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 ABSTRACT

This report describes a nu.fﬁerical study of the global dizstxf'i‘b’utiong
of helium an& argon in the terrestrial thermosphefe. It is based on
the emeﬂsion‘ of a three-rd;imerisi.c;na‘l single-fluid numerical model
of the the rinosphe re previously developed by the authors to éréat the
dynan{'zics of a minor gas imbedded in a background gas made up of NZ’
O2 and 0. Empirical mode,ls of the upper atmosphere, based on satellite
drag and mass spectro}neter data, are'vused to specify the background gas
density and temperature as functions of altitude, latitude and local time
for a given day of the year, Effects of solar a.ctivity, eddy diffusion
and exosphvé: iy'ric'transposxz-t on the glqbal distribution of minor gases are

investigated.



INTRODUCTION

Igl addﬁ;ion to thé gases NZ’ 02, and O, which account for the
great majority of the thermospheric composition in the altitude range
between 90 and 500 km, there exist a multitude of trace gases of varying
importance. Of theise; considerable attention has been givekn 140 éhe
chemically inert gases helium and argon. The interest in them arises
primarily from the fact that they may be considered to be trace gases
which havé l(fi't“tle influence on the dynamics of the ‘upper atmosphere as
a Whole:, but whose global disfributions are ve;y sensitive to global
variations of wind, density and temperature fields as well as to eddy
diffusion processes in the mesosphere and lowér thermosphere, 'I'he:
present report describes three-dimensional numerical computations
dealing with the global distributions of these minor constituents in the
thermosphere, |

A winter- summer asymmetry in the thermospheric helium concen-
tration was first reported by Keating a.nd Prior (1967, '1968). The earlier
observatmns reported by' Reber and Nicolet (1965) were shown there to be

|

consistent with such a'%vmter helium balge, ' and further aspects of the

phenomenon were descrxbed by Keatmg, Mullms and Pr1or (1970, 1971)

on the basis of analys1s of the effects of atmosphemc drag on the orbits
x
of the satelhtes Explorers 9 19, 24 and 39. Further measurements
of the global distribution of thermosphenc helium have been reported by

Jacchia and Slowey (1 968) from satellite drag data, by Shefov (1968) and




Tinsley (1968) using twlighf; observations of the helium 10830 X emission,
and by Reber et ail. :(1971,—’)} ~von Zahn et ;1. (1973), Hedin et al. (1974),
Newton et al. (1975), Keating et al, (1975) and Ma‘.uezrsberger et :al.f (1976)
using mass epectrometer data from eatellitee. Finaf_.lly, relevant data
from rocket-borne mass spectrometers have been reviewed by Kockarts
(1973). Although the various measurements were made at different
altitudes, local times, times of the year and phases of the solar cycle,
the general feature of a winter helium enhancement is evident in all of
them,

Conside rably' less observatlona.l data exist for argon than for helium,
This is pnmanly because, w1th an a.torm.c weight of 40 AMU, argon has
such a short scale height in the thermosphere above the turbopause that
its concentration is too small to measure at satellite altitudes above

~300 km, Several r‘ocket-b.or"ne mass spectrometers have detected

. arg;on"('Schafefer, 1969; von Zahn and Gross, 1969; Hickman and Nier,

1972), but no global coverage was a.vaila’ble prior to the launch of the
ESRO IV satellite in late 1972 Measurements reported by von Zahn

et a.l (1 973) and von Zahn (1975) indicate that argon at 270 km a.ltltude

-is more abundant in the summer hem1sphe re than the w1nt_er, with a

summer/winter ratio of ~10 there. They have pointed out that, although
more measurementsl’;_a.re” required before a clear picture of the situation
will exist, this behavior may be mainly due to argon's extreme sensitivity

to global variations in temperature (i.e., scale height); thus, argon's -



distribution may be dependent on wind fields in the thermosphere less
than on global-scale temperature variations. Further mass-spectrometric
measurements of thermospheric argon near the earth's equatorial plane
were reperted by Newton et a.i. (1975) on the basie of data taken by the
San Marco 3 satellite, Although no information concerning global
variations of argon c01;11d be obtained by this ‘low-inclination satellite,
argon was found to reach a maxi’]mu.m concentration at the equator in
the middle afternoon {(~15-1 6L'Ir'y) end to vary diurnally by a factor of
~3 at 280 km altitude. Furtherr‘ne"re, since the Ar maximum oceefred
approximately co;iincidenta.lly with that of N,, one may infer that the
determination of the Ar distribution is dominated by the temperature
distribution, |

Reber and Nicolet (1965) suggested a seasonal variation in the turbo-
pause altitude as the explanation for the winter-summer asymmetry in thermos-
pheric helium, "I'hey neted that Kockarts and Nicolet (1972) has shown that an
increa‘se of 5 k:;n in the turbopause altitude causes a factorof 2decrease in the
helium concentration above 200 kmfor af:xed atmospherlc temperature. Kockarts
(1972) pomted out tha.t, if the helium concentratlons determined from
the OGO-6. mass spectrometer data (Hedm et a.1. ,‘ 1974) were to be
expla.ined in this wa.y, a factor of 50 varlatlon in tl}e eddy.diffusion co=-
efficient is needed, (This corresponds to a change in the turbopause
altitude of approximately».?».“sd km).‘:’ An alte:;né.tive explahaéion was pro-
- posed by Johnson and Gottleib (1970) on the basis of studies of the ther-

mospheric energy budget. The observed warmth of the winter polar



region was shown to require downward atmospheric motion there; such
a flow can be produced by upward motion in the summer hemisphere,
horizontal flow across the equator and downwa‘.rdi flow in the winter
polar region, : Associated with this circulation system would be a
build~up of helium at high winter latitudes, The horizontal portion of
this circulation i;atte rn is simila.r’i; to that determined by Geisler (1967)
and subsequenf ihvestiga‘to‘rs, and the recent three-dimensional model
studies of Straus et al. (1975a) and Dickinson et al, (1975) indicate that
the overall pattern of solstitial thermosphefic motions described by
Johnson and Gottleib (1970) can be generated by EUV heating.

Reber and Hays (1973) studied the effects of global-scale wind
fields on the distribution of helium and argon, They treated the coupled
momentum and continuity equatiéns for a minor gas diffusing through a
background gas whose vertical and horizontal velocities are parameterized
in a simplified manner. Disregarding local-time va.riﬂart‘ions, they showed
that the la.titudina.l variations of helium concentration can be understood
using the mechanismésuggested by Johﬁs‘on and Gottleib (1970), Further-
more, they de‘rnbnstrjba.tked the effects of eécospheric transport and solar
acti:vity on thé"héli}lm distribution. The wind fié;lds considered by Rkeber
and Ha.frs; (1973) we"re chosen on the basis of their simplicity and possible
reserribla;.nc;e to those which actually occur in the thermosphere. A more
realistic approach to the problem was takéﬁ by Mayr and Volland (1973).
They used a quaéi-three dimensionaglkpe rturbation model of a two~ component

thermosphere to study the diurnal variations of helium and atomic oxyg,en.‘

158



{

They showed that diffusion effects associated with global-scale wind
fields increase the amplitudes of the diurnal variations of these species )
and advance the local times of their diurnal maxima with respect to the
major gas, Because the calcula.ti‘on:s applied to a single latitude, no
latitudinal or seasonal variations could be treated,

