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ABSTRACT .

h review of ionospheric studies is presented with a view

to providing some theoretical background on the variations of
the iocnosphere with altitude, time of the day, season of the
‘year, geographic or geomagnetic location and solar activity.

The conventional method for investigating the ionosphere
ig also discussed to show the intefrelatiunahip between the
ionocspheric parameters and to provide the background knowledge
for interpreting the results.

The relevant theory on global phenomenclogical
ionospheric models is examined including the International
Eeference Ionosphere (IRI) to facilitate the comparison of the
results of electron density profiles obtained.

The study of low-latitude electron density profiles has
been carried out on semi-empirical basis in order to compare
the results of observed ionospheric parameters in this region
with the International Radio Consultative Committee's (CCIR)
predictions.

Ionospheric data from two low-latitude stationg at
different geographic/geomagnetic locations are drawn for the
months of January/February, June and September repregentative
cf Winter and Summer seasons respectively. Electron density
profiles are computed for different solar activities and time
of the day with the relevant ionospheric data as inputs.

The spatial and temporal variations of the low-latitude
ionosphere are investigated by a general consideration and
evaluaction of the experimental electron density profiles

cbtained. These results are compared with those obtained from

jii



International Radio Consultative Committee (CCIR) and the
ernational Reference lonosphere :IRi_} models ., -

The results of the study revealed further the possibility
using simple analytic semi-empirical model to reproduce
Tepresentative profiles of the eguatorial ionosphere. The

importance of further comparisons with additional sets of

glectron densicy profiles under different solar-geophysical

conditions at more ionospheric stations is highlighted.
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CHAPTER ONE

1.0 INTRODUCTION.
L1 Historical Survey.

The small daily variations of the earth's magnetic field had been known since the
| 8th century. Gauss suggested in 1839 that their origin might lie in atmospheric electric
currents, In 1860, Lord Kelvin speculated the existence of a conduocting layer in
connection with the phenomenon of atmospheric electricity.

About 1860, James Clerk Maxwell predicted the exisience of electromagnetic
waves. The validity of this theory was established by Heinrich Hertz in 1887, By the time
Hertz has verified the existence of radio waves, evidence for the existence of the
ionosphere had been advanced by Balfour Stewart in 1878,

After some initial experiments in lialy, Guglielmo Marconi on getting to England
in 1896 carried out several experiments. With each succcessive experiment, he increaced
the distance of ransmission. Long distance communication was initiated in 1901 when
he achieved successiul radio communication across the Atlantic. #

In 1902, Kenelly and Heaviside independently suggested that the explanation of
Marconi's trans-atlantic success was that the radio waves were returned to the earth's
surface after reflection by an electrically conducting layer in the upper aimosphere.

In the meantime, Taylor in 1903 and Fleming in 1906, among others suggested
that the conducting layer was produced by the ionizing action of ultraviolet light from the

sun on the upper atmosphere. This implied the solar control of radio propagation, which
was confirmed as soon as commercial communication links were set up across the

Atlantic. The measured strength of the signals was also found 1o vary in a regular way



ut the day, season and solar cycle, and to be affected when the earth’s magnetic

The discovery of high-frequency (HF) radio propagation in the early 1920s led 1o
renewed interest in the properties of the Kenelly-Heaviside layer, as the ionosphere was
then called. Experiments were carried out by Appleton and Barnett (1924) and Breit and
;'Tw: (1926) to determine the height of the conducting layer. The experiment of Breit and
Tuve showed direct evidence of the ionospheric layers and formed the basis for the
lonosonde technigue.

In the decade beginning in 1930, the ionosonde technique played an important role
i the systematic study of the long-term variations in the ionosphere. These long-term
studies were undertaken largely by laboratories that have played an important role in
wnospheric research over the years. Such laboratories include the Radio Research Station
and the Cavendich Laboratory in England, the National Bureau Of Standards and the
Carnegie Institution in the United States.

During World War 11, ionospheric studies relating to the methods used in applying
ionospheric data to radio communication received considerable impetus. Many additional
ionospheric sounding stations were set up in order to map the rl::lc'l.-'a.n-l ionospheric
characteristics, e.g layer heights and critical frequencies. With this network of sounding
stations the geomagnetic control of onosphere was detected.

Since World War 1, considerable progress has been made in the conversion of
wnogram data to electron density profiles with much of the development made possible
by the advent of high speed electronic computers. Extensive studies were also made of
the spatial and temporal variations of different ionospheric layers.

The International Geophysical Year (1957 - 1958) saw the start of the Space Age



 the launching of Sputnik 1. The introduction of rockets and satellites caused
nd changes in ionospheric investigations by making possible direct measurement

I__:_-Etln‘! ionizing radiations, air density and composition, elecron density, and ion

Finally, in the late 1970s advanced digital ionosondes that could serve as scientific
h instruments and as routine monitoring devices became available.

The ionosphere is that region of the earth's atmosphere lying approximately

“between 50km and about one earth radius (6370km), in which sufficient ionization exists
" 1o influence the propagation of radio waves. The presence of free electrons in the
wonosphere produces the reflecting regions important to radio propagation.

For convenience in studies of radiowave propagation, the ionosphere is divided
inio three regions defined according to height and ion distribution - the D, E, and F
regions. Each region is sub-divided into layers called C, D, E, F1 and F2, according to
height and thickness. |

These layers are not distinct but rather overlapping with a complete description
being given by an electron density profile. The number of layers, their heights and
glectron densities vary geographically and with time. The approximate locations of these
regions and the layers that may exist within them are given in Table 1

Little is known concerning the detailed distribution of electrons in the D-region.
The so-called " C layer "(50 - 70km) is thought to be produced by cosmic rays, whereas

the other layers E, Fl and F2 are produced by solar radiation (see section {(1.2.2)).



Much of the current knowledge of the ionosphere comes from radio probing
g5, although some come from in-situ probe measurements made using artificial
atellites, In this work, mention would be made of the use of ground-based swept high-
ency (HF) technique, simply known as the lonosonde Technique.
An lonosonde comprises a transmitting, receiving, monitoring and recording
“sections. The transmitter sends out pulses of eleciromagnetic energy, so that during an
“ohservation (usually lasting for about a minute) it covers a frequency range, e.g 0.5 to
20 MHz.

Al the same time, the receiver is automatically held on tune to the swept
frequency of the transmitter. The output of the receiver is coupled to a display (usually
i cathode ray tube) which makes it possible to measure and record (on a photograph or
& cine film) the time delay between the t.m.lum':llﬂl:ll and returned pulses as a function of
the swept frequency of the transmitter,

If the transmitted HF radio energy travels to and back from the reflection point
al the same velocity, c, as does light in free space, the time delay, = can be used to

determine the virtual height of the ionized layer.

hfni:’ﬂgﬁ Y ot (1.1)

This height is called "virtual” because equation (1.1} ignores the fact that in an ionized
aimosphere, radio pulses travel at the group velocity u, < c.

A plot of the virtual height versus frequency generated from an ionosonde 15
known as an ionogram. There is a relationship between the critical frequencies () of

gach of the ionized layers and their respective maximum electron density (No.) given by



Table 1: Appreximate Location Of fonospheric Regions And
Layers And Their Electron Densities

Region Height Layer  Approximate* A pproximate Du:.rlimr_;
Height, km  Electron Denslty, m”
-}
0 50 to 90 c 65 10
D 75 to B0 10°
Ei 110 10"
E 90 to 120 <140 E: _
Es 100 7
: "
F 120-140and up " nFT 200 2 x :l:l
F2 > 250 10

Source: Dawies H. [196%)



1, is measured in MHz.

Typical daytime ionograms from Lindau/Hartz, Germany (52°N , 10°E ; local
15'E meridian) showing virtual height, h' (km) against frequency, f(MHz) is shown
in Fig 1.1(a) and (b).

