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ABSTRACT
)
An empirical model of the global atomic oxygen and helium.
distributions in the thermosphere is developed in a magnetic coordinate
system and compnredtto similar models which are expanded in geographic
coordinates. The advantage of using magnetic coordinates is that fewar
terms are needed to make predictions which are nearly identical to those o
¢ %4
vhich would be obtained from a geographic model with longitude and } ,
universal time corrections. Magnetic coordinates are more directly ? i
related to the major aenergy ;npu%ﬁ in the polar regions than geographic f |
R e
coordinates and are more conveniiint to use in studies of high latitude o
4 ) 0
. energy deposition processes. This is important for comparison with % =
theoretical models where the number of coordinates is limited. §
The effect of magnetic activiti on the atonic oxygen digtribution in % k
o i
the morning sector of the high latitude thermosphere in the auroral zone ’ §
is also considered. A magnetic activity indicator (ML) based on an i
auroral electrojet index (AL) and the 3=hour ap index are used to relate
the atomic oxygen density variations to m;gnetlc:accivffy in this region. :
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CHAPTER I

D

INTRODUCTION

vy 3 . /’
f : ‘1ls1 General Statement of the Problem -

el oot s

Global composition and temperature measurements from mass ‘ |
spectrometer and airglow instrunents on Ogo 6 (Carignan and Pinkus, 1

1968; Blamont and Luton, 1972) and mass spectrometers on Aeros A ; gﬁ ?

(Krankowsky et al., 1974) Esro 4 (Trinks and von Zahn, 1975) and the

TR T e T i e -

R T

Atmosphere Explorar (AE) satellites (Spencer et al., 1973; Nier et al., §

1973; Pelz et al., 1973) have provided a great deal of 1nformaciq2?gbou:

. the density and temperature distributions: in the thermosphere over i wide L
o}

range of solar and geophysical conditions. These meaautemeg»s have been

e | o
T

qudito construct empirical models (Hedin et al., 1974; Hedin ecjal.,

1977,a, b; von Zalkn et al., 1977; Jaccﬁia. 1977; Thuillier et al., 1977) !

f | which rvepresent the temperature and density fields in terms of geogygphic
bolitipn, altitude, aﬁd solar and magnetic activity. At high latitudes,

i?Joule heating, particle inputs, and electrodynamic forces are applied in
very tescricée& a}éhs causing large density and temperature perturbations

¢5j ;; over small regions of the thermosphgie (Hedin and Reber, 1972; Reber and

& 0 . : j
)

Hedin, 1974; Taeusch and Hinton, 1975; Nisbet and Glenar, 1977; Nisbet et

2 iia, i ik

. al., 1978). In a geographic coordinate system, these energy sources

produce large longitude effects. Towards lower latitudes, ion drag varies TR

]

5 : - with the declination ofﬁ&he megnetic field and, therefore, induces

longitudinal variations in the equatorial thermosphere as well (Rebar et

o |
-

7 B
o f ’ ’ e \?

o T IR S s

Tl A
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ale, 1973)s A combination of these polar and equatorial 1@§ﬁu¢ncus forcen

This
dietinction vas rnnli:-d by Nedin at ale (1979) in the form of lonkitud&

a distinction to ba made batween local time and longitude.

corracnion terma to the MSIS (iass Spnc:roacccr und Incoherant Scatter)

wodel and by Laux and von Zahn (1979) by ainilar eorruccianu to the Esro &

model «

An alternate approach to this problem might consiat of analyszing the
satellite data in magnatic latitude and magnetic local time inatead of
geographic coordinatass Although the major ¢nergy input to the
thermosphara, solar EUV heating, is organized in a geographic coordinate
systam, latitudinal and lonai:udinnl gradients in this energy input,
unlike che magnatic inputs, ave imnll. It would\@hua'aqpm batter to
utilize a coordinate syatem to which the more inﬁadua localized enaergy

inputs are relateds If a modal could be davelopad in magnetic coordfn

which did not require longitudinal corrachton- and which waa of comparabla
lceurﬂcy to a geographic coordinata wodal dnvelopad fron the samea data

base bhut including longitudinal corractions, it would be very useful for

r.lacing“anersy‘inputé and tranaport to their tharmospheric conssquences.

It is the purposa of this work to develop such a model and to compare it

to geographic representations of the neutral thermosphera.
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- 1.2 nixuvlous Re;uéég Studies ' i . .
\\t\
, | 1.2, 1\* An Overview of Thermospheric lodels | ) _, .

Thaorecical models seek to explain the obscrvcd atmospheric behavior

& . conoistanc with the laws of physicsa. Usually; a subset of the transport

equations (continuity, momentum, and enetgy conservation) ‘are solved under

R S AT T

various simplifying assumptions. ﬁyundary condition? at the turbopause

and exobasae are commonly 1mpoi;d and an isothermal atmosphere above a
certain height is often assumed. The difficulty in solving these

equations has limited moat theoretical treatmants to one or two najor o i

o e s e R R e

constituents, although several authors have extend§§ their rvaesults to |

Iy

P = three or more species (Vest, 1973; ﬂarris and Mayr; 1975; Strauss and ) i j
Christopher, 1979). While these models are becoming incrersingly
&

/5oph$§yicacad. usually only average conditions ara treated and the

1 HeN Ssa

g atmonpheric ttns\achccure is neglected. This restriction appears to be

D o |

& -easing a8 conparisons between theoretical predictions and actual

f 3 - obsarvations indicate the ntcha in which the theoretical models are

- ag

deficient. :
o e

Empirical models, on the other hand, inherently offer the advantage
of providing better agreement with the observations since it 1s on the i

basis'oﬁ thase observations that the models are constructed. This feature

is valuableyin atudies where {nsight into the causes of atmospheric

esséntial. Caution must be exercised, however, in the application of

these models. Extrapolation of model predictions to conditions differing i

&
.

|
é
.
i
4
i
:
- variations i3 not critical, but accuriate numerical predictions are f ?
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from:those under which the model was derived may give mialaadlﬁg results,

S
last decade haa helped to veduce this problem. A discussion of both types
of wmodels serves to {llustrate vhat has been done, how currant problems

are being apbronchcd, and vhat remains to be explained.

1¢2:2 Empirical Models of Qéﬂhml’?fﬁnf;ltU?“ “5§\f°“2°liti°“

i

The early plonearing effor:p\of ﬂicolct (1961), Harris and Price;gr
(1962) and Jacchia (1964, 1965) produced the first empirical thcrmonph§r1c
wodels uéing only agcelltcn dragidata. Although these models ware
landmaxks in aeroné@y. they were somewhat oversimplified. Since tha:
time, the proliferation of aeronomy satellites and their associsted
databanes iﬁ tha 1ast decada has sparked the developmént of several new
generations of empirical mgdnla. some of which use ground~based i
measurements in addicionﬂco 16 situ observations to represent the dcnlttyi\
and temperatura flelds of the earth’s upper atmosphera. ﬁ

Airglow measurements of the 630 nm line of atomic oxygen by the Ogo 6
ﬁnénllitu wera used to determine the global exospheric temperature
distribution by Blamont et al. (1974)+ The maximum temperature at 270 km
was shown to lie near the summer ﬁola during solstices where there was
little diurnal variation. This peak migrated across the equator within
about threa weeks after the equinoxes under active solar and quic§

I

geomagnetic conditiona.
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The esarliest empirical model besad on moauurem&n:s on s-vcr;) ) b
individual conlcicuqncu was developed by Hedin tc als (1974) !roa Ogo 6 \ P

" mams spectrometer measuremerits. The dncn baaa for this model consisted of
“2’ 0, and He density mesuraments bctunﬂn,boo km and 600 km near the peak

of the ll-year solar cycle (27 June, 1969 to 13 May, 1971). All data were

i RS

longitudinally (universal time) aécrngcd but local time variations tvare

retained. Only data cuken aé?ing quict gcomagnatic pariods (Ap<?7 and

g

ap<l2 for the same dny‘hnd p:eviauu 6 hours) were included since increased

magnatic nc:ivi:"uma/ hnvg cauned large fluctuations in the densitiea.

/

Two schemaa)ﬂnre ueqd Lo medel the composition; in one, the densities wera

cxtrapolatud to 120 knm, using exospharic temperatures and a temparature
. gradmunt pnrnnece: (8%0.0215 km~ ) determined from the N2 measurements and

/hased on & Bates (1959) cemperatuce profile having constant lower boundary

b Lo
e

/(120 km) values: In the othar, the densities were extrapolated to 450 km

7 o

H
\! assuning an isothermal ragime. A least squares fit of.spherical harmonics
| ;

CQ the data was made in both cases. These functions were used since 1t

was felt that thay wura approximate cigenfunctions {n the thermosphere nnd
since they were complet-. That is, only a small number of terms should be
S needed, but as, much detnil as desired could be obtained ainply by ndding

} more terms. The theoretical advantages of spherical hnrmoniga,nre ! ‘ P

~ discussed more completely by Mayr and Volland (1971) and Volland and Mayr i

: i (1972). The model contained only time indq: ndent, solar and mngnacic i

i' activity, annual, semiannual, diurnal, scmidiurnnl. and terdiurnal terms. N

[

The F10'7 variation included.gonlinear componants, but hecause the range

S
o
i

5 L

¢
was small, Ap variatioms were linearly approximated and a S-hour lag was é

3
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used in accordance with Jacchia (1971).

The accuracy of the temparature tnpre;cntution was estimatad to be
250 K subject to the validity of the boundary conditions. Th¢ n¢cu:acy of
’th. 0 and He values at 120 km were dependent on the assumption of
diffusive equilibrium as well as on the inferred temperaturuse. The

\

uncertainty in the actual measuremants of the densities, up to 25% for Nz
and O and up to 502 for He, not including a 10-15% calibration

uncartainty, alao limited the model’s accuracy.

A diurnal maximum near 1000 LT was found for He while Nz peaked near

1600 LT+ Winter waxima of He and of the O to Nz ratio were also observed

in addition to & 400 K summer to winter exospheric temperasure diffsrence.

" The 1n£etréd cémpcraeurea appearad to be about 7% highcr than

corresponding incoherent scatter measurements (Salah and Evans, 1973) #nd

the diurnal variations compared favorably with the exception of the winter

morning values vhere Nz data were sparse.

Kasprzak and ﬁewton (1976) compared predictions of theJOQQ 6 ﬁodel
(Hedin et al., 1974) to mass spectrometer measurements from San Marco 3.
They found that the Nz values agreed within +402 while total oxygeh and
nass density were ui:hin‘iﬁ %; however, poor agraeement between heélium
values was Equné>and attributed to extrapolation of the Ogo 6 data to the
loivfr altitudes which were covered by San Marco 3. The Ogo 6 mc}}lel showed
a’ diurnal maximum of He from 1000 to 1100 LT at 450 km while San Marco 3

data displayed a maximum from 0700 to 0800 LT between 220 km and 280 kms
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A model similar to Ogo 6 (Hedin et al., 1974) was presented by von

Zahn et al. (1977) on the basis of Earo 4 composition measurements. This
model used data over the 240-320 km altitude range and covered the lower
activity portion of the saolar cycle. Exospheric temperatures were

inferred from both molecular nitrogen and argon. These avecaged 5=9%

lower than thoseé predicted by the Ogo 6 model for an F10.7 of 120 and vere

supported by more recent findings (Hedin et al., 1975; Mauersberger et

al., 1976; Thuillier et al., 1977). The summer to winter temperature

difference was also lower for the Esro 4 (315 K) than for the Ogo 6 model
(415 R)+ The seasonal ;§§ diurnal variations of N, and Ar in the Esro 4

)y .
model were similar, lupﬁgrting the assumption that both reflect the

- thermal styucture in the ypper atmosphere. The seasonal variation of §

appearad ho be dominated by a semiannual effect and the diurnal amplitude
vas Eound to be small. The He distribution showed a noticeable winter
bulge of greater than 40 times the summer density and the semiannual

component was found to be much larger than the diurnal variatione.

An extansion to the 0go 6 model was made by Hedin et al. (1977a, b)
using mass spectrometer data from five satellites (AE-B, Ogo 6, San Marco
3, Aeros A, and AE-C) and incoherent scatter measurements from four ground

stations (Arecibo, Jicamarca, Millstone Hill and St. Santin). The average

gkoepheric temperature for this MSIS (mass spectrometer and incoherent

scatter) model was 104l K for an F10_7 of 150. This was 56 K lower than
the 0go 6 model and 35 K higher than the model of Jacch;a (192)%?J“&he
uncertaincy of this value was estimated to be 15-20 K from comparisons
betwean incohefent scatter temperature and N2 density data. The low

1
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altitude N” data alamo agreed well with rocket data (Offnrﬁann, 1974) bdut
the higher altitudc N2 values diftcred wnackedly from the Jacchia (1971)
values. Thc ocheﬂ species rcprl-nnted (e, Ar, 02 and H) and, in
particular, 0, did not agree so well with low altitude rocket data
(Offermann, 1974), possibly due to surface reactions of 0 in the rocket
data and incomplete geographical coverage of He. The high altitude He
variations were naarly“thﬁ same as found by Keating et al. (1974)‘oﬂ?che

A

basis of satellite drng’;nnlyuil and the seasonal variations of atomic

o
N

oxygen agreed wall with the vesults of Mauersberger et ale. (1976).

Thuillier etal. (1977) extensively analyzed the 630 nm airglow data

from Ogo 6 and presented a global empirical model of the exospheric

, tnﬁpcracure derived from this data. The polar heating patterns seen by

Blamont et ale. (1974) were still present after the database of the model
had been edited and these patterns occurred during both solstices and
equinoxes. They were particularly strong during magnetically disturbed
periods. The airglow derived temperatures were in fair agreement with

incoherent scatter results (Salah et al., 1975) and with temperatures

inferred from N2 density data (Hedin et al., 1974) and Ar and Nz densities

(Chandra and Spencer, 1975).

A comparison of exospheric temperatures inferred from total density,

N, denaity, and 630 nm airglow data made by Nisbet et al. (1977) showed

2

that temperatures inferred from Hz densities were in much better agreement

with airglow temperatures than they were with those inferred from total

densities. This was especially true at high latitudes wherns the .

3
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atmoaphere is definitely not in diffusive equilibrium. However, the maus

of N2 is CLQQGF to the mean molecular masy than any other constituent and
Nzyia the major constituent in the ragion where eddy diffusion and
vertical diftuuioﬁ are both important and it is a better indicator of
tn;;ﬂratu:a than any other aspecies, including the sum of all gases, under

the assumption of diffusive equilibrium. The Nz density inferred

(/ emperatures did, however, underestimate the influence of magnetic

activity on the temperature at low latitudes while overestimating this
effect at high latitudes using CIRA (1972) boundary conditions at 120 km
and the polar cap distributions of N, and the temperature were rather

¢/
different.