The purpose of this report is to describe numerical investigations
dealing with the dynamics of minor constituents in the thermosphere
using a three-dimensional model which is considerably more realistic
than thoée iemployed by previous investigators, The numerical model
is an exterléion of a single~fluid model previously described by Creekmore
et al. (1975) and Straus et al. (1975a) to treat the dynamics of a minor

trace gas (such as He or A) in a background gas made up of NZ’ O2 and

O in the altitude range 90-500km. The background gas density, mean

molecular weight, and temperature are ‘speciﬁed by empirical models
based on sa;tellite drag (CIRA, 1972) and/or mass spectrometer data
from satellites (vz. ESRO-IV and OdQ-VI). ' In the case of the models
based on satellite -bq;‘fne‘ mass spectrometer data, a method of extending
the existing empiricain{:odels doanard to the 90 km level is described

in the Appendix, The effects of eﬁcosphéric transport, eddy diffusion and

- solar activity on the global variations of minor gas concentrations are

discussed; comparisons of the numerical results with observational data

are made,



Mathematical Model

The basis of the mathematical model employed here lies in the
fact that the chemically inert minor constituents, He and Ar, have
negligible effects on the ;dynamigs and thermodynamics of the major
constituents NZ’ 702 a.nd Q. Foi this reason, the density, temperature
and wind fields of the major constituents may be determined once and
for all, and the minor gas distributions may be calculated separately
in a manner which includes the effects of major gases. In the com-
putations to be described here, the temperature and density fields of
the major gases have been taken from the empirical model of CIRA (1972)
in the altitude range 90 to 500 km. Future studies will make use of the
OGO-VI model of Hedin et al. (1974) and the ESRO-IV model (Keating
et al., 1975) éxtendéd down to 90 km;uéin?g the method described in the
Appendix, In addition to simélifying the problem by allowing us to dis-
regard thermodynamics, the use of an empirically;detérmined gas
distribution is cénnsideréd somewhat more realistic than that obtainable
at present fi'om a solution of the coupled equations of mass, mor}ngntum
and energy conservation; as discussed at sojr'n-e- length by Straus ‘et al.
(197‘5 é., b) and bickinsoh e;t al. (1975), the various enérgy inl;uts into -
the thermosphere are not known to a degree necessary forvqua.ntitati\frvtva‘ly
a.ccui'aite global modeling of ﬁherrﬁospheric density and tempera:tuxie.s The
background gas is treated as é. single gas whose density is the total of

the NZ, 02 and O densities an¢ whose molecular weight is the mean
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molecular weight given by the empirical model.

The background gas vertical and horizontal velocities are determined
from solutions of ;‘.he equations of mass and horizontal momentum con-
servation in a coordinate system»fétating with the earth. Under steady=-
state conditions as viewed from the sun, the coordinates are r, the
distance from the center of the earth, 8, the colatitude, and ¢, the local

time, and the equations are:
Q(dp/3¢) + v+ (pv) = 0 (1)

Q(dv/3¢) + v« vv+2 0xv (2)

=g - (o) gp+ (/o) Py = vy (¥ - v

where Q is the angular velocity of the earth, p is the total background
{ L o
gas mass density, v is the background gas velocity, g is the acceleration

due to gravity, p is the background gas pressure, p is its viscosity, Vpi

is the neutral-ion collision frequency, and v; is the ion velocity. The

3)0' L ‘ng‘/cin-sec (Dalgarno

viscosity y is taken to be p = 4.5 x 10~ (T/10
and Smith, 1962), wheré' T is the neutfal temperature. Following Chapman
(1956); Wrewfa.ke vo; = 2. :6 x 10_";'9 Mr-’l /2 n,, where M is the background gas
mea;f_n r;noile”éulava.r }wgight ’(Al\/IU);'vth?e i‘von number density hi ié takenrfrom
the',ém‘pir_ic.é'l :'ioiﬁosy'phe ric 'modei éf C%Zhijngf and Chiu (1973). Assuming the
absence of electric fields, the ion velocity is taken to be v = (X. . /I;) %

A
where b is the unit vector in the direction of the earth's magnetic field




(assumed to be a centered dipole aligned with the earth's rotation
axis). The momentum conservation equation (2) is solved in the
altitude range 90-500 km using the speétfal method described by
Creekmore et al, (1975). In short, it involves the expansion of each
dependent variable in a series of orthonormal functions which are
periodic in & and ¢ and satisfy prescribed boundary conditions for
that variable at 90 and 500 km. The (g, ¢) variations are described by
scalar and vector spherical harmonics of order n = 0, 1, 2 and the
radial variations are described by polynomials., After substitution of
these expansions into the appropriate differential equations and pro-
jecting with each of the appropriate expansion functions, the solution
of the steady-state problem inv;alves the solution of a coupled set of

nonlinear algebraic equations, This is accomplished through the use

of the method of Marquardt (1963). In the case of equation (2), only

the horizontal velocity components of v are to be determined, since all
of the other parameters are specified and the vertical velocity (which is
to be calculated frbm( equation (1) ) has little effect on the horizontal
velocity fieid x-L At the lower boundary, we assume that v, vanishes
with respect to the rotating earth, and at the upper boundary, we assume
that the effecgs of viscosity are so important the radial derivative of Y.
vanishes, s | |

Once v, is determined, the vertical velocity' w can be calculated by
integrating equation (1) in the form

(1/1%) a(r?‘pW)/ar_= -(1/r sin o) a(pve sin 8)/30 (3)
-(1/x sin 8) 3(pv ) /39 - 03p/39 |



downward from the 500 km level. In order to take into account the
effects of exoSpheric flow, the following boundary condition is imposed

on the verticai flux at 500 km (Hodges and Johnson, 1968):

(nw)[500 =(l+ 4/e°) (kQ/g) 3(nT/m)/d¢ (4)

- (1+8. 4/'e°) (kzlgz) vf (n{v) Tz/mz)-

Here n = p/m, where m is the background gas mean molecular weight,
e is the ratio of the radial distance to the 500 km-level to the average
a.tmospherickscale height (kT/mg) there, k is Boltzmann's constant,

vf is the horizontal Lapla.cién operator, and {v)= (ZkT/m)l/Z. Thus,
the vertical velocity determined in this Way includes the effects of the
divergence of the horizonfal wind field, the so-called ""breathing' motion
of the atmosphere due to diurnal variations in the density, and lateral
transport in the exosphere.

