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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national sta
(ISO member bodies). The work of preparing International Standards is normally carried out

ISO Guide was prepared by Technical Committee ISO/TC«20NAIrcre
Space systems and operations.

and space vehicles, Subcommittee 14,
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Introduction

Since the mid 19" century there has been considerable effort devoted to the development of standards
reference atmosphere models. The first “Standard Atmospheres” were established by international agre
in the 1920s. Later some countries, notably the United States, also developed and™published Standard
Atmospheres. The term reference atmospheres is generally used to identify atmosp
geographical locations or globally.

The included Earth and other planetary models are those intended fo ral purpose or aerospace
S in the summary write-ups,
may or may not still be current at the time of this version of theyGuide is published. Therefore, the reader
should further research the information before making decisions_on usage ‘of the model(s) of interest. The
models extend to heights ranging from as low as the §urface’to as high™as 4000 km. Models describing
ssible’ examplés ef the latter are particulate aerosols
or pollutants in the boundary layer and cloud propertigséas a function of altitude in the troposphere. Dynamical
models such as the Earth Troposphere-StratospheresGeneral Cirgulation Models (GCM), the Thermosphere-
lonosphere-Mesosphere-Electrodynamics General )€irCulation.Model (TIME-GCM), and research reports on
measurements made by satellite, aircraft, apd«ground systems efithe atmosphere are also not included in this
guide.

Vi © 1SO 2009 — All rights reserved
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Space environment (natural and artificial) — Guide eference
and standard atmosphere models

1 Scope

This standard provides guidelines for selected reference and standard atmospheric models for use in
engineering design or scientific research. The guide describes the tent of the ‘models, uncertainties and
limitations, technical basis, databases from which the models are formed,publication references, and sources
of computer code where available for over seventy (70) Earth and planetary atmospheric models, for altitudes
from surface to 4000 kilometers, which are generally recogni he\aerospace sciences. This standard is
intended to assist aircraft and space vehicle designers and develgpers, geophysicists, meteorologists, and
climatologists in understanding available models, comparing 5 Of data;,and interpreting engineering and
scientific results based on different atmospheric models.

The guide summarizes the principal features of the modelS)torthe extentthe information is available:

*«  Model content

¢ Model uncertainties and limitation
« Basis of the model

« Publication references

+ Dates of development,authors andispensors

division is admittedly somgw itrary because many of the models embody elements of several of the
categories listed.

With few exceptions, there is\n¢ information on standard deviations from the mean values or frequencies of
occurrence of the-variables

eferenced documents are indispensable for the application of this document. For dated
y the edition cited applies. For undated references, the latest edition of the referenced
ding any amendments) applies.

ISO 5878:1982, Reference atmospheres for aerospace use

ISO 5878:1982/Addendum 1:1983, Reference atmospheres for aerospace use, Addendum 1: W ind
supplement

© 1SO 2009 — All rights reserved 1
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ISO 5878:1982/Addendum 2:1983, Reference atmospheres for aerospace use, Addendum 2: Air humidity in
the Northern Hemisphere

ISO 5878:1982/Amendment 1:1990, Reference aftmospheres for aerospace use, Amendment 1

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

3.1

reference atmospheres

vertical temperature profiles for each latitutde and season; atmosphere
locations or globally

pecific geographical

3.2
mean sea level
reference point for both geopotential and geometric altitudes

3.3
geopotential altitude

point in atmosphere expressed in terms of its potential energysperunit m (geopotential) at this altitude
relative to sea level

4 COSPAR International Reference At e (CIRA), 1986

4.1. Model content

(COSPAR). Since the early sixties ‘differen iods/of CIRA have been published: CIRA 1961, CIRA 1965,
CIRA 1972, and CIRA 1986.

the Thermosphere, Part Il: Modél e-Middle Atmosphere, and Part lll: Models of Trace constituents. Part
Il is similar in many respects \to SFC Monthly Mean Climatology of Temperature, Wind,
Geopotential Height and Pressure 0 120 km. This model is described later |n this volume Par‘c III

(published in 1996) gives model in
nitrogen dioxide, carbon dioxide and ‘halogenated hydrocarbons, nitric oxide, stratospheric aerosols, atomic

ibes the empirical thermospheric model which is based on the Mass
IS) 1986 model of Hedin (ref 5.6, 5.8). Like Hedin’s model, the altitude

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

2 © 1SO 2009 — All rights reserved
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using a coupled polar ionosphere/global thermosphere model is also presented, which demonstrates the
major interactions between the thermosphere and ionosphere.

Part | also contains five specialized chapters which review the major empirical contributions to our current
understanding of the thermosphere. T hese sections discuss in situ mass spectromgéter_ measurements of

measurements of thermospheric temperatures and winds, the thermospheric storm-
levels of geomagnetic activities; and our understanding of the variance of solar EUV radiation.

to approximately 120 km in the 80 deg S — 80 deg N latitudes (ref. 5.

The COSPAR committee responsible for updating the CIRA, 1986
updating of the CIRA, 1986 Model. The CIRA 2008 Model was

4.2 Model uncertainties and limitations

4.2.1  The quality of the database describing some obsepvables i
database for the lower thermosphere is still extremely limiteds

le. The experimental global scale

4.2.2 The models are not reliable for large atmg@Spheric disturbafiees. However, the causes of atmospheric
variability are discussed in great detail.

Standard deviations from mean values of at Reric parameters are not provided.

4.3 Basis of the model

As stated previously, the empifical
The empirical model is complemer
relationships between thetmospheri
geomagnetic forcing.

grmosphete ‘model is based on the MSIS-86 model of Hedin (ref. 5.7).
eoretical models of Rees and Fuller-Rowell that show the
te, chemistry and dynamics for simplified models of solar and

4.4 Databases

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.

© 1SO 2009 — All rights reserved 3
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455 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.

45.6 Hedin, A. E. (1987): “MSIS-86 Thermospheric Model.” J. Geophys. Res., Vol 92, Page

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

458 Hedin, A. E. (1087): The Atmospheric Model in the Region 90 to 2000 k
Advances in Space Research, Vol. 8, No. 5/6, Pergamon Press, Oxford and NY

4.5.9 Hedin, A. E., J. E. Salah, J. V. Evans, C. A. Reber, G. P. Newton, N.

Spectrometer and Incoherent Scatter Data”, MSIS 1, N2 Density and Te
2139-2147, 1977.

4510 Hedin, A. E., G. A. Reber, G. P. Newton, N. W. Spencer, H. C
(1977): A Global Thermospheric Model Based on Mass Spectromet
Composition, J. Geophys. Res., 82, 2148-2156, 1977.

cohereni Scatter Data”, MSIS 2,

4.6 Dates of development, authors, and sponsors

4.6.1 Dates:
Original model 1961
Revised model 1965
Revised model 1972

Revised model

Trace constituent model

Zonal mean model

4.6.2 Many scientists made“contributions to the
references 5.1, 5.2, and 5.3.

ree parts of the CIRA models. They are identified in

4.6.3  Co-Sponsors: Committece esearch (COSPAR) of the International Council of Scientific
Unions (ICSU) and the Internationa ioh of Radio Science (URSI).

I, Chapter 2) are available~in ceamputer-compatible form (tape or disk). They may also be obtained from certain

See Reference 4.5.1 for thermosphere model, Reference 4.5.2 for middle atmosphere
for trace constituent model, Reference 4.5.1 for grand mean model, and Reference
CIRA, 1986 model.

electronic databases.

revised version~(CIRAQ8) of the COSPAR International Reference Atmosphere (CIRA), 1986. It is anticipated that the
CIRAO08 will be pubiished 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.

4 © 1SO 2009 — All rights reserved
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5 COSPAR International Reference Atmosphere (CIRA), 2008

5.1 CIRA-08

temperature and density from 0 km to 4000 km as recommended and adopted by the Committe
Research (COSPAR) and by the International Union of Radio Science (URSI). Since the early six

5.2 Model content

The Committee on Space Research’s CIRA 2008 Model Atmosp contain the following major
contributions, in terms of recommended atmospheric models for use:

For Total Mass Density above 120 km:

e Jacchia-Bowman 2008 and GRAM-07

For the Structure and Composition of the Atmosphere (ground-level upw

¢ NRLMSISE-00

For Neutral Winds in the Atmosphere (all levels):

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

There will also be chapters discus ureent state of knowledge and application of the Solar and
Geomagnetic Indices that are usgd/ ive theinew empirical models such as JB-2008; Metal Chemistry of
the Mesosphere and LoweriI her and expert advice regarding the limitations of the models and the

5.3 Model availahilit
CIRA-08 is currently in p —and’is expected to be published in early 2009 as a Special Edition of

ep O
Advances in Space Resea c'ﬁ e recommended Models within CIRA-08 are expected to be Web based,

along with guides to the best'use of the Models.

ittee—orl Space Research (COSPAR) of the International Council of Scientific Unions

(ICSU) and e Tn erhational Union of Radio Science (URSI).

© 1SO 2009 — All rights reserved 5
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6 1SO reference atmospheres for aerospace use, 1982

6.1 Model content

latitudinal, longitudinal, and day-to-day variability of atmospheric properties at levels between the surface
80 km.

atitude zones plus
ind speed; (2) four

Hemisphere observed wind distributions in January and July up to 25 km fo
calculated values of the scalar mean wind speed and of high and low percentil€ va

The Addendum contains values (mixing ratio, vapor pressure and_ dew point temperatures) of the Northern
Hemisphere air humidity in January and July to 10 km for (1) median, values at10’deg, 30 deg, 50 deg, and 70
deg N latitude; (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«aréas and seasons, and (4) mean
values for four stations representative of dry and moist régions (Tammauirasset, North Africa; Xhigawsk, East
Siberia; Calcutta, India, and Turk, Pacific Islands).

6.2 Model uncertainties and limitations

models are, subject to the uncertainties associated with errors
truments usédiby the various countries to measure temperature
tsonde temperature errors are about 2 deg C in the 30
8%degC at 80k m. F or the meteorological rocket
of/ temperature are subject to large corrections and
the measurements above 50k m were not used.

6.2.1 The temperature, pressure and densi
(about 1 deg C) in the standard radiosondg i

discussediin the text of the documents. The reference atmospheres are considered applicable to the northern

hemisphere only.

6 © 1SO 2009 — All rights reserved
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6.3 Basis of the model

The numerical values of the various thermodynamic and ph ysical parameters used in the comparisons of
atmospheric propertles are the same as those used in the ISO Internatlonal Standard 2533-1975, Standard

free from moisture or dust. T he reference atmosphere upper stratosphere and mesosphere temperature
observations for the southern hemisphere were phase adjusted by six m to conform to northern
hemisphere seasons.

The wind parameters are based on observations and use of the circula
the authors consider acceptable for most practical purposes.

6.4 Databases

The vertical pressure and density distributions were calculat
hydrostatic equation, the perfect gas law and appropriate .mean
perature distributions for levels below 30 km were derived from r radiosonde observations from the
1955-1966 time period as contained in Monthly ClimaticyData of theé World by the World Meteorological
Organization. The temperature field between 30 and 50, km is based on meteorological rocket measurements
(bead thermistor or resistance wires) made at locations primarily during the 1964-1970 time period. The
temperature distributions between 50 and 80 aré"basedsprimarily on grenade, falling sphere, and pressure
gauge experiments made at 12 locations durj e 1957-1971 time period.

el values of pressure. The tem-

The values of the quantities describing #
actual observations made by balleo

ard 5878-1982 / Addendum 1-1983, Reference Afmospheres, Addendum 1:
mittee ISO TC 20, Aircraft and Space Vehicles.

ISO 5878-1982 circulated in November 1978, published in 1982
ISO 5878-1982/Addendum 1-1983 circulated in March 1979, published in 1983
ISO 5878/1982/Addendum 2-1983 circulated in April 1982, published in 1983

6.6.2  Authors: Members of Subcommittee 6 (Standard Atmospheres) of the International Organization
for Standardization Technical Committee 20 (Aircraft and Space Vehicles).

© 1SO 2009 — All rights reserved 7
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6.6.3 Sponsors: International Organization for Standardization, Geneva, Switzerland, under the direction
of Technical 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
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 tech
“Aircraft and Space Vehicles” was in the process of updating and revising ISO 5878 "ISO Re

Atmosphere” during the period 1998-2003. It is the intent that it be published a
Atmosphere for Altitude 0-120 km for Aerospace Use".

seasons—January, April, July and O ctober. The algorithms and recommeéndations the atmospheric parameters
probability characteristics, which are the most useful for aviation and spa€e practice) will/also be given. ISO 213 is being
developed to serve as an informational basis for international air-spagejpractice as“well as to unify the atmospheric
models, which have to be used for design, production, exploitatiorrand navigation of aircraft and space vehicles and their
equipment.

Accordingly, it is recommended that those consulting thi ent for information on ISO 5878 investigate to see if the
new ISO standard “Global Reference Atmosphere for A 20 km for"Aerospace Use” has been published by the

process of approval as a National Russia apd=Cominfonwealth,ofdhdependent States (CIS) Countries Standard.

8 © 1SO 2009 — All rights reserved
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7 1SO standard atmosphere, 1975

7.1 Model content

national and international standards and recommendations relative to the atmosphere
recent research. Data from this recent research have been used for calculation

mal_conductivity, pressure scale height,
ey, and mean free path as a function of

gravity, speed of sound, dynamic viscosity, kinematic viscosi
specific weight, air number density, mean air-particle collisi
geometric and geopotential 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, pressurg,and density.

7.2.2 The model approximates the annual meminal atmosphere for 45 degrees north latitude. As such,
large variations in monthly mean or even_anf
around the globe, relative to the values give
providing a common frame of referénce for comparing engineering designs, instrumentation calibrations and
processing of data, the model may &xhibit signifieant” deviations from the nominal annual, and especially
monthly, profiles of atmospheric pararneters far'given latitude and longitude locations. These are, however,
the same limitations found in the models us€d.as a basis for the ISO Standard Atmosphere. The user should

be aware of these uncertainties and limitationhs of the model.

7.3 Basis of the moedel

The numerical values in ableYfor altitudes to 50 km are based on the /CAO Standard Atmosphere 1964,

74.3 ettscher Normenausschuss: DIN 5450 "Norm Atmosphere," 1968.

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

© 1SO 2009 — All rights reserved 9
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74.5 List, R. J., editor: Smithsonian Meteorological Tables, Sixth Revised Edition, Washington, DC, 1963.

74.6 U.S. Committee on Extension to the Standard Atmosphere: U.S. Standard Atmosphere, 1962, U.S.
Government Printing Office, Washington, DC, 1962.

74.7 U.S. Committee on Extension to the Standard Atmosphere: U.S. Standar osphere
Supplements, 1966. U.S. Government Printing Office, Washington, DC, 1966.

7.5 Publication references

ISO International Standard 2533-1975 “Standard Atmosphere First Edition, “Corri 1, 1978, IS0,
Geneva, Switzerland

7.6 Dates of development, authors and sponsors

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

7.6.3 Sponsors: International Organization for Standardization,
7.7 Model codes and sources

The model is published in the form of tables only. It is availablfﬁgb\men National Standards Institute,

25 West 43 Street, New York, NY 10036. http://www.ansi.or& \*

.\@
o

< <

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

8.1 Model content

This climatological model, the National Aeronautics and Space Administration's NASA GSFC
Global Climatology of Temperature, Wind, Geopotential Height and Pressure_for 0-120 km,

search and analysis activities such as the numerical simulation of atmos iC¥ iés’and the design and
development of satellite instruments for measuring Atmospheric parameters. limatological data and the

plots/of the temperature and zonal wind
global average. Harmonic analyses

model.

Longitudinal variations of these atmospheric
presented and, finally, a comparison is made &
Center (NMC).

operties in thexstratosphere and m esosphere are also
een this climatology data from the National Meteorological

8.2 Model uncertainties and limita

model.

8.3 Basis of the.madel

+2Q (U) sin 9= - 90@

oy
(1

arth's radius, Q is the angular speed of rotation of the earth, go is the gravitational acceleration

7 is latitude and (Z) is the zonally averaged geopotential height. At the equator, the authors have

used the following expression for the zonal wind speed:

© 1SO 2009 — All rights reserved 11
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% 0D

<Ueq> ==
R oy

winds were computed by linearly interpolating between the zonal wind at 15 deg N a
from Eq. (1) and the wind at the equator [Eq. (2)]. At latitudes of 80 deg N and 80
were derived from the relation

(U)go =(U)70

the wind speeds

cos (80 deg)

cos (70 deg) (3)

thus assuming that the relative angular velocity, (m) = (U) a cos0, remains consta vard of 70 deg N (or
S).

8.4 Databases

8.4.1 The Global Atmospheric Circulation Statistics 1958-1973, compiled by rt (ref. 5.5) provides the
zonally averaged climatological monthly mean temperature and zonahwind es/for 80 deg S to 80 deg N at
5 deg resolution for the 1000-50 mb pressure levels. These nalues 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 Vesselsf(OSWythe British*Meteorological Office (Bracknell,
United Kingdom) and the National Climatic Center (Asheville, NC).

8.4.2 The Middle Atmosphere Reference Model/D
zonal mean climatological data sets of temperature;, Zonal.g
for the stratosphere and mesosphere for 80,«deg S280 N (20
deg resolution. The data are based on me&asurements from

ved from Satellite Data, (Ref. 8.5.1) contains global
ostrophie’wind, geopotential height, and pressure
eg N-70 deg N and 20 deg S-70 deg S) at 10
e Nimbus 5 Selective Chopper Radiometer

8.4.3 Temperature and compositiomgdata for thelewer thermosphere (86-120 km) were provided by the
i (Ref. 8.5.3, 8.5.4), described elsewhere in this report.

8.5 Publication references

8.5.1 Barnett, J. J., and M.
Middle Atmosphere Program, Ha
47-85.

8.5.2

ney{1985), Middle atmosphere reference model derived from satellite data,
r MAF, 16, edited by K. Labitzke, J. J. Barnett, and B. Edwards, pp.

Fleming, E. L., S. Chandrs

. R. Schoeberl, and J. J. Barnett (1988), “Monthly mean global

12 © 1SO 2009 — All rights reserved
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8.6 Dates of development, authors, and sponsors

8.6.1 Dates: 1988
8.6.2 Authors: E. L. Fleming (principal):
8.6.3 Sponsors: National Aeronautics and Space Administration, Goddard Space|Fli nt

8.7 Model codes and sources

The climatological data are portrayed in figures and tables in NASA TM- 10069 ~8.5.2). A copy of NASA
TM-100697 with these figures and tables can be obtained electronically from http://ntr: [QOV.

O

@Qé
\O &ﬁ

.\@
>

< <

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

9.1 Model content

The National Aeronautics and Space Administration's NASA/MSFC Global Reference Atmao
(GRAM-99; Justus and Johnson, 1999) is a product of the Environments Group, NASA Marsha
Center and is used by several NASA centers, numerous other government agencies

pheric Model

analysis problems, analysis of effects of short-term density variation caused by gecmagnhe
braking and aero capture analyses, and dynamic response to turbulence or density shears.

2500 km), latitude, longitude and monthly period, GRAM also allows (for the imulation of “random
perturbation” profiles about the mean conditions. T his feature permits the si a large number of
realistic density, temperature and wind profile realizations along the same trajecto the atmosphere,

profiles produce values which exceed the three standard deviatio pproximately 0.1 percent of the
time).

Wind fields in the height range above 90 km are computed from the pressur
relations. Wind shears in the same height ranges are evaluated ffgm‘the t | wind equations. Below 90
km, winds and shears are evaluated from observed upper atmaspheric win Mean vertical velocities are
computed from the slopes of isentropic surfaces (surfaces,of constant potential temperature).

y use of geostrophic wind

In order to use the model, appropriate input parametérs must be s upplied, Consisting of: (1) values of the
program options, the initial position, the profile increpaehts, and other information required before calculations
ini ues fom,ihe zonal mean model, the stationary
perturbations (deviations from zonal mean mgde “e longitude-dependent monthly means), and

compute atmospheric properties along an othef“than a linear profile, then a fourth type of data --
the trajectory positions -- must be supplied fewstatistically different profiles of random perturbations
desired can be evaluated by computing a anje trajectory with different input starting conditions for the

random perturbation values.

Output consists of monthly'\mean pressurg, density,-femperature, wind velocity and wind shear components,
and random perturbation valUes of;-pressure, density, temperature and wind components. G RAM-99 also
stituents.

9.21 The model do predict ‘any parameters in the sense of aforecast model. It only provides

9.22 The modél d ake account of episodic high latitude thermospheric perturbations associated

i atitude stratospheric warming perturbations, El Nifio / Southern Oscillation events,

etc. However, values of\the.normal magnitudes of the random perturbations can be scaled up (or down) to
] unusually quiescent) conditions.

predicted winds are geostrophic, computed from mean pressure values. Predicted
wind shears are computed from the thermal wind using mean temperature fields.

9.24
constltuents

estimates include standard deviations. O nly mean values are given for other

9.3 Basis of the model

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

14 © 1SO 2009 — All rights reserved
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9.3.1.1 Temperature and density variation (solar and geomagnetic activity, diurnal variations, seasonal and
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 ccessive
evaluations of the MET model at different latitudes and longitudes

9.3.2 Middle Atmosphere Program (MAP) model (1971) for heights of 20to 1

9.3.2.1 Zonal means for from an amalgamation of six data source imarily M data. Complete
references are available in Justus, et al., 1991c.

9.3.2.2 Longitudinal variations are introduced as perturbations (see
model, which is latitude and time dependent (in one month increment
satellite observations. (Dartt et al., 1988, and other references.i

The GUACA data base (Ruth et al., 1993) as produced by the U.S.
Center.

avy and U.S. National Climatic Data

9.3.3.1 Altitude intervals are interpolated fro ssure level down to,0-27 km.

9.3.3.2 Data are empirically determined
smoothed for use as initial conditions
(ECMWEF) global circulation model. £aoverage is glob

eric parameter profiles as quality controlled, gridded and
ean Centre for Medium-Range Weather Forecasts

9.34 Altitude interval 20 to 24K
ensure a smooth transition betwe
model (90 to 120 km).

d 90 to, 120 km: A “fairing” technique (Justus et al, 1974) is used to
UACA and,MAP data (20 to 27 km) and the MAP data and the MET

9.3.5 Atmospheric«Canstituents

Water vapor and several other atmospheric constituents are included in GRAM-99. Below the 300-millibar

(1971) Revised static models of the thermosphere and exosphere with empirical
ithsonian Astrophysical Observatory Special Report 332, May.

M. P. (1988) The NASA Marshall Engineering Thermosphere Model, NASA CR-179359, July

9.4.5 Dartt, D. et al, (1988), User's Guide to Satellite Based Global Atmospheric Reference Model
Statistics (20 to 85 km), Final Report N0O0014-86-C-0076, Control Data Corporation.
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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 GlI
Atmosphere, Users’ Manual and Programmers’ Manual, Part 2,” NASA TMX-64871.

9.56.3 Justus, C. G.,, and A. Woodrum (1975), “Revised Perturbation Statistics for the Global
Atmospheric Model,” Georgia Institute of Technology Final Report Contract NAS2-3065

9.5.6 Justus, C. G, F. N. Alyea, D. M. Cunnold, and D. L. Johnso
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. Blocke
“Improvements to the Perturbation Simulation of the Global Reference At
Space Flight Center Memorandum ES-44-11-9-88.

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

9.5.9 Justus, C. G, F. N. Alyea, D. M. Cunnog
NASA/MSFC Global Reference Atmospheric
Listings” NASA TM 4268.

R. Jeffries,)lll, and D. L. Johnson (1991b), “The

9.5.10 Justus, C. G., W. R. Jeffries lll, §,/P¢ Yung«ands/D: L. Johnson (1995), "The NASA/MSFC Global
Reference Atmospheric Model - 1995 Versj

9.5.11 Hickey, M. P. (1988a), “The NA

9.5.14 Owens, J. K., Niehuss, K. Q.,"aughan, W. W., and Shea, M. A. (2000); "NASA Marshall Engineering
Thermosphere Model-1999 Version (MET-99) and Implications for Satellite Lifetime Predictions," COSPAR,
Advances in Space Res 57-162.

original model 1974-1975
976 (mod. 2) 1980 (mod. 3)
1986

1988

1990

GRAM-95 1995

GRAM-99 1999
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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 exp
smoothed solar and geomagnetic activity based on the most recent monthly mean data for use i
99. It can be downloaded from http://sail.msfc.nasa.gov

A description and user's manual for GRAM-99 is provided in NASA TM-1999-20963
program code is available from NASA Marshall Space Flight Center. It is availabie in P
forms. Contact: NASA Marshall Space Flight Center, Natural Environments Branch,
Center, AL 35812 or jere.Justus@msfc.nasa.gov or barry.c.roberts@nas v~for furthe
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10 NASA/MSFC Earth global reference atmosphere model (Earth GRAM-07), 2007

10.1  Model content
The National Aeronautics and S pace Administration’s NASA/MSFC Earth Global Referenc

Atn osphenc

missions, planning for aerocapture and aerobraking for Earth-return from lan
degree-of-freedom entry dispersion analysis for the Multiple Experime
(METEOR) system, and more recently the Crew Exploration Vehj
capability of the previous version but also contains several new feat

10.1.1 Revised Range Reference Atmosphere (RRA) data
In 2006, the Air Force Combat Climatology Center (AFCCC) deyveloped a of revised Range Reference
Atmosphere (RRA) data including several new sites. Earth GRAM;07 has the option of using either the 2006
revised RRA data, or the earlier (1983) RRA data, as a replacement for cenventional Earth GRAM climatology.

