POSITIVE ION TEMPERATURES ABOVE THE F-LAYER
MAXIMUM*
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R. L. F. BOYD AXD W. J. RAITT¢t

The ion mass analyser on the UK-US satellite Ariel was a spherically symmetric energy

spectrometer,

The spectral lines may thus be interpreted not only in terms of ionic mass and

cor:centration but also in terms of ion temperature.

Analysis of the data obtained has made available a picture of ion temperature variation
with latitude above 400 km. The results show considerable scatter from day to day together
with a marked rise in oxygen ion temperature with latitude.

INTRODUCTION

The determination of ion energy (and hence
mass) spectrum by the ion probe on the satellite
Ariel T (1962 - ) provided good data on ion tem-
peratures from 26 April, 1962 to 5 June, 1962.
Some data of reduced quality is available until 26
September, 1962. Temperature is obtained from
the width of the energy spectrum line for particles
arriving at the probe. In principle the lines of
hydrogen, helium or oxygen may all yield tem-
peratures. The data presented in this paper all
come from a study of the oxygen line which re-
quires a concentration of oxygen greater than
about 10° em™3. This implies that for the pres-
ent study only altitudes below 600 Km. were
useful and orbit orientation was such that in the
period of this study (Days 117 to 140) this alti-
tude range corresponds to values of local solar
time within two hours of noon.

OUTLINE OF THE EXPERIMENT

The probe consisted of a 9 em. diameter sphere
mounted on the spin axis of the satellite. A fine
grid 10 cm. in diameter was biassed negatively so
as to keep ambient electrons from reaching the
sphere, which was subjected to a positive volt-
age sweep. By constructing the system so that

*This paper was contributed to Goddard Space Flight Center under
the joint United Kingdom~United States program which developed
and lavuched the satellite Ariel I,

tBoth authors are affiliated with the Department of Physics,
University College, London, England.
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the angular momentum distribution of ions ap-
proaching the inner sphere was negligibly dis-
torted by the presence of the grid it becomes
valid to obtain the energy distribution of the ions
by Druyvesteyn’s®™ analysis. The required sec-
ond derivative of the current voltage curve was
obtained electronically and so telemetered.

If R is the kinetic energy of an ion moving with
a velocity equal to that of the satellite and K is
the energy corresponding to the most probable
ion thermal velocity then for R>K the form of
the energy spectrum line is

J(E)=[2rYXK.R.) ¥ exp iKR.

Thus the breadth of the energy spectrum line de-
pends not only on the thermal energy of the ions
but also on the velocity of the satellite. It is
roughly Gaussian in form with a width at the %
points of 4(K.R.)}. For monatomic oxygen R
is about 5eV and K about 0.1eV so the line width
is over 2 volts. While this broadening reduces
the mass resolution it greatly eases the problem
of determining the ion temperature.

Medicus® has obtained a more exact expression
for the energy distribution of ions with a Max-
wellian distribution arriving at a moving vehicle
shown plotted in Fig. 1.

Analysis of the Ariel data has been carried out

by fitting values computed from the approximate
expression to the observed data.
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Ficure 1.—Energy distribution of particles with M.ax-
wellian distribution arriving at a moving vehicle.

EXPERIMENTAL RESULTS

The oxygen ion temperatures between 10 and
12 hours Local Solar Time measured in the longi-
tude range — 50° to 150° during the early northern
summer of 1962 are plotted as a function of lati-
tude in Fig. 2. The quantity of data is inade-
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Figure 2,—Oxygen ion temperatures as a function of
latitude,

quate to make possible a complete decoupling of
the effect of altitude from the effect of latitude.
During the period selected, however, perigee was
a little south of the equator so that the range of
altitudes covered is not large. The approximate
altitude corresponding to a given latitude is
shown by the scale at the top of the figure.

Comparison of successive values of ion tem-
perature obtained on a single nass suggest that
instrumental consistency is at least as good as
+260 deg. K and possibly a good deal better.
Most of the scatter of the points must therefore
be taken to reflect real differences in ion tem-
perature from one occasion to another.

Part of the scatter may be attributable to the
range of local solar times, to the seasonal change
and to the motion of the line of apsides. There
may also be some dependence on magnetic activity
and on longitude. However, it is not possible to
account for most of the scatter in any of the
above ways. The main conclusions are therefore
that there is a variation in oxygen ion tempera-
tures from one day to another amounting to sev-
eral hundred degrees and that there is also a
marked tendency of the oxygen ion temperatures
to increase with latitude.

DISCUSSION OF RESULTS

Fig. 2 shows the neutral gas temperature based
on the data of Harris and Priester® and a curve
of ion temperature computed by A. P. Willmore®
from the electron temperature data obtained on
the same satellite (Willmore et al)® on the
consideration that the heat flow from the elec-
trons reaches the neutral gas by way of coulomb
interaction with the ions. Willmore finds a rise
of ion temperature with both latitude and altitude
and appropriate weight has been given to both
factors in plotting the curve from his data.

Except near the geomagnetic equator where the
small dip angle would inhibit upward diffusion of
photoelectrons, the energy input to the ionc-
spheric electrons and hence to the ions due to
solar radiation will vary as the cosine of the
zenith angle.

Since the average fractional energy loss per
collision of ions of mass M, with gas atoms of
mass M, is

AE _8 MM, (
3/2kT, 3 (M.+M,)"\

refer to the ion and gas temperature.
We can write the energy flux

= L] . . . 3—-k ’ -&
Q—*lk nyn, S <2> M(

I—T—”)where Tiand T,
1

T\ MM,
+i62) T T T
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where k is Boltzman’s constant, n, and n, refer to
the number densities of ions and gas atoms and S
is the appropriate ion-atom energy exchange
cross-section.

To a first approximation @ and n both vary as
the cosine of the zenith <, n, and T, are constant
and (T~ T,)<T, Thus writing Q=@ cos x and
ny=n, cos x we have

T.—T,':,Qo[4(3/2w,) *-m-n,-S-lz-(ﬂ—lﬂ
+——1—)_M‘Ma ]-1
Mﬂ (M1+Mp)2

which shows that the factors most likely to in-
fluence the ion temperature in the topside iono-
sphere are ionic and neutral composition—af-
tecting M, M, and S—and ionic concentrations
reduced to zero zenith angle, quantities which are
also interrelated by the hydrostatic equation.

N, al the layer peak does in fact, fall with
increasing latitude so the difference between the
gss and ion temperature is to be expected to
increase with latitude. The wide scatter in the
data may well be related to variations not only
in n, but in ionic and possibly even in neutral
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particle composition. A preliminary considera-
tion of the rate of energy exchange suggests that
for the same flux the temperature difference be-
tween oxygen ions and helium atoms must be
several times larger than when the ions are
helium. The small amount of helium ion tem-
perature data analysed so far supports this view.
The possibility of the electric fields having an
appreciable effect on the ion temperature would
seem to be ruled out by the far larger effect they
would have on tue - lectrons,

One important factor must not be overlocked.
It is the fact that by selecting only passes giving
a high enough densi‘y of oxygen to enable oxygen
ion temperature to be obtained at the higher alti-
tudes (which correspond to higher latitudes) a
premium is put on passes for which the ion tem-
perature is high enough to give an adequate
oxygen ion concentration.
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GEOMAGNETIC CONTROL OF DIFFUSION IN THE
UPPER ATMOSPHERE*

S. CHANDRA AND R. A. GOLDBERG /l/é L/-——- X fd 7 /

In many recent papers concerned with providing an explanation for the geomagnetic anomaly,
agreement with measured date has been obtained from the eqifitions of motion for electrons
and ions when used with an empirical boundary condition, whereas poor agreement has resulted
from attempts to numerically integrate the commonly employed form of the continuity equa-
tion. We have been able to explain this discrepancy by demonstrating that the assumptions
used to derive this form of the continuity equations do not agree with observation.

