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The objective of this thesis research was to test several empirical models of the

ionosphere to see which, if any, might be a better predictor of the ionosphere’s total
electron content (TEC) (and therefore ionospheric delays) than the GPS single—frequency

Broadcast model. A total of four models were tested, namely:

¢ The Bent model;
e The lonospheric Conductivity and Electron Density (ICED) profile model;
¢ The 1986 International Reference lonosphere (IRI86); and

o The GPS single-frequency Broadcast model.

Each model was adapted to enable multiple epoch/location predictions of TEC. Model
testing was broken down into two distinct stages: (1) The first three models were tested
against 48 station months of Faraday rotation measurements of TEC, from a total of five
North American sites and one European site, recorded during three different levels of
solar activity from the previous solar cycle; and (2) All four models were then compared
with ionospheric delays recovered from dual-frequency QPS data recorded at two

Canadian stations during a period of disturbed ionospheric behaviour in February 1991.

Comparisons with the Faraday rotation data revealed that the Bent and IRI86 models
were the best. Comparisons with the GQPS data showed the Broadcast and IRI86 models
to be the best — the Broadcast model was able to account for approximately 70 to 90%
of the daytime ionospheric delay and 60 to 70% of the night-time delay. Based upon the

findings of this research some strategies for further related work are suggested.
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The Global Positioning System (GPS) satisfies the positioning and navigation

requirements of many people from many different walks of life. Positioning using code
observations is not as accurate as using carrier phase observations; it is, however,
instantaneous and accurate enough for general (i.e., low accuracy) use. GPS was
designed primarily for use by military organisations. In this context it also provides
accurate velocity determination for use in high—-dynamic environments such as weapons
guidance systems and aircraft. With the design and manufacture of GPS-specific circuitry
(i.e., purpose built computer chip sets) the receivers can now be packaged in hand-held
units whose dimensions are not much larger than those of a walkie-talkie (e.g., the
Magellan GPS NAV 1000 PRO). Such a receiver ideally suits military organisations who
(one could speculate) might ultimately outfit all ground troops with their own hand-held

GPS receiver. The military benefits are obvious.

Many of the same benefits apply to the civilian community. Initially the largest group of
civilian users of GPS has without doubt been the surveying and geodesy community. As
creatures of great patience, determination, and ingenuity this sector of GPS users has
found that it is possible to determine baseline lengths and coordinates very accurately.
Baselines can be routinely determined with an error of only 1 to 3 p.p.m. (1 to 3 mm in
every kilometre of baseline length). State of the art GPS data processing can reduce this

level of error by two orders of magnitude. With the advent of the purpose built chip sets



and the recuperation of research and development costs, the size and cost of future GPS
receivers will certainly decrease dramatically. Within the next decade we will likely see a
low cost (a few hundred dollars) GPS receiver which may be no larger than a wrist watch.
When such a time comes there will probably be millions of GPS users world-wide. The
usefulness of GPS will become even more apparent — we can expect to see many new
vehicles (cars, buses, lorries etc.) fitted with a receiver; hikers will never again have to
worry about being lost in the middle of nowhere; tractors may automatically plough fields
and sow crops; even the smallest vessels will use GPS signals for positioning. And so the

list goes on.

Unmodelled ionospheric delays are a major contribution to the GPS error budget.}
Single—frequency users of the system will commonly either ignore the effect of the
ionosphere or model it using a simple half-cosine model which is commonly regarded to
be of limited accuracy. In this thesis, I investigate the use of more elaborate ionospheric
models which may help to improve the accuracy with which such predictions can be

made.

The ensuing study shows that with the use of ionospheric models it is often possible to
account for 70 to 80% of the ionospheric delay. Whilst this is not a definitive work it
does show that there may be some value to the use of such models and further avenues

of research are outlined as possible extensions to that which is presented here,

Other authors have investigated the use of ionospheric models and their ability to predict
the ionosphere’s state. McNamara & Wilkinson (1983) make comparisons between
values of TEC recorded at 31°S and those predicted with the 1979 International
Reference Ionosphere and conclude that discrepancies are usually less than 20%.

Feess & Stephens (1986) assess the GPS single-frequency Broadcast model by making



comparisons with ionospheric time delay values determined from dual-frequency GPS
data. They conclude that the Broadcast model leads to an overall reduction in r.m.s.
range measurement error of 60%. Klobuchar {1986) describes and assesses the
Broadcast model. In his assessment of the model he makes comparisons with 490
station months of Total Electron Content (TEC) data recorded at 18 sites during both
solar maximum and minimum conditions. Klobuchar concludes that the Broadcast
model removes approximately 55% r.m.s. of the ionosphere’s effect on range
measurements. The work of Finn & Matthewman (1989) involves the development of an
entirely new algorithm (similar in form to that of the Broadcast model) to describe the
ionospheric TEC. The authors state that their algorithm accounts for approximately 75%
of the ionosphere in all regions of the globe for a wide range of solar activities. Finally,
Brown et al. (1991) presents an evaluation of six ionospheric models as predictors of
TEC. In the course of their testing the authors gathered TEC data from a range of
geographic locations, covering a wide range of solar activity. They concluded that none
of the six test models did a very good job of predicting TEC and they attributed this to

(probably) poor modelling of the upper part of the ionosphere.

The thesis research presented here makes an independent assessment of four
ionospheric models and does so in a way that endeavours to be pertinent to the GPS
user community. As such, the results of the analysis are presented in terms of how

much of the ionospheric delay was actually accounted for in metres and percent.

1.1 Motivation

The role played by the ionosphere with respect to GPS has been very much a topic for
hot discussion over the past two or three years. Solar activity has approached and
passed through the peak of the current solar cycle and is now on its way back down

towards a minimum. However, solar activity is currently still very high. There is a high



degree of correlation between the level of solar activity and the number of free electrons
in the ionosphere. Also, as the number of free electrons increases so does the delay
suffered by electromagnetic radiation which passes through the ionosphere. Therefore at
the peak of a solar cycle GPS users can expect signals to be retarded by a relatively large

amount. Such a delay can sometimes be as large as 300 ns (= 100 metres) or so.

If a dual-frequency P-code receiver is available the dispersive nature of the ionosphere
can be used to good effect by forming a linear combination of the L1 and L2
pseudorange measurements to estimate and subsequently remove the ionospheric bias
from the measurements. Similarly, a linear combinvation of the L1 and L2 carrier phase
measurements allows determination of the variation in the ionospheric delay (the so
called differential delay) which is accurate to the few centimetre level. There may still
however be receiver tracking problems to worry about under disturbed ionospheric

conditions (Klobuchar, 1991).

If on the other hand a single-frequency receiver is used then the user is afforded no such
luxury and (as previously noted) the ionosphere is either ignored or modelled usinz; a
simple representation of the ionosphere whose coefficients are included in the
navigation message. Various studies have shown that this model can remove about 50%
r.m.s. of the effect. Thus there can still be a residual error in the measured receiver to
satellite range due to the ionosphere of the order of several tens of metres. This might
be acceptable for navigating a sailboat but there are other applications where it might be
regarded as an unacceptably large error. This limitation provides the raison d’étre for
this research: namely to investigate alternative ionospheric models in an attempt to
improve the single-frequency GPS user's capability to combat the effects of the

ionosphere.



1.2 Contributions of the Thesis

Three semi-global ionospheric models developed by the ionospheric research
community have been obtained. In their original state these models were not in a useful
form for this research. Several modifications have been made to rectify this situation
and enable multiple epoch/location computations of total electron content and the delay
suffered by GPS signals due to the ionosphere. This has allowed these three models
plus the GPS Broadcast model to be compared with actual measurements of ionospheric
delay so that model performances could be benchmarked against reliable data. The
primary contribution made by this thesis has therefore been to acquire, adapt,
implement, and test four models of the ionosphere. This work has been carried out in
an attempt to find the best ionospheric model (or models) which could be used by the

single-frequency GPS user.

Some of the results presented in this thesis are quite encouraging. This thesis does not
however present the reader with a definitive text on the subject: a certain amount of
detail has necessarily been omitted (particularly with respect to the inner workings of the

models) and several avenues for continued research are suggested.

1.3 Thesis Outline

Chapter 1 — Introduction is a short chapter which introduces this thesis. It underlines

the motivation behind the study and comments on contributions made by this work.

Chapter 2 — The Global Positioning System is a brief introduction to GPS. Its
purpose is not to give a detailed understanding of GPS as such texts already exist.
Instead some of the fundamental aspects of the system are introduced to give a cursory

understanding of what makes the system tick.



Chapter 3 — Some Characteristics of the Ionosphere introduces the region of the
earth’s atmosphere which is the object of study. Its purpose is to familiarise the reader
with basic concepts which pertain to the ionosphere. The chapter starts with the
discovery of the ionosphere and continues by outlining the early work undertaken by
scientists to investigate its properties. Some ionospheric measurement techniques are
described. A somewhat more thorough account of the ionosphere and its quite distinct
regions follows. Each region’s characteristics are discussed as are several key solar and

geomagnetic indices and the sources of index data.

Chapter 4 — Empirical Modelling of the Ionosphere introduces the three empirical
ionospheric models used in this research and the GPS single-frequency Broadcast
model. A brief description of each model’s salient points is given. This includes details
of the model profiles, required user input, and output parameters. The chapter
concludes with details of adaptations of the models which were necessary in order for
their use in this research. Execution times are given and comments are made with

respect to the practical aspects of using such models.

Chapter 5 — Model Testing & Data Processing describes the method by which each
of the four ionospheric models was tested. Processing of a dual-frequency GPS data set
to obtain ionospheric delays is described in a step-by-step fashion. A description of a

Faraday rotation set of ionospheric measurements is also given.

Chapter 6 — Analysis & Results outlines the statistical procedures which were
adopted in order to compare modelled ionospheric delays with those obtained from the
duai-frequency GPS data and the Faraday rotation data. Representative subsets of the

statistical analysis are listed in tabular form and an analysis of the results is given.



Comments on model performances are made and suggested strategies for their use are

proffered.

Chapter 7 — Conclusions & Recommendations is the final chapter of this thesis. This
chapter comments on the successes and short-comings of this research and outlines

some strategies for further related work.



The main thrust of this thesis is to test the suitability of ionospheric models as tools to

aid single~frequency users of GPS. There are many texts which detail the workings of
QPS at some length; such an exposé is not the main concern in this work. Instead a brief
description of some of the system’s salient points is presented. There are many full
accounts of the system’s features (e.q., The Institute of Navigation (1980, 1984, and

19886), Wells et al. (1986)) and it is towards these that the interested reader is directed.

In 1973 the United States Department of Defense began work on the satellite-based
positioning system known as Navstar GPS. Its initial goal was to design and implement a
system which was capable of providing velocity, time, and positional information to
military personnel. This mandate has now expanded to encompass any suitably
equipped group wishing to use the signals. The information not only had to be accurate,
it also had to be available at any time and from any location on earth. In line with these
criteria a system composed of three segments was designed: the space segment, the

ground control segment, and the users.

2.1 The GPS Space Segment
When fully deployed in the mid-1990s the GPS satellite constellation will consist of 24
satellites (of which 3 will be “active spares”) in 6 orbital planes. Each of the 6 orbital

planes will be inclined at 55" to the equator, and each plane will contain 4 satellites. The



satellites will describe nominally circular orbits at a nominal altitude of 20 183 km with

an orbital period of 12 sidereal hours.

There are currently seventeen functioning satellites in orbit (as of March 28th, 1992).
Five of these are Block I (prototype) sateliites, the remaining 12 are Block II and Block IIA
(production) satellites. As their name suggests the Block I satellites were designed to
test the concept behind positioning with QPS; they were designed to have a lifetime of
about 5 years and in many cases this life expectancy has been exceeded. The most
common cause of failure has been attributed to the satellite clocks. All satellites have
various backup systems built into them so that should a component fail, a clock for
example, a spare can be switched on in its place. Eventually these backup systems

themselves fail and the satellite’s operation is then terminated.

