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which extends to approximately four earth radii in the equator-
ial plane (L = 4).

The observational parameters used in this study monitor
two different aspects of the ionosphere's vertical electron
concentration profile, Ng(h). The ionospheric total electron
content (TEC) is the total number of electrons in a vertical
column of unit cross sectional area extending through the iono-
sphere. It is obtained by measuring the amount of Faraday
rotation a plane polarized wave experiences in traveling from a
satellite-borne radio beacon to a ground receiving station.

The peak value of the electron concentration's vertical profile,
denoted Nmax,or-ﬂm?e7 is obtained from ground-based ionosonde
measurements of the ionosphere's critical (or vertical penetra-
tion) frequency, cfgPd— The ratio of TEC/Nmax is called the
ionospheric equivalent slab thickness,!’kq? first-order measure
of the shape of the Ne(h) profile.

An introduction to the relevant parameters and the physical
principles involved (Chapter 1) is followed by a description of
a computer model for ionospheric-plasmaspheric structure (Chap-
ter II). This model is used to show that Faraday rotation can
be meaningfully converted to TEC at L = 4 except under the con-
ditions of a severe trough, a condition which is primarily a
winter Storm-time phenomenon. This model also shows that gen-
erally during winter nighttime conditions at L = 4, Faraday
rotation measures the total electron content of a vertical
column to heights greater than 2000 km.

Chapter III follows with a presentation of average con-
ditions at L = 4, obtained from over three years of Goose. Bay
TEC, St. John's Nmax, and the equivalent slab thickness ob-
tained via T= TEC/Nmax. It is found that the general features
of the ionosphere are the same as those found at mid latitudes.

In Chapter 1V, a particular winter nighttime phenomenon
near L = 4, increases in Nmax accompanied by constant or de-
clining TEC, is examined in detail. A statistical survey
covering 24 years of December foF2 data and two October to
March periods reveals that nighttime Nmax increases occur very
frequently during the winter, particularly in December. Com-
parable increases in TEC appear to be rare, i.e., these Nmax
increases are most often accompanied by decreases in slab
thickness. It is shown that vertical distortions of the
ionospheric Ne(h) profile are the major cause of this phenomenon
but latitudinal motions of the electron density trough may also
be important in producing this effect. These vertical and
latitudinal drift motions are attributed to an enhanced magnet-
ospheric convection electric field.
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1.1 The lonosphere
1.1.1 Definltion of the lonosphere

The lonosphere Is that part of the Earth's atmosphere
which contaltns a suffictent density of lonlzed particles to
affect the propagatton of radio waves. Based on this
definition the lonosphere can be sald to extend from a
height of about 40 km to several earth radli (Davies, 1965)
although the term lonosphere |Is not commonly used In
reference to helghts above a few thousand kllometers, This
definition emphaslizes the practical nature of lonospheric
research, The denslty of lontzatlon Is only about one
thousandth that of the neutral particles yet this relatively
Insigniflcant component of the Earth's upper atmosphere has
made possibtle long distance radlo communicatlon and the
variations In ({ts behavior are thus of Interest to a wide
range of people. The
tonosphere not only has great practlical signlficance but Is
of Interest also because of Its sclent!fic research value as
a convenlently located cosmlic plasma laboratory for diverse
physical processes, Because of the effeet on radio waves ~f
the lonospherfc medlum through which they propagate, the
most common methods for observing the lonosphere use radio
waves, and the most frequently used radio technlique is that

of vertical sounding (see seec, 2,3.1).
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1.1.2 Plasma Frequency and Critlcal Frequency

The effect of lonospheric plasma on radlo waves is due
to the electromagnetic nature of the radiatton, The electric
fleld 6f the passing radlo wave sets the 1lght electrons
osclilating at the frequency of the wave. The electrons
absorb energy from the wave and reradiate it. The electrons
thus act as forced osctllators, and 1ltke a block on a spring
they have a natural freaquency of vibratlon known as the
plasma frequency, fq. It Is easy to show that:

Fu =‘/;1-;,—-E- g2 ?m L

where fyu Is In megahertz and N Is the electron denslty
measured In unlts of 10%1/cm? (Papagtannls, 1972). Thus the
plasma frequency depends only on the electron density. If a
radlo wave Is Incldent vertically at or below this plasma
frequency the wave ls totally reflected while at frequencles
much larger than the plasma frequency the Incldent wave Is
transmitted with 1tttle attenuatlon,

The concentratton of electrons throughout the
lonosphere 1s far from untform, It Is negligible at the
surface of the earth, also very small a few earth radii
away, and reaches a maxtmum normally between 200km and 500km
In hetght, This helght Is glven the symbol hmax (or hmF2),
while the electron concentratton at hmax Is called the peak

density and glven the symbol Nmax or NmF2 (see sectlon

|
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1,1.3). This peak denslty corresponds to a “critlical® plasma
frequency denoted fof2 (from equatlion 1,1), which Is the
maximum frequeney for a vertlically Inclder radio wave to be
reflected. The measurement of critlcal frequency through the
use of lonosondes (see sectton 2.,3.1) directly provides
Nmax, Because of thls fofF2 |Is perhaps the most widely

studied lonospherlc parameter.

1.1.3 How the lonosphere |s Produced and

Malntalned; lonospheric Structure

The maln constltuents of the neutral atmosphere ‘'are
atom!c and molecular oxygen and nltrogen, atomic hellum and
hydrogen, Hetlum Is not an Important constltuent below about
500km whlle hydrogen |[Is unlmportant below about 1000km.
Oxygen begins to be dissoclated above 100km by ultraviolet
radfation, It then dlffuses upward making It the dominant
source of lons In the F-reglon (see below). Molecular
nitrogen Is not readlly dissoctated but atomic nitrogen as
well as nitric oxtde ts produced by the lon-atom Interchange
and dlssoclatlve reecombinatton reactions described below,

In general, lons and electrons are created from neutral
particles through the actlon of ultraviolet and x-ray
radiation, with a smal1 contributton from cosmic rays. The
rate of productlon of lons and electrons In the Earth's

upper atmosphere Is proportlonal to the number of neutral
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particles avallable to be lonlzed and also to the Intenslity

of the lonlzling radiatton, At the greatest helghts there Is
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very little gas to be lonlzed whlle below a height of about

. 100km most of the Ineldent radiatlon has already been
‘ : absorbed, Thus the max!mum production rate will occur where
}3 | nelther the vradlatton nor the concentration of neutral
partlicles Is vanltshingly small,
Loss of lonlzatlton by recombination with lons through a
reactton of the form:
e+ AT — A (L)

where A+ |Is an atomle lon, will not conserve both energy and

momentum except In the presence of a neutral third particle,

e RPN

The concentrations of neutral particles are suffictently

large In the 1lower lonosphere (D-reglon, E-reglon, and

Fl-reglons) so that thl!s direct recomblnatlon process Is the

domlnant one.

A S

The rate of recomhblnatlon depends on ilon and electron

f: f' concentrations, which are equal, and so it depends on the

RS —

square of the electron concentratton, Thus:
- : dN a

E g ;5 — = = l3

E | T N (13

: where ot Is the recombinatton coefficlent.

' Above the Fl-reglon 1tes the F2-reglon where the
density of neutral partlcles has fallen to very low levels,

so that three body colllslons become extremely rare, Then

more complicated 10ss processes Involving combinations of

3 two body colilslons between neutral partlicles, lons, and




electrons, become most Important, Notlce that the reactlon:
e+ B> A+ B (1.4)

wlll conserve both energy and momentum., Thtls process 1Is

known as dlssoclatlve recomblnatton, Atomic oxygen lons are
often recomblned w!th electrons by first undergoing lon-atom
interchange followed by dlssoctatlve recomblnation as

follows:

O + Na — NO™ +N (1.5)
g ® NO*Y— N + O Cyk)

It can also flrst undergo charge transfer wlth
molecultar oxygen followed agaln by dissoctlative
recombinatton:

O+ 0, .0 » OF (1.7)
e + O{t—é O + O (Lg)

Equations (1,5) and (1.,7) proceed more slowly than
(1.6) and (1.8), respectlively, because the concentratlons of
neutral partlcles are so low. Therefore, the upper
lonospheric loss processes are dependent upon the

concentrations of the neutrals, For these loss processes

then:
dl - v

where P Is called the attachment coeffliclent. Equatlon (1,9)
Is In the form of a simple “attachment-11ke" process as If
electrons were lost by simply attaching themselves to the

rare neutral partlicles,
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The continulty equatton describing N(t) lIs:

%!% = q-L (1.10)

where q Is the productton rate and L the loss rate, In his

classlc paper (Chapman, 1931), Sldney Chapman examined the

steady state case dN/dt=0, whence q=L. By making several
other assumptions he showed that for

qQ =L =-aN’

N = NMU(CXP'kU - 2z - secXexp(- 7-1 (L1)
whitle for q = Lt = =-PN:

N = Nesexpll - 2 = seckespt-2] - (LIQ)
where X = zenlth angle, z = (h-hmax)/H with H = a constant
scale helght,

The assumptlons made, vliz., an atmosphere with a single
constltuent, plane stratification, a parallel beam of
monochromatlc solar lonlzing radlation and an isothermal
atmosphere, 1Imlt the usefulness of Chapman's theory, but
its value Is evident from Its contlnued widespread use
particularly In simple lonespheric models.

The varlous reglons of the lonosphere seen during the

daytime are deplicted In flgure I-1,
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figure 1=-1 A typlcal daytime lonospheric profile

from (Papaglannts, 1972).

Whlle the production rate reaches Its maximum In the
Fl-reglon, the maxImum concentration of electrons Is found
In the F2-reglon where the loss rate is so small that some
plasma remalns even at ntght, Distinect D, E, and F1 reglons,
however, dlsappear at ntght, While the loss rate in the
F2-reglon Is low one would expect from (1,9) a steady decay
In the course of a night, Whtle the minimum value of Nmax is
usually found just before dawn, there |Is often not a smooth
nighttime decay, The problem of explaining the malntenance
of the nighttime tonosphere has been investtgated for many
years, One aspect of the probiem= certaln winter nighttime

Increases In fofF2- wil1l be taken up In Chapter 4,

i
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1.1.4 lonospheric variatlons: Trough, Aurora

Many lonospherlc varlatlons and “anomaltes" (so called
because they are not predicted by simple Chapman theory)
have been studied, It would not be appropriate to even
briefly descrlbe all these varlatlons (see, for Instance
(Papaglannts, 1972), sectton 2.6), but a few of greatest
Interest to thls study should be mentioned.

The seasonal! anomaly and December anomaly are the
higher values of noontlme fofF2 In winter than in summer and
the generally higher fofF2 'n December than in other months,
respectively,

The latltudinal dependence of the electron density Is
primarlly due to varylng elevatton of the noontime sun with
latttude, The midlatlitude trough has a more complicated
Interpretation, however, which will be discussed In sectlon
1,3.2,

The 11 year solar cycle is a regular varlatlton in solar
actlvity as well as In the average intensity of UV and
x=radiation whtch ls accompanted by a corresponding
varlation in tonospheric ptasma density,

The dlsturbed lonosphere Is characterized by such
phenomena as:

Sporadlc-E, which Is the formatlon of a thin layer of
lonlzation between 100 and 140 km In helght (Plike, Wagner

and Akasofu, 1975),

e 2 o 2 el e B
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Spread-F, the 1large spread in helght from which
lonosonde echoes are returned due to a "blobby" F-reglon,

lonospheric storms, signiflcant enhancements or
depletlons In lonospherlic total electron content and foF2
often assoclated with geomagnetlic storms (see section
1.3.3).

Aurora cause sltgnlflicant Increases In electron density
partliculary in the E-reglon, While these phenomena occur at
high latltudes, they are often found at mid-latltudes during

occaslonal Intense magnetlc storms,

Gyise, 4
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1.2 The Earth's Magnetic Fleld

For simpllclty, the Earth's magnetic field Is usually
approximated by a centered dlpole, Thls approximatlion Is
nearly perfect at distances of a few Earth radil, usually
gives a value withtn 1% of the real field near the Earth's
surface (except durlng a great magnetlc storm when the
discrepency may be 3%), but becomes poor beyond about 8
earth radil or L=8 (the equatorial distance expressed in
Earth radll Is called the L-value).