On the ionogram of 20th september, 1961, the ordinary critical frequencies are
LE=3.IMHz, [F1=4.5MHz, {,;F2=6.0MHz, approximately. The corresponding extra-
oedinary critical frequecies are 0.7MHz greater, for example, f,F2=6.7TMHz, There is
an E, (see section (1.4)} layer with f,E,=3.4MHz and f.E,=4.IMHz. Owing to
“blanketing® by E, {and to absorption), the F1 layer ordinary and extra-ordinary echoes
are not seen at frequencies less than 3. 4MHz and 4.3MHz, respectively.

On the jonogram of 24th August, 1960, [E=2.9MHz and f,F2=8.3MHz,
approximately. There is no dinstinct F1 layer. An E, layer exists which "blankets® the
F-layer ordinary ccho between 2.9MHz and 3.3MHz, and the extra-ordinary echo
berween 3.6MHz and 4.0MHz approximately.

Also, some ionograms recorded from a standard network ionosonde located at

Moggill (27.5°S , 152.9°E) in Australia are shown in Fig 1.2.

1.2.2 The Regular lonospheric Regions,

lonograms usually provide information on the E and F regions. Examples of
ionograms showing normal E and F traces for Ibadan are shown in Fig (1.3). The
variation of electron density with true height corresponding to the E and F traces is

illustrated in Fig (1.4), The maximum ordinary mode frequencies reflected by the E and
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Historically, the first layer of the ionosphere discovered was the E layer. The E
layer is always present by day at all seasons, and in all geographic locations, and its
haviour is subject to close solar control,

During the daytime the F region splits into two seperate layers known as F1 and
F2 layers. At night , the D, E and F1 layers disappear almost completely while the F2
hy.r exists throughout the night though in a somewhat depleted fashion. This is one
* reason why F2 layer is the most important layer as far as high frequecy (HF) propagation
is concerned.

The F1 layer is generally similar to the E layer in so far as close solar control is
concerned. Most of the evidence from electron density profiles indicates that the F1 and
F2 are rarely dinstinet layers. At night, the F region ionization is usually called the F2
fayer, but this is often a matter of definition, since the night F-layer is sometimes
contineous with the F1 layer across the sunrise period.

The F2 layer exhibits a number of irregularities when compared with the E and
Fl layers. For example, there is a marked peomagnetic control of the Iayl::r and the
maximum electron density often reaches a peak value, not at noon, but late in the
afternoon,

In the D region, the pressure is large and collisions are dominant so that the usuval
techniques of studying the ionosphere are not applicable. For instance, ionosonde
sounding is not possible because the collision frequency exceeds the critical frequency in
general which means that absorption is heavy at all reflected frequencies. Consequently,

rocket technigues have been particularly important in this region.
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From the point of view of radio communication, the D region is of great
because most of the absorption of medium and high frequency radio waves

in that layer.

I heric Variati
The five main variations of the ionosphere which must be taken into consideration
i order o predict HF propagation conditions successfully are the diurnal, seasonal,
location, solar activity and height variations.

The ionosphere varies with height ranging from D layer at the height range 50 -
80 km, up to the F layer at 140 o 600 km, The E layer lies between 90 and 140 km. The
F layer is divided into F1 and F2 layers. Fig(1.5) shows the sketch of the various regions
of the sonosphere as it appears during the day and night. The altitude regimes of the
neutral atmosphere are also shown for comparison,

The diurnal variations of the critical frequencies of D, E and F1 layer is very
yumple. These layers are not there at night (Fig{1.5)) and during the day, their critical
frequencies d:jjtuds almost exclusively on the solar zenith angle (x). However, the F2
aver differs from the F1 in that it exists during the nighttime. |

The critical frequencies of the E and F1 layers are given by the following

elationships
fof =0.9[( 180 + 1. 44R)ycos y]V* MHz ........ (1.3)
ind
FoFl = (4.3 « 0, 01R Yeos %% MHr _...... (1.4)

12
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ihere R is the-sunspol number.

These: are empirical equations which fit the observations of £E and f,F1 fairly well. In
¢ somewhat complex formulas are used,

Consequently, the critical frequencies f.E and fF1 reach their greatest value at
moon and drop w zero at night. fF2 reaches its lowest value just before dawn,
tecombination having eaten away at the electrons at night. Also fF2 reaches its
auimum value not at noon but late in the afternoon since f,F2 rises rapidly as
photoionization creates a supply of free electrons at sunrise.

The ionosphere varies throughout the year partly because the solar zenith angle
has a seasonal as well as diurnal variation and also because of changes in neutral
amosphere from which the ionosphere is created. In winter, the zenith angle is always
greater than the corresponding angle in summer, Thus, for the D, E and F1 layers, the
critical frequencies are greater in summer than in winter,

However, there is an unexpected difference for F2 layer at mid-latitude known as
mid-latitude seasonal anomaly, f,F2 is greater during the day in winter than in summer,
This phenomenon has its root in seasonal changes in the relative concentrations of atomic
and molecular species that constitutes the ionosphere. |

Part of the variations of the ionosphere with position on the earth is due to the
variation with solar zenith angle (Fig 1.6(a)). Geomagnetic latitude and longitude are
measured in the same way as the geographic latitude and longitude but using the
geomagnetic poles and equator. The strength of the geomagnetic field is conveniently
measured in terms of the electron gyrofrequency.

Another interesting feature of the peomagnetic field is the dip angle of the field

which varies over the surface of the earth (Fig 1.6(b)). The behaviour of the ionosphere

14 -



latitudes depends to a large extent on the dip angle. At mid-latitudes there are
ificant differences between the ionosphere at geographically equivalent points in the

southern hemispheres simply because the geomagnetic field is different at

The jonosphere varies with changes in solar activity. The sunspot number is one
{ he parameters most widely used to describe the behaviour of the Sun as it affects the

The relative sunspot number is given as,

R=CL WELY|  wmevrnmrnnos (1.6)

F is the total number of spots including those in the group, G is the number of
sunspat groups and C is a constant adjusted over a long period of time 1o give as good
fit as possible -LD a standard observing point.

The sunspot number varies as the Sun rotates and also varies from zero to a value
around 100 every 11 years, known as a solar cycle. It is found that the monthly median
Villue of the critical frequencies of the ionosphere for a particular month is lingarly
telated to the monthly average value of the sunspot number smoothed or averaged over

12 months, R,,.

1.4 lonospheric Irregularities.

Very often, the ionosphere departs from an equilibrum state described in theory.
Such phenomenon as spread-F irregularities, electrojet irregularities and travelling
wnospheric disturbances (TID's) are manifestations of the non-equilibrum state of the
pnosphere. Studies of onospheric irregularities are important for several reasons:

_ irregularities influence radio communications,

15
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_ Imegularities affect the gross dynamics of the ionosphere through the re-
isiributior of plasma, energy and momentum.

_irregularities can .ba used as a diagnostic for equilibrum ionospheric conditions.
_ basic plasma physics could be tested in a neutral environment.

At the D-region heights, irregular plasma structure is related to the neutral
turbulence. The main mechanism is the turbulent mixing in the presence of

e electron gradient different from the neutral air density gradient or temperature

lonosondes ofien detect a reflecting layer in the ionosphere which comes and goes
sporadically at E-layer height. Sporadic E (E,) consists largely of relatively dense patches
of electrons of the order of a few tens of kilometers in horizontal extent and occurs at
|ﬂlltl.ldﬂ between 90 and 130km. E, is most often [I]:.SEWEd IN SUMIMer $eason, in areas
pear the magnetic equator and in auroral zones,

The parameters used 1o describe E, include critical frequencies f,E, and f.E,. E,
onogram traces do not show the usual "cusps” and sometimes a "top frequency” at which
reflections are obtained, fE, is used. In many cases, it is assumed that fE, is equal to
Pk,

The "blanketing frequency” f,E, is the lowest frequency at which echoes from
higher layers are received through the E, layer (Fig 1.7). Generally, LE, < £E, , so that
the E, layer 1s partially rransmitting over a (small) range of frequency. Sometimes, the
E, layer completely blankets all layers above it, and thus prevents observation of the F
layer.