Onc; ‘the, cilaracteﬁs‘tics of the backggourid gas are determined, the
globa;l distribution of the minor constituents may be calculated in the
follo{xri:;g manner, We assume that th;minor gas tempera.ture"tié equal
to that of the background gas. Furthermp?e, we assume that collisions
between the thermospheric constituents dominate the horizontal momentum

balance of the minor constituents to such an ‘ext'ent that the minor con-

stituents have the same horizontal velocity as the background gas; Mayr



and Volland (1973) have shown that this assumption is appropriate.
Thus, the determination of the minor gas distribution reduces to the
simultaneous solution of the coupled equations of mass and vertical

momentum conservation:

Q(3p;/38) + 9+ (p5¥;) = 0 ' (5)
B(anj)/ar + (Drnj + Km)g/({D+K)kT) (6)

+{w; = W)/(D+K) + (1 +a) 2(4aT)2r=0

Here, the subscripted variables refer to the minor gas, and the un-
subscriptéd variables refer to the background gas., The eddy diffusivity

is denoted K, the coefficient of thermal diffusion is Q/J. (. = =0,38 for

He and zero for other minor constituents), and we take vj = ’Y_‘L, as noted
above. Finally, the molecular diffusion coefficient is taken to be (Kockarts,

1972):

/n (cmZ/sec)

D=1.5x 1,1/2 4172

where MJ and M are the minor constituent mass and the background gas
mean molecular welght in atom1c mass umts. The features of equa.tlon
(6) have been discussed in considerable detail by Kockarts (1972). In the
upper thermosphere, where D > K, 3r = 0 and D is very large, it reduces
to the familiar equation for hydrostatic equilibrium (alnpj/d‘r) = -rnJ.g/kT.

However, in the lower thermosphere, these conditions do not hold, and

10



the effects of vertical diffusion (represented by the term. involving
wJ. - w) and eddy mixing (represented by the eddy diffusion coefficient
K) tend to cause depa;z:tu;es from hydrostatic equilibrium,

These equations aire:‘ solved simultaneously in the altitude range
90 to 500 km using the spectral method. The minor gas density at
90 km is taken to b§ fixed ei.nd equal to that given by the CIRA (1972) |

model: Inp,. = -3.3; 45 (i.e. n e = 442 x ,108/cm3) and lnp , = -23.82

H
(i. e. n, = 6.72 x loll/cm3). At 500 km altitude, the vertical flux of
the minor gas is specified by the requirement that flow in the exosphere
conserves mass (i.=., there is no escape flux to infinity). Thus, the

equivalent of equation (4) is used to specify the vertical \}elocity of

the minor constituent at 500 km., This condition may be written

(o3 Is00 = £ile:8) (7)

since only properties of the atmosphere at 500 km are involved in the

flux condition, This condition is satisfied by writing

=A. . ’ "‘7.
W wJ+fJ(6 sz>)/pJ

where Qj is expanded as a product of spherical harmonics and vertical

polynomials which vanish at 500 km.

11



THE MOTION OF THE BACKGROUND GAS

The motion of the background gas, when its density and temperature
are fixed equal to that given by the empjirica.l modei CIRA (1972) has
been studied by a number of investigato;rs-. (For recent discussion,
see Blum and Harris, ;1975 a, b, and Creekmore et al. y 1975.) Above .
an isopycnic::' level near 113 km, the motion is genefa.lly airected from 4.
the pressure rpa.xifnuth s.t s.bdut 1430 hr, _loc::aly time at the subsc;la.r».
latitude tows.i';is the pressure minimu.m d:iametrically opposite. It
flows over thempoles and around the earth with a speed which generally |
increases with altitude to values on the or‘asr of 100-206 mj/s;ec in the
upper thermosphere. In the lower thermosphere (below the isopycnic |
level), the pressure gradients in ‘chs CIRA model are reversed, and: |

““““ the 'ﬂoiw is directed in the opposite sense. The diurnal variation of

the ion density 1eéds to larger wind speeds at night than during the day,
and the Coriolis force affects the flow ‘:a.t middle -ana high latitudes,
especially af night, Where ion drag effects are relativ‘slry unimpor‘;ant. e

~ Figures 1 and 2 show the horizontal wind fields at several altitudes

22 2

for values of the solar 10,7 cm flux Flou 7 6f 140 and 70x 10 w/m

- Hz (Zurich Sunspot number of ~90 and ~.0, respectwely) The general
features of the ﬂows in the two cases are quite similar, as 1s to be |
expected; the wind speeds are somewhat different, primarily because

of differences in the ion density distributions and the size of the driving

pressure gradients.

E.*Cﬁ" [} N ",‘ 3 IL?\\“!’ :
;A{ el ‘
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In order to satisfy the conservatioh of mass condition, vertical
mot;,ion:‘,,s are induced in the thermosphere., As noted earlier, this :
vertical rnotion is produced by the divergence of th h_orizontal fnotion, W
by the diurnal rising and falling of isobaric surfaéeé and by the require-
ments of exospheric transport. The last of these effectsi dominates near
the 500 km level, but the other two play increasingly important roles
with'decreasing altitude. Figures 3 and 4 'illl.ustrate the global variations

22 12

of w at several altitudes for values of F, 7iof 140 and 70 x 10~
Hz, : In conjunction with the horizgntal motion, the vertical motion is
genef;a,lly upwards at high latitude s in the summer hemisphere andr
downwards in the winter hemisphere. Flow velocitigs increase from

a few cm/sec at 95 km altitude to several m/sec in the upper thermosphere.
At all altitudes, the maximum upwards veloc.ity occurs du‘ri‘ng the middle

of the day (~9LT to 14LT), and the maximum downward velocity occurs

during the middle of the night.

14
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THE GLOBAL DISTRIBUTION OF HELIUM

If ' neither the backgrqgrid gas nor helium were to undergo
vertical motion, the vertical helium density distribution at a given
point in latitude and local time would be given by the hydrostatic

relation:

d in pHe/dr = -(1+ aHe)‘dzn‘T/dr (8)
- (Dygq Mgy + Km) g/((Dyy, +K) kT)

Under these conditions and assuming a; constant valuérrrf‘or the eddy =
riiffugion coefficient K, the large value of the helium scale height HHé =
kT/r:élHeg leads to theifag:t that, at ayr‘givenralltitude, the helium density |
is fairly insensitive to global témpe rature variations. For example,
at 500 km altitude, the CIRA (1972) model indicates a variation in the
helium density of a factor of 1.29 fori a variation of the exospheric
temperétﬁre from 1660°K to 1400°K. Furtheﬂ;;z;no‘re, the density
maximum occurs at the subsolar point. The failure of equation (8)
in pfedicting’ both the magnitﬁ.de and-location of the winter helium bulge
suggests the importance of vertical diffusion. |

- In order to determine the effects of verticé.]; d‘iffusion{ Oﬁ the global
helit;.rﬁr‘distfibution, the coupled equa‘c'ions‘ of mass and vgrticé.l momentum
consarvaﬁon for helium, equations 5( and 6, must be solved simultaneously,

the temperature, horizontal velocity and vertical velocity of the background

15



gas being specified. These equations have been solved over a
repr‘esentetive‘range of v;lues of the (globally constant) eddy diffusion
coefficient K and 10.7 cm solar flux FlO. 7 in the manner described
previously. | |

» Pﬂor to presenting results of all of these calcula.tiens, Figure 5
demonstrates the cohsiderable effects of vertical diffusion on the
vertical distribution of helium in the thermosphere. This figure shows

a comparison between the results of the solution of the hydrostatic

equation (8) and that of the dynamic eeiuations (5) and (6) for F
7

10.7°

140 w/mZHz, K =10 cmZ/sec, Kp = 3. In contrast with the hydrostatic

solution, in which there is 1itt1e'glbba1 helium variation at a fixed

"".a.ltltude, the. dyna.mlc solution 1nd1cates a global variation of about one

order of ma.gnltude at 500 km, with the maximum occurring in middle
1a.t1tudes in the winter hemlsphere and the -mmlmum at the summer pole.

