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SUMMARY

\

In this thesis we give a brief description of the
atmosphericand ionosphericregions. This is done in Chapter
1. In Chapter Il we describe how the 0%, H¥, He®™ and 0" equtions
are derived using two different formulations. In Chapter
II] we investigate the downward flow of protons in a
collapsing post-sunset ionosphere. The time dependent
behaviour of Het under sunspot minimum conditions 1is
investigated in Chapter IV. This is achieved by numerical
solution of the 0%, H'™ and He®™ continuity and momentum
equations, treating He® as a minor ion with 0+ and HT as
major ions. Then we move on to investigate the behaviour
of 0%* using sunspot maximum parameters. In Chapter V, ot+
is treated theoretically as a minor ion with 0t and HT as
the major ions. In Chapter VI we extend the work of Chapter
[V, presenting a comparative study of Ht* and He® at sunspot
minimum and sunspot maximum. In this last chapter all three
ions, 0t, H* and He', are treated theoretically as major
ions and we concentrate mainly on light ion contents and
fluxes.

Tables and fiqures for each chapter are given at the
end of the corresponding chapter.

Modelling
Terrestrial Ionosphere
Mid-latitudes

O+, H+, He+, O++



ABSTRACT

E Following a brief description of the atmosphere and ionosphere in
“hapter I we describe how the equations of continuity and momentum for
0+, H+, Het, O++ are derived from the formulations of St-Maurice and
Schunk(*977) and Quegan et al.(1981) in Chapter II
In Chapter III we investigate the nature of the downward flow of protons
in a collapsing post-sunset ionosphere. We derive an analytical form for
the limiting temperature, we also note the importance of the polarization field
term and concluded that the flow will remain subsonic for realistic conditions.

The time-dependent behaviour of He™ under sunspot minimum conditions 1s
investigated in Chapter IV. This is achieved by numerical solution of the 07 ,
H* ande He"continuity and momentum equations ,treating He" as a minor ion
with 0¥ , HY as major ions. We found that Het flows upwards during the day-time
and downwards-during the nighttime. Het flux tube content reached a maximum on
the 8th day of the integration period and started to decreasing . This is due
to the large amount of H¥ present at the late stages of the integration period
which makes He' unable to diffuse through the H* layer away from the 10ss region.

{n Chapter V we investigate the behaviour of 0%" using sunspot max imum
parameters. Although our results support the findings of Geis and Young(1981)
shatothe large amounts of o** at the equator are caused mainly by thermal diffusion,
the model used by Geis and Young overemphesizes the effectiof thermal diffusion.

The importance of 0t*— 0% collision frequency is also noted .

In Chapter VI we extend the work of Chapter IV, presenting acomparative study
of H and He at sunspot minimum and sunspot maximum.In this last Chapter all
three ions, 07 ,H* and He* , are treated theoretically as major ions and we
concentrate mainly on light ion contents and fluxes. The results of this Chapter

indicate that by assuming He* as a minor ion we under-estimate He* and over-estimate
H* . Some interesting featuws concerning the day to day behaviour .gf the light

ion fluxes arise. In particular the day-time HY fluxes decrease from day to day

+n contrast to the work of Murphy et al.(1976). :

In appendix A we derive some analytical forms for the optical depth so that
the models can include a realistic description o7 photoionization .
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I INTRODUCTION

1.1 The neutral atmosphere; Structure and Composition.
The Earth's upper atmosphere is a complex medium. As
generally happens in the study of a complex natural system
nomenclature has been developed to describe the different
parts of the atmosphere (Chapman, 1950). The description
may be based on chemical composition or on temperature or

on the dominant physical processes.

The troposphere is the lowest atmospheric region and
begins at the Earth's surface. This region is character-
ised by its negative vertical temperature gradient which
leads to temperatures between 190°K (equator) and 220°K
(high latitudes). The relative composition of the air 1in
the troposphere is constant as far as the principal

constituents are concerned.

The stratosphere lies above the troposphere and 1s a
region of increasing temperature up to a maximum of about
270°K near 50 km. It was widely thought after the discovery
of the change in temperature aradient that the stratosphere
was a calm region and subject to molecular diffusion. It
is now known that turbulence exists and atmospheric mixing
to the extent of a constant relative composition for the
principal constituents has been verified by various
observations. Although atmospheric mixing is present in
the stratosphere, aeronomic reactions affecting minor

constituents result in variations in concentrations



of these gases which differ from the mixing distributions.
Ozone is particularly important in this regard since it

absorbs ultraviolet radiation harmful to life at the Earth's

surface.

The mesosphere is a region of decreasing temperature
between the stratopause and the mesopause, with a minimum of
temperature found at 855 km. The atmospheric conditions

at the mesopause are similar to those at the tropopause.

Because of oxidation processes and penetration of
ultraviolet radiation which dissociate polyatomic molecules,
the mesosphere is a more complex region than the stratosphere
or troposphere. In the three lowest regions of the terrest-
rial atmosphere turbulence prevails and the rate of miXxing
of the atmospheric gases is sufficiently rapid to produce a
uniform relative composition for the major constituents
(N,» 02, Ar, Co,). This region of uniform relative compos-
ition is called the homosphere and its uoper boundary, which
lies at altitude of approximately 100 km, is called the
turbopause. Within the homosphere the mean molecular mass
does not change significantly. Differences do exist,
however, since the heat source and losses are different in
the three regions. Thus, while the Farth's surface is the
principal source of heat for the troposphere, the heat
budget in the stratosphere is related to the absorption of

solar ultraviolet radiation by ozone and to atmospheric

infrared emission.



The region above the mesopause is called the thermo-

sphere. The behaviour of the atmosphere in this region
changes dramatically. Atomic oxygen becomes a permanent
constituent of the atmosphere and there is a positive
temperature gradient leading to temperatures greater than
1000°K. The large temperature gradient results from the
absorption of solar ultraviolet energy and the lack of any
effective means of thermal emission. The region of the
upper atmosphere, where mixing of the constituents by wind
and dissipative turbulence does not greatly affect the
vertical distribution of individual gases, is called
heterosphere. Figures 1 and 2 show the regions of the
atmosphere and an approximate distribution of neutral
constituents in the upper atmosphere. The rate at which
the concentration of a gas decreases with height may be
described by means of its scale height. The general
definition of the scale height is the distance in which the
concentration of the gas will change by a factor of e.
To obtain the alternative definition of scale height we
first note that a neutral atmospheric gas may be assumed to
obey the perfect gas law

P = nkT (r.1)
and when gravitational separation exists the hydrostatic
equation

dpP _ _
PR (1.2)

may be assumed to hold, where

P = partial pressure of the gas



n = number density

- 16
k = Boltzmann's constant = 1.38 x 10 ergs/deg

T = neutral temperature
m = molecular mass
g = gravitational acceleration

z = height.

Combining equations (1.1) and (1.2) gives

. mg
dz kT (1.3

1)
P
This equation leads to the alternative definition of the

scale height of a gas, H, namely

kT
H = 2
- (1.4)
so that
1 dP ]
L 1.5
P dz H ( )

For a completely mixed atmosphere these equations may still
be valid. However, n is then the total concentration and m
represents the mean molecular mass. These two definitions
are only equivalent for gases in diffusive eguilibrium in
isothermal regions. According to the definition (1.4) the
scale height of a gas 1s inversely proportional to its
molecular mass, so that the lighter gases, such as atomic
hydrogen, have larger scale heights and decay less rapidly

than the heavier gases.

For each gas there is a height at which turbulence

ceases or becomes less important and is overtaken by



molecular diffusion. This height is approximately the same

for each gas and is the turbopause. Below the turbopause
(i.e. in the homosphere) each gas decays as if its mass

was equal to the mean mass in that region,

1.¢e. |_<_I

mg

H =

3
where m = mean mass of atmosphere.

Above the turbopause, each neutral gas approaches a
distribution depending on its molecular mass. Therefore

in this region the heavier gases dominate at lower height
and decay more rapidly than the lighter gases which dominate
at greater heights. This separation process of the con-
stituent gases according to their own molecular mass 1S
called diffusive separation. It is sometimes referred to
more descriptively by gravitational separation, and the

gases are said to be 1in diffusive equilibrium.

1.2 Ionosnhere

The FEarth's ionosphere results from the passage of the
sun's radiation through the atmosphere. If the radiation
has sufficient energy 1t may dislodge an electron from a
neutral particle lying 1in its path, resulting in a
positively charged ion and an electron. This process of
production of charged particles by solar radiation is called
photoionization and is discussed in section 1.3. At the
top of the atmosphere relatively few ions and electrons
are produced by the sun's radiation because of the small

number of neutral particles available for photoionization.



As the radiation passes to denser regions more charged
particles are produced because of the increased neutral
density. However, simultaneously the radiation intensity
is decaying exponentially along the radiation path due to
absorption, and there must come a point where the photo-
ionization production rate starts to decrease. In this

way the opposing effect of exponential decrease of radiation
and exponential increase of neutral particles results in an
jonized layer. Layers formed in this way are called
Chapman Layers. The ionosphere is divided into layers or
ledges of ionization which are referred to as the D-, E-,
Fl— and FZ— regions, as shown in Fig. 3.

The D-and E- regions are only mentioned briefly here
since this work relates to the region of the atmosphere
above 200 km. These are regions of complex chemistry with
negative ions as well as positive ions 1in existence,
particularly in the D- region. The main ions of the E-
region are O:, NZ and No¥. The molecular ions of the D-

and E- regions recombine rapidly with electrons at night.

The F-region is subdivided into lower and upper regions
known as the Fl-region and FZ2-region respectively. The
transition from molecular ions to atomic ions occurs in
the Fl-region. The Fl-region is only a hesitation or
inflexion in the electron density profile. The lower
boundary of the Fl-region is round about 150 km. The F2-

region is a region of atomic ions whereas molecular ions



occupy the lower layers. Rocket and satellite observations
show that the predominant ionic constituent near the F2-
peak 1s O+, and it is found that there is finally a change
with increasing altitude from 0% to He™ and H™ in the top-

side region. The region in which H" dominates is called

the protonosphere.

The behaviour of the F2-region is very complicated.
Some of the parameters that affect the behaviour of the F-
region are solar ultraviolet radiation, the Earth's magnetic
field, composition and motion of the neutral atmosphere

and interaction with the thermal plasma above the F-region.

In fact the splitting of the F-region into F1- and F2-regions

is attributed to the ion-atom interchange reactions

followed by the dissociative recombination reactions
NOT + e > N+ 0
of 4+ e -0+ 0
2

These reactions provide an overall recombination process
between atomic oxygen ions and electrons. In the absence
of photochemical reactions, consideration of the sun's
radiation spectrum and different atomospheric constituents
would suggest two peaks in the photoionization production

rate, giving two Chapman layers, one at the level of the



E-lTayer and the other at the Fl-ledge. The increasing
electron density in and above the Fl-ledge can be_exp]ained
in terms of photoionization production and photochemical
loss determined by the above reactions. Although the photo-
ionization rate decreases above the Fl-region the loss rate
decreases even more rapidly,with the result that the electron
concentration increases. The decreasing loss rate is a
consequence of the rapid exponential decrease of molecular
oxygen and nitrogen with height. The increasing electron
concentration above the F2-region is halted by diffusion

and the F2 peak is formed around 300 km. The diffusive
separation that is often assumed to exist above the F2

peak is not as simple as diffusive separation of neutral
constituents. Although electrons and positively charged
ijons exist in this region they are held together by electric
forces. The ion-electron pairs then diffuse through the
neutral gas and settle out with a distribution corresponding
to an atomic mass equal to one half that of an atomic

oxygen ion. This is simply the average of the masses of

07 and an electron, since an electron has negligible mass.

This type of diffusion is called ambipolar diffusion.

In the lower F-region transpcrt processes have little
importance and the 0% densities can be obtained by assuming
a balance between photoionization and recombination, and
photochemical equilibrium is said to exist. Above about
2000 km 0% is in diffusive eauilibrium, i.e. the 07 flow

is negligible., In addition, at great altitudes the HF



profile often resembles a diffusive equilibrium profile.

However, the H' flow is not negligible. The pseudo-diffusive

equilibrium profile results from very few collisions occurr-
ing at great altitude. The 0" and HT layers are coupled

chemically by the charge exchange reaction.

and its reverse

These reactions provide production and loss processes
for both ionic constituents. The processes associated with

+ + . . . .
and H behaviour are summarised in Fig. 4.

0

A downward flux of HT dons from the protonosnhere 1is
thought to assist the maintenance of the night-time F-layer
via the above reaction (1.6). It has been suggested that
the collapse of temperature in the post-sunset ionosohere
induces this downward flux of protons with the possibility
of supersonic flow (Fontheim and Banks, 1972). This

possibility will be discussed in Chapter III.

In and above the F-region the Earth's magnetic field
is sufficiently strong to ensure that the ambipolar
diffusion described above takes place parallel to the
Farth's magnetic field. This situation is modified when
magnetic disturbances occur. This is discussed in section
1.4. The region in which the Earth's magnetic field

controls the dynamics of the atmosphere is called the



magnetosphere. It is difficult to define a lower limit,

since the movement of ijonization is geomagnetically

controlled at all heights above about 150 km (or even less);
but the magnetosphere certainly includes the whole atmos-
phere above the level at which ionized constituents become
predominant over neutral constituents. The boundary of the
geomagnetic field lies at about ten earth radii on the day
side of the Earth and at greater distance on the night
side. The simplest magnetic field which corresponds most
closely to the observed magnetic field of the Earth is that
of a central dipole. A better approximation to the field
is obtained if the dipole is inclined at an angle of about
11.5° to the geographic axis. Fig. 5 shows the Earth's
magnetic field lines for the centred dipole approximation.
With this approximation for the magnetic field, the Tines
of force, arc length along a field line and the sine and

cosine of the dip angle are given in Appendix B.

1.3 Theory of Photoionisation
The process in which a photon dislodges an electron
from a neutral particle is called photoionization. Since

* and He+ in the

this work examines the behaviour of 0+, H
upper atmosphere, production of these ions by photoioniz-
ation must be included in the mathematical models. Thus

here the basic theory of photoionization is discussed and

this leads to the photoionization production functions.

The basic theory of photoionization was developed by

10



Chapman (1937a,b). The theory considers the attenuation

of solar radiation as it passes downwards through the

atmosphere, and Qerives a general formula for the rate of
production of ionization, q, as a function of height h
and the sun's zenith angle x, assuming
(i) the radiation is monochromatic with photon
flux I(h) at height h,
(11) the atmosphere consists of only one

absorbing gas with concentration n(h).

it

Let o the cross section for absorption of radiation

n ionizing efficiency, the number of electrons
produced per photon absorbed. Thus for a single neutral
particle illuminated by monochromatic radiation, the
probability per unit time that a given molecule absorbs a
photon is Ioc and the probability of nroducing an ion/elec-
tron pair is Ion. This is sometimes called the ionizing
rate coefficient. Hence the rate of production of ioniz-

ation per unit volume is

q = lonn (1.8)

An elemental volume along the radiation path 15
g8s where s is a coordinate measuring length along the
radiation path. The number of molecules in this volume is
nods and thus the amount of radiation flux absorbed in this

volume 1is

§I = -I(noués) (1.9)

11



In the 1imit

d
EZ(]OQI) = - no (1.10)

[f s is measured such that it increases moving away
from the sun, then taking the sun to be an infinite

distance away

S S

D D
[1091] = - I onds s

- 00 - 00

where sp is the value of s at the point P (Figure 6 ).

Hence

(1 p
109{ D/Im} = - J onds , (1.11)

where I_ is the unattenuated photon flux leaving the sun

(1.9) can be written

Gnds} (1.12)

A quantity called the optical depth and denoted by T
i< often introduced as a measure of the attenuation of the

radiation. The optical depth is defined by

o]

T = 109{ ;_ } (1.13)

so that

It is clear from (1.10) that

12



One would expect the optical depth to have dimensions
of length. However, it is clear from (1.13) that it is a
dimensionless parameter. From equation (1.15) it can be
seen that v gives the number of molecules along the radiation

path that absorbs photons, i.e. © is the column content of

molecules from P to the sun.

Thus the problem of evaluating I in equation (1.14)
and consequently q in equation (1.8) has been reduced to
one of evaluating T in equation (1.15), which is the number

of molecules lying in the radiation path between P and the

sun.

In the actual atmosphere, the production g(x,x) 1is

more complicated and is given by

o0

q(x,x) = Ie " Jn.o.n.(h) (1.16)
1‘

Also on in equation (1.15) can be renlaced by Zoini.
i

The form of the optical depth 1 is derived in Appendix

1.4 The dynamic state of the plasmasphere

At low geomagnetic latitudes the plasmasphere represents
a region of relatively high ion density contained along the
closed lines of geomagnetic force. The topside ionosphere
in these regions 1is relatively quiet and corotates with the

+ + . .
Farth. Within the plasmasphere H and He  are the principal

13



ionic components above about 1500 km and undergo diurnal
flows along the magnetic field lines as a result of changes

: : +
in the F2 region (0") density and temperature.

The termination of the plasmasphere occurs at the
plasmasphere where there is a sharp latitudinal drop in
plasma density. Carpenter (1963) called the region where
the density dropped from a relatively normal density to a
substantially depressed one the whistler knee. Carpenter
suggested that the knee moved inwards with increasing
magnetic activity. The plasmapause location shows a general
decrease in radius with increasing magnetic activity
(Chappell et al, 1970). The plasmapause is usually

situated between L=3.5 and L=6 (Carpenter,1566).

The behaviour of the topside ionosphere outside the
plasmapause is very complex as a result of magnetospheric
convection. Due to the interaction of the solar wind with
the geomagnetic field, a large scale electric field is
established within the magnetosphere. This electric field
drives thermal plasma at altitudes above 150 km towards the
front of the magnetosphere in regions where the field lines
are closed, and towards the tail of the magnetosphere in
regions where field lines are open. When the solar wind is
sufficiently variable the Earth's magnetosphere is disturbed.
If the disturbance is sufficiently intense it is called a
magnetic storm. When a magnetic storm occurs the magneto-

sphere is compressed. This compression may cause explosive

14



processes within the magnetosphere. An individual explosive
process lasts typically for one to three hours, which is
much shorter than the duration of a typical magnetic storm.
These explosive processes are called magnetic substorms.

Thus a magnetic storm is usually followed by several

substorms.

Following the ideas of the theory of magnetospheric
convection, it is possible to understand the behaviour of
the thermal plasma in terms of motions of the magnetic
field lines themselves. Thus in the initial step of the
convection cycle, the dipole-like field lines from the Earth
become connected to the interplanetary magnetic field, at
the front of the magnetosphere. These field lines are then
swept back over the polar cap into the tail of the magneto-
sphere where they eventually reconnect in the vicinity of
the neutral sheet. During their traversal over the polar
cap the field lines are open to the interplanetary medium
and solar wind. Following reconnection in the tail of the
magnetosphere, the field tubes migrate around the Earth at
relatively low geomagnetic latitudes. As the field tubes
approach the front of the magnetosphere they begin to move
towards higher geomagnetic latitudes and eventually dis-
connect to begin the convection cycle. The behaviour of
the topside ionosphere is strongly affected by the convection
cycle. In the region of open field lines, H* and He® may
be accelerated along the field tubes to high speeds (Banks

et al., 1974, Raitt et al., 1975) resulting in a net loss



of plasma from the Earth. The Tow H+ and He+ densities and

) +
dominance of 0 to altitudes of 3000 - 5000 km at high

latitudes may result from this high speed outflow of lighter

ions, called the polar wind.

The magnetic and electric fields of the magnetosphere
satisfy the 'freezing in' equation

E+ VX8 =0

or Vo= ,since V is Pefﬂpendiculdf to B

where V is the velocity for the convective motion of the
field 1ines. Charged particles are then thought of as

being convected by the moving magnetic field.

When a magnetic storm occurs the plasmapause and mag-
netospheric convection region move to lower L-values, so
that the mid-latitude field lines are also convected into
the tail of the magnetosphere. After the storm the
convection region moves to higher L-values, leaving closed
field tubes with extremely low light ion concentrations
which the ionosphere then attemnts to refill. It has been
suggested that another magnetic storm occurs before replen-
ishment of the depleted field tubes is completed, so that
the ionosphere and magnetosphere, which are usually within

the closed corotating field tube region, are in a continual

dynamic state.

The replenishment of HY ions was examined by Murphy et

16



al. (1976). Their results suggest that it is extremely

unlikely that the protonosnhereis replenished before the
occurrence of another magnetic storm. They found that the
time required for total replenishment is well in excess of
the average time between magnetic storms or substorms, and
this is in agreement with the jdea that the mid-latitude

plasmasphere is in a continual dynamic state.

In this work we examine the time-denendent behaviour

+ ++ . . . .
of He and O in the mid-latitude plasmasphere treating
He+ and O++ as minor ions with 0" and The as major ions. We

+

also examine the behaviour of O+, H and He® when all three

ions are treated theoretically as major ions.

17
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IT EQUATIONS

2.1 INTRODUCTION

Early studies of the topside ionosphere by Johnson
(1960), Mange (1960), Kockarts and Nicolet (1963), Bauer
(1966) and others, restricted attention to static nonflow
models where the principal topside ions (O+, H™ and He+)
arranged themselves in stratified layers according to ion
mass. These models of the mid-latitude topside ionosphere
were extended by Walker (1967), and Schunk and Walker (1969),

to include thermal diffusion effects.

With the increasing evidence of a significant ionization
flow between the ionosphere and the protonosphere (Vassear
and Waidteufel, 1968; Evans, 1969; Evans et al., 1970;
Behnke, 1970; Evans, 1971a, 1971b; Hagen, 1972),more dynamic
models were considered. These dynamic models took account
of the relative flow between the interacting soecies (Banks
et al., 1971; Mayr et al., 1972; Nagy and Banks, 19723
Moffett and Murphy, 1973; Massa et al., 1974; Murphy et al.,
1976). These studies showed that ionization flow between
the ionosphere and protonosphere is strong enough to affect

the F-region and topside ionosphere. In all of these

studies except Murphy et al.(1976), thermal diffusion

effects are neglected. Later Schunk (1975) presented an

alternative approach to derive a general system of transport

equations for the Earth's upper atmosphere and ionosphere.

This approach 1s based on the work of Grad (1949,1958) and
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Burgers (1969). Schunk's system contains a continuity,

momen ;
entum, internal energy, pressure tensor and heat flow

equation for each species in a multi-constituent gas
mixture. These equations are obtained via method§ of
statistical mechanics and are based on the assumption that
macroscopically observed variables of a gas correspond to
those dynamical states that are most probable. The velocity
distribution function of a single particle is the density

of points in a six dimensional space, called phase space,
with coordinates made up of the space and velocity coordin-
ates. Boltzmann's equation includes a term resulting from

collisions. If the Boltzmann's equation is multiplied by

1, m.c
S

C.» Bm c?, m_c

C
s7s? s=5—

and m_c?c m_ = ma and ¢ = Vv _-U
$—S S s—=S ( S S5 nd -3 -5 -5’

where VY _ is the velocity and Es is the average velocity)
and integrated over the velocity space, we obtain, respect-
ively, the continuity, momentum, internal energy, pressure
tensor, and heat flow equations for each species s in a gas
mixture. Therefore Schunk's system orovides a better
description of transport for situations where the species
of a gas mixture have separate flow velocities and temper-

atures. Also this system takes account of ordinary and

thermal diffusion.

Using Schunk's general system of equations, St.-Maurice
and Schunk (1977) derived diffusion and heat flow equations

for the mid-latitude topside ionosphere where temperature

differences are often  small. Their theoretical formulation

assumed that the gas mixture was composed of two major ions,
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electr ) .
ons and a number of minor ions. In the work presented

here, the behaviour of He® js investigated at mid-latitudes.
In Chapter IV the formulation of St. Maurice and Schunk is
used, and we assume that He' is a minor ion, with 0" and HT
treated as major ions. Their formulation is also used here
to investigate the behaviour of 0t at mid-latitudes -
again taking 0" and H' as major ions and 0°" as the minor
ion. The equations of continuity and momentum, based on
the formulation of St.-Maurice and Schunk, are presented

in section 2.2.

More recently Quegan et al. (1981) have derived a
system of diffusion and heat flow equations allowing for
three major ions. Their formulation allows a more detailed
study of the mid-latitude ionosphere in which O+, H and
Het can all be treated as major ions. The results of this
study are presented in Chapter VI. The study is carried
out not only with the purpose of Tooking for new features
in the He'™ behaviour (compared to the model treating He ™
as a minor ion) but also to re-examine H* behaviour with
the additional influence of He®. In the previous studies
of Murphy et al. (1976), Bailey et al.(1978), Bailey et al.
(1979), He' was not included in the calculations. The
continuity and momentum equations based on the formulation
are presented in section 2.3.

of Quegan et al.

The numerical procedure used to solve the system of

equations is described 1in section 2.4.
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2.2 EQUATIONS - Two major ions formulation.

When St.-Maurice and Schunk (]977) applied Schunk's
general system to the mid-latitude topside ionosphere, they
made some simplifying assumptions. As mentioned before,
they assumed a fully ionised plasma composed of two major
ions, electrons and a number of minor jons, and that the
species temperature and flow velocity differences are
small. Those assumptions are often realistic for the mid-
latitude topside ionosphere. They also neglected density

and temperature gradients perpendicular to the geomagnetic

field lines.

