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U.S. STANDARD
ATMOSPHERE, 1976

Abstract

The [:.8. Standard Atmosphere, 1976, which iz a revision of the U.S.
Stewdard Atmosphere, 196.2, was generated under the impetus of increased
knowledge of the upper atmosphere obtained over the past solar cvele. Above
50 km, this Standard is based on extensive new rocket data and theory for
the mesosphere and lower thermosphere, and on the vast resources of satel-
lite data for the thermosphere acquired over more than one complete solar
cvele. This Standard is identical with the ICAQ Standard (1964) up to 32 km
and the 180 Standard (1973) to 50 km. Part 1 gives the basis for compu-
tation uf the main tables of atmospheric properties, including values of
physical constants, conversion factors, and definitions of derived properties.
Part 2 describes the model and data used up to 85 km, in the first section;
and the model and data used above 85 km, in the second section. The theoreti-
cal basis of the high-altitude model is given in an appendix. Part 3 eontains
information on minor constituents in the troposphere, stratosphere, and
mesusphere. The main tables of atmospheric properties to 1000 km are given
in Part 4. The international system of melric units is used.

NATIONAL OCEANIC AND AMOSPHERIC ADMINISTRATION
NATIONAL AERONAUTICS AND SPACE ADMIRISTRATION
UNITED STATES AIR FORCE

washington, D.C.
October 1976

NOAA—S/T 76-1562

Forsale by the Suberinignoent of Docurments U5 Gavermment Prnting Oftice
Washingion DC 20402 - Price 36 20

Stock No BO3-0°T-00323-0

PART 1
Defining Constants and Equations

1.0 INTRODUCTION

The U.8. 8_andard Atmosphere, 1976 is an ideal-
ized, steady-staie representation of the earth's at-
mosphere frem the surface to 1000 km, as it iz
assumed to exist in a period of moderate solar
activity. For heights from the surface to 51 geo-
potential kilometers (km’), the tables of this stand-
ard are identical with those of the U.S. Standard
Atmosphere, 1962 (COESA 1962) and are based
on traditional definitions. These definitions, espe-
cially for heizhts below 20 km’, do not necessarily
represent an average of the vast amount of atmos-
pheric data available today from observations
within that hzight regicn. For heights from 51 km’
to 84.862 k' (i.e., 51.418 to B6 geometric kilo-
meters}, the tables are based upon the averages
of present-day atmospheric data as represented
by the tradizional type of defining parameters.
These include the linearly segmented temperature-
height profile, and the assumption of hydrostatic
equilibrium, m which the air is treated as a homoge-
neous mixture of the several constituent gases,

At greater heights, however, where dissociation
and diffusion processes produce significant depar-
tures from hemogeneity, the definitions governing
the Standarc are more sophisticated than those
used at lower altitudes. In this high-altitude re-
gime, the hydrostatic equation, as applied to a
mixed atmosphere, gives way to the more general
equation for -he vertical component of the fiux for
individual gas species (Colegrove et al. 1965 ; Kene-
shea and Zimmerman 1970), which accounts for
the relative change of composition with height.
This flux egaation simplifies to the hydrostatic
equation for 1he special case when the atmospheric
gases remain well mixed, as is the situation below
86 km.

The tempe-ature-height profile between 86 and
1000 km is nct expressed as a series of linear func-
tions, as at |ower altitudes. Rather, it ia defined in
terms of four successive functions chosen not only
to provide a reasonable approximation to observa-
tions, but alas to yield a continuous first derivative
with respect to height over the entire height re-
gime.

Obgervational data of various kinds provide the
basis for ind=pendently determining various seg-
menta of this temperature-height profile. The ob-
served temperatures at heights between 110 and

120 km were particularly important in imposing
limits on the selection of the temperature-height
function for that region, while the observed densi-
ties at 160 km and gbove strongly influenced the
selection of both the temperature and the extent of
the low-temperature isothermal layer immediately
above 86 km, T

In spite of the various independent data sets
upon which the several temperature-height seg-
ments are based, it is desirable, for purposes of
mathematical reproducibility of the tables of this
Standard, to expresa the temperature in a series of
consecutive height functions from the surface to
1000 km, with the expression for each successive
funetion depending upon the end-point value of the
preceding function, as well as upon certain terms
and coefficients peculiar to the related height inter-
val. This total temperature-height profile applied
to the fundamental continuity models (i.e., the hy-
drostatic equation and the eguation of motion),
along with all the ancillary required constants, co-
efficients, and functions, defines the U.8. Standard
Atmosphere, 1976. The specification of this defi-
nition without any justification in terms of ob-
served data is the purpose of Section 1.

1.1 INTERNATIONAL SYSTEM OF UNITS

The 1976 U. 8. Standard Atmosphere ig defined
in terms of the International System (S1) of Units
(Mechtley 1973). A list of the symbols, names,
and the related quantities of the applicable basic
and derived SI units, as well aa of the non-standard
metric units and the English unit employed in this
Standard is presented in table 1.

1.2 BASIC ASSUMPTIONS AND FORMULAS

1.2.1 ADOPTED CONSTANTS.—For purposes of
computation it is necessary to establish numerical
values for various constants appropriate to the
earth’s atmosphere. The adopted constants are
grouped into three categories. Category 1 in-
¢ludes those constants which are common to many
branches of the physical and chemical sciences, and
are here considered to be fundamental constants.
Some of these may be multi-valued as in the case
of M, representing the molecular weight of the
ith gas species. Category I includes three single-
valued and one multi-valued constant. Category I1
includes those constanta which, in addition to the




TasLe 1-- Units Applicable to the U8, Standard Atmo-
sphere 1076 )

Symbol Name Quanlity

R |
| Basic 51 | ‘
i jm meter length i

ke kilogram | mass
= , second : time
K i kelvin thermodynamic ‘x
i temperature i
mol ! mole the amount of a
substance
Derived SI
N newton force {kg'm/s")
P& paseal pressure (N/m")
J joule work, energy or
- . quantity of
heat {Nm)
w watt rate of energy
(or heat) trans-
fer (J/s)
Non-8tandard
mb millibar | preasure
100 (N/m")
terr
at 0°C | torr pressure
133.322 (N/m")
1°C Celajus
degree | temperature
kelvin minus
273.16
English

ft foot

length 0.3048 m* _J

* exact definition

category I constants and a suitable set of equations,
are sufficient to define that portion of the 1976
Standard Atmosphere below 86 km. This category
includes nine single-valued and three multi-valued
constants, Category III includes all the remaining
constants which, along with category-I and cate-
gory-11 constants and the related equations plus an
expansion of that set are necessary to define that
portion of the 1976 Standard Atmosphere above
86 km. This category includes 7 single-valued and
11 multi-valued constants,

Theconstants, with appropriate dimensions and
symbols, are listed accerding to categories in three
successive sections of table 2.

The definition as well as the authority for the
value of each constant is discussed separately from
the tabular listing. The multi-valued constants,
with one exception, have only their general aymbol
and dimensions listed in table 2, while the multiple
values of these constants, i.e., one value for each of
several gas species, or one value for each of several
height levels, are listed in tables 4 through 7.

Discussion of the Adopted Values of the Primary
Constanta:

Category I Constants
[ The Boltzmann constant, k = 1.380622 X

TAaBLE 2.— Adopted constants

A. Category I Constants
Symbol Value
3 1.380622 x 1¢-* N-m/K
M. the set of the first 10 valwes (kg/kmo.} listed
in table 3
N 6.022169 x 10™ kmol™'
R 8.31432 x 10 N-m/ (kmol-K)
B. Category I1 Constants
F. the set of the 10 values (dimensionless) listed
in table 3
g |9.80665 m/s*
o 9.80665 m'/ (s"m’)
H, the set of eight values (km’) listed in tab¢ 4
Luas the set of seven values (K 'km") listed in teble
4
P, 1013250 X 10° N/m" (or Pa)
To 6.356766 x 10" km
Tn 288.16 K
S i10 K
A 1.458 » 10~*kg/ (s-m-K"}
¥ 1.40 (dimensionlesa)
] 366 x 10'm
C. Category III Constants
ay the aet of 5 values {m™-s') listed in table &
b the set of 5 values {(dimemsionless) listed in
table 6
J:¢! 1.2 X 10" m'/s
K. 0.0 m*/s
Lys the aet of 2 values (K/km) listed in table E
n(0): [8.6x10"m™
n(H), |8.0x10"m™*
N the set of 4 values (km"} listed in table 7
& the set of 4 values (km™) listed in table 7
T 2400 K
T, 1000.0 K
u, the set of 4 values (km) listed in table 7
U the set of 4 values (km) listed in table 7
w the zet of 4 values {km") listed in table 7
W, the set of 4 values {km") listed in table T
2 the set of 6 values (km) listed in table 6
® the set of § values (dimensionless) Listed in
table 6
) 7.2 % 10" m~s

10~ N-m/K, is theoretically equal to
the ratio R*/N,, and has a value, con-
sistent with the carbon-12 seale. as
cited by Mechtly (1973).

