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ABSTRACT

These models are a revision of those published last year by the author.
Although an effort had been made in those models to increase the n(O)/n(OZ)
ratio, new observational evidence showed that the increase had not been
large enough. Here we have attempted to meet as closely as possible the
composition and density data derived for a height of 150 km by von Zahn on
the basis of all the available mass-spectrometer and EUV-absorption data.
Mixing is assumed to prevail to a height of 100 kim, diffusion above this
height. All the recognized variations that can be connected with solar, geo-
magnetic, temporal, and geographic parameters are represented by empirical
equations. Some of these equations have been revised not only in their

numerical coefficients but also in their form, as a result of new analyses.

Tables showing temperature, density, and composition as a function of
height are given for exospheric temperatures ranging from 500° to 1900° at
100°K intervals and for heights from 90 to 2500 km. A summary table at the
‘end gives densities ohly for the same range of heights and temperatures, but
at 50°K intervals in the exospheric temperature. A set of auxiliary tables
is provided to help irvi‘the evaluation of the diurnal, geomagnet;}'fc,- semiannual, |

and s‘easonal-latitud:inal effects (including the helium migratioj;%l).

!
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RESUME

Ces modeles constituent une revision de ceux publie’s par l'auteur 1'an
dernier. On s'etait bien, dans ces derniers, efforcé d'accro/i\tre le rapport
n(O)/n(OZ), mais les resultats de nouvelles observations ont mis en évidence
l'insuffisance de cette augmentation. Cette fois, on a tenté de reproduire
aussi exactement que possible les valeurs de composition et de densite
déduites par von Zahn pour une altitude de 150 kilome\:tres, a partir de
i'ensemble des données connues, obtenues soit au spectrométre de masse,
soit par mesure d'absorption des ultra-violets lointains. On a supposé que,
jusqu'a‘, une altitude de 100 kilométres, l'effet du mixing prédomine; et qu'au
dela de cette altitude, la diffusion devient prédominante. Toutes les
variations identifie'es qui pouvaient gtre reliées a des paramétres solaires,
ge'omagnétiques, temporels et géographiques ont ete repre’sentées par des
e'quations empiriques. Les résultats de nouvelles analyses ont conduit a
réviser non seulement les coefficients nume'rique s, mais aussi la forme de

' -
quelques unes de ces equations.

Les variations de la température, de la densite et de la composition en
fonction de 1'altitude sont données dans des tables établies pour des
températures exosphériques allant de 500°K a 1900°K par intervalles de
100°K, et pour des altitudes, allant de 90 kilometres & 2500 kilometres.

:‘\ la fin figure une table récapitulative donnant les valeurs de la densite dans
ces mémes domaines de température et d'altitude, mais cette fois pour des
températures augmentant de 50°K en 50°K. Sont également représentées une
serie de tables auxiliaries permettant 1'évaluation des effets diurne,
géomagnétique et semi-annual, ainsi que de l'effet de saison et latitude (y

compris la migration de l'hélium).

viii
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KOHCIIEKT

JTU MOOENMU HBIAKNTCH IePEeCMOTPOM MOOeNell OMyOGNINKOBaHHHX
aBTOPOM B MNPOLUJIOM Tony. HecmoTpa Ha yCcuUIUA YBEIUUUTH IPOIOPILIU
n(U)/n(DZ) B 3TUX Monenﬁx, HablnIaTelbHE NOKa3aTeNIbCTRBa II0OKa-—
3 BAKT UTO yBeNUUeHUe He OLJIO OOCTATOUHLM. M 3Oech IHTAalUCh
npubOnusuThCA KaK MOXHO OnUXe K ITaHHHM COCTaBa U IIJIOTHOCTU BhHBe-
nexHsMu HoH - Uamom, mna BucoTn B 150 KM, H8 OCHOBAHUU BCEX
DOCTYIHHX Ia&HHHX IIOJIYyUEHHHX C [IOMOIIBFK MSCCOBOTO-CIEKTpOMeTpa U
nornomenusa Jy®3J. IlpenmonaraeTcd uTO IepeMellrBaHue Opec6iamaeT o
BeicoTH B 100 KM u nuddysus BHIe. Bce OINO3HaBaEeMhe OTKIOHEHUS
KOTOpPHE MOTYT OHNTH CBABAHH C COJNHEUHHMWU, TEOMATHUTHHMU, BPEMEH-
HEMI ¥ TeOTrpaduueCKUMU NapaMeTpaMy BHPaXaWTCH IMINPUUECKUMU
ypaBHeHuAMu . Ha OCHOBaHUV HOBHX aHAaJIM30B HEKOTODHE U3 3TUX yPaB-
HeHU OHJINM IIePEeCMOTPEeHb He TOJNBKO C TOUKM B3PEeHUd UX UUCIIeHHBX

KO3QPUIINEHTOB HO TaKXe U UX POPMH.

Taﬁnmum YKa3HBawmue TeMIeparypy, [IJIOTHOCTL U COCTaB, KakK
OYHKLIMIO BHCOTH, IPUBEIEHH OIA 9K30CHEePUUECKUX TeMIepaTyp MEexny
SOOQ u 25000 B NIPOMEXYTHKAX B 100°K u mns BecOT or 90 1o 2500 KM.
CywapHas Tatnula, NpUBeNeHHas B KOHLUEe CTaThW, NAET INIOTHOCTH
TONBKO NJIA TEX Xe [PeIesoB BHCOT X TeMmIepaTrtyp, HO B KMHTEepBalaxX
B BOOH,_HHH 9K30CchepruuecKon TemnepaTypH{”HpMBonMTCH TpyImna TOmOM—

- HUTEJIBHHX TaOJnl] NJfd-IIOMOIK B oﬁpeneneHMM'cyTqumx, TeOMarHUTHHX ,
HOHyPOHOBHX M‘CGBQHHQ-mMpOTHMX BnugHU (BKINUAH IepeMelieHNe TeNud) .

b
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REVISED STATIC MODELS OF THE THERMOSPHERE AND
EXOSPHERE WITH EMPIRICAL TEMPERATURE PROFILES

L. G. Jacchia

1. INTRODUCTION

Only last year we published a set of static diffusion models with con-
stant boundary conditions at 90 km and analytically defined temperature
profiles (Jacchia, 1970a; hereafter referred to as J70). An effort had been
made to increase the ratio n(O)/n(Oz) above the value of 1.0 at 120 km
adopted in previous models [Nicolet, 1961,1963; CIRA, 19€5; Jacchia, 1965a
(hereafter referred to as J65)] to bring it in the direction indicated by mass-
spectrometer (von Zahn, 1967) and EUV-absorption data (Hall, Chagnon, and
Hinteregger, 1967). As soon as the new models appeared, in May 1970, new
observational evidence was presented to the effect that the step toward a
larger n(O)/n(OZ) ratio had not been large enough. In a critical survey of all
available density and composition data, von Zahn (1970) found that at 150 km
the best value of n(OZ) was only 0. 64 that in J70, while n(O) was larger by
a factor 1.37; his proposed total density at 150 km was smaller by 7%.

Von Zahn's proposed number densities, total densities, and mean molecular
mass are compared below with the CIRA 1965 models, the J70 models, and
the present models, in which we have striven, with considerable success,

to approach von Zahn's parameters. We have not included a comparison with
our J65 models, because their boundary conditions at 120 km were identical
with those of CIRA 1965, so that the difference in composition between these

two serz of models is minimal at 150 km. In the following, the average
3

2

e ; -3 R : -
number densities are measured in cm ~, the total mass density in g cm

and the mean molecular mass M in g mole-1 at 150 km:

This work was supported in part by grant NGR 09-015- from the National
Aeronautics and Space Administration.
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Parameter von Zahn CIRA 1965 J70 This paper,

(1970) (average) (T =950°)" (T =900°)
a(N,) 26 x10° 33.4 x10° 31.0 x 107 25.4 x10°
n(O) 23 x107 14.2 x10? 16.8 x10°  23.6 x10°
n(0,) 2.5 x10° 4.78 x 107 3.90 x 107 2.68 x 107
n(Ar) 0.05x 107 0.18 x 107 0.08 x 107 0.04 x 107
0 1.96 x10°1%  2.18x1071% 2.10x107'%  1.95x 10712
M 22.85 25.17 24. 44 22.73

Approximate average temperature for the interval 1961 to 1969 in the system
of the models.