- The effect of the large scale circulation induced by a magnetic storm

in February, 1974 on the neutral composition was investigated by Mayr and
Hedin (1977) utilizing the model of Mayr and Volland (1973a). High
latitude depletions of O and He and enhancements in Ar as well as low

o

latitude increases in O and He and decreases in Ar were predictedrand

- substantially validated by AE~C neutral density measurements. An energy

. - -2 ,
input of 1.7 X 10 3_W m ~ above 120 km was needed to bring the theory into

agreement with the composition datﬁ. The arnual changes in the neutral
denéity distribution wefe said to have an important influence on the )
dynamics of magnécic storms. It should be noted that this treatment was
baped on ; model having no local time dependence either in the energy
iaput or in the neutral denaity, i

i
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A Jacchia et al. (1977) ggcd compogition measurements from Esro &4 to

4//\ create a global tharmospheric model for mnsnagicnlly disturbed conditions.
They showed that a variation of the height of the homopause would
reproduce the denasity chnngcs observed during disturbances, though noting
that rapid fluctuations of tﬁis level might not be likely. They also
‘found that the differences between density values obtained during
transient disturbances and sustained magnetic storms could be reproduced
by the nonlinear character of the fnlacion-hip between geomagnetic heating
and the variation in HOmopgule height. The sudden heating gave rise to an

‘equatorial wave’ in addition to the usual thermal effcc:a.

Baflﬁfr et al. (1979) compared several thermospheric empirical zlobal
models (Msi§§¥§edin et al., 1977a, »; Esro 4, von Zahn et al., 1977;°J77.
Jacchia, 1977;§§TM. Barlier et al., 1978b) under various geophysical
conditions. Each model performed relatively well overall, but none of the
models explained the variations present in the data completely. In
particular, diurnal phase and dmplitude estimates were noticeably
different below 200 km. Also, major discrepancies between He data in
areas of low He concentrations from satellite drag analyais and from mass

spectrometer measurements could not be re%opciled.

i
Hedin et al. (1979) and Laux and voﬁ Zahn (1979) made improvements to
. the MSIS and Esro 4 models, respectively, by adding longitudé corrections
to these models which reflected :hé\offse: of the geomagnetic poles from
the geographic poles. These corrections reprédented the gross effects of

magnetic coordinates on the composition and density, but the role of -

:
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increesing mignntic activity wae stil] not satisfactorily delinested.

The annual variations of sayeral nouttll conucttucmts (Nz. 0, He, Ar,

N) werae outlined by Kdhnlein et al. (1979) using Atro‘ A and B daca taken

near 0400 LT and 1600 LT,

Agreement with HSIS und Esro 4 ptcdictionl vas

quite good for He nlthough a large scatter (+40!) was presant in soma of

the mensurements. ‘he general behavior of N agreed fairly well with

Engebretson at al. (1977) although Aeros mesurements displayed a polar

structure vhich vas quite different. The Aeros, Esro 4, and MSIS models

predicted nearly identical values for O excapt where éhe Tmeasurements vere

excrapolated to 120 km. The Aeros data on Ar and N, showed strong

variations with magnecic activity near the poles as was predicted by Esro

USIS estimated.

4 nnd MSIS, hat che nquncorial behavior of Ar was quite different thln

1¢2.3 Theoretical Models

1e2.3.1

Nautral Comgoaition“ﬁnd Tenperature

#

The seasonal behavior of the neutral thermosphere averaged over daily

variations was exanined by Mayr and Volland (1972a) who outlined the

latitudinal structure of the annual and semiannual components by applying

small perturbations to the conservation equations and observing the

effects of different energy 1npdcq. EUV heating was used as an energy

(\1

source for the annual component and a térm simulating auroral heating,

which maximized at the poles, was added to this in order to study the

semiannual variations.

{r

I

Although photochemistry was neglected; clear

g
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annual and semiannual trends wvers found. The annual solar heat input
imbalance induced a circulation system with winds blowing from the sunmer
to thd winter hemiaphere {n the upper thermosphere. This first nppnnzﬁa

to damp the temparature variation strongly; however, in order to maintain

- continulty, the lighter minor constituents O Andchc began to diffuse

 upward through the major gas riolegular nitrogen in the sunmer hemisphaere

and becana depleted at lower altitudes vhere the large molecular nitrogen
concentration aéted as a barriéf to diffusion thus accrnnning the pressure
variation and, conaequcntlyy the horizontal wind velocity. This in turn
reduced the adiabatic heat trunnfqr from the preferentially heated sunmer
hemisphere to the cooler winter hemisphere allowing the maintenance of a
larger temperatura imbalances \ihéqiamiunnuai effact appeared as iLeduced O
denairies below 450 km and reduced He densities at all thermoapheric
heights near both poles corresponding to chﬁ‘yhak in heat input

there; however, the equatorial coqcenc:&bions of these constituents
increaﬁéd iri response to the semiannual circulation cells from the poles
to the equdtor. Surprisingly enough, the annual mass density variation
was found to be nearly constant Hithﬂaltitudﬂ and the small semiannual “
variation nlﬁouc latitude independent; these results ware due to. the
circulatian~and tha resulting diffusion of atomic oxygen and helium
through molecular nicrogen. This explained for the first time why
satellite drip measurements of total dcnai:y uhouid little change in the

annual variation with height’ while mass spectroneter data indicated the

opp0l1tlg
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The diurnal pha-u difference batwsen the ccnpnrn:ura and the 0 ©

dnnatcy wAS 1nv¢uciznc0d by Mnyr and Volland (1972b) usirg a [

’cwo-dincnntonal time~dependent model having solar heating as an energy

source: The nomentum and continuity equations were solved assunming no
variation in n(0) at the lower boundary of 90 km and diffusive equilibrium
for atomic oxygen abovz 250 km. Wind=induced variations of n(0) were
found to control the atonic oxygen distribution below 200 km whereas
thermal expansion became more important above 300 kms The time of the
diurnal maximum of atomic oxygen of 1030 LT was rearly equal to that of
the wind at low altitudes, 1nct¢asing slowly towards that of the temper-
ature (1600 LT) throughout the upper thexmosphere. The authors noted“

o

that a major shortcoming of this model was that energy inputs from mag=

netic storms, which were not included, could couple with the lower

thermosphere and possibly reduce the density-temperature phase differ- = ©

ence significantly, Also, the effects of semidiurnal and terdiurnal

harmonics, which could be important, were not considered.

Thid study was extended by Mayr at ale. (1973), who used a ’quasi’
th:ee-dimensional model aund conuidered diurnal, semidiurnal, and
terdiurnal harmonics in the enevgy input term. These harmonics manifesced
a latitudinal depgndenca and peaked at the equator. Nonlinear coupling
between the diurnal ion drag term and the diurnal héfizou:al wind.
component was also included. The 1600 LT temperature maximum and the Qasa
density peak near 1400 LT were shown to be consistent with the theory:
The senidiurnal and, more importantly, the terdiurnal harmonic caused a

shift in the temperature msximum at high altitudes to later local times in

o
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clos? agreement with radar backscatter observations (Carru et al.,

1967; Nisbet, 1967; Waldteufal and McClure, 1969; Mshajan, 1969; Salah and
Evans, 1973). Lower in the cheruomﬁﬂetq. energy :udintrihucion’ialulting
fron heat advection tended to shift the temperature peak towards noon.
Diftusion of O and He, especially from energy inputs occurring below 120
km, grau;ly influenced the phase of chq“ynnl density above 250 kum,

shifting it towards earlisr hours.

The effects of upper atmo,gheric £low on the minor gases helium and
argon were outlined by Reber an; Hays (1973) by combining the momentum and
continuity equations to derive density profiles for these gases. Model
values were used fqr the temperature and major gas (Nz) distributions and
iownx boundary densities were assumed for He and Ar. An expression

developed by Hodgés and Johnson (1968) was used to determine the upper

boundary flux of He. An arbitrary vertical wind profile which induced Oﬂ

summer to winter transequatotial flow was choseén as the thermospheric wind
% fields This hemispherical flux caused a significant increase in the
winter to summer helium density ratio. Exospheric transport lessened this
value, particularly near the peak of the ll-year solar cycle vhen the
exospharic temperature was high, but a pole to pole tatio of about 10 was
still maincained. Equatorial horizontal winds of 100=«200 m aec'l at 200
km were found to be consistent with the He densities measured by Ogo 6.
The affects of the wind field on Ar were quity different. The Ar density
increased in the summer hemisphere by almost a factor af‘a over winter
hemisphera values and exospheric flow was found negligible since the Ar

<)*denaity decreased so rapidly with height. No measurements of Ar were

M} v
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available to compare with this estimate at that time.

/

The diué@al behavior of the thermosphere war, examined by Harris and
Mayr (1975) b§ extending the previous studies of Mayr and Volland (1972a,
b 1973a) involving nonlinear processes and ‘mode'coupling'. Mode
coupling was believed to occur between 100 km and 200 km where the

~
G

fungtional form of the solutigns to the tramsport equations changes
radically. In éhis tranaicizn region, solutions could only be expressed
by a combination of both low altitude and high‘alcitude elgenfunctions.
The effects of viscosity, ion drag, diffusion, advection and heat ”
conduction vere also included in the analysis. The results showed a
decrease in the diurnal variations of temperature and Nz density at all
altitudes with respect to one-dimensional models. The O variati&ﬁ was
more complicated; above 200 km the diugnal amplitude decreased,” hut beiow
200 km a substantial increase (due to wiﬁd-iuduced diffusion) was
observed. The phases of the temperature, N2 densigy. and 0 density
decreased at nearly all heights; in particular, :the phade of 0 below 200
km was shifted by more than 12 hours towards morning. The ud?ﬁue'
ampl;tude and pha§; behavior of 0 were dire%} results of transport.
Furtler, these results were what Harris and ‘Priester (1962) had attempted

@3
to duplicate by invoking a ‘secoqp heat source’.

Strauss et al. (1977) constructed a three=dimensional dynamical model

4

”ofvhelium in the upper atmosphere vhich included the effects of exospheric

transport, molecular and eddy diffuaion%'andasolar activity» A background

vvgna consisting of O, 02, and Nz was assumed and represented by the CIRA

o
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(1972) model, and mowentum faedback by He on this gas was considared
G

negligible. @pa anmpirical faprcnantacion of the background gas density

e o g e e o S

and the temperature was considerad more realistic than the solution of the

; ;nnrgy equation due to uncertainties {n the solar flux estimates. ‘Tha

“ only equations requiring solutions were, therafora, momentun and
continuity for He. An upper boundary condition for helium'was takan from -
llodges and Johnaon (l968)» The low al:icudu}diurnal maximum in haliun waa ;~ £
estimated to lie between 0600 and 0800 LT+ Although this phase Lncreased
somewhat with height, it was still earlier than ompirical models i Q
predicteds Lower spatial resolution in the thaoretical model was
suggeageq as an explanation. The pole to pole helium vatio was calculated
Eog}ao&i;nl F10.7 values and was Eound to Increasa as the Flgg? index

decreased. A decrease in exospheric transport seemed to be the rveason for

ihiu as Reber’and Hays (1973) had found. Smaller diﬁecta on this ‘bhulge
ratio’ wera obsarved by varying K, the oddy diffusion coefficient. The
ratio increased from 7.2 to 9.0 at 470 km as K was increased from 3 x 102

3 1 w22 . =2 w] o
for an F10.7 of 144 x 10 Wm™ He "« Thase results were

2 -
T - to 10" mT s

genarally in agreement with empirical models and quantitative differences e
were attributed to insufficiences of the CIRA (1972) param;cera u;ed. The

authors suggeated that the inclusion of a globally varying eddy

g T T

diffusivity could have significant effects on the predicted distribution

, of the minor gases.

Strauss (1977) estimated the global distribution of argon by the same L

method used to determine the diatribution of helium, but without i

aren s ezt e
e

- | exospheric tranasport. Caiculationn were nade for both hydrostatic and

i . I
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dynamic conditionss For dynamic conditions, the diurnal maximun ?5 argon
appeared later in the day (1400 LT) and the diurnal "bulge racio'lyqa
larger (11.5 at 320 km)« The model compared favorably in the equatorial
regions with San Marco 3 data (Newc;n et ale., 1975) in determining the
diurnal phgae; however, the diurnal amplitude was overestimated and an
inadequate reprasentation by the CIRA (1972) model, whichﬁwna used to
calculate the vertical diffusion velocity of argon, was suggested as the
reason for this. Comparison with éhe MSISCP del (Hedin et al., 1977a, b)
and with data fron Esro 4 (von Zakn et al., }973) again revealed

overestimation of the diurnal variation.
° (;:’

Strauss and Christopher (1979) investigated the influence of

~ transport on the global atomic oxygen, molecular oxygan and molacular

nitrogen distritutions in the thermosphere. Using O, 09 and Nz coupled
by collisions and naglactinﬁ*photocﬁgmisCry. calculations for hydrostatic
and steady state dynamic conditions ware made by salv{ng the maas and
momentum conservation equations. Departures from diffusive equilibrium
for 02 and’N2 below 200 km were slight, but atomlc oxygen showed a
subatantial variation in this reglon. All coustituents appronched4
diffusive equilibrium towards higher ﬁltihudes- A low altitude minimum of
the O concentration was found at both poles for equinox and at the sunmer
pole for solstice. The local sunmer minimum gave way fo a maximum in O at
higher altitudes (>375km). These affects were cpna;séént with

wind=induced diffusion in the lower thermosphere succumbing to thermal
_ 5 g

expansion with increasing height.
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1.2,3.2, Atmospheric Motion

}\ Theoretical examinations of the thermospheric circulation system

| have traditionally been based on the solution to tha“nquntion of motion
for the neutral gas using empirical temperature and pressure distribu-
tions and assuming diffusive equilibrium. Although this assumption has
been found unrealistic below 150 km (Mayr and Volland, 1972a, b; Mayr
et al., 1973), it has, nevertheles:u. \:Pabled investigators to produce
important aund useful models of the re;\ n of the thermosphere normally

investigated by satellites.

i Oﬁe of the ecarlier attempts to represent the thermoaphétic wind field
was nade by Kohl and King (1967) based on a static atmospheric model
(Jacchia, 1965) usad to aestimate preasure gradients resulting fron
non=-uniform sclar heatiag in che upper aCmonphnre. “These estimatea of the
‘driving force’ were applied to the linearized horizontal equation of
motion for the neutral gas which included ifon drag, viscous, Caniolia and

linear inertial terms. Vertical profjiles of the horizoncnl wind velocity

N

Pj . in the absence of electric fields were thereby obtained. The calculations

were performed for equinox for peak electron denaities of 1012 m'a.

11 3

P

roughly corresponding to daytime and 3 x 10 » approximately thosa of

/ nighttime. The wind velocity veetdr at 300 km corresponding cgghigh
alectron denaities erantially followeq>cha pressure grad@gﬂé(due to the
strong influence of ion drags. The Coriolis and 1nartiﬂiﬂce§ma dominated
the circulation pattern for the lownr electron dnnsity (lower ion drag)

conditions. In this case, the high la:icude mind direction 'was disciuetly

shifted towards the east while the low gatitude notions were directed
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westward. The authors cautioned that these results werd subject to the
rather restrictive assunptions of a ainusoidal driving force, fixed
electron and ion denaities, a single viscosity coefficlent profilas,
coincidence of geographic and magnetic poles, and the neglect of all

&

forces other than that of the pressure gradient (e.g. electric fialds).

A similar study was undertaken by Gaisler (1967) using a modified
pressura distribution (Jacchia and Sloway, 1967) as the driving force.
The raosulting wind patterns did not vary substantially from those found by
Kohl and King (1967) although the wind velocities differed. Variations in
tou:drag appearad to have wmuch nore influence on the meridiomal wind

[

Somponent than changes in molacular viacoaity.