With these simplifying assumptions, the momentum

equation derived in the above manner can be written as

UPg-ngmes - nge b = - nsms%vﬁz(gshgt) ¥
3 Mot [ Ps J
+ )V q. - —q (2.1)

and the heat flow equation can be written as

kP () uee Too )
5 S _ 4 N .3 Tst S _
—ETZTS—SS{B—\)SS+2\)St{DSt+2T?—‘J

S 2

st m. T oy —t
t#s st
m_v
3 T t st _ 2.0
) Ps 2 ms+mtcgs up) (z.2)
t#s
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The continuity equation is given by

on
S
Br fLngug) = Pl (2.3)
where
*a \
16/ MeNy H 2.2
e st S, (2.4)
s Mt ZkTSt Hot
st 7o MsMe g Mpl/img e ome)t o (205)
(+) 6 , 3
O = (g - g /ing v om) . (2.6)
m_m
_ st
st T @ , (2.7)
t
m T +m,7T
_ s's tt
Tst © m_+m . (2.8)
t

TnA is the Coulomb logarithm (Burger,1969; Schunk,1975),

n. is the number density,
me is the mass ,

Z is the species charge ,
E  is the electric field .,
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G is the acceleration due to gravity

3

u is the flow velocity

3

TS is the species temperature

3

PS = nSkTS , 1s the partial pressure

b

q is the heat flow vector

S

P is the production of species s

3

L is the loss of species s

3

t is the time

k is the Boltzmann's constant

3

and the suffices s and t take the values 1,2,3 and e, which

correspond to O+, H+, He™ andelectrons respectively.

The ion and electron densities and flow velocities are
not independent, but are coupled through the requirements
of charge neutrality and charge conservation. In the steady

state, these requirements become

nz =0 (2.10)

and
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Ingzu. =0 (2.17)

provided no current flows parallel to the geomagnetic

field.

In section 2.2.1 we use the St.-Maurice and Schunk
(197 7) formulation to derive the moementum and continuity
equations with 0" and H as major ions, and in section
2.2.2 we also use their formulation to derive the momentum
and continuity equations for He' as a minor ion. Based on
the same formulation we derive the 0°F momentum and

continuity equations in section 2.2.3, treating 0t as a

minor ion.

2.2.1 0" and H" Equations

Momentum equations.

We describe briefly how the 0" and H" momentum equations
are obtained in their classical form for situations where
the He™ densities are so small that He ™ does not influence
the behaviour of 0F and HY. Further details are given by
St.-Maurice and Schunk (1977). We also manipulate these
equations and the continuity equations so that they are in

a suitable form to be solved numerically.

Substituting s = 1,2,e respectively, 1in equation (2.2),
we obtain three equations which can be solved to obtain

explicit expressions for the heat flow vectors q,s 4, and
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3

er Using these expnressions for the heat flow vectors, it

is possible to derive the diffusion equations in their

classical form. Since electrons are more mobile than ions,

the electrons establish the polarisation electrostatic field.

Setting s = e in equation (2.1) and substituting for the

heat flow vectors, we obtain

where we have neglected ﬁg and EE compared to terms of

1 2
order one. When we substitute (2.12) in the ion momentum

equations, the terms that contain relative flow will be

Me )3 Mea :
neglected since they are of order /ml} and [ /mz}
or smaller in comparison with other terms. Therefore,

effectively, the polarisation electrostatic field becomes

15/2(n,z3+n,2z2)

- n e g{n,z,+n,z,) + 13/2(n,z7+n,z7)

kvT
e

where we have used the collision frequency expression (2.4)

and the equation for charge neutrality (2.10). Using the

fact that z, = z, = 1, where z is the 1on charge number,
ef - - Lyp - 1527 yor_ . (2.13)

ne & g8+ 13/2
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The second term on the right-hand side of (2.13)

represents the influence of thermal diffusion.,

The 07 and #* diffusion equations are obtained by

setting s = 1 and 2 respectively in equation (2

1),

using

equation (2.13) for the polarisation electrostatic field

and substituting for the ion flow velocities. These

diffusion equations are as follows.

The 0F diffusion equation takes the form

n,- 1! kT, ! Na -e
*
(1‘Y1> n, BT DY)
+ VI, + —— | — VT,- — VT
T, - € ny+n, 1 1

m.G T /T
u = L Dz{] )" o + ;LVTZ + £ Vn
-2 — n, - kT, Ty - e
*
(1-v.) n o o
N 2 VT _ 1 12 VT _ ___lE ,\ZT
T e n +n, T, T

where D , D are the ordinary diffusion coefficients
1 2

* . - - a
e thermal diffusion coefficients.
and s G Y and y, ar

These coefficients are given by

kT,

1 M Vi (1-481)
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Y

where

12

and the collision frequencies v

g1l w

+

n,

, is the electron density

ee’ v

vV

el) ez)

frequencies

H f 1

and the effective col1isions>vé, Vi, v, VY,

given in Appendix C.
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The coefficients Y, and vy
2

the

can be expressed

collision frequencies, and the results are

n12122<21_22)

2 2
13/7(nlzl+n222) +nz,

+ n

o 1s5/7
(1 = “?;—
8
and
. - -1572
2 8 13/2

and therefore

in terms of

ion and electron parameters by using the electron

In our model, we assume that the ions have a common temper-

ature, 1.e. T =T =

1 2

This lteads to

where

B, = 0.149481

b
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o
i

, = 1.25052 +0.5831/n, , B = 2.7505 + 2.3324n

n
n,

This agrees with the thermal diffusion coefficient given

by Schunk and Walker (1969).

Taking the component of equations (2.14) and (2.15)

along the field line we get

dg kT]' T 1 e)

- .]anl m} . ] 3 \
u, =u, - D T +——gsinl + ~T §§(T'+T

T /7. n T
e’ 1 3 2
+ ne gg'(”1+”z) + R o s
+ v ucos] (2.26)
and
an m
] 2 123
SRR O Y
i
T /T n, aTi
! n.+n_) - o
' Mg 05 (my+n, ny*n, 9s
+ Vv ucos I (2.27)

where s i< a coordinate along the field line, I is the
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magnetic dip angle.,¥he
equations (2.26) and (2.27)
and u is the neutral wind speed.
P = n kT.

1

1

s P,) = nszi

to obtain equations (2.26) and (2.27).

[t easily follows from the definition of collision

frequency that

o
~

3

—

n 2
2

—
Na 3s

1‘

-+

m

21

2 —
+m__1_¢2\) (] A
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is due to neutral

and P
e

Vo ucosIJ
16

last term on the right-hand side of

We have used the relations

=n kT
e e

) + gsinl

2 )

collisions

(2.28)



+
and the H momentum eéquation becomes,

9 _ . k 3 T on
= 109(ﬂ2) = {-[? sin I +[ﬁ’{_‘(T~ + 7T n FS 1

2 [3s ] 2 e 95
n aT. N
- Lo - V_ucos I
ne S 20
¢2 m,
- _z.(v20+ Vo (T-4,)+ —; Vi, (1-Au) }

where C = o, + @2 (Mayr, 1968).

To take account of the Earth's rotation, we must
include the centrifugal force. The centrifugal acceler-
ation of a particle is QX(QXR), where € is the angular
velocity of the Earth and R is the shortest distance of
the particle from the geographic axis. Note that this
assumes that the atmosphere is rotating with the same

speed as the Earth. It can be shown that the component

of the acceleration along a field Tine is

Q%r sind cos (6-1)

where 6 denotes colatitude and r is the distance from the

centre of the Earth. To take account of the centrifugal
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force we must include

n,2%rsing cos (8-1)

and
Q%rsingcos (6-1)

in equations (2.28) and (2.29) respectively.

The Continuity Equations:

The 0 continuity equation takes the form

3“1
5T + V.(nlgl) = P -L , (2.30)
where P1 ia 0F production and L1 is 07 loss. As mentioned

before, in the magnetosphere it is generally aégumed that

"W the absence of external electric u/‘/C/aCS‘_ - the charged

particle flow is field-aligned. The field aligned velocity

may be expressed in the form

where B = |B|. It follows that
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Further, since div(ﬁ) = 0, then

) nou- i
dwv(nIH ) = B.V L1 I
5B
3 ¢
= BS; Ti J (2.31)

+ . :
and the 0 continuity equation can be written as

(2.32)

Q2
=
H
o
t
—
i
o
Q2
N
©-
~—. —

We now substitute equation (2.28) into equation (2.32), and
split the term P.- L into two parts, one of which is
proportional to the O+ number density, N and one which is
not proportional to n,. The functions o and o are thus

2

defined by

an +a =P - L (2.32")

The forms of o, and o« will be given later on, when we
2
consider production and loss processes. The equation

resulting from the substitution can be written as

an 32n an

+ D (2.33)
D gt " 357 '3

n 3
2 1 3

where
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voE v o F v, (T8 ) (2.34a)
Do = A, (2.34b)
D =24 a2 (10gy B) + E + gsinl (2.34c)
' 3s 3s !

_ 9F 3 . . )
D = . + gg(g sinl) - (E+gsinl) 5;{1og v, B) - v, ,

(2.34d)
D3 = v a, (2.34e)
with
n
A = LS T. + — 7
m_1 1 ne e
T 9n

_ ok b e 2

E = ﬁ? 5;<T +Ti> + —g = ] - slz¢2 vV, ucos I
and
\)12

512: ‘—;(]*Alz)
The HT continuity equation can be written as
an 0]

2+B-3_I_i =P oL (2.35)
5t as| B 2 2

where P and L2 are the H' production and loss respectively.
2
By integrating equation (2.35), the following form is

obtained
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S °E SE |
[ @2 } _ { 1 p L 8nz q
= - gl P b o . (2.36)

In this equation the upper 1limit, Sgs denotes the equatorial

value of the arc length, s, along a field line. Assuming
a zero flux across the equator (i.e. ¢7(SE) = 0), gives
(SE - an_
s,t) = -B(s P - L - —= ds 2.37
6, (s,t) ()Js Tl B (2.37)

Similarly, the of continuity eauation (2.32) can be

integrated to give

AEC1 S
o (s,t) = -8(s) — | P - Ll-—l— ds (2.38)

and the function C(s,t) is given by

1 an on

SE
C(s,t) = —B(S)J o :

+

2.2.2 He EQUATIONS

We consider a fully ionized plasma composed of two
major 1ions, 0% and H+, electrons and a minor ion, namely

+

. + .
He Under these circumstances the He momentum equation,
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derived by St.-Maurice and Schunk, can be expressed in the

form

where the

diffusion

and v_ =
3

(

L
A

ordinary (D3> and thermal <81’82’83and Ys)

B VT +8 VT +8 VT 1
3- 3 1— 1 2 — 2

coefficients are given by

kTa/m3
Vg (T1=8, )+v (1‘A39
15 My /Mg g bt Vst 's
8 V-t t=;,, M vig T, St
(s = 1,2 and 3)
n
e

13(vel+ve ) + 8vee

-5_”]—3 mé 73 Ta My V3 T32"
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.40)

471)

.42)
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2.44
3N Va(1-05) + Va(l-8y) ( )
g Hp VY 1
RIZ: Z . 12' ] u,ovoo Y 4y v Y (2.45)
8 m? v 1-¢ 31 n 2 T2 2 |’
1 1
Vi Vo
o = (2.46)
V.V

The quantities h A and R,, can be obtained from

the last equations by interchanging the subscripts 1 and 2.

Also
v v V!
v, =1 - —-2 = : (2.47)
Vi v, Vi
\)l
Vo= Y1 , (2.48)
12 11 VZ
Yy =Y = - (1-8) , (2.49)

31 32

Y and Y can be obtained by interchanging the sub-
22 21

scripts 1 and 2.

Equation (2.39) has been derived from the momentum and
heat flow equations (2.1) and (2.2) with s = 3 to correspond
to Het. Terms of order (me/mt)% (t=1,2,3) are neglected

and it is assumed that
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n3
—= << ]
n
e
. Het . ) . 3
sinceé ne s being treated as a minor ion. Small ion

temperature differences are also assumed in deriving
equation (2.39). 1In fact, in our model we assume that the
ions have a common temperature (i.e. T =T :T3=Ti) and

equation (2.39) simplifies further.

Electron-ion and electron-electron interactions
influence the thermal diffusion coefficient Y, - The
coefficient Y, can be expressed in terms of the ion and
electron parameters by using the electron collision

frequencies and the result is

3 8

= z2(n.z +n_z_)-z _ (n_z2%+n_2z?2)
15/2 3 151 252 3 171 272 (2.50>
1

3/2
8

2 2
+ +
(nlzl+n222) nz tn z,

and since all the three ions have the same charge

(zl=22:23=1), then

When the ions have a common temperature, Ti’ the

thermal diffusion term in equation (2.39) becomes

]
;—'(81+62+83)VT1
.]'

Furthermore, B +B +B reduces to the thermal diffusion
’ 1 2 3
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coefficient B8 given by Schunk and Walker (1969) and is

given by
m m \
3 =—§{—1 + 2.7 —2 == T TMa )
]+m13 T4m,, 2 Ri3 Y+Ry
3
- E(Ql+02) (2
where
1
Q = (]+m12)b (nlszmBl)
1 (]'H'ﬂ )% B2 5 > <2
1 ( 17 283)
1
9 - 1+m12 1 (B3/n12 -8,) 5
2 Rt (1+m,, )4 (B2-B B ) (
"3 1 273
. 1+m 2
1 2
o= (m12)2 [ 3] N ? (2
1+m13
13m2 +16m._ +30
R13: 13 = ] (2
10(1+m )
2
. 13m3, +16m,, +30 , (2
2 10(1+m,, )
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S

st T oF, (sendt=1.23) (2.57)
nl

n, = = , (2.58)

and the other variables are as defined before.

Now take the component of eguation (2.39) along the

field line and use the definition ¢,= n,u, and after

rearranging the result, the He™ momentum equation takes

the form
210 (n,) = §- inl+ LS 8(T ;T )+ Te a(n +n, )
35 gin,) = gs m, T it e ﬁ‘e"g 1 2
9
- B -T.]- v ucos I +
3s 1 30
¢3
oV TNy Ty, ﬁ: *
Ny kTi
3 2 2.59
' Ny ¢1+ nzd)2 ™ ( |
where
2.60
Ny = \)31(1_A31>_ R12+Rn ’ ( )
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w) TRy R, (2.61)

Th + Lo .
e He continuity equation can be written in the form

an3+8 ¢3*PL ) e
3t 5s | B | T Ta T ’ (2.62)
where
+ .
P3 = He Production ,
L. = He™ oss

Integrating equation (2.62) and assuming a zero flux

across the equator (i.e. ¢3(SE) = 0) we get,

where we have used the assumption that the He™ dons flow
parallel to the field line to put the Het continuity

equation in the form (2.62).

2.2.3 0" EQUATIONS

In this section we consider a fully-ionized plasma

+ + .
composed of two major jons 0 and H , electrons and a minor

ion, namely 0t*. Assuming that the species temperature and
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flow velocity differences are small and neglecting density

and temperature gradients perpendicular to geomagnetic

field lines, the o't

momentum equation can be derived in
the same way as we derived the He™ momentum equation. The

resulting equation can be put in the form

- 37T 3T T3
5o log(n,) = {{G sinl+ —k—[ ‘4 0.302 &, ele
3 n

) kT
+ sq2(1-qu)¢2J\, { m“ J (2.64)

where the suffix 4 is attached to varijables associated with

the 07F jon. Also

S = v /n R
41 ] 1
= n
S o Vo, / s
n =n, +n, = electron density ,
e

the thermal diffusion coefficients 81’ 82and'8u are given

by equation (2.41) with s = 1,2 and 4, and the other
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variables are as defined before.

are given in Appendix C.

In our model

we assume that the

The collision frequencies

ions have a common

temperature, Ti’ this will enable us to simplify the last

equat

BH

ion.

reduce to the thermal

The thermaldiffusion coefficients By, B

by Schunk and Walker (1969):

where

diffusion coefficient,

and

B, given

m m m.y +m
14 24 14 2n
w2 +m 1+m, % R,Y +R
1 2 ” o2
3
- E (Q1+Q2> 3
m, m,
m11+ = -rﬁ.-;- 5 m21+= "[‘n‘q‘ s
%
1 (1+my, ) n,B8,-8,
07 = 2 B2 -B, B
z: (T+my, ) 1 ~ Dby B3
n,B,-B, ]
= 5.83095 ’
1'B283
1 (]+m12)% 1 [ Ba/nlz-Bl }
Q, = 3 T 2 _
z Z; (1+m2u) /2 mi B 8,8,
B3/n12-81 }
= 76471 ———— ’
3 2_.B B
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Bl, B2 and B3 are as given before

Z1 7

with z = — s = _2
12 22 24 ZL} ?
Z1 = Z?. = ] and ZL} = 7 s

1.54885n

13m2 +16m  +30
14 1

10(1+m )

i

2.9500 ,
and

13m? +16m2 +30

24 4

24

10(1+mZQ

2.92243.

1

The 0°F continuity equation can be written in the same
way as we have written the previous continuity equations,

and it takes the form

Mg LSS (2.65)
3t 3s | B
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where

. +
P, is 0 " production

L is ofT

N Joss.

By integrating this equation and assuming a zero flux

across the equator, we get

°E
¢, (s) = -B(S)J 1 { P, =L, - — }ds (2.65)

2.3 EQUATIONS - The Three Ions Forumlation

In the previous sections we represented our equations
with the assumption that He+ was a minor ion, which means
1ts existence would not affect the two major ions, o* and HT.
In this section we will follow the work of Quegan et al.
(1981), who extended the work of St.-Maurice and Schunk
(197 7) and Conrad and Schunk (1979) to allow for three major
ions. The extended equations will be used in Chapter VI.
to examine the effect of He® as a major ion on the other

two major ions. With the new formulation, the diffusion

equation for constituent i is given by:

h o | Lo, + Lot - 2,
Uu. = h..u. + h, u - U.p =¥, T =i
=] 1J—] ik=k 1 n] T_l kT.l
Z.=Y.:)
. Z_]Te yn‘ N ( 1 i yT +
T n T. €
i € 1
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AT
* (Bi'gij'gik>J (2.66)

where the thermal diffusion coefficients, B8 and Bft are
S st

given by
-15 kT
B, = —— . Svstu (Vo= Yeue) »  (2.67)
8(1-¢) moy! stu su
SIS
S T S (2.68)
st m. t s .
8(]- i S TuU
(1-g) 7t movy
the ordinary diffusion coefficient, Ds’ is given by
i kTS )
D, = — . , (2.69)
S vst(1—ASt)+vsu(1~Asu)
and the drag coefficient, hst is given by
v . (1-4_.)-R +R
hst - st st stu sut (hst+hsu = 1), (2.70)
vst(1_Ast)+vsu(]'Asu)
with
vi.v'i.v v!'.vli.v
ik "ki“i] kj ji ik
E:EJk+gk1+E1J+ Ly 1y, ¥ Py ty ! ’
UERVERS vaj K
v! v%
S
E"St = Stl = gtS ?
VeV
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stu

Qst

stu

stu

stu

stu

st

Ust

stu

QstW

stu

o w

Su ust

vtuest
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The thermal diffusion coefficient Y, can be written, using

charge neutrality, as

15 - -
. zs{ntzt(zS z,) + nuzu(zS z,)] o)

13(n_z%+n,22+n z2 S
( z;+n z2) 4+ /E(nszs+ntzt+nuzu)

S's tTt utu

For singly charged ions z, = 1, and since O+, H" and He™
have the same charge, then Yo = 0. In ecquation (2.66) we

have assumed that ions have a common temnerature.

Now we can write equation (2.66) in the form

(i iy = gy = Ryg + Ry Uy + (g - Ry s+ RS DUy
kT1
+ —— A (2.72)
m. -
with
nst = \V t(-l‘ASt) b
and 8 T 7
A L Ly Niz + =5 e
AF Y TS T n
n] T1 kTi Ti e
vT 9T * *
— e — 1
f = (B "By " Biy)
T. T i 1] ik
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0" FoUATIONS

Putting i, j and k equal to 1, 2 and 3 respectively,

+ :
the 0 momentum equation can be written as

(nlz +n13)y_1 T Yy Ty Uy S (R123 _R132)(~3 _£2>
kT. T m T ¥n
- rnwl ﬁLYnl<+;LZT L a1
1 1 Ti ! I LIPS
;
Y.Te Y_T] * *
+ ——TT—- + T(Bl - . “813) (2.73)
i i

Taking the field aligned component of the last

equation, we get

(m +T]13>U1 - ﬂ12U2+ﬂ13U3+(R123“R132)<U3-U2)

12

1 n

 [T5 30y g
_gsqnz—.rh._.—l +—a———— (T]+Te>

(2.74)

T an % . oT.

e e 1

Sy * (81.'812'813) }
e

This can be put in the form
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_ K 3 x« % OT. To 5 \
m {gg(Ti+Te) +(Bl~812-819~§;-+ ﬁ;_..é_.s.(anrng)J
(2.75)
and setting
Ny = N, 0t vy = vp(1-8) +v (1-8 ) + v, ,
n
A = ——‘i— Ti +__£Te
m, . ,
k Te a * * BT_]
" _nTl_{_S_(T1+T >+_n—; a_s—(n2+n3) ¥ (81'612— 813)Ts}
TN Uy TNy Uy (R Rm)(u3—u2) -v_ucoslI
gives
ony
n,¢6 =-A— - (E+gsinI)n . (2.76)
Pl 3s

Substituting for ¢, from (2.71), the o* continuity equation

becomes

— = ! v p — + D,n, + D (2.77)
nl 3t D0 882 1 35 2 1 3
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where

2 9s 35

D, = A
3 A 3 .
m = 5g A§§1oﬂnﬁ)+E+gsmI
_3E 3 . . 3
D = =+ —(gsinl)- (E+gsin I) g7 toa(n,B) - ne,

o
"

=

2

where o and a, are the same as in equation (2.32") and their
forms will be given later on, when we consider the O+
production and loss processes. The numerical procedure

used to solve equation (2.77) is discussed in section 2.4.

+

H EQUATIONS

By interchanging 1 and 2 in equation (2.74), the HY

momentum equation takes the form

(n21+ anuz =N, U, N, u, (R213 —Rzn)(u3~u1)
T. 3n
k i 2 9
- inl - —| — — + —(T.+T +
35 m,| N, 3s 3s | e
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T an T
e e * * i
+ﬁ_ “_‘L(Bz'Bm'B —}

e 22 53 (2.78)
This can be put in the fornm
‘ ( n, ] « s 3T.
— T, +— T {——lo0gn = - i - — | (T. - -R !
mzL RS PP T I M, as(T1+Te)+<82 B8 29) 3s
Te 3
= E;E;( n,+n,) | tn, lu, =u,)
e J
t U - )+(R231_R213)<u1_u3)
+Vv ucos I (2.74)
20
where
Mo :\)21“—6’1) ’
Mo ~ \)23<-l ) e23>

_(nm tonylugt ﬂnug+n2u1+ Rp Uy = Ry,
. - R, or
where RZ Rzu 2z
¢2 (n21+R2)
- J—. "R u + -
(”23+ n21>n2 * (nm ) 3 ni (¢ ¢2)
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since C = ¢>1 + ¢ Continuing, these terms can be written
"(n + n_ 4R R
23 21 21 2 P21+ 2
o e ¢ + |———|C + - R, )u
i n, 1 { n, 2 | n, <n23 2) 3

Hence the H+ momentum equation takes the form

2

3 . kD
— 1T -—TeJ B—S-Uognz)— gsinl ?n——{s-g(TeJrTi)

2

Sits
T
—

+
-0
(D
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+ v _ucos I (2.80)
20 ’

Het EQUATIONS -

By interchanging 2 and 3 in equation (2.79) the He™

momentum equation takes the form

n, ]
k 3 3
ﬁ;{Ti +'F_T8J =<(loan)
L

8T. T
. k {9 i, e 39
= -@gsin I - —ﬁ;‘r‘a*é—(‘]—] +Te) + <B3‘831 ‘832) 3C Tﬁ; —g—g(nl +n2)
L
* n31(ul“u3)+n32(u - u )+(R321"R312)(U1“U2)
+ v, ucos I (2.81)

2 4 Numerical Procedure

The first stage of the numerical procedure is to
determine the points of the celected field line at which the
+ + + ++
concentrations and fluxes of 0, H He and O are to be

calculated. These points will be placed As apart and will

be referred to as the labelled points of the field Tine.
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To determine these points we need to know the total Tength

of the field Tine and this can be done using the arc length

equation for a dipole field, namely

s(x) = —2—/%(x + sinh(x)cosh(x)) , (2.82)

where sinhx = /3 cos 8.

The arc length equation, (2.82) is derived in Appendix B.
The total length of the field line is calculated by
evaluating equation (2.82) for 8 = T%. After knowing the
total length of the field line we start stepping down the
field Tine. The momentum equations for H+, He+ and O++

are solved for 1og(ni) where n. is the number density of H+,
He™ or 07Y. At great altitudes 1og(ni) varies approximately
linearly, so we can choose Targe step lengths and as we go
down the field line we use smaller step lengths. This 1s
necessary because the variables change more rapidly at

lower altitudes. The same step lengths are used for O+. It
is assumed that 0" is in diffusive equilibrium above 2000 km.

A1l the calculations are carried out for L = 3. The selected

step lengths for the field line at L = 3 are

As = 1000 km for s(3000 km) < s < s(equator)
As = 100 km for s(1500 km) < s < s(3000 km)
As = 20 km for s(1000 km) < s < s(1500 km)
As = 10 km for s{(200 km) < s < s(1000 km),

where s(x km) is the nearest labelled point of the field

line to the altitude x km. At each labelled point we
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calculate the height and colatitude, since several variables

are functions of these variables.

After determining the labelled points and the height
and colatitude at these points, we solve the equations for
O+, H+, He™ and 07, The order of the calculation is as
follows. We begin by calculating 0" number densities and
fluxes at each new time followed by the calculation of HE

and then He+ or O++.