Another parameter is the virtual height h'E, which is usually independent of

frequency over most of the trace in which case it should be nearly equal to the actual

17



of the E, layer. It 18 however pertinent to note that all B, cannot be explained by
i single grand theory. *

Mid-latitude E, is essentially a daytime summer phenomenon, occuring most ofien

#ﬂﬁﬂ times aﬂd with the highest critical frequencies. Mid-day values of f,E, during the
summer reach about 10MHz, At least some mid-latitude E, are thought to be caused by
high altitude winds blowing in opposite directions and compressing the very fine debris
‘of meteors into a narrow sheet.

Low-latitude E, is essentially a daytime phenomenon with little seasonal variation
and the initial frequencies are higher than at mid-latitudes. Near the geomagnetic equator,

the critical frequency fE, exceeds 5SMHz for 90% of the time during daytime
(McNamara, [991).

Near the geomagnetic equator, a dinstinctive type of "equatorial” E, is observed
which is patchy and transparent to waves reflected from higher layers. It is strongly
assocuated with the "electrojet” current which flows along the geomagnetic equator by
day. The equatorial L, irregularities appear o be aligned with the geomagnetic field and
may be caused by plasma instabilities arising from the flow of large electrojet current.
Vertically incident signals are little affected by Equatorial E,, .

High latitude E, associated with aurora also has little seasonal variation but it
occurs most often at night, Critical frequencies greater than SMHz are observed for more
than 50% of the time prior to midnight and somewhat less often from midnight to dawn.

As if the F-region were not complicated enough, nature conspired to make it even
more complicated at night by sometimes causing the ionization to break into small
branches of electron, rather than stay in a uniform, homogeneous sea of electron, These

bunches of electrons are known as irregularities because when they exist, the distribution

18
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of ionization in the F-region is no longer a regular phenomenon.

Since electrons are free to move at will up and down along lines of force of the
earth’s magnetic field but not across them, the irregularity become stretched out along
ﬂr.l lines of force as soon as they are created. This is known as Field Alined Irregularities
or FAL, in the F-region.

When FAI are present, a single pulse reflected from the onosphere will be spread
or stretched in time, echoes arising with time delay significantly longer than those
normally observed. Such echoes from the F region are called spread-F echoes and the
irregularity is rather loosely referred to as spread-F.

Spread-F irregularities can lead to echoes which are stretched in range known as
Range Spread. There is also the case in which irregularities cause spreading at the
eritical frequency, which is no longer a simple frequency but covers a band of
frequencies. This 15 known as Frequency Spread.

Consequently, spreading of F region traces on lonogram is divided into two main
types. In some cases both may be present simultaneously and one can lead to the other.
Range spreading is the one in which two or more traces with different virtual heights are
seen at frequencies well below §,F2 (Fig 1.8(a)) and which seems to be pr!:\rai:n.l at lower
latitudes.

The frequency spreading is the one in which the high frequency ends of the traces
are blurred or branched (Fig 1.8(b)). This is the type mostly seen at high latiudes and
the range Af of frequency covered by the "spreading” is related to the fractional

deviation of electron concentration within the irregularity as,

o AR

AN
TP N rreereedes il o S8

] =
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In general, Spread-F at low and mid-fatitudes occur at night, whereas at high

ades it can occur during the day. Range spreading and Frequency spreading of
seem to have different causes in that they have different variations with location
earth, level of solar activity, season and time of the day.
Another feature of the ionospheric F-region is the presence of wravelling
Jonospheric disturbances (TIDS) which are the ionospheric response to atmospheric
gravity waves (AGWSs), In other words, TIDs are wavelike motions of the ionosphere
“attributed to the passage of waves through the neutral atmosphere and coupling between
\he lonosphere and neutral atmosphere,

TIDS are present to some degree at all times of the day and night, but are
particularly noticeable during daylight hours. TIDs have wavelengths of the order of
S00km and travel apparently in a horizontal direction at speeds of 5 - 10km per minute.

TiDs are divided into two groups namely: Large scale TIDs (LSTIDs) and
medium scale TIDs (MSTIDs). Auroral generated LSTIDs have periods in the range 0.5 -
{1.3hr and speeds exceeding 400m/s while MSTIDs have periods in the range 0.25 - lhr
and speeds of 100 - 250m/s. TIDs usually have well-defined direction of travel which

varies diurnally and seasonally in reasonably predictable ways.

1.5 The Scope Of The Present Work.

lonosondes are employed as probes of the E- and F-regions of the ionosphere.
Unfortunately, they do not directly give the distribution of electron concentration as a
function of the true height but in terms of the virtual height of reflection of the probing
waves. However, true height data are needed for morphological studies and for

imvestigation of radio propagation phenomenon.
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A number of procedures have been developed to convert virtual to true height
(E.g Titheridge, 1967; Paul, 1967; Becker, 1967) but these are complicaied and
: to errors because of the missing portion of the ionograms and time consuming even
with the aid of modern computers,

Consequently, such methods are uneconomical for the production of statistically
qunmmive quantities of data. It would clearly be useful if an idealized model could
be developed approximating to the real ionosphere with its parameters readily determined
from the internationally agreed lonospheric characteristics which are regularly measured .
gach hour of the day at many stations mmughnu; the world (Pigott and Rawer, 1972).
Thus important parameters like the height of maximum electron concentration and the
thickness of the F2 layer could be estimated.

Usually, separate models are constructed for the D region ionosphere where
dynamic effects are neglected and E and F region ionosphere where dynamics plays
important role. Examples of such models are Bent's model (1972), Bradley and
Dudeney's m::n-dcl (1973), Chiu's model (15973}, Semi-empirical Low Latitude lonospheric
Model (SLIM, 1987}, and the International Reference lonospheric Model (IRI, 1976,
1979, 1986 and 1990 respectively). |

Al present, there 15 no doubt that the IRI 15 the most advanced empirical model
of the terrestial ionosphere. Over the years, there had been improvements and reviews.
Discussions are still continuing. The [RI code is being improved more and more and new
options are being introduced. Some new problems which are encountered are discussed
al yearly meetings of the IRl Task Group. For example, the most recent IRI i:m:tjug an
"Low and Equatorial Latitudes in IRI" was held at the National Physical Laboratory in

New Delhi, India from Sth to 13th January, 1995,
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The objective of the present work is to compare the electron density profiles
using the experimental values of the F2 peak electron density and height as
into the IRI90 model with the profiles obtained using the CCIR coefficients of f,F2
nd M{3000)F2.

The comparison would provide information on the correction needed to improve
predictions and electron density profile estimates through the [RI model. The CCIR
icients are incorporated into the IRI model so as to be used in all cases where there
are dearths of ionosonde or where the values of ionospheric parameters f,F2 and h_F2 .

are ot available,
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CHAPTER TWO

2.0 ELECTRON DENSITY PROFILES AND MODELS.
Electron Density Distribution.
Considerable analysis is needed to obtain the vertical electron distribution, N(h)

ile from h'(f) curves. The virtual height (or group height), h' and the real height h
which a signal of frequency [ 1s refracted are connected by an equation that depends

p the electron distribution below the refraction point;
; Ly
h _Lp{f,m L (213

the group refractive index g’ = 1 ,the group height h’ = h. The equation is solved
obtain N{h) by writing it as an integral with respect to the plasma frequency instead

‘of height (which assumes that N and f,; vary monotonically with height).
[ dh N
R = [ nd g U RO (2.2)

where hi0) is the height of the base of the wnosphere below which it is assumed that fy

= {J, Al this base the real and virtual heights are equal.