2.2 The GPS Control Segment

The control segment is the ground-based part of QPS which consists of five control
stations (Hawaii, Colorado Springs, Ascension, Diego Qarcia, and Kwajalein) more or less
evenly spaced in longitude around the world. Each of the stations operates as a monitor
station: they are equipped with dual-frequency GPS receivers to monitor all GPS signals,
environmental data sensors (so that tropospheric delays can be estimated), atomic
frequency standards, and computers to control operations. The tracking data from each
of the monitor stations is transmitted to the Master Control Station in Colorado Springs
so that satellite ephemerides and clock corre{:tions can be computed. The Master
Control Station is also responsible for the control of the orbital corrections that reassign

each satellite to its designated orbit should the need arise.

The Master Control Station transmits the navigation message information and other data

(to the Ascension, Diego Qarcia, or Kwajalein stations) ready for uploading to the GPS



satellites. Such an upload includes information on the ephemerides and clock
corrections supplied by the Master Control Station as well as other broadcast message
data (e.g., satellite health, coefficients for the single-frequency ionospheric model, etc.)

and command telemetry.

2.3 The GPS Signals

QPS satellites transmit navigation signals on two frequencies. The two carriers are called
L1 and L2 and their frequencies are multiples of the GPS fundamental frequency which is
10.23 MHz. The L1 frequency is 1575.42 MHz and the L2 frequency is 1227.60 MHz.
The L1 carrier is modulated by a pseudorandom noise code (PRN — binary sequences of
ones and zeros) called the C/A-code, it repeats every millisecond. Both the L1 and L2
carriers are modulated by a second PRN sequence known as the P—code. The P—code
repeats every 267 days, seven day segments of which are assigned to different satellites
for transmission. Finally, a third modulation called the broadcast or navigation message
is modulated onto the carriers. The broadcast message contains satellite clock
correction coefficients, ephemeris parameters, almanac data, and health of satellite

information amongst other things.

2.4 Pseudorange Observations

These complex signals accommodate several quite distinct types of observation. The
C/A and P—codes provide the so called pseudorange observations. Suitably equipped
receivers generate (internally) replicas of one or both codes which are cross—correlated
with the incoming codes from the satellites. The size of the shift (or lag) which is
necessary to align the receiver generated code with the code received from the satellite
provides the measure of the code’s transit time from satellite to receiver. Scaling this
transit time by the speed of light gives an estimate of the range between satellite and

receiver. The wavelengths of the C/A and P—codes are about 300 and 30 m respectively.
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As a rule of thumb GPS receivers can determine pseudoranges with a resolution of about
1% of the wavelength (Wells et al.,, 1986), or 3 and 0.3 m for the C/A and P-codes
respectively. This figure can be improved upon if carrier phase data can be used to

smooth the pseudorange data thereby yielding improved “resolution.”

2.5 Carrier Phase Observations

Another possible observable is that of the phase, ¢, of the incoming carrier. As soon as
the receiver is first switched on and has locked onto the incoming signal it will start
monitoring the phase. At any time t after lock-on the total phase recorded by the
receiver will be a combination of the integer number of cycles counted since lock-on

and the fractional part of the cycle being measured at time ¢.

Clearly the receiver can only start to measure the phase of the signal from the time at
which it is received. Thus the integer number of cycles between satellite and receiver
(i.e., prior to lock-on) is unknown and is termed the cyclé ambiguity or the unknown
cycle count N. In order to use the carrier phase observations for determination of the
satellite-receiver range the cycle ambiguity must be resolved during post-processing of

the data.

The main advantage in using carrier phase measurements is that the wavelength of the
L1 carrier is about 20 cm. Once again, by adopting the 1% rule of thumb it is clear that

carrier phase observations on L1 can be made with a resolution of approximately 2 mm,

2.6 Satellite Clock Parameters
In a perfect world the GQPS observations could be used to obtain three dimensional
positions if three simultaneous observation were made to three satellites. Thus there

would be three unknowns (the receiver’s Cartesian coordinates) and three observations.

11



This scenario assumes that the satellite and receiver internal clocks are perfectly
synchronised with each other and with the system’s master time scale (known as GPS
time). In reality this is not the case. The United States Naval Observatory monitors each
satellite’s clock and determines, for each satellite, the clock offset and drift with respect
to GPS time. The Master Control Station then uploads these parameters as part of the
satellite’s broadcast message. Thus the satellite’s clock can be closely aligned with GPS
time leaving only the receiver’s clock offset with which to deal. For this reason
simultaneous observations are made to a minimum of four satellites so that the

receiver’s Cartesian coordinates and clock offset can be determined.

2.7 Errors and Biases

Biases and errors are not to be confused with one another: biases are systematic effects
whilst errors are random errors and blunders. An attempt can be made to reduce the
effect of a bias by utilising a model which is based upon known physical properties
displayed (e.g., tropospheric modelling using the Hopfield rﬁodel where the delay due to

troposphere is a function of pressure, temperature, and relative humidity).

In a general sense the biases affecting GPS measurements fall into three groups: satellite
biases, station biases, and observation dependent biases (Wells et al., 1986). The
observation dependent biases concemn carrier phase ambiguities and signal propagation
delays due to the troposphere and ionosphere. Satellite biases are concerned with
biases in the satellite positions (or ephemerides) and satellite clock biases. User biases
include receiver clock offsets and (in some applications of GPS) biases in reference

station coordinates.

Errors can be considered to be those residual biases which remain after the main effects

have been modelled {Wells at al., 1986) in addition to multipath and cycle slips.
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Multipath is a station bias caused by reflection of QPS signals off local (with respect to
the receiver) reflective surfaces. The effect at the receiver is that two or more signals
arrive by different paths and interfere with each other at the receiver. Cycle slips can
occur when the path of a satellite’s signal is temporarily blocked so that it can no longer
be tracked by the receiver. Cycle slips can also occur in the presence of a highly
disturbed ionosphere. In either case the recorded phase data then displays a

discontinuity termed a cycle slip.

2.7.1 Ionospheric Delays

The dual-frequency nature of QPS satellite signals is of crucial importance to successful
use of GPS as a high accuracy positioning system. The ionosphere’s dispersive nature
dictates that the delay on an electromagnetic signal due to the ionosphere is inversely
proportional to the square of the frequency. This means that as the frequency gets
higher the effect due to the ionosphere will become smaller. At the GPS L1 frequency
the ionosphere can retard the signal by as much as 30 m for observations made during
early afternoon, at times of high solar activity, and to a satellite which is directly
overhead. For satellites at low elevation angles the delay can be as large as 90 metres or
more. The L1 and L2 carrier frequencies were carefully selected so that the ionosphere’s
dispersive nature could be exploited because by combining two well separated
frequencies the ionosphere’s effect can be virtually eliminated. Note that any other
combination of similarly separated radio frequencies would be equally well suited to

such a task.

In the absence of a GPS receiver which is capable of receiving both signals the
ionosphere must either be ignored or a model can be employed to predict the
ionosphere’s effect. To cater for such users a simple model of the ionosphere was

developed (Klobuchar, 1986) whose form is described by eight coefficients which form
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part of the satellite’s broadcast message. Chapter 5 of this thesis describes in some
detail both the dual and single—frequency techniques for eliminating or reducing the

ionosphere’s effect on the GPS signals.

2.7.2 Selective Availability

Selective availability (S/A) is the intentional degradation of the positioning accuracy
which can be obtained by non-authorised users of GPS (see Georgiadou & Doucet
(1990)). It is affected by a combination of dithering of the clock frequency and
modifications to the broadcast ephemeris. Dithering the clock frequency degrades the
accuracy with which pseudoranges and carrier phases can be measured. The
modifications to the broadcast ephemeris (i.e., the deliberate introduction of orbital
errors) reduce the accuracy with which satellite positions and hence receiver coordinates
can be determined. Official Department of Defense policy dictates a two~dimensional
position accuracy of 100 m (at the 95 to 98% probability level) in the presence of S/A.
S/A will feature on all Block II satellites but is not planned for Block I satellites (although

the option to implement it is reserved by the United States Department of Defense).

2.8 Point Positioning Accuracy with Single-Frequency GPS

Prior to the implementation of S/A, a single-frequency C/A-code receiver was able to
determine instantaneous point positions with typical accuracies of 40 metres horizontally
and 60 metres vertically at the 95% probability level (Wells & Kleusberg, 1990). In the
presence of a severely disturbed ionosphere these figures might be significantly larger.
One important factor governing this accuracy level is caused by the ionosphere and the
fact that a simple model is typically used to model its effect on the observations. There
are few references dealing with the effects of data processing with and without the
inclusion of such ionospheric corrections. Lachapelle & Wade (1982) did however state
that “using pseudo-range observations gathered in the P code, two frequency mode, an

accuracy of the order of 10 m can routinely be achieved for quasi-instantaneous (four to
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five minute period) positioning when four satellites are simultaneously available in a
reasonably good geometry. The use of C/A code, one frequency, observations does not
produce any apparent deterioration of the solution at the above accuracy level if the
effect of the ionosphere is taken into account. Daily solutions made at irregular intervals
over a five month period indicate a repeatability of about 10 m.” In the same research it
was found that the accuracy from C/A code, single-frequency, observations actually
improved considerably in the absence of the ionospheric correction but no explanation

for this was proffered.

2.9 Chapter Summary

A basic understanding of GPS has been given in this chapter. The system’s components
have been described as have two measurement types and the associated errors and
biases which a user might expect to encounter. From the standpoint of ultimate point
positioning accuracy it is obvious that carrier phase measurements are desirable. Such
measurements are not without their own difficulties however and it has been mentioned
that cycle slips and the resolution of inteiger ambiguities can sometimes present
difficulties. Pseudorange measurements suffer from neither of these hindrances; they do
not however offer the ideal positioning solution due to the intrinsically longer
wavelengths of the C/A and P-codes which can be only be resolved roughly at the 3 and
0.3 m levels respectively. Additionally, problems due to S/A and an ionospheric model

which is of limited accuracy must be dealt with.

The next chapter (Chapter 3) introduces the ionosphere — starting with its discovery
and continuing by outlining the early work undertaken by scientists to investigate its
properties — and familiarises the reader with the basic terminology, concepts,
characteristics, and morphology associated with this region of the earth’s atmosphere.
Some ionospheric measurement techniques are described as are several key solar and

geomagnetic indices.
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The ionosphere’s existence was first postulated by Balfour Stewart in 1882

(Ratcliffe, 1970). He suggested that the regular fluctuations experienced throughout the
day by a compass needle might be attributed to electric currents in the high atmosphere.
Because two phenomena, the aurora and geomagnetism, were observed easily using
simple equipment there were early speculations about the electrical state of the upper

atmosphere.

In 1901 Marconi successfully transmitted radio signals from England to Newfoundland —
a feat which, at the time, was difficult to explain. In 1902, shortly after Marconi’s
success, Heaviside in England and Kennelly in America suggested (almost
simultaneously and quite independently) that for the radio signals to have traversed the
Atlantic they must have “bounced” off an overhead reflector. They suggested that this
reflector was probably formed from free electrical charges in the upper atmosphere.

Subsequently, the then hypothetical layer became known as the Heaviside layer.

Following Marconi’s success, the 1920s saw commercial communication links
established across the Atlantic. Measurements of the strengths of the received signals
revealed regular variations in the strength on a daily, seasonal, and solar cycle basis. It
was further noticed that the regular daily variation was disturbed whenever a

geomagnetic storm occurred.
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Verification of the existence of the Heaviside layer came later when in 1925 Appleton
and Hartree in England, and shortly thereafter Breit and Tuve in the United States,
established both the existence and altitude of the Heaviside layer. Breit and Tuve
employed short pulses of radio energy at vertical incidence and showed that a radio
wave travelling nearly vertically during darkness was reflected from the Heaviside layer
(Breit & Tuve, 1926). This result was important because it suggested that radio waves
could possibly be used as a tool to explore the nature of charged particles in the ionised
upper atmosphere. From the delay time between the transmitted and reflected pulses
and assuming waves propagated at the speed of light, the height of reflection could be
determined. Transmissions at different frequencies produced different heights of
reflection. This effect is now known to be the result of an altitude variation in the density
of free electrons. The work of Appleton and Bamett and Breit and Tuve provided the

basis for modern day ionospheric soundings.