10.1.2 Optional auxiliary profile input

In addition to RRA options, an "auxiliary profile" feat Yas beeniimplemented. This allows the user to input

file. Parameters control the latitude-longitud
from Oto 1. Mean conditions are given.b
influence and are otherwise given by Earth

adius within™wr the weight for the auxiliary profile varies
e proflle if’the desired point is within a prescribed radius of

10.1.3 Updated thermospherexmo

10.1.3.1 Earth GRAM-07 ineludes several upda
model (Ref. 10.4.6) which include:

the Marshall Engineering Thermosphere (MET-2007)

10.1.3.1a Corrections for inconsi tween constituent number density and mass density.

10.1.3.1b Representation of gravit e’an oblate spheroid Earth shape, rather than using a spherical Earth
approximation.

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

10.1.4 Coordinatg 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) radius values were from IAU 76. WGS 84 values are
used by the GPS navigation system. These are also equivalent (to 10 significant figures) to the Geodetic
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Reference System (GRS 80) values. Other recent values that could be used include the International Earth
Rotation & Reference System (IERS 1989) values. Earth radius values are set by parameters values in one
of the Earth GRAM-07 subroutines. Input values of altitude greater than 6000 km are treated as geocentric
radius values, rather than heights. Both radius and height are now given in the output file. Although all input
latitudes are geocentric, Earth GRAM-07 now gives both geocentric and geodetic valugs an the output file. A
new subroutine has also been added which computes horizontal distance from great- is

two input latitude-longitude positions. This subroutine is used to calculate lat-long "radit

model.

10.1.5 Perturbation model revisions

few hours to a few days.

10.1.5.3 A multiple-trajectory driver routine that allows multi
in one run.

10.1.5.4 A multiple-profile driver routine that allows multiple prefiles|and, perturbations to be simulated in one

run, with small-scale correlations maintained between the piofiles.

10.2 Model uncertainties and limitations

10.2.1 The model does not predict any paragmeterssin the_sense‘of a forecast model. It provides estimates
of the monthly mean values and statistically rgalistic deviationsfrom the mean.

10.2.2 The model does not take,ini6%3 e\episodic high latitude thermospheric perturbations
associated with auroral activity, high, latitude stratospheric warming perturbations, El Nifio / Southern
Oscillation events, etc. However, values of the, narpral magnitudes of the random perturbations can be scaled
up (or down) to simulate unusually'disturbed (or quieScent) conditions.

g’ geostrophic, computed from mean pressure values (unless the
MSIS/HWM thermospherp€ aption is wSed), “Predicted geostrophic wind shears are computed from the thermal

wind using mean temperature fields.

10.3.1.2 Uniform
He, H) above 105 Km.

strophic winds evaluated by computing horizontal pressure gradients with successive
e 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.
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10.3.2.2 Winds are computed from a geostrophic wind model, with modifications for thermospheric effects of
molecular viscosity.

10.3.3 The Jacchia-Bowman 2006 thermosphere model (JB2006)
10.3.3.1 Developed using the CIRA72 (Jacchia 71) model as the basis for the diffusion equatio

10.3.3.2 New solar indices have been used for the solar irradiances in the extreme and far ultraviolet
wavelengths.

10.3.3.3 New exospheric temperature and semiannual density equations were created ent the major
thermospheric density variations.

10.3.3.4 Temperature correction equations developed for diurnal and latituding

10.3.3.5 Density correction factors have been included for model corrections reg
4000 km).

igh altitudes (1500—-

10.3.3.6 Model has been validated through comparisons of accurate d
computed for numerous satellites.

depsity drag data previously

10.3.4 Middle Atmosphere Program (MAP) model (1971) for heig etween 20 and 120 km

10.3.4.1 Zonal means from six data sources, primarily MAP dataZ“€ompete refefence are available in Data

Base.

cle

tiops on the Zonal'méan which is latitude and time
are from global satellite observations.

10.3.4.2 Longitudinal variations are introduced as pert
dependent (in one month increments) only. These d

10.3.4.3 Middle atmosphere data are supplied at Is of 5 km.

10.3.5 Global Upper Air Climatic AtlaS{GUACA)1993 data for heights from surface to 27 km
The GUACA data base as produced by'the,hG. Navy and‘the U.S. National Climatic Data Center.

10.3.5.1 Linear interpolation is used hc
obey the gas law and hydrostaticreenstraint

10.3.5.2 Data are empirically~determinedfatmospf parameter profiles as quality-controlled, gridded and
smoothed for use as initial'vconditiopssin, the European Centre for Medium-Range Weather Forecasts

(ECMWEF) global circulation mod -. ge-is global and uses monthly averages.
©

10.4.2 Bowman, B. R., Tobiska, W. K., and Marcos, F.A., “A New Empirical Thermodynamic Density Model
JB2006 Using New Solar Indices”, Paper AIAA 2006-6166, Presented at AIAA/AAS Astrodynamics Specialist
Conference, Keystone, Colorado, August 21 — 24, 2006
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10.4.3 Hedin, A.E., “A Revised Thermospheric Model Based on Mass Spectrometer and Incoherent Scatter
Data: MSIS-83”, J. Geophys. Res., 88, 10170, 1983.

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

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

entry for the MET-2007 within text of this AIAA Guide.)
10.4.7 U.S. Standard Atmosphere, 1976, U.S. Government Printing O
10.5 Publication references

10.5.1 Adelfang, S. I. (1999), “User's Guide for Monthly Vector W
May 1999

ind Prdfile , NASA/CR--1999-209759,

10.5.2 Braun, R.D., Powell, RW., and Lyne, J.E. (1992) “Earth/Aerabraking
From Mars”, Journal of Spacecraft and Rockets, Vol.29 No.34+297-30

trategies For Manned Return

v,

10.5.3 Decker, R. and Leach, R., “Assessment of Atmospheric Winds Atoft During NASA Space Shuttle
Program Day of Launch Operations” (2005), AIAA<2005:266, 43rd-AlAA Aerospace Sciences Meeting and
Exhibit, Reno, Nevada, Jan. 10-13, 2005

10.5.4 Desai, P.N., Braun, R.D.,Powell, R.W elund, W.C.,and Tartabini, P.V. (1997), “Six-Degree-of-
Freedom Entry Dispersion Analysis for the ecovery'Module”, Journal of Spacecraft and Rockets,
vol.34 no.3 (334-340) 1997

10.5.5 Desai, P.N., Mitcheltree, R.A%
Stardust comet sample return capsu
New Orleans, LA, Aug. 11-13, 199

d F. Cheatwood, F.M. (1997), “Entry dispersion analysis for the
, AIAA=J997-3812, AIAA Atmospheric Flight Mechanics Conference,

10.5.6 Desai, P.N., Mitcheltre€, R.A.{a
Sample Return Capsule,“international
1999, Arcachon, France.

LCheatwood, F.M. (1999), "Entry Trajectory Issues for the Stardust
ympesium on Atmospheric Reentry Vehicles and Systems, March

, F-M(2001), “Entry Dispersion Analysis for the Genesis Sample Return
Capsule”, Journal of Space d Rockets, vol.38 no.3 (345-350).

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

10.5.13 Justus, C.G., and Johnson, D.L. (1999), “The NASA/MSFC Global Reference Atmospheric Model -
1999 Version (GRAM-99)”, NASA/TM--1999-209630.
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10.5.14 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
Paris, France July 18-25, 2004.

10.5.15 Norlin, K.A. (1995), “Flight Simulation Software at NASA Dryden Flight Research Cent
Technical Memorandum 104315, October 1995.

10.5.16 Williams, P.S. (2001), “A Monte Carlo Dispersion Analysis of the X-33 Simulation Software”, AIA
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 Aerohautic efAdministration, Marshall Space Flight Center
10.7. Model codes and.sources
The monthly Marshall SolamActivity Futdre Estimation (MSAFE) report provides expected 13-month Zurich

smoothed solar and geomagnetﬁ?ﬁw&y@;n the most recent monthly mean data for use in the GRAM-
99. It can be downloaded from h W a.gov.

The Earth GRAM-07 program FOR 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, A

of Earth-GRAM (Earth-GRAMZ2010) is currently under development and
2010. This new program will use a more contemporary global database
Environmental Prediction (NCEP) Reanalysis Project. The NCEP region

extends fro rface tothe 10 millibar level (~27-31 km), with a default period of record from 1990
to 2008 atology includes means and standard deviations for four times of day so the user
has the g cting monthly mean values occurring at times 00Z, 06Z, 12Z, 18Z or the total
daily stati 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.

9

22 © 1SO 2009 — All rights reserved


http://sail.msfc.nasa.gov/�

ISO/DIS 11225

11 U.S. standard atmosphere, 1962

11.1 Model content

and dynamic viscosity, thermal conductivity, gravitational acceleration, specific weight, pressure™s
particle speed, collision frequency, and mean free path, with altitude given in both metric and
The altitude range is -5 to 700 km, although some of the data presented are te ted at 90 km’NOTE: This
information onthe U. S. Standard Atmosphere, 1962 is provided for histor
directed to the U. S. Standard Atmosphere, 1976 for use in any applications.

temperature profile is selected such that it provides a best
altitude (in both meters and feet) as a function of pressure i
While variations (diurnal, seasonal, latitudinal, and solar cyglical)
introducing the variations into the model are given, the model is, in fact, an idealized, middle latitude (45 deg)
year-round mean over a range of solar activity betweemysunspot mihima and maxima. T his model was
subsequently extended by the 1966 Supplement andithen superseded by the U.S. Standard Atmosphere,
1976.

measured data. Tables of geopotential
: cluded at the end of the volume.
are/briefly discussed and formulas for

11.2 Model uncertainties and limitatio,

11.2.1 The Standard is an idealized mo
conditions only. However, formulasyare, presented for
nocturnal conditions and for varying cm solarfltx.

ing to mean global and annual mid-latitude (45 deg)
culating corrections to the kinetic temperatures for

11.2.2 Winds are not modeled.

11.2.3 Data for the region hetwe
90 km are very unreliable.

@90 km are moderately uncertain; and data for the region above

11.2.4 The accuracy, of the daia sed as the basis of the Standard varies from on instrument to another and
also with altitude.

11.3 Basis of the mode
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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
National Aeronautics and Space Administration, U.S. Air Force, and U. S. Weather Bureau, U. S. Sia
Atmosphere, 1962, U. S. Government Printing Office, Washington, DC, 1962.

11.6 Dates of development, authors and sponsors

11.6.1 Dates: U.S. Extension to the ICAO Standard Atmosphere 1958
U.S. Standard Atmosphere, 1962

}S. Committee on
Extension of the Standard Atmosphere (COESA). The editors were K. S. W. Champ W/ J. O'Sullivan, and
S. T. Teweles. The model was developed and adopted in consolati ith (thepInternational Civil Aviation
Organization (ICAO)

11.6.3 Sponsors: National Aeronautics and Space Administration, .S. Weather Bureau.

11.7 Model codes and sources
The model is published in the form of tables and figures only., INOYyeOmputerscodes are available. Copies of

the U. S. Standard Atmosphere, 1962 should be avaijlableNrom theszW=.S. Government Printing Office,
Washington, DC.

R
\g
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12 U.S. standard atmosphere supplements, 1966

12.1 Model content

The U. S. Standard Afmosphere Supplements, 1966 extend the U. S. Standard Atmosphere, 1962 to include
seasonal and latitudinal variations. |n addition, it extends the altitude domain upward~to 1000 km. The
principal tables, which present temperature, temperature variation from the 1962 standard,pressure millibars,

60 deg N, January (average, cold and warm) and July; and 75 deg N, January (average, cold and warm) and
July.

ariables and the data
are given in both metric and English units. T ables of geopotential” aititude~(in both-rneters 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 t0o\1000 km geometric altitude
region: temperature, number densities of O2, O, N2, He and H, the ¢ ecular 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 U.S. Standard\Atmosphere, 1976, the variations from the
mean contained in the Supplement were not addressed 976 revision and for that reason those
contained in the Supplement are still in use.

12.2 Model uncertainties and limitations
The uncertainties and limitations are similar to those fer'the*U.S. 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 heliupi bulge/were nof(ineluded since they were discovered after this
publication was completed.

12.3 Basis of the model

12.3.1 The supplements are based “upon thgJsame physical considerations as the U. S. Sftandard
Atmosphere, 1962

12.3.2. The variations of the atf
from measured data. However, in
there were few meastixed,data availablé

parameters with latitude and season were for the most part derived
g ifstances, most notably for altitudes between 90 and 120 km where
erpolation and "educated guesswork" had to be employed.

12.4 Databases

/6.2 Principal authors: M. Dubin, N. Sissenwine, and S. Teweles, Co-chairmen, U. S. Committee on

Administration, and U. S. Air Force.
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12.7 Model codes and sources
The model is published in the form of tables and figures only. No computer codes are available. Copies of the
U. S. Standard Atmosphere Supplements, 1966 should be available from the U. S. Government Printing

Office, Washington, DC. W
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13 U.S. standard atmosphere, 1976

13.1. Model content
The U. S. Standard Atmosphere, 1976, the successor to the U. S. Standard Atmospher:

bound volume. It contains principally tables, and to a lesser extent, figures whi iles of
temperature, pressure, density, sound speed, dynamic and kinematic viscosity, and thermal co vity with
altitude given in both metric and English units. The altitude range is -5 to 1000 km. Below 3 ‘ the U.S

Standard Atmosphere is identical with the Standard Atmosphere of the ‘nternational Civil Aviation
Organization (ICO).The model is empirical, being based upon temperature S

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 Standard is defined as a verticaldistributionsefsatmospheric temperature, pressure and density
that represents mean global and annual mid4atittde (45 deg N) conditions. To this definition are added mean

representative of global cenditions.

13.2.5 The accunacy, of the data,used as
and also with altitudes

13.2.6 There are error: Tthe H and Z headings on pages 79, 81-86, 88, and 90-97 should be
interchanged.

Page 2, Table .31432x10% not 8.31432x10° Nm/(kmol K)
Page 2, Table 2
Page 2, Tabl page 19, column 1, line 11, S=110.4 not 110 K.

s a=3.65x10"° not 3.65x10™" m.
Page 4, column™, line 37. According to page 19, column 1, line 11, S= 110.4 not 110 K.
Page 4, column 1, line 4

13.3.1 The model is a major revision of the U.S. Standard Atmosphere, 1962.
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13.3.2 The air is assumed to be dry and homogeneously mixed at altitudes below 86 km. At low altitudes
where mixing is complete, the hydrostatic equation

gM

dinp=- dz

is integrated. Here, p is pressure, g is the gravitational acceleration at 45 deg latitude,
molecular 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 assu that the verticalA
of the background atmosphere is zero,

iDL 4 e dT | 9Mi dn ,NidT ,9M . _
Vit Bk e F e KL g T RO

Where

nj = the concentration of the ith species

vj = the vertical velocity of the ith species

Dj = the molecular diffusion coefficient of the ith species diffusing through N2

aj = the thermal diffusion coefficient of the ith species

M; = the molecular weight of the ith species

K = the eddy diffusion coefficient

13.3.4 The gravity field is height dependent, the degendence beinhg given approximately by
g= gO(rO )

where go is the acceleration at the earthis ace and(rg’is the mean Earth radius. In the region where
diffusive separation begins (z>86 km),(the sities are given by

and 27 of the basic document (Ref. 13.5.1). Because of the length of the list, they are
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13.5 Publication references

13.5.1 National Oceanic and Atmospheric Administration, National Aeronautics and Space Administration,
U. S. Air Force, U. S. Standard Atmosphere 1976, U. S. Government Printing Office, Washington, DC, 1976.

13.5.2 Minzner, R. A.,The 1976 Standard Atmosphere and its relationship to ea andards, Revs.
Geophys. and Space Phys. 15, 375-384, 1977 gives the history behind the model's developm oing back
to 1922.

13.5.3 Zuppardo, Joseph C. (1993): Graphical Comparison of U. S. Standard. Atmospheres~and Military
Standard Climatic Extremes, Report Number AD-A264639, ASC-TR-93-5002, | A e Systems Command,
Wright-Patterson AFB, OH.

13.6 Dates of development, authors and sponsors

13.6.1 Dates: U.S. Standard Atmosphere, 1962
U. S. Standard Atmosphere Supplements, 1966
U. S. Standard Atmosphere, 1976

13.6.2 Principal authors: M. Dubin, A. R. Hull, and K\S, AW jon, Co-chairmen, Committee on
Extension for the Standard Atmosphere (COESA) were the editors. scientific editors were A. J. Kantor,
R. A. Minzner and R. Quiroz. The model was developed“‘andvadopted in consultation with the International
Civil Aviation Organization (ICAO) and the International Stahdards Organization (1SO).

13.6.3. Sponsors: National Oceanic and At
Administration, U.S. Air Force.

spheric Administration, National Aeronautics and Space

13.7 Model codes and sources
Available in hard copy from the National mation Office, Springfield, Virginia (Product Number:
ADA-035-6000). The FORTRAN codescan’be obtain m Public Domain Aeronautical Software. A DOS
executable and Turbo-Pascal sourée epde is avadilable from Small World Communications. An added link to
PDF file for the U.S. Standard Atmasphere, 1976\as been provided as noted:

U.S. Committee on Extension to_the Stdndard Atmosphere, "U.S. Standard Atmosphere, 1976", National
Oceanic and AtmosphericvAdminisigation; “National Aeronautics and Space Administration, U.S. Air Force,
Washington DC, 1976 \PRE/File.
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14 International Reference lonosphere (IRI), 2007

14.1 Model content
The International Reference lonosphere (IRI) is an international project sponsored by the Comr

on all available data sources. Several steadily improved editions of the model have been released. IRl is
widely used for the specification of densities and temperatures in Earth's ionosphere. For given location,
and date, IRI describes the electron density, electron temperature, ion temperature, io mposition, and
electron content in the altitude range from about 50 km to about 2000 km. It provides

14.2 Model uncertainties and limitation
The model uncertainties and limitations are as described in the database sources item 4 and
publication references in item 5.

14.3 Basis of the model
By charter IRI is an empirical model and is based on most of the intérnationally ilable ground and space
data for the ionosphere.

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

(a) Two new options for the topside electron density pro
topside sounder data that overcome the problem of IR
(b) A NeuralNet model for E-region densities at auroyahlatitudes basedjon EISCAT and rocket data that can
be adjusted with ground absorption measurementstif/available.

(c) A new model for the ion composition in the taopside ionosphere based on AE-C, -E, and Intercosmos 24 ion
data that show much better agreement with 181S-2"and 1SS-bl data than the old model;

(d) A model for the plasmaspheric electron‘temperature based on over a decade of Akebono TED
measurements;

(e) For the first time a model for the Spreg
describing variations with latitude, local tirs
(f) The newest version of the IGRF ‘model (|
coordinates used in IR,

(g) Many technical corrections noted in the, COMMEN

(IRI:2001 correctioniterm and NeQuick) based on
001"at high=alfitudes and high solar activities;

probability, based on Brazilian ionosonde observations,
menth; and solar activity;
40Q) is implemented for the computation of magnetic field

sections of the different program files.

14.4  Databases
The major data sources are the wi

network of ionosondes, the powerful incoherent scatter radars
(Jicamarca, Arecibo, Millstone Hill, Malvérn, 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 COSPAR geWbly). An\IRI Newsletter is published quarterly and is available from
http://www.ted.isas.j aﬁ)a/li&l News/ There is also an electronic mailer with up-to-date IRI-relevant

information availaziéétlhttyﬁw .gsfc.nasa.gov/ionos/in_news.html. The IRl homepage is
at http://IRl.gsfc.nasa.gov/

Radio Science, URSI/Special Report, 75 pp., Bruxelles, Belgium, 1978.

K. Rawer, J. V. Lincdln, and R. O. Conkright, International Reference lonosphere-IRI 79, World Data Center A
for Solar-Terrestrial Physics, Report UAG-82, 245 pp., Boulder, Colorado, 1981.
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K. Rawer and C. M. Minnis, Experience with and Proposed Improvements of the International Reference
lonosphere (IRI), World Data Center A for Solar-Terrestrial Physics, Report UAG-90, 235 pp., Boulder,
Colorado, 1984.

D. Bilitza (ed.), International Reference lonosphere 1990, NSSDC 90-22, Greenbelt, M d, 1990.

D. Bilitza, K. Rawer, L. Bossy, and T. Gulyaeva, International Reference lonosphere - P
Adv. Space Res. 13, #3, 3-23, 1993.

D. Bilitza, International Reference lonosphere - Status 1995/96, Adv. Space R

D. Bilitza, Reinisch, B.W., International Reference lonosphere 2007:
Adv. Space Res. (2008), doi:10.1016/j.asr.2007.07.048

D. Bilitza, B. Reinisch, and J. Lastovicka (2008), Progress in Observatio
Weather, 6, S02002, doi:10.1029/2007SW000359.

14.6  Date of development, authors and sponsor
14.6.1 Dates: 2007

14.6.2 Authors: Joint Working Group of the Conmimittee on S'pace Research (COSPAR) andt he
International Union of Radio Science (URSI)

14.6.3 Sponsors: Committee on Space Re
(URSI)

rch«(COSRAR) and the International Union of Radio Science

14.7 Model codes and sources
The IRl master copy is held at the Nati
the decisions of the Working Group:
subroutines, model coefficients (C
described in detail in a 158-page

alSpace S¢tie Data Center (NSSDC) and updated according to
software(pacekage distributed by NSSDC includes the FORTRAN
[wand documentation files. The IRI build-up and formulas
rty(Bilitza, 1990).

14.7.1  Availability,
The latest version of the,IR¥Fmodel, IRI=2 is available as a FORTRAN Program from the IRl homepage

at http://IRl.gsfc.nasa.qgov. Pleaseiread the 0OREADME.TXT file for important information regarding the IRI
program files and the downiead precess. Also note that the program includes several switches (logical array
JF (30)) to turn on/off spedificroptionsThe details and defaults of these switches are given in the COMMENT
section at the beginning o -’w irisub.for.

© 1SO 2009 — All rights reserved 31


http://iri.gsfc.nasa.gov/�

ISO/DIS 11225

15 Exopheric hydrogen model, 1994

15.1 Model content

exospheric hydrogen density. A third-order spherical harmonic expansion in longitude and colatitudes i
to represent H at a particular radius. The h_exos.dat file provides the harmonic expansion coefficients fg
radii (between 6640 km and 62126 km) for solstice and equinox conditions, and for fo els of solar asctivity
(F10.7 = 80, 130, 180, 230). Details of the Monte Carlo simulation are explained in Ho

15.2 Model uncertainties and limitations
The simulation results show significant differences with previous exosphere Is;~as well
distributions of the MSIS-86 thermosphere model.

with the H

15.3. Basis of model
See Reference 15.5.1 for details.

15.4 Databases
See Reference 15.5.1 for details.

15.5 Publication references

15.5.1 Hodges, R. R., Monte Carlo Simulation of the T
23229-23247, 1994

restrial Hydrogen Exosphere, J. Geophys. Res., 99,

15.6 Dates of development, authors and sp
15.6.1 Date: 1994

15.6.2 Author: R. R. Hodges

15.7 Model codes and sources
See Reference 15.5.1 for details:
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16 SHARC/SAMM atmosphere generator, SAG-2 (0-300 KM)

16.1 Model content
The SHARC Atmosphere Generator (SAG) is a stand-alone, interactive program that utilizes-a comblnat|on of
empirical models to generate atmospheric profiles for Air Force infrared (IR) radiation hat account for

code which have been developed to address the strategic requirements for modehng IR ground rad|at|on
and structure in the upper atmosphere One of therr most critical -applications is j

large and thus play an
important role in setting the overall background radiance level for a givehiba . In particular, at the solar
terminator, large radiance variations can occur over a small (s a ge of solar zenith angle due
to photochemical processes in the atmosphere.

