is insufficient.

6.2.4  (ther model limitations due to the analytical and statistical fractions used as well as sample sizes are
discussed|in the textwof the documents. The reference atmospheres are considered applicable to the Northgrn
hemisphere only:

6.3 Baslis-of the model

The numerical values of the various thermodynamic and physical parameters used in the comparisons of
atmospheric properties are the same as those used in the ISO 2533:1975, Standard Atmosphere, with the
exception of surface conditions and the acceleration of gravity. Mean sea level is taken as the reference for
both geopotential and geometric altitudes. The reference atmospheres are defined by the vertical temperature
profiles for each latitude and season. The vertical gradients of temperature are constant with respect to
geopotential altitude within each of a number of layers. Air is assumed to be a perfect gas, free from moisture
or dust. The reference atmosphere upper stratosphere and mesosphere temperature observations for the
southern hemisphere were phase adjusted by six months to conform to Northern hemisphere seasons.

The wind parameters are based on observations and use of the circular normal distribution functions, which
the authors consider acceptable for most practical purposes.
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The humidity parameters are based on relative humidity and temperature measurements from radiosonde
observations. The humidity-mixing ratio is used as the main humidity characteristic.

6.4 Databases

The vertical pressure and density distributions were calculated from the temperature-altitude profiles using the
hydrostatic equation, the perfect gas law and appropriate mean sea-level values of pressure. The temperature
distributions for levels below 30 km were derived from routine radiosonde observations from the 1955-1966
time period as contained in Monthly Climatic Data of the World by the World Meteorological Organization. The
temperature fleld between 30 and 50 km is based on meteorologlcal rocket measurements (bead thermistor or
C mperature
ure gauge

35 km from
ar normal

The values of humidity were derived from radiosonde measurements for the altitude range 0 to 25 km. These
mdasurements were also made primarily during the 1950 to 1970 time period.

6.5 Publication references

6.9.1 ISO 5878:1982, Reference Atmospheres for Aerospdace* Use, Technical Committee I$O/TC 20,
6.9.2 ISO 5878:1982 / Addendum 1:1983, Reference Atmospheres, Addendum 1: Wind Slipplement,

6.9.3 1SO 5878:1982 / Addendum 2:1983, Reference Atmospheres for Aerospace Use, Addendum 2: Air
Hdmidity in the Northern Hemisphere, Technical.Cemmittee ISO/TC 20, Aircraft and Space Vehicleg.

6.9.4 ISO 5878:1982/ Amendment 1:1990, Reference Atmospheres for Aerospace Use, Amgndment 1,
Teghnical Committee ISO/TC, Aircraft and:Space Vehicles.

6.6 Dates of development, authors and sponsors

6.4.1 Dates: ISO 5878-1982 circulated in November 1978, published in 1982
IS©-5878-1982/Addendum 1-1983 circulated in March 1979, published in 1983
ISO 5878/1982/Addendum 2-19883 circulated in April 1982, published in 1983

6.4.2 Authors: Members of Subcommittee 6 (Standard Atmospheres) of the International Ofganization
for|Standardization, Technical Committee 20 (Aircraft and Space Vehicles).

6.4.3 .Sponsors: International Organization for Standardization, Geneva, Switzerland, under the direction
of Teehnical Committee 20 - Secretariat, Aerospace Industries Association of America, Inc., 1250 Eye Street,
N.W: Washington, DC 20005.

6.7 Model codes and sources

The models are published in the form of tables and figures only. They are available from: American National
Standards Institute, 25 West 43 Street, New York, NY 10036. http://www.ansi.org

NOTE At the time this document was prepared, the SC 6 "Standard Atmosphere" of Technical Committee ISO/TC20,
Aircraft and Space Vehicles was in the process of updating and revising ISO 5878, ISO Reference Atmospheres for
Aerospace Use. This new version of ISO 5878 was published in draft form for review April 12, 2004 as ISO/WD 213-3
“Global Reference Atmosphere for Altitude 0-120 km for Aerospace Use” based on the work by ISO/TC 20/SC 6 “Standard
Atmosphere” during the period 1998-2003. It is the intent that it be published as an ISO International Standard "Global
Reference Atmosphere for Altitude 0-120 km for Aerospace Use".
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This planned new ISO International Standard will present a set of models of vertical profiles of zonal (for 10 degree
latitudinal belts) and seasonal mean temperatures, pressures, densities, and meridian and zonal wind speeds, as well as
the space and temporal variability of these parameters in terms of standard deviations, for the altitude from 0 up to 120
km. The models of atmospheric parameters will be presented in graphic and tabular form in terms of geometric and
componential altitudes and nearly pole-to-pole coverage (80 degrees N-80 degrees S) of both hemispheres for four
central months of the seasons—January, April, July and October. The algorithms and recommendations for the
atmospheric parameters probability characteristics, which are the most useful for aviation and space practice, will also be
given. ISO 213 is being developed to serve as an informational basis for international air-space practice as well as to unify
the atmospheric models, which have to be used for design, production, exploitation and navigation of aircraft and space
vehicles and their equipment.

Accordingly} it is recommended that those consulting this document for information on ISO 5878 investigate to seé ifjthe
new ISO stpndard “Global Reference Atmosphere for Altitude 0-120 km for Aerospace Use” has been published by [the
ISO/TC 20/8C 6 “Standard Atmospheres” and obtain a copy for use in lieu of ISO 5878. At the time of the preparatiof of
this documént the Draft Standard “Global Reference Atmosphere for Altitude 0-120 km for Aerospace Use” was ih a
process of approval as a National Russia and Commonwealth of Independent States (CIS) Countries Standard.

7 I1SO Standard Atmosphere (ISO 2533:1975)

7.1 Model content

The Internjational Organization for Standardization (ISO) Standard Atmosphere consists of a documgnt
containing|tables of atmospheric characteristics as functions of geometricvand geopotential altitudes to 80 km.
They define the ISO Standard Atmosphere for the altitudes to 50 kmxThe data are identical to the ICAO gand
WMO Stamndard Atmospheres to 32 km and are based on the standard atmospheres of ICAO 1964 and US
Standard 1962. The authors considered these models to be the‘most representative when comparing current
national and international standards and recommendations relative to the atmosphere based on the resultg of
recent regearch. Data from this recent research have-been used for calculation of the atmospheéric
characterigtics for altitudes 50 km to 80 km that represent the I1SO Interim Standard Atmosphere for this
altitude ramge. Data in the tables are given in Sl unitsexcept that temperature is also given in degrees Celsius
and pressures are given in millibars and millimeters_of mercury.

ISO 2544:1975 contains values of temperature, pressure, density, acceleration of gravity, speed of souhd,
dynamic viscosity, kinematic viscosity, thermal conductivity, pressure scale height, specific weight, air numper
density, mpan air-particle collision frequency, and mean free path as a function of geometric and geopotenttial
altitude up|to 80 km.

7.2 Model uncertainties and/limitations

7.21 The tables have{been calculated assuming the air to be a perfect gas free from moisture and dust
and based|on conventional initial values of temperature, pressure and density.

7.2.2 The modelapproximates the annual nominal atmosphere for 45 degrees north latitude. As sugh,
large varidtionssin®monthly mean or even annual mean atmospheres for the other latitudes and longitudles
around thq globe, relative to the values given in the ISO Standard Atmosphere may be expected Thus while
providing &
processing of data, the model may exhibit significant deviations from the nominal annual, and espemally
monthly, profiles of atmospheric parameters for given latitude and longitude locations. These are, however,
the same limitations found in the models used as a basis for the ISO Standard Atmosphere. The user should
be aware of these uncertainties and limitations of the model.

7.3 Basis of the model

The numerical values in the table for altitudes to 50 km are based on the ICAO Standard Atmosphere 1964,
the US Standard Atmosphere, 1962, and the COSPAR International Reference Atmosphere, 1965 (CIRA
1965); results of recent research as noted in the references were used for the 50 to 80 km altitude region. For
the altitudes to 32 km the tables are identical to the ICAO Standard Atmosphere, 1964.
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7.4 Databases

Mean sea level is taken as the reference point for both the geopotential and geometric altitudes. The perfect
gas law is used for the calculations that assume a well-mixed atmosphere. The temperature of each
atmospheric layer is taken as a linear function of the geopotential altitude. The constants, coefficients,
equations and data were selected from these references:

7.4.1 COSPAR Working Group IV. COSPAR International Reference Atmosphere, 1965 (CIRA 1965),
North Holland Publishing Co., Amsterdam, 1965.

7.4.2 Comitet Standartov_ USSR: GOST 4401.64 "Tabblitsa Standartnoy Atmosfery," |zdatelstvo
Standartov, Moskva, 1964

743 Deutscher Normenausschuss: DIN 5450 "Norm Atmosphere," 1968.

7.44 Doc. 7486/2. Manual of the ICAO Standard Atmosphere extended to 32 kilometers, secgnd edition,
1964, International Civil Aviation Organization, Montreal, 1964.

7.45 List, R. J., editor: Smithsonian Meteorological Tables, Sixth Revised Edition, Washington, DC, 1963.

746 US Committee on Extension to the Standard Atmosphere: US Standard Atmosphere,|[1962, US
Gavernment Printing Office, Washington, DC, 1962.

74.7 US Committee on Extension to the Standard Atmosphere: US' Standard Atmosphere Supplements,
1966. US Government Printing Office, Washington, DC, 1966.

Publication references
ISO 2533:1975 “Standard Atmosphere First Edition, “Corfigendum 1, 1978, 1ISO, Geneva, Switzerland
Dates of development, authors and sponsors

7.6.1 Dates: Published 1975; corrected and updated 1978
7.8.2 Authors: Members of ISO TC20/SC6 (Aircraft and Space Vehicles / Standard Atmosphereg)

7.64.3 Sponsors: International Organization for Standardization, Geneva, Switzerland
7.1 Model codes and sources

The model is published.in_the form of tables only. It is available from American National Standards Institute,
25|West 43 Street, New-York, NY 10036. http://www.ansi.org

8 | NASA/GSFC monthly mean global climatology of temperature, wind, geopotentidl height
and pressure for 0-120 KM, 1988

8.1 CModel content

This climatological model, the National Aeronautics and Space Administration's NASA GSFC Monthly Mean
Global Climatology of Temperature, Wind, Geopotential Height and Pressure for 0-120 km, consists of a
NASA report and a floppy diskette to be used with a PC, and contains figures and tables which present
profiles of temperature, winds, and geopotential height as functions of altitude and pressure in the height
range 0-120 km. These atmospheric properties, which are presented in a climatological format, are monthly
mean values with nearly pole-to-pole coverage (80 deg S to 80 deg N). The model is intended for various
research and analysis activities such as the numerical simulation of atmospheric properties and the design
and development of satellite instruments for measuring Atmospheric parameters. The climatological data and
the related text will also form the basis of the new COSPAR International Reference Atmosphere (CIRA 86)
for the altitude range 0-120 km (Part II).
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Section 4 of the report presents various zonal mean cross sectional plots of the temperature and zonal wind
climatology in latitude-height, month-height, month-latitude, and global average. Harmonic analyses
(amplitude and phase) of the data are also presented and discussed. Similar analyses are done for the mean
geopotential height and the mean pressure. The zonal wind climatology is also compared with climatological
zonal wind measurements from various radar stations around the globe, and with the CIRA-72 zonal wind
model.

Longitudinal variations of these atmospheric properties in the stratosphere and mesosphere are also
presented and, finally, a comparison is made between this climatology data from the National Meteorological
Center (NMC).

8.2 Model uncertainties and limitations

Since the model is based upon a statistical analysis of the available atmospheric data, the model uncertainties
depend upon the quantity and quality of these data and the degree to which they represent the real
atmosphere at a given time and place. No quantitative assessments of uncertainty are provided with the
model.

8.3 Basjis of the model

The moddl, which is entirely empirical in nature, is based upon analyses  of satellite and ground-baged
atmosphelic data obtained since the publication of the CIRA 1972 model~atmosphere. The zonal megan
temperatute and wind values for the troposphere (0-10 km) were obtained/from the climatology of Oort (Ref.
8.5.5). Telnperatures, geopotential heights, and pressures were takenfrom the climatology of Barnett and
Corney (REgf. 8.5.1) for the stratosphere and mesosphere (10-80 km),.and the MSIS-83 and MSIS-86 empirical
models (Rgf. 8.5.3, 8.5.4) for the lower thermosphere (86-120 km)s

Zonally averaged zonal wind speed (Y) for the altitude range10-120 km were derived from the geopotential
height clinatology using the zonally averaged zonal momentum equation,

2
U ;@ +20 (Uy sin 0=- g 02
oy

(1)

where a is|the Earth's radius, ¢ is the angular speed of rotation of the Earth, g, is the gravitational accelerafjon

at sea levgl, O is latitude and (Z) is the-zonally averaged geopotential height. At the equator, the authors have
used the fgllowing expression for.thezonal wind speed:

02 (z
O —ay<2> @

where 3 is|the meridional gradient of the Coriolis parameter. At latitudes of 10 deg N and 10 deg S, the zonal
winds werg computed by linearly interpolating between the zonal wind at 15 deg N and 15 deg S computed
from Eq. (jl)-and the wind at the equator [Eqg. (2)]. At latitudes of 80 deg N and 80 deg S, the wind spers
were derived-from the relation

_ cos (80 deg)
(Uso <U>70—COS (70 deg) -

thus assuming that the relative angular velocity, (m)=(U) a cosB, remains constant poleward of 70 deg N
(or S).

8.4 Databases

8.4.1 The Global Atmospheric Circulation Statistics 1958-1973, compiled by Oort (Ref. 5.5) provides the
zonally averaged climatological monthly mean temperature and zonal wind values for 80 deg S to 80 deg N at
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5 deg resolution for the 1000-50 mb pressure levels. These values are based upon data for 1963-1973
derived from the National Meteorological Center (NMC, Washington, DC), the National Center for Atmospheric
Research (NCAR, Boulder, CO), Ocean Station Vessels (OSV), the British Meteorological Office (Bracknell,
United Kingdom) and the National Climatic Center (Asheville, NC).

8.4.2 The Middle Atmosphere Reference Model Derived from Satellite Data, (Ref. 8.5.1) contains global
zonal mean climatological data sets of temperature, zonal geostrophic wind, geopotential height, and pressure
for the stratosphere and mesosphere for 80 deg S-80 N (20 deg N-70 deg N and 20 deg S-70 deg S) at 10
deg resolution. The data are based on measurements from the Nimbus 5 Selective Chopper Radiometer
(SCR) and the Nimbus 6 Pressure Modulator Radiometer (PMR) for 1973-1978.

8.4.3 Temperature and composition data for the lower thermosphere (86-120 km) were provifled by the
MSIS-86 and MSIS-83 empirical models of Hedin (Ref. 8.5.3, 8.5.4), described elsewhere jn'thi§ Technical
Report.
8

Publication references

8.9.1 Barnett, J. J., and M. Corney (1985), Middle atmosphere reference mogdel derived from sajellite data,
Middle Atmosphere Program, Handbook for MAP, 16, edited by K. Labitzke, J¢J, Barnett, and B. Eqwards, pp.
47185.

8.9.2 Fleming, E. L., S. Chandra, M. R. Schoeberl, and J. J. Barnett (1988), “Monthly mean global
climatology of temperature, wind, geopotential height, and pressure for 0-120 km,” NASA TM-1006¢97, NASA
Sclentific and Technical Information Facility, Linthicum, MD 21240=http://trs.nasa.gov/archive/>

8.9.3 Hedin, A. E. (1983) “A revised thermospheric model based on mass spectrometer and [incoherent
scatter data,” MSIS-83, J. Geophys. Res., 88, 10,170-10, 185:

8.8.4 Hedin, A. E. (1987) “MSIS-86 thermospheric.model,” J. Geophys. Res., 92, 4649-4662.

8.8.5 Oort, A. H. (1983) Global Atmospheric:-Circulation Statistics, 1958-1983 National Odeanic and
Atrhospheric Administration (NOAA) Professional Paper 14, US Government Printing Office.

8.¢ Dates of development, authorsj.and sponsors

8.6.1 Dates: 1988
8.4.2 Authors: E. L. Eléming (principal):
8.4.3 Sponsors: National Aeronautics and Space Administration, Goddard Space Flight Center.

8.1 Model codes.and sources

The climatological-data are portrayed in figures and tables in NASA TM- 100697 (Ref. 8.5.2). A cogy of NASA
TM-100697 with-these figures and tables can be obtained electronically from http://ntrs.nasa.gov.

9 [ NASA/MSFC global reference atmosphere model (GRAM-99), 1999

9.1 Model content

The National Aeronautics and Space Administration's NASA/MSFC Gilobal Reference Atmospheric Model
(GRAM-99; Justus and Johnson, 1999) is a product of the Environments Group, NASA Marshall Space Flight
Center, and is used by several NASA centers, numerous other government agencies, industries and
universities, in such projects as Space Shuttle, International Space Station, X-37, Hyper-X, Space Launch
Initiative, Space Plane, High Speed Civil Transport, and Stardust. GRAM applications include scientific
studies, orbital mechanics and lifetime studies, vehicle design and performance criteria, attitude control
analysis problems, analysis of effects of short-term density variation caused by geomagnetic storms, aero
braking and aero capture analyses, and dynamic response to turbulence or density shears.
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In addition to evaluating the mean density, temperature, pressure, and wind components at any height
(0-2500 km), latitude, longitude and monthly period, GRAM also allows for the simulation of “random
perturbation” profiles about the mean conditions. This feature permits the simulation of a large number of
realistic density, temperature and wind profile realizations along the same trajectory through the atmosphere,
with realistic values of the scales of variation and peak perturbation values (e.g., the random perturbation
profiles produce values which exceed the three standard deviation values approximately 0.1 percent of the
time).

Wind fields in the height range above 90 km are computed from the pressure fields by use of geostrophic wind

are

he

ary
nd
for
each month and the parameter variances from the surface to 27 km for the entire @lobe. If it is desireq to
compute atmospheric properties along any trajectory other than a linear profile, thén)a fourth type of datal —
the trajectpry positions — must be supplied. All the statistically different profiles of random perturbatigns
desired cah be evaluated by computing along the same trajectory with differentlinput starting conditions for the
random pdrturbation values.

Output comsists of monthly mean pressure, density, temperature, wind/velocity and wind shear components,
and random perturbation values of pressure, density, temperaturéand wind components. GRAM-99 also
includes whater vapor and several atmospheric constituents.

9.2 Model uncertainties and limitations

9.2.1 The model does not predict any parameters\in the sense of a forecast model. It only provigles
estimates pf the monthly mean values and statistically realistic deviations from the mean.

9.2.2 The model does not take account of:gpisodic high latitude thermospheric perturbations associa’ted
with auroral activity, high latitude stratosphetic warming perturbations, El Nifio / Southern Oscillation events,
etc. Howeyer, values of the normal magnitudes of the random perturbations can be scaled up (or down) to
simulate upusually disturbed (or unusually quiescent) conditions.

9.2.3 Apove 90 km, predicted winds are geostrophic, computed from mean pressure values. Predicfed
wind shears are computed from.-the thermal wind using mean temperature fields.

9.2.4 Water vapor estimates include standard deviations. Only mean values are given for other
constituents.

9.3 Basjis of the. model

9.3.1 Marshall Engineering Thermosphere (MET) model (1988/1999) (Range: 120-2500 km)

latitudinal variations including the winter helium bulge).

9.3.1.2 Uniformly mixed composition up to 105 km, diffusive equilibrium for all constituents (N2, O2, O, A,
He, H) above 105 km.

9.3.1.3 Fixed boundary conditions for temperature and density at 90 km.

9.3.1.4 Geostrophic winds evaluated by computing horizontal pressure gradients with successive
evaluations of the MET model at different latitudes and longitudes.
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9.3.2 Middle Atmosphere Program (MAP) model (1971) for heights of 20 to 120 km

9.3.2.1 Zonal means for from an amalgamation of six data sources, primarily MAP data. Complete
references are available in Justus, et al., 1991c.

9.3.2.2 Longitudinal variations are introduced as perturbations (see Justus et al., 1974) on the zonal mean
model, which is latitude and time dependent (in one month increments) only. These data are from global
satellite observations. (Dartt et al., 1988, and other references in Justus, et al., 1991a).

9.3.2.3 Middle atmosphere data are supplied at altitude intervals of 5 km.

9.3.3 Global Upper Air Climatic Atlas (GUACA) (1993) data for heights from surface to 27 km

The GUACA data base (Ruth et al., 1993) as produced by the US Navy and US National Climatic Data
ter.

9.3.3.1 Altitude intervals are interpolated from pressure level down to 0-27 km.

9.3.3.2 Data are empirically determined atmospheric parameter profiles as quality controlled, gfidded and
othed for use as initial conditions in the European Centre for Medium-Range Weather|Forecasts
(ECMWEF) global circulation model. Coverage is global.

9.3.4  Altitude interval 20 to 27 km and 90 to 120 km: A “fairing” technique (Justus et al, 1974)( is used to
engure a smooth transition between GUACA and MAP data (20 te,27 km) and the MAP data anf the MET
mddel (90 to 120 km).

9.3.5 Atmospheric constituents
Wa4ter vapor and several other atmospheric constituents’ are included in GRAM-99. Below the J00-millibar
[, water vapor means and standard deviations are based on the GUACA database. Above this Igvel, water
vapor is based on data from NASA Langley, the;MAP program and from Air Force Geophysic$ Lab (see
complete references in NASA TM-4715, reference 5.10 below). Other constituents (ozone, nitrpus oxide,

Databases

A Jacchia, L. G. (1970) ‘New static models of the thermosphere and exosphere witH empirical
9.4.2 Jacchia, L. G. (1971) Revised static models of the thermosphere and exosphere with empirical
9.4.3 Hickey, M~P<(1988) The NASA Marshall Engineering Thermosphere Model, NASA CR-1749359, July
9.4.4  Ruth)D. B. et al. (1993): "Global Upper Air Climatic Atlas (GUACA)." CD ROM data set, yersion 1.0

(vql. 1 1980 to 1987, vol.2 1985 to 1991). US Navy - US Department of Commerce (NOAA/NCDC), |April.

9.4.5 Dartt, D. et al, (1988), User's Guide to Satellite Based Global Atmospheric Reference Model
Stafistics (20 to 85 Km), Final Report NOOUT4-86-C-0076, Control Data Corporation.

9.5 Publication references

9.5.1 Justus, C. G. , A. W. Woodrum, R. G. Roper, and O. E. Smith (1974), “Four-D Global Reference
Atmosphere, Technical Description. Part 1,” NASA Technical Memorandum NASA TMX-64871.

9.5.2 Justus, C. G., A. Woodrum, R. G. Roper, and O. E. Smith (1974), “Four-D Global Reference
Atmosphere, Users’ Manual and Programmers’ Manual, Part 2,” NASA TMX-64871.

9.5.3 Justus, C. G., and A. Woodrum (1975), “Revised Perturbation Statistics for the Global Scale
Atmospheric Model,” Georgia Institute of Technology Final Report Contract NAS2-30657.
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9.5.4  Justus, C. G., and W. R. Hargraves (1976), “The Global Reference Atmospheric Model - Mod 2 (with
two scale perturbation model),” Georgia Institute of Technology Interim Technical Report - Contract NAS8-
30657.

9.5.5 Justus, C. G., G. R. Fletcher, F. E. Gramling, and W. B. Pace (1980), “The NASA/MSFC Giobal
Reference Atmospheric Model -- mod 3 (with spherical harmonic wind model),” NASA CR-3256.

9.5.6  Justus, C. G., F. N. Alyea, D. M. Cunnold, and D. L. Johnson (1986), GRAM-86, “Improvements in
the Global Atmospheric Model,” NASA MSFC report ED-5-15-86.

9.5.7  Justus, C G, F N Alyea D M. Cunnold R. S. Blocker and D L Johnson (1988) GRAM-88
“Improvenyer F [ i ( i f rshall
Space Flight Center Memorandum ES-44-11-9- 88

9.5.8 Justus, C. G., F. N. Alyea, D. M. Cunnold, W. R. Jeffries, Ill, and D. L. Johnson (1991a), “The
NASA/MSFC Global Reference Atmospheric Model - 1990 Version (GRAM-90): Part 1, Technical Usgrs
Manual” NASA TM 4268.

9.5.9 Justus, C. G., F. N. Alyea, D. M. Cunnold, W. R. Jeffries, lll, and D. L. Jehnson (1991b), “The
NASA/MSFC Global Reference Atmospheric Model - 1990 Version (GRAM-90):“Part 2, Program/Dpta
Listings” NASA TM 4268.

9.5.10 Justus, C. G., W. R. Jeffries lll, S. P. Yung and D. L. Johnson (1995); "The NASA/MSFC Gilopal
Reference| Atmospheric Model - 1995 Version (GRAM-95)," NASA TM-4715.

9.5.11 Hickey, M. P. (1988a), “The NASA Marshall Engineering Thermosphere Model,” NASA CR-17935%.

9.5.12 Hickey, M. P. (1988b), “An Improvement in the Numerical‘Integration Procedure Used in the NASA
Marshall Bngineering Thermosphere Model,” NASA CR-179389.

2
1

9.5.13 Justus, C. G., and D. L. Johnson (1999), “The NASA/MSFC Global Reference Atmospheric Mod
1999 Versjon (GRAM-99)," NASA TM-1999-209630. <http//trs.nasa.gov/archive/00000503/>

9.5.14 (wens, J. K., Niehuss, K. O., Vaughan, W. W., and Shea, M. A. (2000); "NASA Marshall Engineering
Thermosphere Model-1999 Version (MET-99) and Implications for Satellite Lifetime Predictions," COSPAR,
Advances jn Space Research, 26(1), 157-162.

9.6 Dates of development, authors, and sponsors

9.6.1 D3tes: original'medel 1974-1975
Rgvised model 1976.(mod. 2) 1980 (mod. 3)
GRAM-86 1986
GRAM-88 1988
GRAM-90 1990
GRAM-95 1995
GRAM-99 T999

9.6.2 Principal author: C. G. Justus

9.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center
9.7 Model codes and sources

The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zurich

smoothed solar and geomagnetic activity based on the most recent monthly mean data for use in the GRAM-
99. It can be downloaded from http://sail. msfc.nasa.gov
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A description and user's manual for GRAM-99 is provided in NASA TM-1999-209630 (Ref. 9.5.13). GRAM-99
program code is available from NASA Marshall Space Flight Center. It is available in PC-compatible and UNIX
forms. Contact: NASA Marshall Space Flight Center, Natural Environments Branch, Marshall Space Flight
Center, AL 35812 or jere.Justus @msfc.nasa.gov or barry.c.roberts @nasa.gov for further information.

10 NASA/MSFC Earth global reference atmosphere model (Earth GRAM-07), 2007

10.1 Model content
The Natlonal Aeronautics and Space Administration’s NASA/MSFC Earth GIobaI Reference Atmosphenc

computed or specified trajectory. This perturbation feature makes Earth GRAM especially useful or Monte-
Caflo dispersion analyses of guidance and control systems, thermal protection” systems, gnd similar
applications. Earth GRAM has found many uses, both inside and outside the NASA community. Mgst of these
applications rely on Earth GRAM’s perturbation modeling capability for Mante-Carlo dispersion| analyses.
Some of these applications have included operational support for Shuttle.entry, flight simulation spftware for
X-33 and other vehicles, entry trajectory and landing dispersion analyses for the Stardust and Genesis
migsions, planning for aerocapture and aerobraking for Earth-returaxfrom lunar and Mars missions, six-
degree-of-freedom entry dispersion analysis for the Multiple Experithent Transporter to Earth Orbit &and Return
(METEOR) system, and more recently the Crew Exploration.¥/ehicle (CEV). Earth GRAM-07 retains the
capability of the previous version but also contains several new'features:

10/1.1 Revised Range Reference Atmosphere (RRA) data
In PO06, the Air Force Combat Climatology Center (ARCCC) developed a set of revised Range |Reference
Atmosphere (RRA) data including several new sitesy Earth GRAM-07 has the option of using eithgr the 2006
revised RRA data, or the earlier (1983) RRA datagas a replacement for conventional Earth GRAM ¢limatology.

10/1.2 Optional auxiliary profile input
In gddition to RRA options, an "auxiliary profile" feature has been implemented. This allows the usef to input a
dafa profile of pressure, density, temperature, and/or winds versus altitude, with the auxiliary prqfile values
used in place of conventional climatology values. This option is controlled by setting parameters in the input
filel Parameters control the latitude-longitude radius within which the weight for the auxiliary profile yaries from
0 tp 1. Mean conditions are given by the profile if the desired point is within a prescribed radius df influence
angl are otherwise given by Earth GRAM climatology.

1011.3 Updated thermosphere models

10J1.3.1 Earth GRAM-07 includes several updates to the Marshall Engineering Thermosphere (MET-2007)
mqdel (Ref. 10:4:6) which include:

10{1.3.1a"Corrections for inconsistency between constituent number density and mass density.

10J1¢3,1b Representation of gravity above an oblate spheroid Earth shape, rather than using a sphgrical Earth
approximation.

10.1.3.1¢c Treatment of day-of-year as a continuous variable in the semi-annual term, rather than as an integer
day.

10.1.3.1d Treatment of year as either 365 or 366 days in length (as appropriate), rather than all years having
length 365.2422 days.

10.1.3.1e Allows continuous variation of time input, rather than limiting time increments to integer minutes.
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10.1.3.2 The Naval Research Labs Mass Spectrometer, Incoherent Scatter Radar Extended
Model for the thermosphere (NRL MSIS E-00) and the associated Harmonic Wind Model (HWM-93) are now
an optional thermospheric model in Earth GRAM-07.

10.1.3.3 The Jacchia-Bowman 2006 thermosphere model (JB2006) is another optional thermospheric model
in Earth GRAM-07 (Ref. 10.4.2).