It is clear that the discipline of ionospheric physics finds it roots in measurements of
those early trans—Atlantic radio transmissions which could only be explained by means of
a reflecting layer composed of electrons and positive ions. Further investigation pointed
towards the existence of reflecting layers in addition to the Heaviside layer. Indeed most
of the early work attempted to explain the various layers and their variability with
latitude, local time, season, etc. It did not take long to realise that the ionosphere’s
behaviour ranged from the very stable and reproducible electron density profiles to the
rather chaotic. Periodic and aperiodic behaviour was also noticed with time scales
ranging from 11 years (the average period of the solar cycle) to a few seconds. These
early discoveries formed the building blocks upon which all subsequent ionospheric

research has been based.
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3.1 Nomenclature of the Earth’s Atmosphere

Scientific study of the earth’s upper atmosphere has necessarily led to the acceptance of
suitable nomenclature to describe its various parts. This description is based upon the
dominant physical processes, chemical composition, or temperature. If, for example, we
consider the temperature distribution of the neutral atmosphere we talk about the
mesosphere which represents a region of decreasing temperature with increasing height,
and which lies approximately between the bounds of 50 and 85 km. Above 85 km we
refer to the thermosphere where temperature increases with height. Sometimes the
boundary locations of the atmosphere’s various regions are weil known and can be
specified to within a few kilometres. At other times the bounds are less clear and may

only be specified to within tens or hundreds of kilometres.

Figure 3.1 illustrates some of the nomenclature associated with the earth’s ionosphere
and neutral atmosphere and illustrates typical electron density profiles up to altitudes of
5,000 km. In the case of the electron density profiles, the light and heavy lines represent

typical mid-latitude night-time and day-time profiles respectively.

3.2 lon Production

The ionosphere is defined by Rishbeth & Garriott {1969] as “the part of the earth’s upper
atmosphere where ions and electrons are present in quantities vsufficient to affect the
propagation of radio waves.” Incident solar radiation and (to a far lesser extent) cosmic
radiation cause the atmosphere’s neutral constituents to dissociate into positive ions and
negative electrons. The energy responsible for this ionisation is found in the ultraviolet
and soft x-ray regions of the electromagnetic spectrum, aithough particle radiation also

contributes during solar storm periods (Davies, 1966).
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Figure 3.1 — Atmospheric Nomenclature (after Van Zandt & Knecht (1964))

There is almost full ionisation above about 1,000 km but this part of the atmosphere is
so tenuous that the concentrations of electrons and ions are very small. Below about
1,000 km there is far more gas to be ionised. Incident solar radiation is therefore more
strongly absorbed and as a consequence the ion concentrations are greater. At still
lower levels (below about 50 km) the radiation has been “used up” so that the degree of
ionisation is again smalil (Budden, 1985). The ionosphere is generally regarded as that
part of the earth’s atmosphere whose lower and upper bounds are approximately
50 km and 2,000 km respectively, although in reality the upper boundary should be

extended until it merges with the interplanetary plasma.

3.3 The lonosphere’s Total Electron Content Defined
Figure 3.1 shows curves which represent both the night-time and daytime vertical
electron density profiles through the ionosphere. Integration of this quantity (or of a

slant electron density profile) leads to a quantity termed total electron content (TEC).
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TEC can be thought of as representing the number of electrons found in a column

(whose cross-sectional area is 1 m2) along the receiver to satellite path (see Figure 3.2).

Cylinder of
cross-sectional area = 1 m2

' <«C—— Satellite

)
$A
=
<
= 1000 km =
IONOSPHERE
= 50 km )\
i Receiver %E
\ , Total Electron Content (TEC)
' shown as dotted outline of
cylinder, in e/m?2

Figure 3.2 — Total Electron Content

Throughout this thesis, if the quantity of interest is the vertical TEC (or VTEC) then this

will be explicitly stated and the term VTEC will be used.

3.4 Ionospheric Structure

Following on from the work of Breit and Tuve it was expected that as the frequency of
the transmitted wave was gradually increased the height at which the wave was reflected
would also rise, and that it wbuld continue to rise until such time as it reached a peak of
the layer where the electron concentration had its maximum value. If the frequency
were then to be further increased it was expected that the wave would escape into space
without reflection, and that the frequency at which this occurred (the penetration
frequency or critical frequency) would then provide a measure of the electron

concentration at the peak. This was what was expected. However, practical experiments
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revealed a quite different truth when Appleton found that once the peak of the layer had
been reached, and the frequency of the transmitted wave was increased, the radio-wave
did not go into outer space but was reflected off another layer at a greater height.
Appleton had discovered another layer which was, naturally, known as the Appleton layer

in order to distinguish it from the Heaviside layer.

Appleton observed that were additional layers to exist it would be somewhat clumsy to
name each one after the name of the scientist responsible for its discovery. He therefore
decided that the layer discovered by Heaviside should be termed the E layer whilst the
Appleton layer would in future be termed the F layer. By so doing he left room to label
any remaining (and as yet undiscovered) layers, above and below, with neighbouring
letters of the alphabet. Several different ionospheric layers and regions have been
discovered — the D region, E, and F layers, the heliosphere and the protonosphere — but
undoubtedly the principal ones are the E and F layers. The upper boundary of the
ionosphere is not well defined, but merges into (or may be extended to include) the
heliosphere, where neutral and ionised helium are important constituents, and the
protonosphere, which is composed principally of ionised hydrogen. Both the heliosphere

and the protonosphere are poorly defined in extent (Rishbeth & Garriot, 1969).

For the sake of convenience the E and F layers are further sub-divided. Table 3.1
summarises the ionospheric layers, the approximate heights at which the layers occur,
the approximate heights of their respective maximum electron densities, and the
magnitude of the peak electron density in each layer. Due to uncertainty and variability
these heights should not be taken as definitions but merely as convenient guide-lines.
Table 3.1 refers both to regions and layers; this distinction is quite deliberate as —

unlike the E and F layers — the D region displays no distinct layers or ledges.
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D region 50 - 90 D N/A 10°
E layer 90 - (120 - 140) E, Es 90 - 140 10t
Flayer | Above (120 - 140) F1, F2 200 - 450 10'?

Table 3.1 - lonospheric Layers, their Subdivisions, and Heights

3.5 Measurements of the Ionosphere

The next logical step toward a more complete understanding of the ionosphere was to
determine the magnitude of the electron densities at the layer peaks. Much of the
available information conceming the ionosphere has been gained through the study of
vertical incidence ionospﬁeric sounding — using instruments (called ionosondes) similar
to those used by Breit and Tuve — and incoherent backscatter experiments. Faraday
rotation measurements of TEC have also added greatly to our knowledge of the

ionosphere.

3.5.1 lonosondes (and Ionograms)

An ionosonde (Figure 3.3) automatically sweeps a pulse transmitter through a frequency
band of about 1 to 20 MHz. A typical ionosonde record (called an ijonogram —
Figure 3.4) presents a plot whose vertical coordinate gives the height of reflection of a
pulse whose frequency is given by the horizontal coordinate. The critical frequencies of
the ionospheric layers can then be read off the ionogram and the peak electron densities
computed. In Figure 3.4 the partial split of the F layer into the F1 layer (or ledge) and
F2 layer is seen. Some ionosondes record the data on magnetic tape or as digital
information, some are linked to computers for control of the frequency and aerial

systems and processing of electron density profiles (Budden, 1985).
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Such ground-based ionosondes only provide information about the electrons below the
F layer peak. In September 1962 the Canadian satellite Alouette 1 was launched into a
circular orbit at an altitude of about 1,000 km. On it was mounted the first satellite-
based compact sweep-frequency ionosonde operating on radio frequencies of 0.5 to
11.5 MHz. The ability to explore the topside ionosphere (i.e., above the F layer peak)

was introduced.

The time of travel of the reflected pulses are measured on board the satellite and the
results sent to a ground receiving station by telemetry to be displayed as a topside
ionogram. Because the topside ionosonde is on a satellite which repeatedly orbits the
earth, it provides information about the electron distribution in the upper part of the F
region over a wide area. In this way information about the ionosphere above the F layer
peak is obtained which, when combined with the earth-based (or bottomside) sounder’s

information, makes it possible to study the ionosphere up to the height of the satellite.

The ionogram may be thought of as providing a picture of the ionosphere. Suitable
techniques enable the record to be translated to yield the curve of electron density vs.
height (similar to the curve shown in Figure 3.1 for example). Suitable analysis of the
ionogram yields the associated electron distribution. Such an analysis is however no
straightforward matter and description of the techniques is not within the scope of this
thesis. The interested reader is however directed towards the clear account which is

given in McNamara (1991) and the detailed account of Piggott & Rawer (1972).
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Sometimes on ionograms recorded during summer daylight hours, near the magnetic
equator or auroral regions, another penetration frequency is clearly visible somewhere
between the E and F layer peaks (Figure 3.4) at heights of about 115 km. This thin
(often less than 1 km thick (Rawer et al., 198 1)), but intensely ionised layer is confined to
relatively localised areas of radius 1,000 to 2,000 km. Its occurrence is irregular in
space and time and it is therefore known as the ‘sporadic E layer,” or Es. There are many
different types of sporadic E and it is believed that they are caused by large vertical
gradients of horizontal wind speed (or wind shear). lonisation by meteorites may also
have some effect, and at auroral latitudes precipitation of charged particles may
contribute (Budden, 1985). For an Es layer that is 10 km thick (this should be regarded
as a maximum layer thickness for Es) the layer’s contribution to TEC would (at most) be
approximately 1018 electrons/m2 (= 0.5 ns delay at the QPS L1 frequency) (private

communication, Jack Klobuchar, Phillips Laboratory, United States Air Force, April 1992).

3.5.2 Incoherent Backscatter

The region above the F layer peak has also been explored using the technique whose
name is derived from the classical Thomson scattering of waves from individual
electrons (Rishbeth & Garriott, 1969]. The technique is called incoherent backscatter, or
Thomson backscatter sounding. A strong beam of radio waves is directed upwards. In
order that the waves escape from earth without being reflected by the F layer they are

transmitted at a frequency much greater than the F layer’s penetration frequency.

Figure 3.5 shows a radio wave passing through a collection of charged particles. As the
main wave (thick black line) passes through the ionosphere it sets the electrons into
oscillations (thin black lines) so that they re-radiate wavelets in all directions. The
wavelets spread radially and when received in most directions they have randomly

distributed phases as the electrons from which they originate are also randomly
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positioned. In a direction such as A the total phase of the direct wave (thick line) and
reflected wave (thin line) is different for each particle and the combined wave is weak.
Only in the forward direction B does the phase of the main wave and re-radiated wave
add coherently producing a resultant wave of changed velocity. As the technique’s name
implies, use is made of the fact that the wavelets returned backwards towards the ground
add with random phaSes (‘incoherently’) to produce a very weak signal which can be

collected by a large aerial and measured using a sensitive receiver.
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Figure 3.5 — A Radio Wave Passing through a Collection of Charged Particles

(after Ratcliffe (1970))

As the main wave advances, each electron radiates an amount of energy which is equal
to that which falls upon its cross—sectional area (which is about 10725 cm?2). Clearly the
cross—sectional area of each electron is very small as is the amount of re-radiated power.
In order to obtain a signal which is of sufficient size to be measured, the power radiating
from a large volume of the ionosphere is collected. A large volume of the ionosphere —
a cube with 100 km sides centred at a height of 700 km for example — contains about
1025 electrons. Adding the cross-sectional areas of these electrons together results in a

total radiating surface area of about 1 cm? which, although small, now allows the re-
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radiated power to be measured. By comparing the power scattered from a known
volume with the power scattered from one electron, the number of electrons in the
volume is detérmined. Two techniques for obtaining data above the F layer’s peak have
now been examined. Topside sounding provides information about the electron
distribution at several locations and times. Incoherent backscatter on the other hand
provides a continuous stream of data for one place. The two techniques are

complementary.