In Table 4 of his 1970 paper, von Zahn listed the number densities of
NZ' OZ’ and O, reduced to a height of 150 km, that were obtained in 44 experi-
ments, both mass-spectrometric and EUV-absorption, irom 1961 to 1969.
While there is a large discrepancy among the mass-spectrometer data on
n(O), the same type of measurements show rather consistent values of n(OZ) -
all of them except one smaller than the corresponding value in J70; a similar
result was obtained more recently by Reid and Withbroe (1970) from the
absorption of A 1032 (O VI), which requires an O2 concentration at 120 km
only two-thirds as large as that in J70. According to von Zahn, n(NZ) at
150 km is also lower, by 16%, with respect to J70, while the total density is
lower by only 7%. Clearly, if we have to decrease n(NZ) and n(OZ) by sub-
stantial amounts while leaving the total density almost unchanged, we have to
increase n(O). While mass-spectrometer measurements of n(Q) are too
unreliable (Schaefer, 1966; von Zahn, 1967), it is significant that EUV-
absorption measurements (Hall, Schweizer, and Hinteregger, 1965; Hall et al.,
1967) give, when reduced to a height of 150 km, values of n(O) consistently
about 259% higher than in J65. This value is not too different from the atomic-
oxygen concentration that von Zahn derives by subtracting the density sum of
all other constituents from the total density and assumes to be the best value

under the circumstances.

We found that satisfactory models that would match von Zahn's param-

eters at 150 km and the observed densities from satellite drag at greater
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heights could be obtained by maintaining intact the analytical structure of

the J70 models and changing only the numerical parameters. The resulting
models are given in detail in Table 6 and summarized in Table 7, at the end

of this paper. Owing to the increased concentrations of atomic oxygen, the
temperatures necessary to yield given densities at given heights in the satel-
lite region are somewhat lower than in J70 — closer, therefore, to the tem-
peratures obtained by the incoherent-scatter method (Carru and Waldteufel,
1969; McClure, 1969). Lower temperatures are also suggested by the absorp-
tion of the A\ 304 (He II) line as measured by B. E. Woodgate (private com-

munication, 1970).

Since the analytical structure of the basic models is, as we said, identical
with that of the J70 models, many of the following descriptive pages will be

almost a verbatim repetition of the corresponding pages »f SAO Special Report

No. 313, except for the numerical values reported in the text and for the

correction of a few oversights. There are, however, substantial changes in
the description of the individual types of atmospheric variations. While over-
hauling the basic models, we have also tried to reanalyze these variations.

In so doing, we have found that for some of them — the geomagnetic effect,

the semiannual variation, and the helium variation — the analytical formula-
tion we had used was inadequate and had to be altered, or even drastically
changed. In particular, the dissociation of the semiannual variation from
temperature variations has cleared up many puzzling results in the helium-
hydrogen region and eliminated the necessity of introducing ad hoc variations

for these constituents.
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2. COMPOSITION

We have assumed that the atmosphere is composed only of nitrogen,
oxygen, argon, helium, and hydrogen, in a condition of mixing up to 100 km
and in diffusion above this height. We have adopted the sea-level composition

of the U.S. Standard Atmosphere 1962 (COESA, 1962) such as would obtain

after elimination of the minor constituents and of hydrogen (which is intro-

duced in our models at a height of 500 km). There is some evidence that for
helium, gravitational separation starts at a lower height than for the other
constituents. To eliminate the inconvenience of a separate homopause for
helium, we have had recourse to the artifice of increasing the sea-level
concentration of helium by an amount such that the atmospheric densities at
heights where helium appears as a major constituent are in agreement with
the observed densities. This results in an erroneous helium density below
100 km — a situation we are willing to tolerate in view of the entirely
negligible contribution of helium to the total density at those heights. Thus,

the assumed sea-level composition is as follows:

Fraction by velume Molecular weight
q,(1) M,
Nitrogen (NZ) 0.78110 28.0134
Oxygen (oz)' 0. 20955 31. 9988
Argon (Ar) 0. 0093432 39. 948
Helium (He) 0. 0000061471 4.0026
Sum 1. 00000

The resulting sea-level mean molecular mass is MO = 28.960.



We have assumed that any change in the mean moiecular mass M in the
mixing region below 100 km is caused only by oxygen dissociation. There-
fore, the amount of atomic oxygen present in the atmosphere is uniquely

determined by M. From 90 to 100 km we have used an empirical M profile

R STt

that had to satisfy certain conditions. Starting from a value not too different

}f from I\_/IO at 90 km, we end at 100 km with a value that in diffusion must yield
i

£ at 150 km the ratio n(O)/n(OZ) of about 9. 2 obtained by von Zahn for an

’ exospheric temperature of 900° to 1000°K; the temperature profile from

90 to 150 km is adjusted to give the required total density at 150 km. The
M profile must end at the homopause with a gradient roughly equal to that

given by diffusion conditions immediately above, so that there will be no sharp

R,

discontinuity in the M profile across the homopause (in the belief that ""natura

non facit saltus'').

The adopted M profile can be found in the tables. For computer purposes,

we have used a sixth-degree polynomial of the form

6
ﬁ(z) = 2 Cn(Z - 90)n (90 < z < 100; z in km) (1)

n=0

ot g
.

to represent it. The coefficients c are given below:

c = 28.82678

PR Y B e
0
o

| = ~7.40066 x 1072

c, = -1.19407 x Y i

¢, = +4.51103 X 1074
c, = -8.21895 X 1078

cg = +1.07561 x 107

cg = -6.97444 x s

The number densities of the individual species i in the region from 90 to
100 km are obtained as follows. From the density p,the total number of

particles N per unit volume is computed by




N = Ap/ﬁ : (2)

i
; where A is Avogadro's number.
é For NZ,Ar, and He, we have
R | —
: n(i) = qg(i) 2 N (3)
t M
o 0
; and for O and 02, respectively,
4 n(0) = 2N ( é"-)
i
e l
n(0,) = N = [1+ 1,(0,)] - e (4)
0

Forping cm-3, we have used A = 6. 02257 X 1023.
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3. COMPUTATION OF DENSITIES AND BOUNDARY CONDITIONS

From 90 to 100 km, for a given temperature profile T(z), the density p

was computed by integrating the barometric equation

dinp = dln(%d-) . _I\_/I:g_ g (5)
R T

where g is the acceleration due to gravity, and R =8.31432 joules (°K)-1

mole-l, the universal gas constant.

At the height z = 90 kmm, we have assumed the following boundary condi-

tions:

Py = 3.46 X 10”7 g em™3 .
TO = 183°K

Above 100 km, the number density of each individual species n(i) was

computed by integrating the diffusion equation

Iing

n(d) - 7 pFp

dz-gTI(l+ai) ; (6)

where a; is the thermal diffusion coefficient. Following Nicolet (1961), we have

useda = -0. 38 for helium, and a = 0 for the other constituents.

For hydrogen, we have followed Kockarts and Nicolet (1962, 1963) and
fitted the equation

2
loglo n(H)500 = 73.13 - 39.40 log10 T500 + 5.5 (loglo TSOO) (7)

to their concentrations at 500 km. We have assumed hydrogen to be in
diffusion equilibrium above 500 km; no hydrogen densities are given in

the tables below this height.
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The acceleration due to gravity was computed from the formula

g = 980. 665 (1 + z/Re)-2 cm sec-2 . (8)

with Re = 6.356766 X lO8 cm. This equation (Harrison, 1951; Minzner and

Ripley, 1956) is an excellent approximation to the actual value of g (centrifugal
force included) for the latitude of 45°32'40".

10
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4., TEMPERATURE PROFILES

All temperature profiles start from a constant value TO = 183°K at the
height Zg = 90 km, with a gradient GO = (dT/dz)Z___z = 0, rise to an inflection
point at a fixed height 8" 125 km, and become asymptotic to a temperature
Too (often referred to as the ""exospheric'' temperature). Both the temperature
TX and the temperature gradient GX = (dT/dz)Zzzx at the inflection point are

functions of Too; for simplicity, we have made GX a function of TX.

The quantity TX is defined by the equation
Tx= a+ bToo + c exp (k Too) ; (zx= 125 km) (9)

with the constraint that Tx = T  when Too= T  (i. e., for the hypothetical case

0 0
in which the exospheric temperature is the same as the temperature at
90 km, namely 183°, there is no variation of temperature with height). The

numerical values of the coefficients are as follows:

as 371.6678 ,
b= +0.0518806 .,
c = -294.3505 ,

= -0.00216222

For 2y <2<z the temperature profiles are defined by a fourth-degree

polynomial:
4
T=Tx+ E cn(z-zx)n ; : (10)
n=1

Wi bk, i

11




The coefficients C;» C and ¢, are determined by the following

2’ C3¢ 4
conditions:

z=z (11)

These coefficients must be computed separately for every temperature
profile, so their tabulation would be wasteful. The equation for Gx is justified
: in the following manner. The condition for having no inflections in the tem-

perature profile in the interval z < z < z is given by

0
VA - Z
4 X 0
T Tt O te . (12)
X 0

Experiments with gradients within this range have shown that it is quite

Pt ey
>

feasible to keep the quantity (zx - zo) Gx/(Tx - TO) constant for all temperature

N profiles; the best value was found to be 1. 90.