10.1.4 Coordinate system changes and revised Earth reference ellipsoid

Equatorial and polar Earth radii for the "sea-level" reference ellipsoid have been updated to World Geodetic
System (WGS 84) values Previous (Earth GRAM -99) radlus values were from IAU 76 WGS 84 values are
used by the ) ) eodetic
Reference| System (GRS 80) values. Other recent values that could be used |nclude the International (&
Rotation & Reference System (IERS 1989) values. Earth radius values are set by parameters values in ong of
the Earth GRAM-07 subroutines. Input values of altitude greater than 6000 km are treated as @eocenric
radius valyes, rather than heights. Both radius and height are now given in the output file. Althcugh all input
latitudes afe geocentric, Earth GRAM-07 now gives both geocentric and geodetic values on theloutput fild.
new subroptine has also been added which computes horizontal distance from great-circle distance betwgen
two input lptitude-longitude positions. This subroutine is used to calculate lat-long "radius" of current posijon
from Rande Reference Atmosphere site locations, and to compute horizontal step.SiZze in the perturba
model.

10.1.5 PRerturbation model revisions
Several changes/additions have been made in the perturbation model for Earth’ GRAM-07. These include:

10.1.5.1 A new feature to update atmospheric mean values withoutupdating perturbation values.

10.1.5.2 The ability to simulate large-scale, partially-correlated perfurbations as they progress over time fdr a
few hours fo a few days.

10.1.5.3 Al multiple-trajectory driver routine that allows muftiple trajectories and perturbations to be simulated
in one run

10.1.5.4 Al multiple-profile driver routine that allows multiple profiles and perturbations to be simulated in gne
run, with spnall-scale correlations maintained between the profiles.

10.2 odel uncertainties and limitations

10.2.1 The model does not predict-any parameters in the sense of a forecast model. It provides estimateg of
the monthly mean values and statistieally realistic deviations from the mean.

10.2.2 The model does not-take into account the episodic high latitude thermospheric perturbations
associateq with auroral «activity, high latitude stratospheric warming perturbations, El Nifio / Southgrn
Oscillation{events, etc. tHlowever, values of the normal magnitudes of the random perturbations can be scaled
up (or down) to simulaté unusually disturbed (or quiescent) conditions.

10.2.3 ove 90 km, predicted winds are geostrophic, computed from mean pressure values (unless the
MSIS/HWIM thermosphere option is used). Predicted geostrophic wind shears are computed from the therrral
wind usingmean temperature fields

10.2.4 Water vapor estimates include standard deviations while only mean values are given for other
constituents.

10.3. Basis of the model
10.3.1 Marshall Engineering Thermosphere (MET-2007) model (above 120 km)

10.3.1.1 Temperature and density variation (solar and geomagnetic activity, diurnal variations, seasonal and
latitudinal variations including the winter helium bulge).
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10.3.1.2 Uniformly mixed composition up to 105 km, diffusive equilibrium for all constituents (N,, O,, O, Ar,
He, H) above 105 km.

10.3.1.3 Fixed boundary conditions for temperature and density at 90 km.

10.3.1.4 Geostrophic winds evaluated by computing horizontal pressure gradients with successive
evaluations of the MET model at different latitudes and longitudes.

10.3.2 The Naval Research Lab Mass Spectrometer, Incoherent Scatter Radar Extended Model (NRL
MSIS E-00)

10{3.2.1 Thermospheric winds are evaluated using the NRL 1993 Harmonic Wind Model, HWM-93.

10J3.2.2 Winds are computed from a geostrophic wind model, with modifications for thermoéspheri¢ effects of
molecular viscosity.

10/3.3 The Jacchia-Bowman 2006 thermosphere model (JB2006)
103.3.1 Developed using the CIRA72 (Jacchia 71) model as the basis for the diffusion equations.

10{3.3.2 New solar indices have been used for the solar irradiances in thelextreme and far ultravioldt
walelengths.

10}3.3.3 New exospheric temperature and semiannual density equations were created to representjthe major
thgrmospheric density variations.

1043.3.4 Temperature correction equations developed for diurnal and latitudinal effects.

1043.3.5 Density correction factors have been included\for model corrections required at high altitudes (1500—
4000 km).

10/3.3.6 Model has been validated through comparisons of accurate daily density drag data previoup
corlnputed for numerous satellites.

<

10{3.4 Middle Atmosphere Program (MAP) model (1971) for heights between 20 and[120 km

10J3.4.1 Zonal means from six data sources, primarily MAP data. Compete reference are available ih Data
Bape.

10{3.4.2 Longitudinal variations are introduced as perturbations on the zonal mean which is latitude jand time
dependent (in one month’increments) only. These data are from global satellite observations.

10)3.4.3 Middleatmosphere data are supplied at altitude intervals of 5 km.

10/3.5 Global Upper Air Climatic Atlas (GUACA) 1993 data for heights from surface fo 27 km
The GUACA data base as produced by the US Navy and the US National Climatic Data Center.

1013.541 Linear interpolation is used horizontally while vertical interpolation for thermal dynami¢ variables
obey the gas law and hydrostatic constraints. A fairing technique is used for overlapping databases.

10.3.5.2 Data are empirically determined atmospheric parameter profiles as quality-controlled, gridded and
smoothed for use as initial conditions in the European Centre for Medium-Range Weather Forecasts
(ECMWEF) global circulation model. Coverage is global and uses monthly averages.

10.3.5.3 The altitude intervals 20 to 27 km and 90 to 120 km use a “fairing” technique to ensure a smooth
transition between GUACA and MAP data as well as the transition from MAP data to the thermosphere model.

10.3.6 Atmospheric constituents

Water vapor and several other atmospheric constituents are included in Earth GRAM-07. Below the 300-
milibar level, water vapor means and standard deviations are based on the GUACA database. Above this

© 1SO 2012 — All rights reserved 17


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

level, water vapor is based on data from NASA Langley, the MAP program, and from the Air Force
Geophysics Lab (see complete references in NASA TM-4715, reference 10.5.12). Other constituents (ozone,
nitrous oxide, carbon monoxide, methane, etc.) are also included (mean values only).

10.4 Databases

10.4.1 Justus, C.G. and F.W. Leslie, “The NASA MSFC Earth Global Reference Atmospheric Model—2007
Version”, NASA/TM —2008—215581, November 2008.

10.4.2 Bowman B. R, Tob|ska W K, and Marcos F A., A New Emplrlcal Thermodynamlc DenS|ty Model
JB2006 Ust A A list
Conferenc

Keystone Colorado August21 24, 2006

10.4.3 Hefin, A.E., “A Revised Thermospheric Model Based on Mass Spectrometer and Incoherent Scatte
Data: MSI$-83”, J. Geophys. Res., 88, 10170, 1983.

10.4.4 Juptus, C.G., Alyea, F.N., Cunnold, D.M., Jeffries lll, W.R., and Johnson, D.L., “The\NASA/MSFC
Global Reference Atmospheric Model — 1990 Version (GRAM-90), Part I: Technical/Users-Manual”’, NASA
TM-4268, 1991

10.4.5 Ruyth, D.B. et al, “Global Upper Air Climatic Atlas (GUACA)”. CD ROM data set, version 1.0 (vol. 1
1980 to 1987, vol. 2 1985 to 1991). US Navy — US Department of Commerce (NOAA/NCDC) April, 1993.

10.4.6 Suggs, R., "NASA Marshall Engineering Thermosphere Model - 2007 Version (MET-2007)", (see
entry for the MET-2007 within text of this AIAA Guide.)

10.4.7 UY Standard Atmosphere, 1976, US Government Printing Office, Washington, D.C., 1976.

10.5 Publication references

10.5.1 Adglfang, S. I. (1999), “User's Guide for Monthly Vector Wind Profile Model”, NASA/CR--1999-209799,
May 1999

10.5.2 Brapn, R.D., Powell, R.W., and Lyne, &:E;>(1992) “Earth Aerobraking Strategies For Manned Return
From Marg”, Journal of Spacecraft and Rockets, Vol.29 No.3 (297-304).

10.5.3 Degker, R. and Leach, R., “Assessment of Atmospheric Winds Aloft During NASA Space Shuttle
Program Oay of Launch Operations® (2005), AIAA-2005-266, 43rd AIAA Aerospace Sciences Meeting and
Exhibit, Rgno, Nevada, Jan. 10-13,2005.

10.5.4 Dedai, P.N., Braun, R:D.,Powell, RW., Engelund, W.C., and Tartabini, P.V. (1997), “Six-Degree-of-
Freedom Entry DispersienAnalysis for the METEOR Recovery Module”, Journal of Spacecraft and Rockets,
vol.34 no.3 (334-340) 1997.

10.5.5 Degai, PN Mitcheltree, R.A., and F. Cheatwood, F.M. (1997), “Entry dispersion analysis for the
Stardust cpmet sample return capsule”, AIAA-1997-3812, AIAA Atmospheric Flight Mechanics Conference,
New Orleans; LA, Aug. 11-13, 1997.

10.5.6 Desai, P.N., Mitcheltree, R.A., and Cheatwood, F.M. (1999), "Entry Trajectory Issues for the Stardust
Sample Return Capsule," International Symposium on Atmospheric Reentry Vehicles and Systems, March
1999, Arcachon, France.

10.5.7 Desai, P.N. and Cheatwood, F.M. (2001), “Entry Dispersion Analysis for the Genesis Sample Return
Capsule”, Journal of Spacecraft and Rockets, vol.38 no.3 (345-350).

10.5.8 Hale, N., Lamotte, N., and Garner, T. (2002), “Operational Experience with Hypersonic Entry of the

Space Shuttle”, AIAA-2002-5259, AIAA/AAAF 11th International Space Planes and Hypersonic Systems and
Technologies Conference, Orleans, France, Sep. 29-Oct. 4, 2002.

18 © 1SO 2012 — Al rights reserved


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

10.5.9 Harpold, J.C., and Graves, C.A. (1979), “Shuttle Entry Guidance,” NASA TM-79949.

10.5.10 Harpold, J.C., and Graves, C.A. (1979), “Shuttle Entry Guidance,” Journal of the Astronautical
Sciences, vol. 27(3), pp- 239-268.

10.5.11 Justus, C.G., Woodrum, A., Roper, R.G., and Smith, O.E. (1974), "A Global Scale Engineering
Atmospheric Model for Surface to Orbital Altitudes, 1: Technical Description”, NASA TMX-64871.

10.5.12 Justus, C.G., Jeffries lll, W.R., Yung, S.P., and Johnson, D.L. (1995), “The NASA/MSFC Global
Reference Atmospheric Model — 1995 Version (GRAM-95)", NASA TM-4715.

10J5.13 Justus, C.G., and Johnson, D.L. (1999), “The NASA/MSFC Global Reference Atmospheri¢c Model -
1999 Version (GRAM-99)”, NASA/TM--1999-209630.

10J5.14 Justus, C. G., Duvall, A., and Keller, V.W. (2004), "Earth Global Reference Atmospheric Model
(GRAM-99) and Trace Constituents", Paper C4.1-0002-04, Presented at 35th COSPAR)Scientific Assembly
Pafis, France July 18-25, 2004.

1015.15 Norlin, K.A. (1995), “Flight Simulation Software at NASA Dryden Flight'Research Center”, NASA
Teghnical Memorandum 104315, October 1995.

10J5.16 Williams, P.S. (2001), “A Monte Carlo Dispersion Analysis of the X-33 Simulation Software”| AIAA
2001-4067, AIAA Atmospheric Flight Mechanics Conference, Montreal, Canada, August 6-9, 2001.

10/6. Dates of development, authors and sponsors

10[6.1 Version Date
Earth GRAM 1974
Earth GRAM-86 1986
Earth GRAM-88 1988
Earth GRAM-90 1991
Earth GRAM-95 1995
Earth GRAM-97 1997
Earth GRAM-98 1998
Earth GRAM-99 1999

Earth«GRAM-07 2007

10|6.2 Principal authors: C. G. Justus

10.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center

10.7. Model codes and sources

The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zurich
smoothed solar and geomagnetic activity based on the most recent monthly mean data for use in the GRAM-
99. It can be downloaded from http://sail.msfc.nasa.gov.

The Earth GRAM-07 program FORTRAN source code is available from NASA Marshall Space Flight Center.
Contact NASA Marshall Space Flight Center, Mail Code: EV44, Natural Environments Branch, Marshall
Space Flight Center, AL 35812.
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NOTE A new version of Earth-GRAM (Earth-GRAM2010) is currently under development and targeted for release in
May 2010. This new program will use a more contemporary global database from the National Centers for Environmental
Prediction (NCEP) Reanalysis Project. The NCEP region extends from the surface to the 10 millibar level (~27-31 km),
with a default period of record from 1990 to 2008. This climatology includes means and standard deviations for four times
of day so the user has the option of selecting monthly mean values occurring at times 00Z, 06Z, 12Z, 18Z or the total daily
statistics. In addition, Earth-GRAM2010 uses a global climatology of chemical release winds to revise wind perturbation
standard deviations in the 90-120 km altitude range. The thermosphere has also 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.

11 US Sfandard Atmosphere, 1962

11.1 Model content
The US Standard Atmosphere, 1962 consists of a bound volume, containing principally tables, andto a lesger
extent, figures. The latter present profiles of temperature, pressure, density, sound speed;)kinematic and
dynamic Miscosity, thermal conductivity, gravitational acceleration, specific weight, pressure scale height,
particle speed, collision frequency, and mean free path, with altitude given in both metfic and English units.
The altitude range is -5 to 700 km, although some of the data presented are terminated.at 90 km. NOTE: This
information on the US Standard Atmosphere, 1962 is provided for historical information. The reader is direcfed
to the US $tandard Atmosphere, 1976 for use in any applications.

The mode] is empirical, being based upon temperature measurements by radiosondes, rocketsondes, and
satellites, which yield a standard temperature profile extending from below+sea level to 700 km altitude. The
US Standard Atmosphere, 1962 is divided into four altitude regions: the first, from -5 to 20 km is designated
standard; @& second region, from 20 to 32 km is designated proposed:standard; the region from 32 to 90 km,
tentative, pnd the region from 90 to 700 km, is termed speculative, reflecting the varying degrees| of
confidencq in the data. All region altitudes are both geopotential’ (up to 90 km) and geometric altitudes. The
temperature profile is selected such that it provides a best\fit'to the measured data. Tables of geopotential
altitude (in| both meters and feet) as a function of pressurg;in millibars are included at the end of the volume.
While variptions (diurnal, seasonal, latitudinal, and solar cyclical) are briefly discussed and formulas |for
introducing the variations into the model are given, the model is, in fact, an idealized, middle latitude (45 dgQ)
year-round mean over a range of solar activity-between sunspot minima and maxima. This model was
subsequently extended by the 1966 Supplement and then superseded by the US Standard Atmosphgre,
1976.

11.2 Model uncertainties and limitations

11.2.1 The Standard is an idealized model corresponding to mean global and annual mid-latitude (45 dgg)
conditions|only. However, formulas are presented for calculating corrections to the kinetic temperatures |for
nocturnal gonditions and for.varying 10.7 cm solar flux.

11.2.2 Winds are not.modeled.

11.2.3 Dlata for.the‘region between 32 and 90 km are moderately uncertain; and data for the region abgve
90 km are |very unreliable.

11.2.4 The-accuracy of the data used as the basis of the Standard varies from on instrument to another and
also with altitude.

11.3 Basis of the model

11.3.1 The model is a successor to the U. S. Extension to the ICAO Standard Atmosphere: Tables and Data
to 300 Standard Geopotential Kilometers, 1958.

11.3.2. The air is assumed to be dry and homogeneously mixed up to 90 km. At low altitudes where mixing
is complete, the hydrostatic equation

.M
dlnp RTdZ
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is integrated. Here p is pressure, g is the gravitational acceleration at 45 deg latitude, M is the mean molecule
weight, T is the absolute temperature, z is geometric altitude, and R is molecular gas constant

11.3.3 The gravitational acceleration, g, is height-dependent with both "inverse-square" and centripetal
effects included in the analysis.

11.4 Databases

Thirty-four papers or reports summarizing the rocket data (falling sphere, grenade, pitot-static tube, and
thermistor) as well as the satellite data are listed on pages 29-30 of the basic document. Because of the
length of the list, they are not reproduced here.

11{5 Publication references
Na,uonal Aeronautics and Space Administration, US Air Force, and U. S. Weather Bureau,\UV. § Standard
Atmosphere, 1962, U. S. Government Printing Office, Washington, DC, 1962.

11|6 Dates of development, authors and sponsors

11J6.1 Dates: US Extension to the ICAO Standard Atmosphere 1958
US Standard Atmosphere, 1962

11/6.2 Principal authors: M. Dubin, N. Sissenwine, and H. Wexler, Co-chairmen, US Committee on
Extension of the Standard Atmosphere (COESA). The editors were’ K."S. W. Champion, W. J. O'Syllivan, and
S.|T. Teweles. The model was developed and adopted in consolation with the International Ciyil Aviation
Organization (ICAO)

11/6.3 Sponsors: National Aeronautics and Space Administration, US Air Force, US Weather Bufeau.

1117 Model codes and sources
The model is published in the form of tables and-figures only. No computers codes are available] Copies of
thg US Standard Atmosphere, 1962 should be available from the US Government Printing Office, Washington,
DQ.

12 US Standard Atmosphere supplements, 1966

12|11 Model content
The U. S. Standard Atmosphere Supplements, 1966 extend the U. S. Standard Atmosphere, 1964 to include
seasonal and latitudinal variations. In addition, it extends the altitude domain upward to 1000 km. The
principal tables, which present temperature, temperature variation from the 1962 standard, pressurg millibars,
thg ratio of pressure to that of the 1962 standard, density, the ratio of density ratio to that of the 1962
standard, sound speed, coefficient of viscosity, and thermal conductivity, correspond to the following seasonal
angl latitudinal conditions: 15 deg N, annual mean; 30 deg N, January and July; 45 deg N, January and July;
60[deg\N, January (average, cold and warm) and July; and 75 deg N, January (average, cold and warm) and
July:

The profiles are listed for both geometric and geopotential altitude as the independent variables and the data
are given in both metric and English units. Tables of geopotential altitude (in both meters and feet) as
functions of pressure (in mb) are included for essentially the same seasonal and latitudinal conditions. The
Supplements conclude with three tables of the following parameters in the 120 to 1000 km geometric altitude
region: temperature, number densities of O2, O, No, He and H, the mean molecular weight, the pressure
scale height, pressure, and total density. The three tables correspond to mean conditions for winter, summer,
and spring/fall. Although superceded in part by the US Standard Atmosphere, 1976, the variations from the
mean contained in the Supplement were not addressed in the 1976 revision and for that reason those
contained in the Supplement are still in use.
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12.2 Model uncertainties and limitations

The uncertainties and limitations are similar to those for the US Standard Atmosphere, 1962 except that the
restrictions with respect to latitude and season have been relaxed as discussed in the preceding section.
However, phenomena such as the winter helium bulge were not included since they were discovered after this
publication was completed.

12.3 Basis of the model

12.3.1 The supplements are based upon the same physical considerations as the US Standard
Atmosphere, 1962

12.3.2. The variations of the atmospheric parameters with latitude and season were for the most part deriyed
from meagqured data. However, in some instances, most notably for altitudes between 90 and 120 km where
there weregl few measured data available, interpolation and "educated guesswork" had to be employed:

12.4 Databases
Numerous|references to empirical atmospheric data which were used in the analyses are listed on pages P1-
93 of the biasic document.

12.5 Publication references
Environmgntal Science Services Administration, National Aeronautics and Space-Administration, and US [Air
Force, US|Standard Atmosphere Supplements, 1966, U. S. Government Printing Office, 1966.

12.6 Dates of development, authors and sponsors

12.6.1 Dates: US Standard Atmosphere, 1962
US Standard Atmosphere Supplements1966

12.6.2 Prjncipal authors: M. Dubin, N. Sissenwine, and S. Teweles, Co-chairmen, US Committee [on
Extension [of the Standard Atmosphere (COESA). The editors were K. S. W. Champion, W. J. O'Sullivan, and
H. M. Wodf.

12.6.3 Sponsors: Environmental Science: Services Administration, National Aeronautics and Space
Administration, and US Air Force.

12.7 Model codes and sources
The model is published in the form ef'tables and figures only. No computer codes are available. Copies of the
US Standard Atmosphere Supplements, 1966 should be available from the US Government Printing Office,
Washingtan, DC.

13 US Standard Atmosphere, 1976

13.1. Model content
The US Standard Atmosphere, 1976, the successor to the US Standard Atmosphere, 1962, consists df a
bound volume. It contains principally tables, and to a lesser extent, figures which present profiles| of
temperature, pressure, density, sound speed, dynamic and KinemaliC visScosity, and thermal conductivity with
altitude given in both metric and English units. The altitude range is -5 to 1000 km. Below 32 km the US
Standard Atmosphere is identical with the Standard Atmosphere of the International Civil Aviation
Organization (ICO).The model is empirical, being based upon temperature measurements by radiosondes,
rocketsondes, rockets and satellites and is defined in terms of a temperature profile extending from -5 to 1000
km. This profile is chosen so that the vertical profiles of pressure, density and composition, derived using one-
dimensional physical equations, and the temperatures provide a best fit to the experimental data for the
defined standard conditions.

Tables of geopotential altitude (in both meters and feet) as a function of pressure in millibars as well as tables
of composition (N2, O, O2, Ar, He, H) as functions of altitude from 86 to 1000 km are included at the end of

the volume. Seasonal, latitudinal, and solar cycle associated variations of atmospheric parameters are
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discussed, allowing the reader to at least make estimates of the variations from mean conditions. Discussions
of trace constituent distributions (H,O, O, NO,, NO, HNO, H,S, NH,, H, CH,, SO,, CO, CO,, N,0) and
aerosols together with plots of vertical profiles permit the derivation of semi-quantitative models or these
species, at least in the mean.

13.2 Model uncertainties and limitations

13.2.1 The Report is defined as a vertical distribution of atmospheric temperature, pressure and density that
represents mean global and annual mid-latitude (45 deg N) conditions. To this definition are added mean solar
and geomagnetic conditions for altitudes above 100 km.

13]2.2 Variations with latitude, season, and solar and geomagnetic activity are discussed in the telxt.
1312.3 Wind systems are not modeled.

13/2.4 The geographic coverage of the rocket network is spotty; as a result, the datasmay not be [sufficiently
regresentative of global conditions.

13]2.5 The accuracy of the data used as the basis of the Report varies from,6ne instrument to apother and
alsp with altitude.

13]2.6 There are errors in Table Il: the H and Z headings on pages\79, 81-86, 88, and 90-97|should be
rchanged.

e 2, Table 2. R* = 8.31432x10°2 not 8.31432x10? Nm/(kmol K)

e 2, Table 2. r, = 6.356766x103 not 6.356766x10° km.

e 2, Table 2. According to page 19, column 1, line 1125 =110.4 not 110 K.

e 2, Table 2. sigma = 3.65x10"° not 3.65x10" m.

e 4, column 1, line 37. According to page 19, coltmn 1, line 11, S=110.4 not 110 K.

e 4, column 1, line 41. beta = 1.458x10° not (h458x10° kg/(s m K*);.

e 11, column 1, line 10. We can also let a= 19.9429 km instead of -19.9429 km.

e 13, Table 9. n(He), = 7.581730x10".not'7.5817x10™ m3.

e 20, Table 10. k,, = 2.5326x102 net.2:5326x102 W/(m K).

e 67, from 80 to 86 km, T = T,, instead of being adjusted according to Table 8 on page 9.

13|3 Basis of the model

13{3.1 The model is a major revision of the US Standard Atmosphere, 1962.
13/3.2 The air is assumed to be dry and homogeneously mixed at altitudes below 86 km. At low altitudes
where mixing is camplete, the hydrostatic equation

.M
dlnp RTdZ

is ntegrated. Here, p is pressure, g is the gravitational acceleration at 45 deg latitude, M is|the mean
mdlécular weight, T is the absolute temperature, and z is geometric altitude.

13.3.3 At altitudes well above 86 km, where diffusive separation governs, it is assumed that the vertical flux
of the background atmosphere is zero,

niVi"'Di[d—n.*'n'(l—i_ai)dT + 2 ny] + K42 +28 AT gMﬂi] =0

dzz ' T dz RT dz; T dz RT

Where

nj = the concentration of the ith species

vj = the vertical velocity of the ith species
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Dj = the molecular diffusion coefficient of the ith species diffusing through N2
aj = the thermal diffusion coefficient of the ith species
M;j = the molecular weight of the ith species

K = the eddy diffusion coefficient

13.3.4 The gravity field is height dependent, the dependence being given approximately by

2
g=go(—%>)

where go |s the acceleration at the Earth's surface and rg is the mean Earth radiUS In the regionhwh
diffusive sg¢paration begins (z>86 km), the number densities are given by

z
n; ZnTT—*exp{—f [f(z') +D Vi K] dz'}

where the psterisk denotes values at 86 km altitude, and

_ D; MK, %R dT
fz) = RT(D O D g dZ)

However, {he N2 density is given simply by

* * M
n(N2) = n"(N2) 1 exp(- f T

13.3.5 The temperature profile is defined by a set of algarithms.

13.4 Databases

Twenty-siy papers or reports summarizing the. rocket data (i.e., falling sphere, grenade and pitot-static tu
are listed ¢n pages 26 and 27 of the basic document (Ref. 13.5.1). Because of the length of the list, they
not reprodliced here.

13.5 Publication references

13.5.1 tional Oceanic and-Atmospheric Administration, National Aeronautics and Space Administrati
U. S. Air Fprce, US Standard Atmosphere 1976, US Government Printing Office, Washington, DC, 1976.

19
=
D

De)
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13.5.2 Minzner, R. A./fhe’ 1976 Standard Atmosphere and its relationship to earlier standards, Rgvs.
Geophys. and Space ‘Phys. 15, 375-384, 1977 gives the history behind the model's development, going back

to 1922.

13.5.3 Zuppardo, Joseph C. (1993): Graphical Comparison of U. S. Standard Atmospheres and Milit
Standard Climatic Extremes, Report Number AD-A264639, ASC-TR-93-5002, Air Force Systems Comma

ary

pd

Wright-Patterson AFB, OH:
13.6 Dates of development, authors and sponsors

13.6.1 Dates: US Standard Atmosphere, 1962
US Standard Atmosphere Supplements, 1966
US Standard Atmosphere, 1976

13.6.2 Principal authors: M. Dubin, A. R. Hull, and K. S. W. Champion, Co-chairmen, Committee
Extension for the Standard Atmosphere (COESA) were the editors. The scientific editors were A. J. Kantor,

on
R.
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A. Minzner and R. Quiroz. The model was developed and adopted in consultation with the International Civil
Aviation Organization (ICAQO) and the International Standards Organization (1ISO).

13.6.3. Sponsors: National Oceanic and Atmospheric Administration, National Aeronautics and Space

Ad
13

ministration, US Air Force.

.7 Model codes and sources

Available in hard copy from the National Technical Information Office, Springfield, Virginia (Product Number:
ADA-035-6000). The FORTRAN code can be obtained from Public Domain Aeronautical Software. A DOS
executable and Turbo-Pascal source code is available from Small World Communications. An added link to

P

E file for the 1IUS Standard Afmnephnrn’ 10768 has heen prn\/idnrl as noted:
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Committee on Extension to the Standard Atmosphere, "US Standard Atmosphere, 1976
eanic and Atmospheric Administration, National Aeronautics and Space Administration,-US
shington DC, 1976. PDF File.

International Reference lonosphere (IRI), 2007

1 Model content

hce Research (COSPAR) and the International Union of Radio Science (URSI). These organizati

, National
Air Force,

b International Reference lonosphere (IRI) is an international preject sponsored by the Committe¢ on

bns
b, based

med a Working Group in the late sixties to produce an empirical standard model of the ionospher
all available data sources. Several steadily improved editions of the model have been released. |
ely used for the specification of densities and temperatures in Earth's ionosphere. For given loc
| date, IRI describes the electron density, electron temperature, ion temperature, ion composition
ctron content in the altitude range from about 50.km to about 2000 km. It provides monthly avera
h-auroral ionosphere for magnetically quiet conditions. The IRl is the ionosphere model recomme]
hnical specification documents that are currently under consideration by the International Standa
hanization (ISO) and by the European Cooperation for Space Standardization (ECSS).

2 Model uncertainties and limitation
e model uncertainties and limitations are as described in the database sources noted in item 4 an
plication references in item 5.

3 Basis of the model
charter IRl is an empirical model and is based on most of the internationally available ground
a for the ionosphere:

W features and improvements in IRI-2007 include the following:

Two new’options for the topside electron density profile (IRI-2001 correction term and NeQuick
topside sounder data that overcome the problem of IRI-2001 at high altitudes and high solar ac

lis
ion, time
, and
pes in the
nded in
rdization

and space

based on
ivities;

b)

d)

e)

ANl IN ot aal £ = + pu | HH ry it ol la ol IO AT
ATINTUTAnNT T ITTOUTT TUT TETTYUIUTIT UTTIO TS at autul air iatitiuTc s UdSTU UIT o UAT d

be adjusted with ground absorption measurements if available;

pu | 1 P |
MU TUCRAT T Ua

a that can

A new model for the ion composition in the topside ionosphere based on AE-C, -E, and Intercosmos 24

ion data that show much better agreement with 1SIS-2 and ISS-b IMS data than the old model;

A model for the plasmaspheric electron temperature based on over a decade of Akebono TED

measurements;

For the first time a model for the Spread F probability, based on Brazilian ionosonde observations,

describing variations with latitude, local time, month, and solar activity;
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f)  The newest version of the IGRF model (IGRF-10) is implemented for the computation of magnetic field
coordinates used in IR,

g) Many technical corrections noted in the COMMENT sections of the different program files.

14.4 Databases

The major data sources are the worldwide network of ionosondes, the powerful incoherent scatter radars
(Jicamarca, Arecibo, Millstone Hill, Malvern, and St. Santin), the ISIS and Alouette topside sounders, and in
situ instruments on several satellites and rockets. IRl is updated yearly during special IRl Workshops (e.g.,
during COgPAR-genreratassembly—ArtRIHNewsletteris-published-quartery-and-is-available

from http:/iwww.ted.isas.jaxa.jp/IRI News/ There is also an electronic mailer with up-to-date IRI-relevant
information available at http:modelweb.gsfc.nasa.gov/ionos/in_news.html. The IRl homepage is

at http://IR].gsfc.nasa.gov/.