3.5.3 Faraday Rotation Measurements of the Ionosphere’s TEC

In 1845 Michael Faraday discovered that when plane polarised light passed throughk lead
glass in the direction of a magnetic field, the plane of polarisation was rotated. This
phenomenon became known as the Faraday rotation, or the Faraday Effect. Faraday
rotation has since been observed in many media over a wide range of frequencies. In a
plasma, such as the ionosphere, the free electrons contribute to this effect at radio

frequencies.

In ionospheric studies the Faraday rotation technique employs ground-based
measurements. A linearly polarised signal emitted by a satellite of opportunity travels
right down through the ionosphere. As the plane polarised wave enters the ionosphere it
can be considered to split into two characteristic waves, each of which has its own
polarisation. The two waves have different phase velocities and their phase difference
changes as they progress through the ionosphere. Thus the polarisation angle of the
radio wave rdtate,s on its way through the ionosphere by an amount which depends on
the number of free electrons encountered along the ray path. Records of this Faraday
rotation therefore give a direct measure of the total electron content (TEC) along a path

extending through the ionosphere between the ground station and the satellite.
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The equipment required to measure this effect is much simpler than the traditional
ionosonde. VHF signals received from geostationary satellites provide continuous
monitoring of both short and long term variations in the ionosphere. The TEC can be
recorded directly, continuously and automatically, with high accuracy and resolution, and
at low cost. Faraday rotation measurements to geostationary satellites should be
considered to give the integrated electron content up to a fixed height of 2,000 km with
an accuracy of approximately 3 to 5% (Titheridge, 1972). Changes of electron content as

small as 0.1% are detectable (Rishbeth & Garriott, 1969).

3.6 Temporal and Geographic Variations of the lonosphere

Extensive measurements of the ionosphere have been made for decades, from many
locations around the world, using bottomside ionospheric sounders, topside ionospheric
sounders, and incoherent backscatter and Faraday rotation equipment. Interpretation of
these data has enabled scientists to build an expanded understanding of the complex
relationships which exist between solar conditions, geomagnetic activity, time of day,
season, geographic location, and the resulting state of the ionosphere at any particular

time and location.

The height and thickness of the ionospheric layers varies according to the prevailing
solar and geomagnetic conditions, time of day, geographic location, and season. The
resulting electron concentrations vary accordingly. Figure 3.6 gives a cursory insight
into the temporal complexities of ionospheric behaviour by illustrating the variation of
the D, E, F1, and F2 layers during daytime and night-time in the summer and winter

seasons.

It can be seen that the layers are subject to diurnal and seasonal variations in height and

thickness — at night the layers become thinner and the D region usually disappears
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altogether. This figure is approximate because although the layers occasionally behave
in an easily predictable manner, their behaviour is often anomalous. Combining the
layers together and looking at the net effect — the TEC for example — shows that its

behaviour also ranges from the easily predictable to the chaotic.
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Figure 3.6 — Daytime, Night-time, and Seasonal Height Variations

of the lonospheric Layers (after Burnside (1982))

The following paragraphs summarise a few of the salient points with respect to the
behaviour of the D region and the E, F1, and F2 ionospheric layers. The description of
events is based upon the particularly clear accounts which are given by Ratcliffe (1970)
and Van Zandt & Knecht (1964). It will become clear that the ionosphere’s behaviour

is at times far from straightforward, predictable, or easily modelled.

3.6.1 The D Region
The D region is that part of the ionosphere which extends from about 50 to 90 km in

height. Below heights of about 70 km cosmic radiation is an important ionising agent in



this region. Cosmic radiation consists of chérged particles from outer space and the sun
which move so rapidly that they can penetrate to ground level without much loss of
energy. Perhaps most importantly, the amount of cosmic radiation which reaches the
earth is the same by day and by night. The D region’s peak electron concentration
occurs at about 60 to 70 km. Because the ionisation is caused by cosmic radiation,
which is deviated by the earth’s magnetic field, the D region’s electron concentrations

are greater at the earth’s poles.

Despite the fact that the cosmic radiation impinges on the earth equally strongly at all
times, the related electron concentrations do not remain constant. At heights of about
60 to 70 km, and at night, the electrons collide so frequently with the molecules that
most of them attach themselves to the molecules to form negative ions (Ratcliffe, 1970).
The related number of free electrons is therefore very small. During the day, radiation
from the sun causes the electrons to detach from the negative ions and a related
increase in the number of free electrons ensues. Therefore the D region electrons are

present by day but not by night.

At heights of 70 to 80 km the electron concentration increases gradually from sunrise to
midday and then decrease towards sunset. At lower heights (where cosmic radiation is
the most important ionising agent) there is a sudden increase in electron concentration
at sunrise (remember that solar radiation now causes electrons to detach from the
negative ions to leave many more free electrons) to a level which remains constant
during daylight hours. This is followed by a sudden decrease at night when once again

the electrons become attached to molecules to form negative ions.

There are interesting variations with the solar cycle also. At heights of 70 to 80 km

(where solar radiation is the more important ionising agent) the electron concentrations
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are greater at solar maximum than at solar minimum. In the lower part of the D region
— below about 60 km, and where cosmic radiation is the more important ionising agent
— this characteristic reverses itself and electron concentrations are found to be greater
during solar minimum than they are at solar maximum. This trait is due to the fact that
the flux of galactic cosmic rays reaching the earth is smaller at sunspot maximum than at

minimum (Rishbeth & Garriot, 1969).

Clearly the D region displays quite distinct and regular patterns of behaviour both
diurnally and in terms of the 11 year solar cycle. There are, however, also irregularities
to its behaviour, most notably the Sudden Ionospheric Disturbance (SID). The SID is a
large simultaneous increase in electron density over the entire day hemisphere. SID’s
are caused by a large increase in the solar x-ray flux accompanying some large solar
flares. They last a few minutes to several hours (Van Zandt & Knecht, 1964). Also,
increased radio wave absorption is observed on some winter days due to increased

ionisation.

3.6.2 The E Layer

The daytime E layer is the best known of all the ionospheric layers, both observationally
and physically. Observationally, the huge number of vertical incidence ionosonde
observations of the maximum density of the E layer, YmE, have established that the
daytime E layer is quite regular in its temporal and geographical variations. Not only
does NmE depend almost entirely on the activity and zenith angle, , of the sun, with
only smalil corrections for beforenoon versus afternoon and for geographical location, but
the E layer is almost free from the striking disturbances so characteristic of the D and F
regions. Outside Arctic regions the largest daytime disturbance the E layer‘ undergoes is
at the time of an SID, during which the peak electron density of the layer may increase by

as much as a factor of 2. Such a disturbance may last for several hours.

31



3.6.3 The F1 Layer

When it is present, the F1 layer is a ledge or occasionally a layer on the bottom of the F2
layer. The F1 layer partakes both of the regularity of the E layer and the variability of the
F2 layer. When it is present, its mean behaviour is very much like that of the E layer.

Also, like the E layer, the F1 layer disappears at night.

During the day, the shape and existence of the F1 layer are variable. When it is present,
its shape usually changes rapidly in the span of fifteen minutes or so, and its onset in the
mormming and disappearance in the afternoon are variable from day to day. The F1 layer
tends to appear when the solar zenith angle is small and is enhanced by decreases in

solar activity, by solar eclipses, and especially by ionospheric storms.

The F1 layer also exhibits geomagnetic control. For a given local time the critical
frequency of the F1 layer, foFl, tends to be more nearly equal at the same geomagnetic

latitudes than at the same geographic latitudes (see Figure 3.7).

3.6.4 The F2 Layer and its Anomalous Behaviour

Much interest was shown in the F2 layer during the Second World War when radio
communications were so important. In order that the best frequencies could be chosen
for radio communications both the Germans and the Allies set up ionosondes in many
parts of the globe so that penetration frequencies of the ionospheric layers could be
studied. This research continued, on a much larger scale and with a greater sense of
international cooperation, after the war. Studies of the ionosphere formed an important
part of the International Qeophysical Year in 1957-1958 and there were about 200
globally distributed ionosondes in operation. Consequently much was leamt about the

F2 layer.
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The F2 layer has many anomalous characteristics which do not necessarily have distinct
physical causes (Rishbeth & Qarriott, 1969). The penetration frequency of the F2 layer
often reaches its maximum either just before or just after midday. Sometimes there are

two maxima either side of midday. This characteristic is known as a diurnal anomaly.

Due to its height the F2 layer continues to be exposed to solar radiation for a few hours,
after sunset is observed directly below at a particular spot on earth. Therefore the
related F2 layer electron concentrations remain quite high for a few hours after sunset.
Throughout the night the underlying trend is for the electron concentration to decrease
gradually until daybreak the next day when it once again starts to rise. This gradual
decrease is not very often a smooth one. Sometimes at night there is a sharp increase in
electron concentration for which direct solar radiation certainly cannot be the

responsible agent (Ratcliffe, 1970).

Behaviour of this kind is most easily seen in polar regions when, for a few weeks each
year (during winter), there is no sun to illuminate the earth’s poles or to impinge upon
the polar ionosphere. Yet, at such times, the peak electron density of the F2 layer can be
seen to behave ih much the same way as it would were solar radiation to be present.
That is, at “polar midday” the electron concentration is at its greatest and at “polar
midnight” the electron concentration is at a minimum. Clearly, and despite the absence
of direct solar radiation, there is a source of electrons that is controlled by the sun’s
photon radiation despite the fact that it is unable to directly impinge on the layer

(Ratcliffe, 1970).

The mid-latitude F2 layer also displays a seasonal variation known as the seasonal or
winter anomaly where the maximum electron density of the layer (NmF2) tends to be

greater in winter than in summer. The winter anomaly is a daytime characteristic (it
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disappears at night) which becomes apparent as solar activity increases (it is not seen

during sunspot minimum) (Rishbeth & Garriott, 1969).

Most importantly, examination of the wartime measurements revealed that as distance
increases either side of the equator the electron concentration increases until it reaches
its peak at about 20 degrees north and south of the equator, 'sandwiching an equatorial
minimum. Moving further north and south of the 20 degree maxima, the electron
concentrations decrease towards the poles. Further examinations have shown this

equatorial minimum to be controlled by the earth’s magnetic field.

The F2 layer displays much by way of anomalous behaviour. This anomalous behaviour
not only affects the F2 layer during normal times; in fact it is often at its worse during
magnetic storms. During a magnetic storm there is an associated injection of rapidly
moving electrons into the auroral zones accompanied by an increased flow of electrical
current in the same areas. However, the F layer is profoundly disturbed over the whole
of the earth. The penetration frequency will either increase or decrease and the layer

usually becomes thicker.