The aet of values of molecular weigats
M, listed in table 3 is based upon the
carbon-12 isotope seale for which 2
= 12. This acale was adopted in 961
at the Montreal meeting of the Inter-
national Union of Pure and Applied
Chemistry.

The Avogadro constant, N, = 6.022169
x 10° kmol™, is conaistent with the

R'

F
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carbon-12 scale and is the value cited
by Mechtly (1973).

The gas constant, R* = 8.31482 x 107

N'm (kmo3l-K), is consistent with the
¢arbon-12 scale, and is the value used
in the 1962 Standard. This value is not
exactly consistent with the cited values
of kand N,.

Category Il Constants

The set of values of fractional-volume

concentretions F; listed in table 8 is
assumed to represent the relative con-
centrations of the several gas species
comprising dry air at sea level, Thease.
values are identical to those given in
the 1962 Standard (COESA 1962),
and except for minor modifications
which are based upon CO; measure-
ments by Keeling (1960), these values
are the same as those given by Gluec-
kauf (1951), and are based upon the
earlier work of Paneth (1939).

The guantity go (= 9.80665 m/s?) repre.

gents the sea-level value of the acceler-
atlon of gravity adopted for this
Standarc. This value is the one orig-
inally adopted by the International
Committze on Weights and Measures
in 1901 for 45° latitude, and even
though i has since been shown to be
too high by sbout five parts in ten
thousanc {List 1968), this value has
persisted in meteorology and in some
standard atmospheres as the value
associated with 46° latitude, even
though it applies more precigely to 2
Iatitude of 45° 82’ 83".

The dimensional constant g gelected to

relate the standard geopotential meter
to geometric height is numerically
equal to 7o, but with appropriately dif-
ferent dimensions. This constant im-
plicitly defines one standard geopoten-
tial meter as the vertical increment
through which one must lift one kilo-
gram to increase its potential energy
by 9.8(665 joules. The geometric
length of this vertical increment
varies inversely with the height-de-
pendent value of g. ’

Each of the members of the set of geopo-
tential-height values H, listed in table
4 represents the base of one of eight
successive atmospheric layers. The
pairs of values of H, and Ly, are based
partly an tradition and partly on pres-

ent-day observations. The first five of -

these peirs are identical to those of the

TaBLE 3.~—Molecular weights and assurred fractionsl-vol-
ume composition of sea-level dry air

Gat apecies | Molecular weight *| Fractional volume
M. Fu
{kg/kmol) {dimensionless)

Ne 28.0134 0.78084

[+ 9 31.5988 200476

Ar §0.848 00934

Cco, £4.00895 D00314

Ne 20.183 00001818

He 4.0026 00000524

Kr 83.80 06000114

Xe 131.80 00000087

CH, 1804303 000002

H. 2,01584 0000006

TABLE 4. —The defined reference levels and gradients of the
linearly segmented temperature-height profile from the sur-

face to B6 geometric kilometers
Sub- Geopotential Molecul Form of
seript height acale function
temperature relating
gradient TwH
[} He Laa
(km’) (K/km")
9 0 —6.5 Linear
1 11 0.0 Linear
2 20 +1.0 Linear
8 a2 +2.8 Linear
4 4“7 0.0 Linear
[ 51 —28 Linear
] m —2.0 Linear
7 B4.8520

Note: These values plus 7, the defined sea-level value of T,
equal to Tw, completely apecify the geopotential-
height profile of Tx from the surface to 86 geometric
kilometers.

first five layers of the 1962 Standard,
while the remaining two valaes of both
H,and Ly, have been newly selected to
provide a reasonable fit to the-pres-
ently available atmospheric data. The
first two values of the related sets
have their origin in one of the earliest
aeronautical standard atmospheres
(Touseaint 1819), and were approx-
imated in the first U.8. Standard
Atmosphere (Diehl 1926).

Lys Each member of the set of seven gradi-
ents L, == dTy/dH {i.e,, of molecular
scale {emperature Ty (Minzner and
Ripley 19668) with reapect to geopoten-
tia] H] listed in table 4 represents the
fixed value appropriate throughout its
related layer, Huto H, 5.

P, The standard ses-level atmospheric
pressure P, equal to 1.018250 x 107
Pa (or N/m?) was adopted in 1847 in

A pp— x ot
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Resolation 164 of the tnternationsl
Meteoralogival Organization, and cor-
responds fo the pressure exerted by
a column of mercury 0.760 m high,
having a density of L359531 100 kye

meaand subject to an acceleration due
toprvity of BR0GEA m =* This
eouivaloney definition was wdopted by
the International  Commission on
Weirhts and Measures in 1948,

The efTective earth’s radins for pur-
puses of caleulating geopotential at
any latitude is readily obtained from
equations given by Harrison (1968).
The value of », {-. 6856.766 km) used
in this Standard corresponds to the
latitude for which ¢ = 9.80665 m/s*.

The standard sea-level temperature T,
is 288.15 K. This value is based upon
two international agreements. The
first of these is Resolution 192 of the
International Commission for Air
Navigation which in 1924 adopted
15 (" as the sea-level temperature of
The International Standard Atmo-
sphere. This value has been retained
unchanged in all known standard
almospheres since that date, The sec-
ond agreement iz that of the 1954
Tenth General Conference on Weights
and Measures which set the fixed point
of the Kelvin temperature scale at the
triple-point temperature 273.16 K,
which is 0.01 K above the ice-point
temperature at standard sea-level
pressute,

The Sutherland constant, $ = 110 K,
(Hilsenrath et al. 1955} is a constant
in the empirical expression for dy-
namic viscosity,

The quantity, g = 1.458 x 10° kg/
(sm-K"*), (Hilsenrath et a). 1955)
is a constant in the expression for dy-
namic viscosity.

The ratio of specific heat of air at con-
stant pressure to the specific heat of
air at constant volume is a dimension-
less gquantity with an adopted value
y = 1.400. This is the value adopted
by the Aerological Commission of the
International Meteorological Organ-
ization, in Torento in 1948.

The meun effective collision diameter
o (= 3.65 % 10" m) of molecules is a
quantity which varies with gas species
and temperature. The adopted valye is
assumed to apply in a dry, sea-level
atmosphere. Above 85 km the validity

@

of the adopted value decreases with in.
creasing allitude (Hirschfelder of al.
1865; Chapman and Cowling 1960)
due to the change in atmospheric com-
position, For this reason the number
of significant figures in taubulations
of quantities involving o i reduced
from that used for other tabulated
quantities at heights abave 86 kn.

Category 111 Constants

The quantity @ represents a set of five

values of species-dependent coeffi-
cients listed in table 6. Egch of these
values is used in a particular functien
for designating the height-dependent,
molecular-diffusion coefficient D, for
the related gas species, (See b..)

TABLE 5,—The reference levels and function designations
for each of the four segments of the temperature-height
profile beiween 86 and 1000 km, with gradients specified
for two linear segments, and with an intermediate reference
height for the adopted atomic-hydrogen number-density

value
Sub- Geometric Kinetic- Form of
scTipl height temperature function
gradient relaling
b 7 Leas TtoZ
{km) {K/km})
T 86 0.0 linear
8 91 elliptical
9 110 12,0 linear
10 120 exponentia’
11 500
12 1000

Note: These specifications, along with s defined value of
temperature at 110 km, and the temperataze at 86 km
(84,8520 km) given in table 4, plus the requirement
of a continucus first derivative, d7/dZ, above 86 km,
define the teniperature-height profile hetween 86 and
120 km. The definitive form of the expopential frne-
tion en (31) is required to complete the specification
of the temperature-height profile from 120 to 1000
km. (See Appendix B for the derivation of the ellipti-
cal segment given by eq (27)).

by

K;

The quantity b: represents a set of five

values of species-dependent exponer.ts
listed in table 6. Each of these values
is used, along with the corresponding
value of a, in eq (8) for designating
the height-dependent, molecular-diffu-
sion coefficient for the related gas ape-
ciea. The particular values of o, and b,
adopted for this Standard have been
selected to yield & height varistion of
1 assumed to be realiatic,

The quantity K; = 1.2 % 10° m2/a is the

adopted value of the eddy-diffusion co-
efficient K, at Z, = 86 km and in the

ok e

K The quuntity K.

DEFINING CONSTANTS AND EQUATIONS 9

he ght interval from 86 up to 91 km.
Besrinning at 91 km and extending up
to 115 km, “he value of K is defined by
eq (7b). Al 115 km the value of X
equals K.

0.0 m#/s ia the
adpted value of the eddy-diffusion co-
eft cient K at Zy. -~ 120 and throughout
the height interval from 115 km to
1020 km.