The SHARC Atmosphere Generator (SAG) has been desi
variabilities in the atmosphere, including terminator and other diutne gofs,
strategic IR radiance calculations. SAG is presently implemented as @ FORTRAN subroutine, which may be
run via the supplied or user furnished driver program. {his allows SAG to be run interactively or in a batch
processing mode by looping over atmospheric dependeneies in, the\driver program. SAG may be used to
generate an atmosphere file for use with MODFRANyand a f ile_of species and kinetic temperature profiles
compatible with SHARC and SAMM. T he
information input by the user.

Using information on the day of the year,
systematic variabilities in CO,, O3, OH, NO , atom densities. For other species, diurnally averaged
profiles are taken from recent datédbases. To facilitate)yuse without detailed inputs, defaults are provided so

osphere model is the NRL climatology database [4.3] for altitudes up to 120 km. T his
for the SHARC and SAMM species CH, and CO, and for lower portions of the O3 and O

total densities.
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New water vapor climatology 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 reference
description of the stratosphere based on the data recorded by instruments on the NASA Upper Atmosphere
Research Satellite (UARS) [4.4]. The URAP water vapor climatology was constructed from the HALOE
(HALogen Occulation Experiment) [4.5], MLS (Microwave Limb Sounder Experiment) [4.6]/ and SAGE II
(Stratospheric Aerosol and Gas Experiment) [4.7] data and presented as monthly zonal mea
zones are designated by latitude and pressure [4.8]. The new climatology is a substantial im
CIRA-1996 [4.9], which is based on pre-URAP data.

The Student Nitric Oxide Explorer (SNOE) database has been introduced to prov
between 97 km and 150 k m [4.10]. The database consists of measurements of nit
thermosphere for the period March 11, 1998 to September 30, 2000. The data covers the Iatlt d
S to 80° N at 5° intervals and the longitude range 180° W to 180° E at 24° intervals.

16.4 Databases

16.4.1 Hedin, A. E., “Extension of the MSIS Thermospheric Model i
Geophys. Res., 96, 1159, 1991.

16.4.2 Picone, J.M., A. E. Hedin, D. P. Drob, and A. C. Aikin (2002),"NRL
atmosphere: Statistical comparisons and scientific issues, ‘¢ JGeophys:
10.1029/2002JA009430.

16.4.3 Summers, M. E., W. J. Sawchuck, and G. P.
Atmosphere,” Annual Review Conference on A
Hanscom AFB, MA, June 1992.

16.4.4 http://umpgal.gsfc.nasa.gov/uars-sciencethtrl

16.4.5 Harries, J. E., J. M. Russel, A. F. Tucks I’* L. GordIey, P Purcell et al., “Validation of Measurements of
Water Vapour from the Halogen Occulatioh, ExperimentNHAIKOE,” J. Geophys. Res., 101, 10205, 1996.

d Lower Atmosphere,” J.

E-00 empirical model of the
es., 107 (A12), 1468, doi:

rson, “Modell Clipmatologies of Trace Species in the
spheric Transmission Models, Phillips Laboratory,

Res., 101, 10129, 1996.
16.4.7 Chiou, E. W., M. P\M

CormicCk, and W. P. Chu, “Upper Tropospheric Integrated Water Vapor
] ” EOS Transactions, AGU, 73, 14, 1992.

and, N. C. Hsu, “Improved ozone reference models for the COSPAR
. Space Res., 18, 11, 1996.

. P, J. H. Chetwynd, S. A. Clough, E. P. Shettle and F. X. Kneizys, “AFGL
rofiles (0-120 km),” AFGL-TR-86-0110, Environmental Research Papers No.

16.5.2 Shroll, R: 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

34 © 1SO 2009 — All rights reserved


http://umpgal.gsfc.nasa.gov/uars-science.html�
http://lasp.colorado.edu/snoe/�

ISO/DIS 11225

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
furnished driver program. This allows SAG to be run interactively or in a bat
over atmospheric dependencies in the driver program. The program has been
UNIX, and Linux operating systems.

via the supflied or user
essing mode by looping
e Windows XP,

A description and users’ manual for SAG-2 is given in AFRL Report S 0 (Ref. 15.5.2). The
code is freely available from the Air Force Research Labo : e Vehicles Directorate
(bttp://www.kirtland.af.mil/library/factsheets/factsheet.asp?id=7903).

© SO 2009 — All rights reserved 35


http://www.kirtland.af.mil/library/factsheets/factsheet.asp?id=7903�

ISO/DIS 11225

17 Proposed international tropical reference atmosphere, 1987

17.1 Model content

to 1000 km in steps of 1 km. In addition, tables of concentrations of atmospheric spec
He) are given for altitudes in the range 86 to 1000 km in steps of 1 km. All condit

tropics, in particular those which prevail in the mean over the whole of the tropical region o
about 30 deg S to 30 deg N latitude. Variations of the important atmospheric parameters are not i
17.2 Model uncertainties and limitations

17.2.1 The model corresponds to mean conditions only.

17.2.2 The model refers only to tropical conditions.

17.2.3 Not all of the lower mesospheric data on which the model i seddare mutually consistent.
17.3 Basis of the model
The model is based upon balloon data up to 20 km and rocket,sende m rements up to about 50 km
altitude. At altitudes from 50 to 100 km, falling sphere and _grénade data are\employed, yielding temperature
measurements that are generally consistent with each oflierswith a claimed accuracy of 2 to 3 K. At altitudes
approaching 100 km, Nimbus satellite temperature data Obtained from{radiance values are somewhat higher

dz Di+K’1] I[DiM’l]

Where

|[X,Y]=exp[-{ (xly).dz]

)

Here z, is taken to/bé , T is the absolute temperature, K is the eddy diffusion coefficient, Dj is the

Di + K) =4i[(120-2) (2-86)]?

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

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

17.4 Database

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

17.5 Publication references

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

17.5.2 Anathasayanam, M. R., and R. Narasimha, "A Proposed Inte pical Reference

Atmosphere up to 80 km," Adv. Space Res.,5, 145-154, 1985.

17.5.3 Ananthasaynam, M. R., and R. Narasimha, "A Propos ationa
Atmosphere up to 1000 km," Adv. Space Res, 7, 117-131, 1987.

ropical Reference

17.5.4 Hedin, A. E., "A Revised Thermospheric Model Based on Mas
Data: MSIS-83," J. Geophys. Res., 88, 10,170-10,188, 1983

efer and Incoherent Scatter

17.6 Dates of development, authors and sponsors

17.6.1 Dates: 1983-1987
17.6.2 Authors: M. R. Anathasayanam and R. Narasimha.
17.6.3 Sponsors: Indian Institute of Science, Bangalore, and“Aeronautics Research and D evelopment

Board, Ministry of Defense, New Delhi

17.7 Model codes and sources
The model is published in the form of iables’ a
sponsors for additional information.

igures only. No computer code is available. Contact
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18 Referenced atmosphere for Indian equatorial zone from surface to 80 km, 1985

18.1 Model content
The Reference Atmospheres for Indian Equatorial Zone from Surface to 80 km, 1985 fro
describes the Indian equatorial zone only, consists of a series of tables of atmospheric t

pressure (millibars), and d ensity (kg m'3) extending from the surface to 80 km geometric altitude

resolution of 1 km. These tables give annual mean values together with seasonal dispersions, and monthly
values of the three atmospheric properties. The final table in the volume pro a comparison of
temperatures at various heights up to 80 km for five other models which include the € ersion of
the model under discussion, the CIRA 1972 model, andt he tropical refere atmaosphere of

Ananthasayanam and Narasimha.

18.2 Model uncertainties and limitations

ectédtemperdtures (which in turn
€g"€in the 0 to 25 km region to
as much as 10deg C in the 60 to 80 km region. The temperat of the 1985 model have been

improved over the earlier version by using inter-model comparisons

18.2.2 The model is limited to equatorial Indian conditions.

18.3 Basis of the model

or ‘altitudes=up\t 0* 17 km and M -100B rocket data
80 km. (It was assumed that the oscillations and the
mean temperature are predominantly annual andis annual™’The twelve monthly mean values of
pressure and density from the hydrostatic

K. Sengupta (July 1979), A Model Equatorial Atmosphere over the Indian Zone from
Research Organization (Bangalore), Scientific Report ISRO-VSSC-SR-19-79.

Surface fo 80 km=1985, Space Physics Laboratory, Vikram Sarabhai Space Center (Trivandrum) Scientific
Report SPL: SR:006:85.
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18.6 Dates of development, authors and sponsors

18.6.1 Dates: Original model 1979

Revised model 1985
18.6.2 Authors: M. N. Sasi and K. Sengupta
18.6.3 Sponsors: Indian Space Research Organization

18.7 Model codes and sources
The model is published in the form of tables and figures only. No computer|co e ilable. Contact

sponsors for additional information.
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19 Reference model of the middle atmosphere of the southern hemisphere, 1987

19.1 Model content
The Reference Model of the Middle Atmosphere of the Southern Hemisphere consists of a pap

steps of 10 deg.

The model is empirical, being based upon temperature and wind measurements nearthe equator and in the
Southern hemisphere. Large differences between the hemispheres (up to 20 deg C in temperature; 30-50 m

s71 in wind speed) imply that reference atmospheres such as CIRA should algo include southe

Ascension Island; Woomera, Australia; Mar Chiquita, Argentina; Molodezhnayaj sland, and Soviet
ke the new Soviet
temperature data optimally compatible with older, more restricted data. Above 50k emperature data are
also adjusted to the values obtained by means of the grenade technique~ Alllthe.data were smoothed in time
and space. Comparisons between middle atmosphere structure i ern 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’measurem of temperature and wind as discussed in
Section 1. However, falling sphere and_grepnade datawere’also employed for altitudes of 50 to 80 km for the
locations for which they were availablg. Mgtegor trail detection and partial reflections techniques were used to
determine winds above 80 km. The pre z
equation and the temperature data;‘but the iquefis not discussed.

19.4 Databases
The principal published data‘source is:

19.4.1 Briggs, R. S.
238-245, 1965.

19.4.2 Elford,

N ern. Conf. on Structure, Composition and General Circulation of the Upper
and Lower Atmosphere

oronto, 1965.

=, Meek, M. Massebeuf, J. L. Fellows, W. G. Elford, R. A. Vincent, R. L. Craig, R.
B. Balsey, G. J. Fraser, M. J. Smith, R. R. Clark, S. Kato, T. Tsuda, and A. Ebel, Mean
dle atmosphere (60-110 km): a global distribution from radar systems (M. F., meteor,

19.4.5 (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.

40 © 1SO 2009 — All rights reserved



ISO/DIS 11225

19.4.7 World Data Center A. High altitude meteorological data, Asheville, NC. 1965-1978

19.5 Publication references

19.56.1 Koshelkov, Yu. P., Proposal for ar eference model of the middle atmosphere of the southern

hemisphere, Adv. Space Res., 3, 3-16, 1983.

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

19.6.3 Koshelkov, Yu. P., Southern hemisphere reference middle atmosphere
1987.

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 Hyd& teorology,/Moscow, USSR

19.7 Model codes and sources Q,
The model is published in the form of tables an nly. mputer codes are available. Contract
sponsors for additional information. Q
: O
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20 China national standard atmosphere, 1980

20.1 Model content

This National Standard provides the properties of the standard atmosphere (below 30km)
standard atmosphere temperature, pressure and density as a function of geometric and geopo C
is for use in the calibration of barometers, the design of aircraft and as sociated calculations. Provided
table taken from the U.S. Standard Atmosphere, 1976 which presents tabulated values below 1000

provided for reference.

In China, the usage of atmospheric model for all purposes is all the ISO Standards such
2533:1975 and ISO 5878:1982. For aerospace the NASA Global Reference A ere Modé

of_pressure and density is less
with the standard atmosphere.

standard atmosphere. In some special cases the difference near 25N c¢anJbe 18 degrees and the difference in
pressure and density 9% and 14 %, respectively. It also may occunin other /areas. Therefore, when the
standard is used one needs to pay attention to the latitude and season in some cases the parameter of the
standard atmosphere can have a large bias.

20.3 Basis of the model
The atmosphere is assumed static and dry ideal gag
sea level obtained by integrating the hydrostatic egdation

values [of temperature, pressure and density above
1d ideal\gas law as function of height.

20.4 Databases
The original reference sources of the atmes
1976.

e adopteddor use by China is the U. S. Standard Atmosphere,

20.5 Publication references

China National Standard GB 1920-80 “Standar osphere (Below 30km)”

20.6 Dates of development/auth@rsyand sponsors

20.6.1 Dates: Published May1,

20.6.2 Authors: Members ational Administration of Meteorology Atmospheric Science Research
Center

form of tables only. It is available from: Standards Administration of China
, Haidian District, Bejing, China 100088. Web site: www.sac.gov.cn
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21 1SO middle atmosphere—global model at altitudes between 30 km and 120 km, and wind
model at altitudes above 30 km, 1996

21.1 Model content
The International Organization for Standardization (ISO) Technical Report Middle Afma

phere—Global Mode/

values of zonal mean temperature, zonal mean pressure, zonal mean density, and zonakmean 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
with the use of ground based, rocketsonde, and satellite measuring systen

and limitations associated

Te computation of monthly mean zonal wind compared
rocketsonde wind measurements from various stations.

ely. with monthly mean radiosonde and

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 encompassithe entire \globe from the ground to the upper
thermosphere and to provide information on thesseasonal and\latitude variability of the thermodynamic
properties of the atmosphere for altitudes Jgetween 30 _km{ and” 120 km. The detailed information on
parameters distribution allows the calculationof faean wind at the’'middle atmosphere.

21.4 Databases
This Technical Report presents prim
time of year for altitudes from 30.k
empirical and theoretical models o
Reference Atmosphere, 1986, (€

thermodynamic. parameter tabulations as functions of latitude and
120 km. (L6 pbtain the global time-space data coverage, the various
osphere were analyzed and compiled. COSPAR International
been taken as the basic model.

The wind model is based oh CIRA-
pressure level geopotentialheight.

ods of zonal wind values calculation via the gradient of constant

21.5 Publication refer

ence
: : 8
120 km, and Wind Model at\Altitudes Above 30 km, First Edition” ISO, Geneva, Switzerland

authors and sponsors
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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 20to 120 km: D raft of a New Reference Middle
Atmosphere (Ref. 22.5.1). The altitude range spanned by the model introduced in section 2|is
with a latitude range of 80 deg S to 80 deg N. A model that spans the altitude range 80-120 ki
in section 3.

satellites, of wind data from meteorological rockets, of observed winds and tempe
Hemisphere, and of mean winds in the mesosphere.

Section 2.2 outlines an atmospheric model developed by J. J. Barnett and M
the form of tables and figures zonal mean temperature, geopotential heighf
months of the year. The vertical coordinate is taken first as pressure and in a
ric height.

Atmospheric variability in both time and pl ace is the subject of
planetary waves, gravity waves, atmospheric tides, the quasibie
variability. For planetary waves, the influence of wave numbers 1 and 2won
the form of both figures and tables. An early version of a portion ‘of the
Reference Atmosphere (-2 to 80 km) discussed elsewhere in this guide and
for the Middle Atmosphere are included as sections 2.4 and 2.5,(respéctively,

2%3¢4 S uch variability includes
cillation (QBO) and interannual

roposed International Tropical

rim Reference Ozone Models
of Handbook for MAP 16.

22.2 Model uncertainties and limitations

2221 The model was intended to be a dra
Atmosphere for the middle atmosphere. Becaus
model can be expected to differ, perhaps sthstantially so,_f
Part Il, Models of the Middle Atmosphere.

ion of \anelw COSPAR International Reference

22.2.2 The principal cause of uncertainty
locations. T his has largely been eliminated thrgugh~greatly expanded worldwide observations of middle
atmosphere parameters, allowing ‘hemispherigal)@asymmetries and monthly variations to be satisfactorily
modeled. However, variabilityydue to wave motions, etc. lead to substantial departures from the mean values.
The variability's are discussed.in, considerabledetail, quantitatively for planetary waves (sections 2.3.1a and
b). Standard deviations asseciated with, inter-annual variations as well as trends are discussed in section
2.3.7.

22.3 Basis of the model

22.4 Databases
The publications ) data bases used to construct the model are too numerous to list here.
i d to pp. 11, 22-27, 46, 163, 174, and 227-229 (for the 20-80 km model) and pp.
and 287-289 (for the 80-120 km model) of Handbook for MAP 16.

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
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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.

S olar-
. Green

22.6.3 Sponsors: International Council of Scientific Unions (ICSU), Scientific Committe
Terrestrial Physics (SCOSTEP). Address of SCOSTEP Secretariat: U niversity of lllinois, 1406
Street, Urbana, IL 61801.

22.7 Model codes and sources
The model is published in the form of tables and figures only. No computer codes a vailable. Contact
sponsors for additional information.

@*\6
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23 AFGL atmospheric constituent profiles (0-120 km), 1986

23.1 Model content
The Air Force Geophysics Laboratory's Atmospheric Constituent Profiles model, which has bee

and density distributions, plus mixing ration profiles of HoO*, CO2, O3, N2O, CO, and C
taken from U. S. Standard Afmosphere Supplements, 1966, tropical, mid-latitude summer, mid-latitdde winter,

abstracted

, HOCI', N2 HCN,
s, graphs of the species mixing

03, N20O, CO, CHy, O2, NO, SO2, NO2, HNO3, OH, HF, HCI , HBr,
CH3Cl , H2O2, CoH2 CoHg, and PH3) are listed. An appendi

*(The stratospheric H20O profiles have been updated from those™in“the 6/ Supplement, because the
originals exhibited values that exceeded measurements from the lMS instru

23.2.1 The accuracies of the tabulated
about 10 to 30% relative consistencyafd

height. Again, H20 variabilityain
day fluctuations.

23.2.2 Representative profiles

23.3.1 ard Atmosphere Supplements, 1966.

23.3.2 U. S. Standard Atmosphere, 1976.

23.3.3 COSPAR International Reference Atmosphere (CIRA), 1972.
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23.3.4 Compilation of Atmospheric Gas Concentration Profiles from 0-50km, NASA Tech Memorandum
83289, 70 pp, 1982.

23.3.5 The aerosol models were based on a literature review of other models and avallable measurements
(see section 5, papers b and c for references). T he vertical profiles are based on inction and number
density vertical distributions. The wavelength dependence of the scattering and absor| based on Mie
scattering calculations, bimodal log-normal size distributions and refractive index data.

23.4 Databases
The origins of the trace constituent profiles are listed in report AFGL-TR-86-01

23.5 Publication references

Constituent Profiles (0-120 km)", Air Force Geophysics Laboratory R
Research paper no. 954, May 1986.

23.5.2 Shettle, E. P., and R. W. Fenn, "Models of the Aeros
Humidity Variations on their Optical Properties", Air Force G
Environmental Research paper no. 676, September 1979.

f therLawve mosphere and the Effects of
s aboratory Report AFGL-TR-79-0214,

23.5.3 Shettle, E. P., and R. W. Fenn, "Models of the Atmaospheri
AGARD Conference Proceedings No. 183, Optical Propagatiomin th
from the U. S. National Technical Information Service (AD-A028-615),

osphere, AGARD-CP-183, available
76.

23.6 Dates of development, authors and spefsors

23.6.1 Dates: Atmospheric profiles
Aerosol properties

23.6.2 Principal authors:

23.6.2.1 Atmospheric Constituent Rro
23.6.2.2 Optical Propertiesi E. Ps
23.6.3 Sponsors: Air Rorce Geophy; L.aboratory (now Air Force Research Laboratory)
23.7 Model codes'an
23.7.1 The model is pu rm 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. homepag\é: http://spectral.com/.

. S. A, F. X. Kneizys, E. P. Shettle, and G. P. Anderson, Atmospheric radiation of
FASCOD2 in the Extended Abstracts of the Sixth Conference on Atmospheric Radiation,
Williamsburg, VA, 13-16 May, 1986; American Meteorological Society.
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23.7.3.2 Kneizys, F. X., E. P. Shettle, W. O. Gallery, J. H. Chetwynd, Jr., L. W. Abreu, J.R., E. A. Selby, S. A.
Clough, and R. W. Fenn, Atmospheric transmittance/radiance: computer code LOWTRAN 6, AFGL Report,
AFGL-TR-83-0187, Environmental Research Paper 846, August 1983.

23.7.3.3 Anderson, G.P., Alexander Berk, James H. Chetwynd, Jerald Harder, Juan M. Fo
Shettle, Roger Saunders, Hilary E. Snell, Peter Pilewski, Bruce C. Kindel, James A. Gardne
Hoke, Gerald W. Felde, and Ronald B. Lockwood, Prabhat K. Acharya, “Using the MODTRA! ,
transfer algorithm with NASA satellite data: AIRS and SOURCE”, Proc. SPIE, Vol. 6565, 656510 (2007);
10.1117/12.721184.
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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
envelopes for values of extremes (for 16 climatic elements) at each altitude regardle he_location or
month in which they occurred. Therefore, the values provided for each altitude do not generally~oceur at the
same time and place for layers greater than a few kilometers, and are not representative of the’ir

km), and f or the frequency of occurrence during the most severe
(excluding areas south of 60 deg S) for that element. Values with a
occurrence are presented.

and less than that value at lower altitudes. Information at geemetric altitdde is applicable in missile design
whereas information at pressure altitudes is applicable in aircraft de since aircraft generally fly on given
pressure surfaces. Pressure altitude is the geopotentialzheight corrésponding to a given pressure in the
Standard Atmosphere. The heights given by mostsaltimeters are,based on the relationship between pressure
and height in the Standard Atmosphere. SinceSatmaspheric conditions are seldom standard, aircraft at a
given pressure altitude may be at significantl different true-altitudes above sea level; an aircraft flying at a
constant pressure altitude may be ascendingg#descending; or flying level.

The model, which is empirical in natusessis based upon analysis of rawinsonde and Meteorological Rocket
orded parameters and 1-, 5-, 10- and 20-percent extremes are

4 hours per day, but usually only twice per day, the percent extremes do
hours per month that the value of a given element is equaled or exceeded.

intervals) fof summarization of reliable statistics. Only data from standard meteorological pressure levels had
been recorded for many overseas stations. With the increased distance between standard levels, especially
above 700 mb, "straight line" extrapolating procedures introduces the ever increasing possibility of error if
these data were used. In addition, a number of stations had broken periods of record that did not appear to
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be dependable. In both of these cases the reliability sought for this study could not be obtained from such
data. On several 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 complete data, as well as by spatial analysis.

2442 For altitudes above 30 km, observations of climatic elements are very limited. S
estimates of extremes are generally not as accurate as those at lower altitudes, and are limited to freque
of occurrence of one and ten percent of the worst month for most elements. E stimates of extreme
altitudes between 30 and 55 km, for all elements except humidity, were based up
Rocket Network (MRN) data available for more than 30 northern hemisphere lo
extrapolated up to 80 km using results from special observation programs.

24.5 Publication references

2451 Department of Defense, "Climatic Information to Determine Desig
Military Systems and E quipment", Report Mil-Std-210C, Naval Publications and F
Avenue, Philadelphia, PA 19120, January 9, 1987.

245.2 Sissenwine, N., and R. V. Cormier, "Synopsis of Backg terial," MIL-STD-210B, Climatic
Extremes for Military Equipment, Report AFGL-TR-74-0052 (AD7 i
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: U.S. Air Force Geophysics tory (MOw Air Force Research Laboratory)

24.7 Model codes and sources
The model is presented in the publicationsli in sectionffive above. There are no computer codes. Contact
sponsors for additional information.
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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
Extremes in the Strafosphere and Troposphere consists of a set of empirically derived profiles o perature
and associated density, and density and associated temperature, based on the 1- and 10-per
low temperature and density extremes occurring during the most extreme month atthe most severe location in
the world (except Antarctica). The 1- and 10-percent high temperature or hig

density), and 90- and 99-percent values (high temperature, high
cumulative frequency distribution of all the monthly temperature
altitude).

temperature profiles are provided. Twenty analogous, dénsity’(and assdciated temperature) profiles also have

been developed from extreme densities occurring=at the*aforementioned altitudes. Thus, a set of realistic

The lack of Eurasian, African an @ata for model development resulted in warm extremes that are
less severe than expected at 5 and 1 Near-eastern locations, particularly over the Indian subcontinent in
summer, undoubtedly would produce“w 90- and 99-percent temperatures at these levels. Similarly,

winter observations“ever Siberia“would produce somewhat colder 1-percent temperatures at 5km. The
inclusion of African and A alianidensities also would produce more extreme 90-and 99-percent densities at
5, 10, and possibly 20 k

25.3 Basis of the mode
The model profiles from the\ surface to approximately 25 km were developed using rawinsonde data.

(MRN) data were used to derive those portions of the profiles from

urasia, Africa, and Australia. This tape deck contains observations from some 130 locations
nd South America, and Oceania) for the years 1969 through 1981, and was in combination
rawinsonde tapes which also contain twice-daily observations from some 40 Canadian-
controlled high-latitude stations for the years 1969 through 1982.
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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 esi
the Stratosphere and T roposphere”, Report AFGL-TR-84-0336, ADA 160552, Air Force Su
Geophysics No. 447, December 1984.