Since the equations of motion do provide a favorable description for the geomagnetic anomaly,
we have studied the possible physical models leading to the form of the equations used, and
foand that although field aligned diffusive equilibrium provides the correct form, a more rea-
sonchle assumption concerning electron and ion collisions with neutrals also leads to the same
result. We have then been able to provide a more realistic theoretical description of the geo-
magnetic anomaly by employing an analytic form for the boundary condition which is in better
agreement with measurement than those previously used.

Finally, by combining the equations of motion for neutrals, eic«trons and ions, we have
been able to indicate geomagnetic control for the neutral atmosphere in the lower I region of the
ionosphere, althorgh the exact shape of this distribution is unkrown.

INTRODUCTION section will be devoted to an improved theoretical
description of the geomagnetic anomaly by using
an analytic expression for the vertical electron
density distribution at the equator which is more
in accordance with measurement than the simple
Chapman type distribution employed in GKS.

In recent months, it has become increasingly
evident that some confusion exists in the under-
standing of the basic physical mechanisms
governing diffusion and the existence of the geo-
magnetic anomaly in the ionosphere. This
apparent confusion arises by comparison of the  pFUNDAMENTAL EQUATIONS AND DEFINITIONS
work of Chandra (1934), (to be referred to as C-1),
- in which it is shown that the assumption of ambi-
polar diffusion along a field line cannot lead to

The major cause of confusion appears to lie in
the application of two phrases, viz. ambipolar

geomagnetic control of the charged particles, and ~ ¢iffuston and diffusive equilibrium. Let us in-
such papers as Goldberg and Schmerling (1962, vebhga‘te and discuss each of these verms to
1963), (to be referred to as GS—1 and GS-II), and determine how loosc usage of them has led to
Goldberg, Kendall, and Schmerling (1964), (to  Some of the current problems of misunderstand-
be referred to as GKS), in which this process does "8

appear to produce geomagnetic control of the In the nor.mal sense, ambipqlar diffusion refers
charged particle density in the ionosphere. to a Plasr_na in which the negative (felectrons) and

The purpose of this paper is to describe and re- positive (ions) charges do not move independently
solve the confusion which exists in the field at  due to the influence of the electric field cafused by
this moment, and then to point out the new their Coulomb interactions, In this medium, the
problems with which we must contend in order electrons an.d ions. drift in pairs and this nfotion
to derive and apply the diffusion equation to  ©f clectron-ion pairs is referrc to as ambipolar
jonospheric problems correctly. In addition, a diffusion. The condition for ambipolar diffusion
_ in a neutral plasma is thereby

*Published as Goddard Space Flight Center Document X~615-64-121, "
May 1964. Dy=Dy=D (1
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where 7 is macroscopic velocity and the subscripts
e and 7 refer to electrons and ions respectively.
When

=0 2)

the condition for diffusive equilibrium is satisfied.

The implications of (i) are quite straightfor-
ward, as shown in C-1. In an isothermal atmos-
phere and in the presence of a magnetic field,
this requires Vz(3zB)=0. In particular, the
assumption of field aligned plasma diffusion
(3rB=0) can only be satisfied for the trivial case,
9=0, resulting in a hydrostatic distribution of
electron density independent of geomagnetic
latitude.

On the other hand, favorable comparison be-
tween Alouette topside sounder measurements
and theoretical calculations of the geomagnetic
anomaly has been obtained in GKS by assuming
conditions of ambipolar diffusion and diffusive
equilibrium along field lines, thereby indicating a
possible conflict with the results in C-I. The
problem resolves itself once one investigates the
meaning of ambipolar diffusion and diffusive
equilibrium in the GKS sense.

Let us first write the general equations of
motion for neutrals. electrons and ions, respec-
tively, where the subscript n refers to neutral.
Following C-I:

nemem, . - nmm, “ -
Up—V0 v,—0v
m‘_!_m""en( n ¢)+"h+mn"1n( n t)
=—=Vp.t+nm.g (3)
T mem, emamn P
Y i{ Vg —V Vg— 0
m,+m, u( ¢ i)+ Ven( ] n)

—~\7p.+n.m,g—en.(1?+ﬁ,><§) )
r.amm, 3 MMy 5 .
.m‘_*_m‘”ﬁ(l U‘)+ m,+m, ”tn(vt v:) )
=—Vp+nmgG+en,(E+9,XB) (5)

where 7 is number density, v, is the collision
frequency between the k* and {t* particle, m is
mass, p is pressure, § is gravitational acceleration,
e is the absolute value of electron charge, E is
electric field, and B is magnetic field. In writing

Ve Vit

equations (3)—(5) it is assumed that o e

In the following we assume that the plasma is
in a quasincutral state

nysng=N (6)

and that the electrons, ions and neutrals obey the
ideal gas law in the ionosphere,

p;=nikT, (7

when k is Boltzmenn's constant and 7T is tem-
perature. Furthermore, we assume thermal equi-
librium, i.e.

Te=T,=T (8)
Then,

Pe=P1=P 9

In addition, we assume for simplicity that
b, =0 (10)
Then summation of (4) and (5) provides

mam,N mam;N

Mme+m,

Ven¥ c+ vat = —2Vp

+N(m.+m,) +JXB (11)
where J is current density, defined as
J =Ne(d,~1,) (12)

Since we are investigating ambipolar diffusion
and diffusive equilibrium in the GKS sense, it is
desirable to write this equation in component
form along a field line as

m,m,
Mme+m,

m,,m, - 3
VenDe h+_ m vat'h
n

-[= 2’“TW—"+<m.+m,>g] ho(13)

where k is a unit vector in the direction of the
magnetic field. Let us write (13) in more familiar
form by using

meLlmy, m, (14)

and defining the scale height of the ionizable con-
stituent as I{,, where

H'—Tn—,_g- (15)

Also, for convenience, we make the approximation

MM,y (16)
Then

ma"ua

- VN -
3 h+ v,.z‘),-h— kT( N+2H) h (17)
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Finally, we write

h=— (z, sinl 47 cos I) (18)
where 7, and 7 are unit vectors in the r and 0
directions and I is the magnetic dip angle,
reckoned positive when the north seeking pole of
the needle points downward. Now, if we treat
ambipolar diffusion in the GKS sense, we simply
imply that the electron and ion velocity com-
ponents in the field direction are equal, i.e.

3

Db =0 h=v, (19)
Applying (18) and (19) in (17), we obtain

—kT 1 0N 1 cos I ON
vy = o [Sll‘ll(N ar+271':+ NT ?)F:I (20)

where

pr=Trgen g T @1
Assuming that
MoV en KM Vin (22)
because of (14), we may write
Mo (25)

yz
W=7

Equation (20) is a familiar result derived in such
papers as Kendall (1962) and GS-II. However,
it is clearly not the result of ambipolar diffusion,
which is given by (1), but insteud, the result of a
statement concerning the ficld line components
of electron and ion velocities giveu by (19).
If we now demand

v, =0 24)
which is the statement implying diffusive equilib-
rium along a field line in thc GKS sense, we
obtain the familiar equation

. 1 aN cos J aN .
sin 1 (Tv" o Tam )* N s0 -0 (39

which can also be written as
LN =0 (26)

N dr " 2H,

TS ORI ST T S e T

e YRR SRR, NS g » o ven \
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provided we recu,nize that r and @ are not inde-
pendent in (25) but related by the dipole ficld
conditions

r=ro sin® 0 (27)
and

tan I =2 cot 0 (28)

it is evident that (26) can only be treated in
total derivative form if the integration is carried
out along che field line.

Statements concerning the components of vee-
tors in a particular direction, such as (19), do
not imply any conditions on the totul vector. As
a result, (25) has not required the :issumption of
any restrictions on the behavior of the velocity
components normal to the field lines.