ﬁ? Atmosphoric models for both nauttal and {ondzed particla densitdas
~£J«&chia& 1965: Nisbet, 1970) formad the yfaia for th? global wind system
gﬁudy completed by Blum and Harria (1975a, b). The Navier-Stokes '
squations including nonlinear effects were solved to ohbtain horizontal

winds, although the nonlinearities were subssquently shown to be of
N

NS

importance only in the eqﬁ)torial region. In contrast to previous work,
the cffects of alectric Et)lda wexe considerad, bhut the simplification of
coincident geographic and magnetic poles was retalned. The pressure
gradient and‘ion drag terms appaaved to hav; a dominant influence on the

solutions, bhut significant variations from Coriolis, viscoalty, and

inertial terms at various geographical positions indicated that

- simplification of the equations of motion was only valid for fixed

altitudes or geographic locationa. Comparison of theoretical prédic:lons
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vith wind velocities dotermined £rom incoherent scattar measurements vers
genarally favorable. The empirical findings of Harper (1971) at Aracibo
(18°n) indicated smaller aquatorward vclocii&cu than pradicted and a
diurnal phase about one hour earlier than the thaoretical astimate. Tha
obsarvationn of Evuno {1971) at Millstone Hill (A 6 %) also nhov-d/a
smaller aquatorward ;varuge but the lower oed-r hnrmonicu of the local
time variation wera asimilar to the theoretical curves. Tha naridional

winds deduced by Amayenc and Vaaseur (1972) for equinox also had a smallav

. aquatorward maximum than tha theoretical luggma€aac This discrepancy wvas

not so 1arga for molstice and was chohght ho have bean due to the lower

{on densities used in the thaoretical trancﬁpnt.

A similar approach was taken by Crackmore et al. (1975) who used the
Jacchia (1971) model for the temperature and neutral densities and the
Ching and Chiu (1973) modal for the ion concentrations. Modeu‘up to the
Ath harmonic wera included in the treatment and the reaults were somawhat
similar to those of Blum and Jarcis (1975a, b) when the differing ion
densitias assumad were reconciled. Large scale effects appoared to be
illustratad eeasonably well, bdbut the resolution neadad to alucidate the
(smallac scale faaturas wss 1aékina. The significant contribution of
vertical motion to the enargy balance at high latitudes was stressad as an

important araa raquiring future Wwork.

o The influence of a convection alactric field in the polar vegions on
g

“fon drifts and neutral winda vas lavestigated by Maeda (1976). A dawn to

du:k,alcetric field sinilar to that observed by 0go 6 (Gurnatt, 1972) and
2 A )
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two height independent latitude profiles of the ion density were used to
solve the horizontal equations of motion foé the neutral and ionized gases

betwean 110 kim and 200 kms The neutral wind fiald of eleatric fiald

e v s g s 6

i

’ origin was found to depend strongly on the ion density profile and the

l : wind speed was found to be comparable to the thermally driven wind speed //// §

(Kohl and King, 1967) of greater than 100 m uec'l at 200 ki gm// ?

s

l Roble et ale (1977) analyzed the seasonal and solar activity induced 1
' o 1

i ‘ variations of the zonal mean circulation for quiet geomagnetic conditions. -
: Extending the model of Dickinson at al. (1975, 1977) to low solar o

activity, the authors found that the mass flow above 100 km at solstice
from the sunmer to the winter hemisphere was much larger near solar i

maximum than near solar minimum. The equinoctial transition of the

average interhemispheric flow occurrved wichég 2 wecks of equinox and this e
i | ’ delay diminished substantially with increasing geomagnetic activity. : '

: Although the flow was driven mainly by solar UV and EUV sources, J } |
; ; modulation of these sources by high latitude effects which were themstlves

ralated to geomagnetic activity appeared likely due to the variation in
s

]
l

7
this trunsi:ion[f&riod. Since the magnitude of the high latitude sources
needed to be adjusted over the solar cycle to obtain agreement with

measurad temperatures and winds,the energy input in these regions was

5 axpected to vary with solar activity.
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1244 Small Scale Phenomena
1.244s1 Tamperature and Density Behavior During Periods

¢ of Low Magnetic Activity

The spatial and temporal variations of the neutral thermosphere which
are highly localized have not yet been included in global empirical
models. The large number of terms needed to adequately represent these
perturbations in an analytic fashion do not seem justified at this time
because of insufficient physical understanding and limited databases.

Only specific inquiries into regionalized phenomena can give an accurate

picture of the fine structura in the thermosphere at the present time.

Mid=- to h%gh-lacitude heating sources were observed by Reber and

Hedin (1974) by analyzing two years of neutral density meansurements from

0Ogo 6. ‘The molecular nitrogen concentration near 450 km was found to
increase, the helium density to decrease, and the atomic oxygen
concentration to remain fairly stable in the region of heating. These
results appeared consistently during magnetically quiet periods,
suggesting that the heating was a permanent Eeatureﬁéf the neutral

thermosphere. Corotation of this heat source with the geomagnetic pole

indicated that some type of geomagnetic control was being exerted although:

no correlation with the cusp region could be found.

Taeusch and Hinton (1975) related N, density variations to
electrodynamic and particle heating in the quiet polar thermosphere. Mass

spectrometer measurements of the Nz density from Ogo 6 were normalized to

. 450 km and then divided by the corresponding Ogo 6 nodel densities (Hedin

et al., 1974) in ovder to estimater differences from the average
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qancennrncibn as well as variability in these differences., The behavior
of N, with respact to ‘Lnvariant latitude (ILAT) and magnetic local time
(MLT) was then outlineds The regions having the greatest differences
between measurements and model cstimatqnwutrc the cusp area and the
0000-0300 MLT sector. Although the position of the cusp was quite
variable, it was usually located near 80° ILAT and 1200 MLT. In addition
to large differences from average values, the densities in the cusp were
found to be quite variable. The densities in the 0000-0300 MLT region did
not display this variability. This suggested that the energy inpgts go |
the cusp, quite possibly the particle precipitation identified by
Gustafson (1972), wera quite variable while the heat sources in the
0000-0300 MLT region, which are more likely electric fields over a region
where particle ptccipitatiéﬁ has enhianced the conductivity; ware very

persistent.

Wavelike structure in Na. Ar, and He was seen by Reber et al. (1975)
over several individual orbits of Atmosphere Explorver C (AE=C)¢ The
relative amplitude of the Ar waves was about twice that of the N2
&19tutbnncaa, but with the same phase. He was usually 130° out of phase
with Nz and had about one-half the N, amplitude. The data examined,

hdwevcr. were too limited to determine the nature of the disturbancess

)
The £irst experimental evidence of transport by the diurnal tide was

prescnted by Hedin et al. (1978) using AE-E datas A large phase shift in
B );{ - N

0 and He from high to low altitudes, predicted by Mayr and Harris (1977)

was substantially validnt;d by these observations although marked

£
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statistical deviations in the data made it difficult to evaluate the
agreement betwecn theory and nbservations quantitatively. .Thc region
above 200 km showed no departures from diffusive equilibrium vhile these
were marked in the low altitude regime. A description in tarms of eddy
diffusion models, which predicted composition variations only below 120 km
and diffusive equilibrium above, was @Ound unsatisfactory. since the
\}radicted increases of 0 nnd.“q amplitudes from 160 km to 120 km were not

observed.

Temparature variations in the polat thermoaphere over the ll-year
solar cycle were studied by Chanin and Tulinov (1979). Sodium clouds
between 120 km and 180 km from rocket flights were used to estimate
neutral temperatures. Values obtained near 165 km for the sclar minimum
were found to he about 500 K larger than thoae”for the solar maximum. A
possible explanation of this was increased turbulence in the lower )
thermosphere and therefore, larger heat flow to the mesosphere during the
solar maximum (Roper, 1973). This flow would cause a higher altitude
mesopause at the peak of the solar cycle and, therefovu, lower ”
temperatures near 120 kms This explanation would be consistent with the

observed g}gher exospheric temperatures of the solar maximun since the

temperature gradients Qﬁuld be largzer in this caase.
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1424442 Tempersture and Density Behavioe During Periods
of High Mapnetic Activity

’Annlysis of orbital drag nmeasurements during 300ui§ne:1c atornms by
Jacchia (1959) first suggested that the aeutral ﬁhermoupharic density
increeses during these disturbances. The time lag of the response of the
composition to heating as well as the details of the rasponse continue to
be a topic of conaiderable intereat. Althoush the theory is aill

devcloping.“a summary of the advances madg is in order.

)

A chaotéEicai investigation of the density response to auroral
heating was launched by Volland and Mayt (1971)s A heat input resembling
an impulse function in latitude and exponehttally decaying in time was

positioned in the nighttime auroral zones (:_BQQLAI) and used to drive a

'.three-dimensional model of the thermospheric density based on a spherical

harmonic expansion to see which harmonic componen:s were cffectively
damped out and which propagated to lower latiCudes. Although an
inordinate number of harmonics would have been needed to accurately
portray the heat input, it was sho?“ that the thermosphere effectively
damped all but the four lowest components nftgr the first hour of the
storms The time respoﬁée of the maximun density change varied from 2.5
hours at the pole to 6 hours i the equator and the amplitude of this
variation at the pole was twice that at the equator. The local time

behavior of the density changes was found to depend on latitude,

maximizing between about 0000 LT and 0600 LT.
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Neutral densities from the Ogo 6 mass spectrometer were exanined by

Gl

Taeusch et al. (1971) to determine vhat variations of composition occurred
duting the gnomngnctic disturbances in thc'puriod 27 September to 3
October, 1969. All data were normalized to 500 km and divided by quiet
time values before comparisons were made. The ratio of the N£ density
unddr disturbed conditions to the N, density under quiet conditions ; é
showed the largest value in the auroral zones and the 0 ratio iﬁcrééuad ]
here as well, but not by so muche The equatorial variations were small

during the storms observed. The Nz and O denslgy variations were used to oo
infer neutral temparature cﬁangea by invoking Jacchia (1971) model |
temperatures corresponding to the neutral density values. Temperature

incrensas of 450 K ar high latitudea were infarred fron N

of only 325 K were inferred from O variationss The smaller increases for

0 were attributed to changes in the assumed lower boundary conditions.
That is, N2 was expected to be more nearly in diffusive equilibriun at low
altitudes than O« In contrast to the high latitude temperature increasas,
equatorial enhancements of only 25 K for Nz and 45 K for 0 were

dﬁléulaced. These values suggested upwelling in the polar regions and

others. The density changes above 60° geographic latitude appeared to
oceur less than one hour after the onset of a storm as measured by :he . é}
geomagnetic field Vn:iat;on- The largest changes occurred near 0600 and

1000 MLT which suggested geomagnetic control of the heat .source(s).

A decrease in the lower boundary O CO‘Nz ratio and changes in
thermospheric circulation during magnetic storms were predicted by Chandra 1%&

and Stubbe (1971) upon solving the equations of motion and heat conduction K

N
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for the fons and neutrals and the ion continﬁicy aquation. The height of
the turbopause was expected to vary and any temperatures derived using
fixed boundary conditions ﬁcrc, therafore, considered to be inaccurate.
The fon densities were shown to be sensitive to the O to Nz ratio and it
was sqggesCethhat‘ionoappe:ic parameters be used in modeling. since they

were easler to measure than neutral ones.

Hayr and Volland (1972c) showed that the circulation system set up by
a magnetic storm would caule low altitude depletions in n(0) in the polar
regions due to diffusion and high altitude enhancements in n(ﬂz), but not
in n(O); at high latitudes. The model of Mayr and Volland (1971) was used
for the calgulntionn and two auroral heat sources were assumed to excite
cherﬁé&phéric circulation. One source maximized near 100 km, simulating
nurorni particle precipitation and the other near 150 km, which was
augnmgd to be similar to Joule heating by electric fields. A conacané 0

density at 90 km and no diffusion above 250 km, where O becomes the major

species, were assuned and solutions to the coupled continuity and momentunm -

equations were obtained using up to the second Legendre polynodial for the
heac‘tnput. temperature and wind fields, and the diffusive flux. “Only the
Joule heat source was found capable of reproducing the densities measured
near 400 km during a magnetic disturbance (Taeusch et al,, 1971). The O
density variation was separated into cempgrature and wind componéncs.
Thegse were comparable at high altitudes (250-400 km) but the :ind effects
dominated the 'temperature induced variations lower down. Since the two
nechanisms are basically in opposition, it was expected that O would be

depleted at low altitudes (<200 km) due to the vertical wind and slightly
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enhanced at high alecitudes (>400 km) because of thermal expansion. A
quite different situation was predicted for Nye Being the major species
and diffusing negligibly through 0, the Nz gas was found to be controlled
mainly by thermal sources throughout the upper atmosphera although the
circulation system was responsible for enhancing the concentration at high

latitudes vhile depraesaing it near tie aguator.

An increase of the mass density in the thermosphere was linked to
enhanced' auroral electrojat activ%cy by Forbea and Marcos (1973) who
examined accelerometer data taken by the Air Force OVi~lS5S satellite and
orbital decay information on the 1968-64A satellite. The density ”
increaases found ia_;he.dayaide-auraf‘ agreed wal] with Cole’s (1962, 1966,
1971) Joule heating theory. A wavelike structure originating in the

auroral zone was q}uo observed during periods of elactrojet activity.

Several cquu:ofia} variations of the composition were discussed by
Reber et al. (1973) using Ogo 6 mass spectrometer data. Temperature
enhancements of 50-«150 K at low latitudes and up to 1000 K at midlatitudes
vere inferred from N, density measurements taken during periods of high
magnetic activity. Substantial decreases of n(0) and n(He) and increases
of the Nz concencr;cion coincided with these magnetically disturbed
periodas. Variations of Xz with latitude near the equator appeared to
correspond with F=tepgion electron density changes which had been
assoclated with the geomagnetic anomaly. The diurnal maximum of He at 450 ot

km was observed near 1000 LT, while Nz and 0 peaked nearer to 1500 LT.
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Hays et al. (1973) investigated the effects of auroral heating by

particle precipitaﬁion and by electric fields on the thermospheric
conpositioqf In particular, changes of composition resulting from
ve;tical winds which were excited by ;he heat generated by magnetic storms
wetefgatimuced by solving the vertical continuity and momentum equations
for ghe period of the sudden héacing. Horizontal variations of
composition were assumed to be ngéiigible during the onset ¢f a magqecic
storme. The mean molecular mass was shown to incr;ase at 500 km regardless.

of -the type:pf energy input and the largest variations of the compdsition

associated with the particle fluxes resulted from ’‘soft’ (< 0.6 keV) a

_precipitation. This was explalned by the fact that winds cause the o

greatest changes vwhere the vertical composition gradients are largest.