Some of the baslc equatlons describing this centered
dipole magnetlc fleld follow,

B= -E]r(l + 3sin"6)* (1.13)
where B Is expressed In gauss, 8 is the magnetic latitude, r
the equatorlal distance, and M=8,05(+.002)x1028gauss, Also:

tanl = QAtand (1.14)
where I Is the tnellnatton of the field llne with respect to
the vertical. One characteristlic of magnetic field 1ltnes is
that the Incllnatlon remalns constant for all field llnes at
a given magnetlc latl tude,

For a given field 1lne:
r= rocos’® = LReC0s'® (1.15)

where r, |Is the distance to the Intersection of the field
line with the magnetlc equator, and Re is the Earth's

radius. For r=Re:

Cos'A\ = -t (1.16)

G i
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5 whereJALls called the Invariant latltude,
; Since r = Re + h :
Al
| cosA = L;"_EZB& (1.17)
fg where‘/c Is called the generaltzed Invariant latltude, For y
example, at h=1000km and L=, \'=57°28'. Figure -2 shows

some of the magnetlc dlpole geometry.

Y MN

e e

flgure 1-2 Magnetlc dipole geometry.
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1.3 The Magnetosphere

1.3.1 The Magnetosphere: Definltion and Structure

The magnetosphere has been defined as: ",..the region
above the lonosphere |In which the magnetic field of the
earth has a domlnant control over the motlons of gas and
fast charged partlcles® (Gold, 1959)., The lower boundary of
the magnetosphere, 1.,e,, lts boundary with the ionosphere,
Is tradlitionally near 1000km (Parker, 1968). Even in the
Fereglon (near 300km), however, the presence of the magnetic
fleld exerts a strong Infiuence on the plasma, re: the
“frozen fleld® concept (Rishbeth and Garriott, 1969, page
244-5), and as we shall see In Chapter 1|V, the magnetlic
fleld can cause substantlal drift motlons of the lonospheric
plasma. In 1959 the magnatosphere was thought to extend
about 10 Earth radll In the equatorlal plane symmetrically
vlth respect to local tilme., A more recent diagram showing
the remarkable progress In the sclentiflc investigatlion of
the magnetosphere whlch has paralleled the advent of the
space age Is glven In figure 1=3,

It was the effeet of the solar wind on the near earth
environment whlch most radlcally altered the orliglnal
picture of the magnetosphere. The pressure of thls solar
wind leads to a compression of the dayside magnetic field

ltnes and the 1long streaming open field 1lnes of the

o B
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Figure 1-3 Principal features of the

magnetosphere, from (Heikkila, 1973)
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geomagnetic tall,

The boundary on the nightside between field lines which
are always closed and those which are sometimes open has
been assoclated with the equatorial plasmapause, discovered
In 1963 (Carpenter, 1963). Using whistler data, Carpenter
found a sudden decrease from about 1000el/cm? to only about
le1/cm® at thls plasma knee or plasmapause, Carpenter
studied the temporal dependence of plasmapause position and
found that near midntght It Is located at L=4 (Carpenter,
1966). In the course of a day the plasmapause position was
seen to vary from a 1tttle over L=3 to over L=5 (see figure

t=4),

figure -4 Equatorial radlius of the plasmapause
vs. 1ocal time durlng periods of moderate steady

geomagnetlc agttatton; (Carpenter, 1966).

The variattons In the positlton of the plasmapause have

been dealt with In the context of theorles of magnetospheric
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structure. Even before Carpenter's discovery of the plasma
"knee”, Axford and Hines (1961) suggested that sumward
magnetospherlic conveection would be driven by 3 dawn to dusk
electrlic fleld (Eyp) caused by the interaction of the solar
wind with the magnetosphere, Nishlda (1366) showed that a
convectlion pattern would develop wlith outward moving plasma
obtalned from the dralnlng of magnetlic tubes of force which
open as they drlft across the magnetic tall, and inward
moving plasma obtalned from the ExB mechanlsm. The boundary
between tubes of force which open and those which never do
Ntshtda Identifled w!th the plasmapause, HIs convection
pattern (s reproduced tn figure 1-5, Brice (1967) further
developed the theory of magnetospheric convection by

examining 1t from the point of view of field 1lne merging,

SOLAR WIND

" MAGNETOSPHERIC TAIL

flgure (=5 from (Nishlda,1966)
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1.3.2 Relatlon of the lonospheric Trough to

the Plasmapause

Stnce charged nparticles are generally “tied to"
magnetic fleld 1lnes, the field 1lne Intersecting the
equatorlal plasmapause may be considered also to be the
three-dimensional boundary of the plasmasphere, a reglon of
much hlgher electron denslty than the outer magnetosphere.
This same fleld 1lne Intersects the surface of the Earth at
the ltnvarlant latltude glven by (1,16). One then expects the
lonospherlc plasma denslty to drop sharply at that latl tude.
In fact deep lonospheric troughs are found at or near
plasmapause L-values, Electron density may drop by a factor
of two within 10km at a helght of 1000km, (see (RIshbeth and
Garriott, 1969), sectlons 5,52 and 7,54). The term
plasmapause no longer refers merely to the equatorial
Yknee," but !s now generally used 1in reference to the field

11ne which serves as the plasmasphere boundary,

1.3.3 Geomagnetlc Storms, Substorms and

the Plasmapause

The general features of a geomagnetic storm may be
outllned as follows,
A solar flare ejects a large cloud of plasma which in a

few days Implnges on the Earth's magnetosphere. The
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resultant sudden compression of the geomagnetic field llnes
usually causes a sudden increase In the observed magnetic
field strength known as a sudden storm commencement. The
Increase In magnetltc fleld strength |s referred to as the
positive phase of the storm, Enhanced magnetospheric
convection leads to a bulldup of particles at ébout L=k
known as a ring current which depresses the magnetic field
by hundreds of gammas (1 gauss=100000 gammas). This
depression is referred to as the storm's maln phase. There
Is then a gradual recovery which lasts 2 to 3 days.

A substorm has no positive phase and is distinguished
by a short maln phase (1-3 hours). It is believed that the
main phase of a geomagnetic storm Is actually the
superposition of several substorms (Akasofu, 1968).

During magnetlcally disturbed periods, the plasmapause
is seen to move earthward accompanied by a southward motion
of the ionospheric trough. Carpenter (1966) found about a
six hour phase lag between Kp (a popular index of
geomagnetic activity) and inward plasmapause motion. Brace
et. al. (1974) noted that during the August 1972 geomagnetic
storm the plasmapause moved earthward from L=4.5 to L=1,9 at
the peak of the storm, Tulunay and Sayers (1971) complieted a
statistical analysls of over 1000 troughs which showed an

inverse correlation between Kp and trough latltude.
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2,1 Descriptlion of a Model
for lonospheric-Plasmaspheric Structure

2.1.,1 Faraday Rotatlon

The index of refraction in the presence of a magnetic
field and ionized plasma with low collislion frequency is

found from the fundamental Appleton-Hartree equation and is

given by:
a_ - = (a.l)
e (FV B U 7 YA (R i
where X = ﬁ: /1"'~ (2.2)
and Yy = Ysin®, Y, =Ycos® (2,3)
where Y o= £/t (2.4)

Here f = wave frequency and

- Sl !ﬂ
OB G armc

=gyrof requenc = eB (2,5)

gy equency aTme
and 8 = propagation angle = angle between the magnetic field
and the wave normal, Unliess 8 is close to 903 a considerable

simplification can be made. We can take
4 Aaya
#Y'r << (1=X)°Y

whence:

fﬁ' = |- Tzi?- (a.¢)
L

This Is known as the “quasl-longitudinal approximation." It
is excellent for 8<86 at f=100MHz for Instance

(Hajeb-Hosseinieh, 1973). At lower frequencies It 1is a
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poorer approximation, of course, but Faraday rotation

studies are normally carried out using frequencies larger

than 100MHz so Its use |Is generally justiflied.

The magnetosphere Is a so-called “magnetoionic" medium.
Such a medium, like a crystal, has birefringent properties,

i.e., a radio wave 1Is broken up into two components, an

ordinary wave, and an extraordinary wave. The Faraday
rotation, a rotation of the plane of polarization of a radlo
wave, is best explained by using the fact that a linearly
polarized wave can be regarded as the sum of two clircularly
polarized waves rotating in opposite directions, one of
which may be ldentifled with the ordinary wave, the other
with the extraordinary wave. The ordinary and extraordinary
waves have different indices of refraction corresponding to
the positive and negative signs respectively in (2.1) and
(2.6). We also have:
M= ¢/ th)
where v, Is the phase velocity, Thus the phase velocltles of

the two modes differ resulting in a phase lag:

dL = £(do, - d¢) 2.9

44, = ag;d‘l 2 % . % (aq)

N = TEL (po—pue) (2.10)

where:

Thus
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But (2.6) can be approximated as follows:
. X | - X(13
,‘ |3Y|. (\ l.)

M= U - X(W»YJ]t * "Ja'.X“;Y\-) @

Then:

Mo = | = 3X(I-Y.)

Me = | = LRUI+Y)
Substitution into (2,10) glves:
dn = 1!_?_! XY, (2.13)

Using (2,2),(2.3),(2,.5), and (1,1) we arrive at:
=3 b!ﬂ :“q I'
40 awmicf
& %VN(!)B&)MBJ@ (a13)
(]

here K = ,236 in CGS units with B expressed in gammas.

or

From (2.13) one can see that knowledge of the Faraday
rotation () of a radio wave transmitted from a satellite
provides information about the total amount of plasma
encountered along the ray path. It would be most useful to
translate the Information contained in (2,13) into knowledge
of a vertical column of standard cross section located at a
certain point along a slanted ray path. The number of
electrons In such a column |Is referred to as the total
electron content of the column (TEC). We will next outline

the technique for deriving the TEC from (1.

S P s S Al i i .} 4 i N
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2.1.2 The Conversion of Faraday Rotation to
Tota) Electron Content

From flgure 11-1 we see that: [|f o “‘secy

figure 1l1-1

Thus: .
= %&N(QBMMO;«I dh
(a.14)
& (" MN( dh
= & S. M
where: _
M = B(W cos® secX (a.15)

For a geostationary satellite (at r=6.619Re), the upper
limit of the Integral Is usually taken to be 1000km or
2000km because of the small amount of Faraday rotation which
occurs In the plasmasphere and beyond (Titheridge, 1972).
Over the small range from the surface of the earth to 1000

or 2000km, M changes slowly so a mean value |s taken

_—
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corresponding to the helght along the ray path at which the
vertical column Is taken. Then:
Q = KA (N0 (a16)

The (integral In (2,16) is referred to as the equivalent
vertical TEC. In the absence of severe 1latitude gradients
the equivalent vertical TEC would be expected to be quite
close to the actual total electron content of the vertical
column.