For z > Z s the temperature profiles are determined by equations of the

1 type
!
; -1 Gx
T=Tx+Atan —K(z-zx)[l+B(z-zx)B]% - (13)
where
BRB T T ;: Bagsxi0® minkn) : Be 2.5
B X : : : ;

12




As can be seen, continuity is provided in both dT/dz and dZT/dz2 when
z crosses z_. The inverse tangent was selected among several suitable
asymptotic functions because of its ready availability in tabulated form and in
computer libraries. The presence of the corrective term [1 + B(z - zx)ﬁ]
frees the temperature profiles from strict dependence on the selected type of

asymptotic function.

The following shows the dependence of the maximum temperature gradient

Gx on the exospheric temperature Too

4 G : ) G

o0 % 3 0 28
(°K) (deg km 7) (°K) (deg km )
500 6.23 1400 13.41
600 1.57 1600 14. 24
800 9.66 1800 14.98
1000 il. 22 2000 15.66
1200 12.43

The family of temperature profiles originated by equations (9) to (14) is
graphically illustrated in Figure 1. Figure 2 shows the composition of the
atmosphere above 200 km for three representative exospheric temperatures —
600°, 1000°, and 1800°K. Figure 3 shows seven density profiles from
110 to 2000 km for various exospheric temperatures ranging from 500° to
1900°K, and Figure 4 shows how the density p varies with the exospheric
temperature Too at different height levels. Figure 4 is particularly instruc-
tive because it shows at a glance how, for heights below 500 km, dp/dTOo
generally increases with height but decreases with Too. Above 500 km,
hydrogen makes its appearance, causing the curves to have a dip at low tem-
peratures; we thus have a situation in which at a given height a single density

value corresponds to two distinct values of Too.

13
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5. VARIATIONS IN THE THERMOSPHERE AND EXOSPHERE

Several types of variation are recognized in the atmcspheric regions

covered by the present models. They can be classified as follows:

1. Variations with the solar cycle.

e

Variations with the daily change in activity on the solar disk.
The diurnal variation.

Variations with geomagnetic activity.

The semiannual variation.

Seasonal-latitudinal variations of the lower thermosphere.

Seasonal-latitudinal variations of helium.

o N O~ 0 bW

Rapid density fluctuations probably connected with gravity waves.

All these variations, with the exception of the last type, are subject to
some amount of regularity and can be predicted with varying degrees of
accuracy on the basis of ground-based observations. It is obvious that static
models cannot represent all the different types of variation equally well.
They should be quite adequate when the characteristic time of the variation
is much longer than the time involved in the conduction, conrvection, and
diffusion processes; when, on the other hand, it is comparable or shorter —
as in the diurnal variation and the geomagnetic effect — we must expect
poorer results. By this we mean that if we try to represent the observed
density variations, we may have to introduce temperature variations that are
not entirely correct, or vice versa. Since, by far, the largest observational
material consists of density measurements, it is the density variations
that we have tried to keep correct. We have no direct evidence so far that
the resulting temperature variations might actually be incorrect, although it
would not be surprising if they turned out to be so, to a certain degree.

Temperatures derived from nitrogen profiles at various times of the day

(Spencer, Taeusch, and Carignan, 1966; Taeusch, Niemann, Carignan, Smith,

and Ballance, 1968) actually are in relatively close agreement with the J65

static models.
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An effort was made in the CIRA 1965 tables to treat the diurnal variation
separately; unfortunately, the inaaequacy of present-day theory does not
justify the tremendous increase in the size of the tables if one were to cover
the diurnal variation over the entire globe, instead of restricting it to one

particular latitude as in CIRA 1965.

20

(S T ————



&
k2

6. VARIATIONS WITH SOLAR ACTIVITY

The ultraviolet solar radiation that heats the earth's upper atmosphere
actually consists of two components, one related to active regions on the
solar disk and the other to the disk itself. The active-region component
comes from areas of higher temperature and consists mainly of the spectral
lines of highly ionized atoms, such as Fe XIV-XVI, Si IX-X, Mg X;
the radiation from the clear disk comes from much less ionized atoms, such
as He I-II and O IV, and the helium continuum. The active-regicn component
varies rapidly from day to day in correspondence with the appearance
and disappearance of active areas caused by the rotation of the sun and by
spot formation; the disk component presumably varies more slowly in the
course of the 11-year solar cycle. Since the radiation in the two components
is different, we must expect the atmosphere to react in a different manner to

each of them — and this is actually observed.

The 10. 7-cm solar flux (FIO. 7) is generally used as a readily available
index of solar EUV radiation. It also consists of a disk component and of an
active-area component, which can be separated by statistical methods by
relating the observed values of the flux integrated over the whole solar disk
to the corresponding sunspot numbers (Hachenberg, 1965) or, better, to
sunspot areas. When the 10. 7-cm flux increases, there is an increase in
the temperature of the thermosphere and exosphere; for a given increase in
the disk component, however, the temperature increases four times as much
as for the same increase in the active-area component. Separate values of
the two components of the solar flux are not readily available; fortunately, we
have found (Jacchia and Siowey, unpublished) that the disk component is, for
all practical purposes, linearly related to the flux averaged, or smoothed,
over approximately three solar rotations (Fl 0. 7). We can, therefore, replace
the relation between temperature and disk component with an equivalent

relation between teniperature and ?10 7
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Since the temperature varies with the hour of the day, with geographic
location, and with geomagnetic activity, we must specify the parameters of
these variations to which the temperature is to be referred. The temperature
TC in the equation that follows is to be the nighttim« minimum of the global
exospheric temperature distribution when the planetary geomagnetic index K
is zero. We find that

F ) (for K_=0) ; (14)

T _=379°+3°24F a2 TOURE SN

10.7

F is expressed in units of 10-22 watt m“2 (cycle/sec)"1 bandwidth. In

thlig.f70rrnula, the last numerical coefiicient, 173, i3 considerably smaller
than the value 178 used in all previous models. The change is the result of
a new analysis, covering the years 1967 to 1969, which were characterized
§ by a particularly large amplitude of the '"27-day'' fluctuations. It appears
that in deriving the old coefficient (for the J65 models), we did not take the
geomagnetic effect sufficiently into account: Most of the large geomagnetic

perturbations occur near the maxima of the 27-day oscillations and contribute

to increase the amplitude of the density variations.

According te Roemer (1968), the temperature variations occur with a

.

time lag of 1. 0 £ 0. 12 days with respect to those of the sclar flux.

If we want to compute the average exospheric temperature corresponding
to a given phase of the solar cycle, i.e., to a given value of ?10 0, We must
drop the last term of equation (14), which corresponds to the day-to-day

variations of solar activity, and add half the diurnal temperature range and

rl
b g TN, e

the difference in temperature between average and quiet geomagnetic con-

ditions.

Minimum nighttime and daytime maximum exospheric temperatures
t obtained, with the present models, from drag-derived densities for three
long-lived satellites are plotted in Figure 5 against FIO.T To obtain
the data points, all variations except the diurnal variation were suppressed.

The straight line through the nighttime temperatures is represented by
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Global nighttime minimum and daytime maximum exospheric tem-
peratures derived, through the use of the present models, from
the densities obtained from the drag of three artificial satellites,
plotted against the smoothed 10.7-cm solar flux F;g, 7. To obtain
the data points, all variations except the diurnal variation were
suppressed by using the equations associated with the models. The
straight line through the minimum ternperatures is represented by
the equation Tynjn = 379° + 3°24 F .7 [see eq. (14)]; the one

through the maxima, by T ., =1.30 T ...

23

T WU O LI T

i ate sa o ol o Rend adds e sl Sdaaada caie sl Ao co B b Al Sl d 4 bt it alin



L T IR NPT G A R

T =379° +3°24 F [the first part of eq. (14)]; the one through the day-

w1.307 .
00

10.7
time maxima is represented by T

M
The effect of solar activity on atmospheric density is illustrated in
Figures 6 and 7, which both show results from the drag analysis of the
Explorer 1 satellite (1958 Alpha). Ten-day means of the density, and of the
temperature derived from it through the use of models, are shown in Figure 6.
In this figure, the periodic oscillations, with a period of 300 days at the
beginning and 200 days at the end, are caused by the diurnal variation, as
the perigee of the satellite slowly moves from night into day and back again
into night. When these oscillations are mentally removed, we remain essen-
tially with an 11 -year variation that parallels that of the smoothed 10.7-cm
solar flux, shown at the bottom of the figure. A comparison of the tempera-
ture and density variations at sunspot maximum (1958 to 1959) and sunspot
minimum (1963 to 1965) clearly shows the dependence of dp/dToo on Too

illustrated in Figure 4.