3.7 The Earth’s Magnetic Field

The earth’s magnetic field, or geomagnetic field, can be approximated with a simple
earth—centred dipole (i.e., the best fitting dipole field to the earth’s actual magnetic ﬁeld).
The dipole axis cuts the surface of the earth at the south and north geomagnetic poles
(Figure 3.7) the coordinates of which are 78.3"S, 111°E and 78.3°'N, 69°'W respectively
(Davies, 1966). The plane through the centre of the earth perpendicular to the dipole
axis is calle’d the dipole equatorial plane and the circle about the earth is the dipole
equator (at which the lines of flux are approximately parallel to the earth’s surface). The
relationships between dipole coordinates (¢,,, 4,,) and the corresponding geographic

coordinates (g,, 45) are given in the following standard equations (e.g., Davies {1966))
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sin ¢,,, = sin @  sin @g + COS ¢4 COS P COS(A,, — Ag) (3.1)
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sini,, = cos (PCS(;Z( %) (3.2)
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where ¢, and 1, are the geographical coordinates of the north geomagnetic pole.
Scientists use slightly different nomenclature from that mentioned above when
describing the earth’s actual magnetic field: the poles are referred to as the dip poles
(where the earth’s magnetic field is vertical); the equator as the dip equator (where the

earth’s magnetic field is horizontal); and latitude as dip latitude.

dipole equator

-180 -150 -120 -90 -60 -30 30 60 90 120 150 180

Figure 3.7 — The earth’s dip poles (D.P.) and geomagnetic poles (Qm.P.) do not coincide
with the geographic poles (G.P.). The earth’s dip equator and geomagnetic equator are

not coincident with the geographic equator.
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3.8 Ionospheric and Magnetic Storms

Violent eruptions on the sun’s surface (known as solar flares) are responsible for the
occurrence of ionospheric storms. The ionosphere’s response to a solar flare is not
instantaneous; there is typically a 2 to 4 day delay between the solar flare and the
ionospheric storm which it causes. This is advantageous for the QPS user, for example,
as it allows plenty of time to predict the onset of an ionospheric storm. There is a high
degree of variation in terms of the size and duration of a solar flare; most of them occur
at times of high solar activity and most of them are very small (as is the associated
ionospheric storm). Sometimes the solar flare’s effect on the ionosphere can be quite
severe; the effect is seen in the ionosphere’s critical frequency, foF2, which can either
increase or decrease. The effects of the ionospheric storm are greater in the eduinoxes
and in summer than in winter and are greater at higher latitudes. That is, the equatorial

regions are less affected than the polar regions.

Magnetic storms occur in conjunction with ionospheric storms and have the same
causes. The earth’s geomagnetic field is roughly constant but high sensitivity
measurements reveal constant fluctuations in magnitude and direction. Some are rapid
changes with periods of minutes or even fractions of a second whilst others are longer
daily variations or ones with periods of years. Most of these changes are quite small —
only a fraction of 1 percent of the magnitude of the surface field. However, during a
'large magnetic storm there may be a field change as large as 1 or 2 percent. Such
magnetic storms are often accompanied by auroral displays and ionospheric

disturbances, especially in the polar regions of the earth (Cahill, 1964).

Magnetic storms comprise a very complicated sequence of phenomena. Theories of
storms are tentative, and individual storms vary so much that exceptions may be found

to almost any description of the observed phenomena. Magnetic storms are initiated by
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solar disturbances and most severe storms have a sudden commencement (SC) which
takes place one or two days after a solar flare, but many storms cannot be definitely
attributed to any particular flare. Large flares are most common at sunspot maximum,
and SC storms are most frequent then. Another type of storm, common during the
declining part of the solar cycle and generally weaker than the SC type, is not associated
with flares. These storms often start gradually with no SC and tend to recur at intervals
of 27 days, the period of the rotation of the sun at its equator as viewed from the earth.
Sometimes in a sequence of recurrent storms, some have an SC and some do not.
These phenomena have been attributed to periodic immersion of the earth in particle
streams emitted, more or less continuously, from active areas on the sun which have

become known as (magnetic) M regions.

3.9 The Ionosphere’s Major Geographic Regions

Figure 3.8 shows the major geographic regions of the ionosphere; the boundaries of
which should not be taken as fixed as they vary according to the prevailing solar and
geomagnefic conditions. The auroral and polar cap regions are often the most disturbed
ionospheric regions where the disturbing force can be attributed to solar particle
emissions which are guided along the earth’s magnetic field lines into this region. These
disturbances can sometimes propagate down into the mid-latitude ionosphere also. The
trough region varies in width and represents an area of dramatically depleted ionisation
compared with surrounding areas of the ionosphere. Of the regions depicted here the
mid-latitude ionosphere is the least disturbed and can be relatively easily modelled in a
statistical sense. The elongated areas shown either side of the magnetic dip equator are
referred to as the equatorial anomaly. These areas display a strong diurnal
dependence, are significantly disturbed by various processes, and contain the highest

values of TEC in the world-wide ionosphere (Klobuchar et al., 1991).
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Figure 3.8 - Major Geographic Regions of the lonosphere (after Bishop et al, (1989))
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3.10 Solar and Magnetic Indices

Several indices of solar and magnetic activity have been developed to describe the
degree of variability at any given time. Some of the work which follows in this thesis
(notably the use of three semi-global empirical ionospheric models) relies on the
knowledge and acquisition of sunspot numbers, solar radio flux values, and Kp indices.
Although a number of indices have been defined only these three will be described in
any detail. Data on these indices have been obtained from the National Geophysical
Data Center (NGDC), Boulder, Colorado. Unless another author is specifically referenced
in the following sub-sections on solar and magnetic indices, the reference material has

been the notes accompanying the NGDC data sets.

3.10.1 Sunspot Numbers

Dark spots (called solar sunspots) are often visible on the surface of the sun. In actuality
these spots are not dark but merely appear so when seen against the brightness of the
solar disc. If a sunspot could be separated from the sun and suspended in space it
would be 100 times brighter than the full moon (Ratcliffe, 1970). Such Spots were
recorded as far back as 1,000 B.C. by the Chinese (Schove, 1983). Qalileo started
observing sunspots in 161 1, just two years after the telescope had been invented, but
records prior to 1749 are thought to be “poor” (Hirman et al., 1988). Observations over
the past 250 years have shown the waxing and waning of sunspots and sunspot groups
to display a periodicity of approximately 11 years (Figure 3.9). As an interesting aside, if
a spot persists for long enough it can be seen to move from one side of the solar disk to
the other in 13.5 days, and then 13.5 days later it will be seen reappearing. This of
course is confirmation of the sun’s period of rotation which at the equator, is about 27

days.
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In 1848 the Swiss astronomer Johann Rudolph Wolf introduced a daily measurement of
sunspot number. His method, which is still used today, counts both the total number of
spots visible on the face of the sun and the number of groups into which they cluster,
because neither quantity alone satisfactorily measures sunspot activity. In 1868 Wolf

also derived sunspot numbers from data which extended back to 1700 (Schove, 1983).
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Figure 3.9 — The 11 Year Solar Cycle

An observer computes a daily sunspot number by multiplying the number of groups seen
by ten and then adding this product to the total count of individual spots. Results,
howéver, vary greatly, since the measurement strongly depends on observer
interpretation and experience and on the stability of the earth’s atmosphere above the
observing site. Moreover, the use of earth as a platform from which to record these
numbers contributes to their variability because the sun rotates and the evolving spot
groups are distributed unevenly across solar longitudes. To compensate for these
limitations, each daily international number is computed as a weighted average of

measurements made from a network of cooperating observatories. The highest daily
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count on record occurred December 24 and 25, 1957. On each of those days the
sunspot number reached 355. In contrast, during years near the minimum of the spot

cycle, the count can fall to zero.

Since 1848 the cycle duration has been 10.0 to 12.1 years. On average the cycle
duration is about 11 years and is commonly referred to as the 11-year solar cycle. The
average time from minimum to maximum, and then back to minimum is about 4.3 and
6.6 years respectively. Cycles with faster rise times typically have higher maxima
(Hirman et al., 1988). Each consecutive solar cycle has been numbered sequentially —
solar cycle 21 peaked in about January 1980 and reached its minimum during August

1986. We are presently in solar cycle 22 which started in September 1986.

3.10.2 The Ottawa 2800 MHz Solar Flux

The sun emits radio energy with a (mostly) slowly varying intensity — this is the so called
‘quiet sun.” This radio flux, which oﬁginates from atmospheric layers high in the sun’s
chromosphere and low in its corona, changes gradually from day-to—day, in response to
the number of spot groups on the disk. Radio intensity levels consist of emissions from
three sources: from the undisturbed solar surface, from developing active regions, and
from short-lived enhancements above the daily level. From June 1946 to September
1948 solar flux density at 2,800 megaHertz was recorded at Ottawa. Observations were
then made at South Gloucester until December 1961 at which time observations were
transferred to a radio telescope at the Algonquin Radio Observatory (ARO), near Ottawa.
Observations at ARO have recently ceased for the most part and are now made at the
Dominion Radio Astrophysical Observatory (DRAO), Penticton, B.C., which previously had
been operating in parallel with ARO. Each day, levels are determined around local noon
(1900 UT) and then corrected to within a few percent for factors such as antenna gain,

atmospheric absorption, bursts in progress, and background sky temperature.
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The NADC data sets contain three sets of fluxes — the observed, the adjusted, and the
absolute — from the entire solar disk at a frequency of 2,800 megatiertz in units of 10722
Watts/square metre/Hertz. Of the three, the observed values are the least refined, since
they contain fluctuations as large as 7% that arise from the changing sun—earth distance.
In contrast, adjusted fluxes have this variation removed; the numbers in the data sets
equal the energy flux received by a hypothetical detector located at the mean distance
between sun and earth. Finally, the absolute levels carry the error reduction one step
further; here each adjusted value is multiplied by 0.90 to compensate for uncertainties.in

antenna gain and in signais reflected from the ground.

3.10.3 The Kp Number and Other Magnetic Indices

The earth’s magnetic field is seldom quiet, even when there are no storms. Several
empirical magnetic indices have been developed to deséribe the variability at any given
time. The important indices are listed in Table 3.2. The subscript “p” is affixed to some
of the indices (Kp and Ap for example) and is used to indicate a planetary index. Such
indices are therefore Qlobal magnetic activity indices. The following 13 observatories,
which lie between 46 and 63 degrees north and south geomagnetic latitude, now
contribute to the planetary indices published by NGDC: Lerwick (UK), Eskdalemuir (UK),
Hartland (UK), Ottawa (Canada), Fredericksburg (USA), Meannook (Canada), Sitka (USA),
Eyrewell (Hew Zealand), Canberra (Australia), Lovo (Sweden), Rude Skov (Denmark),

Wingst (Qermany), and Witteveen (The Netherlands).

At any observatory, for each three-hour period of every UT day, the range of variation of
each of the Cartesian field components of the earth’s magnetic field (X, Y, Z) is
measured. The largest of the three components r (in gammas, or nanoTeslas) for a
particular station is related to the K index. For each observatory a table is assigned,

giving limits of r corresponding to each of ten values of K. The lower limit of rfor K= 9
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is set according to the geomagnetic latitude of the observatory. Typically the
qualification for K = 9 is a disturbance of 300 y (gammas, or nanoTeslas) for a low—
latitude (but not equatorial) station, 500 y for a mid-latitude station, and 2,000 vy for a
station in the auroral zones. For stations of about 50" geomagnetic latitude the following

logarithmic relationship between r and K applies {Davies, 1966):

Range of r: 0 5 10 20 40 70 120 200 330 500
K: 0 1 2 3 4 S 6 7 8 9

Daily means (1818

Observed, adjusted, Kp, Ap, sunspot

to present). and absolute daily number (Jan 1932 to
Monthly and values, monthly present); adjusted
smoothed monthly | yeans, and yearly 10.7 cm solar flux
means (1749 to means (Feb 1947 to (Feb 1947 to present)
present). present). and other geomagnetic
Yearly means (1700 indices.

to present).