A choice must be made of the helght along the ray path
h(M) at which the vertical column will be placed This
choice is made on the basls of model studies (such as that
described in the next sectlon). The single height Is chosen
at which the equlivalent vertical TEC and the actual electron
content of the vertical column are in best agreement for a
wide variety of condlitions, l.e., solar cycle, seasonal,
dlurnal and latitudinal varlations, for instance, must be
examined by such a model,

Using such a model Tltheridge (1972) concluded that use
of h(M)=420km with Faraday rotation measurements of
geostationary satelllite signals (satellite at r=6.619Re in
the equatorial plane) would give the electron content up to
2000km of a vertlcal column to 5% accuracy for a wide
variety of conditions. Little Faraday rotation Is added
above 2000km. If one wished to extend the vertical column to
the height of the satellite, no single value of h(M) would

suffice. This results from the high variability in electron
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density In these upper reglons due to the wide variations in
the height of the 0+/H+ transitlon level. This can lead to
changes in M by even a factor of four, corresponding to a
3000km variation In h(M). Papaglannis et. al. (1975) showed
that the M value used to calculate the electron content up
to 1000km from signals transmitted by a satellite at 1000km
is approximately the same (wlthin 1-2%) as the M value used
to calculate the electron content up to 2000km from signals

transmitted by a geostatlonary satellite,

2.1.3 Model Description

2.1.3,1 Model Outline

The computer model wused in this study divides the
Earth's environment into two regions: the regions below and
above 1000km. In the lower region which may be loosely
called the "ionosphere" we create a two dimensional "real
data" array by reading into the program data obtained from
the Isis Il topside sounder satellite, interpolating between
the data polnts and adding a model bottomside profile. For
the upper region (the "exosphere") we can calculate the
electron density at any location by using one of two models,
each dependent upon conditlons at a reference height
(1000km). The choice between the two models : a

“collisionless” (r-#%) model or a diffusive equilibrium
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model, depends upon whether the point in question llies
within or is outside the plasmasphere. The Faraday rotation
and TEC accumulated along a ray path down to 1000km In
height Is added up, and combined with that of the lower
region. The Faraday rotatlon for the lower region |is
obtained by Interpolating (or extrapolating) between the
“real data array" points. So by matching the two sections
one can follow the ray path from the satellite to the
ground. The vertical TEC below 1000km at various points
along the ray path Is calculated by the creation of a 51 by
51 “interpolated" denslty array which divides the range of
latitude the ray path covers below 1000km Iinto 51 vertical
segments, one vertical column through each of 51 height
steps of 20km.

A more detalled descriptldn follows.
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2.1.3.2 “Exosphere"

Angeram! and Thomas (1964) studied theoretically the
distribution of plasmaspheric electrons and ions. For the
case of a constant temperature along a given field line and

equal lfon and electron temperatures, thelr results glve:

Ns) _ [exp(-a/ul)+q,exp(~z/4u1)+'1,ap(-1/l6"1)]’i @n)
Neo 1 ‘

Here Neo = the electron density at a reference helght

(1000km in thls study) along the field 1line., N(s) Is the
electron density at a given distance along the fleld line.
Hl is a constant scale height. n=nl+n2+n3 where the etas are
the ratios of the lon denslities hydrogen, helium and oxygen
to that of oxygen. The parameter z, called the geopotential

helight, Is given by:

2z = R°{(|- ?Ts:‘%'] + %‘l[cos‘e.- ‘c—?s;%j (3.18)

where R, is the distance from the center of the Earth to the
reference height, 8, Is the generalized Iinvariant latitude
at the reference helght, 8' is the magnetic latitude of the
given point along the field l1ine, @ is the Earth's angular
velocity of rotation and go Is the gravitational
acceleration at the reference level,

In utilizing these equations, the temperature (needed
for the scale helight) and the reference level concentrations

of electrons and relatlive fon concentrations must be

e
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provided, The electron density at our chosen reference level
(1000km) is obtained by interpolating 1llnearly (or
extrapolating) between the Isis |l real data points. For the
otiner four parameters the following distributions were
assumed for the winter nighttime conditions we will be
consldering later (the ion concentratlons are fractions):
temp = 1125,0 + 1050.0(A* - 30%.0)/30.0  (2.19)
oxygen = 0.10 + 0.80(A' -~ 33,0)/22%0
hydrogen = 0,82 = 0.73(7' - 33%0)/22.0 (2.20)
hellum = 1 - oxygen - hydrogen
except that for A’(which refers to 1000km) greater than 55°9:
oxygen = 0,90
hydrogen = ,09 (2.21)
helium = .01
The temperature relation was scaled from (Brace, Reddy,
and Mayr, 1967), whlile the composition formulas (2.20) and
(2.21) were obtained, following (Mendillo and Klobuchar,
1974), from Millstone Hill data and from the observations of
Prasad (1970) at Areclbo. See also (Grebowsky et, al.,
1975). Studies such as (Taylor et. al., 1968) have shown
that nitrogen lons are also a significant constituent at
high latitudes. The compositions, how=zver, are only needed
by the model computer program inside the plasmasphere (never
at high latitudes) so that ignoring the presence of nitrogen
is a justifiable simplification,

For field lines outside the plasinasphere, where simple
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diffusive equlllibrium does not hold, a convenient model
suggested by Angeram! and Carpenter (1966) Is adopted. This
mode! Is expressed by (2,22) below:

N = Neo (.;':;.)" (a2

Angerami and Carpenter (1966) pointed out that this simple r
model closely approximates the more accurate "collisionless"
model obtained from (Eviatar et, al.,, 1964), and has the
advantage of extreme simplicity.

The collisionless model assumed a pure hydrogen plasma,
while observations of a 1light lon trough show that for
lonospheric helghts hydrogen becomes a minor constlituent at
high 1latltudes (Grebowsky et. al,, 1975). The error
Introduced should not significantly affect the conclusions
of this analysis because the stations we. will be concerned
with are seldom poleward of the plasmapause. The ray paths
more frequently encounter the collisionless model at great

heights, beyond the plasmapause, where the contribution to

Q) is negligible,
2.1.3.3 “lonosphere"

The heart of the semlemplirical model used in this study
is N(h) data obtained from the Isis || topside sounder
satellite launched April 1, 1971, A sample page of data is
shown In flgure 11-2, As seen from the sample, the soundings

were taken about every fifteen seconds, or about every

ol U] i el 0 i
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degree of geographic latitude. The quality (Q in figure
11=2) varles conslderably, Best quallity Ilonograms are
assigned @ values of 4 while the ionograms with the least
information are assigned a Q value of 9. According to the
introduction to the compllation of Isis || data (see
Acknowledgements), for the best quallty Iionograms, the
accuracy In the real height Is probably better than 5%.
Unfortunately, Ne(h) is not always given down to hmax,
Furthermore, no indicatlon in the data compllation Is given
where this occurs, so In some cases hmax |s actually lower
than the figure we are forced to take.

As noted earllier (section 2.1,3,1), a latitude vs,
height "“real denslty array" Is constructed using this data.
Linear interpolation is used between the data polnts to
obtain the electron densities at 1000 and 700km heights:
N(1000) and N(700), respectively, The other parameters read
by the model program are: Nmax, hmax, and yzero, where yzero
is the helght at which the electron density of the model
drops to zero on the bottomside, Ne(h) below 1000km in
height is treated in three parts: (a), from 700km to 1000km
an exponential of scale helght Hi Is matched with (b), an
exponential of scale helght HL between hk and 700km;
finally, (c), a bi-parabola of semithickness ym extends

around the peak from yzero to hk, where hk=hmax+ym/4, and

ym=hmax-yzero. The equation of the bi-parabola is:
N = Nmax [| - (hshmes)2) 2 (aa3)
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At the helght hk:

N = (.I'E‘.)‘N,,‘., z Nk (239
The scale height HL Is obtained from (2.26) by rearranging
the exponentlal equation (2,25) and substituting
HL,Nk, hk,N(700) and 700 for H,No,ho,N, and h respectively:

N(h) = No exp(chas-h) (2.25)

< 0~
= A

Simitarly for the upper exponential:
o N L s
HH = T INGool/Ngooo) @ay

Now that the scale helghts have been obtained, the computer
program can calculate N(h) at selected heights. A step size
of 20km was chosen as It Is small enough to prevent loss of
important detall near the peak. It 1Is now necessary to
consider the range of latltudes over which the ray path
passes below 1000km. This range Is divided into 51 vertical
sections, each section corresponding to one of the 51
heights along the ray path (again the step size Is 20km)
where the electron density Is calculated. In order to fill
in this second array which we call an “interpolated density
array," It will be necessary to Interpolate between the
latitudes of the real density array and, occaslionally, to
extrapolate beyond the range of the real density array, The
interpolation Is 1Uilnear, as Is the extrapolation, but the
number of points used to determine the extrapolated 1line

depends on the position of any trough. In extrapolating
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north or south of the real array at least the last two
points are taken, Additlonal points are taken as long as
each additional point differs fromn the preceding one by less
than 25%. If the first point, on the other hand, differs by
at least 25% from the second, a third point is taken.
Additional points are taken if necessary until the needed
extrapolated value 1Is positive, A least squares subroutine
Is used to fit a 1ine to the selected points, and this line
provides the extrapolated values needed.

Once the interpolated density array has Dbeen
constructed, the vertical TEC at 51 columns along the ray
path Iis found simply from the vertical segments, The slant
TEC 1is added up along the ray path by multiplying the
electron density at each point along the ray path by the
distance between points. The vertical TEC increment along
the ray path Is then obtained by multiplying each slant TEC
increment by cos)X. The sum of these vertical increments will
be called here the "vertical equivalent TEC." The M factor
Is then calculated at each point along the ray path by using
(2.15) and the Faraday rotation is found by transforming

(2.,14) into a sum:

a

K3 Namwah (23®)

¢
sl

After the total Faraday rotatlon along the ray path is

computed, it Is combined with the M value at each height to

give 51 values of equivalent vertical TEC. These may be




34

compared with the TEC of the vertical columns.

Titheridge's (1972) conclusion that for a wide variety . i
of conditions the use of h(M)=420km converts the Faraday
rotation to TEC up to 2000km leads us to extend our vertical
columns up to 2000km so that we may compare them with the 51
equivalent vertical TEC values just mentioned. This cannot

be done to great accuracy without quadrupling the computer

printout, but for our purposes we simply integrate from
1000km to 2000km using the closed expression:

N(hdh = @ooo)exp(mg-‘-h)p HN(!OOO)[I - exp(- '—°ﬁ-°—)} (229)

A scale helght of H=1000km, for example, simplifies the

result to:

(Rhdh = HNOo0O) (1~ ) = 63a1anwoon)  (A30)
({4

where N(1000) 1is in units of 10%el/cm® and the TEC is in
units of 10'%el/cm®.
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2.2 Usefulness of constant M-factor at a high

latl tude statlon during winter night

The usefulness of equivalent vertical TEC below 100V0km
except in the presence of a steep trough, has already been
shown at mid-latitudes by Hajeb-Hosseinieh (1973). We extend
his work to high latitudes and also consider the region
above 1000km for the particular case of winter nighttime

conditions.

2.2.1 |Idealized Arrays

Consider a uniform data array extending from 24°® to 67°
geographic 1latitude with the following input parameters:
Nmax=2x108, N(700)=2.63x10*, N(1000)=1x10%, hmax=320km, and
yzero=200km. The ray path travels from a geostationary
satellite to each of three stations, the coordinates of

which are found In Table llI=1l.

Table 11=|
station geog. lat., geog. long. m~g, lat.
Hami 1 ton 42,63 70.82W Sh.3k
Goose Bay 53.30 6V, 33W 64,82
Narssarssuaq 61,20 45, 40w 71.38

Consider the input data shown Iin Table I1=11 (the

3 z . -

ST
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Table 1i-=11}

' Uniform Latltude Gradient Input Array
geog.  N(1000) _N(700), Nmax hmax yzero §
lat. (10" el/cm”) (km.) (km.) ;

25 1.6 3.5 14.0 320 200 f
28 1.5 3.3 13.4 320 200 ?
31 1.4 3.1 12.8 320 200
34 1.3 2.9 12.2 320 200
37 1.2 2.7 11.6 320 200
40 1.1 2.5 11.0 320 200
43 1.0 2.3 10,4 320 200
_ 46 0.9 2.1 9.8 320 200 1
§ 49 0.8 1.9 9.2 320 200 g
& 52 T SR 8.6 320 200 ' 4
| 55 0.6 1.5 8.0 320 200 i
1 58 0.5 1.3 7.4 320 200
? 6l 0.4 1.1 6.8 320 200
64 0.3 0.9 6.2 320 200
67 0.2 0.7 5.6 320 200
70 0.1 0.5 5.0 320 200
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densities are In units of 10%/cm?).

It represents a uniform latitude gradient. Examination
of Brace et. al. (1967) will show that the data was chosen
as a reasonable compromlse between average winter nighttime
conditions and the requirements of constructing a uniform
density gradient over a large range of latltudes.