The region over which this occurs corresponds to an area of large electric
.fields and 1s also the zone of “soft’ ﬁgtticle precipitation (near 130
, ;m;. Estimaﬁga of the high altitude variation of composition for similh;

heating pfofiles,phowed that this variation was nearly independent of the

rate of heating alchqggh 1t did vary significantly with the total ekergy

Thg response of the thermosphere to gedmagnetic heating was exanined
in detail by Mayr and Volland (1973b). The theoretical model “of Mayr and
Volland (1972b) with~a‘mod1%ied height distribution $¥ the heat input was
uuedttouestimate the variatfons in thermospheric tempefaturé and density )

due to Joule heating. The Nz density incrgased at all altitudes for evéty'

harmonic as would be expécted. However, the net increase due to the third.

i

harmoﬂié was much smaller than that caused by the first, indicatiné} : ﬁ; ,
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B substantial damping by advections The O density decreasad at low
altitudes (<200 km) as a rceult of upward diffusion through N,+ The

diffusion was caused by the higher harmonics of the heat input {?2 through

Ps) and persisted to high altitudas, hecoming offset by thermal expansion

k only above roughly 400 kme This explained the relatively small variations

seen in n(0) at high altitudes (A00 km)« The situation was completely A

different for heliume In this case, the diffusive affacts controlled the
density distribution throughout the tharmosphera because of the light mass v 4
and low concentration of He. Thermal effects only slightly offset the

Vi
diffusive influences on Hea above 300 kme The neutral temparatura chnngaa

an overall incrensa in the temparatura but with little latitudinal

were also quite marked. The first harmonic of the heating source caused j
|
horizontal transport, showed large departures from tha ‘diffusive !

a

}
|
§ : : dependence. ” The higher harmonics, through vertical diftusion and
|

equilibrium’ temperatura datermined by the first harmonic. ‘Thasa

departures were strongly dependent on latitude showing the importanqgeoi‘ib

P

- including diffqpion in caiculationa dealing with the global temperature

distributiva.

Trinks at ale. {(1975) inferved from Esfu 4 gas analy:et and

1 ground-based lonosonde measurements west of 180° E longituda that th¢

\%

midlacicude‘o to Na racio hetwann 250 and QOO km subﬂtantially dacraased
du};“nhsnvoral magnetic diaturbnnccl in February, 1973. This ratio was
i oy

|
E - Téund to decrease aven mora at high latitudes in a sepa:nte und apparently % %
f

’ % “ unrelated veglons The mid=latitude behavior was attributed to energy

&

deposited below 150 km andkgéansporﬁﬁﬂvtrom the high latitude auroral , ﬁj _1
A i "
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ovals, possibly by winds ov gravity vaves.

Empirical avidanca of compositional changes during a pariod of
incraasing magnatic activity vas @bt:‘aimd by Prolss and Fricke (1976) fron
Esro 4 mass spectronater samples. Tha diaturbed to quiet time denaity
catio R{n) sarved as an indicatoxr of compositional changes throughout the
period studied. R(n) increasad above 1 for 32 and for Ar at high
latitudes and becane espacially large naar the padk 55 tha wagnutic
distorbanca; R(n) decreased below 1 for Ha in the same region baconing as
small as 0«le Tha behavior of 0 was more complax and both 1ncy§naan,an§
dacranses of R(n) were obasarvad. Genarally tho decreases appearad at
lower altitudes. An upper limit of ona orbital p&rind‘(niuétyvminucaa)
wad placed on the high latitude rasponse time by the authora hased on the

rasults of tﬁis study.

Mayr and Volland (1976) again used Joule heating as an auroral aﬁnrgy
input to determina what role denaity waves aexcited by the aurora played in
modityina tha compoaition in the tharmoapharn-. Diffuaion was found to ba
rasponsible Eot“tﬁi?iarga phase ditference of about 220°betvaan Ha and N,
waves and of thely mlm:i\galy aqual amplituda, The phasa differance was in

agraomant with Reber at al. (1975) although there remailned some question

as to the actual amplitudas. Tha wavelengths consldered wera of the ovder

of 1000 km and other modas, if prasant, ware said to bHe abla to

a{gnificantly alter thesa results.
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Neutral N,, O, Ar, and He data takan down to 160 km by Atmosphere
Explorer C during a magnetic storm in ?ebruury 1974 were analyzed by Hedin
et al. (1977c) in order to determine the rasponse of the composition at
low altitudes to magnetic disturbances. The Nz and Ar concentrations were
found to incrcn,a and the O and He densities to decraase above 45°Y
geographic latitude, while below this latitude all densities increased
d;ring the storm. A very slow return to normal conditions after the
disturbapcs)indicated that the atmosphere has a tima integration effnctl

N

with respect to this type of energy input. There was no apparent

AN

correlation of the neutrals to the 3=hour ap index, but a corraelation twith
magnetic latitude was seen. The authors noted that this correlation was
asymmetrical suggeating a possible magnetic local time; universal time, ot
longitude influence. The O to N2 ratio was also found to be closely
correlated with in-situ electron densities and Fz peak densities as

measured by ionosondes.

1626403 Neutra;uW1nd Qbservations

Theoretical models of the global circulation system do not yet
accurately represent the small scale features. This inaccuracy stems from
the global empirical pressure and témpernnure models used to determine the
circulation patterns. The global model of Jacchia (1971), which is based
on satellite drag data, exhibits ?/;iurnnl pressure maximum near 1400 LT

"~ “inile incoherent scatter results (Nisbet, 1967) show the temperature
maximum to be near 1600 LT. Studies of the Ogo 6(§1rglov data (Blamoé%3et

ale, 1974; Thuillier et al., 1977; Nisbet et al., 1977) have revealed that

[+

e

¢
Ll




" 33

# =

the maximum temperaturas occur near the local summer pole at solstice and

O

: not near the equator as was previously assumed. Further, Mayr and Volland

" A (1972b) have determined that the temperniure and mass density do not
maximize at the same local time because of transport effects; the ;
temperature appears to peak near 1600 LT while the diurnal maximum of the

mass density is nearer to 1400 LT.

While more recent models of the thermogaphere (Hedin et al., 1977a,

|

{

1

b; von Zahn et al., 1977) have improved the pressure and temperature ’ j
' i

T WAL TR M AT W T et T

estimatas, the wind field is still too variable t&wbe accurately |

Fepresented on the basis on global models. For exanmple, meridional winds

of substantial magnitude have been shown to flow from the p?lar cap. 1
] :
Nisbet and Glenar (1977) have found that these winds are nol uniform but koo

T e T e

A . 1

s ; , Z} depend strongly on magnetic local time. It is precisely thils type of ]

» A ‘ dependence that the models have yet to incorporate. For this reason, only ‘
E i
: /» empirical results will be considered here.
) A Y

r Q;%’ ° i
v 4
fﬁ Kent (1970) has discusgsed two techniques for determining neutral i
R :
g{“ winds. One 1s based on ion drift calculations, which are used to infer

f L neutral velocities and the other is direct measurement of the neutral
motion. Ion velocities can be found using dncoherent scatter facilities -
while rocket vapor trail measurements are often employed as a direct {

t? ¥ st et . b
approach. Other direct methods have been developed and will be discussed .

later. ‘5§
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Reddy (1974) observed a meridional circulation pattern using
incoherent scatter data from Ste Santin (44.7°N)'during several dnyQ in
February, 1969, when a magnetic storm was in progress. Equatorward winds
were seen, above roughly 120 km, while a poleward flow appeared nearer to
100 km. Estimates of the momentﬁm balance showed that the 100 km ‘return
flow’ could supbort the higher altitude equatorward flux. An interesting
observation of the wind structure made was that 'the difference in velocity
between quiet and distrubed days peaked at 165 km and decreased above this
altitude. The implications of this observation towards understanding the

nature of the wind source were not known.

v

Supperﬁ to the circulation theory of magnetic storms was lent by
Brekke et al. (1974) vﬁo 1gferred neutral wind speeds from 1ncohereht
scatter data taken at Chatanika, Alaska (ILAT-6S°) during the
magnetospheric storm of 3 August to 9 August, 1972. The magnitude of the
daytime antisolar flow reported by Brekke et als (1973) decreased during
the storm and, at one point, even reversed direction. This implied that
strong local forces at fiigh latitudes were effectively competing with the
predomin&nt d;y—to-night flow caused by solar heating. Since ion drag was
not pxpected to cause such a change, a heat source north of Chatanika
which produced a local pressure gra@ient was postulated. The nighttime
équatorward flow reaulciné primarily from the sol;r ti&e was reduced,
prethably due to an increase in ion drag, while the afternoon and early
morning winJS'expetiended a shift in direction towards the equator during
the storm. These effects were thought ﬁo influence the motion far from -

Ehe auroral: zones, and it was auggested that they be included in future
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investigations of the global wind syatem.

Roble et al. (1977) used incoherent scatter measurements of the
electron and ion temperatures, electron density and vertical plasma drift
to determine neutral winds over Millstone Hill (42-6°H, 71.5°W) for three
winter and three summer geonagnetically quiet days in 1969 and 1970. The
calculations were made following Roble et al. (1974). These authors had
deduced neutral winds over Millstone Hill for two quiet days near equinox
and found diurnal averages of the zonal wind to be westward at about 30 m
a"'. In the more recent work, the nighttime equatorward winds found were
larger for summer that for winter, but the daytime poleward winds were
smaller during summer than in winter. The diurnal average summer winds
were 15 n ¢~ westward for the zonal and 45 m gt equatorward for the
meridicnal component. The winter averages were 15 m s’"'1 eastward for the
zonal but a highiy irregular meridional component was found. All
velocltﬁgs were calculated in a form consistent with the Ogo 6 model
dcnsityv§alues- These values were used in the lon heating and cooling

rate estimates which yielded neutral temperatures based on a locally

balanced ion energy equation. The coutributions of electric fields to the

wind system wera not included since fields on the order of -2 mV m"1 at

this location (Xirchoff and Carpenter, 1975) were felt to cause only small

velocity changes.

Midlatitude winds do not appear to depend critically upon electric
fields, but high latitude motions are much more tightly coupled to the ,

E-fields, particularly in the auroral zones, through ion drag and Joule
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heating (Fedder and Banks, 1972). Therefore, high latitude analyses nust

take the ion drag force into accounte.

Simultaneous measurements of ion drifts and neutral flows at high
magnetic latitudes (zﬁS°) and high altitudes (>200 km) were carried out by
Meriwether et al. (1973) using b;tium clouds from rocket releases to
monitor the motions. Optical triangulation allowed a determination of
both drift and wind velocities in the auroral zones, polar cap, and the
transition region. Ion drag forces were sufficient to explain most of the
wind measurements in the evening and midnight regions while other forces,
including a large inertial component, were needed to explain the morning
flows. Spatial rotation of the wind direction from the auroral zones to
the polar cap in the evening and midnight regions was quite noticeable.
The westward to eastward ion convection reversal near the Harang

discontinuity before midnight was particularly outstanding.

Hays and Roble (1971) obtained meridional wind speeds representative
of the 250 km region at Michigan (42.30“. 83-7°W)‘during two geomagnetic

7gtorms by measuring the Doppler shift of the 630 nm line of atomic oxygene.

! were observed throughout the night

Southward velocities of 250 to 400 ms~
during both storms. A combination of diurnal and enhanced auroral zone

sources wera suspected to be responsible for these intense flows.

Nagy et al. (1974) also mecasured the Doppler shift of the 630 nm line
of atomic oxygen from Ester Dome, Alaska (ILAT-65°) in order to infer
neutral wind velocities while aimulténeoualy measuring ion drifts by

incoherent scatter radar at Chatanika, Alaska. The’ion drift reversal
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near magnetic midnight scen by Meriwether et al. (1973) was quite
proninent and the westward ion drift in the premidnight region appeared to
contrél the neutral zonal flow, although no such control was apparent in
the neutral meridional winds since the northe=south ion flux is much
snaliar. The postmidnight magnetic local time region displayed virtually
no neutral zonal motion and there appeared to be no simple explanation for
this. The authors noted in conclusion i@}t a thorough investigation of
the wind system would require estimates of several driving

forces: electric flelds of magnetospheric origin, diurnal pressure
gradients from solar heating, Joule and particle heating in th>auroral

zones, and Coriolis terms.

Monthly variations in nighttime neutral winds and temperature near
250 km during solar minimum were catalogued by Hernandez and Roble (1977)
using airglow data taken at Fritz Peak Obaservatory (39.9°N, 105.5°W) from
April, 1975 through March, 1976 Measurements during quiet geomagnetic
conditions were comﬁated to values calculated from Ogo 6 model pressure
gradients (Hedin et al., 1974). The zonal flow was predominantly eastward
during winter nights while shifting westward during the mornings. This
transition became progressively earlier towards summer and approached
midnight at the solstice. The diurnally averaged flow was eastward (35-50
n $"1) during winter and westward (25-30 m s'l) in summer. The equatorial
meridional winds were largest near midnight in summer and smallest during
winters The daytime poleward flows maximized in winter and minimized in
summer. Diurnal averages of these were 40 m a’."'1 equatorward and 25-35 m

s-l poleward during summer.and winter, respectively. The nigh;time
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temperatures were lowest in January and higheat during May, July, and
August. Agreement between neasured and calculated wind speeds was
generally good; in fact, ta; diurnal averlgeauof the calculated wind
speeds were taken as representative of the measured diurnal averagﬁa,

Nighttime temperatures did not agree so well. The measured values were y

of

°£00-150 K higher than model estimates for summer and equinox and 50=75 Kf

“wxﬁisher for wintero,;Daytime differences were unknown. The authors
;suggeuced that diﬁ%érences between measured and calculated motions might
be reduced by including an auroral heating term in the wind ayltin model,
the magnitude of this term to he determined as that which would bring

calculated and measured valuies into agreement.

An inceﬁeaciﬁg new way of measuring neutral wind velocities based on
mass spectrometer sampling was developed by Knutson et al. {1977).
Vertical velocity estimates were obtained by using the open source
spectrometer on the AE-C satellite. A determination of the periods
" between successive maxima of the spectrometer signal, which were quite
gﬁarp, as the satellite spun allowed the wind conmponent perpendicular to
the spin plane to be approximated. Horizontal wind contributions were
eliminated by using only low altitude measurements since in this case,
only vertical motions were perpendicular to the spin plane. The largest
vertical wind variations were found in the post magnetic midnight auroral
reglons Veloclity changés as large as 65 m s"1 were observed although no
simple relationships with altitude or magnetic activity were obtained due

to insufficient data. These ﬁ;}ueb were not always consistent with

¢ ,
tracking measureménts, but the tracking data were restricted to dawn and
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dusk. The authors noted that their method did not suffer these

<

’ restrictions an& that horizontal winds could be found by placing the

. ) _ satellite spin axis in the vertical direction. A ) S ;
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CHAPTER IX i

DATABASE OF THE MODEL AND COORDINATE SYSTEM

2.1 Description of the Satellite and Ogerating Conditions

The Atmosphere Explorer~( satellite was launched into a 68.1°
inclination orbit on December 16, 1973 with an initial apogee of 4300 km

and an initial perigee of approximately 157 km. The initial perigee

llatitude changed by .5° par day fronm 10°1 and the local time of perigee

decreased by about 8 minutes per day from 1430 hours local time due to

orbital precession. The satellite was maintained in this hizhly

elliptical orbit until November, 1974, when the orbit was nade circular at

"altitudes between 220 km and 320 km. The orbital period was then about 90

minutes so that successive passes were separated in longitude hy about 22
degrees. Until this maneuver, numerous low altitude excursions were made

in order that data could be taken té altitudes below 140 km.