Figure 7 shows an 800-day section of the curves of Figure 6 in greater
detail, with individual observations rather than 10-day means. Here the
27-day oscillations caused by the sun's rotation are clearly visible in the
density data, and the modulation caused by the semiannual variation can be
discerned. The apparent irregularities in the normalized diurnal-variation
curve, which was computed from the models, are caused by the rapid motion,

back and forth in latitude, of the perigee of the satellite.
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Figure 6. Ten-day means of the densities obtained from the drag of the
Explorer 1 satellite and of the exospheric temperatures derived
from them through the use of the J70 models.
of this figure is to illustrate the variations of density and tempera-
ture with the solar cycle (see bottom curve), it was not deemed

necessary to redo the tem _erature diagram by means of the present
models; the difference would be hardly noticeable.

Modified Julian Day (J.D. minus 2 400 000. 5).
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it was not deemed necessary to redo the tem-

perature diagram by use of the present models; the difference would ;
be hardly noticeable. The schematic diagrams of the diurnal and :
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7. THE DIURNAL VARIATION

Densities derived from satellite drag show a maximum around 2 p. m.
local solar time (L.S.T.)at a latitude roughly equal to that of the subsolar
point; the minimum occurs around 3 a.m. at about the same latitude with oppo-
site sign. Thus, if we consider the atmosphere above a particular locality, the
diurnal variation will undergo a seasonal change; this change, however, can
be incorporated into a global description of the phenomenon by a set of suitable
empirical equations (Jacchia, 1965b). The purpose of these equations is to
represent the density variations by use of static atmiospheric models. To
this effect it appears necessary to use the temperature as an auxiliary
parameter, but it must be understood that this ''temperature' has no claim
to accuracy, since consistency between temperature and density variation

cannot be achieved, on a diurnal time scale, through static models.

We shall assume that the maximum daytime exospheric temperature TM
occurs at a latitude ¢ equal to the sun's declination 60, and the minimum

temperature TC [see eq. (14)] at latitude -6 At any other latitude ¢, the

o
daytime maximum temperature TD will be smaller than TM and the nighttime

minimum temperature T, larger than Tc. Figure 1 shows the relation

N
between the 10.7-cm solar flux on the one hand, and TC and TM as determined
on the basis of the present models from the drag of three low-inclination satel-

'ites over a complete solar cycle.

The maximum and minimum temperatures TD and TN can be conveniently

represented by the following equations (Jacchia, 1965b):

TD= Tc(l +Rcos 1) ,

Ty*T(1+R sin. 9 (15)

N
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The temperature Tl at any given point can be expressed as a function of
the hour angle H of the sun (the local solar time, counted from upper cul-

mination). Let us write

& o

TI-TN(I+Acos Z) 2 (16)
with

A_TD-TN Rcosm'r]-sin 0

B i\ =

N l1+ Rsin" 0

and

t=H+B+psin(H+y) , (-m<T<m™ ,

where B, y, and p are constants. It should be remembered that Tl' which

is derived from Tc’ is referred to Kp = 0.

The constant B determines the lag of the temperature maximum with

respect to the sun's culmination, while p introduces in the temperature curve

an asymmetry, whose location is determined by y. Replacing TD and TN
from equation (15), we can write
m cos™ sin'"' O nT
T,=T (l1+Rsin" " 0) [1+R S cos = ; (17)
J4 & s - XN% 2
l1+ R sin" 6

Densities derived from satellite drag are best represented by use of the

following parameters:

meg.2 B =37 .

n =30 P = + 4§* .

B .3 ; Y = +43°
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There is some evidence that the shape of the diurnal density curve
changes with height (Jacchia, 1970b) and with solar activity; present data,
however, are insufficient to establish the rules of this variation with
assurance, and therefore we have assumed that the parameters that fix the

shape of the curve are constant,

Concerning the parameter R, which fixes the relative amplitude of the
temperature variation, there is no a priori reason why it should be a con-
stant. In a first analysis (Jacchia and Slowey, 1968), it was found that R
was somewhat larger in 1959 to 1963 and smaller in 1964 to 1966, without
any obvious relation to the solar cycle. Subsequently (Jacchia, 1970c), the
suspicion arose that the variation of R followed that of solar activity with a
lag of 1 to 2 years, in phase with the yearly means of the geomagnetic index
Kp — a rather disturbing finding, since it implied a strong contribution of the
solar wind to the heating of the atmosphere. More recent data on R, from
the years 1969 and 1970, have failed to confirm this finding, and a new ana-
lysis of R using the present atimospheric models as a basis seems to indicate
that, if there is a variation of R, it is not related to the solar cycle (see
Figure 5). Under these circumstances, it seems best to make R independent

of time or solar activity.

Recently, we found that there is a systematic change of R with height.
The value R = 0.3 we have given refers to a height of about 400 km. At

600 km, however, we find that if we use this value of R, we are left with

systematic density residuals, negative at night and positive in daytime, which

can be corrected by using a larger value of R (0.35) and a lower value of T ,
such as to leave the mean daily temperature unchanged. The residuals are
even larger at 900 km, always with the same characteristics, and require a
value R = 0.4 with a correspondingly iower TC for their correction. At
1100 to 1200 km, however, R = 0.3 again gives satisfactory results. We
believe that this change of R is not a real variation of TM/Tc with height but
simply reflects the inadequacy of static models to represent the diurnal den-
sity variation throughout the whole atmosphere. If we consider the carve

that represents the real diurnal temperature variation at a given height above
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a given geographic location for a given day and if we select on it two points,
one on the ascending branch (morning) and one on the descending branch
(evening) such that they have the same ordinate (temperature), we shall find
that in a truly dynamical model the two temperature profiles corresponding

to the two instants are different, although they cross at our given point. In
static models, however, the two profiles are identical. Thic difference in
behavior is bound to result in discrepancies such as the one we have described.
It is significant that in the CIRA 1965 models, which were constructed on a
dynamical basis, the amplitude of the diurnal density variation increases with

height faster than it does in the static models (Jacchia, 1968).

Table 1 gives the ratio Tl/Tc’ multiplied by the factor 1000, as a func-
tion of L..S. T. (counted from midnight) and latitude [computed from eqs. (15)
and (16)]. According to this model, the hours of minimum and maximum of
the daily density variation are independent of latitude and are 2?87 and 14?08
L.S.T., respectively. A graphical representation of the resulting tempera-

ture distribution is shown in Figure 8 for the equinoxes and the northern

summer solstice.

A certain degree of smoothing must be expected in the daily density
variation as determined from satellite drag. The smoothing occurs not only
because the drag is experienced over a considerable arc of the orbit but also
because the slow motion of the perigee with respect to the sun prevents the
determination of individual diurnal density oscillations. It takes, on the
average, 200 to 300 days for the perigee of a satellite orbit to move from
night into daylight and into night again, so the diurnal oscillation as seen
through satellite drag reseinbles an oscillatory phenomenon studied by strobo-
scopiv means (Figures 6 and 7). Dvuring the average synodic cycle of 200 to
300 days, the perigee of a sateilite moves back and forth in latitude (and
therefore from summer to winter) several times, and there are all sorts of

variations with solar and geomagnetic activity that must be suppressed if we

want to have a clean picture of the diurnal variation.

Temperatures derived from nitrogen profiles obtained from six rocket

firings from Cape Kennedy on January 24, 1967 (Taeusch et al., 1968),
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Figure 8. Exospheric isotherms (°K) above the globe, computed from equa-
tions (15) and (16), for the case when the minimum temperature
is 1000°K. Aitoff's equal-area projection; meridians of local solar
time and parallels of latitude are drawn 30° apart. Top, equinoxes;
bottom, northern summer solstice.
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essentially agree in amplitude and phase with those of the present model.

Also in good agreement with the model are the temperature ranges obtained
from thermosphere probes (Spencer et al., 1966), from mass-spectrometer
data on Explorer 17 (Reber and Nicolet, 19€5) and Explorer 32 (Newton, 1969),
and from EUV absorption (Hall et al., 1967).