25.6 Dates of development, authors, and sponsors

25.6.1 Dates: 1982-1984
25.6.2 Authors: A. J. Kantor and P. Tattleman

25.6.3 Sponsors: U.S. Air Force Geophysics Laboratory (now Air Force | boratory)

25.7 Model codes and sources
The model is published in the form of tables provided in the refere

Contact sponsors for additional information.

L

.\@

uter codes are available.

o

< <

\e
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26 AFGL global reference atmosphere from 18 to 80 km, 1985

26.1 Model content

N_(or S) over the
same range of heights. Formulas by which temperature, pressure and density variations y be computed
are also included. An intercomparison of the temperature data from the sources used to elop the model is
also made.

26.2 Model uncertainties and limitations

atellite temperature profiles from
ments. Comparing data from other
ethiods may shed some light on the

the SCR and PMR instruments and those obtained with /7 sifum
remote sounding instruments and using different data reduetion
problem.

26.3 Basis of the model
The zonal mean values are derived from tah
Nimbus 5 s elective chopper radiometer (S@
during the period 1973 to June 1978, a s@
data, and on two earlier northern hemispr
Force Reference Atmospheres 1978)

ationS of temperature and ge opotential height based upon
and Nimbus 6 pressure-modulated radiometer (PMR) data
hemisphere’reference atmosphere based on rocket sonde

ere rocketpased reference atmospheres (CIRA 1972 and the Air

26.4 Databases

The model databases are containe owing documents

26.4.1 Barnett, J. J,, RIGts ‘and Tab
and Nimbus 6 PMR, Warking Group 4Ro

of*Temperature and Geopotential Height Based on Nimbus 5 SCR
nent, XXV COSPAR Meeting, Graz, Austria, 1984.

26.4.2 Barnett, J. Jy and M. €Cerney, "A Middle Atmosphere Temperature Reference Model from Satellite

26.4.5 Koshe -—Reference Middle Atmospheres for the Southern Hemisphere, Preprint to XXV
COSPAR Meeting, Graz, Austrla 1984.

1985

26.6.2 Authors: G. V. Groves
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26.6.3 Sponsors: Air Force Geophysics Laboratory (now Air Force Research Laboratory)

26.7 Model codes and sources
The model is published in the form of tables and figures only. No computer codes are available. Contact

sponsors for additional information. W
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27 Extensions to the CIRA reference models for middle atmosphere ozone, 1993

27.1 Model content
The recent ozone reference models generated for the new COSPAR CIRA include 0Z0

ert|cal structure

extends the ozone vertical structure climatology from 20 mb (about 25 km) to 70 mb (about 18 based on
three years of recently reprocessed AEM-2 SAGE | (sunset) data. In addition, model refinements
altitudes above 25 km based on the reprocessed data. Comparisons are made be
models and non-satellite data sets. The model extensions to lower altitudes are ellent agreement with in
situ measurements both at mid latitudes and in the tropics. Annual mean models o
as a function of latitude from 100 mb (about 16 km) to 0.003 mb (about 90 km).

27.2 Model uncertainties and limitations

27.3 Basis of the model
The model is based on three years of processed AEM-2 SAGE { (suitset) data.

27.4 Databases
AEM-2 SAGE | (sunset) reprocessed data. See reference2/5.

27.5 Publication references
Keating, G. M. and C. Chen (1993): Extension
Advances in Space Research, Vol. 13, No. 1

the”CIRA.Réeference Models for Middle Atmosphere Ozone,

27.6 Dates of development, authots and spo
27.6.1 Dates:
27.6.2 Authors:

27.6.3 Sponsors:

27.7 Model codes an
See Reference 27.5.

NOTE. Users may want to
of a more recent date.

It the current scientific literature regarding ozone climatological publications
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28 Update to the stratospheric nitric acid reference atmosphere, 1998

28.1 Model content
This model provides the zonal mean distribution of HNO3 characterized by a stratospheric laye
mixing ratios near 30 hPa in Polar Regions, with areas of very low concentration within the A
These data extend to 80 deg S, which is within the Antarctic vortex during southern winter. A
presented of the resolution of HNO3 global distribution.

with largest
aretic vortex.

28.2 Model uncertainties and limitations
See referenced publication (28.5).

28.3 Basis of the model
The model is based on measurements obtained with the Upper Atmosphere rch_Satellite’s Cryogenic
Limb Array Etalon Spectrometer instrument.

28.4 Databases
See referenced publication (28.5).

28.5 Publication references
Gille, J. C., L. V. Lyjak, A. E. Bailey, A. E. Roche, J. B. Kumer, and JiL.)Mefge
Stratospheric Nitric Acid Reference Atmosphere, Advances in Spacé Resear

28.6 Dates of development, authors and sponsors
28.6.1 Dates: 1998

28.6.2 Authors: J. C. Gille, et al.

28.6.3 Sponsors: National Aeronautics{ahd Space Administration
28.7 Model codes and sources
See Reference 28.5.
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29 Reference atmosphere for the atomic sodium layer (CIRA 2008)

29.1 Model 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 prod ]
the approximately 30 tonnes of mterplanetary dust which enters the atmosphere every

most recently by limb-scanning spectroscopy from satellltes The database js-now sufficient 40/ produce a
near-global reference atmosphere of the layer.

The reference atmosphere consists of zonally averaged data in 10° latitude bins, on
Four tables of data are provided: the layer column abundance, the peak-height, the pe

nthly timeframe.
oncentration, and

ic| ablation, and the known

{ C g/rise to the characteristic
e thé lTayer-arethen reviewed, along with a
description of the phenomenon of sporadic Na layers. Finally Naw=layer is compared with the smaller
databases of Fe, Ca and K observations.

29.2 Basis of the model
3. The recent satellite measurements
using the OSIRIS spectrometer on the Odin provides a.near=global data set (Ref. 29.4.2). Because the data is
self-consistent and ground-truthed to lidar observationsy(Ref. 29%:8),3it forms the backbone of the reference
atmosphere. However, there are some limitations»*First, the data,cevers only two complete years, 2003 and
2004. Second, the sun-synchronous orbit of Qdih provided*megasurements only at ~0600 and 1800 hrs local
time. Since the Na layer is subject to photoghentieal and tidally-driven diurnal variations (Ref. 29.4.2, 29.4.4),
the data from both local times has beer{averaged. Thirds=the dayglow spectroscopic measurements are
restricted to periods when the mesosphére-is*illuminatedi(solar zenith angle < 92°), and so there is no data at
mid- to high latitudes during winter.nYerder to parthy.overcome these limitations, lidar data from the South
Pole for the years 1995-1997 (Ref 4.5), from 8480 José dos Campos (23°S) for the years 1972-1986 (Ref.
29.4.6, 29.4.7, 29.4.8), and Urbana dign (40°N) and Ft. Collins (41°N) for the years 1991-1999 (Ref.

The uncertainty in“the=absolute Na density~ngar the layer peak retrieved from OSIRIS/Odin is about + 10%
(Ref. 29.4.3), similar te moderp=ground-based lidars. However, the natural variability of the Na layer means
that the average monthly géluma_abundance and peak density values in some of the 10° latitude bins have a
w o
Oy G

larger uncertainty (up to
these data-sets are taken

ifferent decades and phases of the solar cycle, a long- term study of the Na

29.4.3 Gumbel, J., Z. Y. Fan, T. Waldemarsson, J. Stegman, G. Witt, E. J. LIewellyn, C. Y. She and J. M. C.
Plane (2007): "Retrieval of global mesospheric sodium densities from the Odin satellite", Geophys. Res. Lett.
34, article no.: L04813
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29.4.4 Clemesha, B. R., D. M. Simonich, P. P. Batista and V. Kirchhoff (1982): "The Diurnal-Variation of
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): "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.

29.4.6 Clemesha, B. R., D. M. Simonich, H. Takahashi, P. P. Batista and Y. Sahai (199
Variation of the Height of the Atmospheric Sodium Layer at 23°S - Possible Evidence for Conve
Transport", J. Geophys. Res. 97, 5981-5985.

29.4.7 Clemesha, B. R., D. M. Simonich, H. Takahashi, P. P. Batista and Y. Saha 992): "The Annual
Variation of the Height of the Atmospheric Sodium Layer at 23° S - Possible Evidence
Transport", J. Geophys. Res. 97, 5981-5985.

29.4.8 Clemesha, B. R., D. M. Simonich, P. P. Batista, T. Vondrak and J. >lane (2004): "Negligible
long-term temperature trend in the upper atmosphere at 23° S", J. Geophys. J.an

29.4.9 Plane, J. M. C., C. S. Gardner, J. R. Yu, C. Y. She, R. R. Garcia a

umphrey (1999):
3788.

Krueger (2000): "Eight-year climatology of nocturnal temperature™and<sadiurn/density in the mesopause
region (80 to 105 km) over Fort Collins, CO (41° N, 105° W)", Geephys. Res.\Lett. 27 3289-3292.

29.5 Dates of development, authors and spons

29.5.1 Dates: Original model 2008
295.2 Authors: J. M. C. Plane, UniversityofiLeeds, Unit

29.5.3
Unions.

(CIRA). It is anticipated that the AO08Wwilkbe published in 2009 as a Special Issue of Advances in Space
Research. It will contain this Refe S
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30 Drag temperature model (DTM)-2000, thermospheric model, 2001

30.1 Model content
The Drag Temperature Model (DTM) is a s emi-empirical model describing the temperature, density and
composition of the thermosphere in the altitude range [120 - 1 500] km The DTM-2000 deI was inferred

accelerometers, (2) dlrect measurements of exospheric temperature, (3) mass spectromete _
density variations derived from wind measurements, and (5) incoherent scatter radar. The model pre
and partial densities, as well as temperature and exospheric temperature, as afunction of the tis

values of date, location, solar flux and geomagnetic activity.

The differences relative to the DTM-94 model mainly concern (1) the modellng of the~temperature and its
gradient at 120 km, (2) assimilation of Atmosphere Explorer data, and (3 ng the Mg |
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
standard deviation of 19% on average in the in the altitude ra

densities are predicted unbiased with a

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) kmsfange: i.e. approximately 25-35% (1[]).

30.2.3 Longitudinal variations are not modeled.

30.2.4 Wave-like perturbations with horizon
model, which causes a large part of the mod

scales of lessithan 3,000 km cannot be reproduced by the
ertaintylof 19% on average.

30.3 Basis of the model

30.3.1 The DTM-2000 modelissa‘evision and update of the DTM-94 model, which itself was an update of
the first DTM model, DTM-78.(These 3 are empirical, based upon total density, mass spectrometer, and
pon ground-based incoherent scatter radar observations.

30.3.2. Variations inconporated intofthe-model: solar activity, magnetic activity, latitude, and solar local time;
and-erdiurnal.

30.4 Databases
The most important inge

e described in the following documents:

eﬁ 3?
30.4.1 Barlier, F., Berger,"CY/'Falin, J.L., Kockarts, G., Thuillier, G., 1978. A thermospheric model based on
satellite drag data, Ann. Geophys, 34, 9-24.

alin, J.L.\Barlier, F., 1977. Global experimental model of the exospheric temperature
rent scatter measurements, J. Atmos. Terr. Phys., 39, 1195-1202.

{ A.O., Potter, W.E., Hickman, D.R., Mauersberger, K., 1973. The open-source neutral-mass

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

30.4.7 Pelz, D.T., Reber, C.A., Hedin, A.E., Carignan, G.C., 1973. A neutral-atmosphere composition
experiment for the Atmosphere Explorer-C, -D, -E, Radio Sci., 8, 277-283.
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30.4.8 Bruinsma, S., Vial, F., Thuillier, G. 2002. Relative density variations at 120 km derived from tidal wind
observations made by the UARS/WINDII instrument, Journal of Atmospheric and Solar-Terrestrial Physics,
64, 13-20.

30.5 Publication references

30.5.1 Barlier, F., Berger, C., Falin, J.L., Kockarts, G., Thuillier, G., 1978. A thermospheric model ba
satellite drag data, Ann. Geophys, 34, 9-24.

30.5.2 Berger, C., Biancale, R., lll, M., Barlier, F., 1998. Improvement of the empirica
DTM: DTM-94- comparative review on various temporal variations and prospects
applications, Journal. of Geodesy, 72, 161- 178.

hermospheric model
space ~geodesy

30.5.3 Bruinsma, S.L., Thuillier, G., Barlier, F., 2003. The DTM-2000 empirical
new data assimilation and constraints at lower boundary: accuracy and prop
and Solar-Terrestrial Physics, 65, 1053-1070.

ermosphere’model with
ournal of Atmospheric

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
30.6.2 Authors: S.L. Bruinsma, G. Thuillier, and F. Barlier
30.6.3 Sponsor: Centre National d’Etudes,Sga

30.7 Model codes and sources
The model (F77 source codes, test run res@;l}j?and a filesepntaining the model coefficients) may be obtained
upon request to the author (sean.bruinsffia es.fr.
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31 Earth's upper atmosphere density model for ballistics support of flights of artificial Earth
satellites, 1985

31.1 Model content

is dependent on altitude. This region is divided into four altitude layers with den
exponential fit using coefficients for each layer. For altitudes of 120 km and higher, the

activity. The computations consider the relationship of density to dail
change in density distribution due to daily and semi-annual effects is

Sun right ascension and declination, geomagnetic index ( p)adaily 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 théimodels acy. "The results of the calculations
over a great number of real data indicate that at the heights 200-50Q Km root mean-square relative errors of
determining density according to the model GOS]#25645*115-84, den't exceed 10% in quiet periods and can
exceed 30% during strong geomagnetic storms.

31.3 Basis of the model
The model was developed from density,
during the period from 1964 till 1982,

d-from the calculation of atmospheric drag on satellites

31.4 Databases

Information on the observations,used in deyejopment of the model is not currently available.

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

Ballistics Support of Flig rt|f|C|aI Earth Satellites."Bazhkov, N. V., et al., 24 August 1984. All Russian
Research Institute of Stan i Viescow, Russia.

31.5.2 "Determination and“Preédiction of Satellite Motion at the End of the Lifetime," Nazarenk, A.l
Computer Center "COSMOS!,\USSR. Proc. Internet. Workshop on R eentry of Slyut-7/Kosmos 1686

., et al.,, "The Space-Temporal Variations of the Upper Atmosphere Density During

odel is authored by N. K. Bazhkov, et al., and was approved August 24, 1984, by the USSR

Committee:
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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.
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32 Russian Earth's upper atmosphere density model for ballistic support of the flight of
artificial Earth satellites, 2004

32.1 Model content
The Russian Earth’s Upper Atmosphere Density Model For Ballistic Support Of The Flight Of Adifigial Earth
Satellites, 2004, (Ref. 32.5.1) is a product of the State Commlttee on Standardization and Metrology of the
Russian Federation, Moscow. It was developed by the 4™ Central Scientific Résearch Institute of the Ministry
of Defense of the Russian Federation and adopted by the Russian Gosstandart on M arch 9, 2004. This

1500 km for various levels of the solar activity are given. It describe e of density and its
basic space-temporal variations depending on the position of a ellite in near-Earth space
environment, the position of the Sun, the season and day, and also the solar and\geomagnetic activities. The
model is focused on the practical applications of (1) design calculations. o mic drag and (2) ballistic-
navigation support of operational control of an artificial satellite.

32.2 Model uncertainties and limitation
Data from satellite drag calculations were used to formulate“the
atmospheric parameters. The calculation error of aerodynamic.drag cog
the described technique generally does not exceed 30%-“For an A
shape, the error in the determination of the aerodynamicidrag coefficie

ifical functions used to derive the
cient for Artificial Earth Satellite by
ial Earth Satellite of near spherical
is estimated by 7%.

All drag-based models are deficient in the way in
are associated with short term (hourly-daily fi
uncertainty for future thermospheric neutral 4

wHich they represent the large variations in total density that
e periods)sgeomagnetic disturbances. The major source of
ity calculations is the uncertainty in the estimation of future

thermosphere models are based on data e:Porne mass spectrometers, accelerometers, and other
sensors represent composition and ¢hanges in compesition more accurately than do models based upon drag

ingering Thermosphere and some earlier Russian Upper Atmosphere
.5.3. The paper by I.I. Volkov and V. Suevalov “Estimation of long-

the Orbital Parameters of the Eafth’s Artificial Satellites” (Ref. 32.5.4) further discusses the determination of
nvith “solar activity parameters, solar radio flux and level of geomagnetic

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

itude of the diurnal effect,

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 cm (of frequency 2800 MHz) expressed in Solar Flux Units 107 watt-m™2Hz . Tables
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are constructed for seven fixed levels of solar activity: /, = 75, 100, 125, 150, 175, 200 and 250. To

calculate the atmosphere density, the values of the coefficients for the F, level nearest to the current F;;

value are used. The quantity Fg; is the weighted average of the daily values of the solar flux Fio; over three
previous rotations of the Sun.

Recommendations are given on use of the density model of the upper atmosphere for ballistic mainte
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 i reparation of this
standard.

Future modifications to the density model given in this standard may involve:

e Modified numerical values for the polynominal coefficients,
e Modifications to the degree of the several polynomials, and

¢ Modifications to the scope of the physical terms for which corpe s @re introduced.

32.4 Databases
The density model of the Earth’s upper atmosphere is constructed ‘Using Artificial Earth Satellite drag data
over the period 1964 to 2000. No specific database references arg given i GOST-2004 model standard
(Ref. 32.5.1).

32.5 Publication references

32.5.1 Anon.: “Earth’s Upper Atmosphere Density el for Ballistic\Support of the Flight of Artificial Earth
Satellites”, National Standard of the Russian Fegd Document number GOST R 25645.166-2004,
Gosstandart of Russia, Moscow, 2004 (English(t emplished by Vasiliy S. Yurasov in 2006 and
edited by Paul J. Cefola in 2007. Contact‘R Itancy in Aerospace Systems, Spaceflight
Mechanics, & Astrodynamics, Sudbury, MASQ

32.5.2 Vaughan, W. W, J. K. Owens, . Niehugsy and M. A. Shea: “The NASA Marshall Solar Activity
Model For Use In Predicting Satellite Lifef avances in Space Research, Vol. 23, No. 4, 1999.

Engineering
ensity Models”, AIAA Paper Number 95-0554, January
it, Reno, NV. American Institute of Aeronautics and

Thermosphere and the RussiamyUpper Atmosphere B
1995, 33" Aerospace Sciences Meetinghand Exhib

sed upon work done during previous years

32.6.2 Authors: 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
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32.7 Model codes and sources
Contact the State Committee on Standardization and Metrology of the Russian Federation, (Gosstandart of

Russia), Moscow, Russia. See Reference 32.5.1.

fz§©
\.O &ﬁ

0\@
>

< <

e

© SO 2009 — All rights reserved 65



ISO/DIS 11225

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 Tempe
consists of a document with tables of temperature, composition, density, and pressure scale height™a
function of height for exospheric temperatures ranging from 600 to 2000 K, at 100 K intervals, and for he
extending from 90 to 2500 km. Also, functions are given which enable the user to|p
computer outputs. A summary table in the document gives total density for the same
temperatures, but at 50 K intervals in the exospheric temperature. A set of auxiliary tables is provi
in the evaluation of the diurnal, geomagnetic, semiannual, and seasonal-latitudinal effects.

33.2 Model uncertainties and limitations
A comparison was made of the ten-day means of the residuals in log1g (densi

8, and 19, Injun 3, and Echo 2) in the 270 to 1130 km range. The mean syst ic_error/was very close to
zero for all satellites. Slowly varying systematic deviations from the-madelfwere-all-within 12 percent in
density. Larger variations in the residuals of two satellites (Echo 2 19)Wwere attributed to imperfect
knowledge of the seasonal migration of helium (the winter heliu and the associated semiannual
helium variation. A vailable data on average total densities obt spectrometer data are
approximately 10 percent lower. This discrepancy is believed by some‘authors (Cgok, 1966) to result from the
use of a Cp=2.2 rather than Cp=2.4 in the satellite drag derivations. *Variations occurring on time scales of

less than the diurnal period are not modeled.

A recent analysis by Bowman, 2004, (Ref. 33.5.4) addresses the semi-ahnual thermospheric density variation
from 1970 to 2002 between 200-1100 km and concludes that errors®in the semi-annual component of density
variations of over 100% across the years of the sola e are possible in current thermospheric models if the

33.3 Basis of the model

The Jacchia J70 model is basedyupon ellite,drag data derived from ground-based tracking of selected

satellites. An earlier (1965) moedel“y Jace as used as the basis for this successor model. All the

available observational material up/o that time, uding the then most recent measurements of density and

composition, has been taken ifité account in the construction of this model. It should be understood that no

good observational data existed abeve1100 km at the time this model was prepared, so that all of the model
fered as unconfirmed extrapolation.

ixed up to 105 km and in diffusive equilibrium above this height.
e cause of any change in mean molecular weight below 105 km. All
value Tp=183 K at the height zg =90 km. Changes in an index of

changes in the exospheric temperature T .

33.5.2 Jacchia,
Models", Smithsoni

7., "New Static Models of the Thermosphere and Exosphere with Empirical Temperature
an Astrophysical Observatory Special Report 313, Cambridge, Massachusetts, May 1970.

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

33.5.4 Bowman, Bruce R., “The Semi-annual Thermosphere Density Variation from 1970 to 2002 Between
200 - 1100 km”. Paper # AAS — 04-174. 14™ AAS/AIAA Space Flight Mechanicg™Meeting. American
Astronautical Society, Springfield, VA (info@astronautical.org), February 2004.

33.5.5 Dowd, Douglas L. and B. D. Topple, “Density Models for the Upper Atmosph
Mechanics, 20, 271-295, 1979.

33.6 Dates of development, authors and sponsors

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

33.6.3 Sponsors: Smithsonian Astrophysical Observatory

33.7 Model codes and sources
The monthly Marshall Solar Activity Future Estimation (MSA
smoothed solar and geomagnetic activity based on the mosf
model. It can be downloaded from http://sail.msfc.nasa.gov.

porteprovides expected 13-month Zurich
regent monthly mean data for use in the J70

The J70 model output is contained in tables within the Smithsonian Astrgphysical Observatory Special Report
313. The Jacchia J70 model has, however, been prepafed for computer output by various groups such as the
Smithsonian Astrophysical Observatory (Cambridge, MA), NASA ‘Marshall Space Flight Center (Huntsville,
AL), and Air Force Research Laboratory (Hanscom”AFB, MA). @epies of the computer code may be available
from these groups upon request.

R
\g
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34 Jacchia J71 revised static models of the thermosphere and exosphere with empirical
temperature profiles, 1971

34.1 Model content

from 90 to 2500 km. Also, functions are given which enable the user to program the
puts. A summary table in the document gives total density for the same range of heig

into COSPAR International Reference Atmosphere 1972 model.

34.2 Model uncertainties and limitations
The model has the limitations inherent in the satellite-drag data, namely

variation could be on the order of 12 to 50 percent, depending upon ‘ati
and time interval. However, the smooth mean total density model yalues' are
very representative of the actual values.

Ref 5.3 provides a comparison of the Jacchia J71 model with‘several otherthermospheric models vs. altitude,
latitude, local time, day of year, and solar and geomagnetigs€onditions.

34.3 Basis of the model
The Jacchia 71 models are revisions of the J70 m

absorption data.
above this height.

34. 5 1 Jacchia, L

34.5.3

34.6 Dates of development, authors and sponsors

34.6.1 Dates: 1971 and preceding year
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34.6.2 Authors: L. G. Jacchia

34.6.3 Sponsors: Smithsonian Astrophysical Observatory.

34.7 Model codes and sources
The monthly Marshall Solar Activity Future Estimation (MSAFE) report provides exp 3-month Zurich
smoothed solar and geomagnetic activity based on the most recent monthly mean i
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 Smithsonia ophysical Observatory
(Cambridge, MA), the NASA-Marshall Space Flight Center (Huntsville, AL), e Airf Force Research
Laboratory (Hanscom AFB, MA). Copies of the computer code may be available frony 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 consi

thermospheric variation. For the basic static models, the total density for heights in t
and exospheric temperatures in the range 500 K to 2600 K are listed in tables.
atmospheric constituents in the height range 90 to 2500 km and in the temperature range
also listed. The Jacchia J77 models are a complete revision of the earlier J71 models.

35.2 Model uncertainties and limitations
The model is characterized by the limitations inherent in the satellite-drag\ds ely\the smoothing of
short-term dynamical (less than the diurnal period) variations in the total de or example, the
Explorer 32 satellite detected the existence of waves throughout the er atmosphere in the height range
extending from 286 to 570 km. The apparent half-wave lengths o ves, were found to increase with
altitude. Their half-amplitudes for density range up to a maximum o percent of the mean density.