The 07 Procedure.

The 0 calculation is divided into two parts,.below
2000 km and at and above 2000 km. If we denote the labelled
point at about 2000 km by SN and the labelled point at

about 200 km by s then between SN and Sm the 07 number

M b
density is calculated by numerical solution of equation
(2.34). This is done using a fully implicit finite differ-

ence procedure (Laasonen, 1949). To do this we need to make

the following approximations

5n - n(i,j+1)-n(i,3) (2.83a)
3t rt

'—1)n(i,j+1)-A§(i—1)n(i+1,j+1)

an _ As(1)n(1—1,J+1)+ﬁ5(1-1)(As(1)—As(1
9s as(i)as(i-1)(as(i-1)+as(1))
(2.83b)
3%n . Z(As(i)n(i—],j+])-(As(i)+As(i-]))n(i,j+1)+As(1)n(i+],j+1)l ,
5s? As(i)As(i—])(As(i—])+As(1)) (2.83¢)
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where At and As denotes the time step and the arc “length

step respectively and i and j are such that t = t +jot and
s(1) = Svax T ? As(i). If we substitute these approximations
in equation (2.33) and arrange the resulting equation so that
all n's evaluated at t+At are on the left-hand side of the
equation, and all n's evaluated at time t are on the

right-hand side of the equation, we get
Pi n. .+ Q.n. + Ri n. = S, (i = N,M=-1), (2.84)
where the j suffices have been dropped. The coefficients

are given by

(2D,+D as(1))
P. = - : , (2.85)
As(i=-1)(Aas(i)+as(i-1))

v 2D =D (As(i-1)-4as(i))
Q. = — + A -0, (2.86)
At As(i)as(i-1)

™~

(2D -D As(i-1))
R, = - S : (2.87)
! As (i) (as(i)+as(i-1)

and

S. =D + —=n(i,3) (2.88)

D D, and D, are the same as in equation (2.33).
b 1 bl 2
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The system of linear equations (2.84) has two more

unknowns than the number of the equations. We therefore

need two more equations. These two equations are supplied

by the boundary conditions. The lower boundary condition

is applied at the labelled point SH (at about 200 km).

This gives

UVERY (2.89)

During the day-time this condition is photochemical

equilibrium, 1i.e. PO - Bn = 0 and SM takes the form
P (M)
SM = 0 (2.90)
| B(M)

where PO and B8 are the 0¥ production and loss coefficients
respectively. They-are given in later chapters when we
discuss the 07 production and loss processes. At night-time
we assume that the loss coefficient, B, determines the of

number density gradient, i.e.

o 3
= _'—] 3 2.9-1
BS109 n . 0g 8 ( )
or 3 _
< log(ng) =0
35S
i.e. ng = constant (2.92)

and therefore the lower boundary condition during the night-

time is given by

n(M=1)8(M-1) (2.93)
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The upper boundary condition for O+ is.zero flux at.s

N
. +
Putting the 0 flux equal to zero in equation (2.28) gives
o SN '
R A! , (2.94)
where
~ = k nl
Jl = H-l- T1 + o Te] (295)
e
" T 3n n. 3T, |
o, = - k8 (T. + T ) + _£ 2 L g | -
mo13s 1 e Ne  3s n 3s
- m2
- gsinl + vlou cos I + ﬁ? 821@2 (2.96)
with
Vo, (]-Alz)
s = '
i} g (2.97)

and the other variables are as defined before.
Application of these boundary conditions, the formulation
of the tridiagonal system and the solution of the tridiagonal

system is given in Appendix D.

After finding the 0" number densities between SN and

s.. we then calculate the ot fluxes using equation (2.38) with

M ,
the approximation (2.38a). The 07 number densities above
SN(ZOOO km) are calculated by putting ¢ = 0 in equation

(2.28) and arranging the equation to give an expression for

0

5 logn, . This equation is similar to equation (2.29) with
S ]
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the flux terms omitted and the suffices 1 and 2 interchanged.

The resulting equation has the fornm

d
E% = f(x,y) (2.98)

with y = log n, and X = s

and this is integrated numerically using the modified Euler

method. It involves prediction via the formula

Your = ¥, + BF(x y) (2.99)

and correction using the formula

h

N > f(xn,yn) + f( )RR (2.100)

s Y

n+1 n+1l

where h is the step length. Higher order methods are
difficult to use because of the varying step lengths and are
unnecessary in view of the fact that 0" is in diffusive
equilibrium and log n, varies approximately linearly.

H+, He+ and O++ Procedure.

To solve the H+, He™ and 0"" momentum equations we use
the Adams-Moulton predictor corrector method (a fourth order
method). This method can be applied to equations (and
extended to systems of equations) that can be written in

the form

Y - ofix,y). (2.101)
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The method involves prediction using the Adams-Bashforth

formula

h
y = + 55f - -
ner T Yn toog|55F, - 89F o+ 37F - 9f L (2.102)

-3

where h is the step length and fn = f(xn,yn) and correction

via the Adams-Moulton formula

vy o=y o+ lL{9f

n ' 9g + 19f - 5f + f : (2.103)

n+1 n-1 n-2

This method is sometimes called the modified Adams method

and is ascribed to Moulton (1926). The method can be applied
only if the step length is constant. In the regions where
the step length varies it is not necessary to use this method
since at these altitudes the number density decays approxi-
mately exponentially. In these regions we again use the
modified Euler method described in the section for the 0*
procedure. These methods are described, for example, in

Hildebrand (1974).

our H'. He® and 0" momentum equations (2.29), (2.59)
and (2.64) are in similar form to equation (2.101) and they
are ready to be solved numerically by the methods described.
Every time we calculate the number density we calculate the
corresponding flux using the equations (2.37), (2.38),

(2.63) and (2.65) and this will require estimating

_1i (i = 1,2,3 and 4). This is approximated using equation
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To start the numerical solution the equatorial value of
n. is required. This value at the equator is found using
the searching procedure developed by Moffett and Murphy

(1973). This involves searching for a value for the number

. + +
density of H (or He or O++) at the equator that yields a

solution which is such that the number density at the lower
boundary agrees with the boundary condition to within a
specified percentage. This is done by binary splitting at
the upper boundary (the equator). For the time interval we
adopt At = 15 mins. It is noted that sufficient accuracy
can be obtained with this value of At (Moffett and Murphy,
1973). A 24 hours period of integration requires about 8
minutes on the Aston University ICL 1904S computer. On the
more powerful CDC 7600 the 24 hours integration requires

less than 20 seconds.
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ITT  DOWNWARD PROTON FLOW IN THE TOPSIDE IONOSPHERE

3.1 INTRODUCTION

The magnitude of downward HY velocities, parallel to the
Earth's magnetic field, is investigated for mid-latitudes.
The most rapid downward flow is likely to occur during the
period following sunset. The falling temperatures and
decaying O+ layer may lead to rapidly changing pressure
gradients in the topside ionosphere. A possible consequence
is that some of the gravitational potential energy of the
protonospheric plasma is converted into kinetic energy as

the plasma flows towards the ionosphere.

The possibility of downward supersonic HT flow parallel
to the magnetic field in a collapsing post-sunset ionosphere
was investigated by Fontheim and Banks (1972). They found
that under steady-state, isothermal, collisionless conditions
a critical point (transition point from subsonic to super-
sonic flow) exists above 1000 km if the plasma temperature
is below a certain limiting temperature, Tz’ which varies
with latitude. For the more general case they found that
the temperature gradient exerted a strong influence on the
Wt fl1ow and their criteria for the existence of a critical

point above 1000 km were complicated. If the temperature

. 3T . .
gradient was below a certain va]ue,{g?) , which is a
0

function of latitude, a critical point exists when the

plasma temperature is below the limiting temperature, T,.
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However, when the temperature gradient is greater than
(ST
Lar

the plasma temperature must exceed TQ‘ Fontheim and Banks

] the condition for the critical point to exist is that
0

concluded that there was a strong possibility of supersonic
+ ) .

H flow in the post-sunset ionosphere. However, they did
note that their criteria were necessary but not sufficient

. . . +
conditions for supersonic H flow to occur.

The criteria obtained by Fontheim and Banks were
derived by a qualitative examination of the Y equations.
Murphy and Moffett (1978) investigated proton flow in a
collapsing post-sunset ionosphere by solving numerically the
fully time dependent equations of continuity and momentum for
0" and H" and the energy equations for ion and electron
temperatures along a mid-latitude magnetic field tube.
They found that the H* flow remained subsonic even when
the temperatures satisfied the criteria of Fontheim and

Banks. Even under extreme conditions downward supersonic

flow did not occur.

Although the findings of Murphy and Moffett (1978)
appear to disagree with Fontheim and Banks (1972) they are
not in direct conflict since the criteria for the existence
of a critical point are necessary but not sufficient
conditions. Fontheim and Banks define a critical point as
a point at which the flow becomes supersonic or a point at
which a maximum in the mach number occurs. This definition

i< sensible for the isothermal, collisionless, steady-state
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case and what happens at the critical point depends on

conditions at some other point of the field tube. In this

chapter it is shown how such conditions can be incorporated

in the model.

In this chapter an attempt is made to clarify the
nature of downward H® flow at mid-latitudes. Initially we
examine the isothermal case and extend the analysis of
Fontheim and Banks by deriving an analytical expression for
the limiting temperature. We also incorporate the conditions
at the equator, or some other point of the field tube, into
the equations so that the nature of a critical point can be
determined. It is noted that, theoretically the isothermal
assumption may not be too unrealistic parallel to the magnetic
field because of the high conductivity in this direction.
However, observational results indicate that there are
altitude gradients in plasma temperatures at high altitudes
(Serbu and Maier, 1970; Sanatani and Hanson, 1970; Bruce et
al., 1974; Maher and Tinsley, 1977). It is also noted that
HY s only likely to become supersonic, if at all, in the
protonosphere. In the region where significant temperature
‘gradients exist there is 1ikely to be sufficient 0" to keep
the H' flow subsonic. The downward proton flow is restric-
ted by the 0% contribution to the polarisation field and

collisions with 07,
A thorough understanding of the isothermal case is

useful before investigating the general case. An understand-

ing of the way in which the energy is distributed amongst
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its different forms throuchout the plasma is particularly

useful.

The general case is also re-examined. In this situation
the definition of a critical point is not so straightforward.
In the calculations of Murphy and Moffett (1978) the field-
aligned component of the polarisation field term plays an
important role in allowinag H' to flow downwards. This term
was not included in the equations oresented by Fontheim and
Banks (1972) and this may affect their conclusions involvinag
temperature gradients for the aeneral case. An analysis
similar to that presented by Fontheim and Banks is not
possible when the polarisation field is included. We there-
fore refer to the full calculations of Murphy and Moffett to
discuss the relative importance of the temperature gradient

and the polarisation field.

3.2 Equations,

Here we write the H" momentum equation in the form

°L ] VP o+ ] + (v,- v v (1-4_) +
dt ' npm, — 2 NaM, — € - oo .
K S V9T -g = 0 3.1
AN A (3.1)
2

where the variables are as defined in Chapter II.
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. . *
The coeffwcwent§ Yz’ o and o, are thermal diffusion
coefficients and they are given by equations (2.19), (2.20)
and (2.21) respectively. The correction factor, AL is

given by equation (2.22). Equation (3.1) is equivalent to

equation (2.15) of Chapter II, except that the acceleration

dv
term, —jf—, is included here but has been omitted in
equation (2.15). The acceleration term is included here

because it may be important when the magnitude of HE
velocities become large and possibly supersonic, and it is

precisely these features that are being investigated in this

chapter.

If the HY gas 1s to attain supersonic speeds it is only
likely to occur in the protonosphere. We therefore restrict
our attention to this region and neglect H collisions with
0". We also use the result that Y, is zero for singly
charged ions (St Maurice and Schunk, 1977). Therefore the

+ .
H  momentum equation becomes

dv n *
-2 1 1 kK 1
N S -5 )¥T.-q = O
dt * nm zPz o ZVP m, N, (e, auk— i~4
(3.2)
dv v
with -—% = —Z .UV
dt It -z

Using the identities

2
v 7y = vl == | - v._xcurly )
/2. V = Vv 5 2 —2
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] _ [ dp
HEP“VHT} ’

g r?

d - 0 0
an S_ V{ - } s

where r is the radial distance, r is the value of r at
1000 km and 9, is the magnitude of the gravitational

acceleration at 1000 km, equation (3.2) becomes

Vz [ dP [ dp g 2 v
V{-i—+ i ] n_ + #— € . 200 J: v xcurlvy - —2
-2 —2 a.t

>

*
-a )T, (3.3)

k
+ — ———1—-(@
m2 n 12

e

So far we have only assumed a collisionless plasma.
In undisturbed magnetic conditions the plasma flows parallel
to the magnetic field, i.e. v = v e where e  is a unit
tangent vector to a field line. With this assumption the
term v, xcur]lxz has no component parallel to the magnetic
field and therefore disappears when taking the scalar

product of equation (3.3) with e.. Thus taking the scalar

product of equation (3.3) with e and assuming a steady-

oV
state, i.e. ~—% = 0 , leads to
ot
2 2 T
RN CANT /S I
g; 3 m, n m, N, o r moongt EZP
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Integrating this equation leads to

\

NN

2

1

+ —
m

2

dp dp r [[n
2 1 e k * 9T
{ . a_.{ﬁi; - gomﬁ_-a:{ g -a ) -—st + (L),

where L is the McIlwain coordinate. The function f(L)

varies from field line to field line but is constant for a
particular field line. This equation can be interpreted as

a conservation of energy equation parallel to the magnetic
field line for the H' gas in the protonosphere. The function
on the left of equation (3.4) is similar to the Bernoulli
function in fluid theory which is constant on vorticity-
stream surfaces (see, for example, Frederick and Chang, 1965).
In fact equation (3.4) is similar to Bernouli's equation for

a stream Tine.

To proceed from equation (3.4) we substitute P2=n2kT1,

Pe='nekTe and assume isothermal conditions, i.e.

= 0, —— = 0. With the latter assumption the thermal
diffusion term disappears and equation (3.4) reduces to the

simpler form

) 2 KT, T,
%? - g 7} + —ﬁl logn + ——= logn, = f(L) (3.5)
o N

where, for convenience, the suffix 2 has been dropped from
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the variables. Equation (3.5) fully accounts for the non-

lTinear acceleration terms under the assumed conditions.

In the region of interest ng = n(H+) since n(0+) 1S
negligible and therefore equation (3.5) takes the form

2 Y'Z k(T1+T )

=t ——=— logn = f(L) . (3.6)

+ . .
For the H continuity equation we recall equation (2.35)

of Chapter I1I

§£+B§-{”V}:P—L, (3.7)

where the variables are as defined in Chapter II and the
suffices have been dropped since there is no ambiguity.
H" ions are produced and lost via the éharge exchange

reaction

and since there is negligible 0 and 0" in the protonosphere,

the reaction cannot proceed, i.e.

Adopting the steady-state assumption, equation (3.7)
becomes
B-?—(DBX}=0 (3.8)

leading to
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nv
8

= h(L) , (3.9)

where h 1s an arbitrary function of L. Thus along a given

ny

field line 5 1s constant and adopting the equatorial values

nv _ eqVeq
B Beq

(3.10)

where the suffix eq refers to the equator. Then substituting

for n from equation (3.10) into equation (3.6) we get

r2 K(T.+T ) [ Bn__v
v? 0 ite e
el M) g | Degtea | .
eq

As with h(L), f(L) can be evaluated at the equator for a

particular field line. This leads to

2
2 r

Vil g 0y
2 0 T

3|x

Bneqveq véq ri
(T.+47.) log} —s— = — - g ~— +
1 e v Beq 2 Oreq

k

+ (T,+T ) logn (3.771)

€q

Equation (3.11) is solved for v using the Newton-
Raphson procedure. The Newton-Raphson procedure for solving

the equation

F(v) = 0
is
F(vn)
Va+1 © Vin T Fv
)

For this particular problem we rearrange equation (3.11) to
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obtain

(3.12)

With this approach values of v can be obtained for different
values of r along a particular magnetic field line. Conse-
quently a velocity profile is obtained for this field line

revealing the nature of the flow.

An alternative approach for determining the nature of
the flow is to determine , if it exists, the radial distance
r*, on a given field line, of the point at which the Ht gas
achieves the sound speed. This is carried out by setting

v = -c in equation (3.11), where ¢ 1is the HT critical

velocity in the H-e plasma given by (Stobel and Weber,1972)

k n
c? = E(T'+;T Te) , (3.13)

1R

and since Ny n (3.13) simplifies to

» _ k 3.13"
C —'rﬁ(T1+Te) . ( )

Carrying out this substitution (3.11) can be put into the

form
* *
- B v
1 T’e r eq _
2 g2y . 2| 89 | +c?log =0 (3.14)
2 ¢ Veq) QOPOI eq" ] [ Peq ]
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and then we solve this equation for r*

,again wusing the
Newton-Raphson procedure. Setting the left hand side of

*
(3.14) equal to H(r ), the Newton-Raphson scheme is

In either case we first have to determine the ion and electron
temperatures, which we assume to be equal. To choose these
temperatures with the aim of producing supersonic HY flow

we are guided by the isothermal analysis of Fontheim and

Banks (1972) which we have extended to derive an analytical

expression for the limiting temperature.

From equation (3.8), we get

Q2
<

1 93n 3 1 _
'55'5”33[3]‘0

< |
7|
~+

or

oV 3 1
~a—s—+8—5-s—[§” (3.15)

<|—

an _
ds

and, adopting the assumptions used in deriving equation

S| —

+
(3.6), the field-aligned component of the H  momentum

equation, equation (3.2), takes the form

1 ave |, MTitTe) an 20 (3.16)
5 35 ¢ mn 35S ds
r? ‘
9 45 the gravitational potential.

where ¢ = 9,7
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Equation (3.6)

in fact, the integral of equatien (3.16).

. . 1 3 \
Substituting for = 5% from equation (3.15) dinto equation
(3.16) and using equation (3.13), equation (3.16) can be put

in the form

TN
O
N
!
<
S
~ v
Qo
<
4+
(@]
s
(ww)
pm—

}5-* (3.17)

Qo
wn
Q2
wn Q

This equation is similar to equation (6) of Fontheim and
Banks (1972) except we have retained the term involving HE
velocities to clarify the definition of acritical point.
Equation (3.17) is only valid within the protonosphere since
the 0 contribution to the field-aligned electrostatic field
has been neglected. This improves the possibility of super-

. +
sonic H flow.

Fontheim and Banks define a critical point to be a

point at which the equation

CZBi[l] - 2 (3.18)
35S B 3s

is satisfied. This equation is obtained from equation (3.17)

. : 9V
by either putting v=C oOr alternatively putt1ng~§; = 0.

Thus, as noted by Fontheim and Banks, the H' flow does not
necessarily become supersonic at a critical point. It may

+ . .
simply be a point at which the H wvelocity profile has‘

v o,
35

reached a maximum, 1.€.
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To proceed from equation (3.18) ‘a dipole magnetic
field is assumed. With this assumption it is shown in

Appendix B that

g O [ 1 } _ 3c0s 8(3+5 cos?s)
L B

S

¥
r(1+3 cos?g)’?
and that

39 _ 0 2 cos 8

(1+3c0526%

where & is the colatitude. Since equation (3.18) is only
satisfied at a critical point r:r* of a field Tine, on
substituting these expressions into equation (3.18) the
variables r,86 take on the values r*,G* at this point.
However, from the equation of a field Tine, r=r, sin?8, we

*
*
have sin?g = [ ;~ Jsinzeo where & is the colatitude of the
0
point on the field line at a radial distance r (1000 km)
*
and thus & can be eliminated. Carrying out these substit-

utions equation (3.18) can be arranged into the form

( r/*
- ] 2
ﬁi _ ZgorO } 4-3sin”8 'r.
" 3c? r*
| /

or, using latitude VY rather than colatitude ©

*

i
* . 4-3 cos?y_ v
ro. S| N (3.19)
Y‘O 3C2 r/,

8-5cos’*y  rg
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This equition is quadratic in and can be solved for the

ratio n@'. The result is

0
ﬁi ] Q(gorocoszwo+4c2)t[36g§r§cos“w0~19290r0c2cos2w0+(24c2)215
" 3Oc2c0521pO

(3.20)

Here 1t is noted that although the numerical values of the
lTimiting temperatures obtained by Fontheim and Banks were
correct their form of equation (3.20) contained an error.

For the solution with the positive square root, we substitute

r,=ry coszxp0 in eq uation (3.20) and obtain

1
* 6(gorecos“w0+4c2)+[36g§r;cosaw0—19290rczcos“w0+(24c2)2J2

r
Te 20c?

The quantity inside the square root equals

(24c2-4gor0cos“u’)0)2+209§r§c058w0

i e. the roots are always real. From the last equation we
obtain
2 4
r* . 48c +290rocos wo
e 30c¢?
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which is unphysical since it corresponds to a value of r*

which is Targer than the equatorial radius of the field

Tine.

Fo: the solution with the negative square root, the

. r
ratio 4 must be larger than unity in order for the
9

critical point to lie above r (1000 km). Below r_H' is no

longer the sole constituent. For a critical point to exist
*

above 1000 km we therefore require C& > 1
0

_ Blorycosty,sdc?)-[36giricos 1929, e cos By r(2act)
.e. S
30c*cos?y

1
or 6c2(4-5c052w0)+6gor0coszwgz[36g§r§cos“w0—19290r0c2c052w0+(24c2)ZJ2

In this inequality, the second term is positive, the first

is positive provided % 3.coszw0 , i.e. v > 27°. Then the

Q

inequality can be squared for 2703 wo > 90° which covers

the mid-latitude range. Carrying this out

36[c“(16~4Ocoszw0+25cos“wo)+2rogoc2coszw0(4—5coszw0)+

. P 22 YL 2 ine2 2y27
+r§g§cos“w01 > [36g2ricos*y -192g r cicos b +(24c7) ]

After some manipulation this leads to the inequality

3c?(5cos’y -8) 2 2rogo(3coszw0—4)

A

or 3c2(8~5c052w0) 2P090(4-4C052¢0)
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4 ~ _
where 0 < coswo < g Then both sides are positive.
Hence

2r 9, (4-3cos?y )

°

c? <

(8-5cos?yp )

Assuming that the jons and electrons have a common temper-

ature, i.e. Ti :Te =T , then from (3.13) we have

CZ:____

This leads to

r,g,m (4-3c052w0)

T <22 . . (3.21)
3k (8-5cos?v )
If we define the 1imiting temperature, Tz, to be
r,g,m (4-3cos?y )
T, = . s (3.22)

3k (8-5coszw0)

then inequality (3.21) becomes

i.e. if the plasma temperature is below the 1imiting

temperature, T a critical point would exist and at this

,Q,’
critical point one of the conditions M = -1 or — = 0

would be satisfied.

For the general case we recall the H* momentum equation
given by (2.29) in Chapter II. Note that in equation (2.29)

the acceleration term was neglected. Taking account of the
dv

. +
acceleration term, 7;3’ and rearranging the H' momentum
t
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equation we get

n

[%‘[TNFZ‘”‘VZJ—B—MM =-lgsinl+ & 271 47
. Y 2 13s 2 m gg( it Ta)

m
1
TV (1 ‘/‘\1)+ __2_ \)12(]—/312)] ¥
. CTL vm(l-Au) ) Iv, .
2 n2 3s.
J v
+v28—?—(l]- 2 ! (3.23)
23S B n2
where
an
J, =P, - L, - —

ot

and the other variables are as defined in Chapter II.

The H' continuity equation of (3.7) can be arranged in

the form
J LY
__a_.]ogn :....2-_1_. Z—B_B_[JB..) (324)
s 2 nv, oV, 3s 3s
V2 - -
Introducing the H* Mach number M = / where c 1s given
d
i i i for — logn, from
by equation (3.13) and substituting - gn,



equation (3.24) into equation (3.23) and neglecting the 07

flux, ¢ compared to ¢,, the H' momentum equatfén takes the

form
9V
M2 -1 ] ]| on
— =cB = | = | +{ — 2 - -
(vz}as BS[B} nm[at 2+L}
oM
- M{vz +v2J1—A19) - — -
ot
T 9
- —4gsinl+— jL(T T )~+Ji £ 1.
2 0s 1 € m, Ne 5
oT.
k M i ac
—Eﬁ_a—a_s—\)ZOUCOSI+M5€ (3'25)

In the corresponding equation of Fontheim and Banks the of
contribution to the field-aligned electrostatic field and

thermal diffusion terms were not included.

3.3. DISCUSSION

3.3.1 The isothermal, collisionless, steady state case.

We have extended the analysis of Fontheim and Banks who
derived criteria for the existence of a critical point.
Such a point must exist for supersonic flow to occur but

the existence of a critical point js not sufficient to

ensure supersonic flow for the isothermal case. The critical
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point discussed by Fontheim and Banks i§ a point at which
there is a transition to supersonic flow or simply a point.
at which the HT velocity gradient is zero. This 1is
clarified by equation (3.17). Which one occurs depends on
conditions at some other point of the field line, such as
number density and flux at the equator which is influenced

by other physical conditions such as pressure gradients in

the topside ionosphere.

Although we have assumed an isothermal protonosphere
we note that this may not be too unrealistic because of the
high conductivity along magnetic field lines. It is only in
this region that the HY flow is likely to become supersonic
if at all. As 0" densities increase the HY flow is hindered
in the topside ionosphere by collisions and the field-

aligned electrostatic field.

Fontheim and Banks's criteria for the existence of a
critical point in the isothermal, collisionless, steady-
state is that the plasma temperature should be below a
certain limit. They derived values of the limiting temper-
ature for different field lines. We have derived an explicit
analytical form for the limiting temperature. This is given
in equation (3.22). These limiting temperatures range
approximately from 925 K at L=2 to 1000 K at L=4. Figure
1 shows the limiting temperature plotted against latitude.