14.5 Publication references
K. Rawer, D. Bilitza, and S. Ramakrishnan, Goals and Status of the International Referencelonosphere, Rqv.
Geophys.,[16, 177-181, 1978.

K. Rawer, [S. Ramakrishnan, and D. Bilitza, International Reference lonosphere 1978,)International Union o
Radio Scignce, URSI Special Report, 75 pp., Bruxelles, Belgium, 1978.

K. Rawer, lJ. V. Lincoln, and R. O. Conkright, International Reference lonosphere-IRI 79, World Data Centef A
for Solar-Tlerrestrial Physics, Report UAG-82, 245 pp., Boulder, Coloradg, 1981.

K. Rawer and C. M. Minnis, Experience with and Proposed Improvements of the International Reference
lonospherg (IRI), World Data Center A for Solar-Terrestrial Physics, Report UAG-90, 235 pp., Boulder,
Colorado, [1984.

D. Bilitza (gd.), International Reference lonosphere 1990,INSSDC 90-22, Greenbelt, Maryland, 1990.

D. Bilitza, K. Rawer, L. Bossy, and T. Gulyaeva, International Reference lonosphere - Past, Present, Futurd,
Adv. Spacg Res. 13, #3, 3-23, 1993.

D. Bilitza, International Reference lonosphere.-’Status 1995/96, Adv. Space Res. 20, #9, 1751-1754, 1997.
D. Bilitza, International Reference longsphere 2000, Radio Science 36, #2, 261-275, 2001.

D. Bilitza, [Reinisch, B.W., International Reference lonosphere 2007: Improvements and new parameters| J.
Adv. Spacg Res. (2008), doi:10:4016/j.asr.2007.07.048

D. Bilitza, B. Reinisch, and J. Lastovicka (2008), Progress in Observation-Based lonospheric Modeling, Space
Weather, 8, S02002, doi10.1029/2007SW000359.

14.6 Date of<development, authors and sponsors

14.6.1 D3ates; 2007

14.6.2 Authors: Joint Working Group of the Committee on Space Research (COSPAR) and the
International Union of Radio Science (URSI)

14.6.3 Sponsors: Committee on Space Research (COSPAR) and the International Union of Radio Science
(URSI)

14.7 Model codes and sources

The IRI master copy is held at the National Space Science Data Center (NSSDC) and updated according to
the decisions of the Working Group. The software package distributed by NSSDC includes the FORTRAN
subroutines, model coefficients (CCIR and URSI), and documentation files. The IRI build-up and formulas
described in detail in a 158-page NSSDC report (Bilitza, 1990).
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14.7.1  Availability

The latest version of the IRI model, IRI-2007,is available as a FORTRAN Program from the IRl homepage

at http:/IRl.gsfc.nasa.gov. Please read the 00README.TXT file for important information regarding the IR
program files and the download process. Also note that the program includes several switches (logical array
JF (30)) to turn on/off specific options. The details and defaults of these switches are given in the COMMENT
section at the beginning of program irisub.for.

15 Exopheric hydrogen model, 1994

15.1 Model content

A Monte Carlo simulation of the terrestrial hydrogen exosphere is used to derive a global~mqdel of the
expspheric hydrogen density. A third-order spherical harmonic expansion in longitude and colatitudes is used
to fepresent H at a particular radiUS The h_exos.dat file provides the harmonic expansion, coefficients for 40
radii (between 6640 km and 62126 km) for solstice and equinox conditions, and for four levels of sglar activity
(F10.7 = 80, 130, 180, 230). Details of the Monte Carlo simulation are explained in Hodges (1994; Ref. 15.5.1).

152 Model uncertainties and limitations
The simulation results show significant differences with previous exosphere)'models, as well as with the H
disributions of the MSIS-86 thermosphere model.

153 Basis of model
Sep Reference 15.5.1 for details.

15|4 Databases
Seg Reference 15.5.1 for details.

15|5 Publication references

15)5.1 Hodges, R. R., Monte Carlo Simulation of the Terrestrial Hydrogen Exosphere, J. Geophyg. Res., 99,
23p29-23247, 1994

15/6 Dates of development, authors and sponsors
15/6.1 Date: 1994

15)6.2 Author: R. R.(Hodges

157 Model codes-and sources
Sep Reference 45.5.1 for details.

16 SHARC/SAMM atmosphere generator, SAG-2 (0-300 KM)

164 Model content
The SHARC Atmosphere Generator (SAG) is a stand-alone, interactive program that utilizes a combination of
empirical models to generate atmospheric profiles for Air Force infrared (IR) radiation codes that account for
systematic variability of the atmosphere, including solar terminator effects. Using information on the day of the
year, local time, solar and geomagnetic activity indices, etc., SAG reasonably models the variabilities in
temperature and CO,, O3, OH, NO, H,O and O densities. For other species, diurnally averaged profiles are
derived from recent climatology database or other standard tabulations. The SAG output files support the Air
Force Strategic High-Altitude Radiance Code (SHARC) and the SAMM (SHARC And MODTRAN Merged)
code which have been developed to address the strategic requirements for modeling IR background radiation
and structure in the upper atmosphere. One of their most critical applications is in modeling radiance
variations, which can occur over a wide range of spatial and temporal scales. Short-term and small-scale
variations associated with random processes can be characterized and predicted statistically. On the other
hand, systematic variations, which can be predicted deterministically, may be quite large and thus play an
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important role in setting the overall background radiance level for a given band pass. In particular, at the solar
terminator, large radiance variations can occur over a small (several-degree) range of solar zenith angle due
to photochemical processes in the atmosphere.

The SHARC Atmosphere Generator (SAG) has been designed to allow the major known, systematic
variabilities in the atmosphere, including terminator and other diurnal effects, to be practically incorporated in
strategic IR radiance calculations. SAG is presently implemented as a FORTRAN subroutine, which may be
run via the supplied or user furnished driver program. This allows SAG to be run interactively or in a batch
processing mode by looping over atmospheric dependencies in the driver program. SAG may be used to
generate an atmosphere file for use with MODTRAN and a file of species and kinetic temperature profiles
compatible with SHARC and SAMM. The profiles are customized for the geophysical and geographic
informatiofi Input by The user.

Using infofmation on the day of the year, local time, solar activity indices, etc., SAG reasonably medels the
systematig variabilities in CO, O3, OH, NO, H,0, and O atom densities. For other species, diurnally averaged
profiles arg¢ taken from recent databases. To facilitate use without detailed inputs, defaults arevprovided|so
that simplg designators, such as day/night, season, and latitude region (low, mid or high), can"be’specified|as
desired.

16.2

odel uncertainties and limitations

16.2.1 THe model does not have any predictive capabilities. It only provides estimates of the dependencg of
the mean| values of atmospheric temperature, major atmospheric species, and infrared active spedies
densities @n geographical location, season, time of day, solar and geomagnétic activity. No estimates of the
local variapility, which can be substantial, are available. The species profiles are derived a combination| of
measurements and models and are not necessarily self-consistent.

16.2.2 THe NRLMSISE-00 and MSISE-90 databases, supplemented by the AFGL Atmospheric Constitugnt
Profiles mpdel, the UARS NO and SNOE H,O databases, form the basis of SAG-2 and thus inherit the
uncertaintips and limitations of these databases.

16.3 Basis of the model
SAG drawp on several existing empirical atmosphere, models. Either MSISE-90 [4.1] or NRLMSISE-00 [4.2]
may be usgd for the temperature and major species profiles. They provide profiles for species including N,,|O,,
O, and H 3s a function of altitude, latitude, longittde, universal time (UT), local solar time (LST), daily average
Ap index, and the F10.7 (previous day) and F10.7A (81 day centered average) solar flux indices. The secgnd
atmosphere model is the NRL climatology database [4.3] for altitudes up to 120 km. This database is used|for
the SHARC and SAMM species CH; and,'CO, and for lower portions of the O; and O profiles, as well as|for
the additional species N,O, NO,, and\HNO; used in SAMM. The NRL database [4.3] contains mean monthly
mixing ratips at 1 to 5 km altitude inecrements and 10° latitude increments. SAG interpolates between thg¢se
values and converts to number.densities using the MSISE-90 or NRLMSISE-Q0 total densities.

New water vapor climatoloegy-has been introduced into SAG 2.0. The new climatology was developed by the
UARS Reference Atmosphere Project (URAP), whose aim is to provide a comprehensive referemce
description of the stratesphere based on the data recorded by instruments on the NASA Upper Atmosphgre
Research [Satellite . (UARS) [4.4]. The URAP water vapor climatology was constructed from the HALDE
(HALogen| Occulation Experiment) [4.5], MLS (Microwave Limb Sounder Experiment) [4.6], and SAGE II
(Stratosphgric*Aerosol and Gas Experiment) [4.7] data and presented as monthly zonal means, where the
zones are|designated by latitude and pressure [4.8]. The new climatology is a substantial improvement|on
CIRA-1996 [4.9], which is based on pre-URAP data.

The Student Nitric Oxide Explorer (SNOE) database has been introduced to provide nitric oxide profiles
between 97 km and 150 km [4.10]. The database consists of measurements of nitric oxide density in the
thermosphere for the period March 11, 1998 to September 30, 2000. The data covers the latitude range of 80°
S to 80° N at 5° intervals and the longitude range 180° W to 180° E at 24° intervals.

The remaining species profiles, including those for CO,, OH, SO,, and NH; are derived from a combination of

standard concentrations [4.11] used in MODTRAN, photochemical or empirical models based on inputs or
outputs (CO,), or some combination of these (OH), as described in this Report.
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16.4 Databases

16.4.1 Hedin, A. E., “Extension of the MSIS Thermospheric Model into the Middle and Lower Atmosphere,” J.
Geophys. Res., 96, 1159, 1991.

16.4.2 Picone, J.M., A. E. Hedin, D. P. Drob, and A. C. Aikin (2002), NRLMSISE-00 empirical model of the
atmosphere: Statistical comparisons and scientific issues, J. Geophys. Res., 107 (A12), 1468, doi:
10.1029/2002JA009430.

16.4.3 Summers, M. E., W. J. Sawchuck, and G. P. Anderson, “Model Climatologies of Trace Species in the
Atmosphere,” Annual Review Conference on Atmospheric Transmission Models, Phillips Laboratory,
Hapscom AFB, VA, June 1992

16J4.4 http://lumpgal.gsfc.nasa.gov/uars-science.html

16/4.5 Harries, J. E., J. M. Russel, A. F. Tuck, L. L. Gordley, P. Purcell et al., “Validation of Measufements of
Water Vapour from the Halogen Occulation Experiment, HALOE,” J. Geophys. Res., 101) 10205, 1996.

16/4.6 Lahoz, W. A., M R. Suttie, L. Froidevaux, R. S. Harwood, C. L. Lau, T. A. Lungu, G. E. Peckham, H. C.
Pumphrey, W. G. Read, Z. Shippony, R. A. Suttie, J. W. Waters, G. E. Nedoluha; S. J. Oltmans, J.|M. Russel
lll,Jand W. Traub, “Validation of UARS Microwave Limb Sounder 183 GHz H,Q_Measurements,” J| Geophys.
Res., 101, 10129, 1996.

16J4.7 Chiou, E. W., M. P. McCormick, and W. P. Chu, “Upper Irepospheric Integrated Water Vapor
Digtributions Derived from SAGE Il Observations,” EOS Transactions, AGU, 73, 14, 1992.

16)4.8 Pumphrey, H. C., D. Rind, J. M. Russell lll, and J. E. Harries,*'A Preliminary Zonal Mean Climatology of
Water Vapour in the Stratosphere and Mesosphere,” Adv. Space Res., 21, 1417, 1998.

16/4.9 Keating, G. M., J. S. Chiou, and N. C. Hsu, “Improved ozone reference models for theg COSPAR
International Reference Atmosphere,” Adv. Space Res., 18,11, 1996.

16]4.10 http://lasp.colorado.edu/snoe/

16J4.11 G. P. Anderson, G. P., J. H. Chetwynd; S. A. Clough, E. P. Shettle and F. X. Kneizys, “AFGL
Atmospheric Constituent Profiles (0-120 km),”AFGL-TR-86-0110, Environmental Research Rapers No.
954 (1986), ADA175173.

16/5 Publication references
16)5.1 Adler-Golden, S. M., “Description of the SHARC Atmosphere Generator,” PL-TR-93-2123, May 1993.

16{5.2 Shroll, R. M., S. Adler-Golden, J. W. Duff, and J. H. Brown, “Users’ Manual for SAG-2, SHARC/SAMM
Atmosphere Generator,” AFRL-TR-03-1530, October 2003.

16/6 Dates of-development, authors and sponsors

16)6.1 Dates: original model 1993

SAG-2 2003
16]6,2 “Authors: S. Adler-Golden, R. Shroll, J. W. Duff, and J. H. Brown
16.6.3 Sponsor: Air Force Research Laboratory, Space Vehicles Directorate.

16.7 Model codes and sources

SAG is presently implemented as a FORTRAN subroutine, which may be run via the supplied or user
furnished driver program. This allows SAG to be run interactively or in a batch processing mode by looping
over atmospheric dependencies in the driver program. The program has been developed for the Windows XP,
UNIX, and Linux operating systems.

A description and users’ manual for SAG-2 is given in AFRL Report No. AFRL-TR-03-1530 (Ref. 15.5.2). The
code is freely available from the Air Force Research Laboratory Space Vehicles Directorate
(http://www kirtland.af.mil/library/factsheets/factsheet.asp?id=7903).
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17 Proposed international tropical reference atmosphere, 1987

17.1 Model content
The Proposed International Tropical Reference Atmosphere model from India consists of a set of tables of
pressure (in millibars and Torr), temperatures, density, sonic velocity, dynamic and kinematic viscosity,
thermal conductivity, gravitational acceleration, mean particle speed, mean collision frequency, number
density, and mean molecular weight as functions of geometric and geopotential altitude; the last range from -5
to 1000 km in steps of 1 km. In addition, tables of concentrations of atmospheric species (N2, O2, O, Ar, and
He) are given for altitudes in the range 86 to 1000 km in steps of 1 km. All conditions are specific to the
tropics, in padicular those which prevail in the mean over the whole of the tropical region of the globe fr
about 30 deg S to 30 deg N latitude. Variations of the important atmospheric parameters are not included.

om

17.2 Model uncertainties and limitations

17.2.1
17.2.2
17.2.3

The model corresponds to mean conditions only.
The model refers only to tropical conditions.

Not all of the lower mesospheric data on which the model is based are mutually consistent.

17.3 Basjis of the model

The mode] is based upon balloon data up to 20 km and rocket sonde measurements up to about 50
altitude. At altitudes from 50 to 100 km, falling sphere and grenade data-ate employed, yielding temperat
measurements that are generally consistent with each other, with a claimed accuracy of 2 to 3 K. At altitug
approachiIg 100 km, Nimbus satellite temperature data obtained frem radiance values are somewhat hig

than the f

ling sphere and grenade data. According to the authérs) the reason for this disagreement is

clear. At altitudes above 100 km the MSIS-83 model (Hedin, A. EZ/1983 -- see section 5) is adopted.

At altitudes below 85 km, the atmosphere is consideredsto be completely mixed, but above that altity

diffusive s

of altitude g by

where

) (Zo) K Di .
d ln T D
Mo b axe [D .

I[x,y] = exp{- f (x/y) dz]

Here z4 i taken_tosbe 86 km, T is the absolute temperature, K is the eddy diffusion coefficient, Dj is

molecular fiffusion*coefficient for species i, H is the mean scale height, Hj is the scale height of species i,

a.j is the thermal diffusion coefficient of species i. The vertical velocity is given by a simple parametric form:

km
Lire
les
her
hot

de

bparation occurs. At and above 86 km the concentration of the ith species, nj, is given as a funcjon

he

qnd

vi/(D; + K) = 0;[(120-2) (z-86)]?

where the aj are adjustable parameters selected such that predicted species concentrations at 120 km are

close to the mean low altitude values obtained from MSIS-83. Above 120 km, the species are assumed to be
in diffusive equilibrium.

17.4 Databases

17.4.1
17.4.2

30

Troposphere and lower stratosphere (balloon sonde data)

Upper stratosphere (rocket sonde data)
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17.4.3 Mesosphere (grenade and falling sphere data)
17.4.4 Thermosphere (MSIS-83 Thermospheric Model)

17.5 Publication references

17.5.1 Anathasayanam, M. R., and R. Narasimha, "Proposals for an Indian Standard Tropical Atmosphere
up to 50 km," Adv. Space Res., 3, 17-20, 1983.

17.5.2 Anathasayanam, M. R., and R. Narasimha, "A Proposed International Tropical Reference
Atmosphere up to 80 km," Adv. Space Res.,5, 145-154, 1985.

17]5.3 Ananthasaynam, M. R., and R. Narasimha, "A Proposed International Tropicall/|Reference
Atrmosphere up to 1000 km," Adv. Space Res, 7, 117-131, 1987.

17/5.4 Hedin, A. E., "A Revised Thermospheric Model Based on Mass Spectrometer andIncohergnt Scatter
Data: MSIS-83," J. Geophys. Res., 88, 10,170-10,188, 1983.

17|16 Dates of development, authors and sponsors

17/6.1 Dates: 1983-1987
1716.2 Authors: M. R. Anathasayanam and R. Narasimha.
17)6.3 Sponsors: Indian Institute of Science, Bangalore, and.Aeronautics Research and Dgvelopment

Boprd, Ministry of Defense, New Delhi

17{7 Model codes and sources
The model is published in the form of tables and figures only. No computer code is available. Contact
sponsors for additional information.

18 Referenced atmosphere for Indian Equatorial Zone from Surface to 80 km, 1985

18|11 Model content
The Reference Atmospheres for Indian Equatorial Zone from Surface to 80 km, 1985 from India, which
describes the Indian equatorial zone only, consists of a series of tables of atmospheric temperature (K),
prgssure (millibars), and density (kg m-3) extending from the surface to 80 km geometric altitfide with a
reqolution of 1 km. These tables give annual mean values together with seasonal dispersions, apd monthly
values of the three atmospheric properties. The final table in the volume provides a comparison of
temperatures at various’heights up to 80 km for five other models which include the earlier (1979) version of
thgd model under.“discussion, the CIRA 1972 model, and the tropical reference atmopphere of
Anpnthasayanam,and Narasimha.

182 Model.uncertainties and limitations

1824 * The temperature values measured by the M-100 rocket payload (a rhenium-tungsten| wire in a
Wheatstone bridge) contain measurement errors These errors in the corrected temperatures (which in turn
lead to errors in the derived quantities, pressure and density) range from 1 deg C in the 0 to 25 km region to
as much as 10 deg C in the 60 to 80 km region. The temperature values of the 1985 model have been
improved over the earlier version by using inter-model comparisons as a means of adjustment.

18.2.2 The model is limited to equatorial Indian conditions.

18.3 Basis of the model

The atmospheric data upon which the model is based are meteorological data (balloon sonde) obtained by
four India Meteorological Department (IMD) stations for altitudes up to 17 km and M-100B rocket data
obtained at Thumba, India for altitudes ranging from 17 to 80 km. It was assumed that the oscillations and the
mean temperature are predominantly annual and semi-annual. The twelve monthly mean values of
temperature at intervals of one km altitude are used to derive pressure and density from the hydrostatic
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equation. The time variations of the monthly means are then subjected to harmonic analysis for determining
the annual and semiannual cycles of periodic variations. For this analysis the expression

X(t) = Xo + X;sin (ot + ¢1) + Xasin 2wt + dy)
was used. Here X (1) is the value of the time varying parameter, X0 is the annual mean value of the parameter,

X4 is the amplitude of the annual oscillation, Xs is the amplitude of the semiannual oscillation, ¢1 and (I)g are
the phases of the annual and semiannual oscillations, respectively, ® = 2 /T with T the annual period in
months (T=12), and t is the time in months. The amplitude and phases were then obtained from the data with
the aid of a least squares fitting technique.

18.4 Databases

18.4.1 ta obtained at Thumba, India, published by the Central Aerological Observatory, Moséow, USSR.
th

18.4.2 eteorological data from the four IMD stations. The authors do not cite any specific. pablication
respect to the database.

18.5 Publication references

18.5.1 Spsi, M. N., and K. Sengupta (July 1979), A Model Equatorial Atmospheéere over the Indian Zone from
0 to 80 km, Indian Space Research Organization (Bangalore), Scientific RepoftISRO-VSSC-SR-19-79.

18.5.2 Spsi, M. N., and K. Sengupta (June 1986), A Reference Atmosphere for Indian Equatorial Zone from
Surface td 80 km-1985, Space Physics Laboratory, Vikram Sarabhai*Space Center (Trivandrum) Scienfific
Report SPL: SR:006:85.

18.6 Dates of development, authors and sponsors

18.6.1 Dates: Original model 1979
Revised model 1985
18.6.2 Agythors: M. N. Sasi and K. Sengupta

18.6.3 Sponsors: Indian Space Research Organization

18.7 Model codes and sources
The mode] is published in the form-of tables and figures only. No computer codes are available. Confact
sponsors fpr additional information-

19 Refefrence Model-of the Middle Atmosphere of the Southern Hemisphere, 1987

19.1 Model content
The Refergncé Model of the Middle Atmosphere of the Southern Hemisphere consists of a paper published in
Advances|ih-Space Research and subsequent papers (see section 5), containing tables and figures that
present monthly mean temperaiure, pressure, density and zonal wind speed. The aliitude range is 20 to
80 km (up to 100 km in the case of the zonal wind) in steps of 5 km while the latitude range is 0 to 70 deg S in
steps of 10 deg.

The model is empirical, being based upon temperature and wind measurements near the equator and in the
Southern hemisphere. Large differences between the hemispheres (up to 20 deg C in temperature,
30-50 m s in wind speed) imply that reference atmospheres such as CIRA should also include southern
hemisphere climatology. The model is partly included in the CIRA 1986 (Part Il). The principal data used were
obtained at Ascension Island; Woomera, Australia; Mar Chiquita, Argentina; Molodezhnaya; Kerguelen Island,
and Soviet research vessels. The analysis of temperature includes adjustments in the model to make the new
Soviet temperature data optimally compatible with older, more restricted data. Above 50 km all temperature
data are also adjusted to the values obtained by means of the grenade technique. All the data were smoothed
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in time and space. Comparisons between middle atmosphere structure in the Northern and Southern
hemispheres are also made.

19.2 Model uncertainties and limitations

19.2.1 Although the coverage of the Southern hemisphere has been greatly improved, it is still much less
complete than for the Northern hemisphere.

19.2.2 Longitudinal variations are not specified.

19.3 Basis of the model
The model is based principally upon rocketsonde measurements of temperature and wind as(discussed in
Segtion 1. However, falling sphere and grenade data were also employed for altitudes of 50¢te 80|km for the
locations for which they were available. Meteor trail detection and partial reflections techniques wgre used to
defermine winds above 80 km. The pressure and density profiles have been integrated-using the hydrostatic
eqgpation and the temperature data, but the technique is not discussed.

19|14 Databases
The principal published data source is:

(No authors listed), Bulletins of Results of Rocket Sounding of the Atmosphere, Gidromtizdaj, Moskva,
1960-1981.

Sepondary (non-Soviet) sources are:

19/4.1 Briggs, R. S., Meteorological rocket data: McMurdo. Station, Antarctica, 1962-1963, J. Appl. Met. 4,
238-245, 1965.

19/4.2 Elford, W. G., in Proc. Intern. Conf. on Structare, Composition and General Circulation ofl the Upper
anfl Lower Atmosphere, 2, Toronto, 1965.

19)4.3 Manson, A. H., C. E. Meek, M. Massebeuf, J. L. Fellows, W. G. Elford, R. A. Vincent, R. I. Craig, R.
G.|Roper, S. Avery, B. B. Balsey, G. J. Frasef)yM. J. Smith, R. R. Clark, S. Kato, T. Tsuda, and A. Ebel, Mean
winds in the upper middle atmosphere (60-110 km): a global distribution from radar systems (M. F., meteor,
VHF), Handbook for MAP, 16, 239-268,:1985.

19/4.4 Hind, A. D., Weapons Research Est. Note 988, Australia, 1973.

19J4.5 (No authors listed) EXAMETNET Data Report Series, NASA SP-175, 176, 231, Washington, DC,
1968, 1969, 1970.

19)4.6 (No authors listed), Weapons Research Est. Tech Notes, Salisbury, Australia, 1962-1974.
19/4.7 World Data)Center A. High altitude meteorological data, Asheville, NC. 1965-1978

19\5 Publjcation references

19)5.1, \Koshelkov, Yu. P., Proposal for a reference model of the middle atmosphere of th¢ southern
hemisphere, Adv. Space Res., 3, 3-16, 1983.

19.5.2 Koshelkov, Yu. P., Observed wind and temperatures in the southern hemisphere, Handbook for
MAP, 16, 15-35, 1985.

19.5.3 Koshelkov, Yu. P., Southern hemisphere reference middle atmosphere, Adv. Space Res., 7, 83-96,
1987.

19.5.4 Koshelkov, Yu. P., "Mean zonal circulation of the southern hemisphere atmosphere in the 20-100 km
layer", M-3 Symposium, XIX General Assembly of the IUGG, Vancouver, August 1987 (unpublished).
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19.6 Dates of development, authors and sponsors

19.6.1 Dates: 1980-1987
19.6.2 Authors: Yu. P. Koshelkov
19.6.3 Sponsors: State Committee of the USSR for Hydrometeorology, Moscow, USSR

19.7 Model codes and sources

The model is published in the form of tables and figures only. No computer codes are available. Contract

sponsors for additional information.

20 China national standard atmosphere, 1980

20.1 Model content

This natiopal standard provides the properties of the standard atmosphere (below 30km)“and shows
standard gtmosphere temperature, pressure and density as a function of geometric and«@eopotential heigh
is for use [in the calibration of barometers, the design of aircraft and associated calculations. Provided i
table takep from the US Standard Atmosphere, 1976 which presents tabulated( values below 1000km

he
Lt
5 a
of

temperature, pressure and density. The part below 30km is the standard for China. The part above 30knp is

provided for reference.

In China, [the usage of atmospheric model for all purposes is all the)ISO Standards such as the |
2533:1975 and I1SO 5878:1982. For aerospace the NASA Global Reference Atmosphere Model (GRAM-
and NASA|Marshall Engineering Thermosphere (MET) models are also used.

20.2 Model uncertainties and limitations
For soundings at 45 degree latitude and under 30km, the result is close to the standard. Above surface to 2

50
1))

km

- 3km the [difference of temperature is within two degreesyand the difference of pressure and density is Igss

than one percent. There is a large difference from the _tropical area under 30km with the standard atmosphg
Generally,| within the mid and high part of the troposphere the average temperature is higher than

re.
he

standard gtmosphere. In some special cases the-difference near 25N can be 18 degrees and the difference in

pressure and density 9% and 14%, respectively. It also may occur in other areas. Therefore, when
standard i$ used one needs to pay attention*to the latitude and season in some cases the parameter of
standard atmosphere can have a large bias.

20.3 Basis of the model
The atmogphere is assumed static)and dry ideal gas with values of temperature, pressure and density abd
sea level gbtained by integratingthe hydrostatic equation and ideal gas law as function of height.

20.4 Databases
The original reference\sources of the atmosphere adopted for use by China is the US Standard Atmosphg
1976.

he
the

ve

=

e’

Betow-30km)*

20.6 Dates of development, authors and sponsors

20.6.1 Dates: Published May 1, 1980

20.6.2 Authors: Members of China National Administration of Meteorology Atmospheric Science Research

Center

20.6.3 Sponsors: Standards Administration of China (SAC), Beijing, China
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20.7 Model codes and sources
The model is published in the form of tables only. It is available from: Standards Administration of China
(SAC), 9 Madian Donglu, Haidian District, Bejing, China 100088. Web site: www.sac.gov.cn

21 ISO middle atmosphere—Global Model at Altitudes Between 30 km and 120 km,
and Wind Model at Altitudes Above 30 km, 1996

211 Model content

The i
at
md
80
latitudinal coverage from 80 deg S to 80 deg N, extending from altitudes between 30ckm’ and 120 km. The
Teghnical Report was developed to serve as a mean basis for the design and operation of vehicles and
prqvides additional information for general scientific purposes. The tables providehin 2 km intervdls monthly
values of zonal mean temperature, zonal mean pressure, zonal mean density, dnd zonal mean zonal wind as
a function of geometric and geopotential altitude from 30 km to 120 km.

21{2 Model uncertainties and limitations
The model results presented in the extensive tables has the usual yncertainties and limitations pssociated
with the use of ground based, rocketsonde, and satellite measuring(systems.

The computation of monthly mean zonal wind compared accurately with monthly mean radiosonde and
rogketsonde wind measurements from various stations.

21|3 Basis of the model
The model is based on ground-based and satellite*measurements, especially the large influx of new data
since 1975 that has made it possible to encompass the entire globe from the ground to [the upper
thgrmosphere and to provide information on the seasonal and latitude variability of the therrhodynamic
prgperties of the atmosphere for altitudes-between 30 km and 120 km. The detailed information on
parameters distribution allows the calculation of mean wind at the middle atmosphere.

21{4 Databases
This Technical Report presents primary thermodynamic parameter tabulations as functions of Igtitude and
time of year for altitudes fram;30 km to 120 km. To obtain the global time-space data coverage, {he various
enfpirical and theoretical models of middle atmosphere were analyzed and compiled. COSPAR International
Reference Atmosphere;:1986, (CIRA-86), has been taken as the basic model.

The wind model is based on CIRA-86 methods of zonal wind values calculation via the gradient ¢f constant
prgssure level geopotential height.