According to the author, L. G. Jacchia, the smoothed mean total_densit
observational values with the same resolution.

s compare very well with

35.3 Basis of the model
The Jacchia J77 models are a revision and updating o
revising the basic models, the author endeavored t
respect to the relative concentrations of N2 and

satellite-drag data.

€ Jacchia J7Anmedels published by the author. In
eproducethe, tesults from the OGO-6 satellite with
0 km, whileJkeeping the total density anchored to

alue or To=4883K at a h eight of Zo=90 km. A condition of
@ 100 kmyard,/diffusive separation above this altitude. The J77
F\n(®) and n(O2) determined from the mean molecular

tions extend across the hoopoes.

All temperature profiles start at a c onstant
complete atmospheric mixing is assumethup

35.4 Databases
The J77 models are based upon-satellite«=drag data-dbtained from ground-based tracking of various satellites
and available mass spectrometric UV=-absorption data.

35.5.3 de itaing, 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 Fo ion /and the
National Aeronautics and Space Administration.

35.7 Model codes and sources
The monthly Marshall Solar Activity Future Estimation (MSAFE) report provide
smoothed solar and geomagnetic activity based on the most recent monthly
model. It can be downloaded from http://sail. msfc.nasa.gov.

pected 13-month Zurich
3 use in the J77

The J77 model output is contained in tables within the publication refe
been modified for computer output by various groups such as the 'Sn
(SAO) (Cambridge, MA), NASA Johnson Space Center (Houston, TX

(Huntsville, AL), Air Force Research Laboratory (Hanscom

.5). The model has
Astrophysical Observatory
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36 Jacchia-Bowman 2006 (JB2006) empirical thermospheric density model

36.1 Model content
A new empirical thermospheric density model is developed using the CIRA72 model as th

e basis for the

Thermospheric Density Model (JB2006), is vaIidated through comparisons of accurateldaily~density drag data
previously computed for numerous satellites.

36.2 Model uncertainties and limitations

reasons for these consistently large values. One is the result of not modeting the semiantiual density variation
(Ref. 36.5.2) as a function of solar activity, and the other results f modeling the full thermospheric
heating from solar ultraviolet radiation. G eomagnetic storms g\episodic, and overall smaller,
contributions to the standard deviation. All previous empirical atmosphetic $ have used the F,o and 81-

day centered average F, proxies as representative of the solayifravio ) heating. However, the
unmodeled errors derived from satellite drag data all show very large‘density errors with approximately 27-day

periods, representing one solar rotation cycle. These errors ake the result ,of\not fully modeling the ultraviolet
radiation effects on the thermosphere, which have a one solartotation periedicity.

Density standard deviations were computed from a gorparison of histotical density values (Ref. 36.5.3) with
model density values over the eight-year period of 199 ough 2004/ Only low to moderate solar activity (ap
< 35) was considered in the evaluations. The res ; i

36.3 Basis of the model
The basis of the new Jacchia=Bowm

36.5.5) model atmosphere. The GiRA nodel i iffusi i i i .
36.5.6) temperature formulation - density values for aninput geographical location and solar

conditions. The CIRA72 model w st converted to a CIRA "70" model by replacing the CIRA72 equations
with equations from the Jacchia 70 (Réf. 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) r ew semianhnual density equations (Ref. 36.5.2) were developed to replace the
Jacchia formulation, bal n|ghtt|me minimum exospheric temperature equations, using new solar
indices, replaced da¢ equation. In addition several other equations to correct errors in the diurnal
(local solar time) modeling Wwere 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

36.3.1 G

produces irradiance//variations of approximately 27 days, while the main solar 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) used to
compute better density variation correlations with ultraviolet radiation covering the entire Far UV as well as the
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EUV wavelengths. From the previous solar indices analysis (Ref. 36.5.8) the daily indices selected for this
model development include F4q, S19, and Mgq,.

Si0: The NASA/ESA Solar and Heliospheric Observatory (SOHO) research satellite operates in a halo orbit at

solar EUV emission since launch in December 1995. This integrated 26-34 nm S ias been
normalized and converted to sfu through linear regression with Fq, producing the new inde
broadband (wavelength integrated) SEM 26-34 nm irradiances are EUV line.emissions domir
chromospheric He Il line at 30.4 nm with contributions from other chromo i
energy principally comes from solar active regions.

, and the weakly varying
photospheric wings (or continuum longward and shortward of the ission), are operationally

observed by the instrument. The Mg Il core-to-wing ratio (cwr) is calcy

which is provided daily by NOAA Space Environment Ce
regression with F4, to derive the Mgy, index in sfu units.

The new Tc equation is:

ime, latitude, height, and Fo. The resulting temperature correction equations were developed as a
ese parameters.

36.3.4 High altitude density correction
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The analysis method was described previously (Ref. 36.5.9) from the long-term orbit perturbation analysis 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 atmospheric
drag 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. to fit mean
semi-major axis (a) values. Density factors were obtained for 25 satellites spanning a period of over 3Q years.
Approximately 500 density factors were obtained from data from all 25 satellites covering more '

of time. The density factors were then fit as a function of height and F, to form the basis for the high altit
correction from 1500 km up to 4000 km.

36.4 Databases

(EDR) method (Ref. 36.5.3), where radar and optical observations are fit with spe
each satellite tracked from 1978 through 2004 approximately 100,000 radar @nd\ op

ion“program was used to fit the
observations to obtain the standard 6 Keplerian elements plus allistic coefficient. “True” ballistic
coefficients (Ref. 36.5.11) were then used with the observed dail ature’ corrections to obtain daily
density values. T he daily density computation was validated (Ref,%36.5\3) 0y comparing historical daily
density values computed for the last 30 years for over 30 satellites\, The acguracy 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 errorfs were,found to,be.less than 4% overall, with errors
on the order of 2% for values covering the latest solar maximum.

36.5 Publication references

i B.R., etc., provements in Modeling Thermospheric Densities Using New EUV and FUV
Solar Indiges 006-237, AAS/AIAA Spaceflight Mechanics Meeting, Tampa, Fl, January,

2000.

36.5.10 Bowman, B.R., “Atmospheric Density Variations at 1500-4000 km Height Determined from Long
Term Orbit Perturbation Analysis,” AAS 2001-132, AAS/AIAA Spaceflight Mechanics Meeting, Santa
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Barbara, CA, February, 2001.

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

36.5.12 Storz, M.F., etc., “High Accuracy Satellite Drag Model (HASDM),” AIAA 2002-
Astrodynamics Specialist Conference, Monterey, Ca, August, 2002.

Indices,” AIAA 2006-6166, AIAA/AAS Astrodynamics Specialist Conference, K
2006.

Empirical Thermosphere Density Model”, Journal of Atmospheric and
Elsevier Ltd, 2007.

36.5.15 Marcos, Frank A., Bruce R. Bowman, and Robert E. Sheehan,\{
Neutral Density Models, AIAA Paper Number AIAA 2006-6167, Americamin
Astronautics, Reston, VA 20006.

ute of Aeronautics and

36.6 Dates of development, authors and sponsors
36.6.1 Dates: 2006

36.6.2 Authors: Bowman, Bruce R., Tobiska, W..Kénttand Frank A. Marcos

36.6.3 Sponsors: Department of Defense, . AirForce Space Command

36.7 Model codes and sources
A detailed description (Ref. 36.5.13), of model; ran source code, new solar indices and published
papers describing the model equatiens, ean be obtained/at the web site below, or by contacting Bruce R.
Bowman, AFSPC/A9A, (719) 556-3%. ruce.bowman@peterson.af.mil.

JB2006 model web site: http:/ls nment.net/~JB2006/

© 1SO 2009 — All rights reserved 75


mailto:bruce.bowman@peterson.af.mil�

ISO/DIS 11225

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 in »
orbit-based sensor data were used for the solar irradiances in the extreme and far ultraviolet
new geomagnetic index Dst was used to replace the older geomagnetic ap index.

CHAMP and GRACE satellite accelerometer density data.

37.2 Model uncertainties and limitations

(Ref. 37.5.2, 37.5.10) as a function of solar activity, another results fro ot,modeling-the full thermospheric
heating from solar ultraviolet radiation, and finally large short-term den errors result from not correctly
modeling geomagnetic storm variations. Except for the Jacchia model (Ref. 37.5.9) all

previous empirical atmospheric models have used the F,, and entered average Fw proxies as

data all show very large density errors with approximately 27¢day, periods, representing one solar rotation
cycle. These errors are the result of not fully modeling the,ultraviolet radiation effects on the thermosphere,
which have a one solar rotation periodicity.

e,JB2006(and ¥B2008 models, the Jacchia 70 model,
d.by using.the computed 3-hour spherical harmonic

Figure 1 shows computed density-to-model ratios foy
and the NRLMSIS-2000 model. These ratios werg0hita
HASDM (Ref. 5.8) temperature correction coeffigiént 1Ruting density values at 10 minute steps along
the CHAMP reference orbits obtained for 0Qthrough 200 These HASDM-to-Model ratios were then

binned by F . It can be readily seen thatyall thesprevious models using just F, for the 11-year cycle

variations show a significant decrease in solar minimum conditions. The JB2008 model does
much better at representing the salar mip

the full density variation. Figure=2 Shows defisity model standard deviations binned again by F,. The

thermospheric heating.  Figur ows_1-standard deviation model density errors as af unction of
geomagnetic storm magnitude. T 2
orbit averaged accelerometer data
values. T he results show that the \JB2008 model is a m ajor improvement over modeling density changes

ASDM modeling is the best at under a 10% sigma, which is expected

a density from a single p value, while the MSIS model uses a history of a, values for 57 hours prior to

the time of interest

o
d
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HASDM / MODEL Density Ratio vs F10B During 2001-2007 (400 km )

1.2 I I I
¢ NRLMSIS
* J70
+ JB2006
+ JB2008
1.1
. 'Y
* L] § b4 ¢ ¢
10 = : o +
)T T — *-\0 \
(4 o | s [ — ] —
© / / * \* L4
IS P < % ¢ 3 . ¢ e
o / . * Y
> 09 4 s
20 ¢ s
= N /
c
[}
g ) /

7/

8
/ O

0.7

0.6
60 70 80 90 100 110 120 130 140 150 @% 180 \’96 200 210 220 230 240

at4 \ude as a function of F, (F10B)

Figure 1 — HASDM-to-Model densi

Density STD ys i
gQ% o
* —ﬁy ¥ 1
NRLMSIS

\
*
45 h + J70MOD
+ JB2006
\ \ ) + JB2008
40 ()
|
. A\ )
* \ \\ b
5 5 \ @A)
'-g \ ~/ o .
2 25 \ N s -
£ ’ \
S Ne \\ <: 2 il
& 20 /—\ Y 3 \\\ It
2
v R—— .
15 Q’ o Py * [ 5 A e,
[¥ T ] . Y ¢
-/ $ M ¢
10
5
.y

60 70 0 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240
F10B (Ave)

igure 2 ensity percentage errors (1 standard deviation) from model density values at 400 km
altitude compared to HASDM density values

© SO 2009 — All rights reserved 77



ISO/DIS 11225

Orbit Averaged Model Density Errors
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Figure 3 — Model density 1-standard deviation errors as a function of\ay panges representing storm

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

accelerometer density data, from both CHAMP and GRACE,dnd the different model values. JB2006
uses the same geomagneticstorm modeliagtas J70.

37.3 Basis of the model
The new Jacchia-Bowman Empirical Thermespheri¢ Density-Mogel (JB2008) was developed starting from the
Jacchia-Bowman 2006 model which was bhasedion the CIRA72)(Ref. 37.5.4) model atmosphere. The CIRA72
model integrates the diffusion equations g the®daechia 71 (Ref. 37.5.5) temperature formulation to
compute density values for an input geogfaphical location and solar conditions. N ew semiannual density

equations (Ref. 37.5.10) were developed gerthe’older F, formulation. New global nighttime minimum

exospheric temperature equatigfisy, using additional solar indices, replaced the JB2006 Tc equation. In
addition a new geomagnetic index-Dst was used to-replace the old ap index, and new temperature variation
equations were developed ‘usifig’this newfindex. These model corrections are discussed in the sections that

follow.

37.3.1 Global nighttime minim V pheric temperature equation

The variations in the ultraviolet solarradiation that heats the earth's thermosphere consists of two components,
one related to solar rotational modulation of active region emission, and the other long-term evolution of the
main solar magnetic fjeid. e of active regions across the disk during a solar rotation period

used to represent_the 2 S: owever, new solar indices have been recently (Ref. 37.5.8) used to
compute better densi jiation correlations with ultraviolet radiation covering the entire Far UV as well as the
EUV wavelengths. From previous solar indices analysis (Ref. 37.5.6) the daily indices selected for this

Si0: The olar and Heliospheric Observatory (SOHO) research satellite operates in a halo orbit at
the La | 1) on the Earth-Sun line, approximately 1.5 million km from the Earth. One of the
instrumen SOHQO 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 erted to sfu through linear regression with F4,, producing the new index Sy, T he
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 c oronal lines. This
energy principally comes from solar active regions.
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Mgio: 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 11 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 em|33|on) are operationally
observed by the instrument. The Mg Il core-to-wing ratio (cwr) is calculated between variable lines and
nearly non-varying wings. The result is a measure of chromospheric and some ph
region activity independent of instrument sensitivity change through time, and is referre e Mg Il cwr,
which is provided daily by NOAA Space Environment Center. The Mg Il cwr have been used
regression with F4, to derive the Mgy, index in sfu units.

and demarcates 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. mes ere and lower thermosphere where
they dissociate nitric oxide (NO) and participate in water (H2Ohchemist yman-a has been observed by the
SOLSTICE instrument on the UARS and SORCE NASA s€search satellites as well as by the SEE instrument
on NASA TIMED research satellite Since these two_ solariemissions ate competing drivers to the mesosphere
and lower thermosphere, we have developed a mixedrsolar index Yo ofithe Xb10 and Lyman-a (Lya). It is
weighted to reflect mostly Xb10 during solar maxirnum/and to refleet mostly Lyman-a during moderate and low

solar activity. The independent, normalized used as the weighting function and multiplied with the Xb10

and Lyman-a as fractions to their solar ma

Tc=392.4 +3.227 Fs 4 0.298/AF 4o +/2,259,AS 1o + 0.312 AM4o + 0.178 AY+ (1)

The delta values (AF 49, ASi3%AMgis oMrepresent the difference of the daily and 81-day centered average
value of each index. {The 81-day (3“selarstotation period) centered value was determined (Ref. 37.5.6) to be
the best long-term average o use.

It was determined that a

index the analysis determined tha

lag time of 5 days was obtaihed! /Initially for the JB2006 model that did not use Y4, the lag time for Mg was
determined to be 5 days. The M;q index was accounting for the longer lag times in the lower thermosphere.
e low altitude Y,q index the My, lag time became shorter and the longer low
s ¢aptured by the combination of absorption of X-Rays and Lyman-alpha at

, and as large as 250% near 800 km. During solar minimum, the maximum variation
is only 60%. Thus, there is a major difference in amplitudes of the yearly variation from solar

1. 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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2. The yearly amplitude can change from year to year by 60% during solar minimum to over 250% during
solar maximum.

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

4. The yearly variation in amplitude and phase of the semiannual variation is highly correlated
activity.

5. A combination of solar EUV and FUV indices is required to accurately model the semiannuakhamp
phase variations observed from year to year.

equatlons results in extremely good modeling of the year to year amplitude and phase changes
been observed from the satellite data.

37.3.3 Geomagnetic storm density correction

the Earth’s surface. This is opposite to the normal northward-directed’mainfjeld, The Dst index is determined
from hourly measurements of the magnetic field made at four po nd the Earth’'s equator. Most

i i 3 ¢ ind pressure. Following a
current energy increases during
creases and Dst increases until

southward turning of the interplanetary magnetic field, Dst decreases @s fing
the storm’s main phase. During the recovery phase the ring currenf energy d
the storm’s end.

Use of Dst as a parameter of the energy deposited i
accurate than the use of the a, index. The 3-hour
Earth and responds primarily to currents flowing in
variations. The a, index represents magnetic vari
not reflect the energy input at auroral latitudes toe

he=theérmosphere during magnetic storms is more
s ap’indicator, ofygeneral magnetic activity over the
éJionosphere andvonly secondarily to magnetospheric
at 50 degrees magnetic latitude. Therefore, it may

The thermosphere acts during storm peri as ., (driven-but-dissipative system whose dynamics is
represented by a differential equation, /vith changestin‘exospheric temperature change given as a function
of Dst. To determine the exospheric te d\ thereby the thermospheric density distribution at any
time in as torm, it is necessafy to e differential equation for dTc starting at the storm
commencement and proceedingsthroughou tire storm period. For the JB2008 model new equations for
the exospheric temperature change during a\g netic storm were developed using the Dst index as the
geomagnetic index. High préeision accelgrometer sity data from the CHAMP and GRACE missions were
used for the development and idatiennof the new temperature equation coefficients to correlate the
temperature, and thus density, he integrated Dst values.

37.4 Databases
The density data used to develop the\ new model equations are very accurate daily values (Ref. 37.5.3)
obtained from drag analysis of numerous satellltes with perigee altltudes of 200 km to 1100 k m. Da|Iy

. e perature values were computed using a special energy dissipation rate
(EDR) method (Ref>37: , 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 th pation orbit fitting. A differential orbit correction program was used to fit the
observation in the standard 6 Keplerian elements plus the ballistic coefficient. “True” ballistic
coefficie : W) were then used with the observed daily temperature corrections to obtain daily
density/ v . ily 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 arisons 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
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 Publication references
37.5.1 Marcos, F.A., "Accuracy of Atmospheric Drag Models at Low Satellite Altitudes," Advances in Space
Research, 10, p 417, 1990.

2002 Between

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

37.5.3 Bowman, B.R., etc., “A Method for Computing Accurate Daily Atmospheric Density '
Satellite Drag Data,” AAS 2004-179, AAS/AIAA Spaceflight Mechanics Meeting
2004.

37.5.4 COSPAR International Reference Atmosphere 1972, Compiled by the memb
Working Group 4, Akademie-Verlag, Berlin, 1972.

2006.

37.5.7 Bowman, B. R., “True Satellite Ballistic Coefficient Determi
AIAA/AAS Astrodynamics Specialist Conference, Montereys California

August, 2002.

37.5.8 Storz, M.F., etc., “High Accuracy Satellite Drag, Model (HASDM),” AIAA 2002-4886, AIAA/AAS
Astrodynamics Specialist Conference, Monterey, CagAugust, 2002

37.5.9 Bowman, B.R,, etc., “A New Empiric
Indices,” AIAA 2006-6166, AIAA/AAS Astrg
2006.

hermospheric\Density Model JB2006 Using New Solar
Specialist’'Conference, Keystone, CO, August,

37.5.10 Bowman, B.R, etc., “Thejhe
Journal of Atmospheric and Solar-Tig

mosphericfSemiannual Density Response to Solar EUV Heating,”
hysies’(2008), doi:10.1016/j.jastp.2008.04.020.

37.5.11 Bowman, B.R., etgg, “AR D
Geomagnetic Indices,” AlAA 2008-64 MAAJAAS Astrodynamics Specialist Conference,
Honolulu, HI, August, 2008.

37.6 Dates of development;authors and sponsors

37.6.1 Dates: 2008

ources
(Ref 37.5. 11) of the model, Fortran source code new solar indices, and published

B2008 mode

eb site: http://sol.spacenvironment.net/~JB2008/

© 1SO 2009 — All rights reserved 81


mailto:bruce.bowman@peterson.af.mil�

ISO/DIS 11225

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 o

e Science

program and subroutines which provide information on atmospheric properties for the altitude range 90
2500 km as a function of latitude, longitude, time, and solar flux and geomagnetic indices. For a given lati

e molecular
); Local

density (m-3); Ar number density (m-3); He number density (m-3); H number density (m-3);
weight (kg kmol-1); Total mass density (kg m-3); Log1g (mass density); al Pressure

Y

pressure (m2 s2 K'1); and Specific heat at constant volume (m2 s2 K1 )-
38.2 Model uncertainties and limitation

Astrophysical Observatory. The historical development of the
versions may be found in Reference 38.5.3. Data from satellite drag % ere used to formulate the
empirical functions used to derive the atmospheric parameters. Drag:-based\models are deficient in the way in
which they represent the large variations in total density that are assogiated \with’short term (hourly-daily time
periods) geomagnetic disturbances. The MET-V2.0 model refle¢ts'the J70/7 1~ mnodels’ accuracy results at the
approximate 15-percent level for estimating the neutral depsity\Ref. 38.5,4). The technical report (Ref. 38.5.3)
also addresses the issues associated with the MET-V20smMaddel’'s application) for After-the-Fact, Real-Time,
major source‘ef Uncertainty for future thermospheric
imation of{future solar EUV heat input as represented

most part, not significantly better in their représentation of the total neutral density. These latter models have
accelerometers and other instruments.

38.5.7 provides a comparison‘ef'the MET-V21Q v
local time, day of year, and solar-and geomagnetic

38.3 Basis of the model

The MET-V2.0 model is a semi-emgirical’model using the static diffusion method with coefficients obtained
from satellite drag analyses. It is based,on the 1988 version of MET (Ref. 38.5.1 and 38.5.2) and work done
on the 1999 version (Ref. 38.5.6), developed from the Jacchia series of models. With the proper input
parameters an a pproxirmate-~exospheri
specified, the tempe be calculated for any altitude between 90 and 2,500 km from an empirically
ity between 90 and 105 km is calculated by integration of the barometric

38.5 Publication references
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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
211786, June 2002.

Appl|cat|ons AIAA Paper 94 0589 32 Aerospace Smences Meetmg and Exhi
1994.

Thermosphere Model-1999 Version (MET-99) and Implications for
Advances in Space Research, 26(1), 157-162

38.5.7 Marcos, Frank A., Bruce R. Bowman, and Robert E
Neutral Density Models”, AIAA Paper Number AIAA 200
Astronautics, Reston, VA 20006.

61627, 'American Institute of Aeronautics and

38.6 Dates of development, authors and sponsors

38.6.1 Dates: 2002, based upon work done,during.previous,years
38.6.2 Authors: Jerry K. Owens
38.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center

38.7 Model codes and sources
The monthly Marshall Solar Activityr Ruture’ Estimati SAFE) report provides expected 13-month Zurich
smoothed solar and geomagnetic acti based oprthe"most recent monthly mean data for use in the MET 2.0
model. It can be downloaded frofmvhitp:/sail.msfe.nasa.gov

Copies of the computer pregra
Owens, NASA Marshall Spaee Fli
can also be addressed on th
at http://www.spenVisTema.be/spenvis

V2.0 model are available upon request to the author, Jerry K.
er, Huntsville, AL 35812. (Jerry.K.Owens@nasa.gov) The model
A Space Environment Information System (SPENVIS)
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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 Natural

exospheric temperature (K); IocaI temperature (K) N2 number den3|ty (m?®); O, n

number density (m” ) Ar number density (m ) He number density (m ) H numbe
molecular weight (kg/kmol); total mass density (kg/m ); total pressure (pa); ratio of sp
scale height (m); specific heat at constant pressure (J / kg K); and specific heat at cons ant voiu
MET-2007 retains the capability of the previous version (MET-2.0) but also contains several improvements
(Ref. 39.5.5) which include:

39.1.2 Representation of gravity above an oblate spheroid Earth sh Ising a spherical Earth
approximation.

39.1.3 Treatment of day-of-year as a continuous variable in the s
day.

rather than as an integer

39.1.4 Treatment of year as either 365 or 366 days in lengthf(assappropria
length 365.2422 days.

), rather than all years having

39.1.5 Allows continuous variation of time input, rath afifimiting=time increments to integer minutes.

39.2 Model uncertainties and limitations
Since the MET-2007 is a formulation of thedaechia 1970.J70) model, the MET-2007 model reflects the J70
models’ accuracy for estimating the neutral derisity, whichds Japproximately 15-percent one standard deviation
alcutating future thermospheric neutral density values is
radiation flux as represented by the solar 10.7 cm radio
. . JAlso, models based on satellite drag tend to be deficient
in the way they represent vasiations in totalh\density that are associated with short-term (hourly to daily time
led with modeling the semiannual density variation can

assessment of these errors. 39.5.9 addresses the issues associated with the MET model’'s
application for after-the-fact,
thermosphere models are based on“data/from satellite-borne mass spectrometers, accelerometers and other
sensors. These models tend to represent composition and changes in composition more accurately than do
models based upon drag

ined from the Jacchia 1971 (J71) model (Ref. 39.5.4). Data from satellite drag
to formulate the empirical functions used to derive the atmospheric parameters. With
eters the model calculates an approximate exospheric temperature. With the

integration of the diffusion equation. The historical development of the Jacchia models and subsequent NASA
versions may be found in Ref. 39.5.10 and 39.5.9. 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.
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39.4 Databases

The databases for the MET model are identical to those in the J70 and J71 models. The databases used by
Jacchia 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,”
1988.