As noted in the equations section, the equations used in

deriving the limiting temperature inequality are valid
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only for the regions where H* dominates, i.e. inequality
(3.21) is valid only in the mid-latitude regions and there-
fore only the mid-latitude range of figure 1 is applicable.
We note that Fontheim and Banks obtained similar values for
the limiting temperature. From figure 1 one can see that
695 K < T, < 1045 K. This means that if the plasma temper-
ature is greater than 1045 K, a critical point would not
exist, 1.e. the H* flow will remain subsonic. Fontheim and
Banks pointed out that such temperatures are probably low
for immediate post-sunset conditions and therefore the Ht
flow would remain subsonic. Our analysis supports the
subsonic flow idea under these conditions. Further, we show
that when a critical point does exist it is a point at which
the velocity gradient is zero. We demonstrate this by
calculating velocity profiles. Velocity profiles for flux
tubes at different L-values can be produced by solving
equation (3.11). Starting with values of H' number density
and flux at the equator, equation (3.11) is solved for the
H* velocity. If the temperature is chosen to satisfy the
inequality (3.21) the velocity profile would either exhibit
a maximum or achieve supersonic values. Figure 2 shows two
typical velocity profiles for L=3.5. At this L-value the
limiting temperature (see equation (3.22)) takes the value
988 K. For the lower curve the plasma temperature, 700 K,
satisfies inequality (3.21) and therefore a critical point
exists. This velocity profile exhibits a maximum at the
critical point rather than a transition to supersonic flow.

For the upper curve the plasma temperature, 1200°K, is
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greater than the limiting temperature and, therefore, a
critical point does not exist. For these two cases we have
used the equatorial values 5x102c§13 and 1O?cﬁ2 51 for the -
H" number density and HY flux respectively. It became
evident from the upper curve and further calculations that
the effect of increasing the plasma temperature was to push
the critical point below the 1000 km level where our
equations are not valid. If we set the plasma temperature
equal to the limiting temperature the calculations produce
a velocity profile with a maximum (i.e. critical point) at

1000 km.

Several sets of calculations were carried out, producing
many velocity profiles in addition to those in Figure 2.
However, the main features are illustrated in the curves of
Figure 2. Even with fluxes as large as IOB c%z ;1 at the
equator, velocity profiles (with plasma temperature below
the 1imiting temperature) exhibited maxima at the critical
point rather than achieving the sound speed. In this context
it is noted that the two-hemisphere caiculations of Bailey
et al.(1978) indicated equatorial fluxes only of order
106 c&z ;1. These calculations strengthen the conclusions
of Fontheim and Banks (1972) whonoted that supersonic flow
was unlikely to occur because p]asmé temperatures usually
‘exceed the 1imiting temperature. It appears that when a
critical point does exist it is simply a point at which the

velocity profile exhibits a maximum rather than a point at

which there is a transition to supersonic flow.
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Whether or not the HF velocity becomes supersonic in
that part of the flux tube above 1000 km can be determined
in a different way. We set v = -c in equation (3.11) and
then solve equation (3.11) for r. This determines the
radial distance of the point on the field line where there
is a transition to supersonic flow, if it exists. OQOur
calculations show that such a point could not be found for
realistic qquator1a1 conditions. Because of this we adopted
another approach by assuming that supersonic flow occurred
at some point of the flux tube between 1000 km and the
equator. We then solved equation (3.10) to determine the
T velocity at the equator. With respect to the location
of the critical point the equatorial HF velocity is a
minimum when the critical point is located at the lowest
altitude for which the equations are valid, i.e. 1000 km.
Fven then results showed that we need to use supersonic
flow across the equator to be able to produce such a
critical point, and this is highly unlikely. This means
that, for realistic conditions across the equator, the
HT downwards flow will remain subsonic whether or not the

plasma temperature is below its critical value.

It is noted that there is sufficient gravitational

potential energy to produce supersonic HY flow. When the

+

HY flow velocity is calculated with the assumption that

all of the gravitational potential energy 1is converted to
5 -1

kinetic energy, the resulting HY velocity is 8.5x10 cm s

at 1000 km. This is greater than the sound speed, which 1is
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5 =1
3.5x10 cm s . For the case corresponding to the lower

curve of Figure 2, we found that only 0.3% of the gravitat-
jonal potential energy was converted to kinetic energy, and
the remainder of this energy was absorbed in the pressure

gradient term in the momentum equation.

3.3.2 The General Case

The previous discussion ignored the time-dependence of
the variables, the temperature gradient and collisions
between H" and 07 and neutrals. In the general case we
take account of these factors. The inclusion of the temper-
ature gradient in the calculation may improve the chances
of a supersonic HT flow. This will allow thermal energy to
be converted to kinetic energy and it may also help to
increase the amount of the gravitational potential energy
that could be converted to kinetic energy. A very small

amount of potential energy was converted to kinetic energy

in the isothermal case. It is worth noting that observational

results (Serbu and Maier, 1970; Sanatani and Hanson, 1970;
Brace et al., 1974; Maher and Tinsley, 1977) suggest that

there are substantial altitude gradients in plasma tempera-

ture at high altitudes.

In the analysis of Fontheim and Banks (1972) they
neqlected the contribution of 07 to the fje1d-a1igned
electrostatic field. This contribution appears in equation

(3.25) via the term involving i;i . The importance of this
s
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contribution is shown in Figure 3, where we have compared

the temperature altitude gradient, 2 (H +Te), and the ot

3s
contribution to the field-aligned electrostatic field,
T, o, 1ed eles
n_oT g each term plotted against height and as a percentage
e

of their sum. The data used to draw the two curves in

Figure 3 are taken from the post-sunset calculations of
3

Murphy and Moffett (1978). Figure 3 shows that —(T, +T_)
T, an gs- 1€
and — 8; are of the same order of magnitude up to
e

approximately 1400 km. In their analysis, Fontheim and
Banks calculated their criteria for the existence of a
critical point at 1000 km. The omission of the 0" contrib-
ution to the field-aligned electrostatic field throws some
doubt on their findings. Also it is noted that in the
derivation of their criteria, Fontheim and Banks used
numerical values from the calculations of Nagy et al. (1968)
who also neglected the 0% contribution to the electrostatic
field. The importance of the 0" electrostatic field is
emphasised by considering the situation in which 0" and HF
are in diffusive equilibrium. Under such conditions the HE

momentum equation (3.1) can be put in the form

where we have neglected thermal diffusion. Taking

scalar product with e and substituting for P and P,

gives
1 3 1 93 _ _nmgsinl _ 3.26
noo3s nTi Y a0 9s neTe k ( )
2 e
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ie n mgsinl
AT + 1 R ;L(T +7 )+ — = - _E_EL____
2'e | 3 s Te as 35S kTe
(3.27)
Similarly the 0" momentum equation 1s
T.n an n an n.m inl
1 gsin
- €+ Loy —E.iL(T.+T )+ 2 . . &t
1 Te 3s  Tg 3s v &7 35 kTe
(3.28)
an,
To eliminate S from (3.27) multiply through by
S
i"e
T + 1! and subtract equation (3.28):
1le
T.n T.n an n n_ .« an.
e, e, Ly 22 AT e T | (T T ) ?
ane n Te 3s Te 8s Te 38 1 e 35S

. Tine . nemgsinl . nemlgsinl
kTe kTe

93




Multiplying out

T2n? » :
i"e . J1 .1 T ngloen, T]ne 3
nn T2 n, n T 3s i 2 3s (Ty + Te)
"M, e 1 2) e ane
negsinl T.n
= - m_ LI Gt m,
kTe L ane
n T
and multiplying through by - we get
T.n?
ie
T. on
! +—L- —Z 4 1 —(T.+T ) =
n, T, "2 98 Te 3s 1 €
n.gsinl T.n 1
= — mo4l+ LE -
kn T n T [
e i 1 e

Multiplying through by Te/(T1~kTe) we get

8 =
v 1og[n2(Ti +Te)

T n T n
- - QSinI mz el+] __ml S
k(T +Te) nTs n T
i Tn m l
IRICALLIN N B
k(T +Te) Ting 2
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This equation describes the H' profiles when both 0% and H'

are in diffusive equilibrium. The occurrence of a maximum
in the H' profile is a direct result of opposing effects of
gravity and electrostatic field. This analysis shows how
important the 07 electrostatic field is in a diffusive
equilibrium situation. Thus the omission of such an

important effect in any calculation is not justifiable.

In our analysis of the isothermal case, we showed that

the critical point is a point at which v = -c or alternatively
g: = 0. The situation in the general case is different. By
putting v = -c (M = -1) in equation (3.25), we get an equation
which differs from the equation obtained by setting %% =

in equation (3.25). Setting %% = 0 in equation (3.25)

deletes the term on the LHS, but setting M = -1 in equation

(3.25) deletes the term on the LHS and affects other terms on
the RHS. The resulting two equations will only be identical
with the additional collisionless, steady-state, isothermal
assumptions. Consequently the conditions for a point to

exist at which M = -1 will, 1in general, differ from the

. . oV
conditions for the existence of a point at which Fr 0.

Therefore, a point at which equation (3.25) is satisfied

with M = -1 does not have the alternative of being a point

oV

at which H' speed reaches a maximum [ i OJ as indicated

by Fontheim and Banks.
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In the post-sunset calculations of Murphy and Moffett
+ .
(1978) the H  supersonic flow was never achieved. This is
consistent with the fact that equation (3.25) with M = -]

has complex roots. On the other hand, there is always a

point at which az = 0.

~
o}

3.4 Conclusions.

For the isothermal, collisionless, steady state case

we have shown that, at mid-latitudes, when a critical point
exists, it is a point at which the velocity gradient 1s zero
rather than a point at which there is a transition to super-
sonic flow. The only exception was when there was supersonic
flow across the equator, which is unrealistic. An important
reason for the H' flow not becoming supersonic is that a

very small amount (0.3% for the case considered) of the
available gravitational potential energy is converted to

kinetic energy.

For the more complicated case it has been shown that
the 07 contribution to the field-aligned electrostatic field
js important. This term, omitted by Fontheim and Banks, was
of the same order of magnitude as the temperature gradient
term on which they based their criteria for the existence
of a critical point. [In the post-sunset calculations of
Murphy and Moffett (1978), the 07 contribution to the field-

aligned electrostatic field was included. Their results and

. + .
our analysis showed that it is unlikely that H' flow will

achieve supersonic speed at any time. If it does achieve
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such speeds then changes in temperatures have to be respon-
sible for converting enough potential energy fnto kinetic
energy. Finally it is noted that via the electrostatic
field the O+ layer affects the Ht behaviour in a way that
restricts H' downwards flow. This was shown in the post-
sunset calculations of Murphy and Moffett. Thus, by includ-
ing the 0f field-aligned electrostatic field and the of - HF
collisions, the general case becomes more complicated and
therefore the nature of H™ flow cannot be determined by the

application of simple criteria involving temperature and

temperature gradients alone.
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Figure 2. Velocity orofiles for the L =3.5 field line

with Te - 988k. The two curves correspond to
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IV BEHAVIOUR OF HE' In

HE THE NID4LﬁTITUDE PLASMASPHERE
UNDEP SUNSPOT MINIMUM CONDITIONS .

4.1 INTRODUCTION

The first indication of the presence of reutral
helium in the upper atmosphere came from the optical obser-
vations by Mironov (1959). However, it was Nicolet (1961)
who showed that helium was an important constituent in the
upper atmosphere. Following that, the theoretical studies
of the helium ion distribution in the topside ionosphere
were restricted to diffusive equilibrium (Mange, 1960;
Hanson, 1962, 1965; Bauer, 1963, 1966; Kockarts and Nicolet,
1963; Angerami and Thomas, 1964; Taylor et al., 1963).
Other authors also carried out theoretical studies to
explain elementary structure of the He* layer (Bates and
Patterson, 1962; Rush and Venkatesawaran, 1965; McElroy,
1965). Such studies were mostly concerned with the steady-
state behaviour of the helium ions. Banks and Holzer (1969)
examined the behaviour for both HY and He+ ions and they
found that at mid to high latitudes both H' and He™ were
likely to exist in a state of dynamic equilibrium with an
outflow of ions from the ionosphere along geomagnetic field
lines. Then most of the work that has been done on He ™
behaviour was concerned with the polar regions (Axford, 1968;
Lemaire, 1972; Raitt et al., 1977, 1978). In the calcu-
lations of Raitt et al. (1977 and 1978), the results

showed that the et escape flux varies from a low value of
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S =2 - . .
0.99 x 10° cm™*s™' for solar minimum, summer, high magnetic

activity conditions to a maximum 1-2 x 107cm™2s~! for solar

maximum, winter, low magnetic activity conditions. They
attributed the variations mainly to changes in the neutral
helium density. In mid-latitude regions, there were

limited theoretical studies of the He' behaviour (Brinton et
al., 19695 Schunk and Walker, 1970b;Mayer et al., 1972;
Paresceet al., 1974). In these studies, the authors have

assumed diffusive equilibrium or steady state.

Recently Murphy et al. (1979) conducted an initial
study of the behaviour of He™ in the mid-latitude regions.
They solved the time-dependent He® momentum and continuity
equations. The atmospheric conditions in their calculation
were appropriate to sunspot maximum, and they took account of
the two major ions, 0" and A Starting with a relatively
low He® tube content, they solved the He ™ equations for a
period of 8 days. In the study of Murphy et al. (13979),
thermal diffusion was neglected in the He® calculations. They
also limited the effects of the two major ions, 0% and HT,
on He' by integrating the O+/H+ equations for four days and
then using the O+/H+ results of the fourth day throughout
their He' calculations. However, following a magnetic
storm, four days is not sufficient for the H+ tube content
to reach total replenishment. Indeed, our O+/H+ (sunspot
maximum) calculations, which we carried out for the o**

problem, in Chapter V, showed that after 24 days of integ-

ration the HT tube content still did not reach total
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replenishment. Consequently the H' tube content on the
fourth day is still relatively low and, since the He™
integration period (Murphy et al. |, 1979) was eight days,
the He' tube content may have reached higher values than it
would have done if more H' was present. The results of
Murphy et al. (1979) show an upflow during the day-time

and downflow at night-time. Their results for sunspot
maximum conditions suggested that little of the He ™ produced
during the day-time is lost by recombination with N2 and O2

at night-time.

When a magnetic storm occurs the plasmapause and the
magnetospheric convection region move to lower L-values so
that the mid-latitude field lines are convected into the
tail of the magnetosphere. After the magnetic storm the
convection region moves to higher L-values, leaving closed
mid-latitude field tubes with very low plasma concentration
which the ionosphere then attempts to fefill. Using a
relatively low He' tube content which is typical of post-
magnetic storm conditions, we investigate the He+ replenish-
ment and behaviour for L=3, by solving the O+, ' and He'
time dependent continuity and momentum equations treating
He® as a minor ion and treating 0% and H" as major ions.
The 0%, HT and He  equations are solved for atmospheric
conditions appropriate to sunspot minimum (at equinox). We

: + s
have included thermal diffusion in the He mOmEntum equation

. . oo '
since it may influence the behaviour of He (Schunk and

Walker, 1969). We mentioned earlier that Murphy et al.
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(1979) Timited the effects of 07 and HY on He™ by using

+ .+
0 /H results that correspond to the fourth day throughout

+ . .
the He integration. We overcome this Timitation by integ-

. + + .
rating 0 and H equations for 24 hours and then we integrate

+ :
the He equation for the same period and this process is

repeated for every new day of the integration period.

4.2 Theoretical formulation

To investigate the daily behaviour of He® at mid-
latitude regions, we numerically solve the time-dependent
equations of continuity and momentum of 0+, HY and He®
along a magnetic flux tube (dipole field) at L=3 (equatorial

+ + .
and He equations

crossing height = 12740 km). The 07, H
are solved from a height of about 200 km to the equatorial
plane. Normally the O+, H™ and He™ equations are coupled
with each other, but with the assumption that He+ is treated
as a minor ion, the dependence of the two major ions, oF

and H™, on He™ is removed. Therefore, the He® calculation
is carried out in two stages. The first stage is to solve
the O+/H+ equations yielding O+/H+ number densities and
fluxes for a period of 24 hours, to De used in the He'

+,,+ L
calculations. Having calculated the 0 /H  densities and

fluxes, we then solve the He+ continuity and momentum

equations and obtain Het densities and fluxes for the same

24 hour period. This process is repeated to calculate the
0%, HT and HeT number densities and fluxes for each day of

a ten day period, starting at 06.15 local time on the first
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day. It should be noted trat although we have solved the

o+/H+ equations for the He™ problem, the O+/H+ results will
not be discussed in detail
have been presented in a previous work by Murphy et al.,
(1979). Here, we present the behaviour of some of the
important O+/H+ variables in relation to their effect on
He™ behaviour. Figure 1 shows height profiles of 07 and HT at
midday and midnight on the eighth day of the integration.
Figure 2 shows the behaviour of NmFZ, hmFZ, O+/H+ transition
height (the height where n(O+) = n(H+))and H™ tube content
on the eighth day. Figure 3 shows the behaviour of the
field-aligned H™ flux at 1000 km over a period of 24 hours on
the eighth day. These will be discussed further in the

results section when we consider their influence on He+.
4.2.1 Equations

As mentioned in Chapter II, the O+, HY and He™
equations are derived using the formulation of St. Maurice
and Schunk (1977).

of equations

P

For regions below 2000 km we recall equation (2.34) for

the 07 momentum equation

(4.1)

where the coefficients v D, s D> D > D, are given by

+
+
(2.34a-e). To calculate the O fluxes we recall the O
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continuity equation given by equation (2.38)

E
an
6 (s,t) = - 1 - !
o (5,1) B(s)J [Pl L - }ds. (4.2)
For the regions above 2000 km, we assume that 07 is in

diffusive equilibrium and we calculate 0V number densities

using equation (2.28) with ¢, =0. Equation (2.28) with

t, =0 can be arranged in the form
~ -
. 1 on
2 logn = {-]gsinl P K JL(T +T ) Lk e 2
85 . m, 3s 1 my, Mg 3s

+

m, Va k n1
ﬁ—l T (1 —Alz )(bz}/[ﬁ_;(TiTﬁg Te}] (4.3)

where the variables are as defined in Chapter II.

HE equations

For the HT momentum equation we recall equation (2.29)

: « 3 K Te an,
Togn = (- |gsinl+— (T, 4T ) +— o= —
aS g 2 g n’]2 SS 1 e mZ ne SS
{
n 97.
ok v, 1 -y ucosl
m, N, 35
¢ ™
L - $ eV 1-4 +
H: vzo * \)21 (i AIZ ) m2 12 ( 12 )
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(4.4)
2 e
with SE
1 an
o (s,t) = - B(s) {P -L - ds (4.5)
B(s)| 2 ? 3t
S
and 5
(TE 1 ( an,  an,
C{s,t) = - B(s) 1 — P1+P2~L:~L2— Bt st as
J. 8(s)
S
(4.6)

where the variables are as in Chapter II.

+ .
Hde equations

For the He' momentum equation we recall equation (2.59)
d

T
. k 3 k e 39

2 ogn = 1 _lgsinl+ ﬁr--gg(T1-+Te) = ?r—-gg(nl<+n2)
3s 3 3 e

3 T.
k 1
-— B—— ~-v_ucosI
My 3s
¢3
- n3 (\)30 +q31 +n,32)

AN
1 _ _ 3
¢3 (s,t) = - B(s) —[;(—5_)- {Pg 1-3 ot ] ds

107




where the variables are as defined in Chapter II. The
acceleration terms have been omitted from the 07, H' and He
momentum equations since they are unlikely to have any

significant effect on the results(Murphy and Moffett, 1978).

To solve the O+, H" and He' continuity and momentum
equations, we require expressions for the production and
loss processes for each ion. Oxygen ions are produced by
chotoionisation of neutral atomic oxygen. From equations

(1.8) and (1.14) this production rate, PO, is given by
P =1 no,n(0)exp(-1) (4.9)

where the variables are as defined in Chapter I. The optical

depth, t, is derived in Appendix A

T o= o) n{(X)H(X)Ch(X,X) ,

where Ch(X,X) is the Chapman function for constituent X,

n(X) is the number density for constituent X, H(X) is the
scale height of constituent X, X is the solar zenith angle

and the sum is over the neutral constituents atomic oxygen,
nitrogen and molecular oxygen. The forms of Chapman function,
Ch(X,x), are derived in Appendix A for different values of

the solar zenith angle, X. The product I_noc is chosen

such that it gives a reasonable day-time value for NmFZ.

The value used for the product, I_no , is 3 X 107771,

The value used for the absorption Cross section, o, 1S

108




1.5 x 1077 cm™?(Hinteregger et al., 1965). The solar zenith

angle, X, 1s given by

cos X =sind cosB +cosdsinbgcos o (4.10)

where
8 1s the colatitude ,
¢ 1s the hour angle (¢ =0 at midday) ,
§ is the declination angle made by the radiation

path with the equatorial plane.

For equinox conditions the declination angle, &, is zero and

(4.10) becomes

cos X = sin 8 cos ¢ (4.11)

Therefore equation (4.9) which gives 0F production due

to photoionization, becomes

0

-
P =1.5 x 1077 expt:1.5 X 10'17Xn(X)H(X)Ch(X,X)}n(O)cm'3s"1

(4.12)

Oxygen ions are also produced by the charge exchange

reaction

HY o+ 0 - H o+ 07 . (4.13)

: - 11 . -3 -
The reaction rate for this reaction is 2.2 x 10 1(T1)écw)5

(Raitt et al., 1975) and the production due to this reaction

- -3 -
is given by 2.2 x 107H(T.)%n(0)n,cm”s

1
2

. . +
Including these 0" production processes, the total O

production rate is
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1
2

o= Py + 2.2 x 107 (T)2 n(0)n, (4.14)
Oxygen ions are lost via the reverse of reaction
(4.13), which 1is
+
0"+ H > 0 + HT (4.15)

with the reaction rate 2.5 x 107" (T )% (Raitt et al, 1975)

and the 07 loss due to reaction (4.15) is given by

i

2.5 x 10'11(Tn) n(H)n, . 0" ions are also lost due to

neutralisation via the ion-atom interchange reactions
0 + 0 - 0 + 0 (4.16)

0"+ N > NOT + N (4.17)

0.7

with the reaction rates 1.07 x ]O—S(Ti) cm®s™! and

6 x 10" cm™3®s~! (Roble, 1975) respectively. The recom-

3.
T4
bination coefficient for 0" is therefore given by

v = (1.07x1079(1.)°7n(0,) +3.6 x 1070 "N ] emssmr (a18)
J

1 1
T

The total rate of loss of O+ ions is then

o=

Il =2 n +2.5x107% (7))

1 R N n(H)n

(4.19)

1

The H' ions are produced by photoionisation of neutral

hydrogen and the H* production due to this process is given

by

oY = 4.5xwo-7exp[-1.sxwo'” Tn(XHOCA(XX) |n(H)en™?s ™

(4.20)
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where the variables are as defined before. Hydroge;%ﬁons

are also produced by the exchange reaction (4.15) and the

H™ production due to reaction (4.15) is 2.5 x10'l%Tn)%n(H)nl.
The total H' production is given by

. 1
P =P(H) + 2.5x10 '1(Tn)2n(H)n

2

(4.21)

H™ fons are lost via the charge exchange reaction (4.13).

This loss is given by

L, =2.2x107% (T,

1)én(0>n2- (4.22)

Helium ions are produced by the photoionization of

neutral helium and the production rate is taken to be

P =P(He) =6 x10‘5exp[-1.5,x10“17Xn(X)H(X)Ch(x,>)1n(He)cm~3§1

3

(4.23)
where the variables are as before. Helium ions are lost via
the reactions

He + N > N+ NT O+ He (4.24)
et + 0 > 0 + 0 + He (4.25)

with reaction rates 1.3 x10% cm?®s™% and 1.7 x107° cmis™ 1,
respectively (Banks and Kockarts, 1973). The He' loss

coefficient is therefore given by

2

2 =<1.3 x 102 n(N_) + 1.7 x107 n(Oz)}
3

and consequently

L, = 23n3cm'3s'1 . (4.26)




It is noted that these production and loss processes
depend on the distribution of the atmospheric constituents
0, 0, Nz, H and He. These distributions are approximated
by using the Jacchia (1971) model atmosphere. This model

is described in the next section.

After determining the production and loss processes,
we proceed to solve numerically the O+, HY and He+ equations
using the procedures described in Chapter II. The of
diffusion equation (4.1) is solved between the points Sy

(around 2000 km) and s around 200 km). At the upper

M (

boundary, Sy» We assume a condition of zero 07 flux. At

the lower boundary, S photochemical equilibrium is assumec

M?

during the day-time and the condition is expressed as

n (sy) = — ) (4.27)

n (sy) = ‘ - . (4.28)

After calculating the number densities below 2000 km,
we then calculate 0" fluxes for that region. Above 2000 km
ot is in diffusive equilibrium and the 0" number densities
are calculated using equation (4.3) using the procedure

described in Chapter II.




The H™ and He™ momentum equations are solved using the
numerical procedure described in Chapter II. This procedure
involves searching for a value of n(X) at the equator, where
X is either H" or He™ that leads to a solution which
satisfies the physical lower boundary condition for each ion.
We assume that HY 95 in chemical equilibrium at the lower
boundary, i.e. the continuity equation reduces to P, -L,= 0

and this leads to the lower boundary value

1
-1l 2

2.5x10 T_ n(H)n

1

n
=1 : (4.29)
2.2 x10° T, n(0)

This condition is applied at approximately 500 km. The
values of n, between this altitude and 200 km are calculated

assuming chemical equilibrium.