Temperatures in the neutral atmosphere can be inferred from Thomson-
scatter measurements (Carru, Petit, and Waldteufel, 1967; Carru and
Waldteufel, 1969; McClure, 1969), and much has been written about the dis-
crepancies between the diurnal temperature variations as derived by this
method and those derived from densities by means of existing models. The
Thomson-scatter temperatures are essentially ion temperatures and refer
to a height of about 300 kmm. They generally show secondary oscillations
that cannot entirely be accounted for by geomagnetic activity. Occasionally,
however, the temperature curves are relatively smooth, and in such cases
they seem to follow quite closely the temperatures predicted by the present
models, as we can see from Figure 7. The data plotted in this figure are
hourly running means, taken at 10-min intervals, of temperatures measured
by Carru and Waldteufel (1969). The continuous curve represents the tem-
perature predicted by the present models; the small irregularities in the
curve are caused by the geomagnetic effect. As can be seen, the agreement,
on the whole, is extraordinarily good. A systematic deviation from the pre-
dicted curve is generally present around the time of maximum, in the after-
noon. The temperatures determined by Thomson-scatter techniques seem
to linger at maximum a little longer, dropping only after 4 p. m., while the
predicted maximum occurs shortly after 2 p.m. As can be seen from Figure 9,
however, this particular discrepancy is not serious and can be explained by
the smoothing, of which we spoke earlier, inherent in drag measurements,
and therefore also in the equations that represent the diurnal variation in the
models. Apart from this minor discrepancy, the temperature curve seems
to lag about 30 min behind the density curve in the 12-hour interval from 6h
to 18h. Although the lag is not so serious as it would appear if we simply
compare the times of the maxima of the two curves, it is somewhat surprising

because of its direction: Offhand, one would expect the density curve to lag
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behind the temperature curve, as in the CIRA 1965 models. Speculations

on the mechanism by which such a lag can be achieved have recently appeared
in the literature (see, for example, Rishbeth, 1969). Although the diurnal
temperature variations as obtained by incoherent-scatter techniques can be
considered to be in fair agreement, generally speaking, with those given by
the present model. . there scems to be some discrepancy in the variation of

the amplitude with the seasons (Waldteufel, 1970).
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Figure 9. Atmospheric temperatures obtained on November 30, 1967, by
Carru and Waldteufel (1969) by use of Thomson-scatter techniques,

compared with temperatures predicted by the present models for
a height of 300 km (solid line).
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8. VARIATIONS WITH GEOMAGNETIC ACTIVITY

Recent high-resolution sateilite measurements of temperatures with
Doppler techniques applied to the X 6300 oxygen line (Blamont and Luton,
1971) and of densities with accelerometers (DeVries, 1971) have made it
increasingly clear that the geographic distribution of temperatures and den-
sities at the onset of a geomagnetic disturbance and its variation in the course
of the development of the disturbance follow a rather cornplex pattern, of
which the orbital-drag method, with its limited resolution, can give only a
very blurred picture. It would seem that at the start of a magnetic storm,
there is an immediate increase of temperature and density in the thermo-
sphere above part of the auroral belt and that the atmospheric perturbation
propagates, reaching the equatorial regions, considerably weakened, some
7 hours later. The transport of energy from high to low latitudes during
magnetic storms is corroborated by observations of winds (Smith, 1968) and
gravity waves (Newton, Pelz, and Volland, 1969; Champion, Marcos, and

Mclsaac, 1970) in the thermosphere.

The highest time resolution that can be achieved by orbital-drag analysis
of satellites is one density value per satellite revolution (90 to 120 min), and
this value is not that of the density at a precise location, but rather a density
averaged over a sizable orbital arc centered around the perigee point.

Clearly, even under the most favorable conditions, a great deal of smoothing

is introduced into the results. Yet, even satellite-drag data can establish,

in broad outlines, the main features of the atmospheric perturbation that

follows a magnetic disturbance: the greater intensity at high latitudes (Jacchia
and Slowey, 1964; Jacchia, Slowey, and Verniani, 1967; Roemer, 1971) and

the increase in the lag time from high to low latitudes [Jacchia et al. (1967);
however, Roemer (1971) failed to detect this feature]. Since no workable

model has been produced to date to give a quantitative representation of the
high-resolution data, we shall have to be content with models based on
orbital-drag measurements. Although they will not be adequate for comparisons

with instantaneous data, they should be helpful in satellite-drag work.

35



Since the characteristic time of geomagnetic disturbances is hours rather
than days, static models cannot be expected to represent correctly both tem-
perature and density variations, so we must apply to the equations that des-
cribe the phenomenon the same reservations we applied to the equations for
the diurnal variation (Section 7). The equations that have been most widely
used (Jacchia, 1965a; Jacchia et al., 1967) relate the exospheric temperature
to the planetary geomagnetic index ap or to its quasi-logarithmic equivalent Kp;
thus, implicitly, they make the assumption (a priori unlikely to be true) that
in the process of atmospheric heating, the shape of the temperature profiles
remains unchanged with respect to the basic models. Although these formulas
seem to fit drag data reasonably well at heights greater than 200 km, we find
that the density variations they predict at lower heights are too small (Zirm,
1964; King-Hele and Walker, 1969a,b; Schusterman, 1970). This means, in

all probability, that the temperature profiles in the lower thermosphere are

T o e SO

distorted by geomagnetic heating with respect to those of the basic models,

T —

in the direction of higher (emperatures. Eventually it should be possible to
determine this distortion on the basis of observations, but the task of com-
! puting densities from temperature profiles with shapes that change with
geomagnetic activity presents practical problems of considerable difficulty.
As a stopgap, we have recently resorted to using a hybrid formula, in which

part of the density variation is obtained by altering the boundary density as a

R R Sl

function of Kp and the rest by changing the exospheric temperature just as in
the old formulas. The density part of the equation is intended to compensate
roughly for the distortion in the temperature profile at lower heights. As a

result of this artifice, the variations in the exospheric temperature become

PRS- U ———

smaller — but this would also be true if we actually used the distorted tem-

DU

perature profile.

In view of this confused situation, we shall give here formulas based on
changes in the exospheric temperature alone, as well as the hybrid formula.
It must be remembered that if the former are used, the density variations
below 200 km will be too small; on the other hand, if the hybrid formula is
used, the density variations below 200 km will be represented somewhat

better (except, perhaps, near the 90-km boundary), but the exospheric tem-

peratures may be in error.
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Jacchia et al. (1967) gave the following formula for the geomagnetic

effect on the temperature:

ATO0 = 28° Kp+ 0703 exp (Kp) 3 (18)

in which Kp is the 3-hour geomagnetic planetary index. The time lag At of
the atmospheric variation behind the geomagnetic disturbance was given as
7.2 £ 0.3 hours at latitude 25° and 5.8 + 0.5 hours at latitude 65°, with an
overall mean of 6.7 + 0.3 hours. It was also found that at 65° the amplitude

of the variation was some 10 to 20% greater than at 25°.

Roemer (1971) modified equation (18) to incorporate a latitude dependence

into the first coefficient:

AT = (21°4 sin ¢ + 1729) Kp + 0203 exp (Kp) z (19)

where Kp is the 0.4-day mean of the original 3-hourly planetary index Kp'
This formula reduces to equation (18) when the latitude ¢ is 28°. Roemer
found an average time lag At = 5.5 + 0.3 hours but could not find any varia-
tion of At with latitude. He did, on the other hand, find a sinusoidal varia-
tion of AToo /Kp with local time, with a maximum at 3 a. m. larger by a factor

1.30 with respect to a 3 p. m. minimum.

The hybrid formula we find best to represent density variations below

200 km is as follows:

-5 -
(a) Aloglop 0.0lZKp+l.2x10 exp (Kp) ;

(b) AT

0

14° Kp + 0202 exp (Kp) ; (20)

To obtain the total density variation from the rest value Kp = 0 to that corres-
ponding to a given value of Kp’ the density variation given by equation (a) must

be added to that resulting from equation (b).
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As we said earlier in this section, all these equations give only a
smoothed version of the real variations, for which no model exists, and
should be valid only for comparisons with satellite-drag data. Even in this
case, however, the formulas should not be used with the original 3-hourly
Kp indexes but rather with a smoothed K_ index, in which the smoothing is

commensurate with the resolution of the observed data.

Corrections for the geomagnetic effect according to equation (18) are
given in Table 2a; Table 2b gives corrections according to equations (20).
As an illustration of the geumagnetic effect, we have plotted in Figure 10
the temperature residuals, obtained through the use of static models when all
other variations are suppressed, from the drag-derived densities for six
satellites with perigee heights from 338 to 1001 km, in a 3-week interval in
May to June 1967 covering one of the greatest magnetic storms on record.
The bottom diagram shows, for comparison, temperature residuals AT com-

puted from equation (18).
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Figure 10.
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9. THE SEMIANNUAL VARIATION

The semiannual density variation observed in the thermosphere and lower
exosphere is a rather puzzling feature for which no satisfactory explanation
has yet been found. Temperature variations are the immediate cause of the
solar-activity effect, the diurnal variation, and the geomagnetic effect. While
attempting to find a way of representing the semiannual variation in analytic
form for the J65 models, we thought it rather logical to try to link it also to
temperature variations, and the formule we found seemed to work for the
data we had available at that time, i.e., densities from the drag of satellites
with perigee heights between 250 and 650 km. The amplitude of the tempera-
ture variation seemed to be dependent on solar activity, and this seemed

further to justify the assumed dependence on temperature variations.