Equation (206) has been the basis of describing
geomagnetic control in the upper F-region in GKS
paper. Although (26) has been derived assum-
ing diffusive equilibrium along a field line, it is
undesirable to apply this concept because it is of
purely hypothetical nature. We now investigate
other assumptions to find a more realistic justifi-
cation for (206).

et us rewrite (17) as

N +2H> ho @9
We find two ways for the right hand side of (29)
to approach zero. The first imposes a new con-
dition on the velocities, viz:

mayan . +""tl'ln ﬂ = “kT(

2

or

(30)

a result which, although possible, would require
a very special condition that the electron velocity
be of the order of 10* times greater than and in
the opposite direction of the ion velocity.
However, if we can demand that the collision
frequencies between clectrons and neutrals and
between ions and neutrals be sufficiently small so
that the drag forces arising due to collision be
negligible as compared to the pressure gradient,
gravity and Lorentz forees it is possible to derive
equation (26) without impoesing any restriction
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on the velocities of electrons and icns. We be-
lieve that this assumption is more realistic in the
upper F-region where the gyro-frequencies of
electrons and ions are much greater than their
corresponding collision frequencies.

Although the collision frequency assumption
is physically more desirable, it prevents us from
obtaining a simple expression for v,, or v.
Instead, we must return to the original eqaations
of motion, (4) and (5), and sclve for 7, and 7;
explicitly, as has been carried out in the appendix
in C-I. Unfortunately this introduces a very
serious complication in the work because of the
difficulty in eliminating electric field from the ex-
pressions of #, and #, without making specific
assumptions about the relationship between #,
and 7. The implications of these assumptions
will be discussed in the latter part of this paper.
In the following section we proceed to discuss the
physical implications of equation (26).

THE ELECTRON DENSITY DISTRIBUTION WITH
A VARIABLE SCALE HEIGHT

Equation (26) can be integrated along a field
line to provide the general solution
rcot® @

2H

N(r, 6)=f(ro, /2)e 31)

However, if we treat T and m, constant but
recognize that g is proportional to 1/r%, H, is then
proportional to 72, and we obisin

rcos? @

N, 0)=f(r, x/2e 10

(32)
In both cuses, f(re, #/2) is an arbitrary function
of height at the equutor which cannot be deter-
mined by the equations of motion from which (31)
or (32) are derived. The function f(r,, x/2) must
therefore be given as a boundary condition in
this problem and can only be determined empiri-
cally or by use of additional equations governing
the physics of the probiem.

Since (31) or (32) depend exclusively upon the
equations of motion, it appears that an additional
equation, such as the continuity equation, should
lead to the desired boundary condition. Un-
fortunately, as we will show in the next section,
the derivation and solution of the continuity
equation depend upon a knowledge of E.  Thus,

the complexity of the problem becomes quite
formidable and it is difficult to anticipate a
simple method of solution at this time.

Instead we depend upon an empirical type
boundary condition, which may very well be the
solution of the correct continuity equation, to
derive the explicit form of the electron density
digtribution.

The incorp ration of a Chapman distribution
for the Loundary c¢nndition in {31) leads to the
results obtained in GKS. Since such a boundary
condition can only be considered as a rough
approximation to the zhape of the actual vertical
electron density distribution at the equator, it is
desirable to employ an analyvtic boundary con-
dition which more closely resembles the truve
height profiles. Chandra (1963) has propused a
modified form of the Chapman function which
includes the effect of variable scale height and
which is found to fit the measured vertical distri-
bution for clectron density at mid-latitudes far
more accurately than the simple Chapman form.
We assume here that such a function also de-
scribes the vertical electron density distribution
at the equator. We can then write

f(ro, 7/2) = Nrno exp%

To— T mo

{1— Ho[l—-a exp (-—a-(-"-”é_-—l—;fl))]

—~exp [ - To~Tmo .
[ 2Ho[1-—a exp(—ﬁ(r‘_"zi_i:_"i) ]]} (33)

where H, is the scale height of the ionic constitu-
ent and Nv,o is the value of electron density at
the ecquatorial height rmo. The parameter a,
which is a measure of departure from the simple
Chapman function, and thereby a shape factor,
is defined as

”O—H(rmﬂ)
a=——p="— (34)
where I (rao) is that value of (Hre) at ro=ry.
Also, ro is understood to be the radial height
specifically at 0=x/2.

Although it will not be shown here, (31) and
(32) produce nearly identizal results in the equa-
torial region because the small variation of r in
the height region of our interest. Furthermore,
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the simplified form given by (31) is more conven-
ient for comparison with the results of the GKS
paper. We therefore substitute (33) into (31)
and obtain

N(r, 6)=N:,, exp %

7 CSC20—7mo T cot?d

I—Ho[l-a exp (_______a(r e8C*0— Tm) JT H,

2H,
ex r CSC20—17 o
p 2H[1 o ex (_a_(_rcsc“‘ewr,,,o)]
o p oH,
(35)
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Figure 1.—Connstant height profiles of relative electron
density vs. ¢ atitude for @ =0, ko ™=500 km, Ho=100 km.
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Finure 2.—Constant keight profiles of relative electron
density vs. colatitude for a=0.1, A, =500 km, H,
=100 km,

Equation (35) then provides a general expression
for the electron density at all heights and col-
atitudes provided that we are in a region where
the effects of collision can be neglected.

The variation of N(h,0)Nh with colatitude
at constant height is shown in Figures 1 i for
varicus values of a, hmo and H,.  In these figures,
we have converted radial height r to altitude A
by taking the earth’s radius as 6370 km. We
have also assumed that H,=H, because the
effuctive scale height in (33) approaches If, at
high altitudes and Chandra (1963) has ir.dicated
that H, becomes equal to H, ay these altitudes,
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Fiaure 3.—Constant height profiles of relative electron
density vs. colatitude for a=03, h..=500 km,
Ho=100 km.
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Fiaure 4.—Consiunt height profiler: of relutive electron
density vs. colatitude for a=03, h,o,=400 km,
Hy=75 km,
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We first note that the basic features of the
theoretical eleetron density distribution are un-
altered from those hrst obtained in GKS to
describe the geomagnetic anomaly in the vicinity
of the equator. Once again the theoreiical de-
scription breaks down in the bottomside but this
is precisely the region where the neglect of
momentum  transfer terms becomes in-valid.
Furthermore, comparison of Figures 3 and 4
clearly shows the insensitivity of the topside
results to the parameters hyo and Hg (except for
shifting the constant height profile scale verti-
cally). We therefore conclude the principal
properties of the curves can be studied quite
extensively Ly simply altering the shape factor a.

The changes due to variations in « are shown
by comparison of Figures 1, 2 and 3. We have
aiso provided a more detailed comparison for one
particular height profile in Figure 5. Although

200 - - - - e -
20+
191
18-
17
16—
15
14
13
12¢f-
1
10

ol ! 1 j H
) 10 80 9% 100 10

GEOMAGNETIC COLATITUDE (8 |

T

RELATIVE ELECTRON DENSITY - Nih. 8} ’th

I 1cure 5.—The « dependent behavior of the 500 km pro-
file of relative electron density vs. colatitude for
hmo =500 km, Ilo =75 km.

we have included values up to «=0.6 to demon-
strate the trend of the curves, the highest values
are extreme and not likely to be representative
of ionospheric conditions. On the other hand,
a=0.1 to @=0.4 are very reasonable values for
us to expeet under normal conditions representing
diurnal and solar eyele variations.

Finally, in equation (35), if we identify the
term Ho[l —« exp[—a(r csc?0—rno)/2H,o]] with
1/k of the GKS paper, we see that since o is
positive, K> 1is true for all heights. In partic-
ular, if a=0, we generate curves which are

ident.cal to those :n GKS for kH,=1. This
explains why kH,>1 provides the closest fit
with experimental data in that paper.