Laa The zwo-valued setl of gradients L, =

n{0),

n{H)y

[

dT/dZ listed in table 5 was specifi-
caly selected for this Standard to rep-
resent available observations. Each of
these"two values of L, ) is associated
wikh the entire extent of a correspond-
ing layer whose base is Z. and whose
top is Zu 4o

The quantity, 2 (0): (= 8.6 X 10 m~?),

is the number density of atomic oxy-
gen assumed for this Standard to exiat
at Z; = 86 km. This value of atomic
oxygen number density, along with
oier defined constants, leads to num-
ber densities of Nu, Os, Ar, and He at
86 km. (See Appendix A.)

The quantity, n(H),; (= 80 x 10*°

m-"), is the assumed number density
of atomic hydrogen at height Z,; =
500 km, and is used as the reference
value in computing the height profile
of atomic hydrogen between 150 and
1000 km.

The guantity ¢ represents the first set of
siz species-dependent sets of coeffi-

TABLE 6§,—A set of apecies.dependent, thermal-diffusion co-
efficients and twe other sets of species-dependent constants

cients or terms (i.e., %ets of 'q, Q. w,
U, w, and W), the corresponding
membera of all aix of which are simul-
taneously used in an empirieal expres-
sion [eq(37)] for the vertical trans-
port term #; (1%, + K} in the vertical
flux equation for the particular gas
species. The species-dependent values
of all six sets have been selected for
this Standard to adjust number-den-
sity profiles of the related gas species
to particular boundary conditions at
150 and 450 km, as well as at 87 km in
the case of atomic oxygen. These
boundary conditions adl represent ob-
served or assumed average conditions.
These six sets of values are listed in
table 7.

Qi The quantity @ represents the second

set of the six sets of constants de-
scribed along with ¢, above.

Ty The quantity T, (= 240.0 K) represents

the kinetic temperature at Z, = 110
km. This temperature has been adopted
along with the gradient L., (= 12
K/km) to generate a linear segment of
T(Z) for this Standard between 110
and 120 km. This segment of T(Z)
represents a mean of observed temper-
ature-height data for the correspond-
ing height region.

Tw The quantity, T, (= 1000 K) repre-

sents the exospheric temperature, ie.,
the asymptate which the exponential
function repreasenting T(Z) above 120
km closely approaches at heights above
about 500 km, where the mean free
path exceeds the scale height. The

ired in speciying the height-dependent function of the . ndar
:ne:;:cula:d:ﬂ‘unbn coeficient. for the several species listed Yalue of T adopted for this Sta d
- is assumed to represent mean solar
I gt ditions
¢ ~dimen- ai (m™«u) b (dimen- COMy 1 .
Ges aaicnl'z:) sionless) U The quantity u, represents the thqu set
of the six sets of constants described
N: 0.00 . T along with ¢, above.
o 0.00 5.086x 107 0.750 U The quantity U/, represents the fourth set
0 g'gg :Eg?}i ig: g‘;:g of the six sets of constants described
e —0.4D 1.700 x 107 0.601 along with g, above.
H —0.25 2.305 x 107 0,500
TaBLE 7.—Values of six sets of apecies-dependent zoefficients applicable to the empirical olxprenion representing the flux
term v/ (D 4 K} in the equation for number density of the four species listed
Gan Q. (k1 q (km?) U (km) e (km) W (km*) w, (km™)
o --2.800644 x 10~ —3.416248 x 10" | B6.80311 810 2.706240 x 10': 5.008765 x 10
0. 1.366212 x 10 o $6.000 . B.333333 x ID:; T
Ar £.434078 x 10 ] 88.000 . 8.333338 x 10_.
He —2.457369 x 10+ ' '] pe.0o0 | .. 8.668687 x 10

* This value of g: applies only for B6 = Z = 7 km. For Z > 97 km, g, = 0.0 km™,
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e, The quuntity # represents the 'ifth sel
of the six sets of constants described
along with § ahove.

17" The gquantity W represents the sixth set
ol the =ix sets of vonstants deseribed
alnng with 4 above,

z The quantity Zo represents o sel of six
values of Z for b equal 10 7 through 12,
The values Z:, Z,, Z,, and Z,, corre-
spond successively to the base of sue-
ceszive luvers charucterized by succes-
sive sepments of the adopled tempera-
ture-height funetion for this Standard.
The fifth value, Z,,, is the reference
height for the atomic hydrogen caleu-
lation, while the zixth value, Z,., repre-
sents the top of the region for which
the tabular values of the Standard are
given. These six values of £, along
with the designation of the type of
temperature-height function associ-
ated with the first four of these values,
plus the related value of Ly, for the
two segments having a linear tempera-
ture-height funciion, are listed in ta-
ble 5.

o The quantity e, represents a set of six
adopted species-dependent, thermal-
diffusion coefficients listed in Tahle 6.

& The quantity ¢ (= 7.2 x 10" m2-5")
for the vertical flux is chosen as a com-
promise between the classical Jeans
escape flux for T, = 1000 K, with
corrections to take into account devia-
tions from a Maxwellian velocity dis-
tribution at the critical level (Brink-
man 1971), and the effects of charge
exchange with H* and O+ in the plas-
masphere (Tinsley 1973).

1.2.2 EQUILIBRIUM ASSUMPTIONS.—The air is
assumed to be dry; and at heights sufficiently below
86 km, the atmosphere is assumed to be homoge-
neously mixed with a relative-volume composition
leading to a constant mean molecular weight M.
The air is treated as if it were a perfect gas, and
the total pressure P, temperature T, and total den-
sity pat any peint in the atmosphere are related by
the equation of state, i.e., the perfect gas law, one
form of which is

. *
p= £ RT )
where R* is the universal gas constant. An alter-
nate form of the equation of state, in terms of the
total number density N and the Avogadro constant
N,is
. L
p=MIET @)

This form represenis the sinmation of P. the par-
tial pressures of the indivicual gas specizs, where
P, is related to #, the numbex density of the ith gas
species in the following expwession :

FORPRY (3)

where & is the Bollzméann coaatant.

Within the height regioa of complete mixing,
the atmosphere is assumed to be in hydrostatic
equilibrium, and to be horizentally stratifizd so that
dP, the differential of pressare, is related -0 dZ, the
differential of geometric height, by the relntiorship

dP = g-p-dZ {4)

where g is the height-dependent acceleration of
gravity. The elimination of p between eg {1) and
{4) yielda another form of t2e hydrostatic equation,
which serves as the basis for the low-altitade pres-
sure calculation

dPF _ —g-M

dinP — P = g.p +dZ. (6)

Above 86 km the hydrostatic equilibrivm of the
atmosphere gradually breaks down as diffasion and
vertical transport of indivicual gas species lead to
the need for a dynamically oriented modz] inelud-
ing diffusive separation. Ur der these conditions it
is convenient to express the 1eight variatiens in the
atmospheric number densit+ in terms of -he verti-
cal component of the flux o the molecules of indi-
vidual gas species {Colgrov= et al. 1965). In terms
of the ith gas species, this expressicn is

e vi 4 Dhe (E;’;+ T'J,iiljj- o) .g+9_§%#‘«)

d ar ‘- M N
R R

where

v, = the vertical tranzport velocity of the ith
species,

D, = the height-depeadent, molecular-diffu-
sion coefficien. of the ith apecies dif-

. fusing througa N,
ai = the thermal-diffasion coefficient of the
ith species.
M, = the molecular weight of the it species,
M = the molecular wdight of the gas through

which the ith zpecies is diffusing, and
K = the height-dependent, eddy-diffusion
coefficient.

The funclion K is defined differently in each of
three height regions:

1. For86 =2 < 965 km,
K = K; = 1.2 x10°m*s (7a)
2. For95-2Z < 115km

400
K = K:-exp [1 - ;o’o’*_jz“:_ﬁﬁ] (Th)

8. Forllb=<Z < 1000
K = K,, = 0.0m¥/s. (Tc)

The function I, is defined by

_ & . T b
D= tu, (z’mi) @)

where a; and b; are the species-dependent constants
defined in table 6, while T and £, are both altitude-
dependent quantities which are specified in detail
below. The values of D;, determined from these alti-
tude-dependent guantities and the defined con-
stants & and b;, are plotted in figure 1 as a function
of altitude, for each of four species, 0, 0., Ar, and
He. The value of D, for atomic hydrogen, for heights
Jjust below 160 km, ig also shown in figure 1. This
same figure contains a graph of K as a function of
altitude. It is apparent that, for heights sufficiently
below 90 km, values of D, are negligible compared
with K, while above 115 km, the reverse is true. In
addition, it is known that the fiux velocity v, for the
various species becomes negligibly small at alti-
tudes sufficiently below 90 km,
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Figure 1. Molecular-diffusion and eddy-diffusion coefficients as &
function of geometric altitude.

The information regarding the relative magni-
tudes of v, D,, and K permits us to congider the
application of eq (6) in each of several regimes.