21{5 Publication references
ISO International Technical Report 14618 “Middle Atmosphere-Global Model at Altitudes Between B0 km and
120 km, and Wind Model at Altitudes Above 30 km, First Edition” ISO, Geneva, Switzerland

21.6 Dates of development, authors and sponsors

21.6.1 Dates: Published January 1, 1996

21.6.2 Authors: Members of ISO TC20/SC6 (Aircraft and Space Vehicles / Standard
Atmospheres)

21.6.3 Sponsors: International Organization for Standardization, Geneva, Switzerland
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21.7 Model codes and sources
The model is published in the form of tables only. It is available from: American National Standards Institute,
25 West 43 Street, New York, NY 10036. http://www.ansi.org

22 A New Reference Middle Atmosphere Program Model Atmosphere, 1985

22.1 Model content

The New Reference Middle Atmosphere Program Model Atmosphere consists of a bound volume entitled
Atmospheric Structure and its Variation in the Region 20 to 120 km: Draft of a New Reference Middle
AtmospheJ‘e (Ret. 22.5.1). The altitude range spanned by the model introduced In section 2 is 20 to 30 km
with a latitiide range of 80 deg S to 80 deg N. A model that spans the altitude range 80-120 km is presented in
section 3.

Section 2./l of MAP 16 contains figures and tables which present altitude profiles of temperature data frpm
satellites, pf wind data from meteorological rockets, of observed winds and temperaturesiin“the Southgrn
Hemisphere, and of mean winds in the mesosphere.

Section 2.2 outlines an atmospheric model developed by J. J. Barnett and M. Corpey (Ref. 22.5.3), giving in
the form of tables and figures zonal mean temperature, geopotential height and-geostrophic wind for|all
months of| the year. The vertical coordinate is taken first as pressure and¢inva second set of tables|as
geometric height.

Atmosphertic variability in both time and place is the subject of sections-2:3. Such variability includes planetary
waves, gravity waves, atmospheric tides, the quasibiennial oscillation (QBO) and interannual variability. For
planetary yaves, the influence of wave numbers 1 and 2 on atmespheric properties is given in the forn{ of
both figur¢s and tables. An early version of a portion of the>Proposed International Tropical Referemce
Atmosphere (-2 to 80 km) discussed elsewhere in this guidé.and Interim Reference Ozone Models for fhe
Middle Atmosphere are included as sections 2.4 and 2.5, respectively, of Handbook for MAP 16.

22.2 Model uncertainties and limitations

22.21 The model was intended to be aldraft version of a new COSPAR International Referepce
Atmosphete for the middle atmosphere. Because of continuing revision, the CIRA-86 middle atmosphgre
model can be expected to differ, perhaps_substantially so, from the finished product published as CIRA-B6,
Part I, Mogels of the Middle Atmosphere.

22.2.2 The principal cause of uncertainty in the CIRA-72 model was the sparcity of data in many geographic
locations. [This has largely bgen/eliminated through greatly expanded worldwide observations of middle
atmosphefle parameters, allowing hemispherical asymmetries and monthly variations to be satisfactdrily
modeled. However, variability’”due to wave motions, etc. lead to substantial departures from the mean values.
The variability's are discussed in considerable detail, quantitatively for planetary waves (sections 2.3|1a

sounder), meteorologlcal rocketsonde and medium frequency (partial reflectlon) radar measurements.

22.4 Databases

The publications which give the data bases used to construct the model are too numerous to list here. Instead,
the reader is referred to pp. 11, 22-27, 46, 163, 174, and 227-229 (for the 20-80 km model) and pp. 237-238,
252-253, 276-277 and 287-289 (for the 80-120 km model) of Handbook for MAP 16.

22.5 Publication references

22.5.1 Labitzke, K., J. J. Barnett, and B. Edwards, eds., Atmospheric Structure and its Variation in the
Region 20 to 120 km: Draft of a New Reference Middle Atmosphere, Handbook for MAP, 16 July 1985.
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22.5.2 Ananthasaynam, M. R., and R. Narasimha, A proposed international tropical reference atmosphere
up to 80 km, Adv. Space Res., 5, 145-154, 1985.

22.5.3 Barnett, J. J., and Corney, M., A middle atmosphere temperature reference model from satellite
measurements, Adv. Space Res., 5, 125-134, 1985.

22.6 Dates of development, authors and sponsors

22.6.1 Dates: 1985

22.6.2 Authors: The New Reference Middle Atmosphere Program Model is the work of numerous authors.
It was edited by K. Labitzke, J. J. Barnett and B. Edwards.

22)6.3 Sponsors: International Council of Scientific Unions (ICSU), Scientific Committee [on Solar-
Tefrestrial Physics (SCOSTEP). Address of SCOSTEP Secretariat: University of lllinois,"1406|W. Green
Street, Urbana, IL 61801.

2217 Model codes and sources
The model is published in the form of tables and figures only. No computer ‘€odes are available. Contact
sponsors for additional information.

23| AFGL Atmospheric Constituent Profiles (0—120 km), 1986

23{1 Model content
The Air Force Geophysics Laboratory's Atmospheric Constitient Profiles model, which has been pssembled
forfuse with spectral radiance-transmittance models, originally FASCOD2 (Fast Atmospheric Signature Code)
anfl LOWTRAN (LOW spectral resolution atmospheric TRANSsmittance Code), and now| including
MQDTRAN® (MODerate spectral resolution atmosphetic TRANSsmittance Code), (see section 7), consists of
a get of tables of volume mixing fractions for altitudes extending from 0 to 120 km in intervals of 1 km (0 to 25
km), 2.5 km (25 to 50 km), and 5 km (50 to 120 km). The vertical structure including temperature, pressure
angl density distributions, plus mixing ration‘profiles of HoO*, CO», O3, NoO, CO, and CH4, were initially
en from US Standard Atmosphere Supplements, 1966, tropical, mid-latitude summer, mid-latitlde winter,
sub-arctic summer and sub-arctic winter; and from the US Standard Atmosphere, 1976 (both |abstracted
where in this Report). However;” with the exception of CO (now a photochemical calculption), the
as$ociated species profiles are primarily derived from assorted climatologies based on satellite megsurements
(sde database reference). Altogether, vertical profiles of the number densities of 28 constituents (H2O, COo,
Og N20, CO, CHy, O2, NO;-802, NO2, HNOg3, OH, HF, HCI , HBr, HI, CIO, OCS, H2CO, HOCI { N2 HCN,
CH3Cl , H202, CoHa - G2oHp, and PH3) are listed. An appendix presents graphs of the spedies mixing
fragtions as functions ef altitude. Over 20 references for species profiles are included in the documept.

*(The stratosphetic’ H20 profiles have been updated from those in the 1966 Supplement, bgcause the
originals exhibited values that exceeded measurements from the LIMS instrument.

AThe CQ2 profiles have been maintained at 330 ppmv at the surface. These are readily scalablg to current
values(~385 ppmv), so the fixed value is kept for backward compatibility and testing.)

A modeT of Tower aimospheric aerosols Is presenied separately (reference given in 23.5). This model supplies
data on parameters and properties which are required for radiative transfer calculations.

23.2 Model uncertainties and limitations

23.2.1 The accuracies of the tabulated mixing fractions vary with species and altitude. At best they offer
about 10 to 30% relative consistency for US Standard Atmosphere conditions in the troposphere and
stratosphere. Mesospheric and thermospheric profiles are much less certain and are defined only for
temperature, pressure, and the mixing fractions of HoO, CO», O3, CO, CHg, Oz, NO, SO», OH, H202. Mixing
fractions of the other species have been extrapolated using a logarithmically decreasing mixing fraction scale
height. Again, H20 variability in the troposphere is so large that no climatology can capture the day-to-day
fluctuations.
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23.2.2 Representative profiles do not necessarily resemble in situ environments.

23.2.3 Tropospheric water vapor and anthropologically produced species exhibit factors of 100 or more local
variability. Throughout the atmosphere, horizontal gradients on local, latitudinal or seasonal scales often

exceed factors of 2 to 10.

23.2.4 In the mesosphere and lower thermosphere excursions brought about by response to dynamic and

solar influences can be substantial.

23.2.5 The trace constituent profiles are derived primarily from measurements and therefore are not

photochemically self-consistent.

23.3 Basis of the model

23.31 Standard Atmosphere Supplements, 1966.

23.3.2 Standard Atmosphere, 1976.

23.3.3 SPAR International Reference Atmosphere (CIRA), 1972.

23.34 mpilation of Atmospheric Gas Concentration Profiles from 0-50km, NASA Tech Memorand

83289, 70 pp, 1982.

23.3.5 The aerosol models were based on a literature review of other models' and available measureme
(see sectipn 5, papers b and c for references). The vertical profiles arésbased on extinction and num
density veftical distributions. The wavelength dependence of the scattering and absorption are based on |
scattering falculations, bimodal log-normal size distributions and refractive index data.

23.4 Databases
The origing of the trace constituent profiles are listed in report:AFGL-TR-86-0110 (see section 5).

23.5 Puhlication references

23.51 derson, G. P., S. A. Clough, F. X. Kneizys, J. H. Chetwynd and E. P. Shettle, AFGL "Atmosph
Constituerft Profiles (0-120 km)", Air Force Geephysics Laboratory Report AFGL-TR-86-0-10, Environme
Research paper no. 954, May 1986.

23.5.2 Shettle, E. P., and R. W. Fennj:*Models of the Aerosols of the Lower Atmosphere and the Effects
Humidity \{ariations on their Optical-Properties”, Air Force Geophysics Laboratory Report AFGL-TR-79-02
Environmgntal Research paper no. 676, September 1979.

23.5.3 Shettle, E. P., and R.\W. Fenn, "Models of the Atmospheric Aerosols and their Optical Properties”
AGARD Cpnference Proceedings No. 183, Optical Propagation in the Atmosphere, AGARD-CP-183, availa
from the U] S. National Zechnical Information Service (AD-A028-615), 1976.

23.6 Dates of development, authors and sponsors

23.6.1 Da3tes: Atmospheric profiles 1986

Lim

nts
ber
Nie

ric
tal

of
14,

in
ble

Aerosol properties 1979
23.6.2 Principal authors:
23.6.2.1 Atmospheric Constituent Profiles: G. P. Anderson
23.6.2.2 Optical Properties: E. P. Shettle

23.6.3 Sponsors: Air Force Geophysics Laboratory (now Air Force Research Laboratory)
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23.7 Model codes and sources

23.7.1 The model is published in the form of tables and figures. Additionally, computer compatible listings or
block data statements are available within all copies of MODTRAN®, MODerate, first released in 1990, the
follow-on to LOWTRAN. Separate text |listing can be acquired by e-mail. Contact
AFRL gail.anderson@hanscom.af.mil for details. For MODTRAN® information, contact AFRL or see the
Spectral Sciences, Inc. homepage: http://spectral.com/.

23.7.2 Both the Atmospheric Gas Constituent Profiles and the Aerosol models are included as part of the
FASCODE and MODTRAN® computer codes, and also the DOE-funded codes, LBLRTM, RRTM, etc. For

MOBIFRAN®—information—eceontast—AFRRL—at—hitp-Hwwwkirland-afmildibranyfactsheetasp2d=915 or the
Spgctral Sciences, Inc. are co-developers of MODTRAN®. For the DOE codes, contact! E. Mlawer
at emlawer@aer.com, or visit the AER home page: http://www.aer.com/.

23

23
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23
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7.3 Sources are:

hsmittance: FASCOD?2, in the Extended Abstracts of the Sixth Conference, on Atmospheric
liamsburg, VA, 13-16 May, 1986; American Meteorological Society.

7.3.2 Kneizys, F. X., E. P. Shettle, W. O. Gallery, J. H. Chetwynd, Jr., EAW. Abreu, J.R., E. A. S
ugh, and R. W. Fenn, Atmospheric transmittance/radiance: computer-Code LOWTRAN 6, AF
GL-TR-83-0187, Environmental Research Paper 846, August 1983«

7.3.3 Anderson, G.P., Alexander Berk, James H. Chetwynd, Yerald Harder, Juan M. Fonten
bttle, Roger Saunders, Hilary E. Snell, Peter Pilewski, Bruce C. Kindel, James A. Gardner,
ke, Gerald W. Felde, and Ronald B. Lockwood, Prabhat\K. Acharya, “Using the MODTRAN®
hsfer algorithm with NASA satellite data: AIRS and SOURCE”, Proc. SPIE, Vol. 6565, 656510 (2

7.3.1 Clough, S. A., F. X. Kneizys, E. P. Shettle, and G. P. Anderson, Atmospheric radiation of

Radiation,

elby, S. A.
5L Report,

la, Eric P.
Michael L.
5 radiative
007); DOI:

10{1117/12.721184.

24 AFGL Extreme Envelopes of Climatic:Elements up to 80 km, 1973

24{1 Model content

The Air Force Geophysics Laboratory: Extreme Envelopes of Climatic Elements up to 80 km provides
enyelopes for values of extremes ‘(for 16 climatic elements) at each altitude regardless of the |ocation or
mgnth in which they occurred,-Therefore, the values provided for each altitude do not generally opcur at the

e time and place for layers/greater than a few kilometers, and are not representative of the i

fluence of

ersing the
h climatic

up to 30 km are geopotentlal helghts but for de- sign purposes these may be conS|dered geo- metric heights
above sea level; for instance, at 30 km, the difference between geopotential and geometric heights is 143 m,
and less than that value at lower altitudes. Information at geometric altitude is applicable in missile design
whereas information at pressure altitudes is applicable in aircraft design since aircraft generally fly on given
pressure surfaces. Pressure altitude is the geopotential height corresponding to a given pressure in the
Standard Atmosphere. The heights given by most altimeters are based on the relationship between pressure
and height in the Standard Atmosphere. Since atmospheric conditions are seldom standard, aircraft at a given
pressure altitude may be at significantly different true altitudes above sea level; an aircraft flying at a constant
pressure altitude may be ascending, descending, or flying level.
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24.2 Model uncertainties and limitation

Since the model is based upon a statistical analysis of the available atmospheric data, the model uncertainties
depend entirely upon the quantity and quality of these data and the degree to which they represent the real
atmosphere at a given time and place. Also, see Section 24.4.

24.3 Basis of the model
The model, which is empirical in nature, is based upon analysis of rawinsonde and Meteorological Rocket
Network data. Highest / lowest values of recorded parameters and 1-, 5-, 10- and 20-percent extremes are
provided. These extremes are based on observed values; they are not extrapolated values obtained by
assuming a normal (or any other) distribution for the values of a given element. Because upper atmospheric
observatiops are not routinely taker 4 NOUrs per day, but usually only twice per day, the percent exireme do
not strictly [represent the number of hours per month that the value of a given element is equaled or exceedpd.
However, since diurnal cycles in the free air are relatively small, the distributions as obtained from summaties
of original sounding data for each kilometer level for the extreme month and location selected are-cohsidefed
as reasonably representative of the extreme values.

A comparison was made between the various locations selected in order to arrive at a“final most sevgre
extreme far each level. When it was determined that the extreme condition existed eithef between two stations
having solinding data or displaced from a sounding station, extrapolation through spatial analysis and/or
subjective [evaluation was accomplished in order to obtain a worldwide extreme valuefor a given element.

24.4 Databases

24.41 Fpr altitudes below 30 km, only about five years of data, with-measurements usually taken twice per
day, were |readily available in an acceptable format (complete period.of-record, data at a sufficient numbef of
intervals) for summarization of reliable statistics. Only data from standard meteorological pressure levels had
been recofded for many overseas stations. With the increased @istance between standard levels, especially
above 70Q mb, "straight line" extrapolating procedures introduces the ever increasing possibility of errgr if
these datal were used. In addition, a number of stations hadibroken periods of record that did not appear to|be
dependable. In both of these cases the reliability soughtfor this study could not be obtained from such data.
On severgl occasions substitute stations had to be used. Records to altitudes above approximately 24 km
were incomplete so a more thorough evaluation of these data than the data at lower levels was required. This
was accomplished by comparison with data from' nearby stations to attempt to establish the validity of the
extreme based on a station with more compléte data, as well as by spatial analysis.

24.4.2 Fpr altitudes above 30 km, «observations of climatic elements are very limited. Consequently,
estimates pf extremes are generally notias accurate as those at lower altitudes, and are limited to frequendies
of occurrence of one and ten pereent of the worst month for most elements. Estimates of extremes [for
altitudes between 30 and 55 km,/for all elements except humidity, were based upon daily Meteorological
Rocket Ne¢twork (MRN) data.-available for more than 30 Northern hemisphere locations. Values wgre
extrapolat¢d up to 80 km using results from special observation programs.

24.5 Publication references

24.5.1 Department of Defense, "Climatic Information to Determine Design and Test Requirements [for

Military Sylstems and Equipment”, Report Mil-Std-210C, Naval Publications and Forms Center, 5801 Tapor
Avenue, Pt iladmlphin, PA_ 19120, Inmmry 9, 1987

24.5.2 Sissenwine, N., and R. V. Cormier, "Synopsis of Background Material," MIL-STD-210B, Climatic
Extremes for Military Equipment, Report AFGL-TR-74-0052 (AD780508), Air Force Surveys in Geophysics,
No. 280, Hanscom AFB, MA 01713, 1974.

24.6 Dates of development, authors and sponsors

24.6.1 Dates: 1967 to 1973

24.6.2 Principal author: N. Sissenwine

24.6.3 Sponsors: US Air Force Geophysics Laboratory (now Air Force Research Laboratory)
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7 Model codes and sources

The model is presented in the publications listed in Section 5 above. There are no computer codes. Contact
sponsors for additional information.

25 AFGL Profiles of Temperature and Density Based on 1- and 10-Percent Extremes in the
Stratosphere and Troposphere, 1984

25.

1 Model content

The_Air Force Geophysics Laboratory Profiles of Temperature and Density Based on 1- and 10-Percent
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fremes in the Stratosphere and Troposphere consists of a set of empirically derived profiles of g
] associated density, and density and associated temperature, based on the 1- and 10-pereen
temperature and density extremes occurring during the most extreme month at the most'severe
world (except Antarctica). The 1- and 10-percent high temperature or high-density values exce
percent of the observations at a specified altitude at the most extreme location, respectively. d
1- and 10-percent cold temperature or low-density values are exceeded by 99- and 90-per(
servations, respectively. These are also referred to as 1- and 10-percent values (cold temper.
nsity), and 90- and 99-percent values (high temperature, high density) @as, obtained from a

tude).

b profiles from the surface up to 80 km are based on extremes that'occur at 5, 10, 20, 30 and

levels by 2 percentiles) and 10 cold profiles have been-eonstructed from 14 years of rawin
ket-sonde observations. Internally consistent hydrostatic profiles of density associated

nperature profiles are provided. 20 analogous density-(and associated temperature) profiles also
eloped from extreme densities occurring at the_aforementioned altitudes. Thus, a set of realid
files of temperature and density associated with extremes at specified levels in the tropos]
htosphere are available for altitudes up to 80-km.

del results are presented at 2-km interyals of geometric altitude from sea level to 80 km. Resul
sented in the form of temperature—aliitude profiles for lapse-rate breakpoints in geopotential h
by are realistic, hydrostatically consistent representations of the temperature and density
bociated with the extremes thatioceur at the indicated altitudes.

2 Model uncertainties and limitations
b lack of Eurasian, Africarrand Australian data for model development resulted in warm extrem
5 severe than expected-at 5 and 10 km. Near-Eastern locations, particularly over the Indian subd

ter observations) over Siberia would produce somewhat colder 1-percent temperatures at !
usion of African and Australian densities also would produce more extreme 90-and 99-percent g
0, and possibly 20 km.
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approximately 25 km up to approximately 55 km. The model profiles were extended up to 80 km using inter-
level temperature correlations derived from independent rocket grenade and pressure gauge experiments,
and the Air Force Reference Atmosphere.

25.4 Databases

25.4.1 Rawinsonde data, provided in National Climatic Data Center (NCDC), Ashville, N. C., Tape Deck
5600, consist of 00 UT and 12 UT observations of temperatures and pressure altitudes for most areas of the
world excluding Eurasia, Africa, and Australia. This tape deck contains observations from some 130 locations
(U. S., Central and South America, and Oceania) for the years 1969 through 1981, and was in combination

© 1SO 2012 — Al rights reserved 41


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

with Canadian rawinsonde tapes which also contain twice-daily observations from some 40 Canadian-
controlled high-latitude stations for the years 1969 through 1982.

25.4.2 MRN tape deck TDF 5850 provides temperatures and calculated densities at 21 MRN locations for
altitudes from approximately 25 km to 65 km for the years 1969 through 1982. They lie mostly in the Western
hemisphere and are located between latitudes 77 deg N and 38 deg S.

25.5 Publication references
Kantor, A. J., and P. Tattleman, "Profiles of Temperature and Density Based on 1 and 10 Percent Extremes in

the Stratosphere and Troposphere", Report AFGL-TR-84-0336, ADA 160552, Air Force Surveys in
Geophysi s No 447, December 1984

25.6 Dates of development, authors, and sponsors

25.6.1 jates: 1982-1984
25.6.2 uthors: A. J. Kantor and P. Tattleman

25.6.3 Sponsors: US Air Force Geophysics Laboratory (now Air Force Research Laboratory)

25.7 Model codes and sources
The mode] is published in the form of tables provided in the reference. No computer codes are availaple.
Contact sgonsors for additional information.

26 AFGL Global Reference Atmosphere from 18 to 80 km, 1985

26.1 Model content
The Global Reference Atmosphere from 18 to 80 km consists-of a report published and distributed by the |Air
Force Gedphysics Laboratory. It gives monthly mean values of mean temperature, pressure, density, numper
density, pressure scale height and geostrophic zonal wihds. The altitude range is 18 to 80 km and the latityde
range is 80 deg S to 80 deg N in 10 deg intervals) Monthly mean longitudinal variations of temperatyre,
pressure and density are tabulated at 30 deg‘lengitude intervals for September to April in the Northgern
hemisphere and April to November in the Southetn hemisphere at latitudes 20, 30, 80 deg N (or S) over the
same range of heights. Formulas by which temperature, pressure and density variations may be computed
are also included. An intercomparison of the temperature data from the sources used to develop the modd is
also made

26.2 Model uncertainties and\limitations

26.2.1 Al more extensive (set of satellite remote sounding data is required. The lack of data for a lonper
period of time and from ether instruments is limitations to the usefulness of the model.

26.2.2 Ap the report ' shows, there are systematic differences between the satellite temperature profiles frpm
the SCR apd PMR-nstruments and those obtained with in situ instruments. Comparing data from other rempte
sounding ipstruments and using different data reduction methods may shed some light on the problem.

26.3 Basisof-themodel
The zonal mean values are derived from tabulations of temperature and geopotential height based upon
Nimbus 5 selective chopper radiometer (SCR) and Nimbus 6 pressure-modulated radiometer (PMR) data
during the period 1973 to June 1978, a southern hemisphere reference atmosphere based on rocket sonde
data, and on two earlier northern hemisphere rocket-based reference atmospheres (CIRA 1972 and the Air
Force Reference Atmospheres 1978).

26.4 Databases
The model databases are contained in the following documents

26.4.1 Barnett, J. J., Plots and Tables of Temperature and Geopotential Height Based on Nimbus 5 SCR
and Nimbus 6 PMR, Working Group 4 Document, XXV COSPAR Meeting, Graz, Austria, 1984.
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26.4.2 Barnett, J. J., and M. Corney, "A Middle Atmosphere Temperature Reference Model from Satellite
Measurements," Adv. Space Res., 5, 125-134, 1985.

26.4.3 Koshelkov, Yu. P., Climatology of the Middle Atmosphere of the Southern Hemisphere, Preprint of
the XVIII General Assembly of the IUGG, Hamburg, Germany, 1983.

26.4.4 Koshelkov, Yu. P., "Proposals for a Reference Model of the Middle Atmosphere of the Southern

He

misphere," Adv. Space Res., 3, 3, 1983.

26.4.5 Koshelkov, Yu. P., Reference Middle Atmospheres for the Southern Hemisphere, Preprint to XXV
COSPAR Meeting, Graz, Austria, 1984.

26
Gr
AH

26|16 Dates of development, authors and sponsors
26/6.1 Dates: 1985
26/6.2 Authors: G. V. Groves

26

26
Th

sp

217

27
Th
fro

5 Publication references
bves, G. V., A Global Reference Atmosphere from 18 to 80 km, Air Force Surveys in Geophysid
GL-TR-85-0129, Air Force Geophysics Laboratory, 1985.

6.3 Sponsors: Air Force Geophysics Laboratory (now Air Force~Research Laboratory)
7 Model codes and sources

b model is published in the form of tables and figures only. No computer codes are availabl
bnsors for additional information.

Extensions to the CIRA reference models,for middle atmosphere ozone, 1993

1 Model content
b recent ozone reference models generated for the new COSPAR CIRA include ozone vertica

ex

three years of recently reprocessed AEM-2 SAGE | (sunset) data. In addition, model refinements a
altifudes above 25 km based onithe reprocessed data. Comparisons are made between the ozone
mddels and non-satellite data'sets. The model extensions to lower altitudes are in excellent agreen

sit
as

27
Se|

in ¢xcellent agreement with in situ measurements both at mid-latitudes and in the tropics.

27
Th

nds the ozone vertical structure Climatology from 20 mb (about 25 km) to 70 mb (about 18 km

measurements both at mid-latitudes and in the tropics. Annual mean models of ozone are als|
a function of latitudeAfrom 100 mb (about 16 km) to 0.003 mb (about 90 km).

2 Model uncertainties and limitations
b reference 27.5 for model comparisons with non-satellite data. The model extensions to lower a

3 Basis of the model

s No. 448,

. Contact

| structure

m 25 to 90 km as a function of month and latitude based on five satellite experiments. This Tew model

based on
‘e made at
reference
ent with in
O provided

titudes are

e ‘model is based on three years of processed AEM-2 SAGE | (sunset) data.

27

.4 Databases

AEM-2 SAGE | (sunset) reprocessed data. See reference 27.5.

27

.5 Publication references

Keating, G. M. and C. Chen (1993): Extensions to the CIRA Reference Models for Middle Atmosphere Ozone,
Advances in Space Research, Vol. 13, No. 1.
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27.6 Dates of development, authors and sponsors

27.6.1 Dates: 1993
27.6.2 Authors: G. M. Keating and C. Chen
27.6.3 Sponsors: National Aeronautics and Space Administration (Langley Research Center)

27.7 Model codes and sources
See Reference 27.5.

NOTE Use
a more red

rs may want to consult the current scientific literature regarding ozone climatological publications
ent date.

28 Update to the stratospheric nitric acid reference atmosphere, 1998

28.1 Model content

This modeg
mixing rati
These dat
presented

| provides the zonal mean distribution of HNO3 characterized by a stratospheric layer with larg
ps near 30 hPa in polar regions, with areas of very low concentration-within the Antarctic vort
h extend to 80 deg S, which is within the Antarctic vortex during Seuthern winter. An evaluatior
of the resolution of HNO3 global distribution.

28.2 Model uncertainties and limitations

See refere

hced publication (28.5).

28.3 Basis of the model

The mode
Limb Array

28.4 Dat
See refere

28.5 Puh
Gille, J. C
Stratosphg

is based on measurements obtained with thesUpper Atmosphere Research Satellite’s Cryoge
Etalon Spectrometer instrument.

hbases
hced publication (28.5).

lication references
, L. V. Lyjak, A. E. Bailey;-A.E. Roche, J. B. Kumer, and J. L. Mergenthaler (1998): Update to
ric Nitric Acid Reference Atmosphere, Advances in Space Research, Vol. 21, No. 10.

28.6 Dates of development, authors and sponsors

28.6.1 Dg
28.6.2 Ay

28.6.3 Sp

tes: 1998
thors: J. C. Gille, et al.
onNsSors: National Aeronautics and Space Administration

of

nic

he

28.7 Model codes and sources
See Reference 28.5.

29 Reference atmosphere for the atomic sodium layer (CIRA 2008)

29.1 Mod

el content

This reference atmosphere forms part of the COSPAR International Reference Atmosphere (CIRA) 2008. It
describes the layer of Na atoms which occurs globally in the mesosphere/lower thermosphere (MLT) region,
peaking at a height of about 90 km and extending from 80 to 110 km. The layer is produced by the ablation of
the approximately 30 tonnes of interplanetary dust which enters the atmosphere every day (Ref. 29.4.1). The

44
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Na layer has been studied since the 1950s, first using ground-based photometry, then by resonance lidar, and
most recently by limb-scanning spectroscopy from satellites. The database is now sufficient to produce a
near-global reference atmosphere of the layer.

The reference atmosphere consists of zonally averaged data in 10° latitude bins, on a monthly timeframe.
Four tables of data are provided: the layer column abundance, the peak height, the peak concentration, and
the layer full width at half maximum (FWHM), as a function of latitude and month.

The model is accompanied by a discussion of the physical chemistry of meteoric ablation, and the known

chemlstry (both neutral and |on|c) which sodium undergoes in the MLT, giving rise to the characteristic

along with a
he smaller

surements
the data is
reference
2003 and

:J0 hrs local

e. Since the Na layer is subject to photochemical and tidally-driven ditfnal variations (Ref. 29.4

data from both local times has been averaged. Third, the dayglow spectroscopic measure
regtricted to periods when the mesosphere is illuminated (solar zenith angle < 92°), and so there is
midgl- to high latitudes during winter. In order to partly overcome  these limitations, lidar data from
Pole for the years 1995-1997 (Ref. 29.4.5), from Sao José dos«Campos (23°S) for the years 1972
2914.6, 29.4.7, 29.4.8), and Urbana-Champaign (40°N) and-Fkt. Collins (41°N) for the years 1991-
29}4.9, 29.4.10, 29.4.11) has been included.