The availability of electronic computers has made obsolete the earlier methods in
which a special form, such as a parabola, is assumed for the N(h) profile. The methods
of solving the integral equation (2.2) fall into two main classes; "lamination® and
‘polynomial” methods.

For a method of N(h) analysis to be suitable for recommendation to users other
than the originator, it must satisfy, at least, the following conditions:

(1.} It should have been found reliable in all the tesis conducted, these being
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representative of typical ionospheric conditions.

(2.) The corresponding computer program should be
(a) readily available in a standard compuier language
e.2. FORTRAN.
(b} well documented,
{c) well commented throughout,
{d) easy to use,
(e) fast,
{f) as small as possible,
(g) provided with a complete set of test data and
results.
{3.} The method should have well-defined and automatic default procedures for
ise when there is insufficient information in the ionogram (such as no suitable X traces

use in starting and valley corrections).

311 Lamination Method,

Lamination method, represented by the “matrix method" of Budden (1955)
replaces the integration in (2.2) by a summation over a number of thin slabs, each
corresponding 1o a discrete interval of plasma frequency. For this purpose, some
simplifying assumptions are made, the simplest being the gradient dh/dfy, is constant
within each slab so that the function hify) is represented by a series of linear-segments.

Euppm:-thn:rc are n slabs, and that h'(f) is the virtual height for the frequency f
teflected at the top of the i slab, at a real height b, we can then form a set of n+1

equations such as
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Additional equations are written up to j = n (note that f,, = 0 for i = 1). By using the

abbreviation,
Moo= UL [ (28

we can write the equations compactly in the form,

RUE) - RCO) = LA Kol B e (2.5)

h"-—i;{m,.]f.; .................. (2.6)

h* is the virtual height at frequency f, measured from h(0), the base layer; Ah, is
the real width of the i* slab; while M, is the average value of u' within the i* slab for
waves of frequency f. This equation can obviously be writien in matrix form,

h" = M, ah

its solution being,
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Ah = M. h"
From the inveried equation, which gives the width of each slab, the height is

obtained as,

I
By = h(0) EFM:, e e et (2.7)

Given the necessary data to evaluate the matrix elements for the required location,
egquations (2.6) and (2.7) may be solved conveniently with the aid of a computer to obtain

the real height b, for the plasma frequencies f.

11.2 Polynomial Method.
In the polynomial method of Titheridge (1961), it is assumed that the function

hify) can be represented by a polynomial in fy. Using h* and h" to denote real and virtual

beights measured from the base level hi(), we write,

]

h-h(0) =h* -3 @ I (2.8)

-
The first set of sampling frequencies f;, f;, - - - -, f, 15 chosen. Then the heights
b, at which the plasma frequency takes the values f; can be included in a matrix equation,
h"=A .«
i which each element of the column matrix « is the coefficient appearing in equation
(2.8), and the element Ay is equal to £}*'. Now the set of virtal heights at frequencies
f, can be written as,
h"=B.«w
in which the elements of B contain integrals with respect to frequency of the group

refractive index . Hence,
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h* = AB' . h"

The elements of the matrix :ﬂtB' depend on the frequencies I and the parameters
of the geomagnetic field and can be computed for a given location and a given set of
sampling frequencies. Thus sets of values of h'" and h are connected by a matrix equation,
& in the lamination method.

Whereas the lamination method represents the function hify) by a series of linear
o other specially shaped segments, the polynomial method assumes that a smooth
palynomial of degree (n+ 1) in £, can be drawn to pass through n sampling points (h, £),
glthough the coefficients of this polynomial are not required to be known,
For a given method of sampling points, the polynomial method gives greater

sccuracy than the lamination method,

1.2 Problems in Nih) Analysis,

Even when very accurate viriual heighis are available, there exist two fundamenial
problems in real-height or N(h) analysis. These are referred (o as the "starting” problem

and the "valley” problem and both are manifestations of incomplete data.

121 The Starting Problem.

Conventional ionosondes have a lower frequency limit, usually about 0.5 - 1.0
MHz, and record no echoes below this limit, Thus with practical ionograms, the accuracy
of a calculated N(h) profile may be severely restricted because reflections are not
obtained below some limiting frequency f,..

This limit is set by choice, the broadcast station interference, the output power of

the ionosonde, the antenna system, or by the rapid increase of absorption towards the
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bwer frequencies. Each of these effects leads to what is known as the "starting problem”

m N(h) analysis.

421 The Valley Problem.

The “valley" or decrease of electron density between the E- and F- layers of the
unosphere has long been a problem in the analysis of ground-based ionograms. The
Simpler ionogram reduction techniques have generally ignored the valley, assuming that
the electron density increases monotonically with height.

This assumption, or the use of some assumed valley size is necessary if only

ordinary-ray virtual data are available, since there is an infinite number of valleys that

can satisfy the data. More sophisticated technigues involve analysing the onogram by
prmal monotonic methods up to the E layer, followed by a special restart procedure,
The valley problem is essentially a daytime problem, since at night foE < f, for
most ionogram and any valley problem is subsumed by the starting problem. The
lechniques used to overcome the valley problem are usually quite similar to those used
for the starting problem and depend on the use of X-ray data above f.E.
In the absence of such data, it is necessary to assume that there is no valh;.].r (that

&5, the profile 15 monotonic) or to assume some synoptic value of the valley shape.

i3 Models Of Electron Density In The lonosphere.

The actual distribution with height of ionospheric electron density i very
complicated and cannot in general be expressed in terms of simple mathematical
functions, Even in the case of relatively simple layers, it is almost impossible to find

analytical solutions (o radio propagation integrals. For many purposes, especially those
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.madzmm interest, it is preferahie to employ nmdﬂls of electron density profiles which
in integrable express jons when combined wuh pmpagamn equations. Model layers
g used in the calculation of ray paths, phase and group paths, absorption, polarization
i 30 on. Some sample model layers are shown in Fig 2.1.

In addition, some phenomenological electron density models and profiles are

ted in this section.

.l Linear Laver.
Over sufficiently small height ranges, except near the peak, any electron density
grofile can be approximated by linear segments of the form,

N - N, = a(h-hy) —-—(2.9)
where a is the electron density gradient and N, is the density at the reference height (see
Fig 2.1a).
The linear layer is useful in practice because a more realistic layer can be divided

w0 a large number of thin linear slabs. Each slab can then be dealt with successively.
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Height Squared Layer,
This layer is given by,
N = alh-h) - —{(2.10)

where h,, is the height of the bottom of the layer and « is a proportionality factor. In this
Iype of layer, the electron density increaces indefinitely with height so that it can

approximate a real distribution over small height ranges only (see Fig 2. 1b),

133 Exponential Layer.

The exponential layer is useful for approximating the electron density high up or
low down in the wonosphere when the electron density is "trailing” away. An example is
i layer in which electron density decreases with height exponentially (see Fig 2.1c).

N = Ny exp -(h-hg)/2H S . 1 |
where Ny is the electron density at the reference height hy and H is the scale height.

The exponential layer is used largely to describe the opside of the F2, that is ,

the region above the level of peak electron density, and the lower E region (below the

100km level). : 0

1.3.4 Parabolic Layer.

This approximation is of great value in describing the profile near the maximum
of electron density, the so-called "nose” of the layer (see Fig 2.1d). Its of the form,

N =Ny [1-((h-h/2H)' | = N, [ 1 - ((b-ho)/y,)* | -——~(2.12)
where v, = 2H is the semi-thickness of the parabola, that is, half the distance between
the heights at which the electron density is zero. N, is the maximum electron density of

the layer at height h,. However, it is common to express parabolic distribution in terms
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the height by, of the bottom of the layer and the maximum electron dens:itjr N, as
N = N, [ 2(h-h,fy,, = ((h-h)y P | -——-(2.13)

5 Cosing Layer,
For some purposes, the parabolic profile is unsatisfactory because it has
inuities of electron density gradient at the top and bottom of the layer (see Fig
Lle). The cosine layer is given by,

N = 12 [N, (1 + cosw(h-h,}a) ] --—eeeme (2.14)
where & 15 the half-thickness of the layer. The wop and bottom of the layer are at h, +

&

136 Sech-squared Layer.

This layer also is free from discontinuities in electron density gradient at the top
and bottom of the layer (see Fig 2.11). The profile is given by,
N = N, sech? { (h-h}/2b ) —weememeee ~(2.15)

where b is a scale factor. This profile has no zero of electron density.