One of these regimes is for heights sufficiently be-
low 90 km, such that v, and D are both extremely
small compared with K. Under these conditions, eq
(6) reduces to the following form of the hydro-
static equation;

dy , dT  — oM
n +'p = pe.q -dZ, 9
Since the left-hand side of this equation is seen
through eq (3) to be equal te¢ dP./P, eq (9} is
seen t0 be the single-gas equivalent to eq (5).
Consequently, while eq (6) was designed to de-
scribe the assumed equilibrium conditions of indi-
vidual gases above 86 km, it i3 apparent that eq (6)
also describes such conditions below that altitude,
where the partial pressure of each gas comprising
the total pressure varies in accordance with the
mean molecular weight of the mixture, as well as
in accordance with the temperature and the ac.
celeration of gravity. Nevertheleas, eq (5), ex-
pressing total pressure, represents a convenient
step in the development of equations for computing
total pressure versus geometric height, when snit-
able functions are introduced to account for the
altitude variation in T, M, and g.

It has been customary in standard-atmosphere
caleulationa, to effectively eliminate the variable
portion of the acceleration of gravity from eq (5}
by the transformation of the independent vari-
able Z to geopotential altitude H, thereby simplify-
ing both the integration of eq (5) and the resulting
expression for computing pressure. The relation-
ship between geometric and geopotential altitude
depends upon the concept of gravity.

1.2.3 GRAVITY AND GEOPOTENTIAL ALTITUDE—
Viewed in the ordinary manner, from a frame of
reference fixed in the earth, the atmosphere is aub-
ject to the force of gravity. The force of gravity is
the resultant {vector sum) of two forces: (a) the
gravitational atiraction in accordance with New.
ton's universal law of gravitation, and (b) the cen-
trifugal force, which results from the cholce of an
earthbound, rotating frame of reference.

The gravity field, being a conservative field, can
be derived conveniently from the gravity potential
energy per unit mass, that is, from the geopotential
@, This ia given by

e=0;+ o (10)

where ¢, is the potential energy, per unit mass, of
gravitational attraction, and &, is the potential en-
ergy, per unit maas, associated with the centrifugal
force, The gravity, per unit mass, is

E=ve {11)

where V& is the gradient (ascendant) of the geo-
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, ravity fs denote
by ¢ i detied l o

as the magnitude of g that is,
g lg = va (12
W hon meving alonge an external normal from any
|lmnl.u|_1 the =urface 4, 10 a point on the surface
deaniinitely close Lo the first surface, so that 4.
','" : n"l‘,_lhi' ineremental work performed by sh}'ft.
ing unit miss from the first surface to the second
will be

dir=g-dZ, (13)
Hence,

vh:f:.a-dz. (149)

The unit of measurement of geopotential is the
standard geopotential meter {m’) which represents
the work done by lifting a unit mass 1 geometri;
meter, through a region in which the acceleration
of gravity iy uniformly 9.80665 m_ s,

The geopotentiul of any point with respect to
niean seq level {assumed zero potential), expressed
In geopotentinl meters, is called geopotential alti-
tude. Therefore, geopotential altitude H is given by

@ 1 i
=" _1. :
o =gr [ 900z (15)

and is _expressed in geopotentjal meters (m’) when
t(hg unit geopotential g, is sel equal to 9.80665 m*
7 m’). ’
Wi_th geopotential altitude defined as jn eq {16),
the differential of eq (15) may be expressed as

o' dH = g-dZ. (16)

This expression is used in eq {8) to reduce the
number.of variables prior to its integration, there-
by leading to an expression for computiné pres-
sure as a function of geopotential height.

The inverse-square law of gravitation provides
an expression for g as a function of altitude with
sufficient accuracy for most maodel-atmosphere
computations;

— - r ’
9=1g, (mfz) (17

whefe 7 18 the effective radius of the earth at a
spe.mﬁc latitude as given by Lambert's equations
(List 1968.}. Such & value of o takes into aceount
the centrifugal acceleration at the particular lati-
tude. For this Stundard, the value of 7o is taken as
6,356,766 m, and is consistent with the adopted
value of g, = 9.80665 m s? for the sea-level value

of the aceelerution of kravite. The variation of ¢ ax

a function of gevmelric altitude is depicted in fig-
ure 2.

000

GEOMETRIC ALTITUDE, km
2 8 8 8 8 3 8 8
T L T
o

T

I

MW B BO B5  90 95 100
ACCELERATION OF GRAVITY, mja?

Figure 2, Acceleration of gravity as a function of geamedric aititude

Integration of eq (15), after substitation of
(17) for g, yields o

He P [ ZY 12
8o’ (Tn + Z) =r (;"on‘*' 3) (12)
or N

o H
2= (19)

where " = Yo'’ = 1m'/m.

.Dlﬂ'erences between geopotential altitudes ob-
tained from eq (18} for various values of Z, and
th?se computed from the more complex relation-
ship used in developing the U.S. Standard Atmo-
sphere, 1962, are small, For example, valpes of
H computed from eq (18) are approximately 0.2,
0.4, am‘i 33.3 m greater at 90, 120, and 708 km
rea:pectwely, than those obtained from the relltion:
ship used in the 1962 Standard.

) The transformation from Z to ¥ in eq /5) makes
it necessary for the altitude variation of T as well
as any variation in M between the surface and 86
km also to be defined in terms of &. It is eoanvenient
therefore to determine the sea-level value of M as
well as the extent of any height dependerce of this
quantity between the surface and 86 km. Then, for

this low-zltdude regime, the two variables T wnd
M are comb ned with the conatant M, into a single
variable Tw. which is then defined as a function of
H.

124 MEAN MOLECULAR WEIGHT.—The mean
molecular weight M of a4 mixture of gases is hy
definition
= M) (20)

H,

where 1 anc M, are the number density and defined
molecular weight, respectively, of the ith gas spe-
cies. In that part of the atmosphere between the
surface anc about 80 km eltitude, mixing is
dominant, and the effect of_diffusion and photo-
chemical precesses upon M is negligible. In this re-
gion the fractional composition of each species is
assumed to »emain constant at the defined value F,,
and M remsins constant at its sea-level value M,.
For these cenditions # is equal to the produet of
F, times the *ota] number density &, so that eq (20)
may be rewxitten as

I[F-N(2)-M]_S(F-M) o)y
i[Fe-N(2)] —  iF

The right-hand element of this equation results
from the psocess of factoring N(Z) out of each
term of bot1 the numerator and the denominator
of the preceding fraction, eo that, in spite of the
altitude dependence of N, M is seen analytically to
equal M, over the entire altitude region of complete
mixing.

When the defined values of F, and M, {from table
3) are intreduced into eq (21), M, is found to be
28,9644 kg /<mol. At 86 km (84.862 km’), however,
the defined ~alue of atomic-oxygen number density
(8.6 % 10'% 1) is seen, in Appendix A, tolead toa
value of M = 28,9522 kg/kmol, about 0.04 percent
less than M.. To produce a smooth transition from
this value 0* M to M,, the altitude profile of M has
been arbitrarily defined at intervals of 0.5 km’ for
altitudes between 79.006 and 84.862 km’, in terms
of the ratio M/M, as given in table 8 These ratio
values have been interpolated from those initially
selected for intervals of 0.5 geometric kilometers
between 80 and 86 km to satisfy the boundary con-
ditions of M = M, = 28.9644 at 80 km, and M =
28,9522 at 86 km, and to satisfy a condition of
smoothly decreasing first differences in M within
the height interval 80 to 86 km.

These arditrarily assigned values of M/M, may
be used for correcting a number of parameters of
this Standard if the tabulations are to correctly fit
the mode! in the fifth and perhapa in the fourth
aignificant igures within this height region. This
after-the-fect correction is required because these
values of 'x /M, were not included in the program
used for conputing the tables of this Standard be-.

M=M=

Jow 86 km, and hence, the tabulations of some of the
propertiea may show a discontinuity of up to 0.04
percent between 85.5 and 86 km. Thia situation ex-
ists partieularly for four properties in addition to
molecular weight, i.e., kinetic temperature, total
number density, mean free path, and collision fre-
quency. For these five parameters the discrepancy
in the tables between 80 and 86 km can be readily
remedied by a simple multiplication or division:
tabulated values of M, T, and L must be multiplied
by the corresponding values of M/M, from table 8;
tabulated values of N and » must be divided by the
corresponding values of M/M,.

Three other properties, dynamic viscosity, kin-
ematic viscosity, and thermal conductivity, which
are tabulated cnly for heights below 86 km, have
similar discrepancies for heights immedistely be-
low 86 km. These values are not so simply cor-
rected, however, because of the empirical nature
of their respective defining functions. Rather, these
quantities must be recalculated in terms of
a suitably corrected set of values of T, if the pre.
cisely correct values are desired for geometric alti-
tudes between 80 and B6 km.