2913 Model uncertainties and limitations
The uncertainty in the absolute Na density nearthe layer peak retrieved from OSIRIS/Odin is abj
(Ref. 29.4.3), similar to modern ground-based lidars. However, the natural variability of the Na Ia

thgt the average monthly column abundancé.and peak density values in some of the 10° latitude b

larger uncertainty (up to £30%), depending on the number of profiles in the average (Ref. 29.4.2).

thgse data-sets are taken from different'decades and phases of the solar cycle, a long-term study
layer (Ref. 29.4.6, 29.4.8) shows that, at least at low latitudes (23°S), the effects of changing climg

2,29.4.4),
ments are
no data at
the South
1986 (Ref.
1999 (Ref.

out + 10%

yer means

ins have a
Although
of the Na
te and the

solar cycle on the Na layer aressmall. The centroid of the layer moves down only 0.17 + 0.11 ki between

solar min and max. This downward trend is probably due to changes in the diurnal tide (Ref 2

9.4.6) and

chemistry. Measurements made at Urbana-Champaign, lllinois (40°N) between 1991-94 (Ref. 29.4.9) and
1996-98 (Ref 29.4.10),-which correspond to periods at and shortly after solar max. and min., respectively,
show that the Na columin/abundance was about 20% higher at solar max.

29|14 Publicationreferences

2941 Plane; J. M. C. (2003): "Atmospheric chemistry of meteoric metals", Chemical Reviews (03, 4963-
4984.

29/42y Fan, Z. Y., J. M. C. Plane, J. Gumbel, J. Stegman and E. J. LIeweIIyn (2007): "Satellite medsurements
of 1 he-gmarmeso'spherrc'svdmmﬂayer'ﬁﬁrtmos—ehenrﬁnys 7, 41074 115:

29.4.3 Gumbel, J., Z. Y. Fan, T. Waldemarsson, J. Stegman, G. Witt, E. J. Llewellyn, C. Y. She and J. M. C.

Plane (2007): "Retrieval of global mesospheric sodium densities from the Odin satellite", Geophys.

34, article no.: L04813.

29.4.4
Atmospheric Sodium", J. Geophys. Res. 87, 181-186.

29.4.5 Gardner, C. S, J. M. C. Plane, W. L. Pan, T. Vondrak, B. J. Murray and X. Z. Chu (2005):

Res. Lett.

Clemesha, B. R., D. M. Simonich, P. P. Batista and V. Kirchhoff (1982): "The Diurnal-Variation of

"Seasonal

variations of the Na and Fe layers at the South Pole and their implications for the chemistry and general

circulation of the polar mesosphere", J. Geophys. Res. 110, article no.: D1030210.
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29.4.6 Clemesha, B. R., D. M. Simonich, H. Takahashi, P. P. Batista and Y. Sahai (1992): "The Annual
Variation of the Height of the Atmospheric Sodium Layer at 23°S - Possible Evidence for Convective-
Transport", J. Geophys. Res. 97, 5981-5985.

2947 Clemesha, B. R., D. M. Simonich, H. Takahashi, P. P. Batista and Y. Sahai (1992): "The Annual
Variation of the Height of the Atmospheric Sodium Layer at 23° S - Possible Evidence for Convective-
Transport", J. Geophys. Res. 97, 5981-5985.

29438 Clemesha, B. R., D. M. Simonich, P. P. Batista, T. Vondrak and J. M. C. Plane (2004): "Negligible
long-term temperature trend in the upper atmosphere at 23° S", J. Geophys. Res. 109, article no. D0503.

2949 Plane, J. M. C., C. S. Gardner, J. R. Yu, C. Y. She, R. R. Garcia and H. C. Pumphrey (1999):
"Mesosphéric NaTayer at 40° N: Modelling and observations”, J. Geophys. Res. 104, 3773-3788.

29.4.10 States, R. J. and C. S. Gardner (1999): "Structure of the mesospheric Na layer at 40° N-atitude:
Seasonal @nd diurnal variations", J. Geophys. Res. 104, 11783-11798.

29.4.11 She, C. Y., S.S. Chen, Z.L. Hu, J. Sherman, J.D. Vance, V. Vasoli, M.A. White, J.R.YU, and O.A.
Krueger (2000): "Eight-year climatology of nocturnal temperature and sodium density in\thé mesopadse
region (80[to 105 km) over Fort Collins, CO (41° N, 105° W)", Geophys. Res. Lett. 27 3289-3292.

29.5 Datgs of development, authors and sponsors
29.51 Dates: Original model 2008
29.5.2 Authors: J. M. C. Plane, University of Leeds, United Kingdom

29.5.3 Sponsors: Committee on Space Research (COSPAR), of.the International Council of Scientific
Unions

NOTE At the time of preparation of AIAA G-003C-2009, plans were being made by the COSPAR to
produce am updated and revised version (CIRA08) of the COSPAR International Reference Atmosphere
(CIRA). It is anticipated that the CIRAO8 will be published'in 2009 as a Special Issue of Advances in Space
Research.[lIt will contain this Reference Atmosphere.for the Atomic Sodium Layer.

30 Drag|Temperature Model (DTM)-2000, thermospheric model, 2001

30.1 Model content
The Drag|Temperature Model (BTM) is a semi-empirical model describing the temperature, density gnd
compositign of the thermosphere-in the altitude range [120 - 1,500] km. The DTM-2000 model was inferfed
from the fdllowing data: 1) totalmass density from orbit determination (including the Jacchia data) and satellite
acceleromgters, (2) direct ' measurements of exospheric temperature, (3) mass spectrometers, (4) relafive
density vafiations derivéd-from wind measurements, and (5) incoherent scatter radar. The model predicts total
and partial densities;~as well as temperature and exospheric temperature, as a function of the user-provided
values of date, location, solar flux and geomagnetic activity.

The differgnees. relative to the DTM 94 model mainly concern (1) the modellng of the temperature and|its
gradient a A X the
radio flux at 10. 7 cm) as a proxy for solar activity.

30.2 Model uncertainties and limitations

30.2.1 The model was compared to the Jacchia data set, which densities are predicted unbiased with a
standard deviation of 19% on average in the in the altitude range [250 - 900] km.

30.2.2 The data used to constrain the model in the altitude range [120 - 250] km and [900 - 1,500] km is
sparse and their spatial-temporal resolution is low. The model uncertainty for these two altitude ranges is
significantly larger than the average for the (250 - 900) km range: i.e. approximately 25-35% (ref. 30.5.3).

30.2.3 Longitudinal variations are not modeled.
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30.2.4 Wave-like perturbations with horizontal scales of less than 3,000 km cannot be reproduced by the
model, which causes a large part of the model uncertainty of 19% on average.

30

.3 Basis of the model

30.3.1 The DTM-2000 model is a revision and update of the DTM-94 model, which itself was an update of
the first DTM model, DTM-78. These models are empirical, based upon total density, mass spectrometer, and
temperature measurements by satellite, and upon ground-based incoherent scatter radar observations.

30.3.2. Variations incorporated into the model: solar activity, magnetic activity, latitude, and solar local time;

an

nual _semiannual diurnal semidiurnal and terdiurnal
7 7 7 7

30
Th

30

4 Databases
b most important ingested data sets are described in the following documents:

4.1 Barlier, F., Berger, C., Falin, J.L., Kockarts, G., Thuillier, G., 1978. A thermospheric mode

safellite drag data, Ann. Geophys, 34, 9-24.

30
usi

30
mg

30
Dy

30
pe

30

4.2 Thuillier, G., Falin, J.L., Barlier, F., 1977. Global experimental modelcof the exospheric te
hg optical and incoherent scatter measurements, J. Atmos. Terr. Phys., 39,1 195-1202.

4.3 Carignan, G.R., Block, B.P., Maurer, J.C., Hedin, A.E., Reber, C.A<, Spencer N.W., 1981.
ss spectrometer on Dynamics Explorer, Space Sci. Instrum., 5, 429<441.

4.4 Spencer, N.W., Wharton, L.E., Niemann, H.B., Hedin, A.E.; Carignan, G.R., Maurer, J.C.,
hamics Explorer wind and temperature spectrometer, Space Sci. Instrum., 5, 417-428.

4.5 Villain, J.P., 1980. Traitement des données “brutes de I'accélérometre CACTUS
turbations de moyenne échelle de la densité thermosphérique, Ann. Geophys., 36, 41-49.

4.6 Nier, A.O., Potter, W.E., Hickman, D.R.,.:Mauersberger, K., 1973. The open-source ne

spgctrometer on Atmosphere Explorer-C, -D, -E, Radio Sci., 8, 271-276.

30
ex

30
ob
64

30

30
sat

30
DT

ap
30

4.7 Pelz, D.T., Reber, C.A., Hedin, AiE., Carignan, G.C., 1973. A neutral-atmosphere ¢
periment for the Atmosphere Explorer-€;:=D, -E, Radio Sci., 8, 277-283.

bervations made by the UARS/WINDII instrument, Journal of Atmospheric and Solar-Terrestri
13-20.

5 Publication references

5.1 Barlier, F,, Berger, C., Falin, J.L., Kockarts, G., Thuillier, G., 1978. A thermospheric mode
ellite drag data,"Ann. Geophys, 34, 9-24.

5.2 Berger, C., Biancale, R., lll, M., Barlier, F., 1998. Improvement of the empirical thermosph

lications, Journal. of Geodesy, 72, 161- 178.
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4.8 Bruinsma, S., Vial, F., Thuillier, G. 2002. Relative density variations at 120 km derived frorI tidal wind

| Physics,

| based on

eric model

M: DTM=94- comparative review on various temporal variations and prospects in spacg¢ geodesy

5.3 Bruinsma S| _Thuillier G _Barlier F 2003 The DTM-2000 nmpirir‘zl ’rhnrmnqphnm model with

new data assimilation and constraints at lower boundary: accuracy and properties, Journal of Atmospheric
and Solar-Terrestrial Physics, 65, 1053-1070.

30.6 Dates of development, authors and sponsors

30.6.1 Dates: OGO 6 model 1977
DTM-78 1977 -1978
DTM-94 1993 - 1996
DTM-2000 2000 - 2002
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30.6.2 Authors: S.L. Bruinsma, G. Thuillier, and F. Barlier

30.6.3 Sponsor: Centre National d’Etudes Spatials, France

30.7 Model codes and sources
The model (F77 source codes, test run results, and a file containing the model coefficients) may be obtained
upon request to the author (sean.bruinsma@cnes.fr .

31 Earth's Upper Atmosphere Density Model for ballistics support of flights of artificial
Earth saldmes, 1985
31.1 Model content

The Earthjs Upper Atmosphere Density (EUAD) Model is the reference atmosphere model of Russia. The

model waq a State Standard of the former Soviet Union. The model was developed from density data deriyed
from the calculation of atmospheric drag on satellites during the period from 1964 until 1982.

The mode| computes atmospheric density from 0 to 1500 km altitude. For altitudes under-120 km, the density
is dependent on altitude. This region is divided into four altitude layers with density determined by [an
exponentigl fit using coefficients for each layer. For altitudes of 120 km and hjgher, the model determines
density based on computations that utilize coefficients for three altitude layers.-and six levels of solar flux
activity. THe computations consider the relationship of density to daily solar flux," geomagnetic activity, and the
change in fensity distribution due to daily and semi-annual effects is accounted for in the model.

The model inputs are the desired position vector, altitude, Moscow time;»Greenwich Sidereal time, day of ydgar,
Sun right [ascension and declination, geomagnetic index (Ap or-Kp), daily solar flux value, and 135 day
average solar flux value.

31.2 Model uncertainties and limitations
The report|listed in 31.5.2 provides some information on‘the models accuracy. "The results of the calculatipns
over a grept number of real data indicate that at the-heights 200-500 km root mean-square relative errorg of
determining density according to the model GOST 25645.115-84 don't exceed 10% in quiet periods and ¢an
exceed 306 during strong geomagnetic storms."

31.3 Basjis of the model
The mode] was developed from density-that derived from the calculation of atmospheric drag on satellites
during the |period from 1964 until 1982:

31.4 Databases
Information on the observations used in development of the model is not currently available.

31.5 Publication references
31.5.1 State Standard of the USSR: GOST 25645.115-84, "Earth Upper Atmosphere Density Model [for

Ballistics $uppert of Flights of Artificial Earth Satellites."Bazhkov, N. V., et al., 24 August 1984. All Russjan
Research |nstitute of Standardization, Moscow, Russia.

31.5.2 ‘"Determination and Prediction of Satellite Motion at the End of the Lifetime," Nazarenk, A.l.
Computer Center "COSMOS”, USSR. Proc. Internet. Workshop on Reentry of Slyut-7/Kosmos 1686 Reentry,
ESA SP-345, Darnstadt (D), August 1991.

31.5.3 Nazarenko, A. I., et al., "The Space-Temporal Variations of the Upper Atmosphere Density During
the Period of June-September 1989 Derived from the Satellite Drag Data," Adv. Space Research, vol. 11, no.
6, pp. 155-160, 1991.

31.5.4 Viasov, M. N. “Upper Atmosphere Model for the Prediction of he Position of Satellites,” American
Geophysical Union/International Union of Geodesy and Geophysics, 1993, pages 151-156. Washington, D.C.
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31.6 Dates of development, authors and sponsors

31.6.1 The model is authored by N. K. Bazhkov, et al., and was approved August 24, 1984, by

the USSR

State Standardization Committee. Effective as of July 1, 1985, by decree of the USSR State Standardization

Committee.

31.7 Model codes and sources

Reference 31.5.1 contains in an appendix the mathematical description of the model, the coefficient tables,

and FORTRAN listing of the computer code.

32| Russian Earth's Upper Atmosphere Density Model For Ballistic Support Of The FIIight Of

ificial Earth Satellites, 2004

32{1 Model content

The Russian Earth’s Upper Atmosphere Density Model For Ballistic Support Of The\Flight Of Arti
Salellites, 2004, (Ref. 32.5.1) is a product of the State Committee on Standardization and Metro
Russian Federation, Moscow. It was developed by the 4™ Central Scientific Reséarch Institute of t
of IDefense of the Russian Federation and adopted by the Russian Gosstandart on March 9,
standard defines the Earth’s upper atmosphere density model including.a technique for calcu
values of the parameters for the density of the Earth’s atmosphere in a range of altitudes from 12

ficial Earth
ogy of the
ne Ministry
P004. This
ation. The
D km up to

1500 km for various levels of the solar activity are given. It describes an altitude profile of density and its basic

space-temporal variations depending on the position of an artificial\satellite in near-Earth space en
thg position of the Sun, the season and day, and also the solar’and geomagnetic activities. Th
foqused on the practical applications of (1) design calculations of aerodynamic drag and (2
napigation support of operational control of an artificial’satellite.

32(2 Model uncertainties and limitation

Data from satellite drag calculations were used>to formulate the empirical functions used to

atmospheric parameters. The calculation error-gfraerodynamic drag coefficient for Artificial Earth

thg described technique generally does nat(éxceed 30%. For an Artificial Earth Satellite of nea
shape, the error in the determination of theLaerodynamic drag coefficient is estimated by 7%.

All
are
un

drag-based models are deficient in.the way in which they represent the large variations in total g

associated with short term (hourly-daily time periods) geomagnetic disturbances. The major
certainty for future thermospheric neutral density calculations is the uncertainty in the estimatio
solar EUV heat input as represéented by the solar flux index used as input to the model. (Ref. 32,
thgrmosphere models are-based on data from satellite-borne mass spectrometers, accelerometers
semsors represent compesition and changes in composition more accurately than do models based
dafa. However, they:are for the most part, not significantly better in their representation of the tg
density.

A
De
Te

omparison\af the NASA Marshall Engineering Thermosphere and some earlier Russian Upper A
nsity Models is provided in Reference 32.5.3. The paper by I.I. Volkov and V. Suevalov “Estimati
'm Density Variations in the Upper Atmosphere of the Earth at Minimums of Solar Activity from B

vironment,
b model is
) ballistic-
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batellite by
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source of
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upon drag
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pn of long-
volution of

thg

) further discusses the deter

32.3 Basis of the model
The GOST 2004 model is based on Artificial Earth Satellite drag data over the period 1964 to

ination of
omagnetic

2000. The

model defines an atmosphere density in a range of heights from 120 km up to 1500 km. The model of density
of the atmosphere is presented as a simple analytical formula with the factors in the formula representing the:

Secular change in the night atmosphere density over the 11-year solar cycle,

Amplitude of the diurnal effect,
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— Influence of the semi-annual effect,
— Short-period effect due to the daily variation in solar activity, and
— Short-period effect due to the geomagnetic index.

Each of these factors is modified by a polynomial function of the altitude. The coefficients in these polynomials
are given by tables. The coefficient values are presented for two altitude ranges in table form. Each of the two

tables gives the coefficients as a function of the reference level of solar radiation flux with wavelength of 10.7

1

cm (of frequency 2800 MHz) expressed in Solar Flux Units 10™* watt-m>Hz™". Tables are constructed for

seven fixe T, =79, ; ; ; ; : pre
density, thp values of the coefficients for the F, level nearest to the current Fy, value are used. The-quantity
Fs1 is the Weighted average of the daily values of the solar flux F;, 7 over three previous rotations of-the Sun)

Recommepdations are given on use of the density model of the upper atmosphere for ballistic maintenanceg of
artificial satellite flights. The technique for calculation of the aerodynamic drag coefficient is'also given.

The Russian Federation standards noted in References 32.5.5 and 32.5.6 were used'in\the preparation of this
standard.

Future moglifications to the density model given in this standard may involve:
— Modified numerical values for the polynominal coefficients,
— Modifications to the degree of the several polynomials, and

— Modifications to the scope of the physical terms for which.goffections are introduced.

32.4 Databases
The densify model of the Earth’s upper atmosphere is\constructed using Artificial Earth Satellite drag dpta
over the pgriod 1964 to 2000. No specific database ‘references are given in the GOST-2004 model standfrd
(Ref. 32.5(1).

32.5 Puhlication references

32.5.1 Anon.: “Earth’s Upper Atmosphere Density Model for Ballistic Support of the Flight of Artificial Egrth
Satellites”| National Standard of the Russian Federation, Document number GOST R 25645.166-20D4,
Gosstandgrt of Russia, Moscow,. 2004 (English translation accomplished by Vasiliy S. Yurasov in 2006 and
edited by Paul J. Cefola in.2007. Contact Paul J. Cefola, Consultancy in Aerospace Systems, Spaceflight
Mechanicq, & Astrodynamies,/Sudbury, MA 01776 Cefola@mit.edu )

32.5.2 Vdughan, W. W,, J. K. Owens, K. O. Niehuss, and M. A. Shea: “The NASA Marshall Solar Acti
Model For|Use In Predlicting Satellite Lifetime,” Advances in Space Research, Vol. 23, No. 4, 1999.

ty

32.5.3 Phvelitz7~Steven and B. Jeffrey Anderson: “Comparison of the NASA Marshall Engineenng
Thermosphete and the Russian Upper Atmosphere Density Models”, AIAA Paper Number 95-0554, Janupry
1995, 33"LAerespace—Seiences—Meeting—and—Exhibit—Reno—NV-—American—tastitute—ei—Aerenatties—and

Astronautics.

32.5.4 Volkov, I. I. And V. V. Suevlov: “Estimation of Long-Term Density Variations in the Upper Atmosphere
of the Earth at Minimums of Solar Activity from Evolution of the Orbital Parameters of the Earth’s Artificial
Satellites”, Solar System Research, Vol. 39, No. 2, 2005, pp. 157-162. Translated from Astronomicheskii
Vesnik, Vol. 39, No. 2, 2005, pp.177-188.

32.5.5 Anon.: “Ballistic Calculations of the Earth’s Artificial Satellites. Calculation Technique of Indexes of
Solar Activity”, National Standard of the Russian Federation, Document number GOST 25645.302-83,
Gosstandart of Russia, Moscow, 1983.
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32.5.6 Anon.: “Standard Atmosphere. Parameters” National Standard of the Russian Federation,
number GOST 4401-81, Gosstandart of Russia, Moscow, 1981.

32.6 Dates of development, authors and sponsors

32.6.1 Dates: 2004, based upon work done during previous years

Document

32.6.2 Authors: 4" Central Scientific Research Institute of the Ministry of Defense of the Russian Federation

32.6.3 Sponsors: State Committee on Standardization and Metrology of the Russian Federation

32

tact the State Committee on Standardization and Metrology of the Russian Federation, (Gos
Russia), Moscow, Russia. See Ref. 32.5.1.

33| Jacchia J70 Static Models of the Thermosphere and Exosphere with Empirical
Temperature Profiles, 1970

33{1 Model content

The Jacchia J70 Static Models of the Thermosphere and Exosphere with’ Empirical Temperatu
copsists of a document with tables of temperature, composition, density, and pressure scale h
furjction of height for exospheric temperatures ranging from 600 to 2000 K, at 100 K intervals, and
exiending from 90 to 2500 km. Also, functions are given which~enable the user to program the
computer outputs. A summary table in the document gives total“density for the same range of
temperatures, but at 50 K intervals in the exospheric temperature. A set of auxiliary tables is provic
in the evaluation of the diurnal, geomagnetic, semiannual, and seasonal-latitudinal effects.

33|12 Model uncertainties and limitations
A gomparison was made of the 10-day means of the:residuals in log1( (density) for five satellites (E

nd 19, Injun 3, and Echo 2) in the 270 to 1980 km range. The mean systematic error was ve
o for all satellites. Slowly varying systematic deviations from the model were all within 12 percen
ger variations in the residuals of two satellites (Echo 2 Explorer 19) were attributed to imperfect
he seasonal migration of helium (the.winter helium bulge) and the associated semiannual heliun
pilable data on average total densities obtained from mass spectrometer data are approximately
er. This discrepancy is believed by some authors (Cook, 1966) to result from the use of a Cp

n Cp=2.4 in the satellite drag derivations. Variations occurring on time scales of less than
iod are not modeled.

A
fro
va
se
se
md

ecent analysis by Boewman, 2004, (Ref. 33.5.4) addresses the semi-annual thermospheric densi
M 1970 to 2002 between 200-1100 km and concludes that errors in the semi-annual componen
]'i;ations of over,100% across the years of the solar cycle are possible in current thermospheric m

i-annual density variation is not modeled on a yearly basis. This analysis illustrates a high co
i-annual_density variation with solar activity. It involved the analysis of daily temperature corr¢

standart of
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dified Jacchia 1970 Model, which is part of the US Air Force’s High Accuracy Satellite Drag Modg¢l, 2002.

33(3”Basis of the model

The Jacchia J70 model is based upon satellite-drag data derived from ground-based tracking of selected
satellites. An earlier (1965) model by Jacchia was used as the basis for this successor model. All the available
observational material up to that time, including the then most recent measurements of density and
composition, has been taken into account in the construction of this model. It should be understood that no
good observational data existed above 1100 km at the time this model was prepared, so that all of the model
data output above that height must be considered as unconfirmed extrapolation.

The atmosphere is assumed to be well mixed up to 105 km and in diffusive equilibrium above this height.
Oxygen dissociation is assumed to be the cause of any change in mean molecular weight below 105 km. All
temperature profiles start from a constant value Tg=183 K at the height zg =90 km. Changes in an index of

geomagnetic activity have been related to changes in the exospheric temperature Tw.
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33.4 Databases
The models are based upon satellite-drag data obtained from ground-based tracking of various satellites by
the Smithsonian Astrophysical Observatory.

33.5 Publication references

33.5.1 Cook, G. E., "Drag Coefficients of Spherical Satellites," Ann. Geophys., 22, 33-64, 1966.

33.5.2 Jacchia, L. G., "New Static Models of the Thermosphere and Exosphere with Empirical Temperature
Models", Smithsonian Astrophysical Observatory Special Report 313, Cambridge, Massachusetts, May 1970.

33.5.3 Legar, William M., "A Simple Orbital Density Model for Drag Equations”, TRW, Inc, document #J$C-
2097, NASA Johnson Space Center, Houston, Texas, August 1966. (This describes revisions made primarily
to correct pnd improve the calculation of the right Ascension and declination of the Sun in the Jacchia J70
model).

33.5.4 Bpwman, Bruce R., “The Semi-annual Thermosphere Density Variation from 1970102002 Betwgen
200 - 1100 km”. Paper # AAS — 04-174. 14" AAS/AIAA Space Flight Mechanics, Meeting. Ameri¢an
Astronauti¢al Society, Springfield, VA (info @ astronautical.org), February 2004.

33.5.5 Dlowd, Douglas L. and B. D. Topple, “Density Models for the Upper’ Atmosphere.” Celestial
Mechanicq, 20, 271-295, 1979.

33.6 Dates of development, authors and sponsors

33.6.1 D3tes: 1970, based upon work during the preceding six years.
33.6.2 Adthors: L. G. Jacchia

33.6.3 Sponsors: Smithsonian Astrophysical Observatory,

33.7 Model codes and sources
The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zurich
smoothed |solar and geomagnetic activity based.on the most recent monthly mean data for use in the J70
model. It can be downloaded from http://sail. msfé.hasa.gov.

The J70 model output is contained in tables ‘within the Smithsonian Astrophysical Observatory Special Repgort
313. The Jacchia J70 model has, however, been prepared for computer output by various groups such as fhe
Smithsonign Astrophysical Observatory (Cambridge, MA), NASA Marshall Space Flight Center (Huntsville,
AL), and Alir Force Research Laboratory (Hanscom AFB, MA). Copies of the computer code may be available
from thesg groups upon request:

34 Jacchia J71 Revised Static Models of the Thermosphere and Exosphere with Empirical
Temperature Profiles, 1971

[ ire
Profiles con3|sts ofa document with tables of temperature, composmon den3|ty, and pressure scale helght as
a function of height for exospheric temperatures ranging from 600 to 2000 K, at 10 K intervals, and for heights
from 90 to 2500 km. Also, functions are given which enable the user to program the model for computer
outputs. A summary table in the document gives total density for the same range of height and temperatures,
but at 50 K intervals in the exospheric temperature. A set of auxiliary tables is also provided to help in the
evaluation of the diurnal, geomagnetic, semiannual and seasonal-latitudinal effects. The analytical structure of
the basic models is identical to that of the Jacchia 70 models. The Jacchia 71 models were incorporated into
COSPAR International Reference Atmosphere 1972 model.
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34.2 Model uncertainties and limitations

The model has the limitations inherent in the satellite-drag data, namely the smoothing of short-term dynamic
variations (of less-than-diurnal period) in the total density, etc. The exact degree of uncertainty resulting from
this feature is difficult to ascertain. Based upon information contained in the basic document, this dynamical
variation could be on the order of 12 to 50 percent, depending upon altitude, solar activity magnitude variation
and time interval. However, the smooth mean total density model values are considered by the author to be
very representative of the actual values.

Ref 5.3 provides a comparison of the Jacchia J71 model with several other thermospheric models versus
altitude, latitude, local time, day of year, and solar and geomagnetic conditions.

34|3 Basis of the model
The Jacchia 71 models are revisions of the J70 models published by the author. Although anefforf had been
mgde in the J70 models to increase the n (0)/n(O2) ratios, new observational evidence showed that the
ingrease had not been large enough. The J71 models attempt to meet, as closely as possible, the cpmposition
andl density data derived for a height of 150 km on the basis of available mass speetrometric gnd EUV—
absorption data. Mixing is assumed to prevail to a height of 100 km, with diffusive separation goverping above
thi$ height. All recognized variations of model parameters are represented by ‘empirical equationg. Some of
thgse equations were revised in the J71 models, not only in their numerical coefficients, but also in|their form,
as|a result of new analyses. While revising the basic variation models, the-author reanalyzed the|variations.
Hence there are substantial changes in the description of some of the individual types of ajmospheric
vafiations from that given in the J70 models.

34{4 Databases
The J71 models are based on satellite-drag data obtained from*ground-based tracking of various sptellites by
thg Smithsonian Astrophysical Observatory. Available mass 'spectrometer and EUV—absorption |data were
alsp utilized in this update of the J70 models.

34/5 Publication references

34J/5.1 Jacchia, L. G., Revised static models.of the thermosphere and exosphere with empirical tgmperature
prdfiles, Smithsonian Astrophysical Observatory Special Report 332, Cambridge, Massachusetts, May 1971.

34]5.2 Dowd, Douglas L. and B~D: Tapley, “Density Models for the Upper Atmosphere.[ Celestial
Mgchanics, 20, 271-295, 1979.

=

34/5.3 Marcos, Frank A., Bruee 'R. Bowman, and Robert E. Sheehan, “Accuracy of Earth’s Thefmospheric
Neutral Density Models.” AIAA Paper Number AIAA 2006-6167. American Institute of Aergnautics &
Asfronautics, Reston, VA20006.

34(6 Dates of development, authors and sponsors

34/6.1 Dates:,1971 and preceding year
3416.2 Authors: L. G. Jacchia

3416.3 “Sponsors: Smithsonian Astrophysical Observatory.

34.7 Model codes and sources

The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zurich
smoothed solar and geomagnetic activity based on the most recent monthly mean data for use in the J71
model. It can be downloaded from http://sail.msfc.nasa.gov.

The J71 model output is contained in tables in the referenced publication. The Jacchia J71 model has been
programmed for computer output by various groups, such as the Smithsonian Astrophysical Observatory
(Cambridge, MA), the NASA-Marshall Space Flight Center (Huntsville, AL), and the Air Force Research
Laboratory (Hanscom AFB, MA). Copies of the computer code may be available from these groups upon
request.
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35 Jacchia J77 Thermospheric Temperature, Density and Composition: New Models, 1977

35.1 Model content

The Jacchia J77 Thermospheric Temperature, Density, and Composition: New Models consists of two parts:
(1) the basic static models, which give temperature and density profiles for the relevant atmospheric
constituents for any specified exospheric temperature, and (2) a set of formulas to compute the exospheric
temperature and the expected deviation from the static models resulting from all of the recognized types of

thermospheric variation. For the basic static models, the total density for heights in the range 90 to 2500
and exospheric temperatures in the range 500 K to 2600 K are listed in tables. Number densities of

km
SiX

atmospheric constituents in the height range 90 to 2500 km and in the temperature range 500 K to 2600 K are

also listed] The Jacchia J77 models are a complete revision of the earlier J7T models.

35.2 Model uncertainties and limitations

The mode] is characterized by the limitations inherent in the satellite-drag data, namely the.smoothing
short-term| dynamical (less than the diurnal period) variations in the total density, etc. For example,
Explorer satellite detected the existence of waves throughout the upper atmosphere in'the height rar
extending [from 286 to 570 km. The apparent half-wave lengths of the waves were found to increase W
altitude. Their half-amplitudes for density range up to a maximum of about 50 percent of the mean density.