137 Bent’s Model (Bent et al., 1972).

This is purely a phenomenological electron density model deduced from satellite
‘measurements. F2 peak layer models and profiles aa'e- obtained from ground stations {only
;' in the American sector).

| The model covers the altitude range from 150 to 1000km. The F2 peak density

& computed from the CCIR f,F2 maps and h,, from M{3000)F2 predictions. In fig 2.2,
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y, =y, for F2 < 10.5MHz —-emrx (2.16a)
¥, = ¥u | 1 + 0.133333 (f,F2 - 10.5) ]
for fiF2 > 10.5MHz =~ -emeeeeeeee (2.16b)
The constants K,, K,, and K, vary with season, latitude, altitude, solar flux and
RF2. Half thickness y, and y,, vary with season, f,F2 and strongly with local time. The

Eand F1 layers are not seperately modeled but included into the combined profile below

i,F2.

1.3.8 Bradley & Dudeney’s Model {1973).
This lonospheric model is employed to determine the propagation models

mvolving reflection from the E and F-layers using parameters which depend on {F2, fE,
M{3000)F2 and h'F2. h'F,F2 is the minimum virmal height of signal reflection from the
Fl-layer, It is equal to h'F by night and h'F2 when §,F1 is observed by day. The model
consisis of

(i.) a parabolic E-layer below its height of maximum electron concentration h,E,
with semi-thickness y E. h_E is taken as constant at 110km and y_E as 20km.

(ii.} a parabolic F2-layer with height of maximum electron concentration h,,;FE and
semi-thickness y F2.

(1ii.) & linear increase of electron concentration with height between h_E and the
point on the parabolic F2-layer where the plasma frequency f, is 1.7f,E. This value was
derived empirically to give results consistent with measured F-layer heights. Thus the
model is specified in terms of the four variables parameters f,F2, ,E, h,F2 and y F2

(Fig 2.3).
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i)

(ii.}

¥.F'2 has a preset minimum value of 35km and a maximum value of (h,,

The model parameters h,F2 and vy, F2 are given from the empirical equations;

1490 ‘
h "f? H j'u'l"mﬂ |||||||||| n { E i 1?]
with
AM = 0.18/(x - 1.4)
where

x = f,F2/{,E or 1.7 whichever is the larger.

yo e iR e DREURD BRI v (2.18)

where

' [ ] 2 - 100)

model gave an improved match to measured ionization profiles in the Fl-region. It also

provides a more accurate representation of the F2 layer height of maximum ionization

 and semi-thickness.

139 Chiu's Model (1975),

This is a global phenomenological model of electron density in the altitude range

110 o 1000km. The input parameters of the model are :

z - altitude in km,

t - annual time (days of year) in units of months as measured from 15 December

38
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of previous year,

A~ geomagnetic latitude in radians,

A - geographic latitude in radians, .

|- geomagnetic longitude in radians measured eastward,

b~ geomagnetic dip angle in radians,

& - local time in radians measured from local midnight,

g - monthly smoothed zurich sunspot number R

{(where p = R/100). ;

In Fig 2.4, peak altitudes and scale heights are kept fixed at 110km and 10km
and at 180km and 34km, n:sp::ti{ruly for the E and F1 layers.

The electron density N is the sum of the E-, Fl-, and F2-layer densities, N,

where the subscript 1 runs from | to 3 denoting the above layers in order. Each layer

density, N;, 15 the product of an amplitude parameter A,, profile function Z; and layer

peak function V,.
3 |
Mz, t, A A, p) =2M{z,r,l,lm¢,p} ......... (2.19)
where

H‘i = lIl!'ti Z-"[_I.,}'-“,I#J- vr{Lrh1}"m1¢'1P}
A, takes the values 1.36, 2.44, 0.66 for i=1, 2 and 3 respectively. The function Z, is
given as i

Zo= Bl b ~r - =wmplard]l  hainiaieesi . (2.20)

|
while function V, consists of a polar function p, a non-polar function u; and a folding

factor .
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The data base for the model consists of ionosonde data from 50 stations with
alditional data from 18 stations which include complete available chronologies in the
-~ gpoch 1958 - 1971, To model polar ionosphere, data from 9 antarctic and 9 arctic stations
- are included. The model is continuous at the north pole, but not at the south pole. The
model poorly represents the details of the equatorial anomaly as well as the night-time

comd 1tions.

2310 Anderson et al’s Models,

Anderson et al’s semi-empirical low latitude ionospheric model (SLIM) was
developed to generate in a computationally efficient manner, electron density profiles at
ow latitudes which were more realistic than those of the widely used empirical models
of Chiu or Bent.

In 1989, another model was developed which reproduces SLIM by means of
amlytic functions. This model is simply called a Fully Analytic Low- and Middie-

Latitude lonospheric Model (FAIM).

:l]‘l- I'{'+ l

SLIM produces F region electron and ion (O") density profiles in the altitude
range 180 - 1000km every 2° latitude (24°N 1o 24"S) and every half hour local time over
the 24-hour day. SLIM consists of functions and coefficients which reproduce nine sets
of theoretically calculated low-latitude electron density profiles corresponding to the three
stasons (equinox, June solstice, and December solstice) for three levels of solar activity
{solar munimum (F,,; = 70), moderate solar activity (F;; = 125) and solar maximum

{Fior = 183)).
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The electron density profiles are appmxi;natﬂd by a modified Chapman function

below and above F2 peak.

Niz) =n 2 eplell ~z -wxp(-2)]) G (2.21)

Thus the profiles are determined by the six parameters n,F2, h F2, Hyp Heo, Cop and
Cio. Where n,F2 is the peak plasma density, h,F2 is the altitude , N.(z)= n,F2, z =
{h - hF2) .-'-Hi and the subscripts UP and LO refer respectively to those regions above
and below h F2.

The drawback of the model is that only O, ions are considered, thus it is not

realistic below F layer and above the transition height where H* ions dominate.

13.10.2 Eully Analytic Low-Latitude lonospheric Model(FAIM. 1989)

In developing the low-latitude portion of FAIM, new analytic formulations for the

parameters f,F2, h F2, Hye and Hy, in the Chiu model based on the SLIM profiles were
derived. The local time variation at a given dip latitude is expressed as a series of sines

and cosines with amplitudes a, and b, with the series going from n=0 o n=6.

&
fOA @) = Z;[ﬂ..{llﬂiﬂ (ng) + b(A)eos (ng)]  ..... (2-22)

where ¢ is local from midnight in radian. A seperate function f(h,¢) is found for each
of the four defining parameters, s=1 to 4.

In reality, for £,F2 and h, F2 values equation (2.6) was used to fit the difference
between the Chiu and the SLIM values so that in this new analytic model, Chiu values
were simply calculated and added to the analytically formulated differences to provide

the final f,F2 and h,F2 quantities specified by FAIM.
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In FAIM, seperate topside and bottomside F-region scale height was found which
eproduced each ‘SLIM profile density to within 0.5MHz, assuming the expression for
;H.[:ll given by equation {2.5). These scale heights Hy, and H,,, are different from those
apecified in SLIM because the values Cyy, and C,,, are assumed to be unity. Once values
of Hyp and H,, were determined by this method, the analytic functions given by (2.6)
were derived. =

Next, aﬁpmpriate functions and coefficients which reproduce the seperate sets of
4, and b, values as a function of dip latitude were found. The modified harmonic
mcillator function Hy{y)e™ where H, is the Hermite polynomial of order k and ¢ =

W14, [, 0 degrees) was found to be ideally suited for this purpose:

d L :
gi{A); B.(A) = ?:;c,rff,,{ 1 S A e (2.23)

The report by Forbes et al (1989) contains a tabulation of the ¢, values as well as the
FORTRAN code for FAIM.,

The middle-latnude correction to the h F2 specification of the Chiu model is
based on an examination of equinox ionosonde data as detailed in an Air Force
Geophysics Laboratory (AFGL) report (Forbes et al/1989), Thus, sipnificant

mprovements are obtained in FAIM over previous comparable analytic models.