TaBLE 8.—Molecular-weight retio geopotential and geomet-
ric altitudes in meters

H z MM, | 2 H MM,

79000 | 70984.1 | 1000000 | BO0OO | TROOG.T | L.ODOODD
79800 | BO50S.9 | 0.995996 | 80600 | 79493.3 | 0.895066
80000 | 81015.6 | 0.999988 | 81000 | 76980.8 | 0.899989
80500 | 81632.5 | 0.9p9P6% | B1500 | BO46B.2 | 0.090D71
81000 | 82045.4 | 0.500938 | 82000 | BOSGS.T | 0999541
B1500 | B2SGS.G | 0.050004 | 82500 | BI448.0 | 0.009B0D

22000 | B30TL5 | 0.990804 | 83000 | BI830.2 | 0.00HBT0
B2500 | BAGEE.E | 0.099822 | BIGQ0 | B2417.8 { 0.099018
83000 | B409S8.0 | 0.000778 | 84000 | B2004.4 1 0.99978E
83500 | 84611.4 | 0.999781 | 84500 | 83891.4 | 0.998741
84000 | 851248 | 0.990081 | B600O | 8BATE.4 | 0.990004
84500 | B5638.4 | 0.009879 | B5500 | BABGE.2 | 0.999641
86000 | B4852.0 | 0.909578

125 MOLECULAR-SCALE TEMPERATURE V8. GEO-
POTENTIAL ALTITUDE 0.0 to 84.8520 KM—The mo-
lecular-scale temperature Ty (Minzner et sl 1958)
at a point is defined as the product of the kinetic
temperature T times the ratlo Mq/M, where M is
the mean molecular weight of air at that point, and
M, (=28.9644 kg/kmol) is the sea-level value of
M discussed above. Analytically,

Py TeE0 (22)

When T is expressed in the Kelvin scale, T, ia
also expressed in the Kelvin acale.

The principle virtue of the parameter Ty is that
it combines the variable portion of M with the
variable 7' into a single new variable, in a manner
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somewhat similar to the combining of the viriable
portion of ¢ with Z to form the new variable H,
When hoth of these {ransformations are intro-
duced into (5}, and when T, is expressed as a
linear function of H, the resulting differential
equation has an exact integral. Under these condi-
tions, the computation of P versus H becomes a
simple process not requiring nureerical integra-
tion. Traditionally, standard atmospheres have
defined temperature as a linear function of height
to eliminate the need for numerical integration in
the computation of pressure versus height. This
Standard follows the tradition to heights up to 86
km, and the function T, versus H is expressed as
a series of seven successive linear equations. The
general form of these linear equations is

Ty=Tys+ Lyp* (H — H,) (23)

with the value of subscript & ranging from 0 to 6
in accordance with each of seven successive layers.
The value of Ty, for the first layer (b = 0) is
288.15 K, identical to T,, the sea-level value of T,
since at this level & — M, With this value of Ty,
defined, and the set of six values of Hy and the six
corresponding values of Ly, defined in table 4, the
funetion T, of H is completely defined from the
surface to 84.8520 km’ (86 km). A graph of this
function is ecompared with the similar function of
the 1962 Standard in figure 3. From the surface
to the 51-km* altitude, this profile is identical to
that of the 1962 Standard. The profile from 51 to
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Figure 3. Molecularscale temperature as a function of geopotentiat
altitude

84.8520 km' was selected by Task Group 1, a=d
abbreviated tubles of thermodynamic prope-tizs of
the atmosphere based upon this profile were pub-
lished by Kantor and Cole (1973).

1.2.6 KINETIC TEMPERATURE YERSUS GEOME™-
RIC ALTITUDE, 0.0 To 1000 km—Between the surface
and 86-km altitude, kinetic temperature iz based
upon the defined values of Ty. In the lowest 80
kilometers of this region, where M is conslart at
M., T is equal to T, in accordance with (2%). Be-
tween 80 and 86 km, however, the ratio M. M, is
assumed to decrease from 1.000000 to 09995788, as
indicated in table 8, such that the values of T cor-
respondingly decrease from those of T,. Thus, at
Z; = 86 km, a form of eq (22) shows that T has &
value 186.8673 K, i.e., 0.0787 K smaller than that
of Ty at that height.

At heights above 86 km, values of T, &re no
longer defined, and geopotential is no longer the
primary argument. Instead, the temperature-alt:-
tude profile iz defined in terms of four successive
functions, each of which is specified in such a WaY
that the first derivative of 7 with respect to Z is
continuous over the entire altitude region, BE to
1000 kem. These four functions begin successively at
the first four base heights, Z, listed in table 5, and
are designed to represent the following conditiona:

A. Anisothermal layer from 86 to 91 km

B. A layer in which T(Z) has the form of
an ellipse from 91 to 110 km;

C. A constant, positive-gradient layer from
110 to 120 km; and

D. A layer in which T increases exponen-
tially toward an asymptote, as 2 in-
creases from 120 to 1000 km.

B6 to 91 km

For the layer from Z; = 86 km to 2, — 97 hm,
the temperature-altitude function is defined to be
isothermaliy linear with respect to geometr.c al-
titude, so that the gradient of T with respect to Z
is zero (see table 6). Thus, the standard form of
the linear function, which is

T="Ty 4 Lo (22 (24)
degenerates to
r="T,=1868673 K (25)
and by definition
dT ;
b 0.0 K 'km. (28)

The value of T, is derived from one version of
eq (22) in which T, is replaced by T.:, a value de-
termined in 1.2.6 above, and in which M/N, is
replaced by M./M, with a value of 0.9995788 in
accordance with values of M, and M, discussed in
1.3.3 below. Since T is defined to be constant for the

ent:re layer, Z; to £, the temperature at Z. is Ty
= T; = 186.8673 K, and the gradient dT/dZ at 2y
isLxx=0.0K/km,thesameasforLx1 ’
9110 110km

For the layer Z, = 91 km to Z, = 110 km, the
temperature-aliitude function is defined to be a seg-
ment of an ellipse expressed by

r=r+a[1-(252)]" e

where
T.=263.1906 K, A = —76.32832 K, ¢ — —19.0429
km, and Z is limited to values from 91 to 110 km.

Eq (27) is derived in Appendix B from the
basic equation for an ellipse, to meet the valyes of
T« and Ly,. derived above, as well as the defined
values Ty, = 240.0 K, and Ly = 12.0 K/km, for
Zy = 110 km,

The expression for dT/dZ related to eq (27) is

271/
gz“f.(z ;,?:).[1_(?‘—;5!) | e

110 to 120 km

For the layer 2, = 110 km to Z,, = 120 km,
T(Z) has the form of (24), where subscript b is 9,
such that T, and Ly, are, respectively, the defined
quantities T and Lk, while Z is limited to the
range 110 to 120 km. Thus,

T=T.+ Lyy (Z — 2y) (28)
and
gﬂ = Lyy = 12,0 K/km. (80)

Since dT'/dZ is constant over the entire layer, Ly 10,
the value of dT/dZ at Z,,, is identical to Ly, i.e.,
12,0 K/km, while the value of Ty at Z;, is found
from eq (29} to be 360.0 K.
120 to 1000 km

For the layer Z,, = 120 to Z;s =— 1000 km, T(2Z)
iz defined to have the exponential form (Walker
1965)

F=T.~(Ta—~Ty)-exp{—Arg) (31)

such that

aT Aro+ Z10)® | -

'dz=p\,' (Te — Th) (“‘;",—_"_—'z) exp (—Ar+f)
(32)

where

A=Lge/(Tw ~ Typ) = 0.01875, and i
§=8(2)=(Z—-2u) ' (rn+ Z:0) /(1o + 2).

In the above expressions, T, equals the defined
value 1000 K. A graph of T versus Z from 0.0 to
1000 km altitude is given in figure 4. The upper
portion of this profile was selected by Task Group
IT1 to be consistent with satellite drag data (Jacchia

1871}, while the mid-portion, pa;}i}cularly between
86 and 200 km and the overlap to 450 km was se-
lected by Task Group.I}. (Minzner et al. 1974} to be
consistent with observed temperature and satellite
observations of composition data (Hedin et al.
1972},
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Figure 4. Kinetic temperuturs s & function of geometric altitude

1.3 COMPUTATIONAL EQUATIONS

The tables of this Standard have been computed
in two height regions, 0 to 84.862 km’ (86 km), and
86 to 1000 km, because the computations for
each region are based on compatible but different
sets of initial conditions. These two different sets
of initial conditiona lead to two different computa-
tional procedures. Consequently, the following dis-
cussion of computational equations, which is pre-
sented according to a seriea of atmospheric param-
eters, does not necessarily follow in the order in
which the calculation is actually performed for
each altitude region. The equations used for com-
puting the various properties of the atmosphere for
altitudes below 86 km are, with certain noted excep-
tions, equivalent to those used in the 1962 standard,
and the various equations involving T came from
expressions used in the ARDC Model Atmosphere,
1956 (Minzner and Ripley 1856).

1.3.1 FrESSURE~Three different equations are
used for computing pressure P in various height
regimes of this Standard. One of these equations
applies to heighta above 86 km, while the other two
apply to the height regime from the surface up to
86 km, within which the argument of the computa-
tion is geopotential. Consequently, expressions for




PIRLp e pifessnme G o fanet o of Fechutential
awtitude stem from: the infepralion of eq {5) ufter
replacing g o2 by equivalent g o H from e (16),
and affer veplacing the rutio M T by its equivalent,
M. Ty in aceordance with eq (22). Two forms re.