Examination of the “vertical equivalent” TEC
accumulated for each of these two arrays exclusively using
the diffusive equillibrium model for heights above 1000km
leads to the the conclusion that a scale height H=1000km in
(2.29) will reproduce the results to the required accuracy.
Using (2.30) we now extend the 51 vertical columns to 2000km
and compare with the equlvalent vertical TEC computed for
the 51 columns. The results are shown in Table li-11ll where
"best h(M)" refers to the helght at which the vertical
columnar TEC matches the equivalent vertical TEC using the M
factor for that height, "%dif at 42u" glves the percentage
difference between the vertical TEC at the 420-km point and
the equivalent vertical TEC using the M factor at 420km.

Table 11=11)

station best h(R) %dif at 420
Unif Unif Unif Unif
data grad data grad

Hami lton 371km 220km 2.8 7.4
Goose Bay 400km 17km 1,2 9.1

Narssarssuaq 333km 4km 2.1 17.7
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The results clearly show that the use of h(M)=420km
gives good agreement for a uniform data array. For a
gradient, however, there s decreasing agreement with
increasing station latitude. Caution must be used in
considering the results slnce both of these arrays are quite
idealized.

It is the gradient, and not a unlform data array which
more closely approximates typical winter nighttime
conditions. Examination of the computer output shows that
the Faraday rotation technique as far poleward as the trough
minimum apparently measures total electron content not to
2000km, but to some greater height for these winter
nighttime conditions., The effect is due to the fact that
heights along the ray path in the range 20U0km to 5000km
coincide with field lines of the lowest invariant latitude,
i.e., the the highest reference level (1U0Ukm) eleéctron
densities. Thls enhances the Faraday rotation accumulated in
this upper region., Furthermore, the minimum invariant
lati tude corresponds to higher heights for nigher latitude
stations, enhancing the effect there., For the uniform
gradient the minimun invariant 1latitude occurs at about
2500km observing from Hamilton, Mass. (42%6N,70%8W), 3700km
from Goose Bay, Labrador (53°3N,60%3W), and 4200km from

Narssarssuaq, Greenland (61% 2N, 45%4W). The geometry is shown
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1
in figure 11-3, :
hl -
/”__ A B ¢
{ = N = ’
/ '
4/.
///',
L figure 11-3

In figure 11-3, the lowest invariant latitude the ray
path crosses at one point (point B), corresponding to the
height h2. Points A and C have the same invariant latitude
and correspond to smaller and greater heights respectively,
For a lower latitude station the lowest invariant latitude
corresponds to a lower height h2'.

To check that this effect is real and not due to the
use of @agn idealized gradient, a real gradient taken from
Isis Il topside data was used (December 15, 1971). The
conclusions above were confirmed.

Clearly a non-negligible error is introduced in
assuming that the M value used to calculate equivalent
vertical TEC up to 100ukm is little different from the M
value used to calculate equivalent vertical TEC up to 2000km
or higher., For the uniform gradient observed froim Goose Bay,

for instance, 17.5% of the '"wvertical equivalent TEC" s
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accumulated between 1000km and 3700km, the upper height
being the height down to which the first 109 of Faraday
rotation (a measurable amount) was accumulated. The M factor
used to compute the TEC up to 100dkm will then differ by
17.5% from the M factor used to compute the TEC up to
3700km.

In figure Il1-4, the hatched regions refer to distances
along ray paths to Hamilton and Goose Bay where Jd0% of the
total Faraday rotation ((Jqy) Is accumulated, with 10% of

Qe above and 10% of gy below.

2.2.2 Severe Latitude Gradient

Consider the data array shown in Table (I=1V.

This data was obtained between 2:19 UT and 2:30 UT on
December 18, 13871 when a severe magnetic storm was
occurring. At the time the data was taken the Kp index stood
at 4=, Six hours earlier it had reached 7+. The parameters
Nmax, WN(700), N(1000), and N(sat) are plotted in figure
11-5, N(sat) 1Is the measurement closest to the satellite,
always near 1400km. One can clearly see the sharp
equatorward edge of the trough near 40% which is identified
with the plasmapause. The poleward edge of the trough is
also steep and north of the trough the profile is erratic.

The yzeros were somewhat arbitrarily assigned but the

presence of the auroral E layer near the trough poleward
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lat.
30.09
39.16
39.90
42.12
43.65
46.67
L8.15
L8.36
by.62
5U.41
51.21
52.68
54,21
55.68
60.16

07.35

Table 1=V

Severe Latitude Gradient |nput Array

December 18, 1971

geog. N(1000) N(700) Nmax

long. (10* el/cm®)
53.10 1.37 L.45 16.26
52,80 1 3,78 12.51
52,80 .53 1.24 5.94
52.70 1.00 2,2v 8.80
53.70 1.05 2,65 8.77
52.70 1.34 3.706 11,04
52.70 1.53 h,24 9.9¢
52.60 2.81 7,85 17,51
52.60 1.67 4,387 12325
52.060 2.5% 0,01 19.00
52.60 .97 Zo3 12.43
54,70 .43 1.11 15,00
52.70 «32 .80 v.57
52,70 .31 . 30 16.01
52.80 V.92 73 7.90
53.50 15 . 60 ¢35

hmax
(km.)

520
50V
300

yzero
(km.)

195
195
195
195
195
195
i85
l65
165
i05
16>
120
120
120
165
165
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edge necesslitates the low yzero values there.

To see the effect of this severe trough on the
calculation of TEC, we have the ability to shift the data
array by any number of degrees north or south observing it
from any given station. Goose Bay is chosen (near L=4) and
the array is shifted north and south from 10° to -5° in one
degree steps. In Table 11-V the results are shown., The
height or heights h(M) along the ray path at which the
vertical columnar TEC matches the equivalent vertical TEC
obtained from the M value at that height or heights, and the
percentage difference between vertical TEC at the 420km
point and the equlvalent vertical TEC using the M value at
420km are listed for each shift.

For a given shift there may be up to four heights where
equivalent vertical TEC and vertical TEC match. This renders
selection of a best height h(M) Impossible. The average
difference between vertical and equivalent vertical TEC at
the 420km point is 26%, much larger than the 5% variation
usually tolerated. One also must expect very large
varlations on occasion with such a steep trough as indicated
by the 89 north shift's 151% variatfon. To see why such a
large discrepency appeared for the +8% shift the electron
density along the ray path below 1000km has been plotted in
figure 11-6., Because the ray path passes through the wall of
the trough equatorward edge well above hmax of the vertical

column the profile is greatly distorted. Since the vertical

A e e S i i
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Table 1=V
best h(M)

none

9

67,480
940, 557,136
331,641
397,740
L26, 859
ko2
508
539
161,403
267,360, 456
359,412,497,527
429,515, 548,630
504, 620,735

596,720,834

$ dif at 420km,

6.5
4.8
151.
73,
15.
2.2
1.1
6.7
13,
15.
1.0
25,
5.1
9.3
L1,
49,
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column is inside the trough the vertical total content is
far less than the "vertlcal equivalent" TEC.

It appears that for a severe trough one cannot
legitimately convert Faraday rotatlion into the total
electron content of a vertlcal column, confirming

Hajeb-Hosseinieh (1973).

2.2,3 Conclusions

For the winter nlghttime conditions we have examined at
high latitudes, Faraday rotation apparently is a measurement
of equivalent vertical TEC up to some height higher than
2000km. A more refined model is needed to fix the actual
height. Under conditlons of a severe trough Faraday rotation
cannot be meanlingfully converted to total electron content
using any mean h(M). In attempting to understand such
conditions it 1is best to study the variattons in Faraday
rotation without attempting to convert it into the total
content of a vertical column, Further study is needed to
determine the dependence of the best h(M) on seasonal, solar

cycle, dlurnal varlatlons, and differences 1In station

latitude in the absence of a severe trough.
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2.3 lonosondes and Slab Thickness
2.3.1 lonosondes

The Islis |l satellite observations described earlier
were taken by an lonosonde, lonosondes collect huge
quantities of data from the ground as well, and in fact are
the most wldely used means of monitoring {onospheric
electron density in addition to many other ionospheric
parameters. lonosonde observactlons taken from the surface
of the Earth probe the "bottoms!de" ionosphere, 1i.e., the
lonosphere below hmax, where the 1last reflection occurs.
Similarly, sateliite sounders such as that on Isis |l probe
the “topside" lonosphere.

The lonosonde makes use of pulsed radio signals, each
pulse sweeping over a range of frequencies from 1-Z MHz to
perhaps 25 MHz. The recelver displays on an oscilloscope 2
trace showing the frequency of the returned signal vs. time,
The virtual height h' at which the signal was reflected is
then given by:

h' = et (2.31)

In order to see why the virtual height and the true
height of the reflectlion differ It is necessary to review
the process of reflectlon. For this simple argument we
ignore the presence of the magnetic field and of collisions.

Then the transmitted radio wave passes through a medium with
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an index of refraction given by (2.6) with Y =0, i.e,,

M= ,I ot %- (2.33)
The phase velocity of the wave 1Is then related to the index
of refraction and the group velocity by the next two
relations:

W = ¢c/p (2,33)

Vi Vye = c® (2.34)

As the radio wave goes Iinto reglons of higher electron
density the plasma frequency increases by (1.1) which
decreases Pe Increases vu and decreases Vo thus slowing the
wave packet down. When ﬁl = f the group velocity becomes
zero and the wave is reflected. Thus we see that the
reflection is not Instantaneous but rather gradual so that
the virtual height is always greater than the true height of
the reflection. The relation between the two Is given by the
process of true helght analysis, too complicated to be even
outlined here. For a brief description see (Rishbeth and
Garrlott, 1969).

True height analysls is costly and not of ten necessary.
The peak density NmF2 can be easily obtained from (1.1) by
reading foF2 right off the ionogram trace. foF2 Is always
obtained from a vertlcal reflection, The maximum frequency
reflected to a 3000km distance is known as MUF(3000)F2. An
empirical formula known as the Shimazaki relation gives a
good approximation to the true height of the reflection,

especlally at night (Shimazaki, 1955) using MUF(3000)F2 (or
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M(3000)F2). It is:
SR . o I
hmFa = Frooor Hieknm (238)

Whi le refinements have been proposed by Wright and McDuffie

(1960) and by Bradley and Dudeney (1973), (2,.35) remains

fairly accurate for nlghttime conditlons,

2.3.2 Slab Thickness

Slab thickness ¢t is defined as the ratio:
t = TEC/Nmax (2.36)

and thus represents the thickness the ionosphere would have
if the electron density throughout was the constant peak
value. Here HWNmax must be the peak density of the vertical
TEC column unless there are very shallow horizontal
gradients in TEC and Nmax.

Stlab thickness 1is an Iimportant ionospherlic parameter
since monitoring it gives an indication of the shape of the
vertical profile of N(h) without the need to resort to true

hei ght analysis. If the total content of a vertical column

remains constant while the peak density changes, for
example, one must conclude that a redistribution of plasma
has taken place, i.e., the shape of the profile of electron
density vs. height has changed. Alternately, if TEC changes
and Nmax does not, one concludes that an influx of plasma
has occurred probably bringlng electrons down from the

exosphere into the vertical colunn. As seen in section 2.2

il el Ml i e i e ol bt 3
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one must be cautious about making such conclusions using
Faraday rotation measurements In the presence of troughs
since the equlvalent TEC and not the actual TEC of the
column is known.