NASA CR-179359, July

39.5.2 Hickey, M. P., “An improvement in the Numerical Integration Procedure Used NASA Marshall

Engineering Thermosphere Model,” NASA CR-179389, August 1988.

39.5.3 Jacchia, L. G., “New Static Models of the Thermosphere an
Profiles,” SAO Special Report 313 Smithsonian Astrophysical Observ

39.5.4 Jacchia, L. G., “Revised Static Models of the Thern
Temperature Profiles,” SAO Special Report 332 Smithgor
Massachusetts, 1971.

39.5.5 Justus, C. G., Duvall, A,, and Keller, V. W. (2006)N-Frace
Engineering Thermosphere and G lobal Reference Atmospheric
Research, Vol. 38, 2429-2432.

del,” COSPAR, Advances in Space

39.5.6 Marcos, F. A., J. N. Bass, C. R. Bake
Applications,” AIAA paper 94-0589, 32™ Aero$
1994.

and W. S. Berer;, “Neutral Density Models for Aerospace
ace"Scienges,Meeting and Exhibit, Reno NV, January 10-13,

39.5.7 Marcos, Frank A., Bruce R.«Bowman, and R
Neutral Density Models”, AIAA Rapern,Number AIAA
Astronautics, Reston, VA 20006.

pert E. Sheedan, “Accuracy of Earth’s Thermospheric
006-6167, American Institute of Aeronautics and

39.5.9 Owens, J. K., “NASA _Marshall Engineering Thermosphere Model-Version 2.0,” NASA TM-2002-
211786, June 2002.

39.5.10 Smith, R. E., ‘Wrshall Engineering Thermosphere (MET) Model Volume [I: Technical
Description,” NASA CR-20794 ay 1998.

39.5.11 Vaug a W., J. K \Owens, K. O. Niehuss, and M. A. Shea: “The NASA Marshall Solar Activity

39.6.2 Authors: Natural Environments Branch, NASA Marshall Space Fight Center

39.6.3 Sponsors: NASA Marshall Space Flight Center
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39.7 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 MET-
2007 model. It can be downloaded from http://sail.msfc.nasa.gov

Copy of the computer program for the MET-2007 model is available upon request to Dav wards
Natural Environments Branch, NASA Marshall Space Flight Center, Huntsville,” AL

(David.L.Edwards@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,
constituent number density. The altitude range is 70 to 130 km and the latitude range is

given with geomagnetic Ap index values of 4 and 132 and the F10.7 solar radi

W m 22 Hz'1. Formulas by which temperature, pressure and d ensity varia
included. An intercomparison of the temperature data from the sources used
made.

40.2 Model uncertainties and limitations

40.2.1 The only data used in the altitude range 75 to 125 km are temp ,/ Density data (which are
relatively sparse) are not used. Both density and compositio es Canybe puted from the model. No
modeling of winds is included.

70 km the variation is zero. At
components are not included.

40.2.2 Local time dependence at 130 km is that given by\MSIS+
intermediate altitudes the dependence is determined by interpolation| i

40.2.3 Algorithms are not provided for longitudinal vafiations in the.dltitude region 70-130 km. At 70 and
130 km the variation are those given by the respective, medels and at intermediate altitudes are obtained by
interpolation.

40.2.4 The models at 70 km have no d
dependences are those given in MSIS-
interpolation.

ndence on geomagnetic or solar activity. At 130 km the
e variations at intermediate altitudes are obtained by

40.3 Basis of the model

The zonal mean values are defived
northern hemisphere rocket-based
scatter data reviewed by Farbes
see section 4 for referen€€s)™ The model is"constructed such that it can be linked to given lower and upper
altitude models in temperatdre and otherproperties with respect to altitude. In this report the model has been
derived to connect*with“the Global Reference Atmosphere from 18 fo 80 km at 70 km and with MSIS-86
models at 130 km.

The model databases are co ;ied in the following documents:

40.4 Databases
40.4.1 Alcayde J. Fontanari, G. Kockarts, P. Bauer, and R. Bernard, "Temperature, Molecular Nitrogen
Concentrationy’ z rbulence \in the Lower Thermosphere Inferred from Incoherent Scatter Data," Ann.

om tabulations’ of temperature and other data obtained from an earlier

404.2 CIRA™ / see pp. 1-4 of this document.

40.4.3 Forbes, J "Temperature Structure of the 80 to 120 km Region," presented at the XXV COSPAR
Meeting, Graz, Austria;/ 1984

J. M., "Atmospheric Structure between 80 to 120 km," Adv. Space Res., 7, 135-141, 1987.

R. H., "Lower Thermospheric Structure from Millstone Hill Incoherent Scatter Radar
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 publicati
The computer coding is described in Appendices D and E, and the formulation
parameters is given in Appendices A-C. Contact sponsors for additional information.

eferenced in 40.5).
mode| and its
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41 NRLMSISE-00 thermospheric model, 2000

41.1 Model content

and hot atomic oxygen contributions to the total mass density at high altitude
estimation. This is an empirical model of the neutral temperature and density
and H) from the ground to exobase (< 1400 km). The model depends upon user-provide
(UT), altitude, 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 extensi ag and accelerometer data
on total mass density, (2) the addition of a component to the total that accounts for possibly
significant contributions of O" and hot oxygen at altitudes above 500 4 3) the /inclusion of the SMM UV
occultation data on O, and self-consistent, seamless connectivity with“the-middle and lower atmospheric
portions of the models.

41.2  Model uncertainties and limitations
The NRLMSISE-00, MSISE-90, and Jacchia-70 models were,cemp o the Jacchia data set, upon which
the Jacchia-class operational models were based. The NRLMSISE~00 /achieves an improvement over both
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 deyiation,for differentaltitude bands and levels of geomagnetic
activity (Ref. 41.5.6). With regard to recent asgeSsment of medeling errors associated with semi-annual
density variation magnitudes as a function of s6 ar cycle years, see'Reference 41.5.4 in the Jacchia J70 Static
Model write-up. For an overall evaluation of dénsity errors at 400 km with comparisons of other currently used
models refer to the JB2008 model description. R ence 44+5.5 also provides a comprehensive assessment
of the MSIS model validity.

41.3 Basis of the model

41.3.1 The NRLMSISE=00
an empirical model baged “upon
incoherent scatter radar ‘and by total m
orbits.

s the MSIS-86/MSISE-90 model formulation and database and is
sition and temperature measurements by satellite, rocket, and
ensity measured by accelerometers and inferred from low-Earth

—Hedin, D. P. Drob, and A. C. Aikin (2002), NRLMSISE-00 empirical model of the
|cal comparisons and s cientific issues, J. Geophys. Res., 107(A12), 1468, doi:

4. ngebretson, M. J., and K. Mauersberger, "The Response of Thermospheric Atomic Nitrogen to
Magnetic Storms, J. Geophys. Res., 88, 6331-6338, 1983.
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41.4.5 Engebretson, M. J., and J. T. Nelson, "Atomic Nitrogen Densities near the Polar Cusp., J. Geophys.
Res., 90, 8407-8416, 1985.

41.4.6 Hedin, A. E., "A Revised Thermospheric Model Based on Mass Spectrometer and Incoherent
Scatter Data": MSIS-83, J. Geophys. Res., 88, 10,170-10, 188, 1983.

41.4.7 Mauersberger, K., M. J. Engebretson, W. E. Potter, D. C. Kayser, and A. O. Nier, "Atomic
Measurements in the Upper Atmosphere", Geophys. Res. Lett., 2, 337-340, 1975.

41.4.8 Oliver, W. L., "Improved Exospheric Temperature Measurements:
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. Cari
Dynamics Explorer Wind and Temperature Spectrometer," Space Sci. Instrumy;

41.4.10 Wand, R.H., "Lower Thermospheric Structure from Millstone\ M
Measurements, 1, Daily Mean Temperature", J. Geophys. Res., 88, 7201-7209

Hill’ Incoherent Scatter Radar
8, 7211-7224, 1983.

41.4.11 Wand, R. H. "Lower Thermospheric Structure From
Measurements, 2, Semidiurnal Temperature Component," J. Geoph

41.5 Publication references

4151 Hedin, A. E., "A Revised Thermospheric ModehBagsed on Mass Spectrometer and | ncoherent
Scatter Data" MSIS-83, J. Geophys. Res., 88, 10,170-10,#88,.1983.

41.5.2 Hedin, A. E., MSIS-86 thermospheric modelhd. Geophys™Res,, 92, 4649-4662, 1987.

Spectrometer and I ncoherent Scatter Dafa®,/MSIS 1, N2ydensity and temperature, J. Geophys. Res., 82,
2139-2147, 1977.

41.5.4 Hedin, A. E., C. A. Reber,
Potter, "A Global Thermospheric Model B
Composition, J.Geophys. Resy, 82, 2148-215

, N. W. Spencer, H. C. Brinton, H. G. Mayr, and W. E.
ass Spectrometer and Incoherent Scatter Data" MSIS 2.,

41.5.5 Lean, J. L., J. My Picone, and\J. T. Emmert, “Quantitative Forecasting of Near-term Solar Activity
and Upper Atmosphere Density’ Res., 114, A07301, doi: 1029/2009JA014285.

41.5.6 Picone, J. M., A. E. Hedi ./P. Drob, and J. Lean, “NRLMSISE-00 Empirical Atmospheric Model:
Comparisons to Data and Standard Models. Advances in the Astronautical Sciences, Vol. 109 Il/Pages 1385-
1387, AAS/AIAA Astrodyna ce, July 30-Aug. 2, 2001, Quebec City, Que., Canada, ISSN 0065-
3438.

41.5.7 Picone,
of the thermosphere. Physics and Chemistry of the Earth Part C-Solar-Terrestrial
5-6), 537-542, 2002.

‘M., A. E. Hédin, D. P. Drob, and A. C. Aikin (2002), NRLMSISE-00 empirical model of the
ical comparisons and s cientific issues, J. Geophys. Res., 107(A12), 1468, doi:

41.6 Dates of development, authors and sponsors

41.6.1 Dates: OGO 6 model 1974
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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 Laporatory

41.7  Model codes and sources
The present NRLMSISE-00 distribution package is an ASCII file containing the mod
and the expected output of the test driver. They are freely available. Users may downlo
code distribution from any one of the following web sites:

e, a test driver,
the official source

Community Coordinated Modeling Center (CCMC) at the
Center http://ccmc.gsfc.nasa.gov/modelweb/#atmo.

Goddard Space Flight

d?egions web site under

.ion

: W)/vgspenvis.oma.belspenvis.

>
L

.\@

Coupling, Energetics, and D  ynamics of At
tools/models http://cedarweb.hao.ucar.edu/cgi-bin/ion-p?page

The ESA Space Environment Information System (SPENVI

o

< <

\e
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42 U.S. Air Force high accuracy satellite drag model (HASDM), 2004

42.1 Model content

The High Accuracy Satellite Drag Model (HASDM) is the name of the operational model
Astrodynamic Support Workstation at the Air Force 1% Space Control System. HASDM conve
data into global distributions of total neutral density and temperature.

The development of HASDM entailed the development and demonstration of thg
Atmosphere (DCA) (Ref. 42.5.1) technique for density correction. Its primary goal
determination process in terms of ballistic coefficient consistency, epoch accuracy,
realism.

42.2 Model uncertainties and limitations
The Air Force has expanded on an Air Force Research Laboratory (AFRL) techni .5.3) for a simple
data assimilation scheme that dramatically reduces satellite drag model errors . Drag information
from over 75 “calibration” satellites were used to solve for near real time thepmesphericdensity corrections
i odel: HASDM demonstrated the
ctor of two and the accuracy of

significant based on current solar activity prediction capabilities.

An important limitation on the use of HASDM is that it reguireSithe input of ‘erbital tracking information from the

favorable for all three measures. Epoch a
generally improved, dramatically so forso

0 (hereafter referred to as J70) density model in near real time by observing drag
ibration satellites for which ample Space Surveillance Network (SSN) tracking data

) e satellites are chosen so as to encompass a wide range of orbital altitudes
(from 180 ), inclinations, and ascending nodes. Only those satellites with reasonably constant

satellites at once using their observations and statistical uncertainties directly, while simultaneously solving for
their states. This is’a departure from other methods that perform satellite-by-satellite reductions using indirect
observations synthesized from particular behaviors (e.g., ballistic coefficient histories).
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42.3.2 J70MOD
Within DCA is a subroutine called J70MOD which is a modified version of the J70 model. It converts the DCs
from the drag measurements into a continuous model density distribution. Since the J70 model is based on
diffusive equilibrium of densities with temperature, the partial derivatives of the drag perturbations must be
converted to partial derivatives in temperature. This is done through a spherical harmionic expansion of the
nighttime minimum exospheric temperature T, (> 600 km altitude) and the inflection po mperature 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
minimum exospheric temperature T.. This is the principal parameter used in 0 models to describe the
dard J70 model,

this is given by the expression:

T.=383.0+3.32Fyg7 + 1.8(Fo7— F,)

Te; through multiplying by the diurnal and latitudinal variation f ere J, vy, and A refer to the
solar declination, latitude, and local solar time, respectively). i e contribution to 7, due to geomagnetic
activity A T(a,), we get

Te = T.D@,y,)) + A T(a,)

The local values of T, (at 125 km altitude) are computed frem the lo
standard J70 expression:

Ty = 444.38 + 0.02385 T, — 392,83 €Xp(-0.0021T.Y (3)

T, =T, +AT,

The double prime indicates that t
again through AT,. Both AT, and
latitude and local solar time:

dépending on T, and AT,. The actual profile may not be the true temperature
profile, but is that profile a%

42.4 Databases
The only databa

satellites (30
the J70 modge

ka, W. Kent; Woods, Tom; Eparvier, Frank; Viereck, Rodney; Floyd, Linton; Bouwer, Dave;
and White, O. R.; “The SOLAR2000 Empirical Solar Irradiance Model and Forecast Tool”,

Journ. of-Atrios. and Solar-Terrestrial Physics, April 2000.
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42.5.3 F.A. Marcos, J.0. Wise, M.J. Kendra, J.N. Bass, D.R. Larson, and J.J. Liu, "Satellite drag accuracy
improvements from neutral density model calibration" Advances in the Astronautical Sciences series, Univelt
Inc., Vol.103, Part. Il, San Diego, California, Paper AAS 99-384, 2000.

42.5.4 “Precision Low Earth Orbit determination Using Atmospheric Density Calibration”
Kendra, J. Griffin, J. Bass, J. Liu & D. Larson, Advances in the Astronautical Sciences, 97 (1),
1998.

42.5.5. Storz, M., B. Bowman, and J. Branson, “High Accuracy Satellite Drag Model (HASDM)”, Al
Astrodynamic Specialist Conference and Exhibit, Monterey, California, August 5-8, 200

42.5.6. Bowman, Bruce R.; “Atmospheric Density Variations at 1500-4000 km Height Deter

Term Orbit Perturbation Analysis,” AAS-2001-132, AAS/AIAA Astrodynamics Specialist Confererice (Santa
Barbara, California), Feb 2001.

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
United States government agencies may apply for app
the HASDM temperature correction coefficients to d
coefficients. Bruce Bowman, AFSPC/A9A, (719)
contact to initiate the approval process.

al_to’obtain theY/0MOD subroutine, which converts
ities, andsalse ‘abtain historical HASDM temperature
0, bruce.bowman@peterson.af.mil, is the point of
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43 Russian direct density correction method (DDCM) for computing near-real time
corrections 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 from the other thermosphere den

that it offers a process for determining a near real-time correction to an arbitrary density The
correction to the model is given as a multiplier as in Eq. (1):
op
P = Py 1+—) 1)
mod
where p,.,is the arbitrary density model and Jp is the density fluctya §.N). The ratio of the density
fluctuation to the modeled density is given by Eq. (2):
5 n
7 => b fi(h,6,a) (2)
Pmod i=1
Here the b, are numerical parameters and the f,(...) aresthebasi tions of the fluctuation model. The

quantities h, &, and « , are the altitude, latitude, anddongitude, respectively.

The primary goal of the Russian DDCM is to improve the orbit détermination process in terms of ballistic factor
consistency, epoch element set accuracy, and{covariance€ realism. O rbit prediction and forecasting of the
density correction parameters are also cengidered. Prediction of satellite re-entry time is closely coupled to
accuracy in the modeling of atmosphere drag"~Finally, detection of space objects with changing aerodynamic
characteristics due to attitude motion, ¢an) be accofaplished by comparison of ballistic factors variations,

An individual set of the density, pa i =1,...,n) enables the computation of the corrected density
over afinite interval of time. igations to date have primarily focused on upd ates to the density
parameters on a once pér day basis; S interval is dictated by the information used to compute the density

parameters. Daily corrections to the at
result in a databasewith 2924 parameters.

The Russian DDCM has\Been tse 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‘tg’'the Jacchia-Roberts density model (Ref. 43.5.4) have been computed using
simulated observation data.

e method has been used to compute density corrections to the GOST-84 density model and
he NRLMSIS-00 density.

e. The real data used to the efforts to date has been the NORAD Two-Line Element (TLE) sets.
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Originally (Ref. 43.5.1), it was planned to include in Eq. (2) the components characterizing the basic general
trends in the spatial distribution of the density fluctuation. Assuming symmetric density fluctuations in the
Northern and Southern hemispheres, the following basis functions were chosen:

AHlD=1
£0)= h ;:-ﬂ:
fi(.)=cosacosd
ful)=sinacosd W
fi()=sm*$
f.(_)=cosasin’Scosd
f-()=sinesin’ dcosd
fi()=smn"§
(3)

where « is the longitude and o is the latitude. The parameter®hy Jis a reference altitude. The coefficients of

these basis functions in the density correction expansionfwere, t6’be determined by least squares techniques.
However, experimentation led to the conclusion that thesfirst twolcoefficients were observable from the
then available orbit information. So the following r ed set offbasisMunctions has been employed in the
numerical studies done to date.

(4)

observed values of the ballistic fac 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 1-year solar activity cycle. Work is currently ongoing to demonstrate the

integration of additional obseérvations of\the atmosphere density with the Two-Line Element sets.
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800
750 b2
700
650
600
550 §
500
450
400 i
350 k2
300 (58
250
200
150
100

h,, km

12/01/1999
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06/16/2000
09/23/2000
12/31/2000
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071712001
10/24/2001
0143172002
03/03/2003
06/10/2003
09/17/2003

Time

models (such as DTM). Weynote th
the density. When thesé errors are
atmosphere density:

gf 500 LEO space objects whose element sets are regularly updated in the US
og. All of the chosen space objects have a perigee height less than 600 km. For
hosen space objects, all of the US SSS TLE’s available over the Internet have been

Each of the TLE-format element sets is transformed into a USM mean element set. Since the
ransformation from TLE to the USM mean elements is accomplished without reference to the
osculating space, the resulting elements are considered to be ‘noisy’ USM mean elements.

Establish solar flux and geomagnetic data base as follows:
a. Daily averaged value of Fyg 5

b. Fg; which is a weighted-average of the solar activity index F,o; for the preceding 81
days.
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c. K, which is the daily averaged quasi-logarithmic planetary index k, measured every
three hours

4. For each “measurement” epoch, determine smoothed USM mean elements andt he
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 a

otion propagation

3. The osculating orbital elements, generated from TLE sets, w measurements at

4. The 81-day averages of values, centered on the day o 7 were used instead of weighted-
average values of solar activity index for preceding 8
model.

5. The daily magnetic indices A were used in the NRLMSIS* odél instead of mean diurnal

p
indices K in the GOST model.

p
6. Different values of delays for indices of sélar gand geomdgnetic activity are used in the
NRLMSIS-00 and GOST models.
The density correction results given in Ref. 5.6

€ been reproduced by Wilkins (Ref. 43.5.10)

ARIMA methodology (Ref. 5.11) has been applied t blem of forecasting the density corrections.

43.4 Databases
Several databases have been generated as @gscribed id Reference 43.5.7. The file of Russia-generated by
and b, density correction factors for the timeyperiod, from fate 1999 to late 2003 has been transmitted to the
US. These correction factors have been by \Wilkins (Ref. 43.5.10) in the independent test of this
method.

43.5 Publication references

43.5.1 Gorokhov Yu.P., Na
parameters fluctuations”. Nablyud
80, 1982

“Methodical questions of building the model of atmosphere
. Astronomical Council of the USSR Acad. Sci., Moscow, No

Statistical comparig
2002.

43.5.4 Charles E. Roberts,
Models. Celestiai-Mechanics,4:368-377, December 1971.

azarenko, A.l., Cefola, P.J., Alfriend, K. T. Results and Issues of Atmospheric Density

'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.
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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.
Their Origin and Evolution, Eds. A.Carusl, G.B.Valsecchi, Reidel Publ. Co., pp.185-202.

ynam. of Comets:

43.5.9 Everhart E. 1974. Implicit single sequence methods for integrating orbits. Celest."Mech:
55.

43.5.10 Wilkins, M. P., Sabol, C., Cefola, P. J., and Alfriend, K. T., “Validatio d-Application of Corrections
to the NRLMSISE-00 Atmospheric Density Model”, AAS/AIAA Space Flight M 3 S
Arizona, January 2007, AAS 07-189.

43.5.11 Box, George E. P., Jenkins, G. M., and Reinsel, G. C., Ti

. pp.35-

43.5.13 Bergstrom, Sarah E.,_An Algorithm for Reducing
Observation Data in Real-Time, SM Thesis, Department of

43.6  Dates of development, authors and sponsops

43.6.1 Dates: 2007, based upon work donexduringrpreviousyyears (1982-2007)

h€ Russian scientists Prof. A. |. Nazarenko and Dr. V. S.
ent-activities have occurred at MIT in Cambridge, MA and at

43.6.2 Authors: The primary authors ar
Yurasov. Additional testing and algorithm refi
the Naval Postgraduate School, Monterey C

43.6.3 Sponsors: Russia

43.7 Model codes and sourcés
References 43.5.12 and 43.543 i
parameters. The Granholm and
algorithm also requires an ‘erbit
employed in the Russiangwerks The

source cede~sassociated with the estimation of the density correction
fforts were part of the independent test of the algorithm. The
system. The USM and Everhart numerical methods have been
has been the orbit determination system in the U.S. work.
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44 Horizontal wind model (HWM), 1993

44.1 Model content
The Horizontal Wind Model (HWM93) provides a statistical representation of the horizontal wind
Earth’s atmosphere from the ground to the exosphere (0 to 500 km). It represents over forty yea

fields of the
of satelhte

and the seasonal modulation thereof.

44.2 Model uncertainties and limitations
The first edition of the model was released in 1987 (HWM87) was intended for winds above
cycle variations are included (since HWM90), but they were found to be sma

times.

Comparison of the various data sets with the aid of the model shgWs, ¥ gengral remarkable agreement,
particularly at mid and low latitudes. The ground-based data allow~medeling of /seasonal/diurnal variations,
which are most distinct at mid latitudes. While solar activity variations are no cluded, they are found to be
small and not always very clearly delineated by the current data® Fhey are mast obvious at the higher latitudes.

én the originalndata Jsources. Although agreement
systematicrdifferences are noted, particularly near the
data and model values are on the order of 15 m/s

The model represents a smoothed compromise bet
between various data sources is generally good, so

meridional winds. Systematic biases in theeMedium Freq
where identified since the creation of the njode

44.3 Basis of the model
The HWMQ93 is based ongwindydata obtained
spherical harmonics is used t@ describe.the,zonal and meridional wind components. With the inclusion of wind
data from ground-based incoher ! ,
extended down to 100 km and using eteor/data. HWM93 was extended down to the ground. The HWM

e globe. The height-latitude contour plots of monthly mean zonal and
ear, and of annual mean wind, amplitudes and phases of annual and

44,5 Publication’references

445.1 A. E. Hedin, N. W. Spencer, and T. L. Killeen, Empirical Global Model of Upper Thermosphere

Winds Based on Atmosphere and D ynamics Explorer Satellite Data, J. Geophysics. Res., 93, 9959- 9978,
1988.
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44.5.2 Hedin, A.E., Biondi, M.A., Burnside, R.G., Hernandez, G., Johnson, R.M., Killeen, T.L., Mazaudier,
C., Meriwether, J.W., Salah, J.E., Sica, R.J., Smith, R.W., Spencer, N.W., Wickwar, V.B. and Virdi, T.S.
Revised Global-Model of Thermosphere Winds Using Satellte and G round-Based Observations.
J.Geophys.Res.-Space Physics, 96(A5), 7657-7688, 1991.

44.5.3 A.E. Hedin, E.L. Fleming, A.H. Manson, F.J. Scmidlin, S.K. Avery, R.R. Cle . Franke, G.J.
Fraser, T. Tsunda, F. Vial and R.A. Vincent, Empirical Wind Model for the Uppe i arid’ Lower
Atmosphere, J. Atmos. Terr. Phys., 58, 1421-1447, 1996.