=ult front thds inteyration, one for the case when
Lo fora particular layer iz not equal to zevo, aml
the other when the vidue Ly is zero, The first of

tHiese twi N pressions s

p_p Tu &)
s .[ T.u,!: + L‘M,ﬂ - (H — }Ih)]
(33a)
and the latter is
P =Py exp [ S ‘fo, —# "-’--]. (33h)

In these vquations g, M., and B* are each de-
fied single-valued constants, while L, and H, are
each defined multi-valued constanis in accordance
with the value of h as indicated in table 4. The
quantity 7y, is 2 multi-valued constant dependent
on Ly, and H, The reference-level value for
Pyfor b = 0 is the defined sea-level value, P, —
T01325.0 N m? (1013 250 mb). Values of Py, for b
=: I through b = 6 are obtained from the applica-
tion of the approprizte member of the pair eq
(33a} and {33b) for the cuse when i — H, ..

These two equations yield the pressure for any
desired geopotential altitude from sea level to H;,
where H is the geopotential altitude carresponding
to the geometrie altitude Z. — 86 km. Pressures for
H from 0 to —5 km* may also be computed from
eq {33a) when subscript b is zero.

For Z equal to 86 km and above, the valie of pres-
sure js computed as a function of geometric alti-
tude Z, and involves the altitude profile of kinetie
temperature T rather than that of T, in an expres-
sion in which the total pressure P is equal to the
sum of the partial pressures for the individual
species as expressed by eq (3). Thus, for Z — 86 to
1000 km,

P=3sP —3n-k.-T= N RT (33¢)
N,

In this expression

k= the Boltzmann constunt, defined in
takle 2a,
T = T(Z) defined in eq (25}, (27), (29),

and (31) for successive layers, and
¥n; = the sum of the number densities of the
individual gas species comprising the
atmosphere at altitude Z above 86 km,
as described below.
Neither n;, the number densities of individual spe.
cies, nor Xn,, the sum of the individual number den-
sities, is known directly. Ceonsequently, pressures
above 86 km cannot be computed without first de-

termuning i, for each of the siplicant gs species,

1.3.2 NUMBER DENSITY F IND'VIDUAL SPk-
CIEX.—The values of u., the number densities . f in-
dividua! species, have not been presented ir the
detailed tables of this Standa~d for low alti-udes
where it is assumed that complate mixing keeps F,,
the fractional coneentrations o7 the individua: ST
cies, at the sea-level value. For altitudes below 80
km, the altitude profile of number density for any
particular major species { is equal to F, times the
altitude profile of the total number density N, a
quantity which is tabulated in this Standard, in ac-
cordance with eq (41) below. Thus, for Z < 8¢ km,

fn, = F| N ‘34)
where values of F, for the var:ous species are de.
fined in table 3. For altitudes between 80 and 96
km, the value of », determined by eq (34) and the
tabulated values of N will need to be increased by
the factor M, M to he rigorously correct in aczor-
dance with the discussion in 1.2.d4. At altit_des
above 86 km, however, the mode] assumes the ex-
istence of various processes whick lead to partici-
lar differing height variations in the number-
density values of several individual species, N, O,
O., Ar, He, and H, each governed by eq (6). Idezlly,
the set of equations eq {6), each member of wrich
is associated with a particular species, should be
solved simultaneously, since the number densitjea
of all the species are coupled through the expres-

sions for molecular diffusion which are includer in,

eq (6}, Such a solution would require an inordinate
amount of computation, however, and a simgler
approach was desired. This was achieved with
negligible loss of validity by some simplifying ap-
proximations, and by caleulating the number dersi-
ties of individual species one at a time in the opder
m{N.), » (0), n(0,), n{Ar), » (He), and n(H).
For all species except hydrogen (which is discussed
in the section on atomie hydrogen) we divide eq
(6) by n;, and integrate directly to obtain the fol-
lowing set of simultaneous equations, one for each
Hs species:

7= exp {*fzz,[”z’ +(u‘ i'ﬁ)]“’z F
(35)

In this set of equations
ni; = the set of species-dependent, num-
ber-density values for Z — Z. — 36
km, ane member for each of the five
designated species, as derived in
Appendix A and listed in table 9,

T = 186.B673 K, the value of T at Z;, as
specified in eq (23),
T = T(E) defined in eq (25), (27,

(29), and (31} for the appropri-
ate altitude regicns.

izl

fZy - the function written as ey (36) De-
lorw, and
t . = theset of empirical functions writ-
I+ K ten ax eq (37) below:
Forf(4) we have

¢ 0D,

. o - R* 4T
-[M;+MDIK+' . ]

g az (36)

TABLE 9.—Number densities of various species at 86-km
altitude

Number density
Species m™)

N, 1128794 & L0™
0 86 x 10"
O, 3.030898 x 10"
Ar 1.351400 x 10™
He TH8LT X 10™

D, = D.{Z} as defined by eq (B) for the
ith species,
K = K(Z) as defined by eq (7a), (Th},
ard (7c),
M, = the molecular weight of the ith
species &3 defined in table 3,
ai = the thermal diffusion coefficient for
the ith species as defined in table
4,
dT/dZ = one of eq (26), (28), (30),0r (32),
as appropriate to the altitude re.
gion, and
M = M(Z) with special considerations
mentioned below,
For [v.'(D; 4+ K)] we have the following set of
empirical expressions.

N a7y
'DT+K_Q' (Z ~U)*

exp [— Wi (Z - U] + g* (u,— Z)2
cexp [—w.« (i — 2)7]. (37)

This set of equations, while representing a function
of both I and K, involves a series of six other co-
efficients which, for each of four species, have been
empirically selected ‘o adjust the number-density
profile of the related species to particular values in
agreement with observations, The defined values of
the six sets of species-dependent coefficients, Q, g;,
U, w, Wi, and 1w, used in eq (37) are listed in table
7. The values of g, and U, were selected 8o that for
0., Ar, and He, the quantity v,/ (D, - K) becomes
zero at exactly 86 km. For atomic oxygen, however,
all aix of these coefficients contribute to maximiz-
ing this quantity for Z = 86 km.

TR O ENEITY REMITW At

.quem.'ur}\'f'trum'n.—Moleculai'm’h'ugen {N.) is
the firat species for which » is caleulated since, on
the average, the distribution of N. is close to that
for static equilibrium, and hence, for this species,
we may neglect the transport velocity, therely
eliminating the term [v. (I, + K} from that ver
sion of eq (85) applying to N.. This spezies is domi.
nant up to and above the turbopause, and its molec.
ular weight is close to the mean molecular weight
in the lower thermosphere, where mixing sti)! dom-
inates the distribution process. We approximate
the effect of mixing up to 100 km by two additional
adjustments to eq (85), both adjustments implicit
in f(Z) ; i.e., neglecting K and replacing M, by the
mean molecular wetght M which, for the zltitude
region, 86 to 100 km, is approximated by M,. With
these three adjustments, that version of eq (35)
applying to N, reduces to

T Z M-g
n(N;) =H(Nz)1'?7"exp { —fZT_Rt.T -dZ}

(38)
where
M = M, for Z = 100 km, and
M = M(N,) for Z > 100 km.
Figure 5 shows a graph of 1 (N,) versus Z.
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Figure 5. Numbe: denity'of individual species and total number
density s a function of geometric altitude

The species O, O, Ar, and He.—As noted above,
after the calculation of 7 (N,) has been performed,
the values of «: for the next four species are caleu-
lated from eq (35) in the order Q, 0., Ar, and He.
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D the vise of 0 and O, the problem of mutual dif-
fusion is simplified by considering N. a4 the st
tiotary buekground gas (as described in the pre-
vious section). For Ar and He, which are minor
vonstituents in the lpwey thermosphere, it is more
reali=tie to use the sum of the humber deisities of
Naotnand 0 us the buckground gas in evaluating
the molecalar-diffusion coellicient 72, and the mean.
metecular weight M, axcept below 100 km, where
M Bs taken 1o be the sex-level value M,. This latter
vhoice is o maintain consisteney with the method
forcalewlating n (N,

In eq (37), defining [v. (D, + K}], the co-
efficients Q., q., U, w, W,, and #y, which, except
for ¢, areconstant for a particular species, are each
adjusted such that appropriate densities are ub-
tained at 450 km for O and He, and at 150 km for 0,
(s, He, and Ar. The constant @, and hence the sec-
ond term of eq (37) is zero for all species except
atomic oxygen, and is also zero for atomic oxXygen
abeve 97 km; the extra term for atomic oxygen is
needed below 97 km to generute a maximum in the
density-height profile at the selected height of 97
km. This maximum results from the increased loss
of atomic oxygen hy recombination at lower alti-
tudes. The Hux terms fur O and 0. are hased on,
and lead (qualitatively) to the same resulls as
those derived from the much more detailed calcu-
Lations by Colegrove et al, (1965}, and Keneshea
and Zimmerman (1970)

A further computational simplification is real-
ized above 115 km where the eddy diffusion coeffi-
cient becomes zero, For these altitudes, the set of
equations represented by eq {35} becomes un-
coupled, and each member reduces to the sum of the
baromeltric equation for the particular species plus
the thermal-diffusion term and the velocity term.
In the cuse of @, O., and Ar, the thermal diffusion
term iz zero. Alzo, as will be seen in Part 2, the
veloeity term (v (D, 4 K) 1, becomes small above
120km and, with the exception of atomie hydrogen,
each species vonsidered is nearly in diffusive equi-
librium at these heights. For the present model,
however, this situation becomes exactly true only
at altitudes above 150 km.