In chapter four we will see exanples Iin which slab
thickness decreases slignlficantly in the presence of troughs
on the basis of Faraday rotation measurements. We will
investigate the possible roles of both trough motions and

vertical distortions in producing this phenomenon,
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3.1 Mean and Normallzed Monthly Curves

Median Behavior

In the previous chapter we discussed the importance of
three ionospheric parameters: total electron content (TEC),
peak density of the F-2 layer (Nmax), and the ratio of these
two quantities, the equivalent slab thickness (t=TEC/Nmax).
The purpose of this chapter is to briefly dlscuss the
average seasonal and diurnal behavior of these three
parameters at 60 degrees magnetic latltude,

In this chapter, the term "“TEC," will refer to the
equivalent vertical TEC through the 420-km point, i.e., in
order to obtain the TEC, Faraday rotation measurements are
combined with a constant R value at 420km height along the
ray path. With TEC defined in this manner, the terms total
electron content (TEC) and Faraday rotation ({)) may be used
interchangeably.,

33 months of TEC data collected at Goose Bay, Labrador
(53?3§eog.N,60?SgeOg.N) will be combined to calculate the
mean monthly behavior of TEC. A vertical column intersecting
the ray path to the geostationary satellite (ATS-3) at 420km
height is located at geographic coordinates 4725N, 62%2W, and
generalized invariant 1latitude 5959 (L=3.98). Fortunately,
we have available many years of Nmax data taken by the

fonosonde at St. John's, Newfoundland (47%6geog.N,

52% 7geog.W), located at nearly the identical latitude as the
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420-km point and only thirty minutes of local time to the
east. 41 months of St. John's Nmax data spanning the same

period as the TEC measurements will give us the mean monthly

A —— s 2 S

Nmax behavior. Then we will combine the TEC and Nmax data
| into mean monthly slab thickness results based on 37 months.
The months from which the mean monthly behavior of the three
parameters are derlved are listed in Table lil-1l.

Table 1i1-1

Data Base for Mean Monthly Calculations

Parameter

TEC Nov., 1971=-Nov,, 1973;April, 1974~April, 1975

Nmax Nov., 1871-March, 13975

t Nov., 1971-Nov., 1973;April, 197u4-March, 1975

e S TSI e

The monthly mean diurnal behavior, which for TEC we
call MTEC(Y,M,H), 1is found by first calculating the mean

values at each hour of 1local tline for the 3 parameters

a? during each month, This gives 24 numbers for each month. All
the Januarys, Februarys, etc,, are then combined by taking
the mean of the mean values for each local time, This gives
; mean monthly diurnal curves which for TEC we call
MMTEC(M,H), and also curves for Nmax and t. These curves are
presented in figures t11-1, 111-2, and 111-3,

In calculating these mean monthly diurnal curves, we
have followed (Hawkins and Klobuchar, 13974). In that study,
seven years of TEC data collected at Hamilton, Mass. (42%6

geog.N, 700 8geog. W) were presented. We will be interested in

T

dking
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comparing the average behavior found for the mid-latitude
ionosphere (L=2.8) in that study with the L=4 data presented
here (see sec.3.2).

Hawkins and Klobuchar (1974) noticed that the highest
noontime TEC values at midlatitudes occurred near the
equinoxes (March and October). Thls effect is attributed to
relative changes in the concentrations of atomic oxygen and
molecular nitrogen (the O0/Ny ratio), which are responsible
for the production/loss process in the F-region. We notice
that the highest mean monthly TEC at L=4 occurs during the
daytime of winter and equinox wonths (figure Iti=1). In
seneral, thever, these "seasonal” and "equinoctal”
anomalies do not seem to be as prominent in the mean Goose
Bay results as in those from Hamilton, Of course, the Goose
Bay data refer to higher latitudes and the data base
represents years of low solar flux. It appears that under
these conditions, i.e., L=4 and low sunspot number, such
anomalies in the mean diurnal curves tend to decrease in
prominence.

In order to eliminate this effect, and also to
eliminate the effect of variations in solar flux, Hawkins

and Kilobuchar (1974) normalized the monthly TEC values. We

follow thelr procedure.
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First the monthly mean TEC values (MMTEC) for a period

of 24 hours are averaged together:

ATEC(Y,M) = 5112, MTEC (Y, M,H) (3.0)

Then normalized monthly mean curves are obtained via:
NTEC(Y,M,H) = MTEC(Y,M,H)/ATEC(Y,M) (3.2)
The normalized curves were averazed over the years of the

study by calculating:
(]

NMTEC (M,H) = + 3 NTECLHH)

Ys|

These mean normalized imonthly TEC curves remove any
variation due to the solar flux and the '"equinoctal
anomaly,'" large effects from which would tend to increase
ATEC(Y,M). What remains is the seasonal variation in the
diurnal curves. The results of this analysis for TEC appear
in figure 1ll=-4, The sane procedure has been followed for
Wmax and t, and the normalized curves for these paraneters
are found in figures Ill=5, and [ll=-v.

Note the smooth progression in noon-tiime normalized TEC
(figure 111=-4), with highest values in winter, and lowest in
summer. These curves show that the winter ionosphere |is
solar production dominated, responding primarily to changes
in solar zenith angle. The seasonal anomaly is strikingly
shown, with the lower sunmer daytime values due to enhanced
loss processes which result from the high summer neutral

temperature. The maximum and minimum MMTEC and NMTEC are
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plotted in figures (I1=-7 and Ili-8, respectively. 1

in figure (11-8, curves for both Hamilton (from the

Hawkins and Klobuchar study) and Goose Bay are provided.
Notice how the smooth seasonal progression apparent for the
maximum values in figure lll=-8 is not found in figure I1I1-7,
The minimum values follow a falrly regular progression in
both figures. One thing of interest is the close correlation
hetween the curves for Hamilton and Goose Bay in figure
-3,

;i Monthly conditions for the TEC observed from Goose Bay
3 are presented in the form of a contour plot in figure I11-9.

2 This plot covers all 38 months of TEC data. Times of sunrise

and sunset at the 420-km point are indicated by tics.
| We will discuss the general features of Iionospheric
behavior at L=4 in the next section with reference to the

curves already presented.
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MAXIMUM AND MINIMUM MEAN MONTHLY

NORMALI\ZED TEC

HAMILTON (1967-1979)*
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DAYNO. 15 45 74 105 135 [66 96 a7 258 a8 319 34
HIGHEST Q0 186 L77 156 150 (43 (4% 149 1.6d 1.9 205 210
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3.2 Discussion

We now wish to briefly discuss the general
characteristics of the ionosphere as observed from Goose Bay
(TEC measurements) and St. John's (Nmax results), and to
compare these features with available midlatitude results.

Figure lIl1-1 has shown that the general features of the
mean monthly TEC at Goose Bay are the same as those at
Hami 1ton, which Hawkins and Klobuchar (1974) described as

follows:

"a. A decay during the hours of darkness,
prolonged and linear in summer months, more
abrupt in winter with a low-level steady
component in the latter part of the night.

“"b. An abrupt rise at dawn at approximately

0900UT, and
“"e. A daytime maximum in the p.m. hours
with a growth and decay that approxiimates to
a sinusoid in vinter and a saw-tooth in summer."
Comparison of the mean curves at Goose Bay and Hamilton
(figure 111-1 here and flzure 2 in Hawkins and Klobuchar's
(1974) study), shows that for each month and each hour, mean
monthly TEC observed at Goose Bay is less than that observed
at Hamilton. This 1is to be expected from the greater solar
zenith angle at all hours at the Goose Bay 420-km point
compared to the Hamilton 4#2)-km point, and from the higher
sunspot number during the midlatitude study.
One also notices that the seasonal variation in maximum

TEC seems to be less at Goose Bay than at Hamilton. Since

the normalized curves (see especially figure 111-8) show a
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nearly identical seasonal variation, this effect must be due
to the factors mentioned in the last section, viz., higher
latitude and low sunspot number,

The evening anomaly, i.e., maximum values of TEC In
summer months occurring during the early evening hours, is
certainly present both in the Goose Bay and in the Hamilton
data. In the Goose Bay results, maximum dally TEC occurred
from May through August at 1300LT.

Since the (Hawkins and Klobuchar, 1974) study did not
present Nmax and t curves, we are unable to compare our
results for St. John's Nmax with comparable results for
Wallop's Island (or Ft. Belvoir), near the Hamilton 420-km
point. We can notice, however, that the mean monthly Nmax
curves seem to be simllar in over-all shape to the mean
monthly TEC curves. The seasonal anoimaly (see sec. 1l.1.4) is
present, as |ls an evening anomaly, For the evening anomaly,
we notice that maximum daily Nmax occurs at 1900LT from May
through August,

while mean monthly mean 4 curves, i.e., curves
representing several vyears of data, are not available for
mid=-1atitudes, Klobuchar and Allen (1970), presented monthly
mean slab thickness diurnal curves for several months in
1968. From these curves it appears that, at midlatitudes, t

Is Jower at night except in winter. These curves also show
that the highest noontime <t values occur In the summer

months, with a steady progression from high values in summer

ok
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to low values in winter. This 1latter variation is also
apparent in the mean monthly * curves for Goose Bay and St.
John's (figure 111=-3).

As iIn the case of midlatitudes, there 1is no clear
monthly progression at night, although nighttime t seems to
be higher in winter than in summer. |t appears that < is
higher at night for most of the year, contrary to the
midlati tude results.

These results are 1in accord with our generalization
that the electron density trough is more prominent in winter
and al higher lati tudes, because while Nmax will decrease to
very low values 1in the trough, the Faraday rotation, which
is accumulated along a long ray path passing through higher
density regions to the south, will not decrease as much.
Therefore, t=TEC/Nmax will increase under trough conditions.
Since electron densities (Increase along the ray path south
of the vertical column, the Faraday rotation measures the
total electron content of the vertical column to helghts
greater than 2000km during trough conditions. This is the
same conclusion we reached in Chapter |l through analysis of
a model density gradient.

Let us now turn our attention to the normalized curves
(figures 1l1l=-4 to 111=-6). Figure lll=4 for TEC should be
compared with figure 8 in (Hawkins and Klobuchar, 1974),
These sets of curves are remarkably similar. The seasonal

progression of the curves 1Is ldentical, showing a strong

S sl
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seasonal anomaly for both sets. The close correlation
between these two sets of ' curves has already been pointed
out by reference to figure 11!-8, where the only significant
difference seems to be a slightly greater maximum normalized
TEC for all seasons at L=4 than at midlatitudes. This means
there Is a greater difference between daytime and nighttime
TEC, which is apparently due to very low values at night
associated with the electron density trough in the Goose Bay
data.

The normalized Nmax curves (figure Ill=-5) show a very
striking seasonal anomaly, more prominent than that found
for the mean monthly Nmax (flgure l11=2).

The normalized slab thickness curves (figure 111-6)
show 1less variation from month to month than the mean
monthly < curves, but otherwise show basically the same
seasonal progression, with lowest daytime <t in the winter
and greatest nighttime t In that season.

In the contour plot of monthly inedian TEC (figure
111-9), which covers all 38 months of data, we can clearly
note several of the effects previously mentioned. An
Yequinoctal anomaly" is present, as seen by the high daytime
values in March and October, 1472, October, 1973, and
October, 1974, There is unquestionably a strong variation
from year to year. Compare, for example, March, 1372, 1975,

and 1375, The maximum daytime value in March, 1972 is over

Aalu'g1/en®, In March, 1973, it falls to about 17x10'3,
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and In March, 1975, it has reached as low as 9x10%*%, The
unfortunate four month gap in the data prevents us from
comparing a March, 1974 value with the values for the other
three years. Thls yearly variation is clearly due to changes
in solar flux. The mean value of the observed solar flux at
2800MHz prepared by Ottawa is 128.5 in March, 1472, but only
72.4 in March, 1975, As 1975 is near the low point of the
solar cycle, the rate of production of electrons is very low
at that time. Other things to notice are the higher
nighttime values of TEC in summer, and the presence of the
evening anomaly in that season (maximum values in the early

evening).
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3.3 Conclusions

The ionosphere at L=4 shows many similarities with the
midlati tude Ionosphere. Comparison of Goose Bay TEC
(refering to L=4) for the period 1971-1375 with Hamilton TEC
(refering to L=2.8) for the period 1467-1973 revealed that
the Goose Bay data showed lower TEC on the average for all
seasons and times of day. This is due to two factors: the
larger solar zenlith angle at all tlimes at L=4 in comparison
with L=2.8, and the fact that the years of the Hanmilton
study were years of hlgher sunspot number than the years of
the Goose Bay data. The other differences between the two

data sets are not as striking and can all, it seems, be

traced to the presence of the electron density trough at

L=4, most prominent during winter nights.
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CHAPTER 1V
DISTORTIONS OF THE WINTER NIGHTTIME
IONOSPHERE NEAR L=4
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4,1 Nighttime Slab Thickness Decreases Observed

from Goose Bay during December, 1371

As discussed in the previous chapter, total electron
content obtained at Goose Bay, Labrador may be combined with
simultaneous peak density observations at St. John's,
Newfoundland to measure the "equivalent slab thickness" of
the ionosphere above St. John's. Many nights during
December, 1971 exhibited apprecliable decreases in slab
thickness (t=TEC/Nmax). Specifically, there were increases
in Nmax on these nights accompanied by constant or
decreasing TEC.