The AE=C neutral density measurements tsed in this study were

e

obtained from January, 1974 to Juge;efé?S, a period which corresponded to
the low activity pbrtion of the ll=year solar cycle. The daily burst

adjusted 10.7 cm solar radio flux at 1 A.U. was between 66.5 and 144.7 x

29 )

107°“ Y Hz‘l thrgpghout this period.
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2.2 Instrunentation = ThakOpon Source Mans Spectrometer

Several neutral mass spectrometers were included in the payload of

AE=C. Only the Open Source Spectrometer (0SS) was used in the present

s study in order to maintain consistency throughout the database. This

instrument has been devcribed in detail by Nier et al. (1973). Briefly,
the spatial resolution of the 0S5 was 3.2 km along the orbital path for a
aampling,fate of 16 samples per second, the normal opern:ing rate. The
accuracy of the number density measurements was estimated to be within
#20% and much better relative values of the concentration were presumed.
GCases measured by the instrument included Nz. 0, 02. He, Ar and several

minor species.
2.3 Data Selection and Corrections

TheVOSS instrument generated seyveral nhousqnd spectra for each gas
sampled during one 30-minute pgtigee pass of the satellite in the
elliptical phase. Thiy'nmount of high resolution data was considerably
larger than desired fg: the present purposes; therefore, a way of unifying
the measurements was needed. The oripinal database of the AE satellite
series included Telemécry (TM) files, Geophysical Unit (GU) £iles, and
Unified Abstract (UA) £iles. The T f£iles consisted of satellite orbital
information and raw instrument voltages. The GU files contained high
resolution data, which consisted of spectra in the case of the 0SS.  The

UA files were made up of l5=seccond averages of the high resolution spectra

T W

<\\i§3d as such were well suited for the present study. By definition, these

averages were centered on the universal time specified for the measurement
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so that the satellite was within about 65 km (along the orbital path) of
the position corresponding to this universal time when the samples

comprising the averages were taken. g

j Measurements of H2 and He by the 0SS were accomplished in a fairly
} straightforward manner since both of these gases are reasonably inert.
Estimation of the O density was nuch nore difficult due to the
inceréct;ona that this highly reactive g;a underwent un the surfaces of 0 i
the instrument. In fact, in the normal mode of operation, 0 was actually

neasured as it would have been in a closed source instrument. That is, as

»17-7‘«—....._..,..,..,‘,,‘.
|

0,, after recombination on the walls of the 0SS fonizing region.

Unfortunately, the recombination of 0 into 02 was incomplete and the

RS

measurenénts had to be scaled to reflect this. A correction for ambient

0

g in the atmosphere was also made. Both corrections were applied as ; i
described by Kayser (1977). More information concernling the analysis and f |

M calibration of the 0SS as well as techniques used to measure 0 and 0, via ;

y mass spectrometers have been supplied by Nier et al. (1974, 1976), French | E i

et al. (1975), and Kayser and Potter (1976). : ! |

Lower limits were sct on the concentrations as suggested by Kayser

(1977) to reduce the problems of outgassing and low multiplier counting g

E rates at high altitudes. The ninimum values used were 5 x 1012 m'3, 10!t

ﬂ - m'3, and 5 x lglo mfz for 0, He, and Nz, respectively. The altitudes at ;
which these concentrations were reached depended strongly upon the time of ; o
sampling, the geographical position of the satellite, the magnetic and . ° % :

solar activities at the time the measuréments were taken, ang the neutral
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2¢4 The Magnetic Ccdrdiﬂife System °

Eaﬁy ;aronomic studies have organized data in cootdina:ewsjstema\
which are based on Zhe magnetic field of the earth» The “geomagnetic”
caordinate system is derived from a centered dipole approximation to the

magnetic field.  This representation 1s equivalent to the sdpe}poaitionrof

~ two dipoles lqpated'ac the center of the earth, one aligned along the

geographic axis and the other lying in the equatorial plane. Geomagnetic
latitude 1s defined analogously to geographic latitude. The geomagnetic
equator is defined as the great ciréle around a sphericdi earth which is
neémal to the cente:edvdiﬁaiéa Geonmagnetic local timeé is defined in terms
of the angle formed between the plane containing the earth=sun line and a

vector parallel to the dipole, and the plane containing a vector from the

center of the dipole to an observer and a vector parallel cto the dipole.

*Magnetic’, “eccentric dipole’, or ‘offset dipole’ coordinates are
derived by displacing the centered dipole somghdisthnce from the center of
the earth in order to minimize the second term in the harmonic expansion

of the magnetic field without affecting the first term. Mignetic latitude

and magnetic local time are then define&lanaiogously to their geomagnetic’ -

counterparts.

The transformation from geographic to geomagnetic coordinates is

. /z
simpler than that f;gm”é?ographic to magnetic or eccentticudipole

coordinates. For this reason, geomagnet1Cacoordinaces were preferable to
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nagnatic cogr%}natau before computers were widely used. Eccentric dipola
coordinatauﬁmh»wover! arae much moreﬁclonely related to the magnetic field
contigurncio& at high latitﬁdcs. in the aurgral zones, and:in the polar
cape JBecausc they yield a better representation, eccentric dipole

latitude and magnetic local time will be used exclusively in the praesent

analysis.

The equations used to transfer from geographic to nagnetic
coordinates were given by Agy (1965) and appear in Appendix 1 of

Matsushita and Campbell (1967). These equatiouns used the diraection of the

- centered dipole derived by Finch and Leaton (1957) and the displacement of

thé gecentric dipole calculated by Packinson and Cleary (1958). Seculac
variationa in the magnetic field cause quantities to change with time and
it wag found desirable to update them to more recent valuas.) The I.G.R.F.
1975 magnetic field model in conjunction with th; method described by
Bartels (1936) was used to do this. The updated equations for magrierdc

latitude and magnetic local time ucfa)/

Magnetic latitude = sin'l(ﬁ « f) (2.1)
Magnetic local time = é (:an"‘{-ﬁgg’-‘rggyl + 180%) (2+2)
= (() y

where

b = & x & » vector in magnetic equatorisl plane perpendicular
to earth-sun line ~ i

Q&Q T = x @t = vector in magnetic equatorial plane perpendicular
| to magnetic position vector

i

fi » unit vector in direction of (hegative) dipole

. . o,
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4
| ‘ = £ cos 289.5° cou 78.6° + J sin 289.5° cos 78.6° + ,
; 1 ) R sin 78.6° [based on I.GsR.F 1975] “ z
F s T idcos 146.9° cos 19.5° + § d sin 14649° cos 19,57 + § o
R d ain 19.5° [based on IL,GeReFe 1975] | 3
& d = magnitude of displacement of eccentric dipole ?
= 474 kn [based on I.GeReF. 1975] o % %
% g = position vector relative to dipole (mngneﬁic position é ]
E vector) . :
* ~F-7
F ‘P = position radius vector
| =ircosAcos¢+Jrsinh cosd +kratad ' :
é 8 = unit vector in direction of (infinitely distant) sun % B
% K = i cos (180° - uT) cos § + § sin (180° = 4T) cos § +
E k ain &
| S ' i, j, k = unit vectors from center of spheric#l earth along ?
_ @irection indicated: i to intersection of aquator %
F and Greenwich meridian, § to intersection of
? ”equatorkand 90° east geographic
| x maridian.”i to north pole
E R = radius of earth = 6371.2 km
h ; height above tﬁe eaé:h. km . } ; ;
r=R+h - / t i
) ¢ = geographic latitude : | ' éé
“ é -. 0 h | A = geographic longitude (east) ) %:
( § | N T = Greenwich local solar time, hours ’ ‘ ?1
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W= 15 deg h™ (180° = 4T =~GCraenvich hour angle oF sun)

§ =» golar declination

/_In these ecquations, the position used for the geonagnetic north pole %

- 5
was 78.6°N, 289.5°F and the displacement of the dipole cccentric from the i
i

it

center of the earth was calculated to be 474 km towards 19.5%N, 146.9°L. i
1
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CHAPTER 1II1I

EXAMINATION OF THE LONG-TERM TRENDS OF THE COMPOSITION IN THE MAGNETIC
COORDINATE SYSTEM
E

.1 Determinqtiqn qf Avérage Density Structure

The behavior of the neutral thermospheric composition has sometimes
been described on the(Saais of data taken from individual satellite orbits
or groups of orbits. Such limited information must be interpreted°very
carefully, however, since temporal variations due to magnetic storms and
large gravity waves can cause large orbit to orbit variatioms which maak

3l

the global and seasonal wvariations.

One way to unmask the basic structure is to reduce these local
effects by analyzing data taken over long periods of time which have been
corrected for long=-term solar and geophysical variations. These data
should then be more representative of average conditions making it much
easier to separate persistent from transient distributions of the neutral
gas more clearly. In order to study the density structure in the magnetic
coordinate system and to find persistent effects this approach will he

followed here.

Several solar and géophysiéal‘influences on the composition need to
be considered before averages are taken. The .contribution of solar o
aétivity variagions ngyards neutral density changes during 1974 and the
first 6 months of 1975 61d not seem to be of great importance. The

1l-ysar solar cycle was near minimum and the F10_7 index generally changed
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-22 =2 . al
by less than 40 x 10 Um " Hz

+ Based on the MSIS model (Hedin et
al., 1977a, b), it can be estimated that such changes in solar flﬁx
translate into less than 10% variations in neutral temperature and
density. These fluctuations are nuch smaller than those arising from

other major sources and were, therefore, neglected.

The influence of the level of magnetic activity om the neutral
atposphere. on the other hand, was found to be extremely important and was
1n%luded in this study. The 3-hour planetary ap index was used as an
iﬁ&icanar of magnetic activity because it applies globally and is readily
available, although it 1is by no neans the hest indicator of auroral
distﬁrbnnees as will be shown later. Three levels of magnetic activity
were considered and delineated by the following ranges of ap values: 0 ko
4, St 15, nné 18 to 67+ These ranges were chosen to.be representative
oémlow, medium and high magngtic actfﬁgty conditions, respectively. It
should be noted that there were fewer data and move variable data taken
over the high range of ap but much meaningful information is still
obtained for these conditions. The dependencias of the atomic oxygen and
heliun data on altitude were treated individually and the reasons for this
are described below. In each case, all data were reduced to a common
altitude (Sections 3.2, 3:3) to aid in :epresenggtion‘and interpretation.

Later, these fixed altitude results are generalized.

The period over which all measurements were treated as a single
(data) set was quite long.- All neutral density values taken within 45

days of a given equinox or solstice were chosen to comprise a ‘season’.
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In order to determine the appropriate corrections for annual effects in 1

the densities taken at the extremes of these periods, scatter plots were !
made of the data at fixed altitudes within a small range of magnetic P g
J

latitudes (iﬁo) and magnetic local times (+3 hours) as a function of day

number for the entire database. “
)

The helium data showed a winter pole to summer pole vatio of about 40

to 1 at 300 km (Figure 1)» This large variation was also quite regular

permitting a logarithmic correction to the equinox data to be made based
on the day number of the measurements and the magnetic latitude bhand into
vhich the data fell. The solstice helium data were not corrected in this
way since a deviaiion from uniform coverage for these seasons would have a
much smaller effect than at equinox. The scatter in the atonic oxygen
measurements was greater than any annual variations which might be present

o

(Figure 2); therefore, no corrections were made to these data.

Finally, the magnetic coordinates at which the measurements were
taken were considered by forming 5° “bins’ of magnetic latitude and one
thour hins of magnetic local time centered at 5° intervals from the equator
and on the hour, respectively. ALl data taken within a particular range
of ap and corresponding to a given season falling into the same bin were
averaged. The number of points in each bin ranged from 0 to over 100.
Bins which had no data, including those poleward of about 78° MLAT in the
northern hemisphere and 82° MLAT in the southern hemisph§re, where the
satellite did not reach, were filled by logarithmic interpolation. Once 4

this global ‘grid’ was astablished, contour plots of the data in each
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hemisphere were made. These plots are displayed in polar form as
functions of magnetic latitude and magnetic local time for various seasons

and ap ranges and will be described in datail in Section 3.4.

3.2 Reduction of Atomic Oxygen to 120 km

Atomic oxygen igzche main constituent in the niddle thgxmosphe:e and
at altitudes of the order of 300 km winds cause the horizontal de;sity
gradients to be small. This results in vertical transport in region; of
energy input where the exospheric temperatures are highe. In ovder to
separate the effects of scale height variations due to temperature
variations from those due to vertical diffusion at low altitudes it is
reproduce the obscrved variations at satellite altitudes nssuminﬁ a
diffusive equilibrium profile. These densitlas are a sensitive i{ndicator
of vertical transport and heating in the thermosphere and provide simpler
boundary conditions for a model. Care must, of course, be takan not to
interpret these lite:hlly as neasurenents of the actual atonmic oxggen
densities at 120 km which nay be different due to the effects ofdyelacive
diffusion above 120 km as discussed by Nisbet and Glenar (1977);b/

These authors have shown that measurements of the atomic oxygen and
molecular nitrogen density at any altitude may be combined with a neutral
temperature in a scraiahtfor;;;d manner so as to give estimates of the O
density at 120 km if an N2 density and a neutral temperature are assuned
at this lowé? bqundnfy. They have also showmn that the resulting O values

at 120 km are relatively ;nsensit1Ve to the value used for the neutral
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temperature- at the height at vhich the measurements were taken (less than

a 4% change in density for a 100 K temperature change). This rasult

L}

o very little change °° accuracy. Their method will be followed here. §

ir

|
|
allows model temperatures to be used in place of actual measurements with | !
The density of a neutral gas in diffusive equilibrium at any height z g

above a certain base level z, may be found ignoring thermal diffusion ;
, o |

effects, which are negligible for O, from the equation,

T(z)) -
ny(z) «n (z) [E?Z?'l cxp((-ﬁilf':o g%f% dz) (3.1) |

whera

z  level where density is desired, km
: , L , L o

ﬂi(holecular weight, g mole” 3
! r: - -l ’ )
* R gas constant, J mole lK * {
i ‘;2.; o = . g
; ) “ |
/ ‘ 0 |
/f/ Using Hz in this equation,the integral can be written as, §
3 § L
T(z) ny, (2)
z ( z) 4 - —5-- - g - ----zn---- ’ ’
[z %IET dz === (In [-gpz5] = 1n [ otz )? (3.2)
P N 2 | 2 o

;Subscicucing this into the first equation with 0 instead of N, as the

34 b
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gas,
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In no(zo) = 1n po(z) - [-n--) In [»Kg-z--y] + [o=O-

My

Now, for a base level z = 120 km and M, = 16, MN = 28, this
0 0 '

equation becomes, B

~1] In [~- 1 (3.3)
) "u2 T(z)

1°3!0 n0(120) - 1°810'n0‘z) + ;[10310 n“” (120) . o

- 3 T(z) -
' R (1 v .
vhere the common logarithm of Che'ﬂéﬁﬁifyﬂﬁﬂﬁibtﬁﬂ usad. |
If the N density and neuttnl temperacure are taken from the CIRA
(1972) 1000 K model (ny =3.79 x 10*7 53, 1120-314.5 Ky, - '
2 ) [
| ,; R o
1oslo‘po(120) - 1°510 ny(z) §)7[¥7-SZ9 -:lo%}o;nnz(z)J
(":‘ 3 (z) ) e
+ 10310 t-34;3] - (3.5)
R . E o ’ e - ’ i

This equation was used, to reduce‘che 0 data to IZQ!RQ:

3:3 Reduction of Heliun to 300 km

Helium is one of the lightest constituents in the Chermospuere and ae

- such has a very large scale height. Under the assumption of hydrestatic

ﬂ, equilibrium, the global heliun distribucion will be fairly similar at most
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thermospharic heights. Therefore, an intermediate altitude such as 300 km

serves as a convenient reference height to study the variations in neutral

heliume Further, since aatclli;c measurements need only be extrapolated

| .
' over less than about one scale height to resch this altitude,’ it may be

expected that the inferred distribution at 300 km will reflect the

‘distribution over the height range of the satellite measurements fairly

well, At this altitude, the thermospheric temperatures have almost

reached exospheric values. The assumption of an isothermal atmosphere is,

therefore, reasonable and will be made.