In a.ddltlon, it is 1mportant to note that the large global var1a.t1:on; is
prodeced at fairly low altitudes; the érea’c majority of the departure from
hydrostatic equilibrium occurs below ~200 km, and:.hfrdros-tatic equilibrium
p‘rev-ails in the upper thermosphere. This is due to :the'ra.pid increase

in molecular diffusivity D with a.ltltude, which diminishes the effect

of vertical diffusion in the upper the rmosphe re. The mechanism in- .
volved in this lar—’ge effec;t has been discgg,:sed by Johz;sm;on and Gottleib
(1970), Reber and Hays (l97»3) and Mayr and Voile.nd (1973): the large-

scale motion imposed on helium by the motion of the background gas

16



lead to its depletion in the summer hemisphere and build-up in the
i ., winter hemisphere. ;

The effects of exospheric transport, although nof ais-played here, -
a.reééonside\ra.ble. In order to evaluate its effect, a calculation which
differed frdm that used to derive Figure 54 ’only in the treatment of the

| P
vertical flux at 500 km was carried out. In this calculation, the flux

was taken to vanish éveryWi‘:ere on the 500 km spherical surface. The
ratio of global maximum to minimum helium density at 500 km in this
calculation was found to be 21, in exge,ss‘ by a factor of ~2 with respect

i to that obtained when proper account of exosphe ric,tré.néport was tga,kien.

Figures 6-9 show representative contour plots of the-rlogarithm

(base 10) of the calculated helium mass density at selected altitudes as

a function of la.titude and local time for several cbmbina.tions' ofé vé.lues
of FlO 7 a.ﬁd K under June solstice conditions, 1At the lowest altitudes,
the global He varlatlon 1s dependent on the (constant) boundary conditions
used, and so thé‘ significance of the results there should not be over-
estimated Howev:eri, ‘the results in the middle and’ uppér thermosphere
indicate that a notable Wznter helium bulge occurs for all choices of
va.lues of FlO 7 a.nd K The global maximum He den51ty at a flxed
a.ltltude occurs a.t mlddle -to-h1gh winter 1at1tudes, and the minimum
occurs at hlgh summer 1a.t1tudes. The local time of maximum He

density at a given altitude is ~6 -10 LT, dependent on altitude, the

maximum occurring somewhat later with increasing altitude, These

17



resulfs are in excellent agreement with the observational data taken

by the OGO-~VI mass spectrometer (Hedin et'al., 1974) and the ESRO
IV gas analyzer (Keating et al., 197 5). A

The general effect of var1at1ons of K is evident frornbcompamson

of f‘xgures 6 and 7, both of wh1ch represent calculations with

F10.7 = 140 w/m Hz, but with values of:f_K = 3 x 106 cm /sec

(Fig. 6) "and 6 V;x ;106 cm;/eec (Fig.e 7); t};ese *Jelues of K
correspond to tufBopause altitudee (where K = D) of "

~106 km band ~ 110 krn, re spectxvely. At mlddle and high altitudes,
the results of these calcula.tzons are very 51m11ar in theu- global |
dlstnbutlon's of He, To a large extent, the only difference lies in the
shift of He density by:a. factor of ~2; the values corresponding to
K=3x 106 cm;[sec being higher. This is due to the effects of eddy
diffusion in the lower thermosphere: the highe rﬁthe \}elue of K, the
higher in altitude do ’the effects of turbulence tend to mix the etmosphere.
Thus, for hiigh values of K, the He deheit}; decreases with altitude with
the scale height of the mlxed gas (w'ho”se fnolecular weight is ~ 29),
rather than with its own scale height (which'is a factor of ~7 .l’a.rger
than that of the mixed gas). Thus, the He density in the thermosphere
decreases (a.t a given altitude) w1th increasing K.  Other than this Shlft
the global dlstrlbutmn of He in the two cases is quite similar; for example,

at 490 km altitude; the ratio of global maximum to global minimum He

density is ~7.2 for K = 3 x 106 cmz/sec and ~8.4 for K = 6 xf106’ cmzlsec.
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(It is 9.6 for K = 107 cmzlsec...) These results indicate a relatively
weak effect of variation in the (constant) value of K on the magnitude
of the winter helium bulge.

__The effect of variation in the value Of,FIO. 7 "i's considerably

larger than that due to variation in K, .Figures 8 and 9 show results

7 -22 2

of daléulations with K = 10 cmz/'seC, Fip,7=1002and 70 x 10 w/m

Hz, respectivély. Once again, little significance should be placed on

figures at higher altitudes shows thét the ratio of global maximum to
minimum helium densities increases strongly with decreasing FlO 7°

For more detailed comparison, Table 1 gives the value of this ratio

at selected altitudes for K = 10" , = 140, 100 and
0"»22 kw/;nz Hz. The decrease of the ratio at all altitudes with

2 ﬁ
cm’” [sec, Flo.
70x1
increasing FlO 7 is clear. The decrease of the ratio with FlO 7 is

due to the fact that exospheric tramsport (which tends to smooth out

larée global variations of the helium density dist;ibufioﬁ) increases

strongly wit'h?ie;xosphe ric tempei‘é.ture, and thus with F’i’O 7 Also

notable is the fa.ct‘thawtv\'(for a given set of values of F and K) the

10,7
ratio reaches a maximum at ~250-300 km altitude and then decreases

to a fairly constant value above 400 km,
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Table 1: Ratios of helium densities (K = 107 cmz/sec)

altitade Flo.7 = 14°i Fyo,7 =100 Fio,7=70
120 1.8 , 2.8 | 4.5l
150 6.7 10,9 19.1
205 14.0 23. 4 41,6
265 14.6 25.0 46,1
320 1.0 | 20.3 37.5
380 9.4 17.4 33,3
430 9.7 | 17.9 35,0
470 9,7 18,0 35,6

490 9.7 . 17.8 35.3

3 Figﬁre 10 gives a comparison of the results of our model calculations
w.ithimass-spectrometer data reported by several invéstigators. The
values markedi "mod.él;' are the calculated rgtios at the altitudes at
which the experimental resulfs were reported. The agreement is
reasonably‘good,’ the slope of the curve betwggn the model values
being somewhat larger than that indicated by the data. - The comparability
oftthe model and experimental results maywrﬁ‘ot be exact, however, because
the ratios plotted for the expe:imental, data represent the ratio as dbsérved,
which may not be a truly ;glojbail ratio because of orbital considerations.

Comparison with observational data may also be made with the

data from the mass spectrometer carried by the low-inclination San Marco 3
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satellite. New‘tc’on et al. (1975) feport that the diurn.a.rlr maximum He
density in the 220-280 km a1t1tude range at the equator occurs at
~7.5 hrs. local time. Thls is in excellent agreement with the
results of our model calc_ula.tions. Furthermore, they report that
the ratio of daily maximum to minimum He density at the equation is
-1.73-l:. 8. This is slightly in excess of the value of 1. 55v-1.65
(dependent on Fl(') 7 and K) derived from the present nurnerical
calcula.tmns. .