PROBLEMS INVOLVED IN THE DERIVATION OF
THE DIFFUSION EQUATION

In the previous sections we have seen how the
equations of motion for electrons and ions are
sufficient to obtain a theoretical description of
the electron density distribution in the topside
equatorial region of the ionosphere under equinox
conditions. This has required us to make certain
assumptions concerning collision frequencies or
velocity components along field lines and also
forced the appiication of an empirical boundary
condition at the equator. In order to produce the
empirical boundary condition theoretically and
also obtain a solution which is valid in both the
topside and bottomside equatorial F region, it is
necessary to turn to the continuity equation for
additional information. Using the explicit expres-
sions for velocity which are derivable from the
equations of motion, it is then possible to de-
rive the diffusion equations associated with the
ionosphere.

If we simply require total ambipolar diffusion
(equation 1) to occur in the ionosphere so that ¥
is independent of the electrie field explicitly, and
also demand that, in all regions concerned, the
motion along field lines are much larger than the
drifts normal tc field lines, we must then invoke
9X B =0 which, using (4), (5) and (28), gives the
constraint equation

10N, 1 29N

7\7 '—(9—;-{-%:? ;6—0 cot @ (36)
This leads to a hydrostatic distribution of electron
density which does not agree with measured re-
sults, as has been demonstrated in C-I. A sec-
ond approach (Kendall, 1962, aid GS-II) is the
assumption that ambipolar diffusion exists only
along field lines (see equation (19)). Thus, if we
assume that the parallel velocity components of
electron and ion velocity are equal and much
greater than either of the unequal perpendicular
velocity components, we can write (20) as a gcod

approximation for the entire velocity. In mathe-
matical notation, we have
z‘)-ﬁ=]z‘)"|=vu>>vu, v, (37)
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where v, and v, are the perpendicular compon-
ents of electron and ion macroscopic velocities
respectively. This implies that

b, =D (38)

and provides us with a velocity expression inde-
The general contention
has been that (38) allows us to write the steady-
state continuity equation in the following form:

Q-L=V-Ni~V-Ng, (39)

where @ and I are production and loss respect-
ively. The proccdure has been to substitute (20)
into (39) and obtain the well known form of the
two dimensional diffusion equation without
invoking the equation of constraint (36).

We wish to discuss this approach by first
questioning the validity of (37), and then demon-
strating that even if it were true, (38) cannot in
general imply (39) without the additional inclu-
sion of the constraint equation. This will demon-
strate that the field line ambipolar diffusion
approach with neglect of the perpendicular
velocity components is identical to the total
ambipolar diffusion case in which velocities are
assumed to lie along field lines. Thus, the results
of the two approaches are identical, leading to the
conclusion that ambipolar diffusion in which the
macroscopic velocity lies along a field line, cannot
be the correct physical model to describe the
equatorial electron density distribution in the F
region of the ionosphere.

Let us first consider (37). We have already
seen that the assumption of diffusive equilibrium
along a field line (v, =0) leads to a correct de-
scription of the electron density in at least the
topside region of the ionosphere. If this is the
true model of the physical situation, then it is in-
consistent with (37) and we cannot expect any
results obtained using (37) to provide us with
correct results concerning this region. If, on the
other hand, the neglect of momentum transfer
terms can be attributed to small collision fre-
quencies instead of diffusive equilibrium, (37)
need not be violated. This might be a further
justification for validating the collision frequency
assumption instead of the diffusive equilibrium
model. Unfortunately, as we approach the
equator, we see from (20) that v, approaches zero

since both sin I and dN /86 approach zero. The
latter condition is based strictly upon the empirical
condition of symmetry about the equator. We
therefore find that no matter how small »,, and
vy, may be, there will always be a region about the
equator in which (37) does not apply unless

l"_L=v‘J.=O (40)

which is identical to the equation o' constraint,
(36).

We now return to the second question. That
is, even if the parallel components of electron and
ion velocities are much greater than the perpendic-
ular component, which could still be possible
provided v, #v;, is it possible to describe the
electron density distributions in the entire region
of the ionosphere by (39)? We note that
V-N5=5-VN+NV-17=(Z7ﬂ+T)l)

*VN+NV-(& +3y) (41)
where 7 is now either the electron or ion velocity
and

b=0,+0, (42)

Now, in order to write (39), we must demand that
9, VN+NV-p >0 «-VN+NV-3| (43)

Although (43) could be true for certain special
cases, there is not a priori guaranwee that (43)
will be implied by (37) in genera! without the
additional condition that v =0. Thus, if we
are to write (39) as a direct and gencral implica-
tion of (37), we are once again forced to employ
the constraint equation.

We cannot state that (40) holds in a very small
region about the equator so that its effect outside
this region can be neglected. The geomagnetic
anomaly itself is a second order effect and we can-
not expect to reproduce it by neglecting second
order terms which are responsible for its existence.

We therefore find that if ambipolar diffusion
extsts in the tonosphere, and if it is resiricted to the
field line direction, we cannot assume (37) without
imposing an additional constraint equation. Fur-
thermore, (37) does not gencrally imply (39) in
the ionosphere with or without ambipolar diffusion
unless the constraint equation is also employed.
However, since (37), (39), and the assumption of
ambipolar diffusion along a field line do not
provide to the corvect description of equatorial
electron density, we must conclude that these
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assumptions are not valid in a theory leading to
a description of the electron density distribution
in the equatorial ionosphere.

Kendall (1962), and Rishbeth, Lyon and Peart
(1963), have attempted to numerically integrate
(39) derived from (20) and (37), without invoking
the equation of constrain.. They have been
unable to obtain the correct description of the
geomagnetic anomaly and have therefore con-
cluded that diffusion may not be a very important
physical process governing the measured distri-
bution of eleciron density. However, on the
basis of the discussion presented in this section,
it now appears that the physical assumptions
used in deriving the form of the continuity
equation used in their work may not be valid,
which simply implies that the diffusion equation
is far more complicated than originally believed.
Since (19) and (37) are not longer valid, we can
no longer equate electron and ion velocities to
eliminate electric field. Instead, we must write
separate continuity equations for electrons and
ions and describe the behavior of electric field
before it is possible to obtain the correct theoreti-
cal description of the geomagnetic anomaly.

It may appear that the results presented in
GS-II are also not valid for the reasons discussed
above. However, a closer inspection of GS-II
shows that no new information was obtained from
the solution of continuity equation than that
already available from the equations of motion.
The equation discussed in GS-II was simply

V.Ni, =0 (44)

where the explicit production and loss terms were
neglected in obtaining the series solution. Fur-
thermore, as shown in GKS3, the equation of
motion leading to (26), whether derived assuming
#,=0, or by making assumptions concerning
collision terms, has the identical solution to that
obtained from (44) in GS-II. For the case
9, =0, (14) obviously cannot give any new in-
formation. This explains why the empirical
boundary condition was necessary to obtain a
non-arbitrary solution from (44) in GS-II. We
should point out, however, that solutions of (39)
making use of explicit production and loss terms
should not give correct results in the equatorial
regions of the ionosphere for the reasons discussed
in this section.