Difficulties, however, soon became apparent. Cook and Scott (1966) and
Cook (1967, 1969a) found that near sunspot minimum the amplitude of the
semiannual density variation at 1100 km derived from the drag of the Echo 2
and the Calsphere satellites was much larger than that predicted on the basis
of the J65 formula. At that height, according to the models, in 1964 to 1965
any temperature variation would have resulted in extremely small density
variations, because of the near-balance of the helium variations in phase with
the temperature and the hydrogen variations in antiphase. At the time the
variation should have been no larger than 6%, the observed variations reached
a factor of 2. In 1966, when solar activity rose toward its maximum (and
hydrogen became a negligible constituent at that height), the discrepancy

became smaller and almost disappeared.

With the launching of longer lived satellites with low perigee heights,
another discrepancy became evident for heights below 200 km. Also here, at
heights of 150 to 200 km, the observed variation was larger than that pre-
dicted by J65 (King-Hele and Hingston, 1967, 1968; King-Hele, 1967; King-
Hele and Walker, 1970). Initially, we attributed this discrepancy to the fact
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that in the J65 models constant boundary conditions were assumed at 120 km,
where fairly large density variations with temperature actually occur: The
reasoning was that, approaching 120 km, the computed density variations
should have proved too small. More recent models, however (Jacchia, 1970a),
in which the constant-boundary conditions were moved to 90 km, also proved
inadequate to represent the observed semiannual density variation in the 150-
to 180-km region. Cook (1969b) actually found that the semiannual varia-
tion, still in phase with that in the thermosphere and exosphere, can be dis-
cerned even at 90 km, which is a near-isopycnic level at which all other
density variations nearly vanish (Groves, 1970). The range in density found
by Cook at 90 km amounts to about 30%, but a reanalysis of his data by this
writer, eliminating high-latitude measurements, which are affected by annual
(seasonal) variations, reduces the range to 15%, which is still a respectable

amount.

Decreasing the amount of hydrogen in the atmosphere would increase the
computed amplitudes at 1100 km, but then the computed total density is too
low at sunspot minimum. Besides, hydrogen densities from Balmer a
observations (Tinsley, 1970) would indicate a larger, not a smaller, hydrogen
concentration. Also, any tampering with the hvdrogen concentration in the

. models would not cure the discrepancies observed at heights below 200 km.

An obvious way out of all these difficulties is to assume that the semi-
annual density variations are not caused by temperature variations. The
@ main reason for clinging to a model based on temperature variations was the
} apparent dependence of the amplitude of the diurnal variation on solar activ-
ity. As it turns out, however, this is really a built-in variation, because
at any given height in the heterosphere the change of density with tempera-
ture dp/dT is strongly dependent on the temperature T itself (see Figure 4).
Therefore, even a density variation with constant amplitude throughout the
solar cycle, if interpreted as a thermal variation, would yield a temperature
amplitude dependent on the phase of the solar cycle. Reanalyzing the density
variations obtained from the orbital drag of six satellites in the interval

1958 to 1970, we find that this is precisely the case (Jacchia, 1971): The
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arnplitude of semiannual density variation, although strongly height dependent
and variable from year to year (Figure 11), does not seem to be related to

solar activity.

SATELLITE 1966 44A (EXPLORER 32)

M.J.D.
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Figure 11. The semiannual density variation as derived from drag analysis
on Satellite 1966 44 A (Explorer 32). All other variations have
been suppressed by using the appropriate equations. M. J.D. is
the Modified Julian Day (J.D. minus 2 400 000. 5).

We deem it best, therefore, to express the semiannual density variation

in the form

A log,( p = f(z) glt) (21)

semiannual

where g(t) represents the average density variation as a function of time in
which the amplitude (i.e., the difference in log p between the principal mini-
mum in July and the principal maximum in October) is normalized to 1, and
f(z) is the relation between the amplitude and the height z. We found the

following equations to fit the data best:

-7 _2.331 F
z

f(z) = (5.876 x 10

g(t) = 0.02835 + 0.3817 [1+0.4671 sin(2nT+4.137)] sin (4nT+4.259)

(22)
with
1.650
T=®+ 0.09544{[%+%sin (2nd + 6.035)] -%} 5
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where ®is the phase of the semiannual variation, i.e., approximately the
number of days elapsed since January 1 divided by the duration of the tropical
year in days. A more rigorous expression, better suited for computer pur-

poses, is

®=(t - 36204)/365.2422 , (23)

where t is time expressed in Modified Julian Days (M.J.D. = Julian Day minus
2 400 000.5). M.J.D. 36204 corresponds to January 1, 1958. The absolute
term (0.02835) in the expression for g(t) has the purpose of making fg(t)dt =0

over one cycle of the variation. The functions f(z) and g(t) are tabulated in
Table 3.

It should be understood, of course, that even though temperature varia-
tions are apparently not the primary cause of the semiannual density varia-
tions, these must be accompanied by some temperature changes, however
small. The determination of such temperature changes must wait, however,

for better observations or, more likely, for dynamical models of the

phenomenon.
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10. SEASONAL-LATITUDINAL VARIATIONS OF THE
LOWER THERMOSPHERE

In the present models we have assumed that temperature and density
are constant at 90 km all over the globe. In reality, seasonal-latitudinal
variations are observed at that height — fairly large in temperature, although
relatively small in density. All the variations we have described so far could
be taken into account with a fair degree of approximation by operating on the
exospheric temperature; such a procedure is obviously impossible for the
seasonal-latitudinal variations, for which it is necessary to operate on the
lower boundary conditions. However reluctantly, the decision to keep the
lower boundary conditions constant had to be taken to prevent the models'

becoming unmanageable ia their complexity.

An attempt was made in the U. S. Standard Atmosphere Supplements, 1966

(COESA, 1966) to effect a smooth junction between the densities of lower-
thermosphere models with seasonal variations and the densities of upper-
atmosphere models computed by use of constant boundary conditions at

120 km. The models were limited to a fixed, intermediate latitude and to
three seasons (sumrmer, winter, and spring/fall); any greater detail would
have entailed a prohibitive proliferation of tables. If we wanted to have

models for every month at 15° intervals in latitude, the number of models

would increase by a factor of 84!

The amplitude of the seasonal-latitudinal density variations increases
very rapidly between 90 and 100 km; the maximum amplitude is apparently
reached between 105 and 120 km; above this height it must decrease quite
rapidly because above 160 km there seem to be no appreciable seasonal-
latitudinal variations other than those involved in the global pattern of the
diurnal variation. This means that the temperature variations, which at
100 km are in phase with the density variations, must undergo a phase inver-
sion around 110 km and reach a maximum amplitude, in opposite phase with
respect to the densities, somewhere around 150 km. While it is relatively

easy to represent the density variations in analytical, and even in tabular,
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form, it would be prohibitively laborious to do the same thing for the tem-
peratures. We thought the best that could be done was to give formulas for
computing the seasonal-latitudinal variations in density, ignoring the tem-

perature variations.

The equation we present here is an attempt to fit the seasonal variations
as derived by Champion (1967) and Groves (1970). We find ihat the values
of log p given by the models must be corrected by adding a quantity A log p
given by

A loglo p=0.014(z-90)exp[-0.0013(z - 90)2]—£sin(2'n<l>+ 1. 72)sin2¢

||

(24)

where ¢ is the geographic latitude, z the height in kilometers, and ® the phase

as defined by equation (23). We can write this formula as

Aloglop=S £Psin2¢ 5

||

with S = 0.014(z - 90) exp [-0.0013 (z - 90)2] and P = sin 2n® + 1.72). Tabula-

tions of S, P, and sin2¢ are given in Table 4.

There are no reliable data on the seasonal-latitudinal variation above
120 km. In the J70 models we adjusted the parameters of equation (24) in
such a way that the logarithmic half-range S would reach a maximum of about
0.16 at 110 to 115 km and decline to one-tenth this value at 200 km. Accord-
ing to that formula, at 150 km we had S = 0.08, or half the maximum value.
According to recent observations (Schusterman, 1970), this value is too large:
At 150 km, hardly any seasonal-latitudinal variations can be discerned. Con-
sequently, we have modified the equation so that S declines much faster for

heights greater than 110 km; with the present equation, we have S = 0.008 at
150 km.
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11. SEASONAL-LATITUDINAL VARIATIONS OF HELIUM

A strong increase of helium concentration above the winter pole has
been revealed by mass-spectrometer measurements (Hartmann, Mauersberger,
and Muller, 1968; Kasprzak, Krankowsky, and Nier, 1968; Krankowsky,
Kasprzak, and Nier, 1968; Muller and Hartmann, 1969), by observations of
the intensity of the X\ 10830 resonance line of helium (Fedorova, 1967; Shefov,
1968; Tinsley, 1968), and by satellite-drag data (Jacchia and Slowey, 1968;
Keating and Prior, 1968).