_:,Finally, ‘Keati:ng" et al. (1973) have reported a north-south a.symmet;y
in the global helium distribution.,,, On the basis of atmospheric drag data
from the Explorers 9, 19, 24 and 39 satelhtes, they found that helium
concentrations in local summer at high latltudes a.re more than 50%
lower in the southern hem1sphere than in the nerthe rn hem1sphere,
furthermore, the increase in hehuzn concentra.tlons from summer to
winter was found to be ~809% greater in the sou,thern hemisphere than
in’the winter hemisphere. If the global helium distribution is determined
prim‘arily by global circula.tioh,‘}this effecfg:r shoﬁld be caused by outflow
from the southern hemlsphere in December that is la.rger than the
correspondmg outflow from the northern hem1sphere in J'une. In
orde? to evaluate this m_echani;;m, we carried out computations a.t‘

December solstice, to be cqrhpared with those previously described

for June. Using the CIRA (1972) model to specify the background gas

density and temperature distributions, we found a negligible difference

in the global circulation pattern between June and Deee,mber solstice
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other than, of course, the fact that the flow is in opposite directions, Thus,

no north-south asymmetry of He can be explained in the present calculations,
This negative résu;lt is not surprising, since the CIRA (1972) model has

no north- south asymmetry, and only a very slight asymmetry in the wind

field can be géﬂerated (through the effect of ion d.rag) by the small asymmetries
present in’ the ion density-mbdel used here, Herver,~ more accurate models
of upper-atmospheric density, such as newer models based on mass-spect-
rometer data, do show some north-south asy-mmete.ry, which may be expected

to drive an asymmetry in the winter helium bulge.‘ Investigation of the effects

of this asymmetry will be a subject of future work,
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THE GLOBAL DISTRIBUTION OF ARGON

If neither the background gas nor'a.rgon were to u.ndergo vertical
motion, the vertical argon density distribution at a given point in

latitude and local time would be given by the hydrostatic relation:
dinp,/dr = dnT/dr - (Dym, + Km)g/((D, + K)kT). (9)

Under these conditions, and asseming a ceﬁs‘\tazlt value for the eddy
diffusion coefficient K | the smell value of fhe argon scale height causes
the argon density at a glven a.ltltude to be extremely sensitive to global
temperature variations. For ewzample, at 250 km altitude, the CIRA
(1972) fnodel’ind"icates a variation in the argon density by a factor of
~5. 2 for a va.natmn m exospher:c temperature from 800°K to 1000 °K,
the max1mumv dens1ty occurrmg at the location of maximum e*cospherlc
temperature. At 400 km altitude, this variation ha.s increased to a
fact‘ei of ~45, Thus, as von Zahn (1975) has pointed out, the observed
global \varia.tien of argor'xrmay be expiained to a large extent on the basis
of temfe'ratur—e {scale height) vai-ia.tions alone, ~

The extreme sensitivity of the a.rgon dlstrlbutmn to temperature
vana.tmns 1mp11es that, in order to treat the argon distribution A‘
qua.ntlta.twely, 1nc1ud1ng the effects of vertical d1ffus1on, one 1\'nu\st iha.ve

an accurate model of thermospheric temperatures, espec1a11y in the

lower thermosphere, Since such a model does not e-xlst because of the
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unavailability of data at altitudes below ~ 200 km, only a semi- E
quantitative study of argon can be carried out. Figure 11l indicates
the magnitude of the effects of vertical diffusion on the vertical dis-
tribution of thermospheric argon, This figure shows a comparison

between thevre',suflts of the solution of the hydrostatic equation (9) and

-22 2

that of the dynamlc equations (5) and (6) for Fio.7° 100 x 10 w/m” Hz, ;
K= 107 cm /sec, Kp ;= 3. The dynamxc solution indicates that vertzcal
diffusion below ~ 200 km can cause departures from hydrostatic equilibrium
in the vertical argon distributio,n, but that hydrostatic equilibrium prevails
above that altitude, Thus, the vertical distribution of argon density could
be used to infer fkhermospheric temperatures above ~ 250 km altitude,

but departures from hydrostatic equilibrium preclude such an analysis
below that altitude.

Fig@re 11 shows representative contour plots of the logarithm

(base 10) of the calculated argon mass density at selected altitudes

=22 2

as a function of latitude and local time for F,q - = 100 x 10 w/m” Hz,
K= 1'07 cmzlsec under June solstice conditions., -As in the case of
helium, little emphasis should be placed on the results at 95 km, but
at higher altitudes, a definite pattern appears: the argon density is é
maximal at 14-16 LT at the summer pole and mmnnal at low southern

(winter) latitudes at~ 4 LT. The ratio of maximum to minimum global

argon ‘density increases from ~5 5 at 155 km to ~ 85 at 265 km (and

increases further at hlgher altltudes) This varlatmn is somewhat

stronger than that explamable on the basis of hydrostatm equilibrium
and md1cates that global c1rcu1at1on may be able to remforce the
effect due to temperature variation. Furthermore, the fact that the

maximum occurs at‘the,ysu'mymer pole, and not at the subsolar latitude,
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where the temperature is maximum demonstrates the effects of
global winds on the argon distribution.

Comparison with the data reported by Newton et al. (1975) from
the San Marco 3 mass spectrometer can be made f6r equatorial
latitudes. Our model calculations indicate that the locé,l times of
maximum and minimum argon density at a fixed altitude are well-
predicted by the model, but that the calculated diurnal variation of
about one order of magnitude at 280 km altitude is somewhat larger
than that observed, Such a discrepancy is probably due to inaccurate
determination of the vertical diffusion velocity of argon in the lower
thermosphere due to the inadequacy of the, CIRA model there.

In order to investigate the effects of exospheric transport on
the argon distribution, a calculation identical to the one described
abové was carried out with the argon flux at the 500 km altitude
arbitrarily set to zero. The difference between the results obtained
and those described above was found to be negligible, indicating the
unimportance of exo‘spheric transport in determining the global argon
distribution. This result waé also found by Reber and Hays (1973) and
is attributed to the large a.i:émic mass of argon, which causes argon to
have a relatively small exospheric ﬂu.x.i Furthe rmore.," since its séale
height is small; any effect 6f exospheric flow vanishe’s far above the
region in which vertical diffusion can affect its vertical distribution

(i. e« below ~200 km).

25



SUMMARY

In this report, we have described numerical calculations dealing |
with dynamical effects on the 'g’loba.l distribution of the fthermospheric
minor constituents helium and argon., The CIRjA i(1";’72) empirical
model of the upper atmosphere has been used to spec1£y the temperature,
density and mean molecula.r we1ght of a background ga.s made up of
NZ’ O2 and O. - The conservation of momentum equatlons are solved
to determine the lzorizdnta.l and vertical velocities of the :backgreund
gas. The tempe rature and horizontal velocity of the minor const1tuents
are a.ssumed to be equal to those of the background ga.s, and the equations
of conservation of mass and vertical momentum are solved to dete rmine
the minor gas vertical velocity and density. The: effects of solar activity,
eddy diffusion and exospheric transport on the global distributions of
minor const1tuents are treated. |

It has been shown that the qualitative features of the observed
globa.l distribution of helium can be understood as being primarily due
to the effects of global-scale winds that blow from the summer hemisphere
to the winter hemisphere. The computed he‘liurn distribution shows a
strong winter belium bulge whose amplitude increases with decrea.sing
solar a.ctijvity (for fixed eddy diffusivity) and with increasing eddy
diffusivity (for fixa<i solar activity). Ma;;or depa.rtures from diffusive

equilibrium occur below about 200 km a.ltltude, where the molecular

diffusivity is still small enough that diffusion velocities are important.