As in the previous chapter, the term "TEC," will refer
to the equivalent vertical TEC through the 420-km point,
i.e., TEC obtained from {) and the constant M value at 420km
height along the ray path. Thus the terws "TEC" and "Faraday
rotation" (or "QQ%"), may be used interchangeably.

In figure IV-1 Nmax and TEC have been plotted vs.
Universal Time for five nights during which the increasing
Nmax-constant TEC effect mentioned above occurred. Note that
local midnight occurs at St. John's at 3:31 UT, and at 4:01
UT at Goose Bay. The Kp Index also has been plotted. Note
that with the exception of December 9, the increase in Nmax
is not associated with an increase in magnetic actlivity
according to the Kp index. The AE index and H at

Narssarssuaq (bleN,thkW) are plotted in addition to the

et o b e b N
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above three parameters for the same five days in figures
Iv-2 to IV-6. H is the horizontal component of the
geomagnetic fleld. The downward arrow indicates tée
direction of negative deflection of H. Some additional data
are also plotted in the graph for Dec. 9 and Dec. 15 which
we will turn to in sec. 4.3. We can notlice that (again with
the exceptlion of Dec. 9) the Nmax increase is not associated
with an increase in the AE index, A substorm is observed at
Narssarssuaq on all five nights, but except for Dec. Y9, the
recorded substorm occurs about three hours before the
Increase in St. John's lmax. We will address this topic
further when we discuss the mechanism for producing the
observed slab thickness decreases (sec. 4.4),

Let us now quantify this effect for December, 1971, In
section 4.2 the results of a statistlcal survey of increases
in foF2 are presented, For Decenber, 1971, it was found that
at least a 0.3MHz increase in foF2 was observed on 21 of 25
nights. A comparable sized increase in TEC is about 20%.
Increases of more than 20% in TEC occurred on only 8 out of
27 nights for which TEC measurements were available. To get
a feeling for the variability of HNmax and TEC for the month
as a whole, these two parameters are graphed in the format
of an overplot in figure 1(vVv=-7, On the left half of the
figure, the two parameters are plotted for all of the days
for which data were available., To the right, ten of the days

on which substantial increases In Nmax were observed are

e Ml e B v L i ki S a0 p AN AL
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plotted. For the monthly overplot, the data collected during
the great magnetic storm of Dec. 17 stand out sharply from
the other data as the only night on which TEC rose above
1utel/cm* and Nmax rose above 3xl0%el/cmd. With the
exception of this day, an “envelope" drawn around the plots
would extend from about 2.5 to 5.0 for TEC and from about 5
to 15 for imax (in the units shown). This demonstrates the

significantly greater variability of peak density compared

with TEC at L=4 during winter nighttime conditions.
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4,2 Statistical Survey of Winter

Nighttime Increases in foF2

For the determination of slab thickness, measurements
of both TEC and Nmax are required, Since the TEC
observations from Goose Bay commenced in November, 1371, our
knowiedge of the slab thickness parameter at St. John's is
limited to the period after that month, It would be foolish,
however, to ignore the wealth of foF2 data available before
November, 1971, in our attempt to understand ionospheric
processes near qu. We have gathered 24 years of St. John's
foFZ data from the Worid Data Center A for Solar Terrestrial
Physics and from the Canadian Dept. of Communi-ations,
Telecommunications Englneering Branch. The months for which
data were analyzed, the frequency of the data (whether we
obtained foF2 values at 15 minute, half-hourly or hourly
intervals), and the source of the data are given in Table
IvV=1.

As can be seen from Table (V-1, the December data we
collected spans three solar cycles. To check the seasonal
dependence of the nocturnal foF2 increases, we also examined
two six month periods, October, 1971 to March, 14972, and
October, 1972 to March, 14973, The results of this survey
provide a quanti tative sumnnary of the magnitude of the foF2
increases, as well as thelr seasonal and solar cycle

dependence.
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Oct.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.

Code

C = Canadian Dept. of Communicatlions,
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Table (V=I

Data Used In Statlistical Survey

Period Data Interval
1971-March, 1372 15 minute
1972-March, 1973 15 minute
1945, 1947, and 13948 hourly
1950, 1951, and 1953 hourly
1957, 1958, and 1953 hourly
1960, 1961, and 1962 hourly
1963, and 1964 hourly
1965 and 1966 30 minute
1967, 1968, and 1869 15 minute
1970, 1971, and 137¢ 15 minute
1973 15 minute
1974 hourly

for sources of data:

Englineering Branch

Source
of Data
C

O O 0 6 6 £ L T T X o

Telecommunlcations

W = World Data Center A for Solar Terrestrial Physics




Each night was examined for primary and secondary
characteristics. Each nlght was assigned one of five primary

characteristics with the following selection criteria:

low bump: Increase from trough to crest given by: ’
« 3MHzS AfoF2 <. 5MHz
bump: Increase from trough to crest glven by:
«6MHzS AfoF2 <.9MHz
large bump: Increase from trough to crest 1 MHz or
greater.

no bump: Increase less than .3MHz, 1less than 1 hour long.

or based on one data point, except for cases with frequency

of data half hourly or hourly, when a single data point

could determine the primary characteristic.
2 Insufficlent data: unable to determine whether an increase
occurred,

vj After each nlght was placed in one of the above five

ff categories, a secondary characteristic was sometimes
E: assigned. In determinlng secondary characterlistics, the
: criterion that It must be possible to judiclously eliminate
; any single data point without eliminating the effect was
§ applied. Falling this test, the secondary characteristic was :
not assligned except when only hourly or half hourly values
were avallable. The secondary characteristics and their

selection criteria follow:

irregular bump: more than 1 peak. Trough I[n between at

least 0.3 MHz below the two peaks.
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short bump: “bump" 1less than 3 hours long (If only hourly
values avalilable, less than 4 hours long).

plateau: less than 0.1 MHz variation for at 1least 3 hours
at the maximum of the Increase (no plateaus when only hourly
values available).

Pages of the Canadian data are reproduced showing each
of these effects In flgures 1V=8 to 1V=12. Numerical Tables
of the seasonal results and the yearly results are provided
as Table IV~li and Table 1V=IV respectively.

in both tables, the number of nlghts with each
characteristic is 1listed for each month. The last column
gives the fractional occurrence of the effect, l.e., the
number of nights with an increase of 0.3 MHz or more
divided by the number of nights with sufficlent data to
determine whether an foF2 increase occurred. For Table
IV-11, the numbers for October, 1971 and October, 1972 have
been added and the fractional occurrence determined for the
composite "mean October." The same has been done for all the
other months in the table. The mean monthly fractional
occurrences of the foF2 are plotted in figure 1V-13,

The fractlional occurrence in December Is greatest,
while that Iin October and March is least, The sharp dip in
January Is probably not significant, considering the fact
that only two years' worth of data were used. In splte of
this small data base, we can Initlally conclude that the

effect we have been studylng Is a winter one, with the
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Table 1V=11

Statlistical Survey of Nocturnal Winter foF2 Increases

SEASONAL ANALYSIS

a

3 é.,g

B B 3 <

Y

z § pEg g

L B8 =3 ¢ g
Get, 3971 7. 2 2 20 @
Qor. 390 - % 3 4 2
2 Oct. 3 8w
Nov. 1971 7 8 1 .10 4
Mov. 1992 ‘6 & 3 8 5
> Nov. L e
Deci 3800 % % 6  %. %
Bec; M¥2. - F. ¥ - B o &
> Dec. 15 - 18 oot 1
Jan. 1972 3 8 b 8 8
g 4973 5 4 9 12 13
2 Jan. § 9 e
Bl 2072 o3 % 3o g%
Feb. M7 8 & 2.8 10
D Feb. TG i s TS
Mer. 8002 5’2 0 20 b
Mar. 1973 5 0 0 20 &
2 March | G U e L

reqular
uwmps

short

:annwnpwawwwwnwwnb
umps

ir

o v ~N W @0 = wr W - Nb

Al

W o= N W N e

oocoooooowoo—aooococplateaus

fractional
occurrence

L] L] &
W & W
© =

.
o
N

.68
<65
<84
.76
.80
.65
«33
.51
.51
.67
.60
.26
20

2%




SRR L e L

FRACTIONAL OCCURRENCE

1.0;

091

08 1

0.71

041

0.1 1

-

v

9%

Flgure 1V-13

Statistical Survey

Seasonal Analysis

Fractional occurrence of all

foF2 increases

OCTOBER NOVEMBER DECEMBER JANUARY FEBRUARY MARCH




IEC——

SRRGERNEY S Nbi  SRENEUL SR

SLO R Sl

95

greatest fractional occurrence most likely to be found in
December.

A convenient tool for quantifying the correlation
between two or more variables 1Is the Pearson Product-Moment
correlation coefficient. The correlation between a variable
and the same variable using this method is 1, while the
correlation between a varlable and its inverse (x and 1/x)
would be -1. If two variables are independent of one ancther
such that theie 1Is no correlation, the correlation
coefficient Is zerc.

This method has been used to determine the correlation
between solar zenith angle {angular distance of the Sun
from the zenith) at noon and the primary and secondary
characteristics (with the exception of plateaus, because of
the small number of them). The results are given below in
Table V=111,

Table V=111

The correlation between noontime solar zenith angle and:
fractional occurrence of all increases = .38
fractional occurrence of low bumps = .u4b
fractional occurrence of bumps = ,91
fractional occurrence of large bumps = .83
fractional occurrence of irregular bumps = .27
fractional occurrence of short bumps = ~,21

The high correlatlon for fractional occurrence of all

Increases confirms our Inltlal conclusion that the effect we
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have been studying Is a winter one. There seems to be a
significant difference between the correlation coefficlents
for low bumps (.46) and for the larger bumps (.91 and .83).
One can notice from Table IV-11 that a large number of low
bumps occurred Iin October, February, and March, while
relatively few large bumps occurred during those months. The
correlation coefficients for the secondary characteristics
are small, and since they represent a smaller fraction of
the nights, we must discount their importance. We will
suggest a possible reason for this difference between the
correlation coefficlents for the 1low and larger bumps in
section 4.4, when we turn our attention toward an
explanation of the mechanism for the foF2 increases.

Twenty four years of December statistics are compiled
in Table 1V-1V. In addition to appearing in Table IV=1V, the
fractional occurrence of all Increases 0.3 MHz and greater
is plotted in figure 1V-14, A glance at this figure does not
seen to reveal any correlatlion with the solar cycle,

As was done for the seasonal case, correlation
coefficients were computed, this time between observed
sunspot number and the primary and secondary characteristics

(again excluding plateaus). The results are given 1in Table

1V=V,

e |
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Table V-1V
Statistical Survey of Nocturnal Winter foF2 Increases
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SE : T : Table V=V

The correlation between observed sunspot number and:

fractional occurrence of all increases = -.13 :
fractinnal occurrence of low bumps = =.49 E |
fractional occurrence of bumps = =.23 5
g‘; fractional occurrence of large bumps = .48

b fractional occurrence of irregular bumps = =,12

fractional occurrence of short bumps = .26 _

There 1Is no slignificant correlation between sunspot

number and fractional occurrence of all lIncreases. One

. Coaatin i, ot
ot Ml e, \

striking difference Is the correlation coefficients for low

bumps and for large bumps, the largest two of all the above

e .

;z : coefficlients and strikingly opposite one another. When these

two variables, fractional occurrence of low bumps and
3 fractional occurrence of large bumps are correlated with
i

4 each other, the result is a correlation coefficient of =-.70,

a signlflicant result,

WETORE FE e

S N i

As in our sunspot cycle correlation study, the
correlation coefficlents for the secondary characteristics

L do not appear to be significant, based as they are on a

T

smaller amount of data.