THE DISTRIBUTION OF THE NEUTRAL
ATMOSPHERE

In this section we will show that when the drag
forces are not negligible, as might be the case in
the lower F-region and E-region, it is possible to
study the behavior of the neutral atmosphere
without imposing any restrictions on the velocities
of the various constitutents. To obtain the
necessary starting equation, we first sum (3),
(4) and (5):

—V(pe+pitpa) L
+(n.m,+Nm)j+J XB=0 (45)

where we have once again used (14). The com-
ponent of (45) along the direction of magnetic

field is then
| =V(PetPitpa) + (Mg +mN)G-h=0 (46)

Comparison of (45) and (46) shows that the net
force due to pressure gradient and gravity of all
particles is perpendicular to the magnetic field

and balanced by a current flow force. Next,
using (7), (8), (9), (18) and (28), we have
a(n,.a+r2N) rtalrl [ a(n,.+2N) +_+ —O (7)

where H, is the scalc height of the neutral
atmosphere.
Since N&n, and H;~H,, we can write
n N N nt2N
H n+H i n+_ H n
where the suffix on n has been dropped for

(48)

simplicity. Then (47) becomes, in total
derivative form,
d(n+2N) n+2N
&t m -0 (49)
Integration of (49) along the field line gives
r
u dr
n(r, 8) ~n+2N =§(ro, 7/2)e— | 5~ (50)
To "

where g(ry, 7/2) is an arbitrary function of height
at the equator and ro is defined in (27). If we
now demand that the radial distribution of the
neutrals obey the normal hydrostatic law at the

equator, so that
To
dr

g(ro, 7/2) =ngo e—r . (51)
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where ng is the neutral number density at height
oo on the equator, then

.
nr)=no o= [ 7 (52)
Too !

a result which is entirely independent of 6. If,
on the other hand, g(ro, v/2) is perturbed in any
manner from the exact hydrostatic equilibrium
case, we will obtain a distribution for n which
does depend on 4. The origin of this angular
dependence on the neutrals may seem somewhat
surprising until we realize that in selecting a
functional form for g(re, v/2), any deviation in
the equatorial neutral distribution irom hydro-
static equilibrium must arise due to collisions
between neutrals and geomagnetically controlled
charged particles. Thus, if the collisions between
neutrals and charged particles are sufficiently
large to make the momentum transfer forces be-
tween charged and neutral particles important,
the neutrals will begin to tend toward the angular
distribution of the geomagnetically controlled
particles. This can also be seen from (3), where
it is obvious that we will not obtain the exact
hydrostatic distribution in a region when the
terms on the left hand side become important.
On this basis, we might expect to observe angular
variations of the neutral distribution in the
bottomside regions of the ionosphere where
charged-neutral particle interactions become
important.

CONCLUSIONS

From the discussion and results of this paper,
we have shown the following:

1. From the equations of motion, it is possible
to derive an expression for the electron-density
distribution along a field line either by assuming
diffusive equilibrium along the direction of the
magnetic field or by neglecting the drag forces
arising from collisions, The latter assumption
appears to be more realistic in the topside of the
ionosphere. In either case, it is necessary to
assume a radial distribution at th¢ equator to
obtain the electron density distribution.

2. We have provided a more accurate formula
for the representation of the equinox geomagnetic
anomaly than that produced in GKS. Since the
empirical boundary condition equation used
herein has been shown by Chandra (1963) to fit

nearly all vertical profiles of electron density
measured to date, we can safely assume that the
proper selection of parameters in this formula
will lead to a reasonable reproduction of the
anomaly in any equatorial region of the ionos-
phere where interactions of neutrals with charged
particles are small because of infrequent collisions,

3. The theory discussed above is semiphenom-
enological; i.e., it is based on effect and not cause.
It does not require a knowledge of the complicated
array of physical effects and mechanisms which
combine to form the geomagnetic anomaly but,
instead, uses an empirical boundary condition
which is the accumulated effect of all these causes.

Naturally, if we are to increase our knowledge
of the basis mechanisms causing the anomaly and
thereby replace the empirical boundary condition
by one based on more fundamental considerations
than measurement, we must turn to the equations
of continuity. Unfortunately, the derivation of
the correet continuity equations requires knowl-
edge concerning the electron and ion velocities
and/or the electric fields acting on these particles.
Currently, most derivations of the continuity
equations employ simplifying assumptions, such as
ey =v =v1; v1Dv,, v,,. The equation de-
rived in the literature under the above assump-
ticns has been numerically integrated by several
workers to obtain a theoretical electron density
distribution near the equator under steady state
conditions. The results obtained by these
workers have been unable to account for the gross
features of the geomagnetic anomaly, at least to
the correct order of magnitude. This has led
them to believe that diffusion is of minor
importance in governing the geomagnetic anomaly.

We have been able to demonstrate that the
velocity assumptions described above do not lead
to the proper description of the geomagnetic
anomaly. We therefore feel that the assumption
about velocities used in the continuity equation
rather than the ineffectiveness of motions are
responsible for the unsatisfactory description of
the geomagnetic anomaly obtained by others.

4. A study of the neutral atmosphere distribu-
tion has led us to the conclusion that geomagnetic
control of neutrals occurs in any region of the
ionosphere where interactions of neutrals with
charged particles become important. Since this
is most likely to occur ir. the lower F region of

TR A v e s
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the ionosphere we suggest that such geomagnetic
control of the neutrals might be observable in
this region.
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THE EFFECT OF A VARIABLE ELECTRON TEMPERA-
TURE ON THE EQUATORIAL ELECTRON DENSITY
DISTRIBUTION IN THE UPPER IONOSPHEKE

RICHARD A. GOLDBERG

By incorporating a model for the measured electron temperature distributioa at the mag-
netic equator in the isothermal and temperature equilibrium theory of Goldberg, Kendall and
Schmerling [J. Geophys. Res., 69, 417-427, 1964], it has been possible to gain further insight into
the behavior of the equatorial geomagnetic anomaly under steady state and equinoctial condi-
tions. In particular, it is shown that the measured deviation from thermal equilibrium in the
bottomside ionosphere is very influential in allowing extension of the previous theoretical descrip-
tion of the geomagnetic anomaly well into the bottomside ionosphere and to higher latitudes than
originally applicable. For completeness, the effect of gravitational variation is now included,
but it is shown that this alone contributes only minor improvements to the original results.
Finally, several less common properties in the behavior of the geomagnetic anomaly are

investigated, and it is shown under what conditions these secondary effects will occur.

INTRODUCTION

The theory describing the equatorial electron
density distribution under conditions of thermal
equilibrium, equinox, and steady state, originally
presented in Goldberg and Schmerling [1963, 1964]
and improved upon in Goldberg, Kendall and
Schmerling [1964] (to be referred to as GKS), has
provided reasonably good agreement when com-
parison is made to the measured results of the
Alouette Topside Sounder Satellite. Further-
more, Chandra and Goldberg [1964] (to be re-
ferred to as CG) have demonstrated that the
rather artificial concept of field line diffusive
equilibrium need not be employed to obtain the
necessary equations, but instead, the neglect of
collisions between charged and neutral particles is
sufficient in this aim. This has enabled us to
understand why the theoretical results agree best
with data in the topside ionosphere, since this is
the region where such an assumption is most
reasonable.