For He+, the lower boundary condition is obtained by

making a numerical approximation to the equation

-3 =P -L (4.30)

which is the He+ continuity equation with the divergence

term neglected. Using the approximation
on, ) ns(t) -na(t - At)

and substituting for P, and L, equation (4.30) leads to




(At xP_o+n (t-at))
n_(t) = : ‘ (4.31)
(T +Aatx2,)

This equation is applied below 400 km. 1In the day-time, the
time derivative in equation (4.30) is negligible and the
lower boundary condition is equivalent to photochemical
equilibrium. At night-time, there is no production and

the application of (4.31) allows the He® number density to

decay at lower altitudes.

4.2.2 The Neutral Atmosphere Model
The distribution for the neutral constituents, O, OZ,

NZ, H and He is calculated using the model atmosphere of.

Jacchia (1971).

The global exospheric temperature, given by Jacchia

(1965), is

l i

\ m s My L A
[ e T (1ersinM@i1 s RcOS nsin ©) o0 @l (a.32)
[oe] 0 { . m 2
L 1 +Rsin B
where @: ( T/@ - 858+68) /2 R
n=("h-8-68/72
(@ = o +8" +P sin(o+y") -7 < g)< ﬂ

In these equations & is colatitude and ¢ is the hour angle
of the sun measured from noon. For equinox conditions the

declination of the sun, &, is zero. In the last equations
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T, is the minimum night-time temperature, (! +R)T0 is the

maximum night-time temperature and the parameters R, m', n'

b 3

g', P' and v' correspond to Jacchia (1971) parameters R,m,

n, 8, P and y. The values of these parameters are
m' = 2.2 n'" = 3.0 , R =0.3 |,
0 0 0
g' = =37 P' = +6 and y' = +43 .

The modified Jacchia neutral temperature profile

presented by Walker (1965) 1is
- Tip)exp(-0g) (4.33)

where T120 is the neutral temperature at 120 km, o is given
by
] =1
r + 120
0

the parameter s given by Jacchia (1965b)1s

-1

XZ
0.0291 exp( =" /2) km

(%)
i

T_ - 800

with X =
750 +1.722 x 10 (Tm'-800)2

and £ is the geopotential height given by

(z-120)(r, +120)
g = km s

+
Y‘O z

where z is the altitude and r, is the Earth's radius, both
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in kilometers. Using the approximation (4.33), Walker (1965)

inteyestzl the diffusive equilibrium equation for the
neutral constituents to obtain an analytical expression

for the distributions of 0, 0., N

2

) H and He. The result is

1+%
n = n 1-a ', . 4 34
lZOL 1 - a exp('f::y exp( OYQ) ) ( . )
where n is the number density, N o is the number density at
120 km,
T ™ T
a = - ,
Tco

o is the thermal diffusion coefficient (equal to - 0.38 for

He and zero for N_, 0, 0 and H), and

2

m(X)glzo
Y o= e
ok Tmo

where m(X) is the molecular mass of constituent X, g, 15

the gravitational acceleration at 120 km and equal to 944.1
_1 w

cm. s .k is the Boltzman's constant and the other variables

are as defined before. For the minimum night-time temper-

ature, TO, and the temperature at 120 km, T -, we used the

following values T = 700°K and T = 310°K.

For the neutral constituent number densities at 120 km

we have adopted the following values:

1 -3

1
2.99 x10 cm »

>
—
o
—
"
—_—
—
—
>
—
]
O
3
-
—
N
(=]
—
o
N
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1
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=3 7 -3

1
2.27x10 cm and n He) = 1.6 x10 cm

~
1§

120 (

Figure 4 shows the variation with local time of the

concentrations of O, O2 and NZ.

The value of hydrogen at 120 km is chosen such that
equation (4.34) gives a specified value for n(H) at 400 km.
The variation of atomic hydrogen at 400 km used in these
calculations is based on the results of Brinton and Mayr

\ -
(1972) and is {2.2 £ 0.65 sin| —T j}]OScma
L 43200

3

where T is the local time in seconds. Figure 5 shows the
atomic hydrogen variation at 400 km over 24 hours. Figure

6 shows the He number densities profiles at mid-day and

midnight.

For the meridional neutral wind we have used the same }

model as Murphy et al. (1976).

For the electron and ion temperatures, we adopt the

following. For altitudes at and below 1000 km the observed

values of Evans (1967) are combined with those of Brace et

al.(1967). This involves interpolation with respect to

height and time. For altitudes higher than 1000 km we set

Tj = Te and we constructed a model to calculate these
temperatures. Observational results (Serbu and Maier, 1970):
Sanatani and Hanson, 1970; Brace et al., 1974, Maher and
Tinsley, 1977) suggested that there are substantial

altitudes gradients in plasma temperature at high altitudes.

We therefore imposed a uniform gradient in our icn and electron

temperatures above 1000 km. The value of this uniform




-6 =1 6 -1

gradient is 5x 10 cm during the day-time and 2.5 x16 cm
during the night-time. Around sunrise and sunset we assume
the gradient to vary linearly between the day-time and
night-time. Figure 7 shows the electron and ion temperatures
variation over 24 hours for selected altitudes. Further

details of electron and ion temperatures are given by Murphy

et al. (1976).

4.3 Results

As mentioned earlier the He calculations are carried
out for a period of ten days starting at 06.00 local time
on the first day. The integration is started with a
relatively low He™ tube content (all tube contents are
quoted for the magnetic tube at L = 3 with a cross section
of 1 cm2 at 1000 km). The sets of calculations carried out
are summarized in Table 1. We first discuss our standard
model A. Our initial He® tube content is approximately
4 x1010c%2 and the corresponding He™ equatorial number
density is 0.64 c%a. Even with this relatively low He ™
tube content which characterises conditions in the subsonic
recovery phase following a magnetic storm at sunspot
minimum, there are downward fluxes of He™ through the 1000
km level of magnitude WOSC&Z;I in the evening (the corresp-
onding tube content is 1.4 xWOllc&z). In the sunspot
maximum calculations of Murphy et al. (1979), they notﬁced
similar behaviour with downward HeT fluxes of magnitude

s =2 "1 .
8 x10 cm s (the corresponding tube content was of magnitude

1 -2

3.8x10 cm ).
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In these calculations He  continues to flow downwards
through the 1000 km level in the evening and the early
morning hours throughout the ten day integration period.
Figure 8 shows the behaviour of the He' flux at 1000 km
and 4400 km for day 9. Contrary to this, the HY fluxes
were upwards on the first two days of the integration and
started to flow downwards in the evenings from day 3 onwards.
In the morning hours H* fluxes were upwards until the 7th
day of the integration period where the H" tube content
reached a relatively large value (7.07 x]OlBC%ZL then 1t
started to flow downwards in the early morning hours. In
the sunspot maximum calculations of Murphy et al. (1979),
they found that HY and He' flows oppose each other in the
early morning hours throughout the integration period. This
may be partly due to the fact that they have used the same
daily behaviour pattern for O+/H+ throughout their calculat-
ions. Murphy et al. (1979) calculated O+/H+ results for
four days and used the O+/H+ behaviour pattern of the fourth
day throughout the integration period for He™ . Consequently
the day to day change of Ut was not allowed to influence He+;
the HT tube content of the fourth day was relatively low.

In addition, at sunspot maximum, Bailey et al. (1979) have
suggested that H* can flow upwards throughout the night
for several nights following a magnetic storm, whereas at
sunspot minimum a down flow of HY is more likely at night
(Murphy et al. 1876). The contrasting flows of H* and He™
are enhanced by the fact that helium ions are four times

heavier than hydrogen ions. However, this feature and the
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different behaviours of HY at sunspot minimum and sunspot

maximum can be aSsueiated with the production processes

for the two ions.

We mentioned earlier that the only production process
for helium ions in our model is photoionization. Consequently
any production at night occurs high in the magnetic flux
tube (i.e. in the part of the tube that lies cutside the
Earth's shadow) and relatively little He' i produced.
Therefore He' would be expected to flow downwards at night.
Production and loss of Ht arises from the reversible charge
exchange reaction

+

of +H T o0+ n"

and there is either a net production or a net loss of the H*
above 450 km (H+ and 07 are in chemical equilibrium below
this level). Thus the direction of the HY flow through the
1000 km level is largely influenced by the net production
from this reaction, which in turn depends upon the relative
concentration of the constituents involved. Consequently,
when HY densities are relatively low, there can be a net
production of tat night-time that results in upward flow
of HT.

The results of the vet calculations for the first day
are characterized by a rapid increase in the He' tube
content. On the first day the He+ tube content increased

- 11 -2
from 4 x1010cm2 at 06.15 local time to 1.433 x10 cm at
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midnight. From Figure 10 it is noted that on the early days
of the integration very little of the He produced during
the day-time is lost during the night-time. As the integra-
tion continues, the He™ tube content net increase gets
smaller and at day eight the He™ tube content net increase
was just 1.33 xlOloc%Z (Figure 11) compared to 1.2 XWOllcéz
on the second day. After eight days of integration the He+
tube content began to decrease. One might expect the He ™
layer to reach a state where it repeats its daily behaviour
from day to day. In the sunspot maximum calculation of
Murphy et al.(1979), the He™ tube content continued to
increase and its net increase on the eighth day was as high
as 2.5 x]Ollcéz. However, since Murphy et al. (1979) used
the O+/H+ results of the fourth day throughout their calcul-
ations, their H* densities, from the fifth day of the He™
integration period onwards, are under-estimated. Greater

H* densities and smaller He' densities would probably have
resulted if the post-storm replenishment of the H' had been
allowed to continue. For the calculations carried out here
the HY tube content reached the value 8.8 xlOlec%z on the
ninth day compared to 5.5 x1013cm on the fourth day. Thus
our results appear to indicate that the day to day increase
in the HT tube content limits the day to day increase in He ™
tube content to the extent that the He' content actually
starts to decrease from the eighth day onwards. We carried
out two tests to investigate the He™ behaviour. 1In the

first test (model B, see Table 1) we carried out calculations

similar to Murphy et al. (1979) but with sunspot minimum
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parameters. We repeated the He™ calculations using the same
daily pattern of behaviour for the O+/H+ number densities
and fluxes for each day of the He+ integration. The O+/H+
results of the fourth day were used to calculate the He
number densities and fluxes over ten days. The results of
these calculations were similar to those presented by Murphy
et al. (1979), namely our He™ tube content continued to
increase even after ten days of integration. For these new
calculations (set B) the He™ tube content at the end of the
eighth day was 7.9 x1011c&2 compared with 6.2 x1011c%2 from
our standard results. In Figure 10 we show a comparison
between the two He' tube content variations over ten days.
It is clear that the He' content is suppressed as the ¥
content continues to increase. This results in the He ™
content reaching its maximum on the eighth day and the He ™
content will probably continue to decrease until HY s fully
replenished. It is not possible to determine the extent

to which an increasing He' content limits the HY replenish-
ment from these results since Het 4s treated as a minor ion.

This limitation is removed in Chapter VI.

To examine how the build-up of HY 1imits the He™
replenishment we have repeated the calculations of the ninth
day with Het - HY collision frequency reduced by a factor
of 5 (model C, see Table 1) compared to model A. This
allowed the Het ions to flow more freely. The result shows
a substantial increase in the He™ tube content. Figure 12

+
shows a comparison between the two He  tube contents for
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models A and C. It therefore appears that the fall off in
the He™ content from day eight onwards, is associated with
the larger He® - H* collision frequency due to the continuing
replenishment of H™. As this collision frequency increases
throughout the post-storm replenishment the diffusion of He+
through HY s impeded. It is therefore harder for the He™
that is produced during the day-time to escape to greater
altitudes. This results in more recombination of He and

less upward flow.

Figure 9 shows the eighth day He™ profiles at different
local times and the He' midday profile for the first day of
the integration period. The He ™ profiles exhibit single
peaks during the early days of the integration period. These
peaks are around 450 km during the day-time and about 800 km
during the night-time. At later stages of the integration
when the He® tube content is sufficiently large, the He ™
profiles exhibit two peaks, with the upper peaks being a
result of the balance between diffusion and the electrostatic
field which is strongly influenced by 0". The lower peak
results from production processes and consequently disappears
at night-time since Het is produced by photoionization. We
have already noted that the small amount of He® that is
produced during the night-time is produced high in the

magnetic flux tube, outside the Earth's shadow.

From Figure 9 we notice that when two peaks are

present they are very close to each other. They are separated
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only by about 100 km. In the sunspot maximum calculations
of Murphy et al. (1979) the two peaks were well separated.
A possible explanation for this difference is that at sun-
spot minimum the o* number densities are smaller than at
sunspot maximum. Consequently the electrostatic field will
be weaker at sunspot minimum and this results in the He™

upper peak forming at lower altitudes.

Because of the day-time double peaks and the night-time
single peaks in the He ™ profiles, we do not present the
diurnal behaviour of the maximum number density in the He™
profiles. Instead we show the number density variation at
different altitudes. Figure 13 shows the Het number density

variation at selected heights on the eighth day.

Although there are some differences, the results, in
general, are similar to those presented by Murphy et al.
(1979). Via its contribution to the electrostatic field the
0" layer has a strong influence on He™ behaviour at all
heights but particularly at lower altitudes. During the
day-time Het is displaced upwards by the of lTayer producing
a day-time maximum at greater altitudes. During the evening
the He collapses on top of the decaying of layer. This
results in a rapid increase in He' concentrations at lower
heights. However, the increase is short lived. In the later
evening hours recombination dominates at lower heights Tead-
ing to a decrease in the Het densities. Mathematically the

behaviour of He+ at these altitudes depends on whether the
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divergence or recombination loss term dominates in the
continuity equation. The pre-midnight decrease in the e
number density at 700 km, for example, differs from the
results presented by Murphy et al. (1979). In the calcul-

ation of Murphy et al. the influx of He+ was more than

sufficient to offset the loss due to recombination.

Comparing Figure 13 to the corresponding results of
Murphy et al. (1979) we see that the main differences in
the time variations occur at lower altitudes. The results
of Murphy et al. (1979) show a deeper day-time trough.
Apart from the different sunspot parameters our model B 1is
similar to the model used by Murphy et al. (1979). To
investigate these differences at lower altitudes we compare

the results at 700 km from our model B to the results from

our standard model (see Table 1). The He™ number densities
at 700 km for these two models are shown in Figure 14 for
the eighth day, along with corresponding H' densities. The
results from our model B also produce a deep day-time
trough. It therefore appears that the deep trough results
from the artificially enforced lower H* densities used in
model B and the model of Murphy et al. (1979). The lower

HY densities allowed enhanced Het diffusion.

The results of Figure 13 and of Murphy et al. (1979)
also differ at lower altitudes in the late evening and early
morning periods. A similar difference is also apparent in

the model A and model B results of Figure 14. Concentrating
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on the results of Figure 14, these differences can be Tinked
to the fact that, on day eight, the He™ content for the B
model is considerably greater than the content for the A
model (see Fig. 10). <Consequently a greater downward flow
of He™ would be expected for the B model at night-time.

For the broken curve (model A) there is not sufficient
downward flow of He ™ to allow the divergence term in the
continuity equation to offset the loss term associated with

recombination.

In general there is less variation in the number
densities at all heights shown in Figure 13 compared to the
corresponding curves shown in Murphy et al. (1979). This
can be explained in terms of the limited Het diffusion

associated with the greater H* number densities.

Unfortunately it is not possible to provide a compar-
ative description of the behaviour of He™ at sunspot minimum
and sunspot maximum. The differences between the sunspot
maximum results of Murphy et al. and the sunspot minimum
results presented here are dominated by the fact that Murphy

et al. used the same O+/H+ behaviour on each day of the He ™

integration period.

4.4 Conclusions

The O+, H* and He™ time-dependent continuity and momen-
tum equations have been solved using the procedure described

in Chapter II with He' being treated as a minor ion. The
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effect of the two major ions, of and H+, on He+ have been
taken into account and thermal diffusion has been included.
We have examined the behaviour of the He' number densities
and fluxes over a period of ten days, beginning with a
relatively low He+ tube content on the first day. This low
content is chosen to characterize conditions in the subsonic

recovery phase following a magnetic storm at sunspot minimum.

Throughout the whole integration period He™ flowed
upwards during the day-time and downwards at night-time.
Even on the first day there was a return flow of He™ at
night-time. The He profiles exhibit single peaks during
the early days of the integration period. These peaks are
around 450 km during the day-time and around 800 km during
the night-time. After four days of integration the He™
profiles exhibit double peaks during the day-time hours and

whenever these doutle peaks exist they are very close to

each other. This is due to a relatively weak electrostatic
field compared to the sunspot maximum results of Murphy et
al. (1979) where the peaks were widely spaced during the day-
time.
+ 0 -2

The He' tube content started from about 4 x 10 cm and
increased, reaching a maximum value of 6.8 x1011c&2 on the
eighth day of the integration when it began to decrease.
This behaviour of the He® tube content is due to the large

amount of H' present at the later stages of the integration

period. The He™ tube content will probably continue to
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decrease until the H' reaches full renlenishment. In the
sunspot maximum calculations of Murphy et al. (1979) the He ™
tube content did not reach a maximum but continued to in-
crease throughout the entire integration period. Our results
indicate that this was not due to the sunspot maximum
parameters but was a result of solving the O+/H+ equations
for four days and using the results from the fourth day on
eyvery day of the He™ integration period. This was confirmed
by repeating our sunspot minimum calculations with a similar
restriction. In such calculations the H™ concentrations are
under-estimated from the fifth day of the He™ integration
period onwards. Consequently the He™ can diffuse more freely.
Calculations were carried out with the Het - H7
collision frequency reduced by a factor of five; the He
tube content increased substantially. Consequently Het - 0¥
collisions are important and help restrict He™ to lower
altitudes during the later stages of replenishment follow-
ing a magnetic storm. In the later stages of replenishment,
less H' flows upwards during the daytime and more HY flows
downwards at night-time. Consequently the decrease in the
net upward flux of H? causes a decrease in the net upward

flow of He+ and more He+ recombines at lower altitudes.
The He' number density variation at all hefghts is

strongly influenced by the ot electrostatic field, resulting

in a daytime trough at Jow altitudes and a daytime maxinmum
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at greater altitudes. The decay of 0" in the evening leads
to an evening maximum in the He® concentration at lower
altitudes and a decrease in He' concentration at higher
altitudes. It therefore appears that the behaviour of He ™t

is strongly influenced by the o* contribution to the electro-
static field, but that the behaviour is dampened in the later

stages of replenishment due to collisions with HY.

The calculations of Murphy et al. (1979) indicated
that He+ was lost by magnetic storms rather than converted
to neutral helium leading to a loss process for neutral
helium. However,it appears that this feature of their
results was a consequence of the use of the O+/H+ results of
the fourth day throughout the He™ integration period. QOur
calculations indicate that the way in which He™ is lost
depends on the frequency of the magnetic storms. If the
period between the magnetic storms is less than eight days
then the He® will be lost via magnetic storms, but during

magnetically quiet periods (greater than eight days) Het is

lost by recombination with 02 and N2 producing neutral helium.
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Standard model in which both H™ and He™ are
allowed to replenish from day to day over the
intearation period. He™ is treated theoretic-

ally as a minor ion. Sunspot minimum parameters

are described in section (4.22)

As in set A excent that only He™ is allowed to
replenish from day to day. O+/H+ calculations
are carried out for four days and the behaviour
on the fourth day is used throughout the He™
calculations. Similar calculations were carried
out by Murphy et al. (1979) but with sunspot

maximum conditions.

As in set A but with the Het - BT collision

freauency reduced by a factor of 5.

Table 1
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Figure 2. Diurnal variations of NmFZ, hmF2, 0 /H
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n(0+) = n(H+)) and H™ tube content on
day eight of the integration period.
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V. A THEORETICAL STuDY OF DOUBLY
CHARGED ATOMIC OXYGEN IN

THE MID-LATITUDE PLASMASPHERE

5.1 Introduction

Doubly charged oxygen ions, O++, were observed in 1967,
when Hoffman (1967) reported the detection of the doubly
charged ions cf oxygen and nitrogen in the topside ionosphere
using the mass spectrometer on Explorer 31. Since then, only
limited works concerning 0" have been carried out. Such
works were carried out by Nakada and Singer (1968), Schunk
and Walker (1969), Walker (1970) and Heelis et al. (1972).

In the work of Nakada and Singer (1968) they assumed a

+

b

steady state and calculated the concentration of O++, 0
Het and other ions for different conditions. In their study
they pointed outthe importance of thermal diffusion at
altitudes higher than 1000 km. They also pointed out that
with a certain temperature gradient %% > 2 x165 K/cm}
thermal diffusion exceeds pressure diffusion at all altit-
udes above 1000 km and there was a possibility that the ot
concentrations will be greater than the HY concentrations
beyond 2.5 Earth radii. In the work of Walker (1970), he
solved the 07 equations for a limited range of altitudes

in the toOpside jonosphere. Walker (1970) neglected the
effect of the chemical loss processes for the doubly

charged oxygen ions, assuming that the rate coefficient for

. . ++
the chemical reactions resulting in loss of O were too
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small to affect the calculations. Walker's results showed
+4 . )
that the O density increases slowly with altitude and the

++
+ -2
/0% was about 10 at 500 km. A common difficulty

ratio
in the early 0" studies was the uncertainty of the 0t
chemical loss rates. Since that early work on O++, consider-
able work has been carried out to determine the 0*" chemical
loss processes and their reaction rates (Breig et al., 19773
Johnson and Biondi, 1978; Victor and Constantinides, 1979;
Howorka et al., 1979 and Geiss and Young, 1981). Breig et
al. (1979) analysed the 0** measurements made by the Atmos-
phere Explorer C satellite for altitudes where photochemical
equilibrium conditions prevail to determine the photochemical
sources and sinks of 0t They found that the 0" ions were
produced mainly by the photonization of 0" and they pointed
out that the ionization of the neutral atomic oxygen could

be a major source for O++ at lower altitudes. Breig et al.

(1977) also suggested that 0" could be lost through the

chemical reactions

VA 0% + Products (5.2)

0 + O2 -~ Products . (5.3)

The reaction rate coeffibients for the reactions (5.1),

(5.2) and (5.3) will be given in section 5.3.

More recently Geiss and Young (1981) conducted a study
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to investigate the high values of O++ and its presence at
high altitudes in the Earth's plasmasphere and also the
magnetosphere. Although Geiss and Young (1981) solved the
ot * equations they did not solve the 0+/H+ equations but
rather they constructed a model based on some observations
and the sunspot minimum calculations of Murphy et al. (1976).
In their model they used constant bulk flow velocities
below 2000 km and they did not differentiate between the oF
and the H™ velocities, i.e. both were assumed to have the

same velocity. Geiss and Young found that thermal diffusion

was the only possible explanation for the observations of
O++/ ot ~ 1 in the equatorial plasmasphere. They also noted

that there was a threshold temperature gradient between
ionosphere and equatorial plasmasphere, corresponding to an
equatorial temperature at L = 3 of SOOOOK, below which

thermal diffusion becomes ineffective.

In this work we investigate the 07" behaviour at all
altitudes above 200 km for L = 3. This is achieved by
solving the time-dependent continuity and momentum equations

+ +

of oY, H" and 07",

The integration is carried out for a
period of twenty days for our standard model. In these
calculations 077 is treated as a minor ion with 0" and HT
treated as major ions. In our standard set of calculations
we use similar temperature profiles to Geiss and Young
(1981). Since these temperatures, based on GEOS 1 data at
the equator, have little diurnal variation, we also perform

a set of calculations in which the diurnal variation of the
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temperature is more pronounced. The latter temperature model
was used 1n the study of O+/H+ behaviour at sunspot maximum

by Bailey et al. (1979). These two temperature models are

described in section 5.3.

5.2 Equations.

As seen in Chapter II, the O+, H and ot continuity
and momentum equations were derived using the formulation of
St. Maurice and Schunk (1976). Referring to equations (2.64)

and (2.65) of Chapter II, the 0** continuity equation 1is

given by
an ¢,
"L [ ¢ ] =P - L (5.4)
at 35 B 4 4

and the 077 momentum equation takes the form

kT. T an oT

i3 . k e e k e
2 - - - X _& & _p0.392 =~ %
mu 88Uog(nb)) gstn m, ne 9s m, 3s
aT. oT.
__L__‘+_l<_g___l-[v (1 -8 ) +
My  3s mu, ES ul “
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where the variables are as defined in Chapter II. The terms
involved in the last equation arise from gravity, the electro-
static field, the partial pressure gradient in the O++ gas,
thermal diffusion and collisions with the major ions, of

and HT. Although the O++, 0" and H' equations are coupled,
the assumption that 0"t is a minor ion removes the dependence
of 07 and HY on 07F. This means, the two calculations can be
separated and therefore solve the 0 and HF equations first
to obtain the number densities and fluxes of the two major
ions. These densities and fluxes are then available to

carry out the 0tt calculations. As noted in Chapter IT,

the 0F equations are solved using the Laasonen procedure

and the H™ and 077 equations are solved using the searching
method with the numerical integration achieved via a
predictor-corrector method. Thus, for 077 a search is
carried out to find a suitable value for n(0++) at the
equator which produces an acceptable solution, i.e. a
solution that agrees with the physical condition at the 1ower

boundary.