' ' : : FLVE
y .;:mﬁﬁ;%‘%?R_‘jf?“*m*ml Bl
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Quantitative compa;rison of the results of the calculations with
obsérva.tiona.l data indicates that there are sor;_ne discrepancies, but
tlé'xat the major observed features are reproduced. rlna.dequacies in
the lower thermosphere of the empirical modél of the background gas
probably cause the majority of the discrepancrz—vies.

In the‘ case of argon, the situation is somewhat diffevren;c. The
argon distribution is less sensitive to thermospherlc wind fields than
it is to global tempera.ture distributions which cause its scale height
to vary. Thus, the computed argon distribution is extremel}} dependent
on the empirical model of thermospheric temperature. In spite of thié
difficulty, the general features of the observed global argon distribution
are reproduced by ”t.hé numerical model..

AN of the calculations described here méde use of the CIRA (1972)
model for specrflca.tlon o;t the global distribution of the background ga.s.
Models based cu sa.telhte -borne mass sPectrometer data will be used
in the future to provide this input. (A method for extending these models
down to the 90 km level is discussed in the Appendnc of this report.)
Because of the sensitivity of the distribution of minor constituents to
the properties of the background gas, comparison of the results of -
calculations using the various empirical models will be of inte féét; |

Fina.lly? it is of note that no treatment oft the effects of globally

varying eddy diffusivity has been carried out in the work described here.

As noted earlier, this possible variation can have considerable effect on
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the distributions of minor constituents, and the effects 1of this variation
probably act in addition to those of the transport mechanié_,m' treated
hezie. The inclusion of a ’gibbal model of eddy diffusivity, if it can

be formulated uéing a data base other than that derived from

observations of minor constituents, is straightforward,
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APPENDIX
Extrapolacion of the OGQ=-VI Atmospheric Model

Jacchia~type Temperature Profiles

The OGO-VI empirical model of atmospheric temperature and
composition (Hedin et al., 1974) has been modified so as to extend
down to 90 km altitude and to include O,. These rrgvrisi‘onls allow this
model to be used to specify background gas qua.ntities required in the
study of minor constifi{ents in the thermosphere. "_Tﬂo: provide a better
pe.fspective of the discusSion to follow, it is instructive to review
briefly the OGO-VI model and also the CIRA (1972) ndbdel, as the
method of extrapolation was i)atte rned after the latter model;

The OGO-VI model is based on mass spectrometer observations
of the beha\}ior of the atméspheric constituents NZ’ O and He at altitudes
above ~ 400 km, The i:jﬁé.ntities specified by the model are thé con-
centrations of the aforementioned species and the exospheric temperature
T_. The exospheric temperature is inferred fro.m' the behavior of the
N2 density assuming certain boundary conditions on N2 and ’i‘, :a.nd é
c‘:é i;tain functional depéndence of T on altitude z, The exospheric
temperature given by the mok‘i'evl‘ is thus only a yirtual! »fée‘mper»a.ture;“r

but comparisons with incoherent scatter observations indicate that

the model temperature is consistent with the data, at least at the
location of Millstone Hill, Assuming a Bates (1959) temperature

profile, Hedin et al. (1974) extrapolated their high altitude data down
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to 120 km, where they assumed that both NZ and T were fixed., He
and O were not constrained to be constant at the lower boundary, but
were a.l].owed to vary spatially and temporally in order to reproduce
the observed high altitude behavior. _

The CIRA (1972) is ba.s‘ed‘_'primjarily on satellite drag measure-
ments of total density., The da.fa. base for this model covers a greater
range in a.lt1tude and rea.l time than that of the OGO~6 model. However,
data from low-a.ltltudes (< 250 km) and high latitudes are very sparce.
In contrast to the OGO-VI model, CIRA starts at 90 km, where all
a.trridspheric variables are held constant, As suming certain boundary
values and the height dependence for the temperature,l Jacchia empirically
d‘edu‘cedithe exospheric temperature required to reproduce the observed
total density. As in the OGO-VI model, the CIRA temperature is also a
virtual quantit»y. The temperatures of the two models are similar on
average; however, there are signifidant seasonal=-latitudinal differences."
We shall describe a method of extrapolating the high altitude OGO-VI
observations downwards to obtain a plausible (fhough not necessarily
"cor;reét") low altitude model without imposing constant conditions at
120 km. | -

Flrst, we obta.m the OGO- VI model values of the concentziatmns ;
of NZ’ He a.nd O at 450 km and the exosphenc temperature, These
qua.nt1t1es are functlons of spa.ce a.nd time, being dependent on 1at1t:ude,
local time, da.y of the year, and indices of solar and geomagnetic

“activity, The OGO-VI exospheric temperature field T_ is accepted
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a priori (even though it is an inferred ’parameter, dependent on a
number of asswumptions) ahd is used tok derive the vertical temperature
distribution as formulated in CIRA (1972).

Once the temperature profile is «establiéhed, the vertical dis-
tributions of N, He and O can be computeci'in the region of diffusive
equilibrium, which is assumed to begin at 100 km altitude:

. M.g
ln%(-ll + (1 +a)1n E_ = -f — dz (Al)
ac .. 1 - RT
n (1) T Z3

where the asterisk (%) denotes quantities at 450 km as prescribed by the

0OGO-VI model, and @ = -0, 38 for He and o, = 0 for N2 and O.

Once n(NZ) is obtained (from eq. Al), n(OZ) is determined using

(p-1)

n(NZ) T

n(0,) = n(N,) R (A2)

n'(NZ)T'
where primed‘-una.ntities' are evaluated at z' = 150 km, R'is the OZ/NZ
ratio at z' (assumed to be O l‘)g, and p = m(OZ)/m(NZ); 32/28.

The number densities and hence the meaﬁ molecular mass M of
the atmosphere are now established above a height of 100 km. The
concentrbati_on:s below 100 km depénd on the vaiue of M at 100 km. Since
there is little relia;bie éa.fa on the lower thermospheric composition, we
assume simply that M increases linearly from its 100 km value to a

constant value of 28. 83 at the lower boundary of 90 km. The total
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pressure p in the mixing region is given by

A

1n(§;)=-f'—1‘-é—§i,— dz (A3)
z
o]

where P, = Pg R To/Mo
Here, R is the universal gas constant, and Por To, and Mo are assumed

constant and equal to values prescribed in the CIRA model, namely

_ o
To =183

K

M = 28.83
o :

p, = 3.46 x 1077 gm/cm®

The concentrations follow ifnmedia.tely:

n(NZ) f

1 BN

n(0,) = N [8 (1 + £,)-1]

n(O) = 2N (1 - B)
n(He) = £3 BV‘N

where N=p/kT (k = Boltzmann constant)

mean mass at sea level,

B = M/Ms (M
; : . 28.96)