24 International Reference lonosphere (IRD,

The International Reference lonosphere (IRI) is the empirical reference model of
ionospheric densities and temperatures (electrons and ions) recommended for international
we by the Committee On Space Research (COSPAR) and the International Union Of

Radio Science (URSI). It was established in a world-wide collaboration starting in the late
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sixties as a joint project of URSI (subcommission 6.4) and COSPAR study group C.

Upon a proposal by Sid Bowhill "to create an ionospheric pendant to COSPAR
international Reference Atmosphere (CIRA)", COSPAR decided in her study group C the
project "International Reference lonosphere® with a special task group chaired by K.
Rawer (Oyama, 1994}). The task group chaired since 1988 and 1992 by Luc-ien Bossy and
Dieter Bilitza respectively developed an important activity with yearly meetings the
proceedings of which normally appear in the COSPAR periodicals "Advances In Space
Research”,

IRl project initiated a particularly intense and fruitful international cooperation.
The first exchange of views among scientists revealed that in spite of decades of pure and
applied lonospheric research, by far not all data needed in the project were available.

While in a few fields an enourmous number of measured data existed -mainly
taken in view of propagational applications- reliable worldwide information was almost
completely missing in others. For example, few ionograms had been reduced to "true”
electron density profiles and for plasma temperatures and composition most rocket or
satellite positive ion data had been reduced by rules that exciuded them from being
introduced into a consistent project. .

A very first set of provisional tables was presented to URSI in 1975, Thereafier,
URSI requested that IR1 be presented in a form readily applicable by workers in the field.
A computerized approach was adopted to and published by URSI.

In 1981, a considerably improved code was published by World Data Center-A
{ Solar-Terrestial Relationship) in Boulder, Colorado, U.5.A. Later, it was decided that
the IRl code be available on magnetic tape or diskette. This allowed a quicker

incorporation of changes that had been decided at the yearly group meetings. At present,
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the code is available on the worldwide computer network from the National Aeronautics
And Space Administration (NASA)/ National Space Science Data Center (NSSDC) site.

When work on IRI started, there existed a very complete computerised set of
monthly average ionization maps. The Gallet-Jones algorithm was with a few
improvements taken up by the International Radio Consultative Commitiee (CCIR) in
1967. For any point on the Earth, the CCIR code gives as a function of hour, monthly
averages of the peak density (N_F2) and M{3000)F2 (a parameter used in propagational
applications) that is closely related to the peak height (h F2). An empirically established
connecting relation is used to deduce h F2 from M(3000)F2. The CCIR code was
incorporated into the IRI by the task group so as-1o be used in all cases where actual peak
data are not available.

The main aim of the IRl is to establish a compedium of height profiles through
the ionosphere for the four plasma parameters, namely: plasma density, plasma
temperatures of electrons and ions and ion composition. The emphasis of IRl is w
summarize reliable experimental data when available; hence, the development of IRI76
with subsequent improvements and reviews - IR179, IRIE6 and IRI90 respectively. Thus,
IR -the most advanced empirical model- is a computer program which produces profiles.

[RI allows prediction of electron density, electron temperature, ion [emperature
and 1on composition ( IRI90 also specifies ion drifts) for:

_ specified altitude,

_ location (geographic or geomagnetic),

_ time (local or universal time or solar zenith angle),

month

_ solar activity (12-month running mean solar sunspot number).
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Ihe following data sources are used:

_ lonosonde,

_ incoherent scatter,

_ topside sounder,

_ Langmuir probe,

_ retarding potential analyzer,

_ rocket composition data (in the D-region).

Restrictions are as lollows:

_ awroral latitudes are not considered,

_ ionospheric irregularities (e.g spread-F, sporadic-E and winter anomaly) are not
included,

_ mean values : the actual data can deviate up to 30% ; quasi-actual profiles can
b obtained by introducing measured F peak values,

_ solar activities below R, = 150. For higher solar activities the model is
mdependent of R,,.

The task group has been responsible for subsequent reviews and improvements in
he IRI, In fact, IRI is being updated bi-yearly by the task group during speciﬁ.l [RI
workshops to incorporate pewly available measurements. For example, the prime
sjective of the 1995 meeting held at the National Physical Laboratory, New Dehli, India
fom January 9 - 13 was o evolve substantial improvements and extensions of the IR]
model at low and equatorial latitudes, Of particular interest were:

_comparative studies of IRI with data, simulations and other models;

_investigations that could lead to better representation of lonospheric parameters

m IRI;

46



_regional mapping of E and F peak parameters;

_occurrence statistics for Spread-F and other ionospheric irregularities;

_applications of IRT in science, engineering, and education.

The IR electron density profile is divided into six sub-regions as shown in Fig
2.5, including the topside, the F2 bottomside, the F1 layer, the intermediate region, the
E-valley, and the bottomside and the D region,

The wpside ionosphere (region 1 in Fig 2.5) model is based on topside ionosonde
data compiled by Bent et al. (1970) and uses the LAY-functions. The LAY -function
combines the Epstein transition function with a linear term.

LAY (h;h, HX 5C) = EPS,(h;HX,5C) - EPS(h,;HX ,5C) - (h - hy)
EPS,(h,; HX,SC)/SC

LAY A h,, HX SC) = 1n (L+ve*)-In (1+¢ " ~(x %)/ (1+e*) ... (2.26)

with
x = (h - HX)/SC and Xy = (h, - HX}/SC
In the IRIB6 and IRIS0 the plasmasphere diffusive equilibrum model is smoothly
coupled at 650km with the topside ionospheric model. |

The bottomside F2 region (region 2) is represented by :
Mh) = NF2 exp (x ™)/ cosh (x)  .oroinnn (2.27)
with
x = (hF2 - h)/B,)

N,F2 and h,F2 are the electron density and height of the F2-peak, and B, = 3 in most

cases. While both N, F2 and h, F2 are obtained from CCIR maps of £,F2 and M(3000)F2,
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respectively, By is derived from monthly average ionograms recorded at 2 low latitude
and at 1 mid laritude stations. B, was evaluated for noon and midnight, for low and high
solar activity, and for all four seasons. 1

The parameters of a parabola representing the F1 region (3), are based on the
wmosonde data. This region 5 included when the N_F1 model predicts the existence of

this layer. If the F1 feature exists, a parabolic Fl-layer is added to the bottomside profile.

Nh) I NF2 - exp (x ™)/ cosh (x) + C((hF1-h)IB)% ..., (2.27)

with

PSTEP(18; 0.09, 0.2, 30, 10) for /u/ <18
G - EpsTE w'0.09,'0.2, 30, w;] 4 else

where p is the modified dip latitude and,
an g = ¥icos'
¥ is the magnetic inclination {or dip angle) and ¢ is the geodetic latitude. The EPSTEP
function is given by :
EPSTEP(h,Y,,Y,.hs,ds) = Y, + (Y, - Y,)EPS,(h;hs.ds)

where

x = (h - hs)/ds

In the intermediate region (4), the profile is constructed rather artificially and
starts slightly above the heights where the boitomside density profile is equal to the N_E
and bends downward to meet the valley top. The boundary of the intermediate region is
defined by;

HZ = (h, + HST)/2 sl 28)

49



i _{h,fl’ if F1 layer s present
s TR F2 else

starting from HZ, the profile is bent downward parabolically such that it meets the E-
valley top h,;. This is accomplished with the altitude transformation,

h' - HZ = T2 + (T%/4 - T(h - HZ)"?
where

T = (HZ - HSTY / (HST - h)

h, f’h‘:ﬁ B A s

h, is the height at the top of the valley and h E is the height of the E-peak.,
The E-peak critical frequency is obtained from the CCIR model. It consists of

four factors:

Tl = . BB e (2.29)

depending on the 12-month running mean of the solar 10.7¢m radio flux (COV,,) on
523500 (¥ 000 18 the solar zenith angle at noon), on geodetic latitude () and ©n the solar
zenith angle {:;:].