The lower boundary condition for 0t" is obtained by
making a numerical approximation to the equation
an

1: } P'* ) Lu ’ (5'6)
3

which is the oF" continuity equation with the divergence

term neglected. Using the approximation
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and the fact that L =2, n_, equation (5.6) takes the form

P,At+n (t-4t)

n (t) =
! T +4at2
L
. ank
In the daytime, is negligible and the lower boundary
ot
condition is equivalent to photochemical equilibrium. At

night-time when P =0, the application of (5.7) causes the
0"" number density to decay at lower altitudes. The lower
boundary condition is imposed at a height of 650 km and the
0"* number density helow this height is calculated using

equation (5.7).

The numerical integration of equations (5.5) is carried
out for L =23, from the equator (at about 12739 km) to about
200 km down the field line. The integration period for our

standard set of calculations is twenty days.

5.3 Atmospheric Parameters
0"*- pProduction Processes.

The doubly charged oxygen jons are produced by the
photoionization of of (Walker, 1970; Breig et al, 19773
Victor and Constantinides, 1979; Geiss et al., 1978). MWe
adopt the value of rate coefficient used by Geiss and Young

-7 .
(1981) which is 1.6x10 s . Therefore the production rate

for this process 1is given by
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") }n(@*)cr}3 s, (5.8)

=7 -17
= 1.6x10 exp[f1.SXTO )T
i

where T 1s the optical depth, given in Appendix A, and the

sum is over the neutral constituents atomic oxygen, nitrogen

and molecular oxygen.

The other production source which we consider for o™t
is the double photoionization of atomic oxygen (Victor and
Constantinides, 1979). Victor and Constantinides (1979)
pointed out that this process is very important and could
dominate at lower altitudes. They estimated the rate
coefficient for this process to be 2><169;1. However, for
comparison, we adopt the value used by Geiss and Young
(1981) which is 1.5 X1693-1. Thus the production rate
from this source is taken as

-17 i -3-1

-9
P,(0) = 1.58x10 exp[].Sx 10 ZriJn(O)cm S (5.9)
1
where the variables are as given before.

The 0** ions are produced by Auger process following
K shell ionization. We neglected the effect of this process
since it has been shown (Victor and Constantinides, 1979)
that this process is negligible compared with the previous

two processes. Thus the total oFt production is given by
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The O++ Loss Processes.

++ .
The 0 1ons are lost via the charge exchange reactions

(Breig et al., 13877).

++ k1 + +
0" +0 ——— 0 +0 ,
k
+
0" " + N, ——2 5 Products ,
++ Ky Product
and 0 + 0 — ; oducts

The reaction rate k, has been estimated by Breig et al.
-11 -3-1

(1977) to be 1x10 cm s . The other reaction rates, k,

and ka, have been measured by Johnson and Biondi (1978) and
-9 =3 ~1

Howorka et al. (1979). We adopt the values 1.4x10 cm s
for both k, and k. These values were also used by Geiss
and Young (1981). We have neglected the 0°" losses due to
charge exchange with H and He since they have been shown to
have minor effects on the 07" results (Geiss and Young).

AN

Thus the total loss term for the 0"F dons s given by

=11

-9 -9
L = (10 n(0) +1.4x10 n(0,) +1.4x10 n(N,)n (0

N

T (5.10)

with the neutral constituents 0, 0, and N, calculated
using the neutral atmosphere described in Chapter IV with
atmospheric conditions appropriate to sunspot maximum. The

neutral parameters at 120 km are given by

T = 1000 Kk (915 for set B), T . ~= 350 K ,

0 120
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the for

where r
constan
the equ
and 100
time) a
1000 K

Ti(ion

altitud

ue of 1000 K is used to be consistent with Geiss and
1981). The variation of atomic hydrogen at 500 km
these calculations is based on the results of

and Mayr (1972) and is

i

10 (6.15+1.55sin (2 xT +0.5236)) (5.11)

i

5

is local time in seconds and 0 = 7.2722 x 10

o different models are used for the ion and electron
tures. We use the temperature profiles described by

nd Young (1981) for set A of our calculations (see

). These temperature profiles are calculated using
m
CZ
T=0C +—, (5.12)
r

is the distance from the centre of the Earth. The
ts C1 and C2 are determined by the temperatures at
ator (8000 K for daytime and 7000 K during night-time)
0 km (2400 K for the daytime and 2000 K for the night-
nd we restrict the temperature not to be less than
at the lower altitudes. For this set of calculations
temperature) = Te(e1ectron temperature) at all

es. As noted by Geiss and Young (1981) the equatorial
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temperatures are based on data from GEOS 1.

For set B (see Table 1), we adopt the following. For
altitudes below 900 km, the electron temperatures, T_, are
based on data obtained at Millstone Hill (L =3.2) and
supplied by J. V. Evans and J. E. Salah (private communic-
ation with G. J. Bailey). Less information is available on
temperatures for altitudes greater than 900 km and there-
fore a model is constructed. Observational results (Serbu
and Maier, 1970; Sanatani and Hanson, 1970; Brace et al,
1974 Maher and Tinsley, 1977) suggested that there are
substantial altitude gradients in plasma temperatures at
high altitudes. We have therefore imposed a uniform
gradient 1in Te above 900 km. The value of this gradient 1is
0.8 Kkél during the daytime and 0.4 K k&l during the night-
time. Around sunrise and sunset, we assume the gradient to

vary linearly between the day and night.

The ion temperature, Ti’ is obtained at all altitudes
by equating the ion thermal energy input from electron-ion
collisions to that lost through ion-neutral collisions

(Bailey et al., 1979). At high altitudes T, equals T,.

Figure 1 shows the variations of the neutral concen-
trations of 0, O, and N, with 10§a1 time at 300 km and the
variation of the atomic hydrogen at 500 km. Figure 2a shows
the variation with local time of the two temperature models
at selected altitudes. Figure 2b shows the temperature

profiles used in our standard set (set A).
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Although we have carried out O+/H+ calculations for

sunspot maximum conditions, the O+/H+ results will not be

discussed in detail in this chapter since such results have

been given by Bailey et al. (1979). Therefore the O+/H+
results will only be discussed where they affect the ot
calculations. In Figure 3a, we show the behaviour of NmFZ
and hmFZ on day eight for the two sets of calculations A

and B. Figure 3b shows the behaviour of 0 -flux through

the 750 km level and H+—f1ux through 1000 km over twenty-
four hours on day eight (set A) and in Figure 3c we show the

H+—content over twenty days.

Finally it is noted that we have carried out some
additional calculations to investigate the important physical
processes. In these additional calculations either the
standard set of parameters or terms in the 0"" momentum
equation have been modified. These modifications are

summarized in Table 1.

5.4 Results.

The O+, H+ and O++ number densities and fluxes are
calculated along a mid-latitude magnetic flux tube at L =3
from an altitude of 200 km to the equator (at an altitude
of 12739 km). It has already been noted that 077 is treated
as a minor ion. Thus first we calculate the O+/H+ results
over the complete integration period and determine the 0"
results using the corresponding 0+/H+ variables at each

fifteen minute stage of the integration period (a time step
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of fifteen minutes was used). Low initial 0" (and HY)
densities were chosen to characterize conditions in the
subsonic recovery phase following a magnetic storm. The
initial 07" profile was calculated assuming chemical control
at low altitudes and diffusive equilibrium at greater
altitudes. The tube content of this 0°7F profile was

8.6 x 108c%2 (as in previous chapters all flux tube contents
are quoted for a magnetic flux tube at L =3 with a cross
section of 1 sq cm at 1000 km altitude) and the maximum and

=3 -2 -3
the equatorial values of n(0++) were 2.0cm and 1.1 x10 cm

respectively.

We produce several sets of results. The parameters
for our standard set A are similar to those used by Geiss
and Young (1981). The other results are produced to invest-
igate the effect of various physical processes and are
obtained by varying some of the parameters in the standard

set. Theése variations are summarized 1in Table 1.

With the obvious exception of the behaviour of ot at
the equator, in general O+/H+ behaviour is only discussed
in relation to its influence on the behaviour of ot .
Detailed theoretical studies of 0" /" behaviour following a
magnetic storm have already been carried out (Murphy et al.,
1976, Bailey et al.,P;%é%%tggiley et al., 1979). Some of
the important O+/H+Aare shown in Figure 3b for the eighth
day of the integration period, whereas there is little change

in the behaviour of 0" over each day of the integration

period. The HT number densities increase from day to day
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throughout the post storm replenishment period. Therefore

we show the benhaviour of the H™ content over the twenty day

integration period in Figure 3.

We first discuss the behaviour of 0% in our standard
set A where we have tried to retain similar parameters to
those used by Geiss and Young (1981). In particular we use
similar temperature profiles. However, our model differs
from that used by Geiss and Young (1981) in that they do
not solve the O+/H+ continuity and momentum equations.
Instead, they construct model 0" and H" densities and fluxes
based on observations from GEOS 1 and 0GO 6 and calculations
of Murphy et al. (1976). In our model the O+/H+ calculatiors
have been carried out using the same neutral atmosphere and
ion and electron temperatures as used in the 0"t calcul-
ations. This consistency may be important when discussing
the ratio n(O++)/n(O+). Because of this our calculated
equatorial 07 values differ from those used by Geiss and
Young (1981) which were based on GEOS 1 mass spectrometer
data. These authors used values of 0.3 c&a and 1 c%a for
equatorial n(O+) in the night-time and daytime respectively.
The variation of 0F (and O++) at the equator, obtained from
our calculations, is displayed 1in Fiqure 4 for the first
twelve days of the integration period. Although our daytime
maximum of approximately 1.2 c%a does not vary significantly
from the values used by Geiss and Young (1981), our night-
time values drop to around 5 x162cﬁq. It was suggested by

Geiss and Young that the daily ot variation at the equator,
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obtained from theoretical calculations, may be exaggerated
by assuming that 0" is in diffusive equilibrium above a
certain altitude in the topside ionosphere. In all of the
results presented here we have assumed that 0% is in diffusive
equilibrium above 2000 km. However, we have varied this
altitude to examine its influence on 0f at the equator and
found very little difference in the results. To replace
this assumption by the equinox condition of zero flux at

the equator it would be necessary to take much smaller step
lengths at greater heights compared to those used at present
(see section 2.4). This would result in a considerable
increase in the amount of computer time needed to calculate
the densities and fluxes of all three ions. In addition, we
note that 07 is in pseudo-diffusive equilibrium in the top-
side ionosphere due to the lack of importance of collisions
compared to other processes. [t is interesting to note that
for the ot - HT collision term to be comparable to the
gravitational acceleration term in the 07 momentum equation
in the topside ionosphere, the 0% ions would need to be
flowing with a Mach number of 5 or more. The value has been
determined from our results between 1500 km and 2000 km at
midday on the eighth day of the integration period. The
corresponding 0" fluxes would be of the order WOBC%Z;l. It
therefore appears that the variation of 0" at the equator is
not strongly influenced by the assumption of diffusive
equilibrium above 2000 km. Thus the variation of 0° at the

equator, obtained from the limited GEOS 1 mass spectrometer

data, leaves an interesting problem to be resolved. In
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addition, an interesting feature of the behaviour of 0F at

the equator 1is evident in Figure 4. The maximum daytime

. +
number density of 0O at the equator falls steadily through-
out the integration period. We have not examined this
feature in detail but it is probably linked to the increasing
+
H content. It cannot be linked to O++ behaviour since O++
is treated as a minor ion and therefore has no influence on
+ . . .
0" behaviour in our model. Note also that a similar feature
is probably not evident in the 0" behaviour because of the

prominent role of thermal diffusion which we discuss in more

detail later.

Apart from the night-time behaviour of 0" at the equator
the results of our standard set are in general agreement with
the results of Geiss and Young (1981). From Figure 4 it 1s
clear that the 07" concentrations exceed the 0" concentrations
at the equator from the fifth day onwards, and that the of*
concentrations continue increasing throughout the integration
period. This is also evident in Figure 5 where we show the
equatorial value of the ratio n(0++)/n(0+) for 13.00 LT on

each day of the integration period.

The results of our standard set A are in agreement with
the findings of Geiss and Yoﬁng, that thermal diffusion is
responsible for large amounts of 07% at the equator. Start-
ing from the end of day seven for set A, we have repeated
the 077 calculations for days eight, nine and ten with the

++ .
thermal diffusion term omitted from the O momentum equation
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(set C). The dot-dashed curve of Figure 4 shows the
resulting 0"" densities at the equator. The conclusions

are self-evident in Figure 4. As soon as thermal diffusion
is omitted the 0"" number densities fall rapidly at the
equator. No regular diurnal pattern of behaviour of the
equatorial 0"* number density is evident over the three

days for which thermal diffusion was omitted. This irregqular
behaviour is a consequence of there being too much O++ in

the flux tube for this parameter set at the start of the
eighth/giz the behaviour would probably continue until the
0" tube content falls to a sufficiently low value. However,
these results emphasize the importance of thermal diffusion
and its influence on the 0" flux tube content and ot

number densities near the equator.

In Figure 6 we show the diurnal variation of 0"t at.
selected altitudes for sets A, C and D on day eight (see
Table 1). In particular the dashed curve gives some indic-
ation of how the O++ layer redistributes itself when thermal
diffusion is neglected. The ot layer rapidly collapses
with 077 number densities decreasing at greater altitudes.
At 2500 km n(O++) initially increases due to an influx from
greater altitudes, but decreases after about an hour due to
the 077 flowing to even lower altitudes. This decrease 1is
offset at 08.00 LT when the daytime temperature profile 1s
introduced. In the absence of thermal diffusion ot
behaviour is strongly influenced by the 07 contribution to

the polarization é]ectric field, which in turn depends on
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the electron temperature. The dot-dashed results (set D)
shown in Figure 6 have been obtained by solving the 0"
equations with the polarization electric field decreased by
a factor of 100 in the 0" momentunm equation. The initial
distributions were taken from the end of the seventh day
for set A. The effect is as expected. More 0"* is allowed
to remain at lower altitudes with the consequence that
there is less 07" at greater altitudes. At 04.00 LT, for
example, the equatorial value of n(0++) drops from 2.0 c%3

-3
for the standard set A to 1.5 cm for set D.

The effect of thermal diffusion on the 0"t layer 1is

also illustrated in Figure 7 where we compare ot height
profiles at midday on the eighth day for the standard set

A and set C in which thermal diffusion is neglected. OQver
the range 2000 - 7000 km approximately there 1s a marked
difference between the O++ scale heights in the two profiles.
The explanation is clearly evident from Figure 8 where we
show the height profiles of the thermal diffusion term and

0% contribution to the polarization field term corresponding
to curve A of Figure 7. These terms from the 07" momentum

equation are given in the same units as gravity. The

significant point is that thermal diffusion becomes the

dominant term from just below 2000 km upwards.

4+,
Returning to Figure 5, 1t can be seen that the 0 /0

ratio at the equator is only increasing very slightly after

++ .
15 days. Note that this figure only shows the 0" "/0 ratio
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for 13.00 LT on each day for easy comparison with Figure 3

of Geiss and Young (1981). After twenty days this ratio has

only reached a value of 3.2 compared to approximately 10 1in

the results of Geiss and Young (1981), and it certainly
looks as though it wouldnot exceed 4 if we continued our
results for a further twenty days. The corresponding ot

. -3
concentrations for the twentieth day are 3.3 cm (set A) and

=3
approximately 10 cm (Geiss and Young, 1981). Although we

have used the same temperature profiles as Geiss and Young,
this difference arises almost entirely from thermal diffusion
effects. At 1000 km the thermal diffusion coefficient in
the 0°F momentum equation of Geiss and Young is a factor of
four larger than the value arising in our results. Sample
values of the thermal diffusion coefficient are shown 1in
Table 2, where we compare our values to those used by Geiss
and Young. Our values have been taken from mid-day on the
eighth day and we have used the daytime 'day-infinity’
values of n(O+) and n(H+) to calculate the values used by
Geiss and Young. From Table 2 it can be seen that the
difference in the values arises partly from the different
formulations of the thermal diffusion coefficient and partly
from the different values of the ratio n(H+)/n(O+). We
calculate the 0F" thermal diffusion coefficient using the
formulation of St. Maurice and Schunk (1976), whereas Geiss

and Young use

18

= 11.2 -
" n(HT)/n(0%) +2.22 (5.13)

to calculate the O++ thermal diffusion coefficient. Using
+ .
. n(H
this expression with our ratio ;%6:% = 0.0968 at 1000 km
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over-estimates the 07% thermal diffusion coefficient, from
the results of set A which uses the formulation of St.
Maurice and Schunk (1977), by 85%. When the ratio used by
Geiss and Young at 1000 km, n(H')/n(07) = 2.5, is substituted
into the above expression it takes the value 7.39 compared

to 1.85 obtained in our standard set A. It therefore appears
that the 077 number densities at the equator, calculated by
Geiss and Young (1981) are over-estimated due to the use of
equation (5.13). Their equatorial 07" number densities are
also enhanced; compared to ours, due to the fact that their
ratio n(H+)/n(O+) is greater than the value calculated in

our results. This indicates the sensitivity of the equator-
ial 077 number densities to the ratio n(H+)/n(O+) or the

07 - H" transition height. Thus large values of n(H+)/n(O+)

in the topside ionosphere or equivalently Tlow 0" - HT
transition heights provide favourable conditions for large
amounts of 07" to exist at the equator. Indeed, it would be

more favourable for temperature gradients to exist above the

0f - H" transition height rather than below the transition

height.

To examine the effects of the 0" - 07 collision
frequency we have calculated results for day eight with

this collision frequency reduced by a factor of 100 (set E).

This resulted in a reduction in O++ number densities at

almost all altitudes. The exception was at altitudes below

approximately 750 km just after 20.00 LT. The switch to

night-time temperature profiles resulted in a sudden collapse
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of the 07 profile and for set A 0"* ions below 750 km are

dragged into the recombination region. The reduction of the
drag-term by a factor of 100 excludes this effect from set E.
Consequently o** number densities for set E exceeded corres-

ponding number densities for set A, at 750 km for example,

for a short period just after 20.00 LT. Returning to the i
general effect, the 0'" tube content changed from a value of |

11 A 1 -5 !
1.062x10 cm at the end of the seventh day to 1.168x10 c¢m i

0 -2

1
and 8.311 x10 cm for set A and E respectively at the end

of the eighth day. For set E the O++ tube content decreased

steadily throughout the day and there was a downward flux of

e

S R AR A B

0"" at almost all altitudes throughout the day. The maximum

downward flux through 1000 km occurred at 21.00 LT and had ﬂ

5 2 -1
magnitude 5.815 x1ccms . The reduction in 0" " - 0" collision

frequency allowed the 0% dons to diffuse relatively freely
through the 0* layer to regions of high recombination. The

reduction in the 0% content indicates that less than eight

days are required for the 0** layer to reach total replenish-

ment with this reduced collision frequency. It therefore

.
|
#
i
[

appears that the oft - ot collision frequency is an important

parameter influencing the 0t" contents, the replenishment
time and the amount of 0" at the equator. However, the latter

was only slightly affected. At 18.00 LT, for example, the

++

0 number densities at the equator for sets A and E on the

-3 -3 . .
eighth day are 2.2 cm and 1.8 cm respectively. The situa-

tion is clarified in Figure 7 where the midday profiles for i

sets A and £ are shown. As expected, the bottom of the layer

has the main reduction due to the reduced collision frequency.
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Thermal diffusion restricts the downward flow of 0"" from

the top of the layer.

The role of the 07F - 0% collision frequency leads to
the conclusion that large amounts of 0" are more likely to
be present at the equator at sunspot maximum rather than
sunspot minimum. This situation may be counteracted by the
lower values of the 077 thermal diffusion coefficient due
to the high 0" - H" transition altitude. However, 1f one
also considers the production mechanisms and the importance
of temperature gradients, it does appear that sunspot
maximum conditions are more favourable than sunspot minimum
conditions for 07" to exist in appreciable quantities at

the equator.

The results of our calculations for set B showed
considerably different behaviour to the results of set A.
As indicated in Table 1, sets A and B differ in that differ-
ent model temperature profiles are used. The diurnal
variation of the temperatures at selected heights are shown
in Figure 2a for sets A and B. Starting with the same
initial profiles as set A, the results for set B were produced
over a fourteen day integration period. One of the main
differences between the results of set A and set B is that
the daytime equatorial value of the ratio n(O++)/n(O+) is
considerably less than unity on each day of the fourteen
day integration period. This feature 1is apparent in.Figure

+
5 and is caused mainly by the large amount of 0 at the

165

4
i
i
7
i
&
i
&
i
i




equator resulting from the temperature model of set B. In
Figure 9 we show o profiles at 08.00 LT on the eighth day,
for sets A and B, with the corresponding temperature profiles.
The time 08.00 LT is chosen since it isiﬁime at which a
maximum in the equatorial 0" number density occurs. The
temperature profiles deviate rapidly in the approximate
altitude region 500 - 1200 km, producing a substantial
difference 1in the 0% scale height over the same region.
Consequently this difference in temperature gradients below
1200 km results in a substantial difference in the amount of
0" at the equator. The equatorial values of the 0" number

-3
density for the profiles shown in Figure S are 0.56 cm

-3

(set A) and 16.2 cm (set B).

The difference between the 0** number densities for
sets A and B at the equator are not so pronounced as for o*.
In Figure 10 the diurnal variation of the equatorial o**
number densities is shown for sets A and B on the eighth
day and the B values are slightly more than a factor of two
lower than the A values at most. Also, apart from the first
two days, the 0Tt tube content for set B is lower than the
corresponding content for set A (see Figure 12). These
features are mainly a consequence of the more rapid fall in
the temperature at night-time in set B model compared to
the set A model. However, a contributory factor is again
the temperature gradients below 1200 km, which raises the
+

0% - HT transition height to 3000 km for set B compared to

1450 km for set A (values are quoted for 08.00 LT on day
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eight corresponding to Figure 9). As noted above, the
raising of this transition height results in lower values
for the ratio n(H+)/n(O+) which leads to lower values of
the 0% thermal diffusion coefficient. Consequently,
although thermal diffusion plays a major role in both sets
of calculations it has less effect in set B than it does in
set A. It therefore appears that high equatorial temperat-
ures alone do not imply that the number densities of 0"
exceed the number densities of 07 at the equator. The
altitude range in which significant temperature gradients
exist is important. The effects of thermal diffusion on ot

transport are enhanced when such temperature gradients

exist above the O+ - H+ transition altitude rather than

below it.

The diurnal variations of 0" and 07" number densities
at the equator for the eighth day of set B are shown 1in
Figure 11. As discussed above, and illustrated in Figure 5,
the 07" number densities are considerably lower than the 0"
number densities during the daytime. At night-time the
situation is reversed. The 0" layer decays due to the
absence of photoionization production and aided by the
falling temperatures. In fact, referring to Figures 2a and
11, the diurnal behaviour of 0" at the equator shows a
marked resemblance to the diurnal behaviour of the electron
temperatures. The decay of the equatorial 07" number den-
sities at night is impeded by thermal diffusion and the

+ .
difficulty in diffusing through the 0 Tayer to regions of
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high recombination.

In Figure 10 the diurnal variation of the 07" number
density at selected heights for sets A and B on day eight
is illustrated. Apart from regions near the equator it
appears that it is difficult to pnredict the diurnal pattern
of behaviour of 0" at a given altitude. The behaviour near
the equator appears to fit in with the different temperature
models used for sets A and B (see Figure 2a). To explain
the behaviour at other altitudes we first note, for day
eight, 0¥* tube contents for set B are lower than the
corresponding contents for set A (Figure 12.) Thus generally
one would expect the 0t* number densities for set B to be
lower than the corresponding densities for set A. Secondly
we note that, at night, the temperatures for set B fall
more rapidly than the temperatures for set A, particularly
so at great altitudes (see Figure 2a). This is also the
cause of the more rapid decrease in the 0"* content at
night for set B compared to set A. Consequently there is a
greater downward 0f* flux at night-time for set B than for
set A. Corresponding to Figure 10, the downward 0"t fluxes
through 1000 km, at 03.00 LT for example, are 9x 1Ouc%2;l
and 106c;;125_'l for sets A and B respectively. As a result,
for set B, the diurnal behaviour of the 0" number density
at some altitudes below approximately 2000 km has a maximum
in the early morning hours. For set A there is relatively

little difference between the daytime and night-time

+ . .
temperatures (Figure 2a) and the 0" 1ayer is fairly well
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supported by thermal diffusion at night. Consequently, in
set A, insufficient 0" flows down to altitudes at and below
1500 km to produce night-time maxima as in set B. For set
A, this behaviour occurs at greater altitudes, e.g. 2500 km
in Figure 10. Finally, we note that the effect of the change
from night-time to daytime temperature at 08.00 LT and from
daytime to night-time temperatures at 20.00 LT is evident

in the set A curves of Figure 10, particularly at 2500 km.
The minimum in the 07" variation at 750 km, that occurs at
21.00 LT, is an indirect result of the change to night-time
temperatures at 20.00 LT. The temperature change caused the
0" layer to suddenly collapse and 0" was dragged to regions
of high recombination. The diurnal variation of the 0 -flux

at 750 km for day eight is shown in Figure 3b.

In the results for set B the 0% content starts to
decrease after about ten days;\ This feature results from
our night-time temperature profiles. The equatorial values
fall as low as 5300 K in the early hours of the morning for
set B (Figure 2a). Consequently there is a greater return
Flux of 07" for set B than for set A. For set A the night-
time temperatures are sufficiently large to limit downward
flowing 0t* via thermal diffusion. In fact, as well as
falling more rapidly at night-time, the flux tube contents
for set B increase more rapidly in the daytime. This again
is linked to the daytime temperatures used in the set B
calculations, which indirectly enhance the production of 077

from 0Y. From Figure 9 it is clear that there is a greater
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. +
net production of 0 * from this source for set B compared to

set A.