D Sl o s

We have, 1In conclusion, examined the seasonal and

Ty

sunspot cycle dependence of the foF2 Increases with the
following results: there is a strong preference for this
effect to occur in winter (November-February) but no way of

predicting whether a given year will have a large fractional
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occurrence of the overall effect; there are significant
differences between the seasonal and sunspot cycle
dependences of low and 1large bumps, the large bumps more
strongly clustered in mid-winter and more likely to occur

during high sunspot years.,
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4,3 Case Studies:

December 3 and December 15, 1971

4k.3.1 Descriptlon of Avalilable Data

VI W VRN S SRe Sy S

Two nights, December 3-9, 1471, and December 1l4-15,
1971, were chosen for more detailed analysis because of the

relatively large variety and quantity of geophysical data

avallable for these two nights. In addition to information

plotted in flgures V-3 (for Dec, 9) and 1V-6 (for Dec. 15),

Isls 1l topside sounder passes recorded Ne(h) vs. latitude
on both nlghts. Two passes are of value for our purposes on
December 9. The flirst occurred at about 4:20 UT and at
longl tude 71 degrees west, while the second occurred at
about 6:15 UT and about 100 degrees west, Two passes are
also of Interest on December 15, occurring at about 2:25 UT
and 449 degrees west longitude, and at about 4:20 UT and 78
degrees west longl tude.

While discussing the data available for our case
studles, we should take a moment to consider the question of
the quality of these data. As mentioned in section 2.1.3.3,

the quality of the Isis |l lonograms varied greatly, with

real height obtained from the best quality Ilonograms
accurate to about #5%.
The primary evidence for the foF2 increases Is provided

by lonograms taken at St. John's, Newfoundland. We obtained
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foFZ values for many of the same ionograms from different
sources In order to check the accuracy in foF2. The three
sources compared were: the Canadian source previously clted,
World Data Center A, previously clited, and Dr, J. Buchau at
the Air Force Cambridge Research Laboratories. The foF2
scaled by the three sources always agreed to within 0,2 MHz.

Two lonograms taken during the Dec. 15 event (one
before, and one after the greatest part of the increase
occurred) are reproduced in figure |V=15, While the two
ionograms are not of the best quallty, a sizeable increase
in foF2 Is apparent from the first lonogram to the second.
The foF2 values marked on the flgure are those scaled by Dr.
J. Buchau,

Let us now turn our attention to figure 1V=-3 for
December 39, 1971, As previously noted, figure IV=3 shows
that on Dec. 9, the most disturbed magnetic conditions
coincided with the onset of the Iincrease in peak density. A
much larger Iincrease began about an hour later at Maynard,
which is 18.8 degrees west of St. John's., The increase in
TEC seen at Sagamore Hill should be compared with Nmax at
Wallop's Island, near the Sagamore Hi11 420-km point, rather
than with Nmax at Maynard. Unfortunately, no data were
avallable for the time in question at Wallop's Island.

On the St. John's Nmax vs. UT plot, two times are
marked Py (3:30) and Pg (6:00). A least squares fit between

the profile calculated by World Data Center A and the
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seml=-parabola used In the computer model gave a best
yzero=213km at Pg and 1G6kkm at Pa. One can see from the
plots of these two profiles in figure 1V=-3, that the
bottomside has filled in considerably, whlch seems to imply
a downward flux of plasma.

On the night of December 8-9, no Ne(h) vs. latitude
Isis 11 data were collected near the longitude of St.
John's. We do, however, have the /1 degree west longiltude
pass previously mentioned, Nmax, N(700), and N(100U0) wvs.
geographlic latitude from this pass are plotted In figure
IVv-16. Slight changes were made at two points on the array
where Nmax and hmax values were derived from ground based
lonosonde data. Note the extremely sharp poleward trough
edge, There is an unfortunate gap in the data between 51,68
degrees and 66,56 degrees. The computer model interpolation
between these two points might exaggerate the actual plasma
content In this lat!tude range.

Let us now discuss the Decenber 15 data.

in figure (V-6 we can note that the beginning of the
Nmax Increase coincided (as on the case of December Y) with
the greatest magnetic actlvity, A much larger Nmax Increase
did not begin, however, untll about three hours later. The
Nmax vs. UT plot for Waliop's Island looks similar to that
for St. John's. Unllke the case of Dec, 9, when the increase
at Maynard was far greater than that at St, Johns, on the

15th, the increase to the south (at Wallop's Island) Is much

i e i i

i s el

SEICEEI VIS T

i el
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less than that at St. John's. The increase at Wallop's
Island occurs later than the Increase at St. John's, but at
about the same local time,

Profiles for the times 3:00 UT, 4:15 UT, and 6:45 UT
obtained from World Data Center A are shown and indicated on
the Nmax vs. UT plot for St. John's as Py, P, and P3. A
least squares fit between the profile calculated from the
St. Johns's ionogram by World Data Center A and the best fit
semi-parabola used in the computer model gave yzero=219km at
Py, vzero=153km at Py, and yzero=203km at P3. Significant
changes occurred on the bottomside during this event as
these results indicate,

It is very fortunate that we have available Isis |1
data near the 1longitude of St, John's on December 15, Data
from this 2:25 UT pass at U4Y degrees west geographic
longitude are plotted in figure 1V-17, One change in this
array was made, viz., Nmax and hmax obtained from St. John's

ionograms were substltuted for the topside values.

4.3.2 Computer Simulations of Slab Thickness

Decreases for Dec. 9 and Dec, 15, 1971
4,3.2.1 Preliminary Considerations

As has been seen, the computer model we have developed

takes as Iinput data an Ne(h) vs. latitude array, and

st e e
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computes the ' Fafaday rotation from the geostationary
satellite to a given station. We wish to use this model to
reproducg the effect observed on Dec. 9, and Dec. 15, i.e.,
constant Faraday Rotation accompanied by increasing peak
density at St. John's,

Although we do have an Ne(h) vs. latltude array near
the longi tude of St. John's for Dec. 15, the array for Dec.
9 closest in longitude to St. John's is at 71.3 degrees
west, too far to the west for us to expect to reproduce the
St. John's and Goose Bay results very accurately. It is
probably reasonable to assume, however, that a similar array
would be found from a pass near St. John's. Therefore, it
would be of gr=at value for us to try to reproduce the
observed slab thi.iness decrease which occurred on Dec. 9 as
well as on Dec. 15.

We might ask, at this point, how well the total
electron content of a vertical column at 420km height along
the ray path calculated by our computer model, agrees with
the actual equivalent vertical TEC observed at Goose Bay. In
Table 1V=V] is listed observed and calculated equivalent
vertical TEC from Goose Bay and Hamilton, Mass. (Sagamore
Hi 11 Radio Observatory). Notice that the discrepancy between
observed and calculated TEC is larger at Goose Bay than at
Hami Jton for both dates. This may be due to geometry effects
not fully taken Iinto consideration in our model, The

computer simulation assumes that the satellite is on the
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Table 1V=VI
Calculated and Observed TEC

Equivalent Vertical TEC
x10%el/cn?
Date Station Observed Time of Calc. Time of

TEC Observation TEC Isis 11

pass
Dec. 9 Goose Bay 345 4:00 UT 2,43 4:20 UT
(53%3N,60%3W) 3,5 5:00 UT
Hamilton 4,7 4:00 UT 3.95
(425,6N, 70%8W) b.7 5:00 UT
Dec. 15 Goose Bay b, 4 2:00 UT 3.04 2:25 UT
(53%3N,6053W) 4,3 3:00 UT
Hami 1ton 6.3 - 2:00 UT 5.54

(42°% 6N, 70%8W) 5.7 3:00 UT

PR T
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statlon's meridian. For ATS-3, stationed at 7u°W, this is a
good approximation for the Sagamore Hill case, but not for
the Goose Bay ray path, |

An additional factor contributing to the remaining
discrepency between observed and calculated equivalent
vertical TEC is found by remembering that the lowest height
at which electron density is given by the Isis |l topside
sounder is often somewhat above hmax (sée sec. 2.1.3.3).
However, the density at this height, which is 1lower than

Nmax, is taken in our model to be the peak density. This may

represent a source of systematic error, subtracting a

i

considerabte amount of plasma around the F=2 peak 1in our

el s e i et ot et 1

model and lowering the calculated Faraday rotation.

Of course, we cannot expect perfect agreement between 4

observed and calculated TEC for other reasons. The computer

model reads In only flve parameters to represent the entire

SURS SN

ionosphere. The exospheric models are not perfect, elther,

extrapolating as they do from the very idealized conditions

at 1000km all the way to the geostationary satellite. In.
addi tion, whenever the satellite pass is at a different :
longi tude from the ray path to the geostationary satellite,
different conditions are being sampled.

In spite of these sources of error, we can be confident

that the semi-empirical computer model! we have developed
should enable us to reproduce, at least qualitatively,

observed physical effects which occur on a large scale.
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We will use thls computer model Iin two ways to attempt
to reproduce for Dec. 9 and Dec. 15, the observed
anomalistic effect, i.e., constant TEC observed at Goose Bay
coincident with an lincrease in peak density at St. John's.
The changes which must be accounted for are shown in Table
IV=Vl)l and Table IV=VIllI,

The first method which we will wuse involves a
latlitudinal shift of the entlire Ne(h) vs. latitude array (as
was done In Chapter 2). Shifting the poleward edge of the
electron denslity trough over St. John's will clearly
increase Nmax. We must discover the effect of such a shift
on the Faraday rotation.,

The second method is a vertlcal distortion of the Ne(h)
vs. latitude array without a latltude shift of the array as
a whole. It appears falrly likely that there are a large
number of latltude dependent distortion schemes which will
reproduce the desired effect, One such scheme will be
presented which s;ems physically reasonable,

After uslng both methods, results from a certain

combination of the two will also be presented.
4,3,2.2 Latttude Shift Method

The reader will recall that In Chapter 2, In order to

examine the effect of a severe trough on the determination

of an appropriate M factor, the feature of our computer




Table 1V=VII

OBSERVED INCREASES - December 9

4:20 UT 6:00 UT
Nmax 5.4 (Isis (1) 7.1
x10%el/cm’®
TEC 3.5

x10"® el/em®

Table IV=VIII
OBSERVED INCREASES - December 15

2:25 UT b:b5 UT 4 change
Hmax 9,1 (lIsis 11) 17,9 +97

x10%e1/cm’

TEC bob 3,65

xl0% el /cm*




o s o
S S

114

model which allows us to shlft the Ne(h) vs. latltude array
an arbltrary number of degrees north or south was employed,
With this technique avallable to us, we now attempt to
reproduce the observed tenporal behavior of Nmax and () on
Dec. 9 and Dec. 15, 1371 by shifting latitudinal Ne(h)
arrays southward. The results of shifting the Dec 9th array
5 times southward In one degree steps are shown in Table
IV-1X. For yzero, we chose the value of 215km for all
latitudes In the input array except the two northernmost
points, which are north of the trough poleward edge. There a
value of 165km was used. The motivation for these choices of
yzero is apparent from remembering that yzero for P, in
figure V-3 was 213km and yzero for Pa was 1l64km. |If
shifting the array south is to represent a tenporal process,
then yzero at St. John's must change from about 215km to
about 165km as the poleward edge passes over St. John's.

One can see that in Table 1IV-1X, changing from a shift
of =3 degrees to one of -5 degrees (which corresponds to
moving the poleward =dge of the trough over St. John's),
gives a 395% increase in Nmax coincldent with a 29% increase
in £}. While thls Faraday rotatlon increase is very small
compared to the Nmax increase, it is still significant, and
inconsistent with observations, Furthermore, to reproduce
the observations we must compare a zero degree shift with
another shift, assumed to give the lonospheric densitlies at

a later time. Examinatlon of Table IV-IX shows that the
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Table (V=1X

LATITUDE SHIFT RESULTS - December 9

yzero=165kh north of poleward edge, yzero=215km elsewhere.