A = 1 + 0.0094 (COV,, - 66)

B = cos™x o

o193 ¢ 1.92c0s ¢ for [@ <32°
0,11 -0.49cos ¢ for /4 =32°

{13 + 1l6cos ¢ Jor [ <32Y
+3cos g for [ =320

4
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12 for | w4 ﬂi"ﬂ
1. 31 Jor ¢ =12

n
Different from CCIR (1973), a modified zenith angle was introduced to improve the
nighttime variation {Rawer and Bilitza, 1990).
¥, = x - 3 EPS,(x; 89.98, 3}
[Note that EPS (h; HX, 8C) = In{l + ¢%); where x = (h -HX)/SC]
During all times f,E is kept above or equal to the observed minimum value,
LE., = 0.121 + 0.0015 (COV,, - 66) ...........(2.30)
A constant height h,E = 103km is assumed for all conditions.
The F-region peak and valley profile is described by a fifth order power series,
NYNE = | + Ex® + Ex® + Ex* + Ex® ....(2.31)
with
x=h-h,E
parameters E,, E,, E;, and E, are determined from the valley width, HBR, the valley
depth, DP, the distance between valley base and h, E, HABR, and the logarithmic
derivative at the valley top DLN, |
DP = 100 (NE - N,2)/N,E
where N, is the density at the valley base.

Also,

din N
DEN= =T~ ln - .

The lower ionospheric model is based on a selection of rocket measurements.

Most D-region profiles exhibit a characteristic inflection point with the height h,D and
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the density N,D. The density profile starts at height HA and is represented by a third
order polynomial,
N(h)/N.D = exp (Fx + Fx* + Fix®) v, (2.32)
with
x=h-h,D
Somewhat arbitrarily, an exponential function is used to connect the D-region
profile with the E-layer peak density N_E and height h,E.
N{h}/N,E = exp (-D, (h,E - hDX)*) .........(2.33)
The parameters D, and k are determined such that the function agrees with the D-region
profile function and its first derivative at the height hDX.
k = -DN (h,E - hDX)/(NDX In (NDX/N_E))
D, = DN / (NDX . k(h_E - hDX)*)

NDX is the electron density at hDX and DN the derivative dN/dh at that height.
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CHAPTER THREE

3.0 RESULTS AND ANALYSIS.

il  Data Base.

The primary data used for the study were the recorded median values of f;F2 and
. F2 obtained for Ibadan (7.4°N,3.9°E) and Tsumeb (19.2°8,17.7°E) and published by
53¢ department of Scientific and Industrial Research, Radio Research Station, Slough,
agland. _

Basically, the published ITJl:d.i.H.I:Il vialues of f,F2 and h F2 measured at Ibadan
eiween December 1959 and March 1975 and Tsumeb between August 1964 and March

973 were used in the study. Tables 2 and 3 show typical values of ionospheric data

ecorded by wonosondes at Thadan.

The smoothed monthly observed Zurich relative sunspot number {R,,,) compiled
rom April 1954 to December 1976 was used in the study. Since the 10.7cm solar flex
Fia7) and sunspot number are quite correlated, F,, was obtained by means of an

mpirical relation given by

COe 83,75 « R(D.T28 +« 0.00089 H}  voiassevesias (3.1)
vhere

R;; =R and Fius = COV
uch that,

Ry, = 150 for R > 150

ind !

Fios = 193 for COYV > 193,
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Bzy; is the 12-months-running mean of solar sunspot number.

Typically, data recorded in the months of January or February, June and
September for years with low (Fy,, < 80.0), moderate (100.0 < F,y, < 130.0) and high
{Fius = 150.0) solar activities were used in the analysis.

For Ibadan, consideration was given to data of the median values of parameters
f,F2 and h,F2 obtained at LT: 00.00kr (LT=Local Time) and LT: 12.00hr for chosen
months. Furthermore, due to missing ionogram daga for Tsumeb, mostly during night-
time and early hours of the day, data recorded between LT: 09.00hr and LT: 15.00hr
were used (0 obtain the required electron density profiles.

The observed f,F2 and h, F2 values (hereafter referred to as "experimental” data)
at these two typical low-latitude stations are compared with the CCIR-67 predictions for
f,F2 and M(3000)F2 using the IR190 model, h_ F2 values are determined from M{3000)F2

empirically (Bilitza et al, 1990).

ol 1490 ]
b2 - —rmeyE oy -6 e (3.2)

with the correction factor,
DM = ff, / ( fFAEE -, ) + f,

and the solar activity functions,
f, = 0.00232 Ry, + 0.222
fy=1-Ry/ 150 exp (- (¥ /40 )*)
f,=1.2-00l16exp (R, /41.84)
f, = 0.096 ( Ry, - 25) / 150

¥ 15 the magnetic dip latitude where,

tan¥ = % tany

56



and ¢ is the magnetic inclination of the Earth,s magnetic field at 300 km altitude.
A more detailed description of IRl and explanations of the equation as well as the

CCIR option has been given in section (2.4).

3.2 Analvsis.

There are three basic criteria that must be taken into account in order to ascertain
the success of an ionospheric model. They are: 1) how well the model matches the range
of "experimenial® profiles; 2) the ease of obtaining the exiernal data required to specify
the profile, and 3) the simplicity of the mathematical expressions used 1o derive the
profile.

Al present, the most widely used empirical model in terms of standard 1wnospheric
characteristics and parameters is the multi-segment model known as the International
Reference lonosphere, [RI {designated as IRI-H) in its current form). This model appears
o satisfy all these aforementioned criteria but there is still the need for widespread
profile testings, proper assessments and analysis of results so as to test the efficacy of the
empirical relations,

Since the IRI depends on the monthly CCIR numerical maps prediction of f,F2
and M(3000)F2, it simply describes monthly median profiles. Hence, comparisons of IRI
profiles with monthly median observations of jonospheric parameters is expedient o
judge the success of the model.

Consequently, this present work discusses these comparisons for a typical
equatorial station (lbadan) and a low-latitude seation (Tsumeb) and offers some
explanations for the resulis based on appropriate data analysis. The emphasis here is to

assess how well the CCIR predictions apply to or matches the range of ionospheric
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characteristics observed experimentally in these regions.

J.2.1 Results,

Comparisons of the IRl profiles for Ibadan for the three chosen months revealed
that the F2-layer peak density i8 lowest in the month of June for the three different solar
activities during night-time (Figs 3.1a - 3.3a). This peculiarity is quite in agreement with
the observed profiles for Tsumeb at all solar activities (Figs 3.4 - 3.6) and could
therefore be inferred to be typical of low-latitude F2-layer during June solstices. The
result is that the peculiarity observed is due to the well known seasonal variations of the
ionosphere at low latitudes.

In addition, there are marked differences between the F2 peak and the E-region
peak densities and theiwr height regimes for all the three solar activities during daytime
(Figs 3.1 - 3.6). In general, the F2 peak densities are higher in magnitude and greater
than those occuring in the E-region. This result confirmed the well known close inter-
relationship between the peak heights and the peak electron densities at each of the
regions or layers of the ionosphere. Typically, the E-region is about 20km thick while
the topside is about 500km and above to the cut-off heights.