According |to the author, L. G. Jacchia, the smoothed mean total density values compare very well W
observatiohal values with the same resolution.

35.3 Basjis of the model

The Jacchia J77 models are a revision and updating of the Jacchia J71 models published by the author
revising tHe basic models, the author endeavored to reproduce the' results from the OGO-6 satellite W
respect to[the relative concentrations of N2 and O at 450 km,-while keeping the total density anchored

satellite-drpg data.

All temperature profiles start at a constant value or To=188)K at a height of Zo=90 km. A condition of compl
atmospherjic mixing is assumed up to 100 km and diffusive separation above this altitude. The J77 mo

of
the

ge
ith

ith

In
ith
to

bte
del

adds independent corrections to the values of n(O)-and n(O2) determined from the mean molecular mass

profile deriyved for the J71 model. These corrections extend across the homopause.

35.4 Databases
The J77 models are based upon satellite=-drag data obtained from ground-based tracking of various satelli
and availaple mass spectrometric and:EUV—absorption data.

35.4 Puhlication referenceés

355.1 Jacchia, L. G.,~ Thermospheric temperature, density, and composition: new models", Smithson|
Astrophysical Observatory Special Report 375, Cambridge, Massachusetts, March 1977.

35.5.2 ueller,<Alanh C., "Jacchia-Lineberry Upper Atmosphere Density Model," Computational Mechar
Services Document No. JSC-18507, NASA - Johnson Space Center, Houston, Texas, October 1982 (In
Oee"computation time, use has been made of the assumption that the log of the density may

tes

an

ics
an
be

ral

altitude bands and the series of coefficients of each band are found by point-wise fit of Jacchia's tabular
results. A more efficient method of computing the temperature, together with this layered model, significantly
reduces the computation time, yet maintains the model accuracy and storage costs. This document also

contains cautions for the user on its limitations.)

35.5.3 de Lafontaine, Jean and Peter Hughes, "An Analytic Version of Jacchia's 1977 Model Atmosphere",

Celestial Mechanics, 29, 3-26, 1983.
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35.6 Dates of development, authors, and sponsors

35.6.1 Dates: 1977 and the prior six years
35.6.2 Authors: L. G. Jacchia

35.6.3 Sponsors: Smithsonian Astrophysical Observatory, Smithsonian Research Foundatio
National Aeronautics and Space Administration.

35.7 Model codes and sources

:2012(E)

n and the

The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zurich

othed solar and geomagnetic activity based on the most recent monthly mean data for use
mddel. It can be downloaded from http://sail.msfc.nasa.gov.

The J77 model output is contained in tables within the publication reference (Section 35.5). The
begn modified for computer output by various groups such as the Smithsonian Astrophysical O
(SAO) (Cambridge, MA), NASA Johnson Space Center (Houston, TX), NASA Marshall Space Fli
(Huintsville, AL), Air Force Research Laboratory (Hanscom AFB, MA), and)Lincoln Laboratqg
(Lgxington, MA). Copies of the computer codes may be available from these gfoups upon request.

36 Jacchia-Bowman 2006 (JB2006) empirical thermospheric density model

36{1 Model content
A new empirical thermospheric density model is developed tising the CIRA72 model as the ba
diffusion equations. New solar indices based on orbit-based.sensor data are used for the solar irrg
thg extreme and far ultraviolet wavelengths. New exospheric temperature and semiannual density
arg employed to represent the major thermospheric density variations. Temperature correction eq
developed for unmodeled diurnal and latitudinal, effects, and finally density correction factors

Thermospheric Density Model (JB2006), is validated through comparisons of accurate daily density
prgviously computed for numerous satellites.

36/2 Model uncertainties and limitations

Depsity model errors on the order of\15%-20% one standard deviation have been recognized for a
mddels (Ref. 36.5.1) developed since the mid 1960s. These large density standard deviations cor|
mgximum density errors of approximately 40-60% as observed in satellite drag data. There arg
regsons for these consistenity large values. One is the result of not modeling the semiannual densi
(Ref. 36.5.2) as a functien Of solar activity, and the other results from not modeling the full the
he
comtributions to the standard deviation. All previous empirical atmospheric models have used the F

day centered ayérage F, proxies as representative of the solar ultraviolet (UV) heating. Ho

a
mddel corrections required at high altitude (1500-4000 km). The new model, Jacchia-Bowman ZOOI

in the J77

model has
bservatory
ght Center
ries (MIT)

sis for the
diances in
equations
ations are
e used for
Empirical
drag data

| empirical
respond to
two main
y variation
mospheric

pting from solar ultraviolet radiation. Geomagnetic storms provide episodic, and overall smaller,

10 and 81-
wvever, the

10
unmodeled errors derived from satellite drag data all show very large density errors with approxima
pe

radiation.effects on the thermosphere, which have a one solar rotation periodicity.

Density standard deviations were computed from a comparison of historical density values (Ref.

ely 27-day

iods, representing one solar rotation cycle. These errors are the result of not fully modeling thq ultraviolet

5.3) with

model density values over the eight-year period of 7997 through 2004. Only Tow o moderate solar activity (ap
< 35) was considered in the evaluations. The resulting decrease, from 16% to 10%, in the standard deviation
at 400 km altitude agrees very well with the results from direct orbit fits using the different models. More

detailed comparisons using several different neutral density models were undertaken (Ref. 36.5.4)
quantify the improved results obtainable when using the new JB2006 model.

to globally

Reference 36.5.15 provides a comparison of the JB 2006 model with several other thermosphere models vs.

altitude, latitude, local time, day of year, and solar and geomagnetic conditions.

36.3 Basis of the model

The basis of the new Jacchia-Bowman Empirical Thermospheric Density Model (JB2006) is the CIRA72 (Ref.

36.5.5) model atmosphere. The CIRA72 model integrates the diffusion equations using the Jacchi
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36.5.6) temperature formulation to compute density values for an input geographical location and solar
conditions. The CIRA72 model was first converted to a CIRA "70" model by replacing the CIRA72 equations
with equations from the Jacchia 70 (Ref. 36.5.7) model. This was done because the model corrections, for
altitudes below 1000 km, obtained for temperature and density are based on the Jacchia 70 model, not the
Jacchia 71 (CIRA72) model. New semiannual density equations (Ref. 36.5.2) were developed to replace the
Jacchia formulation. New global nighttime minimum exospheric temperature equations, using new solar
indices, replaced Jacchia's Tc equation. In addition several other equations to correct errors in the diurnal
(local solar time) modeling were also incorporated. Finally, new density factors were incorporated to correct
model errors at altitudes from 1000 to 4000 km. These model corrections are discussed in the sections that
follow.

36.3.1 Glpbal Nighttime Minimum Exospheric Temperature Equation
The variajions in the ultraviolet solar radiation that heats the Earth's thermosphere consists~0f fwo
components, one related to solar rotational modulation of active region emission, and the other long-tgrm
evolution ¢f the main solar magnetic field. The passage of active regions across the disk diring a sqlar
rotation pgriod produces irradiance variations of approximately 27 days, while the main solaf)magnetic field
evolution produces irradiance variations over approximately 11 years. The 10.7-cm solar flux; F4o, has in the
past been [used to represent these effects. However, new solar indices have been recently (Ref. 36.5.8) uged
to compute¢ better density variation correlations with ultraviolet radiation covering the entire Far UV as welljas
the EUV wavelengths. From the previous solar indices analysis (Ref. 36.5.8) the dailyindices selected for this
model development include F44, S19, and Mgq.

S10: The NASA/ESA Solar and Heliospheric Observatory (SOHO) research satellite operates in a halo orbif at
the Lagrange Point 1 (L1) on the Earth-Sun line, approximately 1.5 mitlion km from the Earth. One of the
instruments on SOHO is the Solar Extreme-ultraviolet Monitor (SEM) that’has been measuring the 26-34 hm
emission since its launch in December 1995. This integrated 26-34 nm emission has bgen
and converted to sfu through linear regression with-F,o, producing the new index S;o. The
(wavelength integrated) SEM 26-34 nm irradiances’are EUV line emissions dominated by the
eric He Il line at 30.4 nm with contributions from>other chromospheric and coronal lines. This
cipally comes from solar active regions.

chromosp
energy pri

Mg+o: The| NOAA series of operational satellites, e.g:, NOAA 16 and NOAA 17, host the Solar Backscafter
Ultraviolet [(SBUV) spectrometer that has the objective of monitoring ozone in the Earth’s lower atmosphgre.
The chromospheric Mg Il h and k lines at 279;56 and 280.27 nm, respectively, and the weakly varyjng
photosphefic wings (or continuum longward and shortward of the core line emission), are operationally
observed by the instrument. The Mg Il core-to-wing ratio (cwr) is calculated between the variable lines gnd
nearly nor-varying wings. The result_is-a measure of chromospheric and some photospheric solar acfive
region activity independent of instrument sensitivity change through time, and is referred to as the Mg Il cwr,
which is grovided daily by NOAA ‘Space Environment Center. The Mg Il cwr have been used in a lingar
regression|with Fo to derive the Mg index in sfu units.

The new Tfc equation is:
T¢="379.0 + 3.353 F,

0

+0.358 A F10 +2.094 AS10 +0.343 AMgm

10

represent fhe”difference of the daily and 81-day centered average value of each index. The 81-day (3 sd
rotation pefriod) centered value was determined (Ref. 5.8) to be the best long-term average to use.

ar

The F, rejresents the 81-day centered average value of the F;q index. The delta values (AFj, AS19, AMg10)

It was also determined that a lag time of 1 day was the best to use for the Figand Sy, indices. However, for
using the Mgy index the analysis initially centered on using an index Esrc representing the FUV solar
radiation from the Schumann-Runge continuum. From the analysis it was determined that the Mgq index
could be used as an excellent proxy for the real FUV Eggcindex. The best time lag determined for both Egrc
and Mg, corresponded to a 5-day lag, which was used in determining the new Tc equation above.

36.3.2 Semiannual density variation

The semiannual amplitude (Ref. 36.5.2) is measured from the yearly minimum, normally occurring in July, to
the yearly maximum, normally in October. During solar maximum, the semiannual variation can be as small as
30% at 220 km, and as large as 250% near 800 km. During solar minimum, the maximum variation near 800
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km is only 60%. Thus, there is a major difference in amplitudes of the yearly variation from solar minimum to
solar maximum, unlike the Jacchia models, which maintain constant amplitude from year to year.

Using daily derived density data from 1979 through 2004 for numerous satellites with perigee heights from
200 km to 1100 km, a quadratic polynomial equation in height and Fm was developed to represent the

semiannual amplitude variation from year to year. An equation in terms of Fm and day of year phase was also

developed to represent the semiannual phase within the year. The new semiannual equations now account for
the long term density variability due to the 11-year solar cycle.

36.3.3 _Diurnal density correction
Dajly temperature corrections, ATc, to the Jacchia 1970 atmospheric model were obtained (Ref. 36/5.3) on 79
caljbration satellites for the period 1994 through 2003, and 35 calibration satellites for the-solarf maximum
period 1989 through 1990. All the “calibration” satellites have moderate to high eccentricity orbits, with perigee
heights ranging from 150 to 500 km. The observed errors to Jacchia 1970 showed variafions as a [function of
local solar time, latitude, height, and F4,. The resulting temperature correction equations, were devedloped as a
furjction of these parameters.

36{3.4 High altitude density correction
The analysis method was described previously (Ref. 36.5.9) from the longsterm orbit perturbation pnalysis of
West Ford needles’ orbits. A semi-analytical integrator was developed (Ref.”36.5.10) using the perturbations
in the semi-major axis from atmospheric drag, solar radiation pressure, and earth albedo. The ajmospheric
drgg equations required modification due to the variation of the' drag coefficient, which changes greatly
depending upon altitude and solar conditions. A non-linear least/squares program was developed fo fit mean
semi-major axis (a) values. Density factors were obtained for 25’satellites spanning a period of over 30 years.
Approximately 500 density factors were obtained from data from all 25 satellites covering more than 30 years

of fime. The density factors were then fit as a function of height and E, to form the basis for the high altitude
cofrection from 1500 km up to 4000 km.

36{4 Databases

The density data used to develop the new _model equations are very accurate daily values (
obfained from drag analysis of numerous*satellites with perigee altitudes of 175 km to 1100| km. Daily
temperature corrections to the US Air Force High Accuracy Satellite Drag Model's (HASDM) (Rgf. 36.5.12)
mqdified Jacchia 1970 atmospheric model were obtained on the satellites throughout the period 198 through
2004. Approximately 120,000 daily temperature values were computed using a special energy dissipation rate
(EDR) method (Ref. 36.5.3), where radar and optical observations are fit with special orbit perturbptions. For
each satellite tracked from 1978 through 2004 approximately 100,000 radar and optical observations were
available for the special perturbation orbit fitting. A differential orbit correction program was usef to fit the
obsgervations to obtain the’ standard 6 Keplerian elements plus the ballistic coefficient. “Trug” ballistic
cogfficients (Ref. 36.5171) were then used with the observed daily temperature corrections to gbtain daily
density values. The daily density computation was validated (Ref. 36.5.3) by comparing historical dai
values computed \for the last 30 years for over 30 satellites. The accuracy of the density

depsity values)used in the comparisons. The density errors were found to be less than 4% overall,
on|the orderof 2% for values covering the latest solar maximum.

36[{5-Publication references
36.5.T Marcos, F.A., "Accuracy of Aimospheric Drag Models at Low Satellite Altitudes,™ Advances in Space
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36.5.2 Bowman, B.R., “The Semiannual Thermospheric Density Variation From 1970 to 2002 Between
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36.5.3 Bowman, B.R., etc., “A Method for Computing Accurate Daily Atmospheric Density Values from
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36.5.4 Marcos, F., etc., “Accuracy of Earth's Thermospheric Neutral Density Models,” AIAA 2006-6167,
AIAA/AAS Astrodynamics Specialist Conference, Keystone, CO, August, 2006.

© 1SO 2012 — All rights reserved 57


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

36.5.5 COSPAR International Reference Atmosphere 1972, Compiled by the members of COSPAR
Working Group 4, Akademie-Verlag, Berlin, 1972.

36.5.6 Jacchia, L.G., Revised Static Models of the Thermosphere and Exosphere with Empirical
Temperature Profiles, Smithson. Astrophys. Special Report 332, 1971.

36.5.7 Jacchia, L.G., New Static Models of the Thermosphere and Exosphere with Empirical Temperature
Profiles, Smithson. Astrophys. Special Report 313, 1970.

36.5.8 Bowman, B.R,, etc., “Improvements in Modeling Thermospheric Densities Using New EUV and FUV

Solar Indices,” AAS 2006-237 AAS/AIAA Spaceflight Mechanics Meeting Tampa Fl_January

2006.

36.5.9 B
Clusters,”
2000.

36.5.10 B|
Term Orbi
Barbara, G

36.5.11 B
AIAA/AAS

36.5.12 S
Astrodyna

36.5.13 B
Indices,” A
2006.

36.5.14 B
Empirical T
Elsevier Lt

36.5.15 M

Neutral D¢
Astronauti

36.6 Dat

36.6.1 Dates: 2006

pwman, B. R., W. N. Barker, and W. G. Schick, “Orbit Perturbation Analysis of West Ford‘Needles
AIAA-2000-4236, AAS/AIAA Astrodynamics Specialist Conference, Denver, CO, Aug,

pwman, B.R., “Atmospheric Density Variations at 1500-4000 km Height Determined from Long
Perturbation Analysis,” AAS 2001-132, AAS/AIAA Spaceflight Mechanics Meeting, Santa
A, February, 2001.

pwman, B. R., “True Satellite Ballistic Coefficient Determination for HASDM,” AIAA-2002-4887,
Astrodynamics Specialist Conference, Monterey, California, August-2002.

forz, M.F., etc., “High Accuracy Satellite Drag Model (HASDK)),”AIAA 2002-4886, AIAA/AAS
mics Specialist Conference, Monterey, Ca, August, 2002.

pwman, B.R., etc., “A New Empirical Thermospheric Density Model JB2006 Using New Solar
IAA 2006-6166, AIAA/AAS Astrodynamics Specialist:Conference, Keystone, CO, August,

pwman, Bruce R., W. Kent Tobiska, FrankA. Marcos, and Cesar Valladares, “The JB 2006
'hermosphere Density Model”, Journal.of Atmospheric and Solar-Terrestrial Physics,
d, 2007.

arcos, Frank A., Bruce R. Bowman, and Robert E. Sheehan, “Accuracy of Earth’s Thermospheri
nsity Models, AIAA Paper Number AIAA 2006-6167, American Institute of Aeronautics and
s, Reston, VA 20006.

bs of development,.authors and sponsors

36.6.2

36.6.3 S

36.7 Mo
A detailed

uthors: Bowman, Bruce R., Tobiska, W. Kent, and Frank A. Marcos

onsors: Department of Defense, U. S. Air Force Space Command
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JB2006 model web site: http://sol.spacenvironment.net/~JB2006/
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37 Jacchia-Bowman 2008 (JB2008) empirical thermospheric density model

37.1 Model content

The JB2008 empirical thermospheric density model was developed starting from the improved Jacchia-
Bowman 2006 model as the basis for the density modeling improvements. Additional solar indices based on
orbit-based sensor data were used for the solar irradiances in the extreme and far ultraviolet wavelengths. A
new geomagnetic index Dst was used to replace the older geomagnetic ap index. New exospheric
temperature and semiannual density corrections were developed to represent the major thermospheric
density variations. The new JB2008 model was validated through comparisons of accurate daily density drag
data previously computed for numerous satellites at altitudes of 200-1100 km, and from highly accurate

| empirical
respond to
veral main
y variation

t correctly
Il previous

esentative

a all show
velly large density errors with approximately 27-day periods, representing one solar rotation cygle. These
errprs are the result of not fully modeling the ultraviolet radiation ‘effects on the thermosphere, which have a

Figure 1 shows computed density-to-model ratios for the?dB2006 and JB2008 models, the Jacchial 70 model,
angl the NRLMSIS-2000 model. These ratios were obtained by using the computed 3-hour sphericgl harmonic
HASDM (Ref. 5.8) temperature correction coefficients, and computing density values at 10 minute dteps along
thg CHAMP reference orbits obtained for 2000 through 2007. These HASDM-to-Model ratios |were then

binned by F, . It can be readily seen that all.the previous models using just F, for the 11-year cyclg variations

at frepresenting the solar minimum density decrease, although it still does not completely captyre the full
density variation. Figure 2 shows the density model standard deviations binned again by E . The rluch larger
n

w JB2008

mddel shows significant improvements over all other models in representing the solar EUV thefmospheric
heating. Figure 3 shows 1:standard deviation model density errors as a function of geomagretic storm
mdgnitude. The values_were obtained as percent density differences from the calibrated orbif averaged
acg¢elerometer data,-from both CHAMP and GRACE, and the different model orbit averaged values. The
reqults show that the JB2008 model is a major improvement over modeling density changes duyring large
gepmagnetic storms. The HASDM modeling is the best at under a 10% sigma, which is expected since it
acgounts for_real time density changes. The J70 modeling is the worst since it is based on cgmputing a
depsity froma single 3-hour a, value, while the MSIS model uses a history of a, values for 57 holirs prior to
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Density Ratio

Figure 1 — HASDM-to-Model density ratios at 400km altitude as a function of E, (F10B)
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ccelerometer density data, from both CHAMP and GRACE, and the different model values
uses the same geomagnetic storm modeling as J70.

3 Basis of the model
e new Jacchia-Bowman Empirical Thermospheric Density Model (JB2008) was developed startir]
chia-Bowman 2006 model which was based on the CIRA72 (Ref. 37.5.4) model atmosphere. T
del integrates the diffusion equations tsing the Jacchia 71 (Ref. 37.5.5) temperature forn

g storm

magnitudes. Values are based on orbit averaged percent density differences between the calibrated

JB2006

g from the
he CIRA72
nulation to

New semiann

al density

hations (Ref. 37.5.10) were develaped to replace the older Fw formulation. New global nighttimé¢ minimum

bspheric temperature equations, -using additional solar indices, replaced the JB2006 Tc equation. In

jition a new geomagnetic index Dst was used to replace the old ap index, and new temperatu
Jations were developed using this new index. These model corrections are discussed in the sg
oW.

3.1 Global nighttime minimum exospheric temperature equation
variations jn\ the ultraviolet solar radiation that heats the Earth's thermosphere consig

a)

-

co
ev(

ponents, one€ Telated to solar rotational modulation of active region emission, and the other
blution of/the main solar magnetic field. The passage of active regions across the disk duri

variation
ctions that

ts of two
long-term
ng a solar
jnetic field

has in the
.5.8) used
v as well as
selected for this

the EUV wavelengths. From previous solar in ) the daily indices

model development include F4q, S19, Mg+, and Y.

analysis (Ref. 37.5.6

S10: The NASA/ESA Solar and Heliospheric Observatory (SOHO) research satellite operates in a halo orbit at
the Lagrange Point 1 (L1) on the Earth-Sun line, approximately 1.5 million km from the Earth. One of the
instruments on SOHO is the Solar Extreme-ultraviolet Monitor (SEM) that has been measuring the 26-34 nm
solar EUV emission since launch in December 1995. This integrated 26-34 nm emission has been normalized
and converted to sfu through linear regression with F4o, producing the new index S;o. The broadband
(wavelength integrated) SEM 26-34 nm irradiances are EUV line emissions dominated by the chromospheric
He Il line at 30.4 nm with contributions from other chromospheric and coronal lines. This energy principally
comes from solar active regions.
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Mg+o: The NOAA series of operational satellites, e.g., NOAA 16 and NOAA 17, host the Solar Backscatter
Ultraviolet (SBUV) spectrometer that has the objective of monitoring ozone in the Earth’s lower atmosphere.
The chromospheric Mg Il h and k lines at 279.56 and 280.27 nm, respectively, and the weakly varying
photospheric wings (or continuum longward and shortward of the core line emission), are operationally
observed by the instrument. The Mg Il core-to-wing ratio (cwr) 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 independent of instrument sensitivity change through time, and is referred to as the Mg Il cwr,
which is provided daily by NOAA Space Environment Center. The Mg Il cwr have been used in a linear
regression with F4, to derive the Mg, index in sfu units.

Y10: The i i i -ray
emission.

neutral copstituents to create the ionospheric D-region. An index of the solar X-ray active region-background,
without theg flare component, has been developed. This is called the Xb10 index. The 0.1-0.8 'nm X-rays arg a
major enefgy source in these atmospheric regions during high solar activity but relinquish their dominancg to
the competing hydrogen (H) Lyman-a emission during moderate and low solar activity. Lyman-a is dlso
deposited jn the same atmospheric regions, is created in the solar upper chromosphere and transition regipn,
and demaicates the EUV from the FUV spectral regions. It is formed primarily in-solar active regions, plage,
and network; the photons, arriving at Earth, are absorbed in the mesosphere and lower thermosphere where
they dissogiate nitric oxide (NO) and participate in water (H20) chemistry. Lyman-a has been observed by the
SOLSTICH instrument on the UARS and SORCE NASA research satellites.as well as by the SEE instrumgnt
on NASA TIMED research satellite Since these two solar emissions are’ competing drivers to the mesosphgre
and lower [thermosphere, we have developed a mixed solar index X4, of the Xb10 and Lyman-a (Lya). If is
weighted tp reflect mostly Xb10 during solar maximum and to refleet-mostly Lyman-a during moderate and low

solar activity. The independent, normalized EO is used as the.weighting function and multiplied with the X§10
and Lyman-a as fractions to their solar maximum values.

The new JB2008 midnight exospheric Tc equation is:

392.4 +3.227 Fs + 0.298 AF4o + 2.259:ASo + 0.312 AM4o + 0.178 AY 1

Tc

The delta yalues (AF4o, AS+o, AMg10, AY o) represent the difference of the daily and 81-day centered avergge
value of each index. The 81-day (3 solar rotation period) centered value was determined (Ref. 37.5.6) to|be
the best long-term average to use.

It was deteérmined that a lag timé of 1 day was the best to use for the Fipand Sy, indices. For using the M,
index the @nalysis determined‘that the best (least squares minimum) lag time was 2 days, and for Y4, a best
lag time ol 5 days was obtained. Initially for the JB2006 model that did not use Y, the lag time for M4q Was
determined to be 5 days; The M, index was accounting for the longer lag times in the lower thermosphgre.
However, with the addition of the low altitude Y, index the M4q lag time became shorter and the longer low
altitude absorption dag'time was captured by the combination of absorption of X-Rays and Lyman-alphd at
altitudes afound.80-90 km.

37.3.2 Sgmiannual density variation

The semiannu it T37.5.2, 37-5. i ] y ;
July, to the yearly maximum, normally in October. During solar maximum, the semiannual variation can be as
small as 30% at 220 km, and as large as 250% near 800 km. During solar minimum, the maximum variation
near 800 km is only 60%. Thus, there is a major difference in amplitudes of the yearly variation from solar
minimum to solar maximum, unlike the Jacchia models, which maintain constant amplitude from year to year.
Using daily derived density data from 1979 through 2006 for numerous satellites with perigee heights from
200 km to 1100 km the following results concerning the thermospheric semiannual density variation have
been obtained:

a) The semiannual effect is worldwide, and within each year the maxima and minima occur at the same
dates independent of latitude, local solar time, or altitude.
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b) The yearly amplitude can change from year to year by 60% during solar minimum to over 250% during
solar maximum.

c) The time span between the July minimum and the October maximum dates can vary by as much as 80
days, especially during solar maximum.

d) The yearly variation in amplitude and phase of the semiannual variation is highly correlated with solar
activity.

e) A combination of solar EUV and FUV indices is required to accurately model the semiannual amplitude

and phasae variations ohserved-from vear to vear
SHe-pha VaHaHOH PSSRBa-HOMfe8al—+0-\f8af-

The JB2008 model includes a new 81-day average solar index Fgy that is computed using,a’combirfation of
thg 81-day average values of F4q, S4o, and Mg4o. Using this new index in new semiannuahdensity vdriation
eqyations results in extremely good modeling of the year to year amplitude and phase ‘changes that have
beg¢n observed from the satellite data.

37]3.3 Geomagnetic storm density correction
The Disturbance Storm Time (Dst) index is primarily used to indicate the stréngth of the geomagnitic storm-
time ring current in the inner magnetosphere. During the main phase.6f magnetic storms, the rjng current
begtomes highly energized and produces a southward-directed magnetic field perturbation at low Iatitudes on
thg Earth’s surface. This is opposite to the normal northward-directed 'main field. The Dst index is determined
from hourly measurements of the magnetic field made at four\points around the Earth’s equator. Most
mdgnetic storms begin with sharp rises in Dst in response t@’ increased solar wind pressure. Hollowing a
solithward turning of the interplanetary magnetic field, Dst decreases as ring current energy incregses during
thg storm’s main phase. During the recovery phase the ring current energy decreases and Dst incrpases until
thg storm’s end.

Use of Dst as a parameter of the energy deposited in the thermosphere during magnetic storms is more
acgurate than the use of the a, index. The 3-houra, is an indicator of general magnetic activity over the Earth
andl responds primarily to currents flowing)in the ionosphere and only secondarily to magretospheric
vafiations. The a, index represents magnetic variations at 50 degrees magnetic latitude. Therefore/| it may not
reflect the energy input at auroral latitudes’too well.

The thermosphere acts duringwsterm periods as a driven-but-dissipative system whose dynamics is
regresented by a differential eguation, with the changes in exospheric temperature change given ag a function
of PDst. To determine the exospheric temperature, and thereby the thermospheric density distribution at any
ti in a storm, it is ;necessary to integrate the differential equation for dTc starting at |the storm
commencement and proceeding throughout the entire storm period. For the JB2008 model new equations for
thg exospheric temperature change during a geomagnetic storm were developed using the Dst inflex as the
gepmagnetic index.\High precision accelerometer density data from the CHAMP and GRACE misgions were
useéd for the development and validation of the new temperature equation coefficients to cofrelate the
temperatures-and thus density, change with the integrated Dst values.

3714 Databases
Thedensity data used to develop the new model equations are very accurate daily values (Ref. 37.5.3)
obtaiffed—from—drag—analysis—efrumerous—satellites—with—perigee—altitudes—ef28604anr—te—44066' km. Daily
temperature corrections to the US Air Force High Accuracy Satellite Drag Model's (HASDM) (Ref. 37.5.8)
modified Jacchia 1970 atmospheric model were obtained on the satellites throughout the period 1979 through
2006. Approximately 225,000 daily temperature values were computed using a special energy dissipation rate
(EDR) method (Ref. 37.5.3), where radar and optical observations are fit with special orbit perturbations. For
each satellite tracked from 1979 through 2006 approximately 100,000 radar and optical observations were
available for the special perturbation orbit fitting. A differential orbit correction program was used to fit the
observations to obtain the standard 6 Keplerian elements plus the ballistic coefficient. “True” ballistic
coefficients (Ref. 37.5.7) were then used with the observed daily temperature corrections to obtain daily
density values. The daily density computation was validated (Ref. 37.5.3) by comparing historical daily density
values computed for the last 30 years for over 30 satellites. The accuracy of the density values was
determined from comparisons of geographically overlapping perigee location data, with over 8500 pairs of
density values used in the comparisons. The density errors were found to be less than 4% overall, with errors
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on the order of 2% for values covering the latest solar maximum. Additional the CHAMP and GRACE
accelerometer density databases (5 to 10 sec values) were used for 2001 through 2005 time periods for
geomagnetic storm modeling validation.
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37.5.1 Marcos, F.A., "Accuracy of Atmospheric Drag Models at Low Satellite Altitudes," Advances in Space
Research, 10, p 417, 1990.

37.5.2 Bowman, B.R., “The Semiannual Thermospheric Density Variation From 1970 to 2002 Between
200-1100km,” AAS 2004-174, AAS/AIAA Spaceflight Mechanics Meeting, Maui, HI, February, 2004.

37.5.3 Bpwman, B.R,, etc., “A Method for Computing Accurate Daily Atmospheric Density Values frpm
Satellite Dfag Data,” AAS 2004-179, AAS/AIAA Spaceflight Mechanics Meeting, Maui, HI, Feb, 2004.