Shift St. John's Nmax Goose Bay Q) TEC
‘ - xl0%el/cm® degrees x10'*el/cm®
0 : 5.5 109 2.4
-1 . 5.3 127 2.9
=2 | ] 5.3 204 b.6
=3 6.3 277 b.2
-4 13.0 345 ~ T3
=5 31.2 357 3.0
Table I1V=X

LATITUDE SHIFT RESULTS - December 9
yzero=230km north of poleward edge, yzero=12ukm in trough

south to St. John's, yzero=215km from St. John's southward,.

Shift St, John's Nmax Goose Bay (1 TEC
x10%el/cm® degrees x10%el/cm*
0 5¢5 130 2.9
-1 5.3 140 3.2
-2 5.3 165 3.7
-3 6.3 219 4.9
-L 19,2 263 5.9
-5 31.2 291 b.5
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desired effect has not been reproduced, since initially (as

we shift one, two, three degrees south), Nmax does not

T EERCRRSERE S AP SIS,

increase while ) does, contrary to the actual temporal

sequence of events. In addition, comparing the zero degree
shift with the -5 degree shift gives a 4b67% Nmax increase
and a 228% {) increase, completely at variance with the
observed increases listed in Table 1V=Vil.

If we supbose that the change 1in yzero at the trough

poleward edge is very sharp, taking yzero=230km north of it

;j and 120km south of It as far as St. John's (with yzero=215km
southward from St, John's), then we can reduce the Faraday
‘{1 rotation increase in changing from no shift to a -5 degree
;; shift by about 50%. This is because although Nmax in the
{? trough is very low, yzero is required to be very low there

| so that the vertical TEC is greater than it otherwise would
‘§§ be. Even with this artlficial device we cannot reproduce the

| observations for we stlll have a 124% increase in Faraday

f% rotation coupled with the 467% Nmax increase. The results

for the shifts from 0 to -5 desrees using these values for
yzero are listed in Table 1V-X.

For the Dec. 15 case we initially tried yzero=203km
north of the poleward edge, 153km south of the poleward edge
to the latitude of St. John's and 222km from St. John's
southward. As we shift southward, yzero above St. John's

changes from 222kin to 153km to 203km, whlch Is the observed

%’ temporal behavior,
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The results for shlfts of zero to =6 degrees 1In one
degree steps for Dec. 15 are shown in Table |1V=X}). A shift
of six degrees Is necessary for the poleward edge to reach
St. John's producing a 72% Increase In Nmax, Faraday
rotation Increased by a much smaller percentage, 23%.

We now artificlally distort the trough bottomside
profiles north of St. John's by letting yzero equal 120km
there instead of 153km, This decreases the Faraday rotation
increase from the zero degree shift to the -6 degree shift
to 17% (see Table 1V=-Xl11). A further distortion is obtalned
by keeping yzero=120km south of the poleward edge to St.
John's and lettlng yzero=230km north of the poleward edge
instead of 203km, Now the 72% Nmax increase from 0 degree
shift to -6 degree shift Is accompanied by a 7% Faraday
rotation increase (see Table IV=X11l1). A summary of these
three sets of results Is found in Table IV=XIV, Graphs of
Faraday rotation and Nmax for the three calculations are
shown in figure 1(V-18 for a wide range of latlitude shifts,
The best agreement to the observed effect on Dec. 15 (small
TEC decrease colncident with Nmax Increase) Is found In the
third calculation (7% £} Increase).

To get a feellng for the change 1In the latlitudinal
structure sampled by the ray path, two contour plots are
drawn in figure 1V-13, one for the zero degree shift and one
for the -6 degree shift, for the results of the

aforementioned thlrd calculatlon, The ray path is drawn

B bbb el LA R LY iR 40
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Table | Vv=XI
LATITUDE SHIFT RESULTS =-December 15
yzero=203km north of poleward edge, yzero=153km In trough

south to St. John's, yzero=222km from St, John's southward.

shift St. John's Nmax Goose Bay TEC
x10%e1/cm? degrees x10'* el/em™

0 8.8 160 3.6

-1 7.9 1bl 3.6

-2 7.8 160 3.6
-3 9.0 149 3.4

-l 9.6 144 3.2
-5 9.6 166 3.7
-6 15.1 172 3.9

Table 1V=XI1|
LATITUDE SHIFT RESULTS - December 15
yzero=203km north of poleward edge, yzero=120km in trough

south to St. John's, yzero=222km from St. John's southward.

shi ft St. John's Nmax Goose Bay ) TEC
x10%e1/cm? degrees x10%el/cm®

0 8.8 160 3.6

-1 7.9 161 3.6

-2 7.8 lol 3.6
-3 9.0 152 3.4
- 9.6 152 3.4
-5 9,7 175 3.9

-6 15.1 187 b.2
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Table IV=XI11I

yzero=230km north of poleward edge, yzero=120km in trough

south to St. John's, yzero=222km from St. John's southward.

Shift St. John's Nmax Goose Bay () TEC
x10%el/cn? degrees xlu'*el/cm*

0 8.8 160 3.6
-1 7.9 lvl 3.6
-2 7.8 16V 3,6
=3 9.0 149 3.4
-4 9.6 144 hl
-5 3.6 lob 5
-6 1551 172 3.9

Table 1V=X{V

Summary of Changes In Nmax and () for Different yzeros

yzero north yzero in yzero from % changes
of poleward trough south St. John's Nmax ()
edge to St. John's southward
(km) (km) (km)
203 153 222 72 25
203 120 222 72 17

230 120 222 72 7




Figure 1V-18 Model Nmax and () for Dec. 15 using
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through the Interpolated density profiles of Ne(h) vs,
latitude from U km In helght to 1000km in height, which were
provided by the computer model, Notlce that the poleward
edge, at the extrene right(north) in the zero degree shift
plot, has been moved to cross the ray path near 400km height
which greatly Increases the Faraday rotation contribution
there. This 1s compensated for to a great extent by two
factors: the decrease in electron densities at greater
heights along the ray path due to the fact that this is now
the trough region; and the higher vyzeros in the poleward
region where the ray path 1is traveling through lower
heights. .

A glance at Table I1V=VIIl will reveal that while we
have greatly reduced the Faraday rotation increase, we still
have not simulated the effect., A 17% decrease in Faraday
rotation cannot be duplicated by the latitude shift method
using physically reasonable values of yzero. The values of
yzero we had to choose to cut down the Faraday rotation were
quite arbitrary. The value of 1.0km was quite a bit lower
than the values which we have sald were observed at St,
John's, and 230km is higher than yzero observed at o:45 UT,

We can conclude our discussion of thls latitude shift
method by saying that equatorward motlons of latitudinal
Ne(h) profiles cannot, by themselves, explain the observed
anomalistic effect, i.e.,, flat or decreasing TEC combined

with an HNmax increase. This conclusion is strengthened by




123

examination of the succeeding Isis Il passes on both Dec. 9
and Dec. 15 (compare figures 1V-20 and 1V-21 with flgures
1V-16 and 1V-17), Although the Succeeding passes are far to
the west of the orlginal ones, if any substantial motion of
the lonization trough occurred, 1t should show up in the
later passes. Examinatton shows that the poleward edge did
not seem to change its posltion appreclably on Dec. 9, and
on Dec. 15, it is impossible to tell where the poleward edge
was at the later time (if it actually was present).

In splite of this negative conclusion, we note that
appreciable decreases 1in slab thickness (TEC/Nmax) were
reproduced on both Dec. 9 and Dec. 15. Even though TEC
increased, the increase in Nmax was much greater.

In short, it is certainly possible that some
lati tudinal plasma motions occurred, as a simple drift model
to be discussed presently suggests, These latitudinal
motions are apparently not the primary cause of the
phenomenon we are concerned with (flat TEC with increasing

Nmax), however.
4,3.2,3 Vertlcal Drift Method

It seems reasonable to hypothesize that a vertlcal
redistribution of plasma over a wide latitude range,
increasing Nmax but depleting the electron density by

appropriate amounts at certain other helights, will produce a
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constant () (and 1Its derived TEC) coincident with the Nmax
Increase. There are 1lterally an Iinfinite number of ways to
do this. The Nmax Increase need only occur over a small
lati tude range to reproduce our single ground based
lonosonde observations. It need then be accompanied by a
small decrease elsewhere In Ne at lower and higher heights.
If one Increases Nmax over a wide 1latitude range, one lIs
still at liberty to speclfy how the decrease in plasma
density at other helghts needed to keep the TEC constant Is
to be distributed along the ray path,

Even though succeeding Isis Il passes are about 30
degrees of longltude apart, we can get an idea of whether
vertical distortion occurred over a wide latitude range by
examining N(700) and N(1000) for successive passes. One can
notice by comparing figure 1V=-20 with figure IV-16 for Dec.
9, and figure 1V=21 with figure IV-17 for Dec. 15, that both
N(700) and N(1000) have decreased significantly over nearly
the entire latitude range,

This tells us, that In simulating the constant
TEC-increasing Nmax effect using our computer model, we
should distort the Iinput array over the entire latitude

range.
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E A simple model for “Magnetospheric Convection at
lonospheric Heights" has been offered by Mendillo (1973). In

that analysis the vertlca)l drift Is expressed as follows: ;

‘ . =Eoo (OS('&LT) ( | + h/Re \3 cos | |
Wverl = Be;s cosA\ /,’l + 35’ .0

In thls formula:

Eso Is a uniform dawn to dusk magnetospheric electric field
in the equatorial plane.

;i LT 1is the local time.
_: Bes is the magnetic fleld at the Earth's surface at the equator.
;l h is the helght,
Re is the Earth's radlus,
1 N is the magnetic dipole 1atltude,

| I is the magnetlc dip ancle.
£§ We wlll use thls equatlon to derive distortion factors

as a function of latltude and height to be applied to the

He(h) vs. latltude array In our computer model,.

We will assume that Eso,Bes, and local time are the

same for the entlre pass (the satellite covers about 45
degrees of latitude in 15 minutes). Then we can suppress the

dependence on these quantities in (4,1) to obtain relative

drift velocities as follows:

Wvert (I"MR:}}QL i
AR cosA /1 +3siA (%.3)

We now must glve an explanatlon of how wvert(h) and the

PRSI -
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change in Ne(h) are related. Whlle the actual relation is
probably qulte complicated, the following simple argument
will be sufficlent to provide some physical justification
for the particular distortlon method we chose for our
computer simulation. The purpose of this vertlical distortion
exercize Is to qualttatlively discuss the large scale changes
of ionospheric structure that must be primarily responsibie
for the observed effects. It is unfortunately beyond the
scope of this thesls to attack the full time and spatial
dependence of the modified ionospheric structure.

Consider an Imaglnary box in the ionosphere with
cross-sectional area A and helght Ah, For a downward drffc,
the fluxes in and out of the box are glven by:

Fin = Niop Veop

(4.3)

Fot = Npst Vo
Here we assume no horizontal driftlng of plasma, and for
further simpliclty, no net production or recombination of
free electrons In the box, Then we can write:

Ny (E*AL)AAR = Ny, (t)AAh + (Ny,y Vg, ~Nig Vi ) AAt (ko)

so that: ;

Nyw (t*At) = N, (t) + (bevm =~ Vit JAat/ah (4.5)

Since this Is not a large box, we can take
Vew = Vet = Wvert (4.6)
Then:
Nh_(t+5t) = Nh'(t) + (Aﬂhnlah)wvertAt (4,7)
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Here AN, /Ah should be an average value, li.e.,, the true
value of AN/Aah  at some time between t and t*at.
Unfortunately, all we have available to us are the
interpolated denslty arrays for the beginning of the effect
we wish to simulate, Therefore we must use:

N(t+at) = N(t) + (AN/Ah)pWvertat (4.8)

A more general exnression for dN/dt is given by:

%%IL q-L + .9N « NV.¥ (49

This is the continulty equation (1,10) with a motlon term
added. Here we took q=L, and 6"\./=0, so (4.9) reduces to
(4,8). This equation should be applied to N(1000), N(700)
and Nmax.

It is clear why decreases occur at 700km and 1000km,
i.e., dN/dh < 0, To see why Nmax increases, where dN/dh = U,
consider the following, We cannot apply (4,8) to Nmax. This
Is because dN/dh = 0 at hmax for any profile, and i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>