S
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fl = 0,78110
f2 = 0,20955

-6
f3 = 6,147 x 10

The constants‘fi are sea 1eve1 fractions (by volume) of the
various species,

It is perhaps of greatest interest to examine details of the model
at low the;mosphe ric altitudes, where observational data are scarce
and wheré rﬂuch reliance must be placed on predictive models, To
avoid confusion with the original OGO-VI model, we shall refer to the
newly extrapolated model as JACOGO, in recognition of the fact that
it combines feattxre; of both the CIRA model as formulated by Jacchia
and the OGO~VI model. 7

In the middle and upper the.r.zﬁosphere (above about 250 or 300 km)
the OGO-=VI and JACOGO models are very similar, which is to be expected
since the terﬁperature at ‘these altitudes is near its thermopause value
(i. e ‘the exospheric temperatu'ré, which is identical for both models).
In the lower thermosphere differences will arise because of the different
lower boundary cc:)nd:it;i,ons( énd vertical temperature profiles. Figure 13
illust;ja.tes the differences between the Bates temperature prqﬁle (used
in OGC-VI) and the Jacchia temperature profile used in JACOGO for

two values of the exospheric temperature, 1000 and 1300 °K. Under
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average solar and geomagnetic conditions (F = 150, Kp = 1) these

10,7
temperatures would approximate the diurnal range at low latitudes
during eqﬁinox. Under solstice conditions, the diurnal range is
somewhat larger, about 800 to 1300 0K.

The global distribution of atomic oxygen at 120 km from JACOGO
is shown in Figs. 14a and 14b for t:'he. June solstice and September
equinox, respectively, The distributions, are very similar to those
presented by Hedin et al. (1974) despite the use of different temperature
profiles a_nid,bounda.ry conditions. 'I'hat’ is;, the O density at equinox is
larg;st near the equator, but during the sélstice is largest at high winter
latitudes., The ratios of the global maximum to minimum O density are
roughly the same for the two models: ~2 during equinox and ~4 during
solstice, The major diffe ren‘ce between the models concerns the magnitude
of the O density: the global average (i.e. latitude and local time average)
from JACOGO is ~25% greé.ter than that from OGO-VI during the September
equinox. It is interesting to note that the global average predicted by
JACOGO is appfoﬁ:ima_t_:gly half-way between the values predicted by CIRA
‘and 0GO-VIL. |

'i’he global distributions of N, at 129 km from JACOGO are shown
in Figs. 15a and 15b for the September eéuiﬁo;c and June solstice. The;
predicted N, density is found to vary globally by a factor of 1.6 to 2.0
during equinox and solstice, réspéctively. In the original OGO-VI model,
N2 is assumed to be constant at 120 km; in the CIRA model N2 varies

globally but by only about 10% or less, The N2 distributions shown in
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Figs, 15a and 15b have some unexpecte;l properties, First, in fhe
equinoctial case the local~time averaged density increases nearly
monotonically with latitude in going from south to north. Intuitively,
one would expect symmetry about the equator and maximum densities
at the equator. (The O distribution in Fig. 14b also exhibits an asym-
metry in that the north polar densities exceed those in the south by
about 40%.) Now, since the exospheric temperature distribution is
essentially symmetrical and constant boundary conditions are assumed
at 90 km, these asyrﬁrﬁetrica’l properties must originate from similar
asymmetries in the 450-km concentrations of the OGO-VI model.

Another \.u'n%zsual property of the N2 dis;tribu’tion, which may be seen
in Fig, 15a, is that during solstice the major global maximum and
minimum are located at mid-to-high winter latitudes, This behavior
is not strictly like the O distribution, in which the maximum and min-
imum are in opposite hemispheres. Now, since low altitude observations
indicate that winter densities are hiéher than surﬁmer déﬁsities (e.g.
Groves, 1972), it is tempting to speculate that the N2 distribution in
Fig. l5a is consistent with such data. Calculated contours for other
days of the year indicate, however, that the extrapolated 120-kn; V‘t’)‘ehﬁavior
is not strictly seasonal (annual), but contains subannual harmonic com-
ponents n"bytrjseen in the data of Groves., The JACOGO variations at 120 km
are also different from those of CIRA, even though the two models are
identical at 190 km. It must be concluded, thévrefore, that the detailed

behavior of the lower atmdSphere, as predicted by the JACOGO model,
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is induced a.rtificially by the particular combination of fea.ture:s of
the OGQ-VI and CIRA models, and thus the results should not be con-
strued a.s Hreflecting actual conditions. ‘

It ‘is important to note tha.,t,,i‘ insofar as the bpre sent appiications
are concerned, the small scale features shown in Figs. 14 and 15 are
not resolved by our numerical model but are smoothed out. The global
average J'ACOGQ dénsity agrees with that of CIRA to within 7%. A
number of ,comparisons of low altitude density measurements hé.v'ié “
indicated 'tixa.t the CI_RA mo..de;l density is correct to within 10% or
20% on average. On the 6th<;r hand, the OGO=~VI model at 143 km has
been found to underestimate the density by a factor of 1.7 (Rugge and

Ching, 1975),
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ADDENDUM

| The calculations described in the rﬁain body of this report make
use of the CIRA (1972) model for specifying the background gas tempera-
ture and density distributions. The calculatioins were carried out in the
altitude rangé 90-500 km and were app-licable for values of the solar

10,7 cm flux in the range 70 to 140 x 10"22

,w/mz Hz. The results of

these computations were compared with helium distributio’ns' as measured
by the ’satellites OGO-6;« ESRO-4 and AE-C, Since the complétion of thi§
report, some further calculations have been carried out. The purpose of

this addendum is to describe briefly the motivation and results of this

Wwo rkc

" The e!rnpha.sis' in the calculations to be described here is placed
on thé use of the OGO-6 model for specifying the background gas density
and témperature. Since the helium density is an integral part of the

OGO-6 rnodél,’ the results of the theoretical calculations under specific
solar/geophysical conditions can be compared directly with the He density
given in the OGO-6 model., In contrast with the CIRA (1972) model, the

OGO-6 model extends downwards from 450 km (where the data were taken)

i

to the 120 km level, Since this lowest altitude is chSire—~-h‘1¢ turbopause

(which is to be found at 105-110 km), no effects on the He dens{ﬁ?\of.\ ~

—

different (qqnstant),vélué,s of the eddy diffusivity are to be exp:ected. On T~
the other hand, as will be seen shortly, this position of the lower boundary,
coupled with the homogeneous boundary conditions of the theoretical model,

leads to relatively unrealistic results.
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The calculations were carrrie"d out in exactly the same manner és that
described p'revidusly, excepf that the lower bouhda}y was raised to 120 km,
As i;n the eariler results, a s;ubstantial winter enhancernent“éf helium was
predicted at all altitudes. At a lghren altitude, the ”bulge ratio, " the ratio of
global maximum to global minimum He density,increases with increasing

F , a8 was 'a;lso found in the calculations using the CIRA (1972) model.

10,7 °
Furthermore, for a given value of FIO; 7 the bulge ratio decreasés with
altitiude above ~ 200 km, reflecting the effects of exo,sphieric transport.
Both of thésﬂe qualitative features are also found in the ma:s s-spectrorneter
data taken by the OGO-6, ESRO-4 and AE-C satellites.