Diskettes (2). 1. Booklet, 46 pages | 1. Magnetic tape.
Publication, Report observed or 2. Diskettes (6).
UAG-95, 112 pages. adjusted or 3. Annual

Annual subscription absolute values. subscription to

to monthly Solar 2. Diskettes (2). monthly

Indices Bulletin,2 | 3- Annual Geomagnetic
pages. subscription to Indices Bulletin.
Sunspot number Solar Indices

plots, publication Bulletin, 2 pages.

quality graphics
display entire
archive of daily,
monthly, and yearly
mean values.
National Geophysical Data Center (NGDC),
325 Broadway, Boulder, Colorado 80303 USA.
Telephone: (303) 4976346

Table 3.2 -~ Summary of NGDC Solar Indices

The arithmetic mean of the K values scaled at the 13 observatories listed on the previous
page gives the planetary Kp index of which there are eight per day. Kp indices range in

28 steps from 0 (quiet) to 9 (greatly disturbed) with fractional parts expressed in thirds of
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a unit. A Kp index of 27, for example, means 2 and 2/3 or 3—; a Kp index of 30 means 3
and 0/3 or 3 exactly; and a Kp index equal to 33 means 3 and 1/3 or 3+. A second

index, Ap, is similar to Kp except that it is a daily index.

3.10.4 Sources of Solar Indices

Figure 3.9 was created from the “SMOOTHED.PLT” file of monthly sunspot numbers as
obtained from NGDC. NGDC supply several indices of solar activity in a variety of
formats. Table 3.2 outlines a few of the important indices, their associated data, and the

available formats.

The Herzberg Institute of Astrophysics, National Research Council Canada, has published
the daily values of solar flux at 2,800 MHz in a nine-volume series of reports which can
be obtained from Canada Institute for Scientific and Technical Information, National
Research Council Canada, Montreal Road, Ottawa, Ontario, Canada K1A OS2 (Phone:

(613) 993-1600).

NADC would appear to have the most complete archive of solar and geomagnetic
indices. Additional services are offered; these include yearly subscriptions to the NGDC
Solar Indices Bulletin and Geomagnetic Indices Bulletin, examples of which can be
found in Appendix I. Geomagnetic and solar indices can also be found in the Journal

of Geophysical Research, and sunspot numbers may be found in Sky and Telescope.

3.11 The Ionosphere in Summary
In 1882 Balfour Stewart first postulated the ionosphere’s existence. Early ionospheric
pioneers soon discovered roughly discreet regions, or layers, of differing electron

concentrations which would either reflect radio waves or allow them to pass through.
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Once the underlying physical processes responsible for the ionosphere’s being were
recognised, instrumentation was designed for its observation. Many years of scientific
data collection have lead to an increasingly more detailed understanding of the
ionosphere and its constituent parts. The driving forces behind the ionosphere’s state
are now known with various degrees of understanding and the ionosphere’s state has
been found to be dependent on season, time of day, level of geomagnetic and solar
activity, and geographic location. The culmination of this knowledge has enabled the
development of empirical ionospheric models whose job it is (in the words of McNamara
(1985)) “to reproduce as faithfully as possible many different observations and types of

observation, and to do so in a convenient mathematical fashion.”

Ionospheric science is a relatively new discipline which finds its roots some 250 or so
years ago. Much has been learnt in this time, undoubtedly much more will be leamt in
the next 250 years. Better understanding of the ionosphere will doubtlessly follow in
years to come. This improved level of understanding will in turn lead to the

development of better, more sophisticated empirical models.
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Empirical models of the ionosphere are well described by McNamara (1985) when he
says that they are “systematised distillations of a mass of observations collected over a
long period of time and from many stations. They differ from physical or theoretical
models by neglecting to a large extent the physical processes involved. Their intention is
to reproduce as faithfully as possible many different observations and types of
observation, and to do so in a convenient mathematical fashion. Their value lies in their
succinctness, their potential for use in practical applications. Validation of such models

is an important pre-requisite for their use in either of the latter roles.”

For surveying with GPS the ionospheric models of interest are those which describe
electron density profiles up to altitudes of 1,000 km or more. Three such models have

been obtained, the salient points of which are described in the following paragraphs:

(i) The Bent model (Bent & Llewellyn, 1973);

(ii) The lonospheric Conductivity and Electron Density (ICED) profile model
(Tascoine et al., 1988); and

(iii) The 1986 International Reference lonosphere (IRI86) (Rawer et al., 1981,

Bilitza, 1986D).
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The decision to concentrate on the three models listed above was a reasonably
straightforward one. The Bent model is often referred to in literature dealing with
ionospheric models and appears to be regarded as the “father” of such models — the
techniques used in its construction have been modified and built upon in subsequent
models. IRI86 represents a model whose existence can be attributed to international
cooperation amongst ionospheric scientists. In the words of Bilitza (1986a) “the IRI
steering committee has, over the years, read like a who’s who in ionospheric physics.”

ICED was considered because it is the latest all-new ionospheric model.

In addition, the GPS single-frequency Broadcast model (Klobuchar, 1986) is described
briefly as tests will later be reported on the three empirical models listed above and the

Broadcast model.

4.1 Maps of foF2 and M(3000)F2
Several references will be made in this chapter to the various models’ coefficient

datasets. These coefficients are used to generate global maps of two crucial ionospheric

quantities:
] The critical frequency of the F2 layer, or foF2; and
] The M(3000)F2 factor, where M(3000)F2 = MUF/foF2, and MUF is defined

as the maximum usable frequency that, refracted in the ionosphere, can

be received at a distance of 3,000 km over the earth’s surface.

foF2 and M(3000)F2 are important quantities in ionospheric modelling because
knowledge of them allows the peak electron density of the F2 layer (YmF2) and the

height at which the peak occurs (hmF2) to be found. The Bent model for example uses
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the following relationships to determine NmF2 (in electrons/m3) and hmF2 (in km) given

foF2 (in MHz) and M(3000)F2 (dimensioniess)

NmF2 =1.24x10°(for2)’
(4.1)

hmF2 = 1346.92 - 526.40 [M(3000/F2] + 59.825 [M(3000/F2]°

Each model considered in this research uses a different set of coefficients. The Bent
model does not explicitly reference the source of its coefficients, although they are
actually those to which we now refer as the International Radio Consultative Committee
(CCIR) coefficients. The CCIR adopted a set of coefficients in 1966 (Rush et al., 1989)
that could be used to represent foF2 and M(3000)F2 at any point on the earth for any

- given universal time.

For each of two levels of solar activity (R = 0 and R = 100, where R is the smoothed 12~
month mean of the Zurich monthly sunspot number) CCIR uses 988 coefficients to
globally represent the variation of foF2 for any given month, and 441 coefficients to
describe M(3000)F2. Therefore the total number of foF2 and M(3000)F2 coefficients for
12 months covering two levels of solar activity is 23,712 and 10,584 respectively. If
evaluations are required at levels of solar activity where R is neither equal to O or 100 a

simple linear interpolation/extrapolation is performed.

Improvement of the original set of CCIR coefficients has been an ongoing process. Most
notable amongst these efforts has been that of the International Union of Radio Science
(URSI) Working Qroup Q.5. The working group’s mandate is “to make improvements in
the present CCIR maps of F2-layer characteristics through theory and observation and in
particular to investigate the possibility of incorporating space data” (Rush et al., 1989).

The offshoot of this mandate has been the release of several versions of their
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coefficients (e.g., the URSI-1988 coefficients). ICED utilises the URSI-1988 coefficients;
IRI86 uses the CCIR-1966 coefficients. The main drawback with such coefficients is that
they were derived from data gathered in a fashion which was inhomogeneous both
spatially and temporally. Typically there are vast tracts of the worlds’ oceans for which
data does not exist. Therefore any set of coefficients such as the CCIR’s or URSI’s will
perform relatively poorly when attempting to model foF2 in such areas. Conversely the
CCIR and URSI predictions around areas from which many data were available prove to
be quite accurate. These facts are not surprising when it is borne in mind that the
modelled values of foF2 can usually only be compared with those observations from
which the coefficients were originally derived (private communication, Charles Rush,

NTIA/ITS, November 1991).

4.2 Description of the Bent Model

The Bent model was developed by Rodney Bent and Sigrid Llewellyn of the Atlantic
Science Corporation of Indiatlantic, Florida (a now defunct organisation). The project
was funded jointly by the Air Force Space and Missile Systems Organisation (SAMSO), the
Air Force Cambridge Research Laboratory, and by NASA/GQGoddard Space Flight Center.
The model, published in July 1972, is a FORTRAN program designed to describe the
ionosphere on a world-wide basis for any past or future date. The model’s FORTRAN
source code, binary database of CCIR coefficients, and detailed documentation (which
includes the input and expected output data for several test cases) are available from the
United States Department of Commerce, National Technical Information Service, 5285
Port Royal Road, Springfield, Virginia 22161. The Bent model was designed to give
refraction corrections for use in satellite to ground or satellite to satellite

communications.
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4.2.1 The Ionospheric Profile of the Bent Model

Development of the Bent model involved fitting a theoretical electron density profile to a
database of ionospheric measurements. The database entries spanned from
approximately 1962 to 1969 (solar cycle number 20), and covered the minimum to the
maximum of that cycle. Measurement data extended up to heights of about 1,000 km.
Hourly profiles of the ionosphere up to the F layer peak from fourteen stations
approximately along the American longitudes having geographic latitudes befween 76" N
and 12' S (magnetic latitudes of about 85" N to 0 respectively) provided the bottomside
data from 1962 to 1969. Topside soundings from 1962 to 1966 provided data
downwards from heights of about 1,000 km to a height just above the maximum
electron density. These soundings covered magnetic latitudes of between 85" N and
75" S. Because the topside data was not available near the solar maximum, electron
density probe data was obtained from the Ariel 3 satellite between May 1967 and April
1968 from 70° N to 70" S (geographic) and correlated with foF2 values obtained from 13
stations on the ground. In total the database consistéd of over 50,000 topside
soundings, 6,000 satellite electron density and related foF2 measurements, and over

400,000 bottomside soundings.

The resultant profile (Figure 4.1) is composed of five piece-wise sections: a bi-parabola
to model the lower ionosphere; a parabola which joins together the top and bottomside
ionosphere; and three exponential sections whose combined function is to model the

topside ionosphere.
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Figure 4.1 — The Bent Profile (after Bent & Llewellyn (1973))

The lower parts of the ionosphere (i.e., the D region, the E layer, and the F1 layer) are not
individually modelled in the Bent model. Instead their electron density values were
included in the TEC below hmF2 which was then used in the derivation of the lower bi—
parabolic layer. Table 4.1 shows the ranges into which each of the five sections of the

Bent profile fall.
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Top Exponential

h, <h<2,000km

Middle Exponential h <h<h,
Lower Exponential hy<h<h
Topside Parabola hmF2 < h<hy

Bottomside Bi-Parabola

hmF2 -y, <h<hmF2*

* ¥m is the half-thickness of the bottomside bi-parabola.

Table 4.1 — The Ranges of the Five Sections of the Bent Profile

The Bent model generates location and time dependent electron density vs. height
profiles up to heights of 2,000 km from which range, range rate, and the angular
refraction corrections for the wave are obtained as well as the vertical and slant total
electron content. Development of the model was based upon a database of
measurements that did not exceed heights of approximately 1,000 km. Despite this fact
the model is allowed to generate profiles up to heights of 2,000 km by extending the

exponential form of the uppermost exponential layer.