The neutral density of He in diffusive equilibriunm is given by

-af? 42 | (3.6)

where o is the thermal diffusion factor,

-+38 (Banks and Kockarts, 1973)

In an isothermal atmosphere, this reduces to

- ,
, H
e(Z) = Pyl exp{[-iTE:] f:o g(z)dz} (3.7)

where T is the exospheric temperature.

T
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After integration and subscitution of Zy * 300 km into the above
expression, the heliun density at 100 km may be calculated as,
Hye3(0)
nue(300) - nne(z) exp(-—ﬁ¥~-- (h(z) = h(300)]) (3+8)
where
: g h(z) 18 geopotential height of z, kn
5(65 iy acceleration of gravity at earth’s surface,

9.81 n sec™t

This expression and the MSIS model neutral temperature (Hedin et al.,
1977a) corresponding to the position of the satellite and the solar and
gg@gh;giggL conditions presont for a givaen meagurement were usad &

deternine the 300 km heliun densities.

Rt ol
-

3.4 Comparison of the Density Averaces Under ligh and Low Solar
Activity Conditions

Jebel Atomic Oxygen Densities at 120 km

Long-term averages of the atomic oxygen densities for spring equinox
conditions nﬁé shown in Figures 3, 4, and 5. bata from the AL-C satellite

wvere used to make the low solar activity contours (top) and Ogo 6

satellite neasurements (Stehle et al., 1979), which represented hish solar
activities (FID-Y = 101 to 239), were used to construct the contours for
the solar maximum (bottom)e The density variations for low magnetie
activity levels, ap = 0 to 4, are {llustrated in Figure 3. Atomic oxyzen

shows similar high latitude structure for both high and low solar
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, aiﬁhough this minimum 1s less restricted for Ogo 6. This is probably due
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. -

activities. The minimum of n(0) at 120 km extends from the magnetic poles

through the poatmidnigh: magnetic local time (MLT) sectors in both cases, 1

to fewer measurements-in this region by the Ogo 6 sntellite.( The
densities in these minina %;g:aaaﬁtqggz of the respective hemispherical
averages, but the absolute values of Ehk AB-b data are nearly 407% lovwer
than the Ogo 6 measurements. This is in\\agreement with Hedin et ,

al. (1977b), who predict an increase in n(0) with increasing solar
é;tivity- The high latitude structure beﬁﬁmes sharper for medium magnetic

N

activity levels, ap = 5 to 15, and the density minima persist in the

postmidnight MLT region under both high and low solar activitiis @?igure

4)e The densities inﬂthese minimagbecome,smaller";han,iqr le magnetic ..
activities, being oniy about 407 of the hemisphetical averages. The

atomic oxygen densities sh&w even more structure for high magnetié

activity leVeis. ap = 18 to.67 (Figure 5). TFor both solar activities, the -
densities are smallest near 0700‘HLTain thie polar régions. The values in
tﬁése ninima are less than 307 of the hemispheripal°averagegyggd only

about 507 of the co:reépondimg lowhmagnetfé activity values. Tge ,
postmidnighﬁ MUT density minimpm persists for the summer solstice atonie

oxygen data (Figure 6)+ For this season, the AE=-C minimum densities are

about 30% of the northe}n hemispherical averapge but 5y@ 0go 6 values are
©

s

ettt

nearer to 40% of this averadge, sugpgesting a strongefrannual affect for low
vy

7
A J , ‘
solar activity conditidﬁg{ The winter n(0) values'(Figure 7), while

e it

showing somewhat different MLT structure near the magnetic poles, support
: o ‘ //
this as the winter to summer pole=-to=pole ratio for %F—C is about 2 to 1
; ! o
! fi
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- 169-7) D 67-69 | 65167

F1 LOGg MO0 (M)

MAGNETIC LOCAL TIME

Oh
MAGNETIC LOCAL TIME

Atomic oxygen density at 120 km for spring equinox
and ap values between 0 and 4 as a function of mag-
netic latitude and magnetic local time. Ton repre-
sents low solar activity conditions (1974) and AE-C
data and bottom shows high solar activity conditions
(1970) and Ogo 6 data (Stehle et al., 1979).
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Oh
MAGNETIC LOCAL TIME

12h

Oh
MAGNETIC LOCAL TIME

Figure 4 Atomic oxygen density at 120 km for spring equinox
and ap values between 5 and 15 as a function of
magnetic latitude and magnetic local time. Top
represents low solar activity conditions (1974)
and AE-C data and bottom shows high solar activity
conditions (1970) ard Ogo 6 data (Stehle et al.,

1979).
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Atomic oxygen density at 120 km ror spring equinox
and ap values petween 18 and 67 as a function of
magnetic latitude and magnetic local time. Top
represents low solar activity conditions (1974)
and AE-C data and bottom shows high solar activity E
conditions (1970) and Ogo 6 data (Stehle et al.,

1979).
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Figure o Atomic oxygen density at 120 km for summer solstice
and ap values between 5 and 15 as a function of
magnetic latitude and magnetic local time. Top
represents low solar activity conditions (1974)
and AE-C data and bottom shows high solar activity
conditions (1970) and Ogo 6 data (Stehle et al.,
1979).
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Figure 7 Atomic oxygen density at 120 km for winter solstice
and ap values between 5 and 15 as a function of
magnetic latitude and magnetic local time. Top
represents low solar activity conditions (1974)
and AE-C data and bottom shows high solar activity
conditions (1969) and Ogo 6 data (Stehle et al.,
1979).
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G i

but nearer to l.5 to ! for Ogo 6.

The atonic oxygen densities decrease at high latitudes for increasing

nagnetic activities under both high and low aolar\éccivtty conditions.
They are also lower in summer than in winter for both cases and show
similar and persistent structure in the region of the westward electrojet
where large density variations are expected due to Joule heating from
ionospheric currents. That this structure is maintained over one-half of
the ll-year solar cycle suggests that the nagnetic coordina;e systen 1s

<

well suited for modeling the neutral composition.
3¢4+2 Yelium Densities at 300 km

The averages of the heliunm data for AE~C and Ogo é‘during spring
equinox are represented by Figures 8, 9, and 10. The low magnetic
activicey, p = 0 to 4, structure of helium at high latitudes is not

(e}

apparent in these contours probably due to a pauci:y of data, especially
Q

for Ogo 6« At medium levels of magnetic activity, ap = 5 to 15, the
spring dengities show high latitude minzma near the nagnetic pole for AE=C
and over the magnetic pole for Ogo 6. The n(He) values in these regions
are less than 20% of their respective hemispherical averages. These
density dep:essionsbecomemorg‘pronounced at high magnetic aqtivity
levels, ap = 18 to 67, although they are no smaller in magniﬁude than the
densities fornedi&map.This ‘saturation® of density variations with
increasing ap has also been semﬁ by lledin et al. (1977¢) in AE=C data ;

'J

taken during a magnetic strom in -February, 1974. The helium

concentrations in the postnidnight minima for high ap levels dgg;ease to i
" : : ; - Y

R e
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about 40% of the low magnetic activity values Eof both quiet and active

solar conditions.,

Sunmer solstice helium averages (Figure 11) maintain the high
latitude equinox structure having minima in the postmidnight MLT area
under high and low solar activities although the Ogo 6 density depression
extends into the premidnight MLT region near the eastward electrojet. The
winter splstice data (Figure 12), on the other hand, maximize over the
magnetic pole and a very strong annual effect seems to be the resson for
this. The winter to summer pole-to=-pole ratio. for the AE=C heliun data
is greater than 25 which is close to that reported by Mauérsbergér et
al. (1976) and Straus et al. (1977), the latter from a theoretical model
including dynamical effects. This ratio is leés than 10 for the Ogo 6
data and an increase in exospheric transport with increasing exospheric
temperatures and solar activity as suggested by Reber and Hays (1973) and
Strauss et ale. (1977) would explain this since smaller density gradients

in latitude would be maintained in this case.

The helium density averages and the atomic uxygen density averages
show very similar behavior at high latitudesnunder both quiet and active
solar conditions for nearly all levels of magnetic activity, except ‘during
winter when the large . annual variation of helium obscures this
sttﬁcture. These two constituents have masses less than molecular

nitrogen and are very good indicators of horizontal winds,

thermospheric heating and upwglling- Since their structure is much he

2l

same in the nmagnetic coordinate system under widely varying solar and
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Helium density at 300 km for spring equinox and ap
values between 0 and 4 as a function of magnetic
latitude and magnetic local time. Top represents
low solar activity conditions (1974) and AE-C data
and bottom shows high solar activity conditions
(1970)and Ogo 6 data (Stehle et al., 1979).

Figure 8




Figure 9

-s 14 .xzo--so Dnn—a:o Dna-uzz

12n LOGyy niMedyy, (m3)

MAGNETIC LOCAL TIME

Oh
MAGNETIC LOCAL TIME

Helium density at 300 km for spring equinox and ap
values between 5

2 aud 15 as a function of magnetic
latitude and magnetic local time. Top represents
low solar activity conditions (1974) and AE-C data
and bottom shows high solar activity conditions
(1970) and Ogo 6 data (Stehle et al., 1979).
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Figure 10
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MAGNETIC LOCAL TIME

Oh
MAGNETIC LOCAL TIME

Helium density at 300 km for spring equinox and
ap values between 18 and 67 as a function of mag-
netic latitude and magnetic local time. Top rep-
resents low solar activity condicions (1974) and
AE-C data and bottom shows high solar activity
conditions (1970) and Ogo 6 data (Stehle et al.,
1979).
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Figure 11
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" LOG,, niMely,, Im
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On
MAGNETIC LOCAL TIME

Helium density at 300 km for summer solstice and

ap values between 5 and 15 as a function of magnetic
latitude and magnetic local time. Top represents
low solar activity conditions (1974) and AE-C

data and bottom shows high solar activity conditions
(1970) and Ogo 6 data (Stehle et al., 1979).
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Figure 12 Helium density at 300 km or winter solstice and
ap values between 5 and 15 as a function of mag-
netic latitude and magnetic local time. Top
represents low solar activity conditions (1974)
and AE-C data and bottc” shows high solar activity
conditions (1969) and Ogo 6 data (Stehle et al.,
(1979).
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geophysical conditions, it would appear that a general analytic rodel of

thair distribution in this system would be of value in studies of energy

 deposition processes and dynanics of the polar thermosphere. Such a modal

;hldpad in the next section (Chapter IV).
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CHAPTER IV

METHOD OF ANALYSIS AMD CONSTRUCTION OF A MODEL

4;1 The MNeutral Mapnetic Coordinate Model

/.

The long~term averages of the atomic oxygen and helium dengities
shoved consistent structure atb high latitudes for various seasons and
nagnetic activity levels. Ext;gction of annual variations from these
averages is difficult due to the long time periods used and determination
of semiannual variations, if any, is impossihle. In order to include
these effects in the :epresen;aéion of the atomic oxvgen and heliun
distributions, individual data points were used to construct the global '
model. Enough measurements were included (over 2500) that the large and
highly loczlized tenporél varlations discussed earlier should not

‘/adﬁersely affect thk2 results. Of course, all small ﬁcale effects will not

be faithfully reproduced by a model of this type, but a wide range of

solar and gééphysical conditions will be covered globally.

4,2 Temperature Distribution

lolecular nitrogen is the major coustituent in the region between 90

<]

km and 150 kn where relative diffusion of the atmosphere constituents is
of importance. The mass of Nz isvvery close tu the mean molecular mass in
this region which means that N

from the realm in which the ‘distribution ig controlled by eddy diffusion

-
&

2 is not greatly afﬁgcted by the trangition )
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to the area where free molecular diffusion dominates, The N, altitude

2

profile cgn, therefore, be approximatedvéé all heig@ta by the character-
istics of a hydrostatic distribution even when large velocity fields

are present. The approximation‘allows a neutral temperature profile to
be infarred from the N2 measurements., In particula%{ each N2 density
value was used to calculate an equivalent exospheric temperature, refer~
red to as NT. Only data taken above 190 km were used so that a unique
exoséheric temperature could be inferred from each N2 density value,
Since the database of AE-C was well over 100,000 points, it was found
impractical to use the entire data set and oyly one of every ten admis-
sible data points was actually used in calculating NT. The locations

of these points in the magnetic coordinate system within 45‘dayg of the y§’

Hequinoges and solstices are shown in Figures 13 and 14.