The altitude profile of number density for each
of the species U, O., Ar, and He is given in figure
A, along with thuat for N.

Atomic Hydvogen —For various reasons, the
height distribution of the number density of atomic
hydrogen # (H) is defined only for heights from
150 to 1600 km. Below 150 km, the concentration of
Hisnegligible compared with the concentrations of
0, O.. Ar, and He. The defining expression for
n{H), like the expression for w(Nu), r(0), ete., is
derived from eq (6). The solution for n(H), how-
ever, is expressed in terms of the vertical flux
n(HY - v(H), represented by ¢, rather than in

terms of #(H), becanse it ix fhe Aux which is ¢ro-
sidered known for H. In this model only that crm-
tribution to ¢ due to planetary escape from t1e
exosphere is considered.

Since K is zero, for the altitude region of irterest,
the purticular version of eq (6) applied to H is coar-
respondingly simplified, and one possible soluticn
to the resulting expression is

w0 =[x (1)

- (exp <) -dz]- ( T ) T (experd (39)

where
n{H),; = 8.0 % 10" m~3, the number density
of H at Z,, = 500 km, as defined
in table 2,

D(H} = The molecular diffusion coefficiert
for hydrogen given by eq (8) in
which the values of a: and b, for
hydrogen are as defined ir table
6,

7.2 % 10" m~2 + 3~ the verticel
flux of H, as defined in table &,
T = T(Z) as specified by eq (31),
= 099.2356 K, the temperature de
rived fromeq (31) forz— Z%,,,
a(H) = The thermal diffusion coefficient
for H, —0.26 (dimensionless),
as defined in table 6, and
T = r{Z) defined ineq (40) below.

-
it

_ (2 g M(H)
'r—lele"T le (40]

Because D (H} becomes very farge compared with
¢ for heights above 500 km, the value of the integra
term in eq (3%) can be neglected at these heights,
and atomic hydrogen is then essentially in diffusiva
equilibrium. Figure 5 depicts the graph of #(H) as
a function of Z.

Eg (35) through (39%) permit the calculatior
of the number densities of the species N., 6, 0,
Ar, He, and H, for heights above 150 km, aad of
the first five of these species for heights betweer
B6 and 150 km, where n(H) is ingignificant com-
pared with 1 (N.). These humber densitjes permit
the ealculation of several atmospheric parameters
in the height region 86 to 1000 km. The first is mean
molecuiar weight using eq (20). These values of M,
along with those implicit in table 8, for Z from 80
to 86 km, plus the invariant value, M., for he: ghts
from 0 to 80 km, are shown in figure 6.

The number densities of the several speciea also
permit us now to compute total pressure for heights

Pt MBI WS TR Tl TR et e

from 86 to 1000 km, using eq {33¢). Figure 7 de- .
picts these values as well as those for heights‘below
86 km computed from 2q (33a} and {33b). Finally,
these individual numher densities permit the cal-
culation of total number density, N = £n,, at least
at heights of 86 1o 1000 km.

1.3.3. TOTAL NUMBER DENSITY.—From eq (2),
(22), and (33c) it is apparent that total nu.rnber
density N, the number of neutral atmospheric gas
particles per unit volume of the atmos‘phere may be
expressed in any one cf the three equivalent forms

following :

The three forms are selected to satisfy three types
of calculations: (a) Those depending upon values
of Ty, (b) Those depending upon values of T, an_d
{¢) Those depending upon values of :n. This
format will be followed in specifying the computa-
tional equations, insofar as possible, fo.r the balance
of the quantities discussed in this section. A graph
of the altitude variation of N is presentet-! in ﬁgure
5, along with the number densities qf 1ndw1_dual
species. That portion of (41) involving T is of
particular interest in calculating N for heights
from 0 to 86 km.

1.3.4 Mass DENsSITY.—From eq (1), (22), and
(33c)} one may write the following thre.e forms of
computational equaticns for mass density p:

P-M, _ P'JML_Z("('MO)_ (42)
F=F"T,“R* T~ N,

The altitude-dependent variations of this quantity
are shown in figure 7 along with thosze of pressure.

1.3.6 MoLE VoLUME.—Mole volume v, of air is
defined as the volume of one mole of air, where one
mole of air is the amount conaisting of a number of
neutral particlea equal to & ,. In S unita, the quan-
tity v, should specify the number of cubic meters
containing one kilomole of air. Since M has.the
dimensjons of k¢ ‘kmol, and p hus the dimensions
of kg./m*, the ratic M p, with the units m*/kmol,
provides the definition of mole volume. In terms of
eq (1), (22}, and {83¢), this ratio may be equated
to the following series of expressions:

ROM-Ty _R*T _N, 40
= "g-p =P 3, W)

This quantity, while not tabulated in this Standard,
is shown graphically in figure 8,
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Poissure Seate Height —The uantity
MR T {g- M), which has dimensions of length,
isa quantity communly associated with the concept
of seale height, and is the defining form of pressure
seale hielirht M used in this model, such that with
eq (20) and (22) we may write

species in this altitude r: nge, however amd since
this species hus a zero transport velodity in this
model, the pressure scale height is still a good
indicator of the rate of change of the tressure in
thiz height region.

It should be noted that eq (4) anc (3) alse
Lecome invalid at very high altitude- {(the ex-
ospheric region) due to the infrequent ccllisions
between neutral particles. Thus, in this ~egion, the
significance of H, as a measure of dinF 42 again
loses validity.

In eq (44) both g and T, or all three of g, T,
and M are functions of Z, such that K, i te local
value of geometric pressure scale height.

This quantity, which is the particalar scale
height tabulated in ‘his Standard, and which is
plotted in figure 9, is frequently but inccrrectly
associated with the altituce increment over which

"the pressure decreases by exactly a fac-or of }/e.
The conditions necessary for the pressure to de-
crease by exactly that factor over an a titade in-
crease of a single pressure scale height, would be
for the variables T, g, and M all to remain censtant
over that altitude interval Since g may never be
constant over any altitude interval, this sarticular
concept of pressure decrease can rarely i eser ap-
ply exactly to H,.,

Density Scale Height.—Because of the rela-
tionship between H, and tte slope of InP ve-sus Z,
it is convenient to apply the name geometric den-

BTy  R*T R+ Tesn,

H. = oM = goM :g~£t??|'N-)'

(44)

The reciprocal of this quantity, which appears on
the right-hand side of eq {5} is seen to equal the
slepe of the funclion InJ* versus Z at height Z in
the regions where hyvdrostatic equilibrium or diffu-
sive eguilibrium holds. In the present model, this
condition is true for heights below 80 km {complete
mixing) and essentially true above approximately
120 km, where diffusive equilibrium is nearly satis-
fied and where each individual species is governed
by eq (4).

In the region 80 to 120 ki, where the transition
from a completely mixed ulmosphere to one in
diffusive equilibrivm takes place, the situation is
complicated by the competition between three proc-
esses: molecular diffusion, eddy diffusion, and dis-
sociation of moijecular oxygen. These processes
result in a vertical transport, such that eq (4)
and (3) are no longer exactly true in this 40-km
layer. Since moleculur nitrogen is the dominant
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Figure 9, Pressure scale height and density scale height as s “unction

Figure 8. Mole volume as a function of geometric altitude of peometric altitude

sity scale height Hp to the negative reciprocal of the .
slope of Ing versus 2. Using the equation of state to

relate &'np fo dInP, one may define

H H, — H" ?__. .
b= = dinT ~dmM
14 He: '@;;&) 1+H"(’dyz'_ iz

(45)

The -elationships implied between Hp and dinp/
dZ are subject to the same limitations as those be-
tween 7, and dInP/dZ expreased above, i.e, Hp is
only ar. approxima:ion to (dlnp/dZ)~' between 80
and 121 km, and in the exosphere, where the ap-
proximetion becomes less valid with increasing
altitade

Witkin these limitations it is apparent that in
layers where T, does not change with changing
sltitude i.e., where (dInT./dZ) = 0, Hp is equal
to H,. Within such layers, the slope of Inp versus Z,
at any particular altitude Z, ix identical to the slope
of InP wersus Z,

Whik density acale height is not tabulated in
this Stamdard, values of this quantity are shown
graphically with H, in figure 9,

1.3.7 MEAN AIR-PARTICLE SPEED.—The mean
air-par-icle speed ¥ js the arithmetic average of
the speeis of all air particles in the volume element
being considered. Al particles are considered to be
neutral For a valid average to oceur, there must, of
course, be a sufficient number of particles involved
to repr=sent mean zonditions, Pressure and termn-
peratune gradients within the volume must also be
negligib_e. The analytical expression for V .is close-
ly related to that for the speed of sound, and ia pro-
portions] to the ratio T/M. Thus, in terms of eq
{20) ard (22), we write

7 — ".'L'R"T'] _ 8-B*.T
- [ w M, M
_[8-Re.T 2m )"
BESITE ' (46)
The vatiation of particle speed with geometric
altitude _s shown in figure 10.