Recent theoretical considerations (Hanson and
Johnson, 1961; Hanson, 1962; Dalgarno et al,

*Published as Goddard Space Flight Center Document X—615-279,
October 1964,
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1963) and recent measurements with rocket
probes (Spencer et al, 1962; Brace et al, 1963) and
radar backscatter techniques (Evans, 1962 and
1964; Bowles, 1964) have now demonstrated that
thermal ecquilibrium {electron temperature 7,
=ion temperature T';) does not occur in the lower
F region ionosphere during the day including that
time when the electron density is experiencing
nearly steady conditions. It is the purpose of this
paper to provide a simple analytical approach for
including a temperature model, based on the theo-
retical or measured T, distribution, in the theory
discussed in GKS and CG and to demonstrate the
possible effects of deviation from conditions of
thermal equilibrium on the topside electron den-
sity distribution. Furthermore, it will be shown
how inclusion of this T, distribution has allowed
extension of the theory into part of the bottomside
F layer. Comparison with data is also made to
provide a possible explanation of several features
of the geomagnetic anomaly heretofore unex-
plained. For completeness, the effects of variable
gravity are also included and the slight modifica-
tions in the results due to this effect are
demonstrated.
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B magnetic field of earth

e absolute value of electron charge
g gravity
H

P electron density scale height
H, ionizable constituent scale height; cf. (16)
H, value of H, at r,
Hyp scale factor of temperature
H, cf. (7)
R unit vector in direction of B
haF2 height of F2 layer electron density peak
I magnetic dip angle; cf. (10)
i, 1 polar coordinate unit vectors

J current density; cf. (3)

K value of 7,/T, at r,

k Boltzmann’s constant

m mass

number density; cf. (2)

N.o  equatorial peak electron density

N.F2 F2 layer peak electron density
P pressure

R mean radius of earth (6370 km)
r radial height (r=2+4R)

Tmo height of equatorial peak electron density

ro equatorial radial height

s rudial height of temperature peak

T temperature

] velocity

2 altitude

6 colatitude

n collision frequency between j** and kth
particles

T average of clectron and ion temperatures;

of. (6)
SUBSCRIPTS

e, 7, n electrons, ions, and neutral particles
respectively

m peak value

mo equatorial peak value

THE FUNDAMENTAL EQUATION

From CG, combination of the equations of
motion for electrons and ions provides

Nmm,
—y
+mn fn

—vPe—yPi+ Nmg+ir JXB ()

Nmveud, + b=

where we have assumed

0, <Ky, Vg
ML Mmy, My
ng=n;=N (&)

In (1) and (2), the subscripts e, z, and n refer to
electrons, ions, anu neutrals respectively; p is
pressure; n is number density; vy is collision fre-
quency between the j** and kt* particles; m is
mass; v is velocity; ¢ is gravitational acceleration;
B is the earth’s magnetic field; and J is current
der ‘ty defined as

J = Ne(p,—1,) 3)

where e is the absolute value of electron charge.

If now, we assume that »,, and »;, are suffi-
ciently small to allow neglect of the drag forces,
then

—Vpe—Vp,+N mG+IJXB=0 (4)

Assuming the electrons and ions behave as ideal
gases and taking the field line component of (4),
we obtain

[=NkV(T,+T) = (Te+T)kVN+Nmgl-h=0 (3)

where T'; is the temperature of the J* type par-
ticle, k& is Boltzmann’s constant, and A is a unit
vector in the direction of the earth’s magnetic
field.

Let us define
T.+T
kr .
Hr=—-
iy ]
Then
<—+—+EH > h=0 )]

where 7, is a unit vector in the radial direction.
If we assume that the earth’s magnetic field is a
dipole lying in the r, 8 plane, we obtain

l(ar ) I+1 87 >+N(6Nsml

1 8N sin I
+;—560081)+2H =0 (9)
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where I is the magnetic dip angle defined by
tanI=2 cotd (10)

and 0 is geomagnetic colatitude. (In the follow-
ing discussion, all coordinates given are geomag-
netic.) As pointed out in CG, (9) can be written
in total derivative form as

dr dN | dr
Tt o, 0 (11)

provided the integration is carried out along a
field line. The solution of (11) is

r dr
- () =/, &,
N(r, 6)=N(r) o o)e .
where r, is the equatorial height of the field line of
integration, i.e.

ro=r csc’d (13)

and N(ry), 7(ro) represent the vertical distribu-
tions of N and 7 at the equator.

THE BOUNDARY CONDITIONS

From (12), it is clear that the complete tem-
perature distribution, given by 7(r,8), must be
known in addition to the radial distribution of N
at the equator, N(r,), before N(r,8) can be deter-
mined uniquely. In previous work, r(r,8) has
simply been specified as a constant everywhere.
We now investigate the properties of the theo-
retical electron density distribution when we
include a simple radial model for r based on
measurement and theory.

Recent rocket probe measurements (Spencer,
et al, 1962 and Brace, et al, 1963) at Wallops
Island, Virginia, show a vertical electron tem-
perature profile under quiet day conditions which
departs from the ion temperature at 150 km,
peaks between 200 and 250 km with a value of
T,=2T,, and then returns to the T,=T, value at
about 350 km. Evans [1962] obtains a similar
type behavior and later [1964] shows improved
results which indicate a peak at 300 km and a
return to T,/T,=1 above 700 km for radar back-
scatter measurements in the midlatitude region
of Boston, Mass. The only measurements avail-
able in the equatorial region are those of Bowles

[1964] using the backscatter technique and he
reports a T,/ T, peak value of 2 occurring at about
275 km. Furthermore, he never finds T,/T,>1
above 400 km.

Hanson and Johnson [1961)], Hanson [1962] and
Dalgarno et al [1963] have presented theoretical
models for T,/T; based on local KUV heating
which result in cimilar type profiles to those
measured, viz. T,/T=2 at the peak with the
peak occurring between 200 and 250 km. The
theoretical models are probably most representa-
tive of the equatorial regions where KUV heating
is most likely to predominate. The theoretical
peak height is somewhat lower than that reported
by Bowles [1964] but Dalgarno et al [1962] explain
that their lower value for the peak can be attrib-
uted to an underestimate of the cooling rate by
neglect of the contribution from vibrational exci-
tations. They also state that one should expeet a
more rapid cooling rate in a warmer atmosphere
and this appears to indicate a higher altitude for
the T,/T, peak at times of higher sunspot nuin-
ber, These are important considerations in
selecting the numerical values for the height of
the electron temperature peak (r,) in the next
section.

The results discussed above clearly demon-
strate the absence of thermal equilibrium in the
lower F region of the ionosphere. Unfortunately,
the data and theoretical models available are
rather limited and the exact behavior and distri-
butional shape is currently rather uncertain. As
a reasonable first guess, we therefore choose a
simple analytic distribution for T, which is repre-
sentative of any of the above profiles but which
does not fit any of them in an exact secnse. We
also consider the temperature behavior to be in-
dependent of latitude in the equatorial region
under consideration (i.e. from 20°N to 20°S).

An expression which possesses these qualifica-
tions is

T,=T, 14K —'l—“; (14)
1+Q‘-1‘,,)
I

where K is the ratio T,/T, at the peak height (r,)
of the T, distribution and Hy is a scaling factor
which governs the thickness of the T, distributica
and which will be referred to as the thermal scale
height. A typical plot of (14) is shown in Figure
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1 for various values of Hr and for r,=6650 km.
btaj
From (14), we obtain ’t K1
o, o)—fm——[ L= | as)
‘IEI'Z

Although the effect of the gravitational height
dependence is small, we include it for completeness
in the work which follows. The scale height of
the ionizable constituent is given by

== (16)
If we define H, as thut value of H, at the height
r,, i.e. the matching point, and we treat T, as
constant in the region under consideration, then

H,=r"—p'231, (17)

With these definitions, we have

K-1
H=t2 DO a8
2 T,, —}12—'
T
The form of H, given by (18) allows explicit
integration of the integral in (12). We obtain
_ f d_z; _ AR FA Pt Pl g
2T [ HT(K+1)]
" mtTy

where

' _ 2(K+1) Hr(K-1) _ r—7, _ ro—T,
el | e ) ()

" <K+1>
Fy=rytid (B =re +Hr \ 2

(r—rp*+Hr (K-;l)
(19¢)
F,-_-zr,[K it r/ro] (19d)
and
R.='°r:0’[(r§+5’i(—1.-§'—+1—))(11§+r§)] (19¢)

Finally, we must apply an analytic form for
N(ro). Although Chandra (1962) formulated an
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Ficure 1.—The vertical electron temperature model.