4.2.2 User Input into the Bent Model

The user is required to input the satellite’s transmission frequency, the elevation and
azimuth to the satellite, the satellite’s elevation and azimuth rates (if range-rate
corrections are required), the satellite’s height, the station position, time information, and
a limited amount of solar data. The combination of station position and the satellite’s
elevation and azimuth allows line-of-sight (or slant) computations of TEC and related
ionospheric delays to be performed as well as vertical evaluations at the receiver’s
location. To force the model to perform vertical computations, the satellite’s elevation

angle is entered as 90°".
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The solar data required by the model is that of daily values of observed 10.7 cm solar
flux, the 12-month running average of sunspot number (otherwise referred to as monthly
smoothed sunspot number), and the 12-month running average of solar flux. The daily
solar flux values are readily available,‘ as are the smoothed sunspot numbers. The
smoothed monthly flux 1, ; for month j is computed from observed monthly mean flux
data (which are listed alongside the daily values) using the following expression in which

I, is a mean flux value for month k:

1[I+
Ixz,j‘lz[ > 2,”) : (4.2)

i=-5

If not enough advance data is available to form the 12-month running average, it can be

approximated with a 11.5, 10.5, or 9.5-month running average

1 F 6-k
approx. FIZJ = F125 -k j = m{ "2_6 + 2 i1 , k=12,0r3 . (4.3)
=5

If there is not enough data to form even the 9.5-month running average, then the 12—
month running average of solar flux can be approximated from the following expression
(Stewart & Leftin, 1972) which relates the 12-month running average of solar flux to the
12—monthbrunning average of sunspot number (for which tabulated predictions are

generally available, e.g., the NGDC Solar Indices Bulletin, Appendix I)

approx. Fy, ; = 63.75+0.728% Sy, ; +0.00089x 87, ; . (4.4)

To test the accuracy of the 11.5, 10.5, 9.5-month running averages formed in (4.3), and
of the approximate form shown in (4.4) computations have been made based on the

NADC database of monthly mean sunspot and flux values from January 1947 to
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December 1989. The results (shown in Table 4.2) are compared with the 12-month

running average of solar flux as computed from (4.2).

11.5-month (eqn. 4.3) 0.978 . 0.72
10.5-month (eqn. 4.3) 2.785 2.06
9.5-month (eqn. 4.3) 4,519 3.34
Approximate (eqn. 4.4) 4.875 3.14

* Errors based upon comparison with the 12-month running
average from (4.2).

+ 1 S.F.U. = 1022 W m2 Hz1.

Table 4.2 — Errors in the Determination of the Smoothed Monthly Mean Solar Flux

when Computed Using Various Techniques

The accuracy of each computation decreases in the expected order. In the worst cases,
the approximate form of (4.4) and the 9.5-month running averages from (4.3) are in

error by about 3% r.m.s. If real-time predictions are required (4.4) must be adopted.

4.2.3 Output from the Bent Model

There are several output options available from this model. The desired options are
determined by setting flags in the model’s command file equal to one (required) or zero
(not required). Output parameters include VTEC, line-of-sight TEC, the ionospheric
profile’s parameters (and associated plot of height vs. electron density), and the
associated ionospheric delay (in metres) along the line of sight to the satellite. Ray
bending is not taken into account by the model and in the context of this research is of
little importance anyway as only vertical delays are dealt with. Figure 4.2 shows a
sample listing of the output from a trial run using one of the test cases provided with the

model (test case number 1, page 118, Bent & Llewellyn (1973)).
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* (NPUT *+

FREQUENCV=  140.0000 M2, LATITUDE= -16.67000 DEG, LONGITUDE OF STATION= 218.00000 DEG

ELEUATION= 5.000000 DEG, AZIMJTH=180.000000 DEG, HEIGHT OF SATELLITE= 1000.0 KM, ELEUATION RATE=-0.12670930E-02 RAD/SEC
VEAR=GS, HONTH= 8, DAY=15, U.TINE= 6 0000000 HAS, ALTITUDE RATE= O.0000000CE+00 M/SEC

DAILY FLUX= 181.0, 12-HONTH RUNNINO AUERAGE OF SOLAR FLUX= 145.5, OF SUNSPOT NUMBER= 104.8

*s QUTPUT *+

HEIGHT AT HAXIMUN ELECTRON DENSITY Hit= 301.241 KM, CRITICAL FREQUENCY FOF2= 3.753 HHZ

TOTAL |NTEGRATED ELECTRON CONTENT, VERTICAL NT= 0.8567032E+17 E/CM*1), ANGULAR NTA= 0.281034E+18 E/(H*H COLUNN)

HALF THICKNESS OF BOTTONSIOE BIPRRABOLA VY= 100.480 KM, OF TOPSIDE PARABOLA YT= 100.480 KN

DECAY CONSTANTS FOR TOPSIDE EXPONENT AL LAYERS, LOWER K1= 0.7S057E-0S, MIDOLE K2= 0.53303€-05, UPPER K3= 0.34476E-05 /M
IONOSPHER(C REFRACTION CORRECTION TO ELEVATION ANGLE= 0. 188421E+03 SEC OF RRC

IONOSPHERIC REFRACT (ON CORRECTION TO RANGE = 0.577941E+03 N

TONOSPHER{C REFRRCTION CORRECTION TO RANGE RATE =-0.618356E+00 H/SEC
HEIGHT (K> UVERSUS ELECTRON DENSITY (E/M*+3) HEIGHT US. EL.DENSITY
1000 + —— 0.95800+10 2000 — Q.30480+00
975 += —— 0.10440+11 1975 —  0.33230+09
950 + * - 0.1138D+11 1950 —~ 0.36220+09
925 + * = 0.12410+11 1925 ——— 0.39480+0¢
900 + * —— 0.13520+11 1800 —— 0.43030+09
875 + * == 0.14724D+11 1875 —= 0.46910+409
850 + hd — 0.16070+11 1850 —- 0.51130+0¢
825 + - — 0.17510+11 1825 —- 0.55730+09
800 + hd —- 0.18090+11 1800 — 0.607SD+09
775 + - - 0.21260+11 1775 —  0.66220+09
750 + * —-—  0.24300+11 1750 —  0.72180+00
725 + - - 0.2778D+11 1725 — 0.78670+09
700 + hd - 0.3176D+11 1700 — 0.85750+09
675 + - ——— 0.36300+11 1675 —  0.93470+00
630 + - ———  0.41500+11 1850 —- 0.10190+10
625 + * == 0.4744D+11 1625 — 0.11110+10
600 + - —— 0.5423D+11 1600 — 0.12110+10
575 + b ——— 0.6193D+11 1575 ——  0.13200+10
550 + * - 0.72500+11 1550 — Q. 14380+10
525 + he — 0.8746D+11 1525 — 0. 15680+10
500 + - --— 0.10550+12 15060 — 0. 17090+10
475 + - == 0.12730+12 1475 —— 0. 1863D+10
450 + * —= 0.15S360+12 1450 — 0.2030D+10
425 + . = 0.18530+12 1425 — 0.22130+10
400 + - - 0.2235D+12 1400 — 0.2412D+10
375 + - —= 0.2606D+12 1375 — 0.26200+10
350 + - —== 0.3253D+12 1350 — 0.2866D+10
325 + » ~— 0.3874D+12 1325 — 0.3124D+10
300 + - -== 0.41020+12 1300 —— 0.340S0+10
275 + * —= 0.35630+12 1275 —= 0.37120+10
250 + - ~— 0.22470+12 1250 —- 0.40460+10
225 + - == 0.7387D+11 1225 — 0.44100+10
200 + ~— 0.00000+00 1200 —— 0.48070+10
175 + ~—~ 0.00000+C0 1175 — 0.52400+10
150 + ~—— 0.00000+00 1150 —— 0.57120+10
125 + — 0.00000+00 1125 —— (0.62260+10
100 + ~—- 0.00000+00 1100 — 0.67860+10
75+ ~—= 0.00000+00 1075 —— 0.739?0+10
S0 + ~== 0.00000+00 1050 — 0.8063D+10
25 + ~—~ 0.0000D+00 1025 — 0.8788D+10
1.E10 1.ET

1.E12
LOG.SCALE - ELECTRON DENSITY (E/M**3)

»* |NPUT #» SECOND SATELLITE POSITION USED FOR RANGE OIFFERENCING

ELEVATION= 4.926255 DEG, AZIMUTH=180.000000 DEG, HEIGHT= 1000.0 KM, U.TINE= 6.0002778 HRS
4 QUTPUT »+

AANGE RATE CORRECTION FOR RANGE DIFFERENCING OVER 1.0001 SECOMDS =  .239271E O1 H/SEC

Figure 4.2 — Sample Output from the Bent Model

4.3 Description of ICED

ICED is currently under development by the National Oceanic and Atmospheric
Administration (NOAA) for the United States Air Force. The research reported in this
thesis used a preliminary version of the model that has not been widely released. The
model’s source code was obtained from Herb Kroehl, NOAA, National Geophysical Data
Center, 325 Broadway, Boulder, Colorado 80303-3328. It is possible that at some stage
in the future ICED might become an important benchmark against which other models

will be compared.

55



ICED is a gridded (organised by geomagnetic coordinates) model of the northern
hemisphere ionosphere. It contains distinct algorithms for low-~latitudes, mid-iatitudes,
sub-auroral trough, equatorward portion of the auroral zone, poleward region of the
auroral zone, and polar cap. Electron density profiles (from 90 km to 2,000 km) can be
determined for each grid—point where the grid-point coordinates are formed from user-
defined latitude and longitude boundaries and corresponding latitude and longitude
increments. A semi-empirical low-latitude ionospheric model (SLIM) is currently under
development by the Air Force Geophysics Laboratory. With the addition of SLIM, ICED

will extend to the equator.

ICED is supplied as four separate modules (whose tasks are outlined below) which have
been grouped together into one program in this implementation of the model. Modules
2 through to 4 are treated as subroutines, and module 1 as the main program. The four

modules perform the following tasks:

1. FRONT — this module is used to construct the aforementioned grid and
identify qualifier flag locations. Using both solar activity and geomagnetic
activity parameters as input, the program identifies important physical
boundaries within the user-specified analysis area. The boundaries
include the sunrise-sunset terminators, the polar cap, the auroral zone,
the sub-auroral trough, and mid-latitude and low-latitude regions. Each
grid point is assigned a specific qualifier flag identifying the region into
which it falls. FRONT input includes year, month, day, UT, and Kp and
daily sunspot number indices. FRONT’s output file serves as the input file
for FIELD6;

2. FIELD6 — the solar activity index is used to select the appropriate F

region climatology which initialises foF2 and hmF2 at all grid points. The
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qualifier flags produced in FRONT are then used to select appropriate
algorithms which modify the F2 region climatology to produce realistic
ionospheric gradients and magnitudes appropriate for the input solar
activity and magnetic field indices. The flags also dictate which algorithms
are used to compute foFI, hmFI, foE, and hmE at each grid point.
FIELD6’s output file serves as the input file for PROFIL;

3. PROFIL — this module builds a complete electron density profile above
each latitude and longitude grid-point, with specified boundaries, based
upon the information about the E, F1, and F2 layers produced in FIELD6.
The profiles specify the electron density every 10 km from 90 to 500 km
and expand to a 50 km interval spacing from 500 to 2,000 km. PROFIL’s
output file serves as the input file for ICEDTEC, the final module;

4. ICEDTEC — this module integrates each grid-point’s electron density

profile to determine the VTEC value at each grid-point.

ICED is unique amongst the three empirical models considered here in as much as it was
designed to provide ionospheric predictions for each grid-point on a user-specified grid.
To fit in with the computations necessary for this research ICED’s gridded facility was
removed by hard coding the start/finish latitude boundaries to be the same and doing

the same with the start/finish longitude boundaries.

4.3.1 The ICED Ionospheric Profile

Documentation describing ICED is extremely limited. As such, details regarding its
profile are necessarily sketchy. The F2 layer is divjded into four distinct zones: the low-
latitude and mid-latitude ionosphere, the trough, the auroral zone, and the polar cap.
The model determines into which of these four regions a particular gridpoint falis. The

equatorward boundary of the auroral oval has been determined from a combination of
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photography from the Defense Meteorological Satellite Program polar orbiter and
standard oval boundaries. The Kp indices are also used to help determine the extent of
the boundary and hence whether or not the gridpoint lies inside, or outside, the auroral

boundary.

4.3.2 User Input into ICED

Input to (and output from) the model is expressed in terms of geographic coordinates,
but internally, the model converts geographic into geomagnetic coordinates. ICED
requires input of daily solar sunspot and Kp indices (of which there are 8 per day), and

date and time information.