During the daytime, the F1 layer appeared in most of the pmﬁjﬁs as small
gradient discontinuites (Figs 3.1b - 3.6b). This result is a reflection of the well known
cusp-like trace structures of F1 layer normally observed on ionograms during daytime at
low-latitudes.

As evident from the electron density profiles, the valley is always present at night
(Figs 3.1a - 3.3a). The result is that the F1 and E layer are 'almost’ not present during

nighttime at low latitudes. The absence of E and Fl layers during nighttime is a well
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known characteristic feature of the diurnal variation of low latitude ionosphere.

Also, the F2 peak electron densities are observed to increase consistently for all
the months during low, moderate and high solar activities respectively (Figs 3.1 - 3.6).
This result confirmed the solar activity dependence of the peak electron densities at these
low latitude ionospheric stations.

In general, no precise seasonal dependence or trend was observed in the structures
of the peak heights and peak densities of the profiles obtained from the CCIR/IRI based
predictions for Ibadan and Tsumeb during daytime (Figs 3.7b - 3.12b).

However, during the nighttime, the profiles follow a "consistent’ trend in that the
F1 peak densities for the month of June are quite lesser than those obtained for the
months of February and Seplember respectively for all solar activities (Figs 3.10a -
3.12a). This result is similar to that obtained for the experimental profiles and could be
attributed 1o the well known dependence of ionospheric parameters at these regions on
seasonal variations of the ionosphere.

Deductions based on diurnal observations of these profiles showed that F1 and E
layers are present during the day whereas during nighttime they are seen to be absent,
This result is in agreement with the well known characteristic feature of the diurnal
variations of low latitude ionosphere.

For example in Figs 3.10a to 3.12a, representing nighttime profiles, valley is
observed always at heights below 200km confirming the absence of Fl and E layers.
However,in Figs 3.7b to 3.12b, F1 layers are seen in most of the profiles as small
gradient discontinuities while the E layers are also represented by the E peak densities
during daytime.

As evident on the profiles (Figs 3.7b - 3.12b), there are marked differences
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between the F2 peak densities and the E region peak densities and their height regimes
respectively. The result is that the CCIR/IRI profiles reproduced the well known
correlation and close inter-relationship between the peak heights and the peak electron
densities at each of the regions (or layers) of the ionosphere.

Incidentally, the CCIR/IR] profiles from the above deductions have been found
to reproduce most of the features observed on the experimental profiles.

The electron density profiles obtained from the IRI and CCIR predictions were
compared in order to see how the two procedures differ from each other, The study
covers the months of February, June and September for low, moderate and high solar
activities during nighttime and noontime respectively.

The comparisons show that the best agreement between the experimental profiles
and the CCIR/IRI predicted profiles was found for February, 1964 and September, 1968
during nightuime (Figs 3.13a & 3.21a). Also, the agreement during nighttime for the
month of September, 1964 was found to be good (Fig 3.19%a).

In most cases, the CCIR profiles show o large electron densities near the F2
peak and at wpside during daytime (Figs 3.13b - 3.21b). However, better agreements
were generally observed during daytime at the bottomside of the F2 layers.

In general, the agreement at nighttime was found to be better than at noontime for
all the three solar activities (Figs 3.13, 3.19 & 3.20), However, the divergence at
nighttime - when observed - are found to be significant (Figs 3.15, 3.16 & 3.18).

It is worth noting that the agreement of all comparisons for experimental and
predicted electron density profiles during nighttime and noontime was found for the
month of September (Figs 3.19, 3.20 & 3.21).  The divergence of the profiles for the

month of June was found to be too large most especially during nighttime for all the three
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wiar activities (Figs 3.16, 3.17 & 3.18). However, the agreement for the topside profiles
during nighttime and noontime respectively for the month of June, 1968 was found to be

mod (Fig 3.17).

Also, both profiles represent the F2 peak region satisfactorily but show significant

differences mostly at greater heights. Furthermore, the divergence or agreement

endencies of the experimental and predicted profiles’ curvature was found-to depend

mainly on the value of the ionospheric parameters f,F2 and h_F2.
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CHAPTER FOUR

4.0  DISCUSSION AND CONCLUSIONS.
4.1  Discussion,

In this study, the electron density profiles derived from observed data at Ibadan
and Tsumeb with the IRI% model are compared with those obtained from the CCIR
predictions using a data set selected in such a way that diurnal, seasonal, and solar
activity conditions are adequately represented.

Although, the IRIS0 model was able to reproduce the features of the diurnal and
seasonal variations of the electron density profiles for both observed and predicted data
wputs, marked dilferences were observed in their respective representations. This result
1s quite in agreement with the results of the Validation of lonospheric Models (VIM)
Study of Reinisch et al. (1992) which showed that, "there are significant seasonal
differences in the model-measurements agreement” (Kecic g1 al, 1994).

The reasons tor the above differences are indeed not far fewched. [RI190 electron
density representation makes use of analytic description comprising of linear parameter
{amplitudes) which could be used to satisfy cértain constraints such as E and F peaks and
non-linear parameters which are geometric in nature and could be interpreted as transition
heights and thickness (Booker, 1977; Rawer, 1990; Bilitza, 1990). Furthermore, the
IRI90 model in its present form excludes disturbed conditions (Bilitza, 1990; Benkova
. 1990; Kecic g al, 1994).

In general, many phenomena observed in the equatorial and low-latitude E and F
regions morphology have been explained in terms of the variations in the equatorial

electrojet and the E x B drifts (Kolawole and Isherwood, 1980b; Rastogi et al, 1988;
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Barbatsi, 1990; Adeniyi and Adimula, 1995). Also, the month to month variation in the
E peak at low latitudes has been explained in terms of the geomagnetic control of the
wnospheric E-region (Barbatsi, 1990). In addition, wind systems have also been
considered to be one of the probable factors that influence ionospheric parameters in
these regions (Barbatsi, 1990).

Theretore, there 8 the need to incorporate the results of studies on equatorial
anomaly into the IRl model. For example, "Noon bite-out’ (a prenoon and postnoon peak
with a minimum), during daytime and after sunset decay which is continuous at nighttime
has been reported as some of the general features of equatorial F2 layer peak density at
Ibadan (Kolawole and Isherwood, 1980a; Adeniyi and Adimula, 1995).

The investigations of ionospheric phenomena cannot be over emphasized
considering its enourmous importance to radio propagation studies. In the study of
empirical models of electron concenirations of the ionosphere and their values for
communication purposes, the importance and relevance of ionospheric parameters f,F2,
b F2, GF1 and GE has been stressed (Dudeney and kressman, 1986).

However, in the study to investigate the sigmficance of the various assumptions
made in deriving simple equations for determining h,F2 from the scaled ionospheric
parameters f,F2, {E and M{3000)F2, the effect of neglecting the spatial variations in the

geomagnetic field has been shown o be small (Dudeney, 1983),

4.2 Conclusions,
Based on the tindings of this study, it is necessary that further studies be carried
out on the dependence of N F2 and h, F2 on earth’s magnetic dip angle, season and solar

cycle. Example of further work would be an expansion of this study to 1.} cover more
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wnospheric stations in the African sector and 2.) test larger sets of electron density

profiles under different solar-geophysical conditions most especially  during

geomagnetically guiet and disturbed conditions.

In conclusion, it is expected that, with time, the IR] topside model would be
considerably improved and the results of ionospheric drifts at low latitedes for diurnal,
seasonal, and solar cycle variations would ’Imz updated and incorporated into the
comprehensive 1R1 model, Such additional information and data would enhance the
prediction and planning of the operational parameters for hf circuits in regions where

there are dearths of ionosonde data.

Furthermore, if the peak values of the CCIR/IR] model are updated to higher
solar activity above the present IRI validity level, a more profound improvement in the

profile shape close to the peak would be achieved.
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