B Ho'wever, quantitative comparison of the results of the theoretical
model with the satellite data shows considerable discrepancies, which we
attribu’t‘e to the difference in the treatment of the 120 km boundary. The
accoﬁpanying figure (Fig. 16) shows the bulge ratio as a function of altimae

for two values of F 100 (for which the ESRO-4 model is most applicable)

10.7°
and 140 (for which the OGO-6 model is :most appliczib]_,e). Comparison of the
results of the theoretical model with the measured bulge ratios shows that the
m?.gnitude of the bulge ratio is underestimated in the theorétiéal‘ model results,
Si;;:e the 120 km level is considered to be characterized by cbnstant He density

(i. e., a bulge ratio of 1.0), the bulge ratio is artificially low at low ﬂlermqspheric

altitudes, The OGO-6 model shows a bulge ratio continuing to increase w1th

‘decreasing altitude down to 120 km. In addifion, the horizontal tfansport,

level in this model. ’I'herefo:re, although the b‘ulée ratio in the theoretical
model rises rapidly above the 120 km level, the wind field may be under-

‘estimated in the 120-150 km region, and is tlierefore incapable of transporting
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the wind field may beunderestimated inthe 120-150 kmregion, and is therefore

incapable of transportihg enough He from the summer to the winter hemis-

phere to bring the theoretical and empirical models into agreement at higher

altitudes (where the measurements were made),

The difficulty arising from the Placément of the boundary at 120 km
is equivalent to an incorrect specification of the He density distribution at |

120 km in the theoretical: model. Although some investigaﬁors have taken
| .

e DAL AT AR 4 o e kR b

this to imply a globally-varying value of the eddy diffusion coefficient, we

feel that a correct description of the temperature and background density
distributions below 120'km, and the use of that description in the theoretical
model, could lead to a more realistic treatment of the global He variations. ?“'

We hope to investigate such considerations in the future.
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Figure Captions

Figure 1, Horizontal wind field at June solstice for F = 140 x

- 10,7
10 22 w/m2 - Hz, KP = 3,

i

a. 95 km altitude

b. 118 km altitude
¢, 155 km altitude
d. 206 km altitude
e. 263 km altitude
f. 320 km altitude

Figure 2, Horizontal wind field at June solstice for F =70 x

-22

5 10,7
10 w/m~ - Hz, I{p = 3,

: !
|

a, 118 km altitude
b, 206 km altitude §

I

c. 263 km altitude
d., 320 km altitude
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Figure 3. Wm.mnm gas vertical velocity w at selected altitudes for F

22 2 10,7
= 140 x 10 w/m® - Haz, Nw = 3, The following table gives
the values of w in cm/sec corresponding to contour symbols

which appear on th:c figures.
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CAlt—

Figure 4. Base gas vertical velocity w at selected altitudes for F

=70 x 10 w/m” - Hz, Nv = 3. The following table gives

the values of w in cm/sec corresponding to contour symbols

which appear on the figures.
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Figure 5. Vertical distributions of He under hydrosta.fic and non-
hydrostatic (''dynamic!'") conditions. The calculations were
carried out with K = 10'7 cmz“/sec using the CIRA (1972) model
with F o 5 = 140 x 10%% w/m® - Hz, Kp = 3. The hydrostatic
curves represent the positions of global maximum and minimum |
exospheric temperature, corresponding to global He maximum
and minimum, The dynamic curves also correspond to global
maximum and minimum, which occur (for June solstice) at

high winter latitude and the summer pole, respectively.

5 Figure 6, Contours of constant values of log,, (pHe’ g/cms) at June
i solstice for F | . = 140 x 10"%% w/m? - Hz, K, =3, K=

3x 106 cm’ [sec.

a. 95 km altitude

b, 118 km altitude |
{ c. 155 km altitude

d, 206 km altitude

e, 263 km altitude

£.! 320 km altitude

g. 380 km altitude

h, 430 km altitude
- i. 470 km altitude
| j. 490 km altitade

Figure 7. Contours of constant values of logl0 (pHe’ g/cma) at June
: 2

solstice for F = 140 x 10"22 w/m~ - Hz, KP =3, K=

10,7

6 x10 cm”/sec.
a. 95 km altitude
b. 118 km altitude
c. 155 km altitude

Lo d. 206 km altitude
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e i o o T

e,
fl

g.
h,

i,

263 km altitude
320 km altitude
380 km altitude
430 km altitude
470 km altitude

j» 490 km altitude

Figure 8, Contours of constant values of log10 (pHe’ g/cm ) at June
solstice for FlO 7= 100 w/m"~™ - Hz, Kp 3, K= 107 cm /sec.

a.
b.
c.
d.
e.
f.
g.
h.
i,

j.

Figure 9. Contours of constant values of log10 (pHe, g/cm3) at June

solstlce for Fl = 70 x 10~ 2 w/m~ - Hz, Kp =3, K=10

{
cm /sec.

a.
b.
Ce.

-d.
e,
f.

g.
h,
i,

j.

95 km altitude 5
118 km a.ltltude
155 km a.lt1’cude
206 km altitude

263 km altitude
320 km altitude

380 km altitude
430 km altitude
470 km altitude
490 km altitude

95 km altitude
118 km altitude
155 km altitude
206 km altitude
263 kmn altitude
320 km altitude
380 km altitude
430 km altitude
470 km altitude
490 km altitude

=0
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Figure 10.Comparison of the global ratio of maximum to minimum He
density at fixed altitudes as predicted by the model with
that derived from mass-specfrometer data taken on various
satellites., The variation of this ratio with solar activity,

as measured by the flux at 10.7 cm in units of 10722 w/m2 -

Hz, is shown. '

Figure 11, Vertical distributions of A undér hydrostatic and non-
hydrostatic (''dynamic'') conditions. The calculations were

carried out with K = 107 cmZ/sec using the CIRA (1972)

model with F | , = 100 x 10722 w/m® - Hg, K, =3. The

hydrostatic curves represent the positions of maximum and

minimum exospheric temperature, corresponding to global

A maximum and minimum. The dynamic curves also correspond

to global maximum and minimum,

Figure 12. Contours of constant values of loglo (A, g/cm3) at June
solstice for F = 100 x 10722

2 10.7
10 ’

w/mé - Hz, K_=3, K =
2,. P
cm” /sec.
a. ;‘95 km altitude
b. 155 km altitude
c. 206 km altitude
d. 263 km altitude
e. 320 km altitude
£, 430 km altitude

Figure 13, Bates and Jacchia (CIRA, 1972) vertical temperature profiles

for two values of the exospheric temperature T,_-
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Figure 14, Contours of O concentration (in units of 1011/cm3) at
120 km from the extrapolation of the OGO=-6 model values
" with Jacchia temperature profiles (a) June solstice (b)

September equinox.

Figure 15, Cé)ntou%rs ‘of the N2 concent.ration (in units of lOll/cm3)
at 120 km from the extrapolation of the OGO-6 model values
with Jacchia temperature profiles (a) June solstice (b)

September equinox, "

Figurel6, Comparison of the global ratio of maximum to minimum
He density ;s a function of altitude as predicted by the
theoretical model (using the OGO-6 model to specify
background gas characteristics) and as measured by t
satellite-borne mass spectrometers. The variation of this
ratio with solar activity, as measured by the flux at

-22

10.7 cm in units of 10 w/mz-Hz, is shown,
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