44.6 Dates of development, authors and sponsors
44.6.1 Dates: HWM87 1987

HWM90 1990
44.6.2 Authors: A.E. Hedin

44.6.3 Sponsors: National Aeronautics and Space Ad

44.7 Model codes and sources
The HWMQ93 distribution package is an ASCII file containing thé mod
output of the test driver. They are freely available. Users pfay downloa
from any one of the following web sites:

e, a test driver, and the expected
he official source code distribution

Community Coordinated Modeling Center (COMC) at N\ihes, NASA Goddard Space Flight
Center http://ccmc.gsfc.nasa. qov/modelweb/#a

Coupling, Energetics, and D m Atmospheric Regions website under
tools/models http://cedarweb.hao.ucar.ed binfion=p?page=cedarweb.ion.

NOTE Regarding the new HWMO07 mode

At the timegthis revision for the Guide to Reference and Standard Atmosphere

Model of Upper Thefimesphere Stormeinduced D
2008). Interested usershof the HWMsshould consult the Journal of Geophysical Research relative to the availability of the
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45 Twenty-two range reference atmospheres, 2006

45.1  Model content
A Range Reference Atmosphere (RRA) is a statistical summary of atmospheric sounding observations at a

due to incomplete observation and recording between 1990 and 2001. The
sites was thus extended to the years 1984-2001. The model product itself/i
(CSV) format file containing tabulated profiles of each parameter for both monthly and annual values.

Table 1 — Range reference atmosphere site locations and World Meteorologi

observation site identification n%lbe\

al Organization (WMO)

Range Reference Atmosphere Site (o (N WMOID #
Argentia, New Foundland \/ 71801
Ascension Island, South Atlantic 61902
Barking Sands, Hawaii 91165
Cape Canaveral, Florida 74794
China Lake Naval Air Weapons Station, Califorpia 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 Proyin oundJArizOna 72274
Fairbanks, Alaska 70261
Great Falls, Montana 72775
Kwajalein, Marshall Islagés 91366
Nellis Air Force Base\Névada 72387
Nimes-Courbessac, France 7645
Point Magu Naval Air War California 72391
Roosevelt Roads, Puerto Rico 78526
Taguac, Guam 91217
Vandenberg Air Fo ase, California 72393
Wallops Island, Vi 72402
White Sands Mi : New Mexico 72269
Yuma Proving d, Arizona 72293
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Table 2 — Range reference atmosphere tabulated parameters and their physical units.

Parameter Unit Description
z km Geometric altitude
Geo Ht km Geopotential height
Hydro P mb Hydrostatically derived pressure
Hydro D g/m3 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 co nen
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 temperat@re
Skewness T  unitless Skewness of temperature
Mean D g/m® Mean density

Std Dev D g/m® Standard deviation of

Skewness D unitless  Skewness of den§it)
P Obcount number  Number of press abservatigns
T Obcount number Number of te ohsgrvations
D Obcount number Numbeswof density observations

density

Mean Vapor P mb Mean{\vapohpressure
Std Dev VP mb Standayd deviation ofWapor pressure
Skewness VP unitless  Skew, rpressure
Mean Tv K Mean w perature
Std Dev Tv K Stands gviation of virtual temperature

Skewness Tv  unitless / Skewness
Mean Td K Meanfdewpoin
Std Dev Td K Standard deviation of dewpoint temperature
Skewness Td  unitl
VP Obcount numbe apor pressure observations
Tv Obcount  number ber of virtual temperature observations
Td Obcount  number ber of dewpoint temperature observations

irtual temperature

fes and limitations

The model statisticg are generated from sampled subsets of the population of all possible atmospheric states.
exists that a given measurement will fall outside the specified variability limits, or
e sample-derived statistical distributions. All input data profiles are quality controlled
orce’s New Upper Air Validator (NUAV) system, as described in Air Force Technical Note
001. This program employs a series of well tested industry-standard quality control algorithms
discard erroneous and/or suspect data. A typical accuracy uncertainty for an arbitrary

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
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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
V component (North and South). Adopting a bivariate normal probability distribution as the sta

\

est) and the

Cartesian coordinates, these parameters are the mean of U, the mean of V, the standard deviation of

standard deviation of V, and the coefficient of correlation between U and V. Assumptions implicit j

adoption of the bivariate normal probability distribution include the following.
(1 Each wind component is itself univariate normally distributed.

(2) The conditional distribution of one component given a value of the
normally distributed.

(3) The wind speed is of the form of a generalized Rayleigh distribution.

(4) The frequency distribution of wind direction can be derived.
(5) The conditional distribution of wind speed given a value of be derived.

(6) The five tabulated wind statistical parameters with respectito the m
system can be derived for any arbitrary rotation of the orthogonal axes:

ological U and V coordinate

45.3.2 Thermodynamics
A set of six parameters were selected to represg
atmosphere. T hese parameters are pressure,

climatologically “the thermodynamic state of the
ity, temperature, dew point temperature, virtual

45.4 Databases
Input data consists of a climatological ar
various RRA sites from both rawinsonde,z

45,5 Publication references
The 2006 RRA models have.béen”approved for p
Group (RCCMG). The individual files
at https://bsx.edwards.af.mil/weathe: m.

ication by the Range Commanders Council Meteorology
are posted on the internet and available

45.6  Dates of developmen rs and sponsors

45.6.1 Dates

Canaveral, Florida, 2 s for additional sites were soon added. A series of 17 revised RRAs were
published from 198 RCCMG. Five additional sites were added between 1990 and 1991. A
further set of 18 revi RRAs were published in 2001. The current set of 22 RRAs was published in 2006.

45.6.2 Authors
The data and d escriptive

45.6.3 Sponsor
The RCCMG maintains organizational authority over the RRA model databases.

45.7 Model codes and sources
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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. W
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46 Reference atmosphere for Edwards Air Force Base, California, annual, 1975

46.1 Model content
The Reference Atmosphere for Edwards AFB, annual (1975 version), ERA-75, is a geographicakvariant of the
Reference Atmosphere for Patrick AFB, Florida (1963 version) (PRA-63). Because of the cl i
that model, the reader is referred to section 1 of the PRA-63 summary for details of the model ¢

46.2 Model uncertainties and limitations
The reader is referred to section 2 of the PRA-63 summary for details on model uncert

46.3 Basis of the model
The model is an extension of the Inter-Range Instrumentation Group (IRIG) Docu

Annual (1971 Version) above 3250 meters altitude. Below 3250 meters the
was used.

46.4 Databases
The data used to derive the various atmospheric parameters were ta

Edwards AFB” (P.O.R.) (1953-1967)

46.4.4 Carter, E. A, and S. C. Brownm™¢A)ReferenceAtmoasphere for Vandenberg AFB, California,” Annual
(1975 Version), NASA TM X-64590, May

46.5 Publication references

46.5.1 Johnson, D. L., “Het,"Cold, andfAnnual rence Atmosphere for Edwards AFB, California (1975
Version)”, NASA TM X-64590,"Novembery975. <http://trs.nasa.gov/archive/>

46.5.2 Anon. “Edwards Air Fo
September 1972. <http://trs.nasa.

¢ Reférence Atmosphere (Part 1)”, IRIG Document No. 104-63,
ive/>

46.6.1 Dates:

46.6.2 Authors:
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47 Hot and cold reference atmospheres for Edwards Air Force Base, California, annual, 1975

47.1 Model content
The Hot and Cold Reference Atmosphere for Edwards AFB, California, (1975 Version)
and figures of extreme summer and winter atmospheric profile properties for the Edwarg

eport provides tables
AFB area. lItis an

reflect the removal of moisture. Virtual temperature is identical to the kinetic t rature above the moisture
layer 7600 meters altitude (Hot) and 5,000 meters altitude (Cold).

47.2 Model uncertainties and limitations

47.3 Basis of the model
The two extreme Edwards AFB models were developed fro

extreme temperature profiles between near-surface levels and\ropop
1973 temperature values were applied and used at uppefsiratosphe
mathematical techniques for computing the propertiesfrom.the basic data are described in detail.

47.4 Databases
The data used to derive the various extreme gtmiespheric profiles'were taken from the following references:

47.4.1 National Climate Center (Ashevill dwards AFB Constant Pressure-level Radiosonde Data,”
January 1961-May 1968.

47.4.2 Johnson, D. L., “Hot,@eld
California” (1973 Ver3|on), NASA T

47.5 Publication references

47.5.1 Johnson, @=Ly, “Hot and, Cold

47.6.2 Auth —t/Johnson

National Aeronautics and Space Administration, Marshall Space Flight Center

5 from the sppnsor barry.c.roberts@nasa.gov.
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48 Hot and cold reference atmospheres for Kennedy Space Center, Florida, annual, 1971

48.1 Model contents

report containing tables and figures of extreme summer and winter atmospheric properties. It\is

model defined by computed values of pressure, kinetic temperature, virtual temperature and density.
temperature is the temperature, which would exist if the density were adjusted to reflect the remo
moisture. Virtual temperature is identical to the kinetic temperature above the moistu er at 6000 meters
altitude (Hot) and 5000 meters altitude (Cold). In general, these parameters are tabul
interval from 0 to 90 km altitude.

48.2 Model uncertainties and limitations

48.2.1 The model refers only to a specific location, Kennedy Space Center,

48.2.2 The model is based on atmospheric data obtained prior to 1965 in probing [ Lt

48.3 Basis of the model
The two extreme Kennedy Space Center models were developed from, amvana
and Patrick AFB, Florida radiosonde, rocket sonde and surface measurem . Extremes of temperature,
pressure, and d ensity were searched out at all altitude levels” and inter-level correlative techniques were
applied subjectively, between near-surface levels and tropopause heights, to'construct a Hot (summer) and a
Cold (winter) type of atmospheric profile. The mathematigal'techniques_foncomputing the properties from the
basic data are described in detail.

of Kennedy Space Center

48.4 Databases

The data used to derive the various extreme atmospheric p were taken from the following references:

48.4.1 National Climate Center (Asheville
Quantities”, Job. No. 6284, prepared for NA

NC), “Capé»Kennedy Florida Thermodynamic (Radiosonde)
-Marshali\Space Flight Center, August 19, 1966.

KA

48.4.2 National Climate Center, (Asf {G), “Cape Kennedy, Florida Rocketsonde Data from:
Meteorological Rocket Networkkirings”, "V d Data Center A -- Meteorology Data Reports (May 1959
through September 1967).

48.5 Publication references

48.6.1 Dates:
48.6.2 Authors:

in the form of tables and figures. Computer codes are available as KHA-73 and KCA-
y.c.roberts@nasa.gov.
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49 Reference atmosphere for Patrick Air Force Base, Florida, annual, 1963

49.1 Model content

The Reference Atmosphere for Patrick AFB, Florida, Annual (1963 Revision), cons
containing tables and figures of atmospheric properties. It is an empirical model defin
of pressure, kinetic temperature, virtual temperature, molecular temperature, density, coefficien
sound speed, molecular weight, pressure ratio, density ratio, viscosity ratio_and temperatur

a N ASA report

atmosphere and the pressure altitude. Virtual temperature is the temperature,” whic
have if the density were adjusted to reflect the removal of moisture.

In general, these parameters are tabulated for each 250-meter inter
meter interval from 90to 300 km altitude, and each 2,000-mete

49.2 Model uncertainties and limitations

49.2.1 The model refers only to a specific location, Patrick ARB, Flqrid

49.2.2 The model is based on data obtained early ifnthe probing of the upper atmosphere. It cannot now be
assessed satisfactorily.

49.3 Basis of the model
The model is an extension of the Atlantic angesAtmosphere for Cape Kennedy, Florida, in which
techniques described in the U. S. Stape Here, 1962 are used. Median values of geopotential
height, density, and temperature were “‘computed fromsfrequency distributions of each parameter for the
standard pressure levels. The mathiematical techhiques for computing the properties from the basic data are
described in detail.

49.4 Databases

The data used to derive théwafious a spheric parameters were taken from the following references:

4941 Range Reference Atmosphere Copnmittee, Meteorological Working Group of the Inter-Range
Instrumentation Group, Aflantie=Missile Range Reference Atmosphere for Cape Kennedy, Florida (Part [),
IRIG Document 104-63,

49.4.2 Smith, O. E., A Referefice Atmosphere for Patrick Air Force Base, Florida, Annual, NASA Technical
Note D-595, March 1961.

O. E. Smith and D. K. Weidner

49.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center
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49.7 Model codes and sources
The model is published in the form of tables and figures only. However, the derived coefficients for empirical
polynomials in five legs up to 83 km for the model are given in Table Il of the publication. No computer codes

are available. Copy is available from sponsor. (barry.c.roberst@nasa.gov) W
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50 Reference atmosphere for Vandenberg Air Force Base, California, annual, 1971

50.1 Model content
The Reference Atmosphere for Vandenberg AFB, California, and Annual 1971 Version

a geograph|cal

Patrick AFB, Florida, Annual (1963 Revision) for details.

50.2 Model uncertainties and limitations

50.3 Basis of the model

The model is an extension of the Inter-Range Instrumentation Group
Arguello, California, (launch site -- Vandenberg AFB). The mathe
those used in the Reference Atmosphere for Patrick AFB, Florida, Annug

50.4 Databases
The data used to derive the various atmospheric parameters
4 of the Reference Atmosphere For Patrick AFB, Florida a ) . .
Preliminary Reference Atmosphere for Point Arguello, Calffernia\ from /25 to 90 km Altitude, Technical
Memorandum 54/50-90, LMSC-HREC A784890, Lockheed*Missiles and Space Co., Huntsville, AL, November
1967.

50.5 Publication references
Carter, E. A., and S. C. Brown, A Referencé
Version), NASA Technical Memorandum X-

Atrmosphere~for, Vandenberg AFB, California, Annual (1971
90y May 10, 1971. http://trs.nasa.gov/archive/.

50.6 Dates of development, authots and spon

50.6.1 Dates: 1971
50.6.2 Authors: E. A. Carte dS. FOWN

50.6.3 Sponsors: NatiopnalAero and Space Administration, Marshall Space Flight Center.

50.7 Model codes and sources
The model is published inthe form of tables and figures only. However, the derived coefficients for empirical
polynomials in five legs U m are-given in Table | of the publications. Copy is available from sponsor.

(barry.c.roberts@nasa.go
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51 Hot and cold reference atmosphere for Vandenberg Air Force Base, California, annual,
1973

51.1 Model content

250-meter interval from 0 to 90 km altitude.

51.2 Model uncertainties and limitations

51.3 Basis of the model
The two extreme Vandenberg AFB models were developedsfrom*analysis ef the Vandenberg radiosonde and
Point Mugu, California rocketsonde data. Extremes of perature, presstire, and density were searched out
at all altitude levels and inter-level correlative technigues™were applied subjectively between near-surface
levels and tropopause heights to construct a Hot ( er) andfa Cold (winter) type of atmospheric profile.

51.4 Databases

51.4.1 National Climate Center (Ashvill
Meteorological Rocket Network Firings™
September 1967).

51.4.3 U.S. Air Force Environment
Observations — Part E, Extreme
and 1958-65), Washington, DC.

af Applications Center, “Revised Summary of Surface Weather
m and Minimum Temperatures for Vandenberg AFB, CA” (1951-52

51.5.1 Johnson/D.

51.6 Dates of develgpment, authors and sponsors

51.6.1 Dates: 1973
51.6.2 Authors: D. L. Johnson
51.6.3 Sponsors: National Aeronautics and Space Administration, Marshall Space Flight Center
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51.7 Model codes and sources
The model is published in the form of tables and figures. Computer codes are available as VHA-73 and VCA-

73 from the sponsor barry.c.roberts@nasa.gov.
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52 NASA/MSFC Mars global reference atmospheric model (MARS-GRAM), 2001

52.1 Model content
The Mars Global Reference Atmospheric Model (Mars-GRAM; Ref. 52.5.7) is an engine g-oriented,
empirical model of the Mars atmosphere. The model provides both mean and wave-perturbed atmospheri

Dust storm effects are included for all atmospheric parameters, as controlled by user-selected op
Optionally, the model can simulate either local-scale or global-scale dust storms, or density perturbations from
parameterized wave fields. Recently added features include: (1) basic atmospheric states m/ output of
NASA Ames Mars General Circulation Model (MGCM; 0-80 km) and U niversity of
Thermospheric General Circulation Model (MTGCM; 80-170 km), (2) option to-use

height surface from Mars Orbiting Laser Altimeter (MOLA), and (3) ne
boundary layer representation (based on MGCM output) and a method to co
fluxes at the surface and top-of-atmosphere.

52.2 Model uncertainties and limitations

Limited amounts of observational data in the height range 40-100
region. The model has been validated against accelerometer densi
and Mars Odyssey (100 — 120 km) and against MGS Thermal Emission Sp
(0 — 40 km) (Ref. 52.5.8 and 52.5.9).

52.3 Basis of the model
Mars-GRAM is based on surface and atmospheric te
Ames Mars General Circulation Model (MGCM; 0-8
General Circulation Model (MTGCM; 80-170 km),
is based on the Stewart thermospheric model (Ref

rature, densityy.and pressure from output of NASA
m)-and Umniversity” of Michigan Mars Thermospheric
higher altitudes (above about 170 km), Mars-GRAM
dified*as discussed in Reference 52.5.4

52.4 Databases
Parameterizations for altitude, geographical,and seasonal’variation of atmospheric temperature, density,
pressure and winds are from amplitudes and’phases, ofidiurnal and semi-diurnal tides from NASA Ames Mars
General Circulation Model (MGGM; 0-8 and_ University of Michigan Mars Thermospheric General
Circulation Model (MTGCM; 80-14Q k).

52.5 Publication referencés

52.5.1 Justus, C.G. (1990):
Planning and Analysis", AIAA 90-0 Aerospace Sciences meeting, Reno, NV, January.

(Mars-GRAM Version 3.4)", NASA ™ 108513,

. L. Johnson (1996): "Global Reference Atmospheric Model (GRAM) Thermospheres
for Mars™an : Comparison Studies", AIAA 96-4338, Space Programs and T echnologies Conference,
Huntsville, A er.

52.5.6 Stewart, A. |. F. (1987): "Revised Time Dependent Model Of The Martian Atmosphere For Use In

Orbit Lifetime And Sustenance Studies", LASP-JPL Internal Report PO NQ-802429, NASA Jet Propulsion
Laboratory, Pasadena, CA, March.
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52.5.7 Justus, C. G. and D. L. Johnson (2001): "Mars Global Reference Atmospheric Model 2001 (Mars-
GRAM 2001): Users Guide", NASA/TM-2001-210961, April. http://trs.nasa.gov/archive/

52.5.8 Justus, C. G. and D. L. Johnson, “Mars-GRAM Validation With Mars Global Surveyor Data”, Paper
C4.2-0005-02, 34" COSPAR Scientific Assembly — The Second World Space C ss, Houston, TX,
October, 2002b.

52.5.9 Justus, C.G. and D.L. Johnson, “Global summary MGS TES data and Mars-GRAM vali
C4.2-0005-02, 34th COSPAR Scientific Assembly — The Second World Space Congress,
October, 2002b

52.6 Date of development, authors and sponsors

52.6.1 Dates
Version 1.00 1988
Version 2.xx 1989
Version 3.0 1991
Version 3.1 1992
Version 3.2 1994
Version 3.3x 1995
Version 3.4 April 1996
Version 3.5 July, 4996
Version 3.6 Now: er 1996
Version 3.7
Version 3.8 1998
Version 2000 2000

Version 2001

52.6.2 Principal authors: C. G. Justus

52.6.3 Sponsors: National Aerghautics and Space Administration, Marshall Space Flight Center

52.7 Mode and sources
A description.and/users manual for Mars-GRAM 2001 is provided in Reference 52.5.7. Mars-GRAM source
code (suitable for PC_or UNIX platforms) and data files are available. Contact NASA Marshall Space Flight
Center, Natural Environments Branch, Marshall Space Flight Center, AL 35812, or jere.justus@msfc.nasa.gov
or mrts@nasa.qov for further information.
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53 NASA/MSFC Neptune global reference atmosphere model (NEPTUNE-GRAM), 2003

53.1 Model content
The National Aeronautics and Space Administration's NASA/MSFC Neptune Global Reference
Model (Neptune-GRAM 2003; Justus et al. 2003) program is under development. It is being
NASA centers for systems analysis and mission planning studies for future missions to the planet Nep
Applications include analysis of guidance algorithms and thermal protection systems for missions invog

-osphenc

4000 km), Neptune-GRAM also allows for the simulation of “random pertu
conditions. This feature permits the simulation of a large number of realisti
profile realizations along the same trajectory through the atmosphere, with re
variation and peak perturbation values (e.g., the random perturbation profiles prod alues which exceed
the three standard deviation values approximately 0.1 percent of the tjr

from Cruikshank (1995). A single model input parameter (Fn.maghallows the'usér of Neptune-GRAM to select
where within the min-max envelope a p articular simulation ‘will fall. F ,i,..5%= -1, 0, or 1 selects minimum,
average, or maximum conditions, respectively, with interghediatesvalues determined by interpolation (i.e. min-

are begun; and (2) adata base contal
atmospheric properties along any ftraject
positions — must be supplied.

Output consists of mean¥pressure, density, “te rature, and wind velocity components, and random
perturbation values of pressure enS|ty, temperature and wind components. All the statistically different
profiles of random perturbatio be evaluated by computing along the same trajectory with
different input starting conditions andem_perturbation values.

ot\ predict any parameters in the sense of aforecast model. It only provides

ot take explicit account of seasonal, latitudinal, or time-of-day variations. It relies
finimum-average-maximum values as described above.

range of atmospheric variability. This envelope for Neptune is based on atmospheric data from Cruikshank
(1995). A single model input parameter (F,n.max) allows the user of Neptune-GRAM to select where within the
min-max envelope a particular simulation will fall. F,.max= -1, 0, or 1 selects minimum, average, or maximum
conditions, respectively, with intermediate values determined by interpolation (i.e. Fpinmaxbetween 0 and 1
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produces values between average and maximum). Effects such as variation with latitude along a given
trajectory path can be computed by user-selected representations of variation of F,max With latitude.
Atmospheric density perturbation magnitudes in Neptune-GRAM are estimated from a methodology similar to
that of Strobel and Sicardy (1997) based on expected wave saturation effects.

53.4 Databases
Cruikshank, D.P., editor (1995): Neptune and Triton, University of Arizona Press, 1249 pages.

53.5 Publication references

53.5.1 Strobel, D.F., and B. Sicardy (1997): Gravity Waves and Wind Shear-Modeis”," ygens Science,
Payload and Mission, ESA SP-1177, August.

53.5.2 Cruikshank, D.P., editor (1995): Neptune and Triton, University of Arizana Press, 1249 pages.

53.5.3 C.G. Justus, Aleta Duvall, and D .L. Johnson (2003): “Engineering-Level) Model Atmospheres For
Titan And Neptune”, AIAA Joint Propulsion Conference, Huntsville, AL, 20:2 .

53.6 Dates of development, authors and sponsors

53.6.1 Dates: Original beta-test model version 20
General release version 2003

53.6.2 Principal authors: C. G. Justus

53.6.3 Sponsors: National Aeronautics ace Administration, Marshall Space Flight Center

53.7 Model codes and sources

For information on the Neptune<G computer, code, “README” files, model description and user’s manual,
contact NASA Marshall Space Flight/Centey,Natural Environments Branch, Marshall Space Flight Center, AL

35812 or jere.justus@msfounasaov.or b .c.foberts@nasa.gov.

&
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54 NASA/MSFC Titan global reference atmosphere model (TITAN-GRAM), 2003

54.1 Model content
The National Aeronautics and Space Administration's NASA/MSFC Titan Global Reference
Model (Titan-GRAM 2003; Justus et al. 2003) program is under development. It is being use
NASA centers for systems analysis and mission planning studies for future missions to Saturn’s
Applications include analysis of guidance algorithms and thermal protection systems for missions invo
aerocapture. Other Titan-GRAM applications include scientific studies, orbital mechanics and lifetime stu
vehicle design and performance criteria, attitude control analysis problems, and i
turbulence or density shears.

Atmospheric

variation and peak perturbation values (e.g., the random perturbation profile
the three standard deviation values approximately 0.1 percent of the time).