A Bates (1959) temperature profile was assumed foglcalculating NT

and it was necessary to assume lower boundary values for ‘the tempetéture
and the ¥, density and a shape parameter for Ehe”tempetacura profile in
ogaer to determine NT. These véiues were taken from the MSIS model (Hedin
at al., 1977a). NT was computed hy iteration with the aid of equatiom

hele Sin;e the moleculér nitrogen data used here were obtained at times
”“of low solar ac;ivity, 1£4was diffiqultmto estimate the effects of EUV
- variations on the temper#tures- The parameters reﬁlétting these affects

r y
were also takep from the MSIS model which va s basdh;;n data taken during

R "
= yarious phasgg@o%{the ll=year solar act%vity cycles
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The expression used for the neutral temperature profile, taken

5 ‘ largely from the MSIS model, was of the form,
| ) T(z,L) = T (L) - [T (L) - lzo] exp(-l[z-ﬁ(/)ﬁ ’ ;
! v )
o T (L) =T G (L) | | (4o 1)
| : : ® T ‘
o A “
| :
’ . » :
t z The spherical harmonic expansion, GT(L)"- can be written, with brief
|  :: descrip:iorgg\; of the terms involved, as . ’ ;
\ C’T - l ., : . (A- 2) . % ;_:“
» ; 3
3 ) Time Independent Terms
; )] :
+ 31010 * 220P20 * 24040
d Solar Ac civity Terms ) e { ‘
‘ al —al = :
+ £700F + f (AF) ool |
"' " Annual Terms X a - i
1 cl ! 1 b
| / + cgg cos Q(t - too) + (CIOPIO + c30P30) i
if B | (1 + AF) cos n(t: - 10) ) N 2 g
| A , ' Semiannual terms o . £
c2 2 9 c2
+ (COO + c20 ag) cos 28(t, = ton) ’+ yol1g co8 2ty tio’ | L
" Diurnal Terms : ’
S | tlagPyy *agPyy a5t ¢ (°11 1+ Ca1Pay) o8 Ay - 10! A 4
! e R . 'i 3
f ; o (1 + quF) cos Wt i
." , , 1 : cl
m~ *ByP 1 *Py1%a * 05 P t (4P 1) + d31P5)) €08 8(ty = £10)] 1
A1 + AF) sin wt e
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Semidiurnal Terms ' ‘ %

+ a,,Pn, (1 +F) 11AF) cos 2ut+ b (1 +F),4F) sin 2ur

22522
§ Magnetic Activity Terns
+ (RS, + K50 Ppg)ad - !
where o :
AA = (Ap = 4) . I
AF = P07 = Flou7
AF = Fjo., = 150 - |
y an associated Legendre polynomials cqual to , {
(1 =xH™2 ot a @ Pt ™ =F - 0", %
| é xm- c¢osine of m#gnétic colatitude. E
a = 21/365 day™t . t
i g w = 27/24 hour™! __ S M |
f %A T = qggnetic local time, hours. ‘
; .& ] ) L4‘[list of‘:olar and geophysical parzmeters
| z “alcituﬂé. km 7
f | ’ , k ta day of year
; Ap daily magnetic index U
f f F10.710-7 cm solar flux on previous day, .~ N
E . : 10722 o2 ngl
; . '510_7average af F10.7 over 3 solar
Y E o - ~ rotations centered on tg
; TL average exospheric température, K
; T ﬁemperature‘at height z - v | O

T, gplover boundary temperature, 386 K : S,

L

L W
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2, =1

s temperature gradient parameter, 2.548 x 10 - km

The coefficients of the gpherical harmonic expansion-for Tm(L)were

determined by calculating a nonweighted least squares fit of NT to

,ELGT(L)' This £it was done in two steps. Tﬁe first step included only

data where Ap<l0 and all coefficients except those due to magnetic
activity were determined. The second stegﬁpsed all data where Ap<l130 (one
third of those are above an Ap of ten) to determine the magnetic activity
coefficients. The coefficients and their standard deviations are listed

D

in Table 1. u

4¢3 Atonic Oxygen and Helium Density Distributions

The global distribution of the neutral composition zap be represented
over a range of altitudes once the temperature profile has bee¢n determined
and lower boundéry densities have been specified. The extrapolation in
aléitude is made through the diffusive equilibrium profiles of Walker
(1965), given by |

2

n(z,L) = nIQO(L) D[z's'TIQO'T‘”(LY)]

S e

o e vy .
S L SN~ N A

2

D12,8,T 500 Tu(W)] = [(1-a)/(1-ae”%5)1! *1*% exp(-ar) (40 3)
o i
(z = 120)(R; + 120) . %

g - -
RE + 2z . ‘. 2 |
where :
i i

B A AL (s b P g i
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“120<L) '3“120 axp(GM(L) - 1]
Y = Mgy ,q/eRT (L)
a =]~ leolﬁn(b)

_

N

-2 S\
Byoo = 944663 n 8
n  amblent density, m~> ¢
ﬁ}zo'avorage 120 km density
J for Ny, nypo = 2.81 x 1017 0™ and Gyq = 1 o
M mnass number of constituent, g mole™! 0
 1n order to determine the atomic oxygen distribution at the 120 km
10“@3 bgﬁHGEIYp the n(0) values at satellite altitudes were raduced to 120
km using correspdnding N2 values as discussed previously (Section 3.2).
The neutral temperatures, Tz, vere inferred from the Nz data rather than
calculated from the MSIS model. The 120 km helium densities were found
“ gimilarly and the effects of thermal diffusion for He were included iﬁ the
reddction expression,
e T q
o K V : K:'? )
1n ny, (120 = 1$ﬁnﬂegz) + §lin fy, (120) = 1n ny (2))
° S - RV 1n[535-1 (404)

“120
The 120 km bdundaty densities were used to determine the coefficients

(Table 2) of the spherical harmonic expansion GM(L), chosen to be

identical in form'to that used for the inferred exosphékic temperatures

O
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Table 1. Spherical harmonic coefficients for the inferred
exospheric temperature

Coefficients T, Coefficients ” T,
Average 1.045E+3%3 . EH0 cog ‘ ~3.007E~2%2.E-3
ap  h27iE-2:3,E-3 €)% ~2.795E-2£4.E-3
820 5.407542:3.5-3 cogz‘ 2.405E+1i2:E+Q
a0 3.566E-2+4.E-3 e ~3.104E~244 .E-3
o v 1,198E-3£4 ,E=5 £, 5% -3, 195E+0£3, E40
i *5082 ~5.374E-6£1 .E~6 Y a;, —6.652E-244,E3
AL 3.197E~3£3.E-5 ey -9.5188-342.8-3
I *E) 0 g.ezog;gra.a-a | ag, 1.114E-5%2.E~3
# 3 5.582E-3+2,E~4 ¢, ~2.238E-247 ,E-3
ke 2.500E-35.E-5 ¢y 1,767E-244 .E=3
Koo 2.375E-3+1.E~4 | by, -8.004E-2+4 .E-3
. o 2.874E-243.E-3 by, 6 322E-3£2 E-3
cogl «-2.7zen+;t5.s+o u b 1.111E~242,E~3
¢1q =L.660E-1:8.E-3 : a ~1.029E-347.E~3
ese -2.134E-248.E-3 4y ~1.307E~2£4.E=3 ¢
b ~1.406E+0£2.E40 3y 6.055E-4%1.E-3
by, 6.211E-3£2.5-3
*MSIS model value ; e J
| ) )
=

[

T T . L T T T T o T T
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Table 2, Spherical harmonic coefficients for the atomic oxygen !
and helium concentrations at 120 km
Coefficients 0 !{d

Average (m™3) 7.875B+16£5, E+14 1.981E+13¢ 1, E+11 ;
a0 —1.({1;1851 2%1,E=2 6/ -1.6{.13— 1 £1.E-2
80 -3.763E-141,E-2 ~1,825E~ 1 £1.E- 2
8,0 -2,181E~ 1 #1.E- 2 ~2,278E- 1 £1,E- 2
e 9.588E 4 £2.E- 4 16,9278 4 £2.5- 4
oo ° :
*‘Ef; 2.261E- 3 £2.5- 4 h 0
*Eo 1.892E- 3 +8.E- 4 1.373E- 4 +3,E- 4

# 2 2.160E-3 41 .- 3 " 6,400~ 3 £5.E~ 4
koo 7 =LI73E-341.E- 3 -2.382E- 3 £4.E- 4
ka0 -8.695E~- 3 +3,E- 3 ~1.470E- 2 *8.E~ 4
co(l)k 1.178E- 1 +1,5- 2 ~3.647E= 1 £1,E- 2 5
4ot 2.157E+ 1 £4.E4+0 ~1.5655+ 2 £1.E+0 i
e | 3.4308- 1 42.E- 2 1,730+ 0 #2.E- 2
&g 1.272E- 2 42.E- 2 : 1933~ 1 #2.-2 7
e, ot 5.949E+0 £3.5+0 -5.945E+ 0 £5,E+0
com . L 157.5-3 4.093E- 1 £7.E- 3
cp -1.268E- 1 +1.E-2 -2,073E- 1 £1.E- 2 S
:032 1.030B+2 £2.E40° 1.069E+ 2 +7.E- 1 | ?
5 /i

o | 7
/

g

I

o
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Table 2. (Continued)

Q\

Coefficients 0 He
g ~1,574E-1£1,E=2 ~8,549E= 2 £1,E= 2
o2 -8.260E+ 1 £2,E+ 0 ~6.594E+ 15 .40
a, -1.273E= 2 £1 ,E=2 -7.072E- 242, E= 2
a5 ~1,826E~ 2 %6 ,E- 3 -5.019E~ 228 .E- 3
as; ~1.163E=~ 2 4 ,E-3 -5.425E- 2%6 ,E~ 3
e 1,813E~ 2 £2,E- 2 2,380E-12 43.,E- 2
&1 2.2238- 2 81,E-2 4914 2£2.E2
by, 3,600~ 2 +1,E- 2 4.618£5Lt2.E-2
b, 1' ~6.465E- 2 £6\E~ 3 ~3,722E~ 2 £9 ,E- 3
b, "~3,277E- 2 #4.E- 3 ~4.316E- 2 £6.E- 3
a7 5.734E-2£2.842 1.319E-1£3.E-2
dzi ' 2.339E-2 e 2 2.220E- 1 £2,E- 2
ay, _ 8.638E- 3 £4,E-3 2.404E=2%6.E~ 3

S by, - -3 .489E-§\§3§5.E- 3 2.1818-347.5-3 .
;MSIS, Model Value |
\\\\\ .

ISP N v
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S
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for consiatency. Thesc coet{icienta were determined in the s’me way as
thona for the exospherie temperaturas., First, é quiet model was formed
u-ingwgatu taken when the Ap indexywaa less than or equal to ten. “Thcn;
the mégﬁstic activity coefficients were determined using all data with Ap
£ 130. No neasurements obtained baelow 190 km were used. The reason for
thiqﬁ;a that atomic oxygen and helium very likely show departures fron
diffusive equilibrium at low altitudes. Since the model represents the
hydrostatic distributions, a correction“term for a non-zero diffusion
velocity, such as that used by Hedin et ai. (1977b), would bcqneeded‘in
order to incorporate low altitude mensurﬁ?ents into this model: No
attempt to use a non=zero diffusion velocity was made here. The 120 km
lower bcunaéfy‘“as chosen because it is a convenient levelﬁfor modeling
the upper thermosphere through the Walker (1965) profiles-h Actual 120 kn

values may be above or below the model estimates.

As in the case of molecular nitrogen, the atomic oxygen and “heliun
data were limited to low solar activity conditions so that the effect of
EUV variations could not be found simply. In order to allow the model to

be used undQ?ﬂﬁiﬁher solar activities, the coefficients of the MSIS model

describing the density Qntiations with solar flux changes were used here.
£

I . |



!.

g

84

CHAPTER V : y

DISCUSSION OF THE RESULTS OF THE MODEL |

G e e

uffSul Accuracy of the Mngnetig“ﬁodel

The overall performance of the magnetic cootd#nacc model was examined
by computing the residuals (data to model ratios) of the atomic oxygen anﬁ&
heliun measurements as functions of day number, magnetic 1anitud;, 7 ’
magnetic local time, and magnetic activity (Ap) in order to search for
systematic removal of density variations with these parameters by the
harmonie expansion. No attempt to estimate possible correlations between
parameters was mndgg Rféubaet (one of £ive points) nf the quiet time data
(Apg 10) compri;;d the density ratio plots, except for the magnetic

activity regsiduals whichvwere computed using data with Ap values as large

as thirty.. Only measurements obtalned between 200 km and 400 km were

- included since the satellite coverage was best over this height range.

The atomic oxygen residuals for 1974 and the first half of 1975 are
shown in Figure l5a. Most of the data lie within a factor of 1.3 of the
model, although several points are more than a factor of two below unity.

These could be due to the slow return of the densities to quiet time

values after a magnetic storm while the Ap index returns much nore rapidly

as is discussed in Chapter VI. There does not appear to be a systematic

change in the residuals with day number indicating that the annual and
ﬂ,’/k : X
semiannual effects have been largely included in the model.

T T
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K ¢*;// @i Magnetic latitude behavior of the residusls is plotted in Figure 15b.
. §> ~" The average scatter is fairly uniform over the entire globe, although the
“ ) - :
Y ff

northern hemisphere contains most of the data wilch differ aubncnntially

) from the model predictions.

5 ™Y ¢ pensity ratios for various magnetft local times appear in Figure l5c.
T o

There does not seem to be any systematic change in the average scatter

«

s with MLT but tha overall deviations are smallest between 1200 MLT and 1800

I

¥ MLT and largesc batween 2200 MLT and 0400 HLT. The latter region is one
in which steep density gradients exist tesulting Erom auroral heating.
Because of the sensitivity of the O densitles in this region to the

magnetic activity level rapid fluctuations of the densities would be

..... N » .. .
BY) N s}
e o (s

"

'The scatter of the residuals fot Ap vélué;mdp to thirty“(Figure 15d)
does not increase greatly with nagretic activity which 1s somewhat
AR surprising since this model was developed for primarily quiecAmagnétic
conditions. There are more data which fall below a factor of 13 of ‘the
model Eor Ap values between ten and twefity but most %f these lie less than

a factor of two from unity. Above twenty the number of points is much

smaller so that fewer points having large deviations are expected.

f{ : For the,majoriﬁy of the data, the model is expected\to reproduce the

: [ :
i data to within a factor of l.3¢ Some points fall well outg&de this range

| and these may be related to the delay of the composition in response to

\J

PR nagnetic heating which 1s nos % represented by che Ap index.
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The helium density ratios over the period spanned by the AE-C

database (Figure l6a) show somewhat more average scatter than those

for atomic oxygen but the number of poirts d}ﬁfariug greatly from the
modé%\is much smaller, The majority of thewaata fall within a factor
of l.g‘of the model. The slight rise in the average estimate with day
number may be due to the adopted aolaf activity coefficients or may be

spurious,

O

Average scatter of the density ratio with magnetic latitude (Figure
ki\
16b) is greatest i?,ﬁhé poiif region, This 1s expected since the

densitles are the @9st variable in the auroral zomnes.

- The 0000 MLT to OBOO,hLT,ragion shows the largest deviations of
the data from the model although several points near 1800 MLT are also
much lower than escimdééd (figure 469). These points lie neaf the
high latitude minimum observed in the long~term density study, an area
of very large density changes. The composition is verp. sensitive to
magnetic activity here and the same problems occur in modeling helium_ns

occured with atomic oxygen.

The helium density ratios for higher Ap values afe not appreciably
” further from the model in general than those for lower Ap va}ues,although
several points are well outside a fagtor ofviwo from unity for Ap values
above ten (Figure 16d). These points are few in number, though, and may

be caused by local effects.
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Figure 16a Ratios of model predictions to helium data between

75170.

74171

.25
73354

©

200 and 400 km for Ap values less than or equal to ten as

a function of year and day number (yyddd).
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MAGNETIC LOCAL TIME-

Figure 17 Power Iinput in the polar region at
June solstice due to Joule heating
(Nisbet ot al,, 1978).
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p factor of 1.5 up to Ap values of thiriy: 7he largest disc\epancies appear’ - id

to be in the polar regions;, mostly betwassk 0000 HLT and 0800 MLT, an area P
of strong ﬁlgnuc1¢ hcacingﬂauaggiaccd with chcﬁuua:wu:d clacb:oj:co The |
power input into the :33ion is rgig;iv:ly large as Bhown by Figure 17 “
(Nisbet et al., 1978) and nubscnacialkchanéga in th; conposition during
magnetic storme occur too rapidly to be adcﬁua:nly rapra;cn:ad by the

model in this :Qgion.