We repeated the calculations of the twentieth day of
set A with ot * -yt collision frequency reduced by a factor
of five (set F, see Table 1). The values of the 0"* number
density at the equator were only slightly larger than the
corresponding results of set A. However, the net increases

in 07" content for the twentieth days of sets A and F were

-9 =2 3 =2
2x10 cm and 9x10 cm respectively (thenet increase in the

0*" content on the second day for set A was 1.735 X109c&2).
Thus the replenishment of 0t s impeded by HY in later
stages of recovery. The increasing H* densities make it less
easy for 0"* to diffuse to great altitudes. In Chapter IV

it was noted that H' exerted a similar (and more emphasized)

influence on He . Although the reduction 1in 0F* - H

+
collision frequency appears to produce a significant effect
in the O++ content it is noted that it is only a secondary
effect compared to the influence of temperatures and the

07 - 0% collision frequency. In addition we note that the

+

effect is less evident when the ot" - 4" collision frequency

is reduced on the eighth day.

5.5 Conclusions.

This work supports the findings of Geiss and Young
(1981) that thermal diffusion plays a dominant role 1in

influencing the behaviour of 0" in the topside ionosphere
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and provides the main contributing factor that can account
for large amounts of 07" at the equator. The polarization
electric field only plays a secondary role but does help to
increase the amount of 077 at the equator. When the polar-
jzation field was decreased by a factor of one hundred on
the eighth day, n(O++) was 25% lower at the equator at the
end of the day, compared to calculations carried out with
normal polarization field. However, when the calculations
of the eighth day were repeated with thermal diffusion
neglected in the 0** calculations, the equatorial value of

n(O++

)y fell dramatically.

Although we support the findings of Geiss and Young our
results indicate that the effects of thermal diffusion are
enhanced in their calculations, compared to ours, due to
their formulation of the thermal diffusion coefficient and
constructed profiles for 0" and HT. A typical comparison
showed that, at 1000 km, the value of the thermal diffusion
coefficient used by Geiss and Young was four times larger
than the value that arose in our calculations. Consequently
the results of Geiss and Young showed a more rapid increase
in the :equatorial ratio n(0++)/n(0+). The daytime value of
this ratio (13.00 LT) determined by Geiss and Young was
approximately a factor of three greater than ours after

twenty days.

The dependence of the 0%t thermal diffusion coefficient

on the ratio n(H¥)/n(0%) (St. Maurice and Schunk, 1977), and
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the importance of thermal diffusion for 077 would suggest
that large amounts of ot are more likely to occur at the
equator when the ot -yt transition altitude is low. On the
other hand the 0°F - oF collision frequency appears to have
an important influence on the ot content. When the collision
frequency is low O++ can diffuse more freely through the O+
layer to regions of high recombination. Thus the former
favours lower 07 number densities such as at sunspot minimurmr,
and the latter favours higher ot densities, such as at sun-
spot maximum. Although sunspot maximum 0" number densities
will result in smaller values of the 0°F thermal diffusion
coefficient compared to sunspot minimum, this may well be
offset by the sunspot maximum temperature gradients. When
the production processes are also brought into consideration
it appears that daytime values of n(0++)/n(0+) exceeding
unity at the equator are more likely to occur at sunspot

maximum rather than sunspot minimum.

High equatorial temperatures do not imply that the
ratio n(0++)/n(0+) will exceed unity at the equator. The
altitude range over which large temperature gradients exist
is important. The effects of thermal diffusion on oft win
be more pronounced if the temperature gradients exist above

the O+ - H+ transition altitude rather than below it.

There is a strong link between the diurnal behaviour of
0" number densities at selected altitudes and the diurnal

variations in temperatures. As the temperatures fall at
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night-time 0" flows downwards from the higher regions of
the flux tube producing night-time maxima in the diurnal
variation of the 077 number density at lower altitudes. The
more pronounced the fall in the temperature at night-time

the lower the altitudes at which the night-time maxima occur.

In one set of calculations that we carried out the 0'°
flux tube content and equatorial number density stopped
increasing from day to day after about fourteen days. This
feature, which did not arise in the calculations of Geiss
and Young (1981), was mainly caused by the magnitude of

temperature decay at night.

Our calculations indicate that the diurnal variation of
0" at the equator is strongly influenced by the diurnal E
variation in temperature. The equatorial 0% values used by
Geiss and Young (1981) were based on data from GEOS 1 mass
spectrometer and only varied between 0.3 c%g and 1 c%g
Although this variation seems to be relatively small it 1is
consistent with the small change in the equatorial temperat-
ures used by Geiss and Young which were based on GEOS 1 mass
spectrometer. However, it does appear that further investi-

gation of 0" behaviour at the equator is needed. Another

. +
interesting feature of the behaviour of 0 at the equator

was the decrease in the daily maximum value throughout the

integration period that arose in one set of our calculations.
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TABLE 1

Standard set. Parameters similar to those used by

Geiss and Young (1981). Results were produced for

a twenty day integration period.

Different temperature model. The variation of Ti’

Te at selected altitudes are shown in Figure 2a.

Results were produced for a fourteen day integration

period.

Thermal diffusion is neglected in the 0"t equations
for days 8, 9 and 10 only. The first seven days

are identical to A.

The polarization electrostatic field is reduced by

a factor of 100 (eighth day only).

The O++ - O+ collision frequency is reduced by a

factor of 100 (eighth day only).

The 0Ft - HT collision frequency is reduced by a

factor 5 (day 20 only).
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TABLE 2

Values taken from the

results of set A for

'

midday, Day 8.

Values used by Geiss
and Young,

daytime, Day «

Formulation used by
Geiss and Young with
) taken from

I ,,,..Nf,w;/w.../

set A, midday, Day 8.

Fquator

9.60

11.18

11.20

1000 km

3.43

Table 2: Values of the o++ thermal diffusion coefficient.
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Figure 1. The diurnal variation of the number

densities of the neutral constituents,
6, 0,, N, at 300 km and H at 500 km.
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Figure Z2a.

LOCAL TIME (HRS)

The diurnal variation of the electron and
ion temperatures at selected heights for
model A (solid line) and model B (dashed

line).
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Figure 2b. Altitude profiles for the electron and
ion temperatures for model A at daytime

and night-time.
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Figure 3a.
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LOCAL  TIME (HRS)

The diurnal variation of NmFZ and
hmFZ for day eight of the integration
period of sets p and B.
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Figuré 3b. The diurnal variation of the 0F-flux

(solid line) and the H¥-flux (dashed line)
for day eight of the integration period for
set A.

180



"9apniLile WY Q00 2° "wWd "bs | 40 u0L3}235S
SS04D € YILM € =7 3@ 3Qgnl XN|[4 © 40} SL JUd3UO0D 3yl

'Y 39S 404 sAep AJudM] UBAO JuL3u0d- H 40 JnoLAey3aq 3yl 3¢ ddnbL4

(SAVO) JWI L TVI07
0¢ 91 0l Y 0
. _ |

(w3
Y2 P INIINOD 38NL A

181




(| algel @3s) paioa(bau ussq sey UoLSN}JLp |RWAIYY
UoLyM UL ) 33S 404 UMOYS OS|e 9d® sanier .0 fetao0zenba
‘gl pue 6 ‘g sAep 404 Y 395 pdepuels 3yy 403 poLdad
uoLiedbajul a3yl 310 skep 9A|9M) 3SAL} BYy} 4IA0 401enba

943 3e SsaLjisudp J4aqunu 0 pue .0 40 4notAeyaq dYL ¥ adnb L4

(01¥3d NOILVYD3LNI 40 AYO

Zl Ly Ol 6 g L 9 S Y £ 14 |
N _IT T }ﬁ\TJ«ﬂ_, _.1\,‘!._/«,./7 _\/T _)T d.fr T2 [

!

I
{

I
{
!

\
!
|
!
|

I
/

|
\
!
Loy [
v

N
«
N

(IV) p—--—-
(), D-—r
(V) 0 ——

182

-

) ALISN3IQ ¥3IBWNN

&N
(4




10

—_—
S

10" AT THE EQUATOR

to

P TTT]

I

i

L

|

l

| ILHH[

Figure 5.

The behaviour of n(0++)/n(0+) af the
equator for set A (integration period

20 days) and set B (integration period

14 days). Only values at 13.00 LT have
been plotted and therefore daily variations

have been suppressed.
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Figure 6.

LOC AL TIME (HRS)

The diurnal variation of the 0" number

density at selected altitudes on the eighth
day. The figure compares the standard set A
with set C (thermal diffusion neglected) and

set D (polarization field reduced).
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Figure 8. Height profiles of the thermal diffusion

and the polarization field terms

corresponding to curve A of Figure 7.
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Figqure 1C. Diurnal variation of 0" number
density at selected heights for
sets A and B (see Table 1).
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The diurnal variation of O+ and O++ number

densities at the equator for the eighth day

of set B calculations. In the early morning
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VI A COMPARATIVE STUDY OF H™ AND HET AT
SUNSPOT MINIMUM AND SUNSPOT MAXIMUM

IN THE MID-LATITUDE PLASMASPHERE

6.1 Introduction

Detailed studies of 0¥ and H' behaviour at sunspot
minimum and sunspot maximum have been carried out by Murphy
et al.(1976) and Bailey et al.(1979) respectively. In
Chapter IV the time-dependent behaviour of He™ at mid-
latitudes was investigated for sunspot minimum conditions.
Starting from a relatively low He™ tube content, typical of
post-magnetic storm conditions, He™ results were calculated
for a period of ten days. From these results the replenish-
ment and diurnal behaviour of He™ throughout the ten day
period were examined. Here we extend that work concentrating
on the comparative behaviour of HY and He™ throughout the
period when the light ion content of a mid-latitude magnetic
flux tube is being replenished. 1In addition we have compared
some features of H' and He' behaviour at sunspot minimum to
the behaviour at sunspot maximum. [n this study our attention

is mainly devoted to light ion contents and fluxes.

In a study of the polar ionospheric hole Murphy et al.
(1981) demonstrated that, when modelling situations in which.
O+, Ut and Het can have comparable number densities, the use
of a formulation which treats ot and H' as major ions and
He® as a minor ion can lead to erroneous HT and He™ results.

In such situations it is appropriate to use the formulation

of Quegan et al.(1981). With this formulation He™ can be
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treated theoretically as a major ion along with O+ and HY .
At mid-latitudes 1t is usually reasonable to assume that

He™ is a minor ion and, as in Chapter IV, the formulation

of St.-Maurice and Schunk (1977), which allows for two major
ions and a number of minor ions, can be used. However, in
this study, since we are concentrating on the relative
behaviour of the two light ions, it seems appropriate to

use the theoretical formulation of Quegan et al.(1981).

One of the interesting features that arose in Chapter
IV was the behaviour of the He™ content at sunspot minimum,
which reached a maximum on the eighth day and then started
to decrease as the H* content continued rising. It was
found that as the H* content increased it became less easy
for the He' to diffuse upwards during the daytime. Thus
the increasing H* number densities aradually caused more
Het to remain at altitudes where recombination could take
place. This feature was not evident in the study of HeV
behaviour of Murphy et al.(1979) at sunspot maximum.
However, as noted in Chapter IV, it was not clear whether
the different He+ behaviour was due to the parameters used
by Murphy et al.(1979) or the way 1in which they calculated
the O+/H+ number densities and fluxes. This point is further
investigated here. In addition, with He® treated as a minor
ion in Chapter IV, the model did not allow He' to influence
the H" behaviour. This restriction is removed in this
study and the behaviour of the H™ and He' contents is again

examined.
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6.2 Theoretical formulation.

In Chapter IV we examined the behaviour of He+ as a
minor ion. Consequently the influence of He™ on the other
two major ions was neglected. In this chapter He+ is
treated as a major ion along with O+ and H+ and we investio-
ate how this approach affects HE as well as He+ itself.

The time-dependent equations for the three ions O+, H+ and
He™ are coupled and we solve them numerically as follows.
We start by solving the O+ equations at time t using the

* and He+ numbeyr densities and fluxes from t - At where

H
At = 15 mins. Having calculated the 0F profiles at time t
we then calculate H* number densities and fluxes using the
07 profiles at t and the He' number densities and fluxes at
t - At. This is followed by the calculation of the He
number densities and fluxes at t using 07 and H" results
from time t. This order of calculations is carried out at
every new time over a fourteen day integration period.
Although we have solved the 0" equations, its behaviour will
not be discussed since it has been investigated in detail

in previous works (Murphy et al.,1976; Bailey et al.,1979).
However, here we present the behaviour of NmFZand hmFZ for

day eight and these are shown in Figure 1. These quantities

vary little from day to day.

6.2.1. Equations.

Recall that in Chapter II, section (2.3) we derived the

O+, H™ and He ™ time-dependent equations using the formulation
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of Quegan et al.(1981). We summarize these equations as

follows.

O+—Equations

For regions below 2000 km the 0" diffusion equation 1is

given by equation (2.77) and it is

an 3%n 5n

1ot ° 35?2 Y3s R e

where the variables N 0D, D

) 02 and 03 are defined follow-

13
ing equation (2.77). Using equation (6.1) we calculate the
07 number densities between the lower boundary (200 km) and
2000 km. The corresponding 0" -fluxes are calculated using

(2.38) which 1is

2000
1 anl
¢1(s,t) = -B(s) Po-L, - ds (6.2)
B(s) at
S
where the variables are as in Chapter II. For regions above

2000 km, we aqain assume that 07 is in diffusive equilibrium
and the 0% number densities are calculated using equation
(2.79) with the suffices 1 and 2 interchanged and ¢ = 0.

Equation (2.79) with the above changes is given by
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R132— P‘lzs)(uz - us) +

+ v _ucosI. (6.3)

where the variables are as in Chapter II.

H+-Equations

For the H' momentum equation we recall equation (2.80)

- ; W
k 2 3 3
—|T +— T |— loa(n = -gsinl-— |—(T.+T_)
mzt.e N, éJas a z) g .2{?3 i e
.
BTT Te 3
+ (Bz~ B21_823)BS +'n_;‘é_s(”1+”3)
?QJnl +n,) + N, R2
- +  — d)
] n2 nl 2
( Rz
* n21+——1C+(n23_R2)u2
+ v, ucos I. (6.4)
with °F
[ : an (6.5)
= —B S P "‘L" dS 6.
9 (s,t) ( >JB(S) , "t e
S
and SE
| an1 8n2
C(s,t) = -B(s) 5 00) P1 +P2-L1 -L2 - 3 - T ds (6.6)

and the other variables are as in Chapter II.
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He - Equations:

+ .
For the He momentum equation we recall equation (2.81)

k " 3 K !
— Tor— Tol=— log(n,) = -gsinl -~—-J1(T.-+T )+ﬁ§u§_(n +n_)

and the He'™ flux is given by

Sg
5 (s.t) B(s)|——|p -L s
S, = - S - - 68
3 B(S) 3 3 at s ( )
S

where the variables are as in Chapter II.

The production and loss for the ions O+, H* and He+,
P, L., P, LZ, P3 and L3 are the same as in equations

(4.14), (4.19), (4.21), (4.22), (4.23) and (4.26) respectively.

6.2.2 The Atmospheric Parameters.

The atmospheric parameters to be used in the calculations
of this chapter are given in Chapter IV for the sunspot
minimum conditions and in Chapter V for the sunspot maximum

conditions, except the sunspot maximum value of neutral
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helium density at 120 km, which is given by

7 -3
n(He) = 3x10 cm . Figure 2 shows a height profile for
120

n(He) at mid-day and midnight.

For the neutral wind we adopt the model used by Bailey

et al.(1979). Figure 3 shows the diurnal variation of the

neutral wind.

For the electron and ion temperatures we use the mode]l
described in Chapter IV for sunspot minimum and model B of

Chapter V for sunspot maximum.

Equations (6.1), (6.3), (6.4) and (6.7) are solved
numerically using the procedures described in Chapter II

with the boundary conditions as in section (4.2.1).

6.3 Results.

* and He+ have been

The densities and fluxes of 0+, H
calculated along a mid-latitude flux tube (L =3) from an
altitude of 200 km to the equator, by solving the time
dependent equations of continuity and momentum for the three
ions. The equations were obtained using the theoretical
formulation of Quegan et al.(1981) which allows for three
major ions. Low initial contents of H+ and He* were chosen
to characterize conditions following light ion depletion
via a magnetic storm (see Figures 4a and 4b). Two sets of

results are produced over an integration period of fourteen

days using the sunspot minimum parameters described in
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Chapter IV and the sunspot maximum parameters described in

Chapter V.

In Figure 4a, 4b, we show the calculated behaviour of
the H" and He® flux tube contents for sunspot minimum and
sunspot maximum respectively over a period of fourteen days
starting from the low H™ and Het flux tube content. Note
that those figures have different scales for the HT and He™
contents. From Figure 4a it can be seen that, at sunspot
minimum, the He™ tube content reaches a maximum value after
eight days of replenishment and then starts to decrease.
This behaviour was noted in Chapter IV where He' was treated
theoretically as a minor ion and was attributed to the
increasing He™ - H™ collision frequency. The He™ flow
becomes increasingly influenced by the H" flow as the HY
number densities continue to increase. The maximum value
achieved by the Het flux tube content was 7.75 x 1Oucm—2 in
these calculations compared to 6.8 xlOlz&z in Chapter IV.
Thus the maximum value of the He® flux tube content is under-
estimated by approximately 12% when He® is treated theoretic-
ally as a minor ion for the sunspot minimum conditions.

This feature also arose in the work of Murphy et al.(1981)
who noted that when He+ is treated theoretically as a minor
ion H' densities are over-estimated and He™ densities are
under-estimated. They also noted that the over-estimation
of the HT densities is mainly due to the omission of He® in

the polarization field term in the H" momentum equation,

whereas the under-estimation of He™ densities resulted from
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the magnitude of thermal diffusion effects arisina from the
two formulations, i.e. St.-Maurice and Schunk(1977) and
Quegan et al.(1981). 1In addition, Murphy et al.(1981) noted
that the He™ - H™ collision frequency had little influence

on He' behaviour in the polar ionosphere hole. The situation
is different at mid-latitudes with the lighter H™ densities.
It has already been noted that the Het - H" collision
frequency plays an important role in limiting the He™ number
densities. From Figure 4a 1t can be seen that, in agreement
with the sunspot minimum calculations of Murphy et al.(1976),
the H' content will require a large number of days before

it is totally replenished, i.e. when the net increase in the

tube content over a twenty-four hour period is zero.

Before discussing the light ion tube contents at sun-
spot maximum we examine the H™ and He™ fluxes through 1000
km at sunspot minimum. In Figure 5a we show how those fluxes
change from day to day at 09.00 LT and 21.00 LT. These local
times have been selected since they are approximately the
local times at which the maximum upward and maximum downward
fluxes occur respectively. The outstanding feature 1is that
the H™ fluxes change significantly over the replenishment
period whereas there is relatively 1little change in the He ™
fluxes. In fact the upward He™ flux at 09.00 LT only varies
between 1.4 x 106cr;125-'1 and 2 x 106<:r;1zs”1 over the entire
integration period. However, the upward HY flux is approxi-

8§ ~-2 -1 .
mately 1.34x10 cm s on the first day and it appears that
7 =2 -1
it may level off at a value around 5 x10 cm s in the later

stages of replenishment, although a magnetic storm may well
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occur before this value is achieved (Park, 1974). Thus
these results indicate that the upward HT fluxes through

1000 km can vary by factors of 2-3 throughout the replenish-

ment period at sunspot minimum.

The variation of upward HT flux throughout the replen-
ishment period contrasts sharply with the work of Murphy et
al.(1976). Their sunspot minimum calculations indicated
that the upward HT flux during the day varied little through-
out the replenishment period. Murphy et al.(1976) only
carried out O+/H+ calculations and consequently the effect
of He™ on these two runs was not included. The difference
between the results presented here and those presented by
Murphy et al.(1976) may therefore result from the inclusion
of He ™ as a major ion in our calculations. Although this
has some effect a closer examination of the calculations
carried out in Chapter IV shows it is not the main factor.
In Chapter TV the behaviour of He™ at sunspot minimum was
investigated. He™ was treated as a minor ion and conse-
quently 0t and H" densities and fluxes were calculated
initially. Thus the Y behaviour was not influenced by He ™.
However, the day to day behaviour of the daytime upward HY
flux followed a similar behaviour to that presented in
Figure 5a. It therefore appears that the day to day changes

in the upward HT flux that arises in our calculations arises

from collisional processes. In the formulations of St.-Maurice

and Schunk(1977), used in Chapter IV, and Quegan et al.(1981)

used in this chapter, the collision frequencies Vi that
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appear in the momentum equation are multiplied by (1 —Aij)

where Aij is the correction factor. Taking i and j to refer

to O+

J
decreases as the ratio ni/nj = n(0+)/n(H+) decreases (see

+ .
and H respectively, the correction factor Ai

Table 4 of St.-Maurice and Schunk,1977). Thus at a given
height Aij decreases from day to day throughout the replen-
ishment period and consequently the H" flow is further
impeded by 0". The correction factor Aij was not included

in the work of Murphy et al.(1976).

We have highlighted the correction factor as a possible
explanation for the difference between our results and
those presented by Murphy et al.(1976). However, it 1is
noted that it is not the single cause of the decrease 1n
the day to day upward flux of HT. As the H™ content builds
up the H* partial pressure gradient will resist the upward
flow of H'. In addition, the increasing ratio n(H+)/n(O+)
will lead to a smaller net production from the charge
exchange reactions that create and destroy H. These latter
processes were also in the model of Murphy et al.(1976).
Further calculations will be necessary to evaluate the

importance of each of those processes.

From Figure 5a it can be seen that the He' flux at
09.00 LT initially increases from day to day and then
starts to decrease. A possible explanation can be given in
terms of the O+ contribution to the polarization electric
field and He® - H¥ collisions. Initially the 07 contribution

to the polarization electric field is suppressed due to the
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charge exchange reaction

O+ + H — 0 + H+

Murphy et al.(1976) noted that upward daytime H* fluxes can
suppress NmFZ by about 15%. As the HY number densities
build up the net loss of 0" from this reaction decreases
and the oF polarization field may have more influence on
He+. Simultaneously, the increasing H™ densities and
decreasing upward HT fluxes limit the upward flow of He ™.
Thus the opposing effects of the 0% contribution to the

polarization field and the He™ - HT

collision frequency may
explain the behaviour of the He™ flux in the morning throuah-

out the replenishment period.

Both the downward HY and He' fluxes through 1000 km
at 21.00 LT increase in magnitude throughout the replenish-
ment period. The day to day increase in the return flow of
H at night-time is simply a consequence of the HY content
increasing. However, it appears that there are two factors
that influence the return flow of Het. Similar to HT the
increasing He+ content is a contributory factor. The second
factor is the return flow of H* which drags the He™ with it.
It is those two factors which cause the irregular day to
day behaviour of the Het flux after day eight. After day
eight the Het content starts to decrease (Figure 4a). This
causes a decrease in the magnitude of the return flow of
Het in the evening which is soon offset by the increased

drag with H+. Again, after the thirteenth day, the return
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+
flow of He decreases due to the decreasing He™ content.
From Figure 5a the calculated maximum return flux of HT at

- . 3 . . 8 _2—1
sunspot minimum is slightly bigger than 10 cm s whereas the

. 6 =2 =1
maximum return flux of He'  is approximately 3.3 x 10 cm s
However, for the parameters used here, these values are

only achieved after exceptionally long quiet spells.

Comparing Figure 4b with Figure 4a it appears that the
H and He ™ tube contents rise sharply at sunspot maximum
compared to their behaviour at sunspot minimum. It is clear
that many days are required for complete replenishment to
be achieved. However, a closer examination shows that, at
sunspot minimum, the H™ content rises more rapidly over the
first four days than at sunspot maximum. In fact, the two
HY content curves do not cross until day ten. Since magnetic
storms occur more frequently than every ten days (Park,1974)
our results indicate that greater H* tube contents should

occur at sunspot minimum compared to sunspot maximum. This

mainly results from greater neutral hydrogen densities at
sunspot minimum (see Figure 5, Chapter IV and Figure 1,
Chapter V). Murphy et al.(1976) showed that the H™ tube
content increased far more rapidly with greater neutral
hydrogen densities. In fact, one may expect a greater
difference between the HY tube contents at sunspot minimum
and sunspot maximum when examining our corresponding neutral
hydrogen densities. However, there are further factors which
complicate the situation such as temperatures and the o?
number densities which influence the production of H+,

+ . .
collisions of H' and in particular the 0 contribution to




the polarization field which accelerates A

It is the behaviour of the H' tube content at night-
time that causes the sunspot minimum and sunspot maximum
curves for H' to cross at day ten. Although the sunspot
minimum curve rises more rapidly initially the main increase
is between sunrise and sunset, apart from the first few
days, and there 1s soon a decrease in the content at night-
time due to the collapsing 0" layer. At sunspot maximum,
due to the larger 0* densities, production of HY often
continues throughout the night and the H' is driven upwards

by the 0" contribution to the polarization field.

In Chapter IV it was noted that the He' results of
Murphy et al.(1979) for sunspot maximum were strongly
influenced by their H* number densities, which were under-
estimated after the fourth day of the integration period.
Consequently the He™ densities were over-estimated and this
cast some doubt on their conclusion that the depletion of
magnetic flux tubes by magnetic storms provides a loss
process for neutral helium at sunspot maximum. The results
presented here remove that doubt and confirm the results of
Murphy et al.(1979). In addition, as noted 1in Chapter 1V,
whether or not 1ight ion depletion provides an effective
loss process for neutral helium at sunspot minimum depends
on the frequency of magnetic storms compared to the number
of days needed for the He™ content to reach its maximum.

This was eight days in our calculations but could be Tess
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with different parameters such as higher temperatures.