A simplified approach is adopted in Titan-GRAM whereby effects of sea
as effects of relatively large measurement uncertainties for Tita
envelope of minimum-average-maximum density versus altitude.
engineering atmospheric profiles of Yelle et al. (1997). A single modelinp rameter (Fmin-max) allows the
user of Titan-GRAM to select where within the min-max envelopg,ayparticul ulation will fall. Fyin-max= -1,
0, or 1 selects minimum, average, or maximum conditions, respectively, with, intermediate values determined
by interpolation (i.e. Fin.maxbetween 0 and 1 produces valGés between average and maximum). Effects such
as variation with latitude along a given trajectory path can”belcomputedhby, user-selected representations of
variation of FinmaxWith latitude. Atmospheric density*perturbationsmagnitudes in Titan-GRAM are estimated

his “envelgpe for Titan, is based on

In order to use the model, appropriate input parameters usitbe s upplied, consisting of: (1) values of the
program options, the initial position, the profil i i
are begun; and (2) a data base containin

i i i itiong forthe-random perturbation values.
54.2 Model uncertainties antions

parameters in the sense of aforecast model. It only provides
estimates of mean valdes isti realistic deviations from the mean.

54.2.2 The modgl 4 e _explicit account of seasonal, latitudinal, or time-of-day variations. It relies

range of atmo
et al. (1997). single model mput parameter (Fninmax) allows the user of Titan-GRAM to select where within
the min-max envelope a particular simulation will fall. F ,max= -1, 0, or 1 selects minimum, average, or
maximum conditions, respectively, with intermediate values determined by interpolation (i.e., Fnin.max b€tWeen
0 and 1 produces values between average and maximum). Effects such as variation with latitude along a
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given trajectory path can be computed by user-selected representations of variation of Fn.max With latitude.
Atmospheric density perturbation magnitudes in Titan-GRAM are estimated from a methodology similar to that
of Strobel and Sicardy (1997) based on expected wave saturation effects.

54.4 Databases
Yelle, R.V. et al. (1997): “Engineering Models for Titan’s Atmosphere”, in Huygens |Sci Paylead and
Mission, ESA SP-1177, August.

54.5 Publication references

54.5.1 Strobel, D.F., and B. Sicardy (1997): Gravity Waves and Wind Shear Modelis’, i ygens Science,
Payload and Mission, ESA SP-1177, August.

54.5.2 Yelle, R.\V. et al. (1997): “Engineering Models for Titan’s Atmos innHuygens Science, Payload

54.5.3 C.G. Justus, Aleta Duvall, and D.L. Johnson (2003): “Engineering=Level-Model Atmospheres For Titan

54.6 Dates of development, authors and sponsors
54.6.1 Dates: Original beta-test model version

General release version 2003
54.6.2 Principal authors: C. G. Justus

54.6.3 Sponsors: National Aeronautics Administration, Marshall Space Flight Center

54.7 Model codes and sourceés
For information on the Titan-GRAM¢gmputer eode,/"README” files, model description, and user's manual,
contact NASA Marshall Space Fli entep, Natural Environments Branch, Marshall Space Flight Center, AL
35812 or jere.justus@msfc.nasagov.or b .C.foberts@nasa.gov.
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55 NASA/MSFC Venus global reference atmosphere model (Venus-GRAM), 2003

55.1 Model content

criteria, attitude control analysis problems, and dynamic response to turbulence or density shes

In addition to evaluating the mean density, temperature, pressure, and wind penents at &
1000 km), Venus-GRAM also allows the simulation of “‘random perturba
conditions. This feature permits the simulation of a large number of realisti
profile realizations along the same trajectory through the atmosphere, with ‘
variation and peak perturbation values (e.g., the random perturbation profiles prod alues which exceed
three standard deviation values approximately 0.1 percent of the time

Up to 250-km altitude, dependence of Venus-GRAM mean atmos a
time-of-day (or solar zenith angle) is based primarily on “The Venu§ Iht€fnationa
(Kliore et al., 1986), referred to here as VIRA. Above 250 km, rather’tha ze the VIRA thermosphere
extension of Keating et al. (1996), Venus-GRAM is based op=amMSFC-developed Venus thermosphere
model (Justh et al., 2006). Atmospheric perturbation magnitudes in Venls-GRAM are estimated from a
methodology similar to that used in other MSFC GRAM mbdels, Pased on‘expected wave saturation effects.

0,
Reference Atmosphere”

Output consists of mean pressure, density, tempgrature, andsWind, velocity components, and random
i and wind,components. All the statistically different

d\hy computing along the same trajectory with

eters in the sense of aforecast model. It only provides
Jeviations from the mean.

km), VIRA depends on time-of- : high altitudes (150-250 km), VIRA depends on solar zenith angle
only

zenith angle) is pr|mar|ly based on the Venus International Reference Atmosphere model (Kllore et al., 1985),
her major data sources include "Venus" (Hunten et al., 1983), "Venus II",
(Bougher gt al. 97)»and "The Planet Venus" (Marov, and Grinspoon, 1998).

from F|g 5, pa "Venus II", with latitude variation from Fig. 8, page 696 of "Venus". Mean meridional

f up to 80 km and versus latitude is from Fig. 3, page 466 of "Venus II". Up to 80 km,
and meridional wind perturbations are from approximations to VIRA data and the "VIRA
Model”.
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Magnitudes of density perturbations are estimated from temperature variations observed by Pioneer probes,
taken from Figs. 1-8(d) and 1-12(a) of Seiff et al. VIRA data, pages 247, 259, and 278 of "Venus", pages 200
and 201 of "The Planet Venus", observed by Pioneer orbiter, taken from page 283 of "Venus II".

Additional data sources are described in Venus-GRAM documentation (README fi
program.

supplied with the

55.4 Databases

a database that is read in by Venus-GRAM. A database of appropriate “an
calculated from the VIRA data tables.

55.5 Publication references

Greece.

55.5.2 Keating, G.W., N.C. Hsu, andJ . Lyu (1996):
International Reference Atmosphere”, Paper C3-1.0033, 31}
Research (COSPAR), University of Birmingham, England, J

55.5.3 Justh, Hilary L., C. G. Justus, and Vernon W. Kellef;(2006):
Including Thermospheres, for Mars, Venus and Earth,”f Paper AIAA-
Specialist Conference & Exhibit, 21-24 August, Keystone, €0.

Global Reference Atmospheric Models,
2006-6394, AIAA/AAS Astrodynamics

55.5.4 Kliore, AJ., V. |I. Moroz, and G. M.
Atmosphere”, Advances in Space Research,

ating, editers,\(1985): "The Venus International Reference
, ho. 11( pages 1-304, Pergamon Press, Oxford.

55.5.5 Hunten, D. M., L. Colin, T.M. Donahue, and '\
Press, Tucson.

Moroz, editors, (1983): "Venus", University of Arizona

55.5.6 Bougher, S.W., D.M. Hgnte
Tucson.

and R.J. Rhillips, editors, (1997): "Venus 11", University of Arizona Press,

5§5.5.7 Marov, M.Y., andsB.Hw Grinspoag
Haven.

editors, (1998): "The Planet Venus", Yale University Press, New

55.6 Dates of developmentatthors and sponsors

ilable for use by NASA Centers and NASA-approved requestors. A description and users
manual for Venus-GRAM is not yet available. Currently available documentation consists of “README” files.
Contact barry.c.ro nasa.gov NASA Marshall Space Flight Center, Natural Environments Branch, Code
4 hall Space\flight Center, AL 35812 for further information.
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56 Venus international reference atmosphere (VIRA) structure and composition, surface to
3500 km, 1985

56.1 Model content
The VIRA structure and composition model details are described in chapters |, IV, and V of reference
model formulation divides the atmosphere into four regions: surface to 100 km, 100 to 150 km, 150 to 2
and 250 to 3,500 km. The surface to 100 km region provides latitude dependent values of temperatu
pressure, density and composition profiles, including gaseous constituents CO, N, , Kr, Oy, Hy,
SO, D, and NH;. The 100- to 150-km region provides latitude, night-side and day-si dent yvalues of

temperature, pressure, density, CO,, O, CO, N,, He, and N plus speed of sound, mean free p ressure
and density scale heights. The 150 to 250 km region provides latitude, noon, and midnight, solar ith angle,
solar activity dependent values of density, temperature, pressure, mean molec d of sound,
mean free path, pressure and density scale heights plus gaseous constituents of CO» CO, Ny, N, He, C,

and H. The 250 to 3,500 km region provides latitude, day-side, night-side, sols ivi pendent values of

VIRA. These measurements were obtained by means of both spacecfraft orbital d
These new measurements are incorporated into this recent VIRA model o7 t

consulted relative to use of the VIRA 1985 thermosphere model.

cay and mass spectrometry.
ermosphere, which should be

56.2 Model uncertainties and limitations

The nearly global infrared remote sensing measurem were limitedn vertical resolution to about 10 km. In
situ measurements were limited to a few soundin ich sampled) the instantaneous profiles with good
resolution but could not of themselves define gl porakimean conditions. The limited amount of
el. The models are not reliable for large

propagating in middle atmosphere. To the

Earth and Planets;including Reference Atmospheres).

56.4 Databases
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The database below 100 km used to construct the model included temperature retrievals of the infrared
soundings, average temperature profiles from radio occulations, temperature variations from radio occulations,
temperature profiles from net flux radiometer measurements, temperature profiles obtained during entry of
Venera 13 and 14. Mass spectrometer measurements provided data on gaseous constituents of the
atmosphere along with measurements from gas chromatographs, x-ray fluorescencge“spectrometers, and
infrared radiometer. Above 100 k m, the databases also included spacecraft drag, a erometer, mass
spectrometer, microwave measurements of the thermodynamic properties, and composition.

56.5 Publication references

jonal Reference
Atmosphere,” Advances in Space Research, Vol. 5, No. 11, Committee on Space Rese OSPAR).

56.5.2 Moroz, V. I. And L. V. Zaseva (1996): “A Review of Inp pdating of’Venus International
Reference Atmosphere,” Paper Number C3-1.0005, 31°" Scientific .

56.5.3 Keating, G. M., N. C. Hsu, and J. Lyu (1996): “Improved (Thermespheric Model for the Venus
International Reference Atmosphere,” Paper Number C3-1,0033,.34" Se¢ientific Assembly of Committee on

56.6 Dates of development, authors and sponsors
56.6.1 Dates: Plenary Meeting (COSPAR) 1982
1983
1984

1996

56.6.2 Principal authors: ManWseientists_nifade~Contributions to the VIRA model development. They are
detailed in Reference 56.5.1.

56.6.3 Sponsors: COSPAR

56.7 Model codesyand sources
The VIRA model is publighed-irtthe form of tables and figures. See Reference 56.5.1 for details.
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57 Mars climate database (MCD), 2008

57.1 Model Content
This Mars Climate Database (MCD), provides not only the mean climatological values of main meteorological
variables (i.e. atmospheric temperature, density, pressure and w ind velocity) but also informa |on about

versions of the Mars Climate Database. At the time of writing of the present docume
the MCD is MCD version 4.3 (released in May 2008).

. As the
scenarios
the various

The MCD extends up to ~350 km, i.e. up to and including the thermosphere [Ref 57.5.8 and
influence of Extreme Ultra Violet (EUV) input from the Sun is significant in the latter, three E

states of the solar cycle. The well known high variability of the Martian atm
distribution is accounted for by considering four different dust scenarios whi escrlbe extreme cases (from
very clear skies to global planet-wide dust storms) and a baseline scenario fokwt
atmosphere is that obtained from assimilation of Thermal Emission Sp

57.5.10] in 1999-2001.

Atmospheric density, pressure, temperature and winds, (herizontal and
Surface pressure and temperature,
COs ice cover,

Atmospheric turbulent kinetic energy,

o ertical),
[ ]

[ ]

[ ]

e Thermal and solar radiative fluxes,

[ ]

[ ]

[ ]

[ ]

Dust column opacity and mass mixing rati
[H,O] vapor and [H,Q] ice columns ahd mixing ratios;
[CQ], [O], [O2], [N2], [CO,], [H2] and fOs]volume mixingsratios,

Air specific heat capacity, visceSity,and molecular@gas constant R.

des schemes which create a “high resolution database”
ssure, temperature or density with a resolution better than
thine high resolution (32 pixels/degree) MOLA topography

weather by adding perturbations to the aforementioned mean values of main meteorological variables. These
perturbations may be s

the MCD’s validation document [Ref 57.5.5], include:
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e Comparisons with the values of surface temperature, atmospheric temperature and water vapour
column retrieved by the Thermal Emission Spectrometer (TES) onboard Mars Global Surveyor (MGS)
collected over almost three full Mars years.

e Comparisons with the values of atmospheric temperature derived from radio occultation using the
ultra stable oscillator onboard MGS.

o Comparisons with the values of surface pressure recorded by the Viking Lande

57.3 Basis of model
The Mars Climate Database (MCD) is a database of meteorological fields de

data. The GCM was developed at Laboratoire de Météorologie Dynamique du CN
57.5.1 and 57.5.2] in collaboration with the Open University (UK), the Oxford Un|verS|ty

) and the Instituto
(ESTEC contract
ational d'Etudes Spatiales

11369/95/NL/JG “Mars Climate Database and Physical Models”) and t
(CNES contract “Base de Données Climatique Martienne”).

The 3D Mars GCM that has been used to build the MCD is the
teams based in France (LMD, Paris and SA, Paris), the U
University of Oxford) and Spain (IAA, Granada), with the support of S

esult”of,an_ongoing collaboration between
e Qpen’University, Milton Keynes and the
A and CNES.

The MCD includes access software which, using the GCM%“outp
statistics of Martian meteorological quantities. The access“software
processing schemes which enable high spatial resolution teconstruct
means of realistically reconstructing the variability thereef,

sets, provides mean values and
eover includes complementary post-
on of environmental data and multiple

Odla

The General Circulation Models now includes
57.5.7 and 57.5.13] as well as the photochery
and 57.5.13] with high accuracy compared{{o ava

chetfies tosimulate the cycle of water vapor and clouds [Ref
wof many components of the atmosphere [Ref 57.5.6, 57.5.9,
e observations. It can also be used to model the lifting,
transport and deposition of dust ta simulate dustestorms and the distribution of dust particles in the
atmosphere [Ref 57.5.14, 57.5.15, 5¥¢5\677and 57,54/} 1/ast, a mesoscale (high resolution) dynamical model
of the Martian atmosphere has beenderived from(thegyGCM, in order to simulate the details of the atmospheric
physics and circulation with afreso ig\from a few tens of meters to a few tens of kilometers [Ref
57.5.18]

di

57.4 Databases
The Mars GCM was,origifmally [Ref 57°5. rived from the models used on Earth for weather forecasting
and climate change‘studies. It has, since th constantly evolved and been improved [Ref 57.5. 12] with the

A thorough description of the basic version of the LMD GCM can be found in [Ref 57.5.1]. To summarize, the
GCM is a grid-point model which consists of a d ynamical core (which integrates in space and time the

surface pressure) coordinates near the surface and pressure levels in altitude. This
see Ref 57.5.4) for a detailed description) roughly corresponds to having the first layers typically

57.5 Publication references

57.5.1 Forget F. et al. (1999) “Improved general circulation models of the Martian atmosphere from the
surface to above 80km”, Journal of Geophysical Research, 104, E10.
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57.5.2 Lewis S. R. et al. (1999) “A Climate Database for Mars”, Journal of Geophysical Research, 104, E10.

57.5.3 Forget F. et al. (2008) “Mars Climate Database v4.3 user manual’, available online at:
http://web.Imd.jussieu.fr/~forget/dvd/docs/MCD4.3 _user_manual.pdf

57.5.4  Millour E. et al. (2008) “Mars Climate Database v4.3 detailed design document”, ava
http://web.Imd.jussieu.fr/~forget/dvd/docs/MCD4.3_ddd.pdf

57.5.5 Millour E. and Forget F. (2008) “Mars Climate Database v4.3 validation document”, available
at: http://web.Imd.jussieu.fr/~forget/dvd/docs/MCD4.3_validation.pdf

57.5.6 Lefévre F. et al. (2004) “Three —dimensional modelling of ozone on Mars”, Journal
Research, 109, CitelD E07004.

57.5.7 Montmessin F. et al. (2004) “The origin and role of water ice clouds

5. . f model to thermospheric
altitudes: UV heating and photochemical models”, Journal of GeophysiealRe n, 110, E9, CitelD E09008.

57.5.10 Montabone L. et al. (2006) “Results on dust storms and stationary waves in three Mars years of data
assimilation”, 2™ International Workshop on Mars Atmosphere, Modeling and Observations, available online
at http://www-mars.Imd.jussieu.fr/granada2006/abstracts/Mentabone Granada2006.pdf

57.5.11 Hourdin et al. (1993) “Meteorological varijabili
Journal of Atmospheric Science, 50, 3625.

and the annual surface pressure cycle on Mars”,

57.5.12 Forget et al. (2008) “Modeling the
International Workshop on Mars Atmosphere

artian atmosp. with the LMD Global Climate Model”, 3"
odelingrand/Observations.

ot

57.5.13 Lefévre, F., J-L. Bertaux, F. Forget/S. Lebopneis, F. Montmessin, S. Perrier, K. Fast, R. T. Clancy, T

57.5.15 Newman, C. E., S. R.

P ead, and F. Forget Modelling the Martian dust cycle. 2:Multi-
annual radiatively active dust transpext sinfulations processes, J. Geophys. Res. 107, E10, 2002

particle size and spatial distribution: Part 1) Multisize dust transport

6) and AOPP (Atmospheric, Oceanic and Planetary Physics, University of Oxford)
teamed up to de their respective GCMs and build a Mars Climate Database.

The MCD and associated GCM are currently developed at LMD (Paris, France) in collaboration with the Open

University (UK), the Oxford University (UK) and the Instituto de Astrofisica de A ndalucia (IAA, Granada,
Spain) with support from the European Space Agency (ESTEC contract 11369/95/NL/JG “Mars Climate
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Database and Physical Models”) and the Centre National d'Etudes Spatiales (CNES contract “Base de
Données Climatique Martienne”).

The Mars Climate Database is currently maintained and developed by F. Forget1, E. Millour' and S.R. Lewis?,
and the development of the associated GCM results from the combined efforts of many, namely (only recent
contributors are cited here) F. Forget1, E. Millour" F. Gonzalez-Galindo', A. Spiga1, ladeleine’, P.-Y.
Meslin', S. Lebonnois’, F. Hourdin', L. Montabone'?, S.R. Lewis?, P.L. Read®, M.A. Lope de’/G. Gilli*,
F. Lefevre®, F. Montmessin®.

'Laboratoire de Météorologie Dynamique du CNRS, IPSL, UPMC, Paris, Franc
2Department of Physics and Astronomy, The Open University, Milton Keynes, U
3Atmospheric, Oceanic & Planetary Physics, University of Oxford, Oxfo
*Instituto de Astrofisica de Andalucia, Granada, Spain

®Service d’Aéronomie, IPSL, UPMC, Paris, France

57.7 Model codes and sources
The MCD is freely distributed and available in two different f
form as an online interactive interface or as a full version (fhecessary for intensive and precise work) freely
available on DVD.

mars.Imd.jussieu.fr and gives access to:

¢ Mean monthly value of main variablg elve times of the day, for all dust and EUV scenarios.

e The possibility to choose between( tk
areoid or above local surface) aloang/which to Stput data.

¢ A wide range of output formats: Images (gifjorpostscript files), NetCDF data files and various formats
of text files.

e Computation of simpleiuse

e An Earth date to Mars da

ariables (averages, minimum or maximum values).
’solar longitude Ls) converter.

The freely distributed MCD VD-ROM (simply contact francois.forget@Imd.jussieu.fr
and/or ehouarn.millour@)md.jussietufr to obtain a copy) contains:

: éer manual [3], along with a validation document [5] which details
itputs with available measurements and a detailed design document [4]
nical aspects of how the data is stored and processed.

ighter standalone high resolution surface pressure predictor, “pres0”.
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58 Extra-terrestrial space environment: a reference chart, 2007

58.1 Chart content
This 25 2 inch by 33 inch Reference Chart of the Extra-Terrestrial Space Environment provi
on the atmospheres of the planets, dwarf planets, comets, and asteroids as follows:

Mercury: Cross section of the magnetosphere and tabulation of the neutral and ion densities of exospher:
exo-ionosphere.

minimum, and daytime temperatures at Equinox versus altitude for the Earth’s
electrons at solar maximum and solar minimum.

Mars: Cross section of the magnetosphere, Martian atmosphere versus,altiftitle, estimated ion density profiles
for the dayside ionosphere, and calculated electron and ion temperatufés:
Jupiter: Cross section of the magnetosphere, Jovian atmosphetie, densities versus altitude, modeled ion and
electron (Ne) density profiles, and Jovian temperature versustalfitide.

Saturn: Cross section of the magnetosphere, atmosp
ionospheric density profiles, and atmospheric temper

density andfCemposition versus altitude, modeled
e profile vérsusialtitude.

the solar system, comparison of the electron densities of the ionospheres of the
comparison of the pressure versus temperature profiles for various planets
ions for Venus, Earth, and Mars consistent with current understanding of these
Relative sizes of the known satellites of the solar system shown with the Earth and

tainties and limitation
The references within the Reference Chart (Ref. 5.1) provide the planetary model uncertainties and limitations
used to produce the contents of this Reference Chart and should be consulted accordingly for this information.
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58.3 Basis of the chart contents

The research relative to the preparation of this Reference Chart was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under a contract with the National Aeronautics and Space
Administration.

58.4 Databases
The references within the Reference Chart (Ref. 58.5.1) provide the detail information of the
Reference Chart. They should be consulted for descriptions of the databases used in the develo
inputs used in preparation of the contents of this Reference Chart.

of this
ent of the

58.5 Publication references

58.5.1 Garrett, Henry B. and Robin W. Evans, “The Extra-Terresiri e Envir ent: A Reference
Chart”, AIAA SP-078, American Institute of Aeronautics and Astronauti 3 JRL 400-1281, Jet Propulsion
Laboratory, California Institute of Technology.

58.6 Dates of development, authors and sponsors

58.6.1 Dates: April 2007

58.6.2 Authors: Henry B. Garrett and Robin W. Eva
of Technology, Pasadena, California 91109

n Laboratory, California Institute

58.6.3 Sponsors: National Aeronautics and Space Administratio

58.7 Model codes and sources

The Extra-Terrestrial Space Environment: A R
Aeronautics and Astronautics as AIAA SP-
Mail address: 1801 Alexander Bell Drive, S RestonsVA 20191-4344.

eférefite Chartymay be obtained from the American Institute of
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Annex
(normative)

Glossary of acronyms

AE Atmosphere Explorer (spacecraf
AFB

AFCRL*

AFETAC*

AFGL*

AFRL*

AFSC*

AGU

AlAA

CASI*

CIRA COSPAR International Reference Atmosphere
CNES Centre*National d’Etudes Spatiales
COESA Copimittee onExtension of the Standard Atmosphere
COSPAR* Committee on Space Research
DDCM Direct Density Correction Method
DE Dynamic Explorer (spacecraft)
DOE* Department of Energy
ECA Edwards (AFB) Cold Atmosphere (model)
ECSS European Cooperation for Space Standardization
EHA Edwards (AFB) Hot Atmosphere (model)
ERA Edwards Reference Atmosphere
ESRO European Space Research Organization
GCM General Circulation Model
GOST* Government Standard (of the USSR)
GRAM Global Reference Atmosphere Model
GSFC* Goddard Space Flight Center (NASA)
GUACA Global Upper Air Climatic Atlas
HASDM High Accuracy Satellite Drag Model
ICAO* International Civil Aviation Organization
ICSU* International Council of Scientific Unions
T Indian Institute of Science
IRI* International Reference lonosphere
IRIG* Inter-Range Instrumentation Group
ISO* International Organization for Standardization
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ISRO* Indian Space Research Organization
KCA Kennedy (SFC) Cold Atmosphere (model)
KHA Kennedy (SFC) Hot Atmosphere (model)
LMD Laboratoire de Meteorojegie. Dynamique
MAP

MET

MGCM

MOLA

MRN

MSFC*

MSIS

MSISE

MTGCM

NASA*

NCDC National Climatic Data Center
NMC National Meteorological Center
NOAA* National Oeeanic and Atmospheric Administration
NRL* Naval Research Laboratory
NSSDC National Space Science Data Center
0GO Orbiting Geophysical Observatory (spacecraft)
PMR Pressure-Modulated Radiometer
PRA Patrick Reference Atmosphere
QBO Quasi-Biennial Oscillation
RCCMWG* Range Commanders Council Meteorological Working Group
RRA Range Reference Atmosphere
SAO* Smithsonian Astrophysical Observatory
SCOSTEP* Scientific Committee on Solar-Terrestrial Physics

Selective Chopper Radiometer
Solar Maximum Mission
phere-lonosphere-Mesosphere-Electrodynamics General Circulation Model
International Union of Radio Science
United States Air Force

Universal Semi-analytical Theory
Vandenberg (AFB) Cold Atmosphere
Vandenberg (AFB) Hot Atmosphere

Venus International Reference Atmosphere

World Meteorological Organization

NOTE Entries with asterisks indicate that some of the sponsoring organizations for one or more models are presented in
this guide.
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