(19b)

improved functional form for N(r) than that
described by the simple Chapman function and
this has been incorporated in the results of CG,
it is necessary to return to the simple Chapman
function in the work that follows in order to make
direct comparison with Coidberg, Kendall and
Schmerling (1964). Ilence, we let

re—7ms

N(r)=N (r..o)e’[l— H"‘“ e'_”-_] (20)

where H, is the electron density scale height at
the equator and N, is the value of electron
density at the vertical peak height r0.

™7
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IONOSPHERE AND

NUMERICAL ANALYSIS AND DISCUSSION
A. The Effect of Gravity

The expressions given by (15), (19) and (20)
have been incorporated in (12) to provide an
analytic expression for the electron density near
the geomagnetic equator above and below thr,
electron density peak under conditions of steady
state and equinox. This expression has then
been programmed on an 1BM 7094 to allow exten-
sive study of its behavior under wide variations
in the temperature parameters. The discussion
which follows demonstrates how adjustment of
the parameters governing the temperature dis-
tribution leads to variations in the propertics of
the geomagnetic anomaly.

Before investigating the actual effect of a
variable T,, let us first study the change induced
by simply adding the gravity variation. This is
obtained by replacing H, with H, and treating
7(r,0) as a constant in (12). Then
1 coey
N(r, 0)=N(ro)e ™ @D
where H possesses the functional dependence on
height given by (17). This can be compared to
the constant H, result employed in GKS, viz.

r coty

N(r, ) =N(ro)e ™™ 22
wheie H, of GKS is now H,. (In the discussion
and results which follow, the scale height of the
electron density distribution H, has also replaced
1/k in GKS notation).

Comparison of (21) and (22) shows that very
little change in results should be expected in that
region of latitude where coté and cosé are com-
parable in magnitude. This encompasses nearly
the entire region of our interest. This conclusion
is borne out by numerical comparison of (21) and
(22) for cases in which H,/H,>1. A more impor-
tant result is obtained for cases presented in GKS
for H,/H,<1. In that paper it was shown that
angular peaks could not be obtained for this range
of selection in parameters, although the initial rise
with latitude behaved in equivalent manner to
the geomagnetic anomaly. The simple inclusion
of gravity now rectifies this situation by allowing
angular peaks to form for these cases.

A comparison of the 380 km and 480 km elec-
tron density profiles with and without gravity
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Ficure 2.—The influence of the gravity variation on a
horizontal electron density profile for H,/H,=1; a)
constant g, b) and c) variable g.

variation for H,/H,=1 is shown in Figure 2 using
the numerical parameters given in Table 1 (The
altitude 2 is related to radial distance r by r=z2
+6370 km). Curve a represents the constant g
case given by (22). Curves b and ¢ represent
variable g(r) cases in which the matching of I,
with H, is taken to be at two d*fferent heights,
viz. 6650 and 6850 km, respectively. We first
note that the effect of varying the matching point
is rather small and has little if any influence on the
features we wish to discuss. We also find that,
regardless of matching point height, the curves
stay rclatively close even at high latitudes. ‘The
generation of an angular peak for r,=6650 km is
not surprising since H,/I1,>1 everywhere ubove
r,. However, it is surprising to find this result
for the 380 km (6750 km) profile when r, = 6850,
since H,/H,<1 at this height. This result occurs
for all cases investigated and we must conclude
that although gravity is a small effect in altering
the slope of the curves, as comparison of curves
2b and 2¢ demonstrate, it is a strong ceffect in pro-
viding a more realistic description of the geomag-
netic anomaly should it occur under conditions
where H,/H,<1.

B. The Effect of Temperature

Although inclusion of height dependent grav-
ity, g(r), appears to resolve the problem of theo-
retica ly describing the geomagnetic ancmaly
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when I1,/11,<1, it has been shown in CG that
this condition is a rather unlikely situation to
occur on both empirical and physical grounds.
We therefore restrict ourselves in the discussion
which follows to H,/H,>1.

There are seven parameters to be varied in this
problem on the basis of empirical conditions, viz.
Nopo, Tmo, Hy, H,, Hp, 7, and K. In GKS, it was
shown that variation of the first four parameters
leads to a description of the equinoctial noontime
geomagnetic anomaly during various phases of the
solar cycle. Furthermore, although differences in
the magnitude and height range of the anomaly
occur between high and low sunspot number, no
changes in the basic features ascribed to this
effect are expected. We will, therefore, limit our-
selves to an analysis of the high sunspot case with
the knowledge that the results obtained are simi-
lar but less pronounced for the intermediate and
low sunspot cases. The choice of values for *h
first four parameters listed above have heen made
to coincide with GKS by selecting

Nomo=19.25X10% eiectror s/cm?,
H,=100 km, 7,,,=0830 km,
and H,=112.5 km.

Selection of H, at the given value insures
H,/H,>1 in the entire region of interest. The
values of the other numerica! parameters used
are given in Table 1. (These vultes are selecied

TaBLE L.
i
Figure Curve s fHy K
(km) (km)

) S I 6650 | Variable 2
2. [ N8 0 1
b 6650 0 1

¢ 6850 0 1

R I 6650 40 2
S 6850 40 2
| S 6650 40 2
(17 S Variable 40 2
(1) ¢ S PR 6850 40 Variable
6C.. ... 6850 | Variable 2
. S R .- 6850 40 2
1 SO 6850 40 2
{1 I R 6775 40 2

to coincide as accurately as possible with the
temperature profile discussed earlier).

We can therefore reduce the problem to a three
parameter study; Hy - nd K which determine the
thickness and magnitude of the T, peak respec-
tively; and r,, which determines the relative dis-
tance between the electron temperature and
density maxima.

40

_3300km)

280
30
- 280
20, - — 330
380
430
480

| BOTTOMSIDE

ELECTRON DENSITY x 10°5 (em™3)

°N  GEGRAGNETIC LATITUDE  °S

FiGuRe 3.—-Hos'~ .. .* profiles of electron density under
conditio: s <t yunable electron temperature.

Figure 5 ¢pacsents a sequence of electron den-
sity con=tunt height profiles under the effects of
T, variaiisn,  Figure 4 represents an equivalent
set of vertical profilas. The temperature profile
used is iillustrated in Figure 1 with parametric
values relected for reasons discussed in a previous
section.

Comparison of Figure 3 to the thermal equi-
librium, constant gravity results given in GKS
shows very little modification of the curves out to
the angular peak. On the high latitude side of
the peak, however, we find a more rapid decrease
of electron density in better agreement with
measured profiles. This effect is due primarily to
the inclusion of the gravitational variation and
not the variation in T,.

A more important result, and one which is
entirely due to 4 variable T,, is evident in Figure
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Ficure 4.—Vertical profiles of electron density under
conditions of variable electron temperature.

4. We now find qualitative results which match
measured data to a height nearly two electron
scale heights (H,) below the equatoriai F2 peak
before discrepencies begin to occur. Since the
vertical profiles show a2 departure from measure-
ment below this Lieight, it appears that the neg-
iect of friction terms in the equations of motion
is no longer valid below this region. Neverthe-
less, it is a valuable extension of the theory to find
that the effect of collisions can be neglected to
heights well below the equatorial F2 peak, espe-
cial’ * since it appeaud by the results of GKS that
collisions were important everywhere below this
peak, i.e. in GKS results obtained below the peak
do not agree with data and the verticul peaks
shown in Figure 4 of this work could not be
produced.