+ .
In any case the He contents were smaller at sunspot minimum

compared to sunspot maximum.

In Figure 5b for sunspot maximum, we show the HY and
He® fluxes through 1000 km at 09.00 LT and 21.00 LT. Similar
to the sunspot minimum results the upward daytime He™ flux
hardly varies from day to day throughout the replenishment
period. This He™ flux settles out at around 2.2 x 106c&2;1
towards the end of the integration period at sunspot maximum,
compared to 1.4 X106c%zs_lat sunspot minimum. The magnitude
of the downward He® flux increases throughout the integration
period, but is less than the corresponding sunspot minimum
results due to the resistance of the 0" contribution to the
polarization field. The HY flux at 21.00 LT in Figure 5b
emphasizes the point, already noted by Bailey et al.(1979),
that the H® flux is often upwards during the night-time at

sunspot maximum.

6.4 Conclusions.

At sunspot minimum He™ s certainly a minor ion. If
the He™ +tube content is not depleted by magnetic storms its
magnitude is limited by HT. Our results indicate that,
during the later stages of long quiet periods, it becomes
more difficult for Het to diffuse upwards through HY.  In
addition, downward flowing HF drags He® into the recombin-
ation region. Consequently collisions between He® and H'

. +
play an important role in the behaviour of He at sunspot

minimum.
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At sunspot minimum the He+ tube content reached a
maximum after eight days. By comparing results obtained
using the theoretical formulations of St.-Maurice and Schunk
(1977) and Quegan et al.(1981) we have found that this
maximum is under-estimated by approximately 12% if Het ds
treated theoretically as a minor ion. However, in general,
for mid-latitudes, the formulation of St.-Maurice and Schunk
(1977) 1in which 0" and H™ are treated as major ions and He™
is treated as a minor ion, provides a sufficiently accurate

T and He' at sunspot

description of the behaviour of O+, H
minimum. In general the He' densities were under-estimated
and the HY densities were over-estimated when He™ was treated
as a minor ion. This effect may be more pronounced at
sunspot maximum but at present we have not carried out

sunspot maximum calculations using the formulation of St.-

Maurice and Schunk(1977).

In contrast to the work of Murphy et al.(1976) we
found that the upward daytime fluxes of HY decreased from
day to day throughout the replenishment period at both sun-
spot minimum and sunspot maximum. Further calculations will
be necessary to evaluate the importance of the various
physical processes that influence this behaviour. However,
contributory factors include the HF partial pressure gradient,
the production of HT and the diffusion correction factor.
The latter was not included in the Work of Murphy et al.
(1976). It is noted that this behaviour was not caused by

the inclusion of He  as a major ion. In fact, via its
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contribution to the polarization field, He™ helps to accel-
+ ) .

erate H' to higher altitudes. However, there was little day

to day change in the daytime upward He™ fluxes throughout

the replenishment period at both sunspot minimum and sunspot

maximum.

The magnitude of the night-time return fluxes of H¥
and He+ increase from day to day as the contents increase
throughout the replenishment period. Particularly at sun-
spot minimum, the return flow of He' is enhanced by downward
flowing HY. After eight days of replenishment the downward

7 =2 =1 6 -2 =1
fluxes of HY and He+ were 7.5x10 cm s and 2.5x10 cm s

respectively at 21.00 LT for our sunspot minimum calculations.

In our sunspot maximum calculations the HY flux at 21.00 LT
on the eighth day was still upward but small in magnitude.
The corresponding He™ flux was downward with magnitude

5 =2 -1

8x10 cm s . The O+ polarization field plays a major role

in 1limiting the flow of both ions.

Our results indicate that HT tube contents are greater
at sunspot minimum compared to sunspot maximum. For the
HeT tube contents the opposite is true. These features are
mainly associated with the densities of the corresponding

neutral constituents.
At sunspot maximum magnetic storms provide an effective

loss process for neutral helium and neutral hydrogen. The

HT and He™ flux tube contents are depleted via the magnetic
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storms and the flux tubes are then replenished at the expense
of the corresponding neutral constituents. A similar
situation exists at sunspot minimum for neutral hydrogen.
However, the situation is slightly different for neutral
helium at sunspot minimum. After eight days of replenishment
the He™ tube content starts to decrease as HT drags He™ into
the recombination region, where it is converted back to
neutral helium. With a different set of parameters this

may take place in a shorter time.
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APPENDIX A

EVALUATION OF OPTICAL DEPTH

The evaluation of the optical depth, T, is necessary to
calculate the photoionization production rate of ions. It

was introduced in Chapter I and, according to equation (1.15)

is given by
p
To= J onds (A1)

where s is the distance along a radiation path, increasing
from the sun to the point P, o is the cross section for the
absorption of the radiation and n is the neutral number
density. It is clear that T gives the number of molecules

and atoms along the radiation path that absorb photons.

Since the neutral density is usually expressed as a

function of height we make the substitution

ds = - dhsecyx , (A.2)

where h denotes altitude and x is the solar zenith angle

given by equation (4.10). Thus equation (A.1) becomes

oo}

T = J on sec x dh (A.3)
h
P

The plane Earth approximation.

A common assumption, when the point P is on the sunward
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side of the Earth, is that the variation of secyx along the
radiation path is sufficiently small to take secx outside
the integral (A.3). This assumption is only valid when P 1is
well away from sunset and sunrise, since secyx varies rapidly

kit . . L, .
as x > /o, . Assuming, in addition, that o is constant along

the ray path and using the result

where H(h) is the scale height of the neutral gas leads to

the plane Earth approximation
v = on(h)H(h)secyx . (A.4)

Determination of t(h,x) near sunset and sunrise.

Near sunset and sunrise secy varies rapidly and cannot
be taken outside the integral (A.3). In addition, the
substitution (A.2) introduces a singularity into the integral
expression for the optical depth. Thus special consideration

must be agiven to the evaluation of 1 when x is close to TVZ.

With reference to Fig. 1, suppose that L is a point
sufficiently close to G so that the length & is small
compared to the radial distance of G for any point P between

G and L. Then if s = 0 at G we have
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which leads to

SZ
g = (A.5)
ZrG

since £ is small compared to re- To evaluate T at some

fixed point P between G and L we split the integral (A.1)

into two parts:

S| S
T = J onds + J P onds . (A.6)

For the first integral we again assume that secy can be

taken outside the integral:

S
[ L gnds = on(h)H(h)secXL (A.7)

- G0

For the second integral we assume that n varies exponentially

with height for any point between P and L:

P

n = nG exp(—;/H) s (A8)

using this approximation (A.5) gives

S s
~p ¢ P _g2
J onds = © J g exp( ' ] ds
L-ZYGH
°L L
° Y Sp -g2
= onG[J expL ]ds —J exp[ ]ds .(A.9)
. ZrGH 0 ZrGH

To proceed we recall that the error function is defined

by
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erf(y) = -3~[y exp(-t2)dt (A.10)
/il '

To make use of the error function in (A.9) we substitute

t = ——= o (A.1T)
(ZrGH)2
and (A.9) becomes
S , t
p b L %
J onds = onG(ZrGG) {J exp(-t*)dt - [ exp(—tz)dt}
S 0 0
L
WrGH 3
= an ] erf(t, ) - erf(t)) (A.12)
GL 5 L

From equations (A.5) and (A.11) we have

2 = & (A.13)
H
and defining z, the reduced height, by
L = 5 (A.14)
H
equation (A.12) can be written
S
P mr Ht3 1 1
J onds = onG{ G } {érf(gﬁ) - erf(gz)J. (A.15)
2 p
L

It is desirable to remove the dependence of this

expression on G. First, we note from (A.8) and (A.14) that

np = nGexp(—cp)
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so that (A.16) can be written

“"—'"‘”\
a pe]
=
(e
wn
i
Q

1

nNo

S
)

=

o

Mo

)J. (A.16)

—

npexp(gp){}rf(;é)— erf(cg

Also we note that

r. = r_sin A.17
G p Xp ( )
so that
£ r -r r
r:_B:—P__—_‘G—:——p-]—Sﬁn A.lg
<, = - ( X)) (A.18)
noting that ip = rp - g from Fig. 1. A similar expression

holds for o

Finally, substituting from equations (A.7) and (A.16)

into (A.6) yields

T = anHLsech +

Tr _siny H
P p
+ on_exp(z
Opp(p{ ; }

-

)y —erf(g

 n=

[%rf(g )j

for the point P close to sunset, or, dropping the p suffices

T = OH{}LSECXL +n exp(c){-ﬂﬁéﬁﬂl }[}rf(c ) —erf(c%)}} (A.19)

where ¢ = % (1 -siny) (A.20)

o o=

— row-=

T so
z

Equation (A.19) holds for x| s 5. When [x]| 2
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that P is in the anti-sunwards side of G, equation (A.9) 1is

replaced by

S
P —g2 % -g2
onds = ang exp ds + exp ds (A.21)
b _ 2rgH 2r

L L ’
1
putting x =s7@r H)® in the first integral and y = s/(2rgH)*
in the second integral leads to
S X .
P 1 L yp
onds = o*nG(ZrGH)2 exp(-x?)dx + exp(-y?)dy]|. (A.22)

Using (A.5) and (A.14) we see that

g
x? = y® = 2 =g
H
Since s is measured from G towards P 1t is clear that s
is positive and S| is negative. In view of the definitions

of x and y it follows that yp is positive and X\ is positive

and therefore

Thus (A.22) can be written

Sp TTY‘GH : 3 %
onds = anp > erf(gL) + erf(gp) (A.23)

where Ne has been eliminated using (A.8). Substituting
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(A.7) and (A.23) into (A.6) gives

— s

: 3
T = OH{FLsecXL + n{ Eﬁ%ﬁﬁl} exp(c)[%rf(g ) +erf(gé)}} (A.24)

where the p suffices have been dropped and ¢ can be determined
from (A.20). The only difference between (A.24), for
Ix] > 2, and (A.19) for |x| < is the sign in front of the

Tast term.

Finally we wish to determine an expression for the
optical depth at a point P on the anti-sunward side of G
(1x| > 90) and not close to G (see Fig. 2). This case must
be treated separately because the assumption that § is small
compared to res which led to equation (A.5) and (A.24), is

only valid when P is close to G.

With reference to Fig. 2 the integral for T can be

split as follows

S ¢S S
p L+ p
T = [ onds = } onds + } ands (A.25)

-0 - Q0

SL+

and the first integral can be determined from equation (A.24)

1

S : z
L+ i . TH"U_S‘InXU_ ox (C )
onds = oHin _secx _* N, PG,

2H

- C0

{erf(gé) + erf(gé%)}].

222



However, ¢, =z, and n._ = n, so that this equation can

be simplified to

s X

L+ mrpsiny, 1

onds = oHn |secy +2exp(cL) ————— erf(gi) (A.26)
2H

where L can be L+ or L-. The remaining integral in (A.25)
is

S o , 00

p
( onds = { onds - onds

L+ L+ Sp

oo

= - { onsecydh + { onsecydh
h h

L+ D
= onpsecpo - 0nt+secXL+H

using the plane Earth approximation. Noting that secxyy =7

secx . 1t follows that

T = onHsecy
( 3
ersinxL 1
! 2
+ ZGnLH Secx|. Texp(cL) _-E;—__ erf(cL) (A.27)
"L
where L = 7: (1 ~s1nxL)

The quantities evaluated at L in the formulae for =

depend on the location of the point P. The exception is XL
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which is specified initially as 75° say. Referring to
Figure 1 we make use of the result rsiny = e for any point

P on the radiation path. In particular

rLsinxL = rsiny (A.28)

and therefore

-
B R
fpm g (i)

- {]-S”]XL rsiny

. (A.29)
SINY ) H
Also, using equatfon (A.9)
n = ngexp(-c), n = ngexp(-c )
leading to
n_o=n exp (¢ —QL) . (A.30)
Summary:

In this summary we choose x,_ = 75° and x|, = 105° . The
optical depth, T, 1S calculated from the following formulae,
which are obtained from (A.4), (A.19) and (A.24), substitut-

ing for N from (A.30) where necessary:

Ix| < 75°

T = onH sec x
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75° < |x| < 105°

‘ 3
T = oHn exp(g{}xp(—gL)sech-+{1£%ﬁﬁl} {erf(c%) terf(C%)}]

[x| > 105°

—

~ ) L .
T = onH[;ecx +2exp(c){exp(-;L)secXL + {?ﬁgﬁﬂxl erf(c|)}

where

h —sinXL
(1-sinx) » ¢, i

rsiny

r = —
? s1nXL H

r
H

Finally it is noted that the different forms of the
Chapman function, Ch(x,x),can be obtained from the above

formulae by dividing throughout by onH.
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G p /% L RADIATION

Figure 1.

/ T~ P/—\TH

N

EARTH

The radiation path (extended) from the sun to

a point P is shown. The solar zenith angle at P
is y and is distance r from 0, the centre of the
Farth. It is assumed that P is sufficiently close
to G to ensure that g<<rg where £ =RP, hG =0G and
L is the furthest point from G for which this

assumption is valid.
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G L .RADIATION

~ PATH

Figure 2. The radiation path (extended) from the sun to a
point P on the anti-sunward side of the Earth is
shown. L+ and L- define the region in which it
is assumed that £<<rg (see Figure 1). P lies
outside this range.
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EPPENDIX B

THE DIPOLE APPROXIMATION TO THE EARTH'S

MAGNETIC FIELD AND ASSOCIATED VARIABLES

A dipole approximation is used for the Earth's magnetic

field. With this approximation the equation of a field line

is

ro= resinze (B.1)

and the magnetic flux density, B, 1s given by

N

2
5 = Bo (1 +3cos”8) , (B.2)
Y‘3

where r is the radial distance from the centre of the Earth,
§ is colatitude, e is the radial distance of the equatorial

crossing point of the field Tline and BO is a constant.

If s is the arc length along a magnetic field line and
I is the angle of dip (the inclination of a field line to

the unit vector e,) then
ds sinl = dr ds cos I = rdé (B.3)

and therefore

1 dr
=~ 2L = 2cot@. B.4
tan I e ( )

From equation (B.4) it can easily be shown that

2 C0S B (B.5)
(1 + 3 cos? g)2

sin 1
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cos I = sin 8 T . (B.6)
(1 +3cos?8)?

Arc length along a field line.

The equation of a space curve can be expressed in the

parametric form

ro=or(t) = (x(t), y(t), z(t)) » (B.7)

where r is the position vector of a point on the curve, t is
a parameter and x, y, z are rectangular Cartesian coordin-
ates. The arc length, s, measured from t = t to some

0
general point on the curve can then be expressed in the form

N I TR} T

Pofra

For a magnetic field line defined by equation (B.1), using

the colatitude 6 as the parameter, we have
X = - r_sin®8cos® , y =r_sin’8§ (B.9)

e

and the equation for the arc length, measured from some

general point 8 to the equator (8 = ﬁ&), takes the form
1
sing (1 +3 cos?8)? do . (B.10)

The evaluation of this integral is simplified by the

substitution

sinh x = /3 cos 6. (B.11)
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Equation (B.10) can then be written

r X
s(x) = —= J cosh?x dx
0
r X
= £ J {1 + cosh ZX} dx
"e
= (x+sinh x cosh x ) . (B.12)
2/3

In summary equation (B.12) gives the arc length from a

general point on the field 1ine to the equator in terms of X,

where x is defined in equation (B.11).

Expression for B gi [ 1 ] as a function of r and 8.
S —

If €. and ey are unit vectors in polar coordinates and

e is the unit tangent vector pointing towards the equator

then
e =1¢e_ sinl + e, cos (B.13)
—=S —-r —U
and therefore
3 . 3 cos I 3
L = v = sinl — + —_ . B.14
3s S5 - = ar r 36 ( )

Q2 Qo
w
—
w | —
| R——
1
[¥2] l
.
=
L |
@ Q
st

, cos I _g_] [ r’ }
r a8 B, (1 +3 cosz6)%

Ip2 r cos IsinB cos 8 J

= T [fin I + -
B,(1+3cos?8)? {1 +3cos?8)
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Finally, substituting

(B.6) lTeads to

| -

3cosf (3 +5cos?8

for sinl and cos I from (B.5) and

3
o % |

\

w | —

3%

Expression for

r{l1+3cos?8

: (B.15)
)/2

in terms of r,8 where ¢ is the gravitat-

3s

ional potential.

The gravitational

r.2

— . 0
9= -9, —
Y.Z

Taking the scalar product with e

for sinl from (B.5)
2
AR 0 Y‘2

Note also that taking

and integrating leads
Y‘Z

b= - 2

° - 9

leads

potential ¢ is defined by the equation

. (B.16)

(see B.13) and substitutineg

immediately to

2 Cos 8

17)

(1 +3cos?8)?

the scalar product of (B.16) with e,

to

(8.18)

apart from the constant of integration.

0

(g sinl) in terms of r,8

Expression for —
0S

From equations (B.5),

(B.14) and (B.16) we have
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- R 2g r® cos 9
2 (gsinl) = | sinl 8, cosl 8 ][ 0 0 ; J
‘ 9 r2(1 + 3cos?0)

After considerable algebraic manipulation and substitutions

from equations (B.5) and (B.6) we have

5 . —290r§(12 cos“ 8 + 3cos?6 + 1)
= sin =
. (g )

r3(1 +3cos?8)?
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APPENDIX C

COLLISION FREQUENCIES AND EFFECTIVE COLLISION FREQUENCIES

Two formulations have been used in this work . In the

first theoretical formulation there are two major ions

+

(o, H'

) and one minor ion (He+ in Chapter IV and 0"t in
Chapter V). In the second formulation all three ions in the
theoretical model (O+, H™ and He+) are treated as major ions.
In both formulations the corresponding collision frequencies
are identical. However, there are some differences in the
effective collision frequencies when He' is treated as a

major ion compared to the formulation when He+ is treated as

a minor ion. A1l variables are defined in Chapter I1. Recall
+

that the suffices 1,2,3 and 4 refer to O+, H o, He+ and O++

respectively.
1. Formulation allowing for two major ions and one minor ion

From St. Maurice and Schunk (1977) the collision frequency

for species s colliding with species t is given by
— (C.1)
and the major ion effective collision frequencies are

r 1 U s T.
v! = v.. *+ El V. . é).%— 313 ——L-W , (C.2)
i 11 4 1 2 M Tos |

1]
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{Dij+§.—m._'T__J‘ (C.3)
- ]J

The effective collision frequencies for the minor ion are

r (1) u T
b= 23 o 3L IXS L X (C.4)
X T XS 2 m.
and
N U T
ST {D() L3t *}_w (c.5)
X1 4 xi X i > m T .
X xi
where

s and t take 1,2,3 and 4 ,
i and j take 1 and 2 ,
x takes 3 and 4 ,

As is the particle mass in atomic mass units ,

A A
A :-§—E—- is the reduced mass in atomic mass units,

st
As +At

zS is the charge on species s(z1 =2z, =2, =1 and z, =2),

2 1 1
) (3myrggnimy -t my)
1 2 ’
(m1 + mj)
6 ° 3
(q) i} (—5'm “2—m1mj)
ij 2 ’
(mi + mj)
i miTi + ijJ
ij -
mp Ty
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and

given

Assuming that all ions have a common temperature Ti

T.. = Ti)’ the collision and effective collision frequencies are

1]
by

) =

y—
N

21

31

V
11

|

42

3
=
0.07701 n_T. s
2 1
-%
1.23208 n T. y
1 1
-3
0.56796 n T. s
11
-
0.28398 n T, s
2 1
-
0.142 n T. )
31
-
0.07701 n . ,
-
0.22451 n T. E
~*h
0.898 n T. s
2 1
=%
0.898 n T. s
1 1
=%
0.308 n T. s
2 1

-

(0.22451 n_+ 0.26475 n )T.
1 2’1
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WY
ee

AV

€2

es3

eu

H

1

(1.926 n+ 0.83803 n )T.

-

0.000899 n7Ti

- 3/9
3.68345 ani

~h

(0.8576215 n + 0.790886 nz)Ti

~*h
1.2268 n T,
11

0.038337 n_T.
2

2

(1.599563 n, o+ 1.36467 n_)T.

0.757688 ani

_3/
2
0.00333 n T.

2 1

_3/
2
38.5373 neTe

- 3/2
a4
54.5 n, T,

_35
54 .5 nzTe

-
54.5 n,T,

-
54.5 nuTe

e
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and V! = v + 13

o e —é—(\) + v )

el e2

-

= (38.5373n, + 88.5625(n, + n,)T,

~*h
= 127.0998n_T
e e

2. Formulation allowing for three major ions.

Details of the formulation are given by Quegan et al. (1981).
The collision frequencies are identical to those listed above. The

formulae for the effective collision frequencies are

— 5 Q) 3 Yst
Vs T Vss Ty Lovse|Dst * 2 m ‘ ’
t#s
. _ 5 () 3 Mst
Vet Ty Vst|Pst T Tmo |

where s and t take the values 1, 2 and 3. Letting s and t take on

these values leads to

‘ _ . 5 ((1 3 Uu (1) 3 i, ‘

\)1 = \/11 TZ \)12 LD12 +§‘ —E +\)13 Dl3+‘2— 7'm—1i
-%h
= (0.224506 n + 0.26477 n, + 0.3955 n3)T1 ,
3
=

V! = (1.925924 n, o+ 0.898026 n, + 0.11627 n3)T1 ,

2

~%h

V! = (0.85762 n, + 0.79088 n+ 0.4490 n3)Ti ,

3

-*h

vt = 0.000899 n,T. ,

12 1
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and

A
21

3l

.01917 nSTi

7

~*h

.683451 n T.
1

=

.16584 n T.
307

~“h

226794 ani

~%h

.03834 n_T.
29
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APPENDIX D

THE 0" NUMERICAL PROCEDURE

Applying the Laasonen finite difference procedure to
the 07 diffusion equation led to the system of linear

equations (see equation 2.79)

+ = i = -
Pini—loini + R1n1+l = Si io= N,M-1. (D.1)

where n is the 07 number density, Pi’ Qi’ Ri and Si are

defined in Chapter II and N and M correspond to the upper

and lower boundarieé respectively. The left-hand side of
(D.1) is evaluated at t+ At and the right-hand side is a

function of n evaluated at t. The number of unknowns 1in

(D.1) exceeds the number of equations by two, so two more
equations are required to complete the system (D.1). The
extra two equations are supplied by the boundary conditions.
At the lower boundary (about 200 km) we assume photochemical
equilibrium during the daytime. This leads to an additional

equation of the form (see equation 2.89)

During the night-time the condition at the lower boundary 1s
given by equation (2.91) and we therefore have an additional

equation of the form
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Thus with PM’ QM and SM suitably defined both daytime . and

night-time lower boundary conditions lead to the additional

equation

M Moy B Ty T Sy - (D.2)

The remaining equation is supplied by the assumption of zero

0 -flux at SN (2000 km) and this condition leads to

(D.3)

where o, and o are given by (2.82) and (2.83). Using the

approximation

equation (D.3) is put in the form

YON-, T %y YNy, T 0

where
o

1
1

2AS

N

Thus the full system of equations 1is

\ - 3
Moy = 0y " My =0
= v = A -
Pong |+ Q40 RN =S, (i N,M-1) L (D.4)
Pa -, * Qu Mm = Sy
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T e e T S P TN L TR S R

This system of equations is now manipulated into the stand-

ard tridiagonal form. The first two equations of this

system are

YONSL T %y T YNy =0
(D.5)
s} -
PNy Qe Ry ey = Sy
Elimination of ny | from the second of these equations .
gives
1
Oy My * Ry Mnes TSN (D.6)
where
] P.o
_ N™2
QN_QN+ v )
(D.7)

The system of equations (D.4) can now be written in the

standard tridiagonal form

_ hY
Qp Ty * Ry "nes = Sy
P1 Ny 7T ani ¥ Rini+1 B S1 L (D.8)
PM nM_1 + OM nM = SM

In this system we have dropped the primes from the
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1

coefficients QN and RN

notina that they have been redefined

by (D.7).

An algorithm is now derived to solve the system (D.8).
Suppose that Gaussian elimination has been applied to the
system of equation (D.8) and the following stage has been
reached

Pyngo Qg Ry =Sy 1

(D.9)

- . n. + n. = H. [
. i+

At each stage the variable with the largest suffix is
eliminated so that the remaining equation has only two

unknowns. Then the coefficient of the remaining variable

with the largest suffix is made to be unity. Eliminating

LF between the two equations of (D.9) we get
Pang + (G # RyGy Ing = S5 = Ryl
P. S. -R.H.
or n, = - ! n,_, + ! 1A (D.10)
Q +R1G1+1 Q1-+R1'G1'+1

noo= Geng o+ Hy (T = Ne) (D.11)

gives
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G, = ! : H, = 41 1+ (D.12)

for 1 = M-= ,M-2,M-3,...,N+]

The remaining two equations from the Gaussian elimination

are

G,yn

N + R

N NN+

Eliminating LI between these two equations we get

- ) (D.13)

To start the recurrence relations (D.12), GM and HM are

required. These are defined by the last equation of (D.8)

and they are

G = - — H = — (D..lq')

SUMMARY OF 0" NUMERICAL PROCEDURE

(1) Calculate Pi’ Qi’ Ri and Si for i = N,M-1.

(2) Recalculate Qy and Ry from equation (D.7) (this applies
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the upper boundary condition).

(3) Calculate PM, QM, v

condition (equation 4.27) or the night-time boundary

condition (equation 4.28).
(4) Calculate G, and H, from equation (D.14).

M M

(5) Calculate Gi and Hi for i = M-1, M-2,...,N+1 from

equation (D.12).

(6) Calculate Ny from equation (D.13).

(7) Calculate n, for i = N+1,...,M using equation (D.11).
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