While the mechanism of the seasonal migration of helium is not yet
clear, it is possible to establish empirical equations to describe the phenom-
enon. An equation we tentatively proposed in the J70 models appears to be
rather unwieldy and does not respect the conservation of helium on a global
scale; this resulted in a spurious semiannual variation of helium. Keating,

Mullins, and Prior (1970) used, with considerable success, a formula of the

type

A log10 n(He) = C ¢ 60 ;

where ¢ is the latitude and 60 the declination of the sun. For the constant
C, they found the value -0.4 when ¢ and 6@

would give a total range in log n(He) of 0.514 at the poles, corresponding

are expressed in radians; this

to a ratio of 3.3 in n(He). This formula has the disadvantage of having a cusp
in the helium distribution at the poles. We find that the seasonal density
variations derived from the drag of Explcrer 19 and Explorer 24 can be satis-

factorily represented using the following expression for the heiium variation:

o
[sin3 (% -% Ei_l-> - sin3 %] . (25)

5
.

A log10 n(He) = 0. 65

i
=
|
%
1§
?z
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Here ¢ is the obliquity of the ecliptic, 23744. According to this formula, the
range of the helium variation at the poles corresponds to a factor of 4.5 in
n(He). Table 5 gives A loglo n(Hec) as a function of ¢ and of the date of the
year, according to equation (25). Figure 12 shows density residuals from the
drag of the Explorer 19 satellite when all variations except the helium varia-
tion are suppressed. The curve through the data points represents equation
(25).

1963 S3A (EXPLORER 19)
M.J.D
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Figure 12. Observed and computed density variations caused by the helium
migration, as derived from the drag on Satellite 1963 53A
(Explorer 19). The data points in A] log p are density residuals
from the model when all variations except the helium variation
are suppressed. The solid line represents the residuals com-
puted by means of equation (25). A, log p is the difference O-C

in A] log p. M. J.D. is the Modified Julian Day (J. D. minus
2 400 000. 5).
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12. VARIATIONS IN HYDROGEN CONCENTRATION

As explained in Section 3, the hydrogen concentrations in the basic
models are adopted from the theory of Kockarts and Nicolet (1962, 1963).
Since the amount of neutral hydrogen in the atmosphere is primarily deter-
mined by its production and escape rates, there can be no diffusion equili-
brium of hydrogen in the true sense. The computations made by Kockarts
and Nicolet show, however, that above 500 km the hydrogen density profiles
approximate those corresponding to diffusion equilibrium. For heights lower
than 500 km, the departure from diffusion equilibrium becomes progressively
larger, so we have not included hydrogen in our tables for z < 500 km; for
data at those heights, we must refer the user of cur models to the original
papers by Kockarts and Nicolet. Although not given in the tables, hydrogen
concentrations at heights below 500 km were actually computed in the same
manner as above 500 km and taken into account in the computation of the total
density, in order to avoid any discontintcity — no matter how small — in the

density profiles across the 500-km level.

On the basis of theory, it could be expected that the variations in hydrogen
concentration should mirror the variations of the exospheric temperature even
on a relatively small time scale. Until recently, most of the observational
evidence of a variation in n(H) came from Lyman a airglow measurements,
which showed the existence of a diurnal variation and a variation with the
solar cycle (Donahue, 1966) in the expected direction (more hydrogen at lower
temperatures). Quantitative conclusions from these observations are difficult
because of the variable intensity of solar Lyman a (Meier, 1969). Recently,
Brinton and Mayr (1971) derived the temporal variations of thermospheric
n(H) from n(H+) measured by an ion mass spectrometer on the Explorer 32
satellite in the altitude range 275 to 400 km between June 1966 and January
1967, during a period of rapid increase in solar activity accompanied by large
27 -day fluctuations in the solar decimetric flux. Although assumptions had to

be made regarding charge-exchange equilibrium, the results that were obtained
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concerning the diurnal variation and the variation with solar activity look
very reasonable and confirm a variation of n(H) with temperature in essential
agreement with the variations predicted by the present models when the tem-
perature variations with solar activity are computed from equation (14) and
the diurnal temperature variations from equations (16) and (17); the observed
amplitude of n(H) in the diurnal variation, however, is smaller than the pre-

dicted amplitude — a factor of 2 instead of 4.

Should the smaller amplitude of the diurnal n(H) variation be confirmed,
it may prove convenient to reduce it also in the models. This can be
accomplished by using for hydrogen a fictitious temperature T’ that in the
diurnal variation oscillates around the average daily temperature with a

smaliler amplitude. If, for simplicity, we assume that the average daily

IR T

temperature T is the arithmetic mean between Tc and TM (see Section 7) and

we call ¢ the reduction factor in the amplitude, we can write

¥ gt

T = R
T.TC (1+2) :
T'=_'I-"+c(Tl <TF. . (26)

Large seasonal-latitudinal asymmetries in the distribution of geocoronal

S T e e R T

hydrogen seem to be indicated by Lyman-a observations (Donahue, 19€¢9)

and may be expected also as a consequence of the so-called '"polar wind"

b > t i
R it

" M”mwm R SRS e & A

(Banks and Holzer, 1968). A quantitative evaluation of these variations seems

out of the question for the time being.
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13. DENSITY WAVES

Density gauges on the Explorer 32 satellite have detected the existence of
waves throughout the upper atmosphere in the height range from 286 (satel-
lite perigee) to at least 510 km (Newton et al., 1969). An analysis of these
waves indicates that they propagate in the neutral atmosphere. The waves
are most prevalent at the higher latitudes near the auroral zone (the orbital
inclination of the satellite is 65°) and were observed most frequently in the
late evening and early moruing hours, but they were not limited to those
latitudes and times. The apparent vertical half-wavelengths of the waves
increase with altitude from 1 km at 286-km altitude to 70 km at 510-km
altitude; their half-amplitudes in density range from the limit of detectability
to a maximum of about 50% of the mean density. It appears that some of the
observed wavelengths are integrally related, indicating the existence of

"fundamental'' wavelengths and of second, third, and fourth harmonics.

These waves have been interpreted as free internal gravity waves pro-
pagating predominantly from north to south or from south to north, with
maximum horizontal wavelengths between 130 and 520 km. The altitude depen-
dence of the apparent vertical half-wavelengths results from the satellite
moving with varying vertical velocity through a slowly propagaiing wave
pattern with nearly vertical phase planes. It is tempting to visualize these
waves as part of the mechanism by which energy deposited in the auroral zones
is conveyed to lower latitudes (see Section 8). In the densities derived from
satellite drag, these waves are entirely smoothed out; their existence, how-
ever, must be kept in mind when comparisons are made between densities

from satellite drag and densities obtained from high-resolution gauges.
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14. COMPARISON WITH OBSERVATIONS; DRAG COEFFICIENT

In Figures 13, 14, and 15, we have compared densities derived from

the drag of several artificial satellites with those predicted by the present

models.
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Figure 13. Thirty-day means of density residuals from the present models

for nine satellites covering a wide range of heights. 7z is the
average effective height of the satellite (see text). The 12 years
in the diagram cover a full sunspot cycle. The purpose of the
figure is to show how effectively the models account for the den-
sity variation with height and with solar activity. M. J.D. is the
Moditied Julian Day (J.D. minus 2 400 000.5).
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Figure 14. Observed and computed densities for Satellite 1960 {1 (Explorer 8)
during 1967 and 1968. The observed densities (top) were derived
from drag analysis; the middle strip shows densities computed
from the present models; the difference (O-C) is plotted at the
bottom. The purpose of this figure is to show how effectively the
models account for the diurnal variation (slow, 230-day oscilla-
tion) and the 27-day fluctuations in apparent solar activity.

M. J.D. is the Modified Julian Day (J.D. minus 2 400 000. 5).

In Figure 13, intended to show at a glance how closely the model repre-
sents the large, slow variations with the 11-year solar cycle, we have plotted 3
30-day means of the density residuals for nine satellites with effective heights

ranging from 270 to 1130 kmm. The data cover the 12-year interval from

1958 to 1970, i.e., an entire solar cycle.
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Figure 15. Observed and computed densities, reduced to a standard height of
530 km, for Satellite 1964 76A (Explorer 24) during 46 days in
April and May 1968. The observed densities were derived from
drag analysis by use of positions from precision-measured photo-
graphs taken with the Baker-Nunn cameras; the middle strip shows
densities computed with the present models; the difference (O-C)
is plotted at the bottom. The purpose of this figure is to show how
effectively the models account for the geornagnetic effect. All the
fluctuations with a characteristic time of 1 to 5 days are caused by
the geomagnetic effect and are superimposed on a slcwer oscilla-
tion caused by the 27-day variation in solar activity. M. J.D. is
the Modified Julian Day (J.D. minus 2 400 000.5).