The variation of the peak electron density
N.F2 with latitude is given in Figure 5. We ob-
serve that a variable T, produccs angular peaks
in NuI'2 in accord with measurcment, (cf. Croom
et al, 1959) whereas in GKS, it was shown that
thermal equilibrium is incapable of producing the
angular “turnover.” Firthermore, this result
must be attributed to a variable T,, since inclusion
of variable gravity alone does not alter the results
for this parameter given in GKS. The variation

Ficure 5.—Behavior of N, F2 and h,F2 with latitude
under conditions of vaiiable electron tempersture.

of the height of the 2 peak, h,F2, is also given in
Tigure 5. We observe a leveling out o. this height
at higher latitudes in accord with measurement
(cf. Thomas, 1962), a result which also is not
availalie under thermal equilibrium considera-
tions. A study of these quantities show that
their magnitude and shape are very st ible to wide
variations in K, Hr and r,o—r,, except when K
and Hr become very small, i.e. Hr<290, K<1.2.
At these and smaller values we find a rupid transi-
tion into the forms published in GKS for thermal
equilibrium, in which 4,F2 drops sieadily with
latitude and N,F2 rises with latitude without
showing any angular peaks.

Figure 6A demonstrates the variation of a
typical constant height profile v *h rge, viz,
380 km, holding K and Hy tixed. We note that
as r, approaches rnp, the original angular peak
converts into a sharper peak adjacent to a rela-
tively flat “ledge.” Further study has shown
that this effect is not dependent on the absolute
value of 7,0 or the relative distance between the
actur! constant height profile and ryo.  Instead,
this behavior is exclusively dependent on rn0—7,.

Because the results w. ich follow depend only
on the relative separation r,0—r, and not on tie
absolute values oi r, and r,0, and because of the
discussion in an e~rlier section explairing how r,
can actually be larger in 2 warmer (high sunspot
number) ionosphere, we have selected the rela-
tively high value of r,mr.,=6830 km. If the
condition r,<rue occurs at a lower height, the
same results will occur simply shifted this dis-
tance in altitude. From Figure 6A we find that
the new effect is not pres2nt until r, is very nearly
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IF1cure 6.—Bcehavior of a constant height electron density
profile (6750 km) with A) relative distance between
electron temperature and density peaks, B) magnitude
of temperature peak, C) thickness of temperature peak.

equal to rno, and becomes more pronounced as
r, increases (or rno decreases).

Although the above effect is not always pres-
ent, it has appeared in measurements of King et
al (1963), an example of which is shown in Figure
7. No attempt has been made to accurately fit
this particular profile, however, since there are
many combinations of the seven parameters avail-
able for such a fit and the profiles showing this
property best in the published literature do not
always represent noon equinox conditions, Nev-

-
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. 431 km profile
] 1 1
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Figure 7.—The 431 km electron density profile (King et
al, 1963) for December 8, 1962, 1330 LMT, using
ALOUETTE data.

ertheless, the effect does occur, and this indicates
that the electron temperature and density peaks
ao lie relatively close together at certain times.
During such an occurrence, we would expect the
geor.iagnetic anomaly to appear in a form similar
to the result given in Figure 8, where we notice a

40, .
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Ficure 8.—Horizental profiles of electron density under
conditions of variable electron temperature for ry,=rme.

low latitude “ledge” replacing the low latitude
“trough” at higher altitudes. We also note a
reduction in the height above which the anomaly
disappears.

The sequence of vertical profiles corresponding
to Figure 8 (r,=rpno) are shown in Figure 9. We
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Fiorre 9.—Vertical profiles of electron density under
conditions of variable electron temperature for r, =rm,.

find that this extreme lowering of the electron
density peak (or raising of the temperature peak)
leads to an additional small “bump’’ in the topside
region.

Other smaller effects are also seen upon more
detailed study of the results. For example, if
rmo—7p is of the order .75H, (see Figure 6A), we
find the sequence of horizontal profiles illustrated
in Figure 10, demonstrating a much smaller ledge
occurring on the low latitude side of the angular
peaks with no ledge present on the high latitude
side. The topside results in this case are identical
to those of Figure 3. The determination of this
behavior from measurement is difficult, however,
because of the small magnitude of the effect.

As partially shown in Figures 6B and 6C, a
study of the variations of both K (temperature
peak magnitude) and Hpr (temperature peak
thickness) do not lead to any new conclusions but
form a consistent picture, i.e. as K decreases, the
ledge gradually disappears leaving the normal
horizontal profile for the variable gravity case.
As Hr decreases, the effect first sharpens before

330 (km)
380
480
430

ELECTRON DENSITY x 10-3(em™3)

20 10 0 1 20
N GEOMAGNETIC LATITUDE  °S

Ficune 10.—Horizontal profiles of electron density show-
ing the “inner ledge” effect.

disappearing for Hy<15 km. Similarly, as K
and Hr decrease, the topside “bump” in the ver-
tical profile (cf. Figure 9) gradually lowers and
blends with the single peak obtained under vari-
able gravity conditions alone. Increasing I r
and K improves the results on the bottomside by
reducing the magnitude of the electron density
profiles to more reasonable values in this region.
Increasing /{7 also sharpens the angular peak
slightly. Finally, if we consider cases of very
large Hr, such as Hy=1000 km, we find a be-
havior very similar to the H,r=0 situation. This
demonstrates that it is the gradient of T,/T,, and
not its magnitude, which is mostly responsible for
the results involving the effect illustrated in
Figure 7.

SUMMARY AND CONCLUSIONS

The theory presented in GKS has been extended
to include the effects of the variation in gravity
and an electron temperature profile based upon
empirical and theoretical results. This extension
in the theory has led to distinct improvements in
the theoretical description of the geomagnetic
anomaly when comparison with data is made.

The inclusion of gravitational variation alone
has led to an increased gradient on the high lati-
tude side of the theoretical constant height pro-
files representing the geomagnetic anomaly, this
being in better accord with measurement. Fur-
thermore, for the cases in which H,/H,<1, we now
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find angular peaks occurring in the constant
height profiles, something which was not available
under constant gravity considerations.

The inclusion of an electron temperature ver-
tical profile creates results which are far more
remarkable, however. We now obtain a descrip-
tion of the geomagnetic anorraly to heights as
low as 2H, below the F2 peak at the equator,
thereby indicating that the neglect of friction or
collision terms in the equation of motion is allow-
able down to thesc heights. The theoretical
behavior of N,F2 and h,F2 are also found to
agree with measurement out to midlatitudes and
an angular peaking of N,F2 is seen to occur.
These are results which could not be obtained in
GKS under isothermal conditions and thermal
equilibrium.

Although T, has been treated as a constant in
the derivation of the expression used to obtain
these results, this is not considered to be a serious
limitation in the theory since the major gradients
in T, currently appear to be considerably smaller
than those in T, and occur in the very lowest
sector of the region under consideration.

Further study with a variable T, shows that as
the height of the electron temperature and den-
sity peaks approach one another, we can expect
to “ad an interesting change in the shape ¢{ the
horizontal electron profiles deseribing the geo-
magnetic anomaly. Ixperimental evidence is
presented to show that this behavior does occur
at certain times. We also find that the slope of
the clectron temperature peak rather than its
magnitude is more responsible for this effect. In
addition, the vertical profiles undergo a slight
modification with the appearance of a small
“bump” in the topside above k,F2 during its
occurrence. It should be noted, however, that
the evidence given in Figure 7 is a topside result
and the theoretical results of Figure 8 do not show
this effect extending into the topside. Assuming
that 431 km was slightly above r,o in Figure 7,
we must conclude that either r, was slightly higher
than r,0 or that r, =r,e with the temperature peak
exhibiting a sharp gradient (large K, small Hr)
on that day, since these are the only possible
methods for theoreticaily obtaining this effect in
the topside with the temperature profile assumed.
(Naturally, a different electron temperature pro-
file, such as one which possesses a secondary peak

in the topside, should not be ruled out as a possi-
ble cause of observing this effect in the topside).
Since 7,0 decreases rapidly with sunspot number,
we would expect the above behavior to be most
frequent during the I»w sunspot number period
of the solar cycle.

Fiaally, several secondary features originating
from the theory due to the magnitude of the
separation between N and T, peaks (rpo—r,)
are discussed, but this type of “fine structure” is
considered too small to be seen at this time.
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