542 Comgar;aon of the Mapnetic Model and cha HS!S Ceographic Model - 1
with Longitude Terms to the Data i 3

4 The najor differences batween an empiricsal model organized in
nagnetic coordinaena _and one developed in o aeographic system might he

J e

Z
expected to occur %f c) polar region sincc the preatest denaicy |
variations uppcnr 4n t{ese areas ns a reuulc of restricted buc intense i
magnetic heating jn ch&gau:oral zones. The two coordinate ayatema also
differ ch; most 7 high Yatitudes. If the denaity variations nre‘not - B
adequately deseri?ed byyﬁagnetic lacitude and magnetic local time . ;
components, but manifest gignificant universal tiﬁe dependencies, the | e
data should exhibis\periodic changes with universal time. No such e

periodic structure is apparent 1nJeither éhe atomic oxygen or the %
helium residuals above 60° N or below 60° § geographic latitude as
- ! shown in Figures 18 and 19, The MSIS model with longitude terms (Hedin” o
. et al,, 1979) shows no ségnificané,periodicities either, of course, but

) ¥ i ¢
the scatter of helium is somawhag‘greater. This npay be the result of b
I

© using a larger database to constriict the MSIS model.
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For the AE~C data, the magnetic model seems to reproduce the high
latitude composition variations at least as well as the MSIS model with
longitude terms vhile using fewer parameters: It is also nuch more
convenient to use in particle aﬁd Joule heating studies since density
} " estimates can easily be made in the coordinate asystem to whicg these
energy deposition processes are relateds This is particularly impottant

for comparigson to theoretical models, where the number of coytdinates is

3

{

b . limited. | .-

k i I
| The low latitude behavior of the magnetic model is also quite

important and must be considered since the major energy input in the

%é equatorial rvegion, solar heating, is geographically con%fzgslled. This

o

has a much more uniform global structure than the auroral

o

e o L

% heat input and the main variations can be represeqﬁéd using lower order

4]

3

" { NfgfiiéAy h;fmonics. For these terms the magnetic and the geographic coordinates
are about the same towards the equator so’ that either systém should be
Ttg L satisfactory for moaeling che composition. The density taLios of data

% taken within 30° of the geog;aphic equator for the magnetic model show no
significan: periodicities in UT (Figures 20 and 21) and, in fact, are
generally smaller than the residuals associated with the SIS model,

T ) X s
P ) F a possibly for the same reason that the high latitude reshauals differ.
«-Fron the scatter in these\residuals, it can be seen that the magnetic

model represents the density variations as well as the MSIS geographic

model with ‘longitude terms at low_latitudes.
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5¢3 DPredictions of the Magnetic Model, the MSIS Ceographic Model

without Longitude Terms, and the MSIS Geographic Model with
Longitude Tarms o ‘
P~——

A comparison between the nagnetic model estimates and those of the .—.
two geograpﬁic models by countour plotting the 120 km distributions in

=D

magnetic latitude~nagnetic ldca%f&iw&Qcoording;es illustrates clearly the

[ .

najor differances between the mo&qﬁﬁyfm

Figures 22, 23, and 24 show the helium densities for all three models
for the same solar and magnetic activity conditions in the magnetic
coordinate system. The predictions of the MSIS geographic models for
various longitudes and universal times were, transferred to the magneé&c
coordinate system and put into bins of one hour MLT and 5° MLAT and then
aQeruged in ovder tb maké these plots. The high lntitu&e écructuregis

quite similar for the magnetic modél and the MSIS geographic model wich’

i
vy

longitude terms, hut ii.is almost completely smoothed out in &ha MSIS
geographic model without longitude terms. The importance of magnetic
position in modeling the neutral conce;:racions in the polar regilons is
seriously underestimated in the geographic model which has no longitude or

universal time dependencies.

Althqugh the Méis model with longitude terms has the capability of
reproducing both universal time and longitude variations simulﬁgneously,
the magnetic model reproduces the main feacures';f the data with fewer
terms. It also does not smooth out the high latitude density vgriagions
as does th; MSIS model without longitude terms, which has about the same

nunber of coefficients as Ehe magnetic model. The adv{intage of having a
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132-133
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i8h
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MAGNETIC LOCAL TIME

Figure 22 Contour representation of logp n(He) at

120 km in the southe a hemisphere for

the magnetic model at spring equinox for
Fi0.7 = 100 and Ap = 4,
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Figure 23
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133-134 -|3.4-|35 ->|35
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12h LOG n(Honzo(m )

Oh
MAGNETIC LOCAL TIME

Contour representation of log)o n(He) at

120 km in the southern hemisphere for the
MSIS geographic model with longitude terms
at spring equinox for Fy5 7 = 100 and Ap =

“.
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Figure 24 Contour representation of log1p n(He) at
| 120 km in the southern hemisphere for the
MSIS geographic model without longitude

terms at spring equinox for Fi10.7 = 100
! and Ap = 4,
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model which uaea magnetic coordinates to estimate the concentrations of

the neutrals in ntuﬂias of high latitudc energy inputs is that it is more

[v]

convenlent than using a gaographic model with longitude corrections whose

j
|

prodicéions must be transformed into magnetic coordinates and then

averaged, and more accurate than using a geographic model without

longitude corrections vQQj}fdoca not adequately reproduce the density
a

variations.
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CHAPTER VI

EFFECTS OF MAGNETIC ACTIVITY OH THE NEUTRAL.COMPOSITION

o

6«1 Response of Atonic Oxyzen to Enhanced Magnetic
Activity in the Region of the Westward Auronral
Electroiet

Joule heating in the regions of the auroral electrojets increases

—
B

markedly during magnetic disturbances. g}uctuncions in nagnetlc activicy

throughout these disturbances can be monitored by the auroral electrojet

indices (AE, AL, and AU), which attempt to measure the B field pertur-

bations produced by the electrojet currents and by the 3-hour ap or

daily Ap“indices, which reflect global changes in magnetie activity, so

e

that changes in the neutral atmosphere with magnetic¢ activity variations

L

may be modeled. Direct use of these indices in modeling fas, however,

several problems, There is a time delay between the Joule heating and the

T T

winds and density perturbations and a further time delay before these

affecﬁ densities at ‘lower latitudes, and this results in time delays

and storage phenomena (Wydra, 1975; Hedin et al., 1977c¢c). Therefore the

temperature and composition of the neutral thermosphere cannot be repre-

sented on a one~to-one basis with changes in the magnetic activity

indices. This is‘particularly important in the polar regions where the

energy input from magnetic storms is large and the density varilations are

substantial., Large errors occur in these areas in empirical models

because data taken when the magnetic activity level is low immediately -

after a storm are used to develop quiet time models without the time

history of the atmosphere being cohsidered.

‘W.,@, .
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f//: This problem is illustrated in Figure 25 whore the atomic oxygen
density at 120 km and the 3-hour ap index have been plotted through che(i
magno:icnlly disturbed period 16 ﬂnrch, 1974 to 21 March, 1974, The O
densities were determined in the same manner as in the long-Anrm analysis
and were reatricted to Sshto 60° MLAT and 0400 to 0700 MLT in order to
reduce density variations with magnetic ponipionf Although the 3~hour ap
index indicates the average trendc in the density variations, the
relations with the 0 density durtng the r acovecy from the disturbance of
16 March is very poor. The difference betueen the 0 densities here and
those aevetal days later after the atmosphere has recovered from the
mngnecia\qisturbance is greatev than a factor oi two, huc no indication of
this slow regggery is given by the J=hour ap index whtch is nearly

constant over this period.

The same type ofﬂbehaviot waacfound in the recovery phase of another
magnetié storm» Figure 26 shows the 0 densityiac 120 km between 55 and
60° MLAT and 0000 and 0300 HLT and the 3-hour ap index for the period 10
‘April.v1974 to 12 April, 1974. The densities do not return to quiet time
values for approximately 24 hours after the 3=hour ap shows low activity.
Again,- there is more than a factor of ULO difference in the 0 values over
this perind, hut essentially no change in the 3-hour ap index. Because

such wide density variatiomns with almost no change in ap values are
responsible for very lérge étrors in :he‘empiﬁical models, 1t would be
desirable to include the atmospheric storaé@ phgnomenon in aamagnecic

activity indicator which could be used, in modeling so that better,

estimates of the neutral densities throughout and(duting recovery fron-
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mugncéié storms could be determined. In the region of the westward
electrojet, the AL index is mout nearly related to the ionospheric current
system responsible for Joule heating and consequent density changes iﬁ the
neutral atmospheras ‘Therefore, this index will be used exclusively in
developing a magnetic activity indicator which will be related to atonmic
oxygen density changes near the westward electrojet for the two periods

exanined previously.

v

6+2 Ralation of a Magnetic Activity Indicator Based on
the Auroral Electrojet Index AL to the Atonic Oxyzen -
Density Durins Magnetic Disturbances 0

An indisator of magnetic activity which is closely related to the

neutral density Variat;bna which occur during mngnétic storms nust include
both time delay and enérgy storage effectss At high latitudes, tie delay
betﬁ;en.a magnetic disturbance-and the resulting changes in the neutral
atmosphere appears to be on the order of one hour (Prolss and Fricke,
1976)« To a first approximation of a magnetic storm lasting more than a

few hours, this delay time can be neglected.

<

Storage effects can be approximated by using the AL index in an

equation of the form

PR
P N
S

"

e L E AL(r? ) (E7E)/T gy (601)

where the time constant, T, can be adjusted to obtain closest agreecment
i 4 N
between this magnetic activity index and the neutral density variations.

w‘
| |

ii
I
i

i
i .

)

e e e




e e

T e AT

Q

=t

112
The atomic oxygen densities at 120 km for the period 16 March, 1974
to 21 March, 1974 and this index for twl hour are showm in Fizur¢v27- The ’
index responds as quickly as the atomic oxygen densitics to magnetic
activity increases but veturns to q%;cc tine values much more rapidly than

n(0) increases after the disturbance, supgesting a value of v which is

e o

mugh too small. For tel2 hours (Figurukza). the agreement between the ML

index and the O densities d?’ahorp onsat remains good and the raelation

\
N

during recovery is much closer, although the densities still increase more Z
slowly than the ML index dacrenaos after the dia:urhanca has passed. A
value of 24 hours for t (Figure 29) causes some delay in the !L index to

the onset of the storm, but gives an even closer relation between the

en densitiss during racovery. This relation is

significnncly beccpr than that obtained using the 3=hour ap index to model

the densicy_variationa. "
[t

2 p

The ML index for Twl2 hours also agrees more nearly with the 0
densities than did the 3-hour ap index during the recovery phase of the’
storm of 10 April, 1974 to 12 April, 1974 (Figure 30) althogghvthe ML
index returns to quiet ;ime values more vapidly than the 0 densities
increase. When T 13 lengthened to 24 hours, however, the atomic oxygen
density values increase more quickly than’the ML index decreases during
recovery (Figure 31). An upper limit of less than 24 hours Eor T in the
ML index 18 thus indicated for this storm. This value is consistent with
that obtained for the recovery phase of the first storm, though it appears

to be larger than required to represent the ongset. A value of T not

exceeding 12 hours appears to characterize this phase more closely.

NHE T, T 2T
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In spite of the difference in the time constants for the onset and i
52 ‘
: recovery phases of the two magnetic atorms, the ML index is muéh mnore %,
directly related to the 120 km atomic oxygen densities than is the 3=hour é' j
; ap index. Use of this index in empirical modeling could markedly_fedgga % j
v i |
} the errors in density estimates caused by the atmospheric response to
magnetic heating. This is an important aspect of modeling since these : “}
| errors can exceed a factor of two. 5
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CHAPTER VII
CONCLUS IONS
////
Y X ‘{/
7.1 Long-term Averages of Atomic Oxygen and Helium gk/

Averages of the atomic oxygen densities reduced to 120 km and the

heliuri denaities normalized to 300 km for each season have baen examined

in a magnetic coordinate syastem for various magnetic activity levels under *

both low and high solar activities. A persistent depletion region for
both constituents has been identified at high magnetic latitudes (>60°) in
the postmidnight magnetic local time sector for all seasons and all
magnetic activity levels examined.ggxcépt for helium in winter. It is
believed that the large seasonal variation in helium, at least a 25:1
ratio of winter to summer densities at 300 km, obacures this prominent
feature. This region of low densities seenms to be a permanent feature of
the polarjgﬁhrmosphere since it is present under both high and low solar

7
acttvit% conditions.

The location of the depletion region near the westward electrojet
supports the theory that Joule heating due to electric currents flowing in
the lonospliere causes upwelling of the neutral zas and a density decrease
in the reglon of heating for comstituents having less than the mean
molecular mass (Mayr and Volland, 1972¢; éjyer and Hays, 1973).
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Large density gradients in magnetic latitude and magnetic local time
near the area of low dechsities suggest that the localized energy sources
are comparable to or even greater than solar UV and EUV inputs in these

regions.

The relation of the density minima to nmagnetic coordinates indicates

7

that this coordinate system is well suited for modéling the neutral polar

thermosphere.

7.2 Global Empirical Density lodel
it #

}

fi &
An empirical model of the atomic oxygen and heliun distributions

O

above 120 km has been developed in magnetic coordinates and conmpared to

similar models based on the geographic coordinate system. °

The hngne:ic model and the MSIS geographic model with longitude terms
make similar predfctiona over the globe and show nearly equivalent
structure towards the magpecic poles. The MSIS geographic model without
longitude terms does not show the same structure as these modgls at high

nmagnetic latitudes, but rather gives highly averaged density estimates.

Although the MSIS model with longitude terms ha; ﬁhe capability of
reproducing both longitude and universal time variations of the densities
simultaneously, the magnetic nodel predicts very similar density values
while using fewer parameters. The magnetic model is alié based on a

coordinate system in which many impottaﬁtuhish latitude energy inputs are

organized which makes it a very convenient tool for use in a wide variety

of studies of the polar thermosphers.”
o :
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7.3 Auroral Activity and :ha Atonic Oxygen Diatribution \\
7 \

A magnetic activity index based on the auroral electrojet 1nd§x\AL
was develcped for comparison with the atomic oxygen data taken durini\&wo
magnatic stormse. The auroral electrojet index is a measure of the higg\\k .
latitude ionospheric current and hence of the Joule heating in this
region. The magnetic activity index was of the form, , \

2]

HL(t), = %f e ALt e~ (BT g (7:1) \

Values of the time conatant,T , weré found to range from 12 to 24

hours for storm recovery but less than 12 hours for storm onsate.

7.4 Supgestions for Future Reaearch

One of the most important areas where further work in global
enpirical modeling is needed lies in the respomse of the thermosphere to
magnetic disturbnnées. Current magnetic activity indices such as np(und
Xp are not wéll correlated with the ernergy input to the auror%%vfegisné
and to the resultant Joule heating. Major improvements in magnetic
activity corrections must be based on indices more directly related to the
actual energy deposition processas. Théﬁbes: current indices are the
auroral electrojet indices AU,:XL. and AE. Work should be done on the
theoretical and experimental relations of these indices to the Qpatial and

temporal variations of the energy inputs and on the atmospheric response
7 _

(Nisbet, 1980).

e




-

£y

Y

o

122

o7

i

Measuremants of lower altitude thermospheric temparatures over the
entira globe which are direct would also be of tremandous value. Such
information would permit variable lower boundary conditions based on
actual daeﬁ}co be employed in tke models and, thereby, expand enormously

the altitude range over which model predictions would be realistic.

Density and wind velocity data in the same region ynuld be

instrunental in determining the effacts of turbulence on the composition

and would serve as a valuable link between photochemical equilibrium
nodels at lower heights and diftusive equilibrium models at satellite

altitides.
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