Figure 14 compares observed and computed densities on a shorter time
scale. The observed data are the densities derived from the drag analysis
of field-reduced positions obtained from photographs taken by the Baker-Nunn
cameras for Satellite 1960 £1 (Explorer 8). These positions have an accuracy

of about 2 arcmin and permit a resolution of 1 to 2 days, except around
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magnetic storms, where a resolution of 0.5 days or higher might be achieved.
In the computed densities, a variable smoothing factor has been used in the
geomagnetic effect to match the actual resolution. The large, slow fluctua-
tion in the densities, with a period of 230 days, is caused by the diurnal
variation (see also Figures 5 and 6); the superimposed fluctuations are caused
by the 27-day variations in the apparent solar activity, by the variations in
latitude of the satellite perigee, and by magnetic storms (such as the sharp
peak in May 1967, near the beginning of the diagram, and the two peaks in

the second half of Septemnber 1967). The entire time interval covered by the

diagram was one of lively 27-day variations connected with solar rotation.

Figure 15 shows observed and computed densities on an even shorter
time scale. The observed data are, this time, densities derived from the
drag analysis of precise positions obtained, by photoreduction of Baker-Nunn
films, for the 12-foot balloon satellite Explorer 24 (1964 76A). The accuracy
of these positions is of the order of 3 arcsec. This accuracy, combined with
the high drag of the satellite, allowed a resolution of 0.2 days throughout the
interval covered by the diagram. Here the slow background variation is
caused by the 27-day oscillations, while all the numerous irregular fluctua-

tions seen throughout the diagram are caused by the geomagnetic effect.

The height z marked on each diagram is the average effective height to
which the data refer. The effective height, variable from revolution to
revolution, is the weighted mean of the heights above the geoid in the course
of one revolution, with the drag taken as the weight. For moderate and high
orbital eccentricities, this '""effective' height is approximately half a density-
scale height higher than the perigee height; for zero eccentricity, of course,

it is close to the perigee height itself.

In the computation of densities from satellite drag, we have used a drag
coefficient CD variable according to theory (Cook, 1965), in which the
numerical parameters in the accommodation coefficient have been selected

in such a way as to give CD = 2.2 at heights between 200 and 400 km. The
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actual value of the drag coefficient was computed point by point along the
satellite orbit by means of the present atmospheric rnodels, which are also
used in the numerical-integration process leading from the observed drag
to the corresponding density.
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15. NUMERICAL EXAMPLES

Suppose we want to find the atmospheric density given by the models

above a point with the following geographic ccordinates:

longitude = 120°W of Greenwich, latitude = +45° ,
on January 20, 1969, at 19711™ U. T. = 11%0™ L.S.T., for three heights:
z = 350, 140, and 800 km.

We shall first compute Tc from equation (14). For that purpose, we
need the smcothed solar flux TIO - for that date and the actual {lux FIO -
on the day before (to account for the lag of 1?10). Consulting solar records,

10.7 = 155, F10.7 =136, so Tc = 85675. This is

the minimum exospheric temperature anywhere on the globe at the desired

we find the following: F
instant, for quiet geomagnetic conditions (Kp =0).

Next we shall use equation (16) or Table 1 to compute the exospheric
s The declina;ion of the sun on January 20.8 was -2070.
For ¢ = +445° and L.S.T. = 110", Table 1 gives T,/T_ =1.158, so we
obtain Tl = 99178.

temperature T

We must now add the effects of the semiannual variation and of geomag-
netic heating. Let us start with the geomagnetic effect, because it involves
a temperature change. We must first look up the value of Kp at a time
6.7 hours before the desired date; from geomagnetic records we find Kp = 20.
If we use equation (18), we find (Table 2a) AT = 56°; adding this to TI .
find T =1048°. If we look up log p in the basic tables for T, =1048° and
z = 350 km, we find, by interpolation, the value -13.976 (g cm-3). To this

we

value we must still add a correction for the semiannual variation. From
Table 3 we obtain f(z) = 0.207, g(t) = -0.183, so A log p = f(z) g(t) = -0.038.
Adding, we find log p = -14.014. According to Table 5, seasonal-latitudinal
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variations are negligible at 350 km, and since at this height the basic tables
show helium to be a negligible constituent, we have no further corrections to
make to the value of log p we just found. If we had decided to use the hybrid
equations (20) to compute the geomagnetic effect, we would have had to add

to Tl’ according to Taktle 2b, a correction AT = +28° and to log p a correc-

tion +0.024. This would have led to T00 = 1020° and a final log p = -14.028.

For z = 140 km, we can no longer neglect the seasonal-latitudinal varia-
tions, and we must use equations (20) to compute the geomagnetic effect.
We shall thus have TQo = 1020°, as in the previous example when we used
equations (20); for this temperature and z = 140 km, the basic tables give
logp = -11.413. With a correction A log p = +0.024 for the geomagnetic
effect, this becomes log p = -11.389. For the seasonal-latitudinal variation,
Table 4 gives S =0.027, P = +0. 882, sin2¢ = 0.500, from which we obtain
Alogp = SPsinzq: = +40.012. So the final density is log p = -11.377.

For z = 800 km, we can again neglect the seasonal-latitudinal variation
of the lower thermosphere, but we find that helium is not negligible, so that
a correction to the helium concentration must be computed from equation (25)
or found in Table 5. Let us use equation (18) for the geomagnetic effect.

We shall then have TQo = 1048°; for this temperature and z = 800 km, the
basic tables give log p = -16.795. With the correction A log p = -0.038 for
the semiannual variation, we obtain log p = -16.833, i.e., p =1.60 X 10-17.
From the basic tables, we derive, for Too = 1048°, log nO(He) = 5.958; to this
value we must apply, according to Table5, a correction A log n(He) = +0. 243.
Converting to natural values: n, (He) = 9.08 X 105,

n(He) = ng(He) + An(He) = 15.89 X 10>, whence An = 6.81 x 10°. The correc-
tion to the total density can be computed from Ap = [M(He)/A] An(He), where
M(He) is the atomic mass of helium, 4.0026, and A is Avogadro's number,
6.02257 x 1023, We obtain Ap = 0.453 x 10™!7; the final density is
p=1.60x10"17 +0.45x10717 = 2.05 x 10717,

.
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Table 2a. Temperature increment AT as a function of the geomagnetic indek
Kp when equation (18) is used (AT lags behind Kp by 6.7 hours).

K AT K AT K AT
P P P

0O 0 30 &5 60 180
0+ 9 3+ 94 6+ 194
1- 19 4 - 104 7- 210
10 28 40 114 70 229
1+ 37 4+ 124 T+ 251
2- 47 5- 134 8- 279
20 56 50 145 8O 313
2+ 66 5+ 156 8+ 358
3- 75 6- 167 9- 417

90 495

Table 2b. Temperature increment AT and simultaneous density increment
A log)og p when equations (20) are used (AT and Aloglo p lag behind
K, by 6.7 hours).

P
Kp AT Aloglo P Kp AT Aloglop Kp AT Aloglo P
0, 0° 0.000 30 42° 0.036 6, 92° 0.077
0+ 5 0.004 3+ 47 0.040 6+ 100 0.083
1- 4 0.008 4- 52 0.044 7- 109  0.089
1, 14 0.012 hs 57 0.049 o 120 0,097
1+ 19 0.016 4+ 62 0.053 ¢ 133  0.106
- B 0.020 5- 67 0.057 i 180 0.3118
2, 28 0.024 B B 0.062 8, 172 0.132 L
2¢ 23 0.028 % 79 0.066 84 200 0.150
3- 38 0.032 6- 85 0.071 9= - 21T B.174
90 288 0.205

s
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Table 3. Tables for the computation of the semiannual density variation
A log, o p = £(2) g(t).

a) Table of f(z)

z z z
(km) f(z) (km) f(z) (km) f(z)
100 0.068 500 0.289 900 0.347
150 0.086 550 0.309 950 0.341
200 0.112 600 0.326 1000 0.332
250 0.142 650 0.338 1050 0.322
300 0.174 700 0.347 1100 0.311
350 0.207 750 0.351 1150 0.298
400 0.237 800 0.353 1200 0.285
450 0.265 850 0.351
b) Table of g(t)
Date g(t) Date g(t) Date g(t) Date g(t)

Jan. 11 -0.145 Apr. 1 +0.354 June 30 -0.417 Sept. 28 +0.226

11 -0.184 11 +0.353 July 10 -0.478 Oct. 8 +0.365
21 -0.183 21 +0.303 20 -0.515 18 +0.452
31 -0.146 May 1 +0.216 30 -0.519 28 +0.478
Feb. 10 -0.081 11 +0.106 Aug. 9 -0.485 Nov. 7 +0.447
20 +0.008 21 -0.013 19 -0.405 17 +0. 365
Mar. 2 +0.113 31 -0.130 29 -0.28] 27 +0. 249 .
12 +0.219 June 10 -0.239 Sept. 8 -0.122 Dec. 7 +40.118 N
22 +0.3006 20 -0.336 18 +0.056 17 -0.007 '
27 -0.107
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Table 4. Tables for the seasonal-latitudinal density variation
Alog o p = SPsin? ¢.
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