1/2 i/2

1.3.8 MEAN FiEz PATH.—The mean free path
L is the mean value of the diatances traveled by
each of the neutral particles, in a selected volume,
between successive collisions with other particles in
that voleme. An in the case of V, a meaningful aver-
age requirea that the selected volume be big encugh
to conta’a a large number of particlea. The compu-
tationalform for L is

Lo 2V-R-M:T, _ A.Re.T
—-Zw‘N,{'v" p‘P— 2#'N"¢"P_
21/2
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t 88833383

§

..
g
—
1
—

i P BRI SR

500 1000 1500 2000
MEAN PARTICLE SPEED, m/s

Figure 10, Mean air-particle speed as 2 function of geometric altitude

where o is the effective colligion diameter of the
mean air molecules. The adopted value of e, ie,
8.85 X 10-1° m is suitable for that part of the at-
mosphere below about 86 km, which is dominated
by N: and Q,. Above this height, the value of o,
which depends upon composition in a complicated
manner, beging to change significantly so that tab-
ulations with four significant figures are no longer
valid. At great altitudes, thig expression for L is
valid only under assumptions that hold M T, P,
and ¢ constant throughout the volyme uged. Figure
11 depicta the mean free path in terms of altitude,

1.8.9 MEAN CoLLISION FREQUENCY.—The mean
collision frequency » is the average speed of the air
particles within a aelected volume divided by the
mean free path L of the particles within that vol-
ume, That ia,

-

-
il
P

(48)
and in computational form:

M- P2
R M3~ Ty
1/2
= 4N, o [ gy ]
LM e . N
Rrorsin M) (49)
Note that - is again involved in this quantity, and
hernice v has limitations similar to those of mean

1/2
IJ=4N4'¢"[

/2

=4N,-¢*-




free path. The furegoing expressions are” faken to
apply to neatral particles only, since no considera-
tions invoelving charged particles are introduced
for purposes of developing the tables and graphs
of this standard.

Firure 12 graphically displays the variation of

calfision frequency with altitude. See section 1.3.7
for a dizcussion of the assumptions under which
e (A4 s valid at great altitudes,

1.3.10  RprFED 0F B0UND,—The expression adopt-
ed for the speed of sound O is

o T) 2 (50)

C’I( M,

where y is the ratio of specific heat of air at constant
pressure tu that at constant volume; and is taken
tobe 1.40 exact (dimensionless), as defined in table
2. Eq (50 for speed of yound applies only when
the sound wave is 2 small perturbation on the
ambient condition, Caleulated values for (', have
been found to vary slightly from experimentally
determined values.

The limitations of the concept of speed of sound
due to extreme attenuation are also of concern. The
altenuation which exists al sea level for high fre-
quencies applies to successively lower frequencies
as atmospheric pressure decreases, or as the mean
free puth increases. For this reason, the concept of
apeed of sound (excepl for frequencies approach-
ing zero) progressively loses its range of applica-
bility at high altitudes. Hence, the main tables list-
ing the values for speed of sound terminate at 86
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km. Figure 13 shows the varation with altitude of
the computed speed of sound.
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1.3.11 DYNAMIC VIsc0sITY.-The coefficicut of
dynamic viscosity p (N -8 m*) is defined as a co-
efficient of internzl friction developed where gas
regions move adjacent to each other at different
velocities, The following expression, basically from
kinetic theory, but with constants derived from ex-
periment, iz used for computation of the tables:

_B e

E= g (51)

In thiz equation g8 is a conatant equal to 1.458 X

10-°kg/(s - m + K/?) and § is Sutherland’s con-

stant, equal to 110.4 K, both defined in table 2B,

Because of the empirical nature of thiz equation,

no attempt has been made to transform it into cne
involving Ty.

Eq (B1) fails for conditions of very high and
very low temperatures, and under conditiona oc-
curring &t great altitudes. Consequently, tabular
entries for coefficient of dynamic viscosity are
terminated at 86 km. For these reasons caution
is necessary in making measurements involving
probes and other objects which are small with re-
spect to the mean free path of molecules particu-
larly in the region »f 32 to 86 km.

The variation of dynamic viscosity with altitude
is shown in figure 14.

1.3.12 KINEMATIC VISCOSITY.—Kinematic vis.
cosity n is defined as the ratio of the dynamic vis-
cosity of a gas to the density of that gas; that is,
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Figure 4. Dynamic viscosity us 2 function of geometric altitude

=L (62)

Limitations of this equation are comparable to
those associated with dynamic viscosity, and con.
sequently tabular entries of kinematic viscosity
are also terminated at the 86-km level. See figure 15
for a graphical representation of the variation of
kinematic viscosity with altitude.

1.3.13 COEFFICIENT OF THERMAL CONDUCTIV-
ITY.—The empirical expreasion adopted for pur-
poses of developing tabular values of the coefficient
of thermal conductivity &, for heighta up to the 86-
km level is as follows:

2.64638 » 103 - T
k= Ff 2d8.4 X 10-aim (83J”

This expression differs from that used in the
U. 8. Standard Atmosphere, 1962 in that the
numerical conatant has been adjusted to accom.
modate a conversion of the related energy unit from
the temperature-dependent kilogram calorie to the
invariant joule, Thus, the values of k, in units of
J/(m-5-K) or W/(m - K) are greater than the
values of k, in units of keal/{m 8- K} by 2 factor
of exactly 4.18580 % 10°, when the kilocalorie is
sssumed to be the one for 15°C, Kinetie-theory de.
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terminations of thermal conductivity of some
monatomic gases agree well with observation. For
these gases thermal conductivity is Cirectly pro-
portional to the dynamic viseosity. Modification of
the simple theory has accounted in part for dif-
ferences introduced by polyatomic molecules and
by mixtures of gases. Tabular entry of values for
coeflicient of thermal o« nductivity is terminated at
86 km. The variation with height of this quantity
is shown in figure 16,

1.4 SELECTED TABULAR VALUES OF
ATMOSPHERIC PROPERTIES AND CONVERSION
FACTORS FOR METRIC TO ENGLISH UNITS

1.41 BEA-LEVEL VALUES.—The sea-level values
of fifteen of the atm sspheric properties discussed
in this Standard are listed in table 10. The ses-level
values for ¢, P, and T are defined quentities ; the
remainder are quantities calculated from the pre-
ceding equations.

1.4.2 CONVERSION oF METRIC To ENGLISH
UNITs.—For those who have a need to work in the
English System of units, the conversion factors
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Figure 16. Coefficient of thermal conductivity as a function of
Reometric gltitude

listed in table 11 are applicablé to the atmospheric
parameters tabulated or shown graphically in this
Standard. For other transformations, see Mechtly
(19783).

TABLE 10.—Seal-level values of atmospheric properties

Symbol Sea-leve] value
Cos 3.40284 x 10* m/a
o 9.80865 m/e*
Hr, 84346 x 10° m
kia 2.6328 x 10 J/{e:m:K) or W/ (m-K)
L. 6.6328 x 10 m
Vas 2.3643 X 10' m'/kmeol
M, 289644 X 10" kg/kmol
N, 25470 x 10® m™
P, 1.01325 % 10* N/m?
T, 2.88156 x 10* ®
L 4.5894 x 10" m/s
™ 14607 X 10*m'/s
W 17894 X 10-*kg/(mes)
L 6.9193 % 10° >
Ps 1.2250 kg/m*

TABLE 1], —Metric to English conversion factors for prop-
erties of The U. 5. Standerd Atmosphere, 1976

Tao con-
vert from te

metric English
Symbol| units units divide by
<, m/s ft/s 3.048*% x 10~
7 m/s* fi/s" 3.048* x 10~
H, m it 3.048*% x 10
k, W/ {mK}BTU/{ft-s-*R)|6.226477504 x 10~
L m ft 3.048* x 10~
LS m*/kmol |#t'/Ihmol 6.242786057 x 10-*
M kg/kmol (lb/Ibmel 1.000*
N m~ i 3.531466672 x 10
P mb in Hg (32°F) |[3.386389 x 10
TorTa K ‘R 6/9*
v mis fi/n 3.048% 3 10~
L ] m'/s ft*/n 9.200304 x 10-*
B Nes/m®  |Ib/ (ften) 1.48B163944
v IR 5! 1.000*

[ kg/m’ b/t

*exact definition

1.6018463 x 10'