3754
Working

OSPAR International Reference Atmosphere 1972, Compiled by the members of COSPAR
roup 4, Akademie-Verlag, Berlin, 1972.

37.5.5 Jacchia, L.G., Revised Static Models of the Thermosphere and Exosphere with/-Empirical
Temperatdre Profiles, Smithson. Astrophys. Special Report 332, 1971.

37.5.6 Bpwman, B.R,, etc., “Improvements in Modeling Thermospheric Densiti€stUsing New EUV and
FUV Solar{Indices,” AAS 2006-237, AAS/AIAA Spaceflight Mechanics Meeting;xTampa, Fl, January, 2006.

37.5.7 Bpwman, B. R,, “True Satellite Ballistic Coefficient Determinationfor HASDM,” AIAA-2002-4887,
AIAA/AAS|Astrodynamics Specialist Conference, Monterey, California,August, 2002.

37.5.8 Sjorz, M.F., etc., “High Accuracy Satellite Drag Model (HASDM),” AIAA 2002-4886, AIAA/AAS
Astrodynafmics Specialist Conference, Monterey, Ca, August, 2002.

37.5.9 Bpwman, B.R., etc., “A New Empirical Thermospheric Density Model JB2006 Using New Solar
Indices,” AJAA 2006-6166, AIAA/AAS Astrodynamics Specialist Conference, Keystone, CO, August,
2006.

37.5.10 Bpwman, B.R., etc., “The Thermospheric' Semiannual Density Response to Solar EUV Heating,”
Journal of Atmospheric and Solar-Terrestrial (Physics (2008), doi:10.1016/j.jastp.2008.04.020.

37.5.11 Bpwman, B.R,, etc., “A New Efmpirical Thermospheric Density Model JB2008 Using New Solar Angl
Geomagngtic Indices,” AIAA 2008-6438; AIAA/AAS Astrodynamics Specialist Conference,
Honolulu, HI, August, 2008.

37.6 Dates of development; authors and sponsors

37.6.1 Dates: 2008

37.6.2 uthors;~Bowman, Bruce R., W. Kent Tobiska, Frank A. Marcos, Cheryl Y. Huang, and Chin S. L|n

37.6.3 Sponsors: Department of Defense, U. S. Air Force Space Command

37.7 Model codes and sources

A detailed description (Ref. 37.5.11) of the model, Fortran source code, new solar indices, and published
papers describing the model equations can be obtained at the web site below, or by contacting Bruce R.
Bowman, AFSPC/A9A, (719) 556-3710, bruce.bowman@peterson.af.mil.

JB2008 model web site: http://sol.spacenvironment.net/~JB2008/
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38 NASA Marshall Engineering Thermosphere Model, version 2.0 (MET-V2.0), 2002

38.1 Model content

The NASA Marshall Engineering Thermosphere (MET) Model, version 2.0 is a product of the Science
Directorate, NASA Marshall Space Flight Center, and consists of a technical report describing the computer
program and subroutines which provide information on atmospheric properties for the altitude range 90 km to
2500 km as a function of latitude, longitude, time, and solar flux and geomagnetic indices. For a given latitude,
longitude, and time, the NASA MET-V2.0 model yields values for the following parameters: exospheric
temperature (K); local temperature (K); N2 number density (m-3); O2 number density (m-3); O number density

(m-3), Ar number dnneif\Jl (m-3), He number Hnneify (m-:?))7 H number dnneihjl (m-S), average molecular We|ght
(kg kmol-1); total mass density (kg m-3); Log1g (mass density); total Pressure (Pa); local gfavitational

acgeleration (m s‘2); ratio of specific heats; pressure scale height (m); specific heat at constant prg¢ssure (m2
s4 K1 ); and specific heat at constant volume (m2 s2 K1 )-

38[2 Model uncertainties and limitation
The NASA MET-V2.0 model is based upon the models developed by L. G- dJacchia of the Smithsonian
Asfrophysical Observatory. The historical development of the Jacchia models.@nd subsequent NASA versions
mdy be found in Ref. 38.5.3. Data from satellite drag calculations were used to formulate the empirical
furjctions used to derive the atmospheric parameters. Drag-based modgéls) are deficient in the wdy in which
thdy represent the large variations in total density that are associated with short term (hourlytdaily time
periods) geomagnetic disturbances. The MET-V2.0 model reflects the-d70/71 models’ accuracy results at the
approximate 15-percent level for estimating the neutral density™(Ref. 38.5.4). The Technical Report (Ref.
38/5.3) also addresses the issues associated with the MET-V2.0 model’s application for After-the-Fact, Real-
Time, and Future calculations of the total neutral densitys The major source of uncertainty|for future
thgrmospheric neutral density calculations is the uncertainty.in the estimation of future solar EUV hdat input as
regresented by the solar flux index used as input to the.model. (Ref. 38.5.5) Some thermosphere fnodels are
based on data from satellite-borne mass spectrometers, accelerometers, and other sensors| represent
CO{position and changes in composition more accurately than do models based upon drag datal However,

thdy are for the most part, not significantly better'in their representation of the total neutral dengity. These
later models have used data from satellite-barne mass spectrometers, accelerometers and other ingtruments.

With regard to recent assessment of modeling errors associated with semiannual density variation magnitudes
as| function of solar cycle years,(see Reference 38.5.4 in the Jacchia J70 Static Mode| write-up.
Reference 38.5.7 provides a comparison of the MET-V2.0 with several other thermosphere models versus
altifude, latitude, local time, day-eftyear, and solar and geomagnetic conditions.

38(3 Basis of the model
The MET-V2.0 model is-a’semi-empirical model using the static diffusion method with coefficients obtained
fron satellite drag analyses. It is based on the 1988 version of MET (Ref. 38.5.1 and 38.5.2) and jwork done
on|the 1999 version™ (Ref. 38.5.6), developed from the Jacchia series of models. With the proper input
pafameters an ‘@pproximate exospheric temperature can be calculated. With the exospheric tgmperature
spgcified, thestemperature can be calculated for any altitude between 90 and 2,500 km from an empirically
defermined:temperature profile. Density between 90 and 105 km is calculated by integration of the parometric
eqpation’th the upper thermosphere, above 105 km, the density computation is accomplished by [integrating
thq diffusion equation.

38.4 Databases

The databases for the MET model are identical to those used in the 1970 and 1971 “Static Models of the
Thermosphere and Exosphere with Empirical Temperature Profiles” by L. G. Jacchia of the Smithsonian
Astrophysical Observatory, Cambridge, Massachusetts, (SAO Special Reports 313 and 332). The databases
used by Jacchia were derived from various satellite drag data. The 1971 model attempted to meet, as closely
as possible, the composition and density data derived for a height of 150 km by U. von Zahn (J. Geophys.
Res., 75, 5517-5527, 1970) and based upon all the available mass spectrometer and EUV absorption data.
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38.5 Publication references

38.5.1 Hickey, M.P., “The NASA Marshall Engineering Thermospheric Model” NASA CR-179359, July 1988.

38.5.2 Hickey, M. P., “An Improvement in the Numerical Integration Procedure used for the NASA Marshall
Engineering Thermosphere Model”, NASA CR-179389, August 1988.

38.5.3 Owens, J. K., “NASA Marshall Engineering Thermosphere Model-Version 2.0”, NASA TM-2002-
211786, June 2002.

38.5.4 Marcos, F. A, J. N. Bass, C. R. Baker, and W. S. Borer: “Neutral Density Models for Aerospace
Applicatiofs, ATAA Paper 94-0589, 32" Aerospace Sciences Meeting and EXNibit, Reno, NV, January 1013,
1994.

38.5.5 Vdughan, W. W.,, J. K. Owens, K. O. Niehuss, and M. A. Shea: “The NASA Marshall Solar Acti
Model For|Use In Predicting Satellite Lifetime,” Advances in Space Research, Vol. 23, No. 4, 1999:

ity

38.5.6 Owens, J. K., Niehuss, K. O., Vaughan, W. W., and Shea, M. A. (2000): "NASA Marshall Engineerning
Thermosphere Model-1999 Version (MET-99) and Implications for Satellite Lifetime Predictions," COSPAR,
Advances jn Space Research, 26(1), pp.157-162.

38.5.7 Marcos, Frank A., Bruce R. Bowman, and Robert E. Sheedan, “AccuraCy,of Earth’s Thermosphgric
Neutral Density Models”, AIAA Paper Number AIAA 2006-6167, American_Institute of Aeronautics gnd
Astronauti¢s, Reston, VA 20006.

38.6 Dates of development, authors and sponsors

38.6.1 Dgtes: 2002, based upon work done during previousyears

38.6.2 Adthors: Jerry K. Owens

38.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center
38.7 odel codes and sources

The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides expected 13-month Zuiich
smoothed olar and geomagnetic activity based.on the most recent monthly mean data for use in the MET P.0
model. It chn be downloaded from http://sail.msfc.nasa.gov

Copies of the computer program for thetMET V2.0 model are available upon request to the author, Jerryl K.
Owens, NASA Marshall Space Flight:Center, Huntsville, AL 35812. (Jerry.K.Owens@nasa.gov) The mogdel
can also| be addressed on. the ESA Space Environment Information System (SPENMIS)
at http://wWww.spenvis.oma.be/spenvis

39 NASA Marshall‘Engineering Thermosphere Model, version 2007 (MET-2007), 2007

39.1 Model content
The NASA Marshall Engineering Thermosphere Model version 2007 (MET-2007) is a product of the Natyral
Environmgnts) Branch, NASA Marshall Space Flight Center. Like previous versions of MET, the mofdel
consists of a computer program and subroutines which provide informafion on aimospheric properfies for the
altitude range 90 to 2500 km as a function of latitude, longitude, time, and solar flux and geomagnetic indices.
For a given latitude, longitude, and time, the MET-2007 model yields values for the following parameters:
exospheric temperature (K); local temperature (K); N, number density (m®); O, number density (m?®); O
number density (m®); Ar number density (m®); He number density (m®); H number density (m®; average
molecular weight (kg/kmol); total mass density (kg/m°); total pressure (pa); ratio of specific heats; pressure
scale height (m); specific heat at constant pressure (J / kg K); and specific heat at constant volume (J / kg K).
MET-2007 retains the capability of the previous version (MET-2.0) but also contains several improvements
(Ref. 39.5.5) which include:

39.1.1 Corrections for inconsistency between constituent number density and mass density.
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39.1.2 Representation of gravity above an oblate spheroid Earth shape, rather than using a spherical Earth
approximation.

39.1.3 Treatment of day-of-year as a continuous variable in the semi-annual term, rather than as an integer
day.

39.1.4 Treatment of year as either 365 or 366 days in length (as appropriate), rather than all years having
length 365.2422 days.

39.1.5 Allows continuous variation of time input, rather than limiting time increments to integer minutes.

39(2 Model uncertainties and limitations
Sinjce the MET-2007 is a formulation of the Jacchia 1970 (J70) model, the MET-2007 model'reflegts the J70
mddels’ accuracy for estimating the neutral density, which is approximately 15-percent.éne’standarfl deviation
(Ref. 39.5.6). The major source of uncertainty for calculating future thermospheric neuiral density values is the
ungertainty in determining the future solar EUV radiation flux as represented by the. solar 10.7 cm radio flux
index used as input to the model (Ref. 39.5.11). Also, models based on satellite“drag tend to be ¢leficient in
thg way they represent variations in total density that are associated with 'short-term (hourly to|daily time
periods) thermospheric disturbances. Errors associated with modeling the ‘semi-annual density vafiation can
alsp be present and tend to vary with the solar cycle. See the J70 Statie Model section in Ref. 39.5.6 for an
asgessment of these errors. Also, Ref. 39.5.9 addresses the issues associated with the MHT model's
application for after-the-fact, real-time, and future calculations of thé/total neutral density. Some thefmosphere
mddels are based on data from satellite-borne mass spectrometers) accelerometers and other sensprs. These
mddels tend to represent composition and changes in composition more accurately than do mogels based
uppn drag data. However, they are for the most part not significantly better in their representation pf the total
netitral density. Ref. 39.5.7 provides a comparison of the-MET model with several other thermosphére models
versus altitude, latitude, local time, day of year, and solarand geomagnetic conditions.

39|3 Basis of the model
The NASA MET-2007 model is based upon the*J70 model (Ref. 39.5.3) with the inclusion of equations that
characterize the effects of seasonal latitudinal'density variations of density below 170 km altitude and that of
helium above 500 km obtained from the'Jacchia 1971 (J71) model (Ref. 39.5.4). Data from safellite drag
calculations were used to formulate the.empirical functions used to derive the atmospheric paramgters. With
thg proper input parameters the. model calculates an approximate exospheric temperature| With the
expspheric temperature specified;\the temperature can be calculated for any altitude between 90|and 2,500
km from an empirically detenmined temperature profile. Density between 90 and 105 km is calculated by
intggration of the barometric_equation. In the thermosphere above 105 km the density is determiped by the
intggration of the diffusion equation. The historical development of the Jacchia models and subseqlient NASA
versions may be found<in Ref. 39.5.9 and 39.5.10. This current MET version is an extension of the original
1988 MET formulation (Ref. 39.5.1, 39.5.2) and includes modifications incorporated in the 1999 and 2.0
versions (Ref. 39:5.8, 39.5.9) and improvements described in Reference 39.5.5.

3914 Databases
The databases for the MET model are identical to those in the J70 and J71 models. The databasg¢s used by
Jagchia_were derived from various satellite drag data. The J71 model attempted to meet, as [closely as
possible, the composition and density data derived for a height of 150 km by von Zahn (Ref. 39.5/12) based
upon all the available mass spectrometer and EUV absorption data at the time.

39.5 Publication references

39.5.1 Hickey, M. P., “The NASA Marshall Engineering Thermosphere Model,” NASA CR-179359, July
1988.

39.5.2 Hickey, M. P., “An improvement in the Numerical Integration Procedure Used for the NASA Marshall
Engineering Thermosphere Model,” NASA CR-179389, August 1988.

39.5.3 Jacchia, L. G., “New Static Models of the Thermosphere and Exosphere with Empirical Temperature
Profiles,” SAO Special Report 313 Smithsonian Astrophysical Observatory, Cambridge, Massachusetts, 1970.
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39.5.4 Jacchia, L. G., “Revised Static Models of the Thermosphere and Exosphere with Empirical
Temperature Profiles,” SAO Special Report 332 Smithsonian Astrophysical Observatory, Cambridge,
Massachusetts, 1971.

39.5.5 Justus, C. G., Duvall, A., and Keller, V. W. (2006): “Trace Constituent Updates in the Marshall
Engineering Thermosphere and Global Reference Atmospheric Model,” COSPAR, Advances in Space

Research,

Vol. 38, 2429-2432.

39.5.6 Marcos, F. A, J. N. Bass, C. R. Baker, and W. S. Borer: “Neutral Density Models for Aerospace
Applications,” AIAA paper 94-0589, 32M Aerospace Sciences Meeting and Exhibit, Reno NV, January 10-13,
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Copy of the computer program for the MET-2007 model is available upon request to David L. Edwards,
Natural Environments Branch, NASA Marshall Space Flight Center, Huntsville, AL 35812

(David.L.E

dwards@nasa.gov).
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40 AFGL Model of Atmospheric Structure, 70 to 130 km, 1987

40.1 Model content

The Model of Atmospheric Structure, 70 to 130 km consists of a report published and distributed by the Air
Force Geophysics Laboratory. It gives monthly mean values of temperatures, pressure, density and
constituent number density. The altitude range is 70 to 130 km and the latitude range is 80 deg S to 80 deg N.
Monthly mean longitude values of temperature, pressure and density are tabulated at 20 deg latitude intervals
for all months as well as for low and medium conditions of solar and geomagnetic activity: appendices are

given with geomagnetic Ap index values of 4 and 132 and the F10.7 solar radio fluxes of 70 and 150 x 10 -2

W m -22 I—|7‘1 Eormulas h\Jl which fnmpornfnro’ pressure and dnneify variations may he co puted are

induded. An intercomparison of the temperature data from the sources used to develop the magdel is also
mdde.

40|2 Model uncertainties and limitations

40{2.1 The only data used in the altitude range 75 to 125 km are temperature.:\Density data [which are
relatively sparse) are not used. Both density and composition values can be.emputed from the [model. No
mqdeling of winds is included.

40J2.2 Local time dependence at 130 km is that given by MSIS-86 and/at 70 km the variation [is zero. At
intermediate altitudes the dependence is determined by interpolation. Fidal components are not included.

40{2.3 Algorithms are not provided for longitudinal variations in¢the altitude region 70-130 km. At 70 and 130
km the variation are those given by the respective models and at intermediate altitudes are optained by
intgrpolation.

40{2.4 The models at 70 km have no dependence<on geomagnetic or solar activity. At 180 km the
dependences are those given in MSIS-86. The, Vvariations at intermediate altitudes are oltained by
interpolation.

40|13 Basis of the model
The zonal mean values are derived from.tabulations of temperature and other data obtained from an earlier
Northern hemisphere rocket-based reference atmosphere (CIRA 1972, Part 2) and on rocket and [incoherent
scatter data reviewed by Forbes (1984), Alcayde et al (1979), Wand (1983), and Forbes and Groyes (1987)
se¢ Section 4 for references). The model is constructed such that it can be linked to given lower|and upper
altitude models in temperature-and other properties with respect to altitude. In this Report, the modgl has been
defived to connect with the”Global Reference Atmosphere from 18 to 80 km at 70 km and with MSIS-86
mddels at 130 km.

40{4 Databases
The model databdses are contained in the following documents:

40J4.1 Alcayde, D., J. Fontanari, G. Kockarts, P. Bauer, and R. Bernard, "Temperature, Molecular Nitrogen
Concentration, and Turbulence in the Lower Thermosphere Inferred from Incoherent Scatter Data," Ann.
Gdophysz~35, 41-51, 1979.

40/4.2° CIRA 1972: see pp. 1-4 of this document.

40.4.3 Forbes, J. M., "Temperature Structure of the 80 to 120 km Region," presented at the XXV COSPAR
Meeting, Graz, Austria, 1984.

40.4.4 Forbes, J. M., "Atmospheric Structure between 80 to 120 km," Adv. Space Res., 7, 135-141, 1987.

40.4.5 Wand, R. H., "Lower Thermospheric Structure from Millstone Hill Incoherent Scatter Radar
Measurements, 2. Semidiurnal Temperature Component," J. Geophys. Res., 88, 7211-7224, 1983.

40.5 Publication references

Groves, G. V., "Modeling of Atmospheric Structure, 70 to 130 km,” Air Force Geophysics Laboratory Report
AFGL-87-0226, 15 July 1987.
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40.6 Dates of development, authors and sponsors

40.6.1 Dates: 1987
40.6.2 Authors: G. V. Groves

40.6.3 Sponsors: Air Force Geophysics Laboratory (now Air Force Research Laboratory)

40.7 Model codes and sources
The model is published in the form of tables and figures (Appendix F of the publication referenced in 40.5).
The computer coding is described in Appendices D and E, and the formulation of the model and its
parameters is given in Appendices A-C. Contact sponsors for additional information.

41 NRLMSISE-00 thermospheric model, 2000

41.1 Mogdel content
The new NRLMSISE-00 (Mass Spectrometer and Incoherent Scatter Radar Extended) model and the
associated NRLMSIS database now include the following data: (1) total mass)‘density, from sateliite
acceleromgters and from orbit determination (including the Jacchia data), (2).temperature from incohergent
scatter radar, and (3) molecular oxygen number density, (O,), from solar ultraviolet occultation aboard the
Solar Max{mum Mission (SMM). A new species, “anomalous oxygen,” allows for appreciable oxygen ion, (D")
and hot atpmic oxygen contributions to the total mass density at high altitudes and applies primarily to dfag
estimation| This is an empirical model of the neutral temperature and derisity (including N, O,, O, N, He, [Ar,
and H) from the ground to exobase (< 1400 km). The model depends upon user-provided values of day, time
(UT), altityde, latitude, longitude, local solar time, magnetic index-(Ap), 10.7 cm solar radiation flux index.

The main differences from the MSISE-90 model involve (1) the‘extensive use of drag and accelerometer dpta
on total mass density, (2) the addition of a component to-the total mass density that accounts for possibly
significant |contributions of O and hot oxygen at altitudes above 500 km, (3) the inclusion of the SMM UV
occultation] data on O, and self-consistent, seamless connectivity with the middle and lower atmosphegric
portions off the models.

41.2 Model uncertainties and limitations
The NRLMSISE-00, MSISE-90, and Jacehia-70 models were compared to the Jacchia data set, upon whiich
ip-class operational models-were based. The NRLMSISE-00 achieves an improvement over bpth
MSISE-90|and Jacchia-70 by incorporating advantages of each. Statistical comparisons of the Jacchia data to
the three models provides a bias-and’standard deviation for different altitude bands and levels of geomagnFic

activity (Ref. 41.5.6). With regard to recent assessment of modeling errors associated with semi-annual
density vafriation magnitudes-as a function of solar cycle years, see Ref. 41.5.4 in the Jacchia J70 Static
Model write-up. For an ovérall evaluation of density errors at 400 km with comparisons of other currently uged
models, refer to the JB2008 model description. Ref. 41.5.5 also provides a comprehensive assessment of the
MSIS model validity:

41.3 Basis‘of the model

41.3.1 The NRLMSISE-00 model extends the MSIS-86/MSISE-90 model formulation and database and is
an empirical model based upon composition and temperature measurements by satellite, rocket, and
incoherent scatter radar and by total mass density measured by accelerometers and inferred from low-Earth
orbits.

41.3.2  Variations incorporated into the model: solar activity, magnetic activity, latitude, longitude, and UT;
annual, semiannual, semidiurnal, terdiurnal, and diurnal.

41.4 Databases

A comprehensive description of the dataset utilized in the NRLMSISE-00 models can be found in the following
publications and references therein;
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41.41 Picone, J.M., A. E. Hedin, D. P. Drob, and A. C. Aikin (2002), NRLMSISE-00 empirical model of the
atmosphere: Statistical comparisons and scientific issues, J. Geophys. Res., 107(A12), 1468, doi:
10.1029/2002JA009430.

41.4.2 Carignan, G. R., B. P. Block, J. C. Maurer, A. E. Hedin, C. A. Reber, and N. W. Spencer, "The
Neutral Mass Spectrometer on Dynamics Explorer", Space Sci. Instrum., 5, 429-441, 1981.

41.4.3 Engebretson, M. J., K. Mauersberger, D.C. Kayser, W.E. Potter, and A.O. Nier, "Empirical Model
of Atomic Nitrogen in the Thermosphere", J. Geophys. Res., 82, 461-471, 1977.

Mdgnetic Storms, J. Geophys. Res., 88, 6331-6338, 1983.

mic-Nitrogen to
4114.5 Engebretson, M. J., and J. T. Nelson, "Atomic Nitrogen Densities near the Polar Cusp., J. Geophys.
Ress., 90, 8407-8416, 1985.

4114.6 Hedin, A. E., "A Revised Thermospheric Model Based on Mass Spectrometer and [ncoherent
Schtter Data": MSIS-83, J. Geophys. Res., 88, 10,170-10, 188, 1983.

414.7 Mauersberger, K., M. J. Engebretson, W. E. Potter, D. C. Kayset, and A. O. Nier, "Atom|c Nitrogen
Mgasurements in the Upper Atmosphere", Geophys. Res. Lett., 2, 337-340,1975.

41)4.8 Oliver, W. L., "Improved Exospheric Temperature Measurements: Evidence for a| Seasonal
Variation of the Magnetic Activity Effect”, J. Geophys. Res., 85, 4237-4247, 1980.

41/4.9 Spencer, N. W., L. E. Wharton, H. G. Niemann, A.'E. Hedin, G. R. Carignan, and J. C. Maurer, The
Dyphamics Explorer Wind and Temperature Spectrometer,” Space Sci. Instrum., 5, 417-428, 1981.

4114.10 Wand, R.H., "Lower Thermospheric Structure from Millstone Hill Incoherent Scajter Radar
Mdasurements, 1, Daily Mean Temperature", J. Geophys. Res., 88, 7201-7209, 1983.

4114.11 Wand, R. H. "Lower Thermospheric Structure From Millstone Hill Incoherent Scafter Radar
Mgasurements, 2, Semidiurnal Temperatute Component," J. Geophys. Res., 88, 7211-7224, 1983.

4115 Publication references

41151 Hedin, A. E., "A_Revised Thermospheric Model Based on Mass Spectrometer and [ncoherent
Schtter Data" MSIS-83, J. Geaphys. Res., 88, 10,170-10,188, 1983.

41]5.2 Hedin, A. E.-MSIS-86 thermospheric model, J. Geophys. Res., 92, 4649-4662, 1987.

41(5.3 Hedimy A E., J. E. Salah, J. V. Evans, C. A. Reber, G. P. Newton, N. W. Spencer, D C. [Kayser, D.
Alqayde, P. Bauer, L. Cogger, and J. P. McClure, "A Global Thermospheric Model Based| on Mass
Spectrometér Jand Incoherent Scatter Data." MSIS 1, N2 density and temperature, J. Geophys| Res., 82,
2189-2147,1977.

41|54 Hedin, A. E., C. A. Reber, G. P. Newton, N. W. Spencer, H. C. Brinton, H. G. Mayr, |]and W. E.
Potter, "A Global Thermospheric Model Based on Mass Spectrometer and Incoherent Scatter Data” MSIS 2.,
Composition, J.Geophys. Res., 82, 2148-2156, 1977.

41.5.5 Lean, J. L., J. M. Picone, and J. T. Emmert, “Quantitative Forecasting of Near-term Solar Activity
and Upper Atmosphere Density”, J. Geophys. Res., 114, A07301, doi: 1029/2009JA014285.

41.5.6 Picone, J. M., A. E. Hedin, K. P. Drob, and J. Lean, “NRLMSISE-00 Empirical Atmospheric Model:
Comparisons to Data and Standard Models. Advances in the Astronautical Sciences, Vol. 109 ll//Pages 1385-
1387, AAS/AIAA Astrodynamics Conference, July 30-Aug. 2, 2001, Quebec City, Que., Canada,
ISSN 0065-3438.

© 1SO 2012 — All rights reserved 71


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

41.5.7 Picone, J.M., Hedin, A.E., Drob, D.P., Meier, R.R., Lean, J., Nicholas, A.C. and Thonnard, S.E.
Enhanced empirical models of the thermosphere. Physics and Chemistry of the Earth Part C-Solar-Terrestrial
and Planetary Science, 25(5-6), 537-542, 2002.

41.5.8 Picone, J.M., A. E. Hedin, D. P. Drob, and A. C. Aikin (2002), NRLMSISE-00 empirical model of the
atmosphere: Statistical comparisons and scientific issues, J. Geophys. Res., 107(A12), 1468, doi:
10.1029/2002JA009430.

41.5.9 See also http://en.wikipedia.org/wiki/NRLMSISE-00

41.6 Datesof development, authors and sponsors

41.6.1 Dates: OGO 6 model 1974
MSIS-77 1977
MSIS-83 1983
MSIS-86 1986
MSISE-90 1990
41.6.2 Authors: A. E. Hedin, J. M. Picone, D. P. Drob, and J. Lean
41.6.3 Sponsors: National Aeronautics and Space Administration, Naval Research Laboratory

41.7 Model codes and sources
The present NRLMSISE-00 distribution package is an ASCII file,centaining the model source, a test driyer,
and the exqpected output of the test driver. They are freely available. Users may download the official soufce
code distripution from any one of the following web sites:

Community Coordinated Modeling Center (CCME) at the NASA Goddard Space Flight
Center http://ccmc.gsfc.nasa.gov/modelweb/#atmo.

Coupling, Energetics, and Dynamics of Atmospheric Regions web site unfer
tools/models http://cedarweb.hao.ucar.edu/cqgisbin/ion-p?page=cedarweb.ion.

The ESA $pace Environment InformationiSystem (SPENVIS) at _http://www.spenvis.oma.be/spenvis.

42 US Ajr Force high accuracy satellite drag model (HASDM), 2004

42.1 Model content
The High JAccuracy Satellite Drag Model (HASDM) is the name of the operational model installed in the
Astrodynamic Suppert\Workstation at the Air Force 1% Space Control System. HASDM converts satellite dfag
data into gJobal distributions of total neutral density and temperature.

The development of HASDM entalled the development and demonstratlon of the Dynamlc Calibrafjon
Atmosphets s 3 A .

determination process in terms of baII|st|c coeff|C|ent conS|stency, epoch accuracy, and epoch covariance
realism.

42.2 Model uncertainties and limitations

The Air Force has expanded on an Air Force Research Laboratory (AFRL) technique (Ref. 42.5.3) for a simple
data assimilation scheme that dramatically reduces satellite drag model errors (Ref. 42.5.4). Drag information
from over 75 “calibration” satellites were used to solve for near real-time thermospheric density corrections
and were applied to a revised version of the Jacchia 1970 empirical density model. HASDM demonstrated the
real-time capability to reduce satellite drag specification errors by at least a factor of two and the accuracy of
real-time total mass density to about 5% versus approximately 15% by other empirical models. However, for
long-term predictions of total mass density by HASDM, the density accuracy is dependent upon the accuracy
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of solar/EUV and geomagnetic activity predictions used as inputs to the model whose uncertainty can be
significant based on current solar activity prediction capabilities.

An important limitation on the use of HASDM is that it requires the input of orbital tracking information from the
real-time tracking and drag effect analysis of the DCA satellites in order for it to achieve the approximate 5%
accuracy in real-time total mass density.

Another objective was to improve the state accuracy at epoch. A related measure of success was enhanced
realism of the state covariance error at epoch. A third essential criterion was a demonstrable reduction in
density error over time as measured by better consistency in the ballistic coefficients. The results were

favorable-for all three measures-Epoch-accuracy.-covariance-realism.—and-ballistic-coefficient r‘nnoistency all
g PAS T

generally improved, dramatically so for some satellites.

There was a reduction of 74% in ballistic coefficient variation (from about 17% to 4.4%)|across the core
caljbration satellites. The reduction across the highly tasked evaluation satellites was less"optimal yith a 53%
improvement.

With regard to recent assessment of modeling errors associated with semiannual’density variation magnitudes
as ffunction of solar cycle years, see Ref. 42.5.4 in the Jacchia J70 Static Modehwrite-up.

42(3 Basis of the model

4213.1 Dynamic calibration atmosphere
The Dynamic Calibration Atmosphere (DCA) is the main component of the HASDM model. DCA adjusts the
parameters of the Jacchia 70 (hereafter referred to as J70) density model in near real time by obsegrving drag
effects on a set of LEO calibration satellites for which ample-Space Surveillance Network (SSN) trgcking data
wefe collected. Many calibration satellites are exploited®o recover a temporally responsive density field with
improved spatial resolution. The satellites are chosen’so as to encompass a wide range of orbital altitudes
(fram 180 km to 800 km), inclinations, and ascending nodes. Only those satellites with reasonably constant
froptal area are considered.

DdA determines its density corrections in a‘single weighted differential correction (DC) across all|calibration
satellites at once using their observations and statistical uncertainties directly, while simultaneously|solving for
thgir states. This is a departure from(ther methods that perform satellite-by-satellite reductions us|ng indirect
obsgervations synthesized from particular behaviors (e.g., ballistic coefficient histories).

4213.2 J70MOD
Within DCA is a subroutine called J70MOD which is a modified version of the J70 model. It converts the DCs
fron the drag measurements into a continuous model density distribution. Since the J70 model i§ based on
diffusive equilibrium,of densities with temperature, the partial derivatives of the drag perturbatior]s must be
converted to paffial’derivatives in temperature. This is done through a spherical harmonic expangion of the
nighttime minimum exospheric temperature T, (> 600 km altitude) and the inflection point tempergture T, (at
125 km altitude) with the DCs solving for coefficients of the spherical harmonic functions.

The local values for T, and T, are corrected indirectly through a global parameter known as the nighttime
minimyum exospheric temperature T.. This is the principal parameter used in the J70 models to describe the
state of the entire thermosphere in response to solar extreme ultraviolet heating. For the standard J70 model,
this is given by the expression:

T.=383.0+3.32 Fyo7+ 1.8(F1o7— F,)

10

In J70MOD, a correction T, is added to the standard T, value to produce a corrected value T, = T, + » T.. The
local exospheric temperature T,'is obtained from T_ in the same way the standard J70 obtains T, from T ;
through multiplying by the diurnal and latitudinal variation factor (D(5,y,A), where 8, y, and A refer to the solar
declination, latitude, and local solar time, respectively). Adding the contribution to T, due to geomagnetic
activity » T(a ), we get
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T, =T,D,w.1) +* T(a)

The local values of T, (at 125 km altitude) are computed from the local exospheric temperature Te'using the
standard J70 expression:

T, = 444.38 + 0.02385 T, — 392.83 exp(-0.0021 T, )

However in J70MOD the local inflection point Txyis further corrected by adding a direct AT, correction to TX’:

T, =T, +A T,

The doubl

again throligh AT,. Both AT, and AT, are expressed in terms of independent spherical harmonic expansions

latitude an

When AT,
temperatu
temperatu
profile, buf

42.4 D
The only

satellites (
the J70 md

425 P

4251 S
Model (HA
5-8, 2002.

4252 T
Rottman,
Journ. of A

4253 F
improvem

b prime indicates that this inflection point temperature is corrected twice; once through AT;) 3
d local solar time.
e. Depending on the correction coefficients derived from the calibration satellites the shape of

e profile will vary depending on T, and AT,. The actual profile may not be-the ‘true temperat
is that profile which produces self-consistent model results in terms of the assimilation.

atabases

BO years or more) were used to obtain mean ballistic coefficients. It is important to remember t
del has not been changed just corrected with the calibration data.
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42.6 Dates of development, authors and sponsors

42.6.1 Dates 2004

42.6.2 Authors: Casali, S., Barker, B., Storz, M. and B. Bowman

42.6.3 Sponsors: Department of Defense, U. S. Air Force Space Command

42. 7 Model codes and sources

thg HASDM temperature correction coefficients to densities, and also obtain historical HASDM tgmperature
coefficients. Bruce Bowman, AFSPC/A9A, (719) 556-3710, bruce.bowman@peterson.af.mil, \is the point of
comtact to initiate the approval process.

43 Russian Direct Density Correction Method (DDCM) for computing near regl-time
cdrrections to an arbitrary Earth upper atmosphere density model, and for estimating
the errors in an arbitrary Earth upper atmosphere density model, 2007

43{1 Model content
The Russian Direct Density Correction Method (DDCM) differs fromshe other thermosphere density models in
thgt it offers a process for determining a near real-time correction\to an arbitrary density model. Theg correction
to the model is given as a multiplier as in Eq. (4):

5p)

mod,

p = pmod (1 + (4)

where p_ . is the arbitrary density model and. Jp is the density fluctuation (Ref 5.1). The ratio of {he density
flugtuation to the modeled density is given by Eq. (5):

5p _ n
/p =Ybshsa (5)

i=l1

Hefe the b, are numericalparameters and the f;(...) are the basis functions of the fluctuation rhodel. The

quantities &, o, and &~/ are the altitude, latitude, and longitude, respectively.

The primary goal)ofthe Russian DDCM is to improve the orbit determination process in terms of ballistic factor
comsistency, .epoch element set accuracy, and covariance realism. Orbit prediction and forecasfing of the
density correction parameters are also considered. Prediction of satellite re-entry time is closely [coupled to
acguracy-in the modeling of atmosphere drag. Finally, detection of space objects with changing agrodynamic
characteristics due to attitude motion can be accomplished by comparison of ballistic factors |variations,
obfained with and without density corrections.

An individual set of the density parameters b, (i =1,...,n) enables the computation of the corrected density

over a finite interval of time. Investigations to date have primarily focused on updates to the density
parameters on a once per day basis. This interval is dictated by the information used to compute the density
parameters. Daily corrections to the atmosphere density with two parameters over a four-year interval would
result in a database with 2 924 parameters.

The Russian DDCM has been used to compute corrections to the GOST-84 density model (Ref. 43.5.2) and
to the NRL MSIS 2000 density model (Ref. 43.5.3) using Air Force Space Command Two-Line Element sets
as the input data. Corrections to the Jacchia-Roberts density model (Ref. 43.5.4) have been computed using
simulated observation data.
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43.2 Model uncertainties and limitations

There are

several limitations in the current implementation of the DDCM:

a. The choice of the basis functions
b. The method is currently used to compute corrections to the density in the 200 to 600 km altitude
range
c. The method has been demonstrated for the computation of density corrections in the four-year
interval from 1999 through 2003 which includes the last peak in the solar activity
dr—Fhemethodhasbeenusedto-compute—densitycorrectionste-the-GOST-84-density-medeland
the NRLMSIS-00 density.
el The real data used to the efforts to date has been the NORAD Two-Line Element (TLE)(sets.
Originally {Ref. 43.5.1), it was planned to include in Eq. (5) the components characterizing the basic gengral
trends in tfhe spatial distribution of the density fluctuation. Assuming symmetric density fluctuations in the
Northern and Southern hemispheres, the following basis functions were chosen:
.fl (. .:I =1
h—h
() =— -
fi()=cosacosd
fi()=sinacosd
)= sin” &
fi () =cosasii’ §cosd
f.()=singsin’ fcosd
f()&sm*é
(6)
where ¢ ig the longitude and J ,is the latitude. The parameter 4, is a reference altitude. The coefficientq of
these basip functions in the density correction expansion were to be determined by least squares techniquges.
However, gxperimentation_led, to the conclusion that only the first two coefficients were observable from fhe
then available orbit information. So the following reduced set of basis functions has been employed in the

numerical

studies done. to date.

In these st

udies (Ref. 43.5.5 and 43.5.6), the reference altitude has been chosen to be 400 km.

The current restriction of the DDCM to the 200 to 600 km altitude range is dictated by the availability of
observed values of the ballistic factors with sufficient accuracy. There are few space objects with perigee
heights near 200 km (see Figure 1). Above 600 km, the ballistic factor is less observable. In fact, for some
space objects above 600 km, the ballistic factor is not a solve-for variable in the orbit determination process
for the TLE near the minimum in the 11-year solar activity cycle. Work is currently ongoing to demonstrate the

integration

76

of additional observations of the atmosphere density with the Two-Line Element sets.
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Figure 1 — Time-altitude distribution of ballistic coefficient estimates
(for all SOs) 20002003

b real data numerical results to date (Ref. 43.5.5.and 43.5.6) consider the four-year interval fronp late 1999

late 2003. This interval is centered on the-most recent peak in the solar activity. Work is
monstrate the DDCM near minimums in the T4-year solar activity.

sed on the experience in using DDEM to determine corrections to the Jacchia, GOST,

bngoing to

and MSIS

nosphere density models, we expect no difficulty in determining corrections to other atmosphjre density

dels (such as DTM). We note that-the DDCM aims at determining medium and long period co
density. When these errors_are understood, we will be better able to observe short period mq
nosphere density.

b primary issue in intégrating multiple data sources will be in determining an appropriate pra
ghting the different data sources.

3 Basis ofithe model
e GOST-84\atmosphere density corrections were determined using the Universal Semi analyti
BM). The.process is as follows (Ref. 43.5.7):

Select a set of 500 LEO space objects whose element sets are regularly updated in the

rections to
tion in the

cedure for

cal Theory

US Space

Catalog. All of the chosen space objects have a perigee height less than 600 km. For the ch

Sen space

b)

c)

objects, all of the US SSS TLE’s available over the Internet have been collected daily.

Each of the TLE-format element sets is transformed into a USM mean element set.
transformation from TLE to the USM mean elements is accomplished without reference to the
space, the resulting elements are considered to be ‘noisy’ USM mean elements.

Establish solar flux and geomagnetic data base as follows:

1) Daily averaged value of Fy, 7

2) Fg; which is a weighted-average of the solar activity index F;, 7 for the preceding 81 days.
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3) K, which is the daily averaged quasi-logarithmic planetary index k, measured every three hours

d) For each “measurement” epoch, determine smoothed USM mean elements and the associated ballistic
coefficient based on a least squares fit of the noisy USM elements created in Step 2. This least squares
fit employs the actual values of the solar flux and geomagnetic data discussed in Step 3. This least
squares fit process is called ‘secondary data processing.’

e) The fluctuations of atmospheric density (or corrections to density) are estimated based on the smoothed
ballistic coefficients obtained as a result of the secondary data processing.

performing calculatlons W|th the NRLMSIS OO model The d|st|nct|ons con5|sted onIy in the foIIowmg pomts

a) The NRLMSIS-00 was used as a baseline model instead of the GOST one.

b) The Bverhart numerical method (Refs. 5.8 and 5.9) was used for satellite motion propagation insteaq of
the Universal Semi analytical Method (USM).

c) The osculating orbital elements, generated from TLE sets, were used as measurements at secondpry
data gdrocessing instead of the USM mean elements.

d) The 8[I-day averages of values, centered on the day of interest, were used instead of weighted-avergge
valueg of solar activity index for preceding 81 days, which were applied in‘the GOST model.

e) The dpily magnetic indices Ap were used in the NRLMSIS-00 model instead of mean diurnal indices Kpin
the GOST model.

f)  Differgnt values of delays for indices of solar and geomagnetic activity are used in the NRLMSIS-00 gnd
GOST models.

The density correction results given in Ref. 5.6 have beén reproduced by Wilkins (Ref. 43.5.10).

ARIMA mgthodology (Ref. 5.11) has been applied;to the problem of forecasting the density corrections.

43.4 Databases
Several dgtabases have been generatédas described in Reference 43.5.7. The file of Russia-generated b,
and b, denmsity correction factors for-the time period from late 1999 to late 2003 has been transmitted to the
US These| correction factors haye been employed by Wilkins (Ref. 43.5.10) in the independent test of this
method.

43.5 Publication references

43.51 Qorokhov<{Yu.P., Nazarenko A.l., “Methodical questions of building the model of atmosphgre
parameter$ fluctuations”. Nablyudeniya Isk. Sputn. Astronomical Council of the USSR Acad. Sci., Moscow,
No 80, 1982.

43.5.2 Ea

43.5.3 Picone J.M., Hedin A.E., Drob D.P., and Aikin, NRLMSISE-00 empirical model of the atmosphere:
Statistical comparisons and scientific issues, J. Geophys. Res., 107(A12), 1468, doi: 10.1029/2002JA009430,
2002.

43.5.4 Charles E. Roberts. An Analytic Model for Upper Atmosphere Densities Based Upon Jacchia’s 1970
Models. Celestial Mechanics, 4:368-377, December 1971.

43.5.5 Yurasov, V.S., Nazarenko, A.l., Cefola, P.J., Alfriend, K. T. Results and Issues of Atmospheric Density
Correction. 14th AAS/AIAA Space Flight Mechanics Conference, Maui, Hawaii, Feb. 2004, AAS 04-305.
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43.5.6 Yurasov, V.S., Nazarenko, A.l, Cefola, P.J., and Alfriend, K. T., “Density Corrections for the
NRLMSIS-00 Atmosphere Model”, 15th AAS/AIAA Space Flight Mechanics Conference, Copper Mountain,
Colorado, Jan. 2005, AAS 05-168.

43.5.7 Cefola, P.J., Nazarenko, A.l., Proulx, R. J., Yurasov, V.S. “Atmospheric Density Correction Using Two
Line Element Sets as the Observation Data”’. AAS/AIAA Astrodynamics Specialist Conference, Big Sky,
Montana, August 2003, AAS 03-626.

43.5.8 Everhart, E. 1985. An efficient integrator that uses Gauss-Radau spacings. In Dynam. of Comets:
Their Origin and Evolution, Eds. A.Carusl, G.B.Valsecchi, Reidel Publ. Co., pp.185-202.

43.5.9 Everhart E.-1974 Implinif cingln seguence methods for infngrqfing orbits. Celest _Mech ; vol 10, pp35-

55

4315.10 Wilkins, M. P., Sabol, C., Cefola, P. J., and Alfriend, K. T., “Validation and Application’of Corrections
to the NRLMSISE-00 Atmospheric Density Model”, AAS/AIAA Space Flight Mechanics Genference, Sedona,
Arigona, January 2007, AAS 07-189.

43/5.11 Box, George E. P., Jenkins, G. M., and Reinsel, G. C., Time Series ‘Analysis, Forecpsting and
Control, 3rd Edition, Upper Saddle River, New Jersey, Prentice-Hall International/inc., MA, 1994,

43]5.12 Granholm, George R., Near-Real Time Atmospheric Density Modél Correction Using Spage Catalog
Data, SM Thesis, Department Of Aeronautics And Astronautics, MIT, June“2000.

43(5.13 Bergstrom, Sarah E.,_An Algorithm for Reducing Atmospheti¢c Density Model Errors Using Satellite
Observation Data in Real-Time, SM Thesis, Department of Aeronautics and Astronautics, MIT, Jung 2002

43(6 Dates of development, authors and sponsors

4316.1 Dates: 2007, based upon work done during previous years (1982-2007)

4316.2 Authors: The primary authors are the' Russian scientists Prof. A. I. Nazarenko ang Dr. V. S.
Yufasov. Additional testing and algorithm refinemient activities have occurred at MIT in Cambridge, [MA and at
thg Naval Postgraduate School, Monterey CA:

43/6.3 Sponsors: Russia

43(7 Model codes and sources
References 43.5.12 and 43.5.183.give source code associated with the estimation of the density| correction
parameters. The Granholm and Bergstrom efforts were part of the independent test of the alggrithm. The
algorithm also requires an orbit determination system. The USM and Everhart numerical methods jhave been
enployed in the Russian'work. The GTDS has been the orbit determination system in the US work.

44| Horizontal Wind Model (HWM), 1993

44{1 Model'content
The Horizontal Wind Model (HWM93) provides a statistical representation of the horizontal wind figlds of the
Earth’s atmosphere from the ground to the exosphere (0 to 500 km). It represents over forty years pf satellite,
rogket,"and ground-based wind measurements via a compact Fortran subroutine. The computer model is a
furiction of geographic location, altitude, day of the year, solar local time, as well as solar and ggomagnetic
activity. It includes representations of the zonal mean circulation, stationary planetary waves, migrating tides,
and the seasonal modulation thereof.

44.2 Model uncertainties and limitations

The first edition of the model which was released in 1987 (HWM87) was intended for winds above 220 km.
Solar cycle variations are included (since HWM90), but they were found to be small and not always very
clearly delineated by the current data. The HWM93 model extends down to the surface. In the thermosphere
variations with magnetic activity (A,) and solar flux (F10.7) are included in the model. In the thermosphere, the
model describes the transition from predominately diurnal variations in the upper thermosphere to semidiurnal
variations in the lower thermosphere and a transition from summer to winter flow above 140 km to winter to
summer flow below. Significant altitude gradients in the wind extend up to 300 km at some local times.
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Comparison of the various data sets with the aid of the model shows in general remarkable agreement,
particularly at mid and low latitudes. The ground-based data allow modeling of seasonal/diurnal variations,
which are most distinct at mid latitudes. While solar activity variations are now included, they are found to be
small and not always very clearly delineated by the current data. They are most obvious at the higher latitudes.

The model represents a smoothed compromise between the original data sources. Although agreement
between various data sources is generally good, some systematic differences are noted, particularly near the
mesopause. Overall root mean square differences between data and model values are on the order of 15 m/s
in the mesosphere and 10 m/s in the stratosphere for zonal winds, and 10 m/s and 5 m/s respectively for
meridional winds. Systematic biases in the medium frequency radar data sets use above 92 km altitude were

identified
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44.6 Dates of development, authors and sponsors
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Dates : HWM87 1987
HWM90 1990
Authors: A.E. Hedin

Sponsors: National Aeronautics and Space Administration
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44.7 Model codes and sources

The HWMQ93 distribution package is an ASCII file containing the model source, a test driver, and the expected
output of the test driver. They are freely available. Users may download the official source code distribution
from any one of the following web sites:

Community Coordinated Modeling Center (CCMC)at the NASA Goddard Space Flight
Center http://ccmc.gsfc.nasa.gov/modelweb/#atmo.

Coupling, Energetics, and Dynamics of Atmospheric Regions website under
tools/models http://cedarweb.hao.ucar.edu/cgi-bin/ion-p?page=cedarweb.ion.

NQTE Regarding the new HWMO7 model: at the time this revision for the Guide to Reference and Standard Atmosphere
Mogels was being prepared, the new Horizontal Wind Model (HWMO07) was being documented for publication. This new
HWM 07 model provides a statistical representation of the horizontal wind fields of the Earth’s,atmosphere from the
ground to the exosphere (0 to 500 km). The HWMO7 is comprised of two components, a quietstime compohent for the
bagkground (Drob, D.P., et al., An Empirical Model of the Earth’s Horizontal Wind Field: HWMQ7, submitted to| the Journal
of Geophysical Research 2008) and a geomagnetic-storm component (Emmert, J.T., et al,, DWMO07 Globfl Empirical
Mopel of Upper Thermosphere Storm-Induced Disturbance Winds. Submitted to the Jdurnal of Geophysicd Research,
2008). Interested users of the HWM should consult the Journal of Geophysical Research relative to the availability of the
twd papers noted for detailed information on the HWMO7 and availability of model saftware.

45 Twenty-two range reference atmospheres, 2006

451 Model content
A Range Reference Atmosphere (RRA) is a statistical summary of atmospheric sounding observgtions at a
spgcific geographical location. The 2006 RRA databasegcontains separate models for 22 distinct geographic
locations, as shown in Table 1. The RRA tabulates<monthly and annual values for the mean yalues and
mdasures of variability for an extensive set of measured and derived meteorological parameters. A list of the
tahulated parameters, including their physical units) is given in Table 2. The vertical domain for thg models is
nominally from the surface to 30 km altitude. For sites with archived rocketsonde measurements, the vertical
domain extends to 70 km altitude. Vertical résolution of the RRAs is 250 m from the surface to 30 Km altitude,
and 1 km from 30 to 70 km altitude. Therperiod of record for the RRA data is 1990-2001, with the pxceptions
of China Lake and White Sands. These'two sites had insufficient sample sizes to generate stable statistics
dug to incomplete observation and recording between 1990 and 2001. The period of record for these two sites
was thus extended to the years.1984-2001. The model product itself is a comma-separated-varigble (CSV)
format file containing tabulated profiles of each parameter for both monthly and annual values.
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Table 1 — Range reference atmosphere site locations and World Meteorological Organization (WMO)
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observation site identification number

Range Reference Atmosphere Site WMO ID #
Argentia, New Foundland 71801
Ascension Island, South Atlantic 61902
Barking Sands, Hawaii 91165
Cape Canaveral, Florida 74794
China Lake Naval Air Weapons Station, California 74612
Dugway Proving Ground, Utah 72572
Edwards Air Force Base, California 72381
Eglin Air Force Base, Florida 72221
El Paso, Texas 72270
Fort Huachuca Electronic Proving Ground, Arizona 72274
Fairbanks, Alaska 70261
Great Falls, Montana 72775
Kwajalein, Marshall Islands 91366
Nellis Air Force Base, Nevada 72387
Nimes-Courbessac, France 7645
Pojnt Magu Naval Air Warfare Center, California 72391
Ropsevelt Roads, Puerto Rico 78526
Taguac, Guam 91217
Vandenberg Air Force Base, California 72393
Wallops Island, Virginia 72402
White Sands Missile Range, New Mexico 72269
Yuma Proving Ground, Arizona 72293
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Table 2 — Range reference atmosphere tabulated parameters and their physical units.

2

Parameter Unit Description
V4 km Geometric altitude
Geo Ht km Geopotential height
Hydro P mb Hydrostatically derived pressure
Hydro D g/m’ Hydrostatically derived density
Hydro Tv K Hydrostatically derived virtual temperature
Mean U m/s Mean U wind component
Std Dev U m/s Standard deviation of U wind component
R unitless Coefficient of correlation between U and V wind components
Mean V m/s Mean V wind component
Std Dev V m/s Standard Deviation of V wind component
Mean WS m/s Mean wind speed
Std Dev WS m/s Standard deviation of wind speed
Skewness WS  unitless Skewness of wind speed
Wind Obcount number Number of wind observations
Mean P mb Mean pressure
Std Dev P mb Standard deviation of pressure
Skewness P unitless Skewness of pressure
Mean T K Mean temperature
Std Dev T K Standard deviation of temperature
Skewness T unitless Skewness of temperature
Mean D g/m’ Mean density
Std Dev D g/m3 Standard deviation of density
Skewness D unitless Skewness of density
P Obcount number Number of pressure{observations
T Obcount number Number of temperature observations
D Obcount number Number of density observations
Mean Vapor P mb Mean vapor pressure
Std Dev VP mb Standard-deviation of vapor pressure
Skewness VP  unitless Skewngess of vapor pressure
Mean Tv K Mean virtual temperature
Std Dev Tv K Standard deviation of virtual temperature
Skewness Tv  unitless-\" Skewness of virtual temperature
Mean Td K Mean dewpoint temperature
Std Dev Td K Standard deviation of dewpoint temperature
Skewness Td/~ ‘unitless Skewness of dewpoint temperature
VP Obcount\.™ number Number of vapor pressure observations
Tv Obcount number Number of virtual temperature observations
Td Obcount number Number of dewpoint temperature observations

Model uncertainties and limitations

emodetstatisticsare generated-fromsamptedsubsets of the poputatiomrof attpossibteatmosph

eric states.

The potential always exists that a given measurement will fall outside the specified variability limits, or
otherwise depart from the sample-derived statistical distributions. All input data profiles are quality controlled
using the Air Force’'s New Upper Air Validator (NUAV) system, as described in Air Force Technical Note
AFGWC/TN-90/001. This program employs a series of well tested industry-standard quality control algorithms
to filter and discard erroneous and/or suspect data. A typical accuracy uncertainty for an arbitrary
measurement is less than 5%.

© 1SO 2012 — All rights reserved

83


https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

45.3 Basis of the model

The model is a statistical summary of a climatological sample of upper-air atmospheric measurements at a
specific geographical location. Data sources include both rawinsonde and rocketsonde measurements made
at, or very near, the site of interest. Input profile observations are quality controlled to ensure a valid data
sample. From these data, distribution statistics are computed in a uniform manner, tabulated, and published in
CSV format.

45.3.1 Winds

The model treats the winds at each data level as the vector sum of the U component (East and West) and the
V component (North and South). Adopting a bivariate normal probability distribution as the statistical model of
the winds allews—a—complete—description—of-the—variability-of-the—vector-wind—using—onlyfive—parameters; In
Cartesian fpoordinates, these parameters are the mean of U, the mean of V, the standard deviation of U, the
standard deviation of V, and the coefficient of correlation between U and V. Assumptions implicit, in the

adoption of the bivariate normal probability distribution include the following.

a) Each wind component is itself univariate normally distributed.

b) The cpnditional distribution of one component given a value of the other component’is.univariate normally
distributed.

c) The wjind speed is of the form of a generalized Rayleigh distribution.
d) The frequency distribution of wind direction can be derived.
e) The copnditional distribution of wind speed given a value of wind direction can be derived.

f) The five tabulated wind statistical parameters with respect to the meteorological U and V coordinpte
systerm can be derived for any arbitrary rotation of the orthogonal axes.

45.3.2 Thermodynamics
A set of |six parameters were selected to represent’ climatologically the thermodynamic state of fhe
atmosphere. These parameters are pressure, «density, temperature, dew point temperature, virfual
temperature, and water vapor pressure. From these six parameters, a large number of additional quantifies
may be defived which may be useful in various\meteorological and related analyses.

454 atabases
Input data| consists of a climatological™archive of operationally measured upper air profiles collected at fhe
various RRA sites from both rawinsénde and rocketsonde platforms.

45.5 ublication references
The 2006 RRA models have’been approved for publication by the Range Commanders Council Meteorolggy
Group RCCMG). _he individual files are posted on the Internet and availaple
at https://bsx.edwardstwafimil/weather/rcc.htm.

45.6 ates.of development, authors and sponsors

45.6.1 tes
The first RRA was issued in 1963 by the Inter-Range Instrumentation Group. The initial RRA site was Cape
Canaveral, Florida, and RRAs for additional sites were soon added. A series of 17 revised RRAs were
published from 1983 to 1984 by the RCCMG. Five additional sites were added between 1990 and 1991. A
further set of 18 revised RRAs were published in 2001. The current set of 22 RRAs was published in 2006.

45.6.2 Authors

The data and descriptive text of the 1983 revised versions was prepared jointly by the Air Force
Environmental Technical Applications Center (AFETAC) and the Marshall Space Flight Center. The 1991 data
additions were produced by AFETAC. Both the 2001 and the 2006 revised data sets were produced by the Air
Force Combat Climatology Center (AFCCC). Currently, AFCCC has an ongoing tasking directive to maintain,
revise, and add additional sites, when requested, to the RRA model database.

84 © 1SO 2012 — Al rights reserved


https://bsx.edwards.af.mil/weather/rcc.htm
https://standardsiso.com/api/?name=703d585d305193d2817e04c34ace618c

ISO/TR 11225:2012(E)

45.6.3 Sponsors
The RCCMG maintains organizational authority over the RRA model databases.

45.7 Model codes and sources

The models are published in the form of CSV format files containing tabulations of both monthly and annual
averages for vertical profiles of the specified parameters. The files themselves are operationally archived by
the Edwards Air Force Base Weather Station, and are available from their web server
at https://bsx.edwards.af.mil/weather/rcc.htm.

46 i ; i I, ;1975

46{1 Model content
The Reference Atmosphere for Edwards AFB, annual (1975 version), ERA-75, is a geographical vafiant of the
Reference Atmosphere for Patrick AFB, Florida (1963 version) (PRA-63). Because ofithe close gimilarity to
thgt model, the reader is referred to section 1 of the PRA-63 summary for details of the.model content.

462 Model uncertainties and limitations
The reader is referred to section 2 of the PRA-63 summary for details on madel uncertainties and limitations.

46|3 Basis of the model
The model is an extension of the Inter-Range Instrumentation Grodp (IRIG) Document No. 104-63, Edwards
Air|Force Base Reference Atmosphere (Part 1), September 1972:.The mathematical techniques used and the
dafa employed are identical to those used in the Reference Atmosphere for Vandenberg AFB,|California,
Anpual (1971 Version) above 3250 meters altitude. Below,3250 meters the Edwards rawinsonde ¢limatology
wals used.

46/4 Databases
The data used to derive the various atmospheric\parameters were taken from the following referencps:

46/4.1 Range Reference Atmosphere. (Committee, Meteorological Working Group of the Ipter-Range
Instrumentation Group, Edwards Air Force Base Reference Atmosphere (Part 1), IRIG Document 104-63,
Segretariat, Range Commanders Coungcil, White Sands Missile Range, New Mexico, September 1972.

46/4.2 Johnson, D. L., “Hot.5€old, and Annual Reference Atmospheres for Edwards Air Fqrce Base,
Cajifornia” (1974 Version), NASA TM X-64941, July 1975.

46{4.3 National Climate” Center (Asheville, NC), “Uniform Summary of Rawinsonde Obseryations for
Edvards AFB” (P.OR.)(1953-1967).

46{4.4 Carter E-A., and S. C. Brown, “A Reference Atmosphere for Vandenberg AFB, Californja,” Annual
(1975 Version)y NASA TM X-64590, May 10, 1975.

46{5 Publication references

46.5.T Johnson, D. L., "Hof, Cold, and Annual Reference Atmosphere for Edwards AFB, California (1975
Version)”, NASA TM X-64590, November 1975. <http://trs.nasa.gov/archive/>

46.5.2 Anon. “Edwards Air Force Base Reference Atmosphere (Part 1)”, IRIG Document No. 104-63,
September 1972. <http://trs.nasa.gov/archive/>

46.6 Dates of development, authors and sponsors
46.6.1 Dates: 1975

46.6.2 Authors: D. L. Johnson
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