4.3.3 Output from ICED

Due to the modular format of ICED a full representation of the model’s output would
involve four separate listings, each one corresponding to each of the four modules. The
original form of ICED was not appropriate for the purposes of this research and, as
already 'noted, the four modules were pieced together to form one program. Execution
of this new program eliminates all of the intermediate output files and leads to one

output file of VTEC values only.

4.4 Description of IRI86

The current (at the time of writing) version of the International Reference lonosphere,
IRI86, is “the standard model” for the Earth’s ionosphere recommended by the
Committee on Space Research (COSPAR) and URSI. COSPAR and URSI are the two
organisations that represent ionospheric science in the International Council of Scientific
Unions (ICSU). IRI86 was first presented at the July 1986 COSPAR meeting in Toulouse,
France and is a good example of international cooperation, with contributions from

scientists in the United States, Russia, India, Japan, Germany, Bulgaria, France,
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Czechoslovakia, United Kingdom, Australia, Austria, Argentina, and Brazil. The model’s
FORTRAN source code, coefficient database, and documentation can be obtained from

Dieter Bilitza, NASA Goddard Space Flight Center, Code 933, Greenbelt, MD 20771.

In a fashion similar to that of the development of the Bent model, IRI86 was also built
around a vast database of ground-based and in-situ ionospheric measurements. The
ground-based data include ionosonde measurements from more than 100 stations
collected over more than 20 years and compiled in the official CCIR-1966 maps for the F
region electron density peak, and incoherent scatter measurements from Jicamarca,
Peru; Arecibo, Puerto Rico; Millstone Hill, Massachusetts; St. Santin, France; and Malvern,
United Kingdom. The in-situ measurements are comprised of Alouette, Ariel, AEROS,
and Atmosphere Explorer-C satellite data, and rocket measurements from the United

States, the former Soviet Union, India, and United Kingdom.

IRI86 describes the global and temporal mean behaviour of the ionosphere at non-
auroral latitudes. The intention was to produce a reliable standard model of the most
important ionospheric parameters (electron density, electron and ion temperature, and
ion composition). Of these four parameters only one, electron density, need concern the
satellite surveying community. Thus, all subsequent tests on this model were performed

with only electron densities being computed.

4.4.1 IRI86 Ionospheric Profile

The 1986 version of the International Reference lonosphere (IRI86) uses the same basic
form for its electron density profile as that which was used in the 1979 version (IRI79).
IRI79’s electron density profile N(h) is described by Rawer et al. (1981); the same basic
description is used here to describe IRI86. The ranges and designations of the profile

components are shown in Fiqure 4.3. The profile consists of six height ranges — the
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bottomside electron density profile consists of five height ranges (which are numbered

from 2 through to 6), and the topside is numbered as region 1.

At low solar elevation angles and during the night there is a deep valley above the E
region. This “valley region” (5) starts at the peak height hmE of the E region and extends
to the base of the “intermediate region” (4) at a height of hEF. Characteristic hmE values
were estimated from ionogram reductions combined with in-situ rocket measurements.
Around noon the depth of the vailley is quite small; there is even no valley at lower
latitudes. The function used to describe the valley region was based on analysis of

incoherent backscatter measurements.

The upper edge of the valley region is found at height hEF, which is the sum of hmE plus
valley thickness hBR. Values of hBR were mainly derived from incoherent backscatter
data. In the absence of a valley, hBR is set equal to zero. hEF is the lower limit of the
“intermediate region” (4) which was introduced to bridge the gap between the valley and
the F region above; it extends to height hZ. The F region’s profile is modelled in one of
two ways depending on whether or not the F1 layer is present. In both cases the F
region is still subdivided into regions; (2) for F2 and (3) for F1. If F1 is absent both of
the functions which describe F1 and F2 are identical. The topside ionosphere (1)

extends from hmF2 to a height of 1,000 km.
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Figure 4.3 — The IRI86 Electron Density Profile (after Rawer et al. (1981))

Except for the F2-peak data, derived from the CCIR coefficient method, the
characteristics of the different layers — i.e., the critical frequencies (which correspond to
the peak densities) and the solar zenith-angle, the solar cycle, and latitudinal

dependencies -— are deduced from descriptive formulas which can be found in the
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model’s source code. Thickness parameters were obtained mainly by ionogram

reduction.

IRI86 does not attempt to include sporadic E in any of its predictions. Despite the
importance of Es layers in radio wave propagation it was not realistic to include them
due to their spatial and temporal irregularity. In fact this point is equally true of any

ionospheric model.

4.4.2 User Input into IRI86

In comparison with the Bent model, and due to the monthly-mean nature of the model,
IRI86 is a somewhat easier model to use. Daily values of solar flux are not required;
instead the only solar data input into IRI86 is the monthly Zurich sunspot number (12—
month-running-mean). The model also requires the month, local or UT time information,
and either the geographic or geomagnetic latitude and longitude of the evaluation site.
In addition (and in the rare case that this data is actually aﬂ)ailable) the user can supply
F-peak density information in the form of either the critical frequency, foF2, of the F2

layer or the F-peak electron density, Y'mF2.

(4.2) to (4.4) can be used to determine the 12-month-running-mean of the Zurich
sunspot number. One very important distinction to make between the Bent and IRI86

models is that IRI86 does not make non-vertical TEC predictions.

4.4.3  Output from IRI86

Careful tests were performed with IRI86 to ensure that the output from test runs exactly
matched sample data-runs supplied with the model. However, due to the fact that IRI86
models not only electron density, but also electron and ion temperature, and ion

composition, the original model’s output is overly detailed in the context of this study.
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Everything but electron density and associated VTEC computations have been skipped in
the modified version of the model used in this research. As was the case with the Bent
model, IRI86 has been modified to allow multiple epoch/location computations of

ionospheric delay.

4.5 The Broadcast GPS Single—¥frequency Model

In order to improve the accuracy of positions determined using single-frequency GPS
observations; a simple algorithm was developed which describes the diurnal variation of
the ionosphere (Klobuchar, 1986). The original specification for the model detailed that
it should be able to remove 50% r.m.s. of the ionospheric effect and that it was to do
this using a maximum of eight coefficients for a model which was not computationally
complex. Model testing (e.g., Klobuchar (1986} and Feess & Stephens (1986)) suggests

that these criteria were met.

QPS satellites broadcast the eight coefficients which are nécessary to drive the model;
the model is commonly known as “the Broadcast model.” Individual receiver
manufacturers are responsible for implementing the model’s algorithm either within their
receivers or their post-processing software. The model consists of a positive half cosine
representation of the diurnal variation of the ionosphere and is fully described by Feess
& Stephens (1986), Klobuchar (1986), and the GPS Interface Control Document (ICD-
200) (Rockwell, 1987). The model’s cosine representation is allowed to vary in
amplitude and period with user latitude. Figure 4.4 shows the main features of the
model, it is clear that only four parameters are required to describe its cosine form,
namely: the night-time constant, or DC, term; the amplitude of the cosine term; the
phase of the cosine term; and the period of the cosine term. Two of the terms are held
fixed — the DC term is set to 5 nanoseconds, and the phase is held constant with the

peak of the cosine at 1400 hours local time.
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Figure 4.4 — The Broadcast Model’s Cosine Representation of the

Ionosphere’s Diurnal Variation (after Klobuchar (1986))

The cosine function is

B 27t(t—Tp)
T, =DC+ Acos — (4.5)

where T, is-the ionospheric delay on L1 (seconds), DC is the constant night-time offset

(5 x 1079 seconds), A is the amplitude (seconds), P is the period (seconds), T, is the

phase (50400 seconds), and t is the local time at the sub-ionospheric point (seconds).

The period and amplitude are modelled as 3rd order polynomials of the form

3 3
A=Y a,¢n and P=Y B, on (4.6)
n=0 n=0
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where a, and f§, are the broadcast model coefficients (four of each, eight in total) and
¢m is the geomagnetic latitude (semicircles; 1 semicircle = 180°) of the sub—-ionospheric
point. The «, and B, coefficients are selected from 370 coefficient sets representing 10
levels of solar activity and 37 ten-day time spans which model the annual variability of
the ionosphere (Greenspan et al., 1991). The nominal update rate for the coefficients is

once every ten days. The following expression is used for computation of ¢,,

sin~!(sin @, sin 78.5"+cos ¢;C0s78.5°cos(4,; — 291°))
P> 180

(4.7)

where ¢,, A; are the latitude and longitude of the sub-ionospheric point (degrees). It will
be seen in Chapter 5 that modelled delays are referenced to the sub-ionospheric point
which is a function of the receiver’s location and the elevation and azimuth to the
satellite. The necessary algorithm for the computation of sub-ionospheric point is not
given here; instead the reader is directed towards section 5.6.2.1. The local time at the

sub—ionospheric point ¢ (seconds) is found from the following expression

t= 3600((—&1;)+ UI‘) (4.8)
15

where UT is the universal time (decimal hours) at the receiver’s location. The final part
of the model (which is not used in this research) involves mapping the modelled delay
from the vertical to a slant delay which accounts for the elevation, el (degrees), of the
satellite. A simple scale factor, SF, is applied (refer to section 5.6.2.2 for additional

information)

(4.9)

o 3
Sk =142 26=¢
90
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The full cosine form of (4.5) is not used without modification in the official
implementation of the model (i.e., in accordance with Rockwell, 1987). Instead, the

following truncated cosine expansion replaces it where terms higher than x6 are dropped

T, =SF [DC+ A(l-"§+%ﬂ for |x|<-2’5 (4.10)
or

Tg=sr[DC] for [x2Z (#.11)
where

X = ZL(:L”) : (4.12)

Both the exact (4.5) and approximate (4.10) forms of the cosine function have been
tested in this research. The use of the truncated cosine expansion has been found to
introduce errors of less than 0.7% (on average). For the techniques and results reported

in chapters 5 and 6 the approximate form of the cosine function was adopted.

4.6 Model Adaptation to the Macintosh Platform

The three empirical ionospheric models examined in this thesis were supplied in the
form of FORTRAN source code. The code for the Bent model was designed for use on a
mainframe computer; the ICED and IRI86 code was suited to the IBM personal computer.
Originally work was undertaken using the University of New Brunswick’s IBM 3090
mainframe computer. The work was then transferred to the Apple Macintosh computer

platform in order that the models could be used in a more realistic setting — that of a
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personal computer type platform such as a small survey company or GPS field crew
might have at their disposal. A number of changes were necessary to adapt each model

to this environment.

The 1/0 unit numbers were changed to account for differences between the mainframe,
IBM PC, and Macintosh computers. The coefficient files were supplied as binary files
which were either created and understood by mainframe computers or IBM compatible
personal computers. Such files cannot be directly transferred to the Macintosh platform
and were converted from binary to ASCII format on the IBM 3090 mainframe computer
or an IBM PC (or compatible) computer. The resulting ASCII files were then transferred

to the Macintosh where they were then re~written as binary files.

At this stage each model was compiled — using Absoft Corporation’s MacFortran 020
(version 2.4) compiler — and run on the Macintosh computer using supplied sample
evaluation conditions as input. The output results were carefully checked against each
model’s example files to ensure that no errors had crept in during the transfer between
computer platforms. Several additional modifications were then made to each of the

models.

The IRI86 and Bent models were originally designed to compute ionospheric parameters
for only one epoch/location. ICED was designed to estimate ionospheric parameters for
each point on a user—defined grid at a single epoch. As outlined earlier in this chapter
the modeils do not compute the same parameters. Sometimes VTEC (the quantity of
primary interest in this thesis) is not one of the output options. Therefore, apart from the
necessary unit number changes and binary coefficient manipulations, the models have

also been adapted to output VTEC (if not already an option) at multiple epochs/locations.
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These modifications represent the major, and time—consuming, changes which were

necessary.

To enable multiple epoch/location computations typically requires the addition of extra
loops to redirect control back to the top of the main program whiist maintaining cargful
control over reinitialisation of variables. Once again the predicted ionospheric results
were carefully checked against the same test case I/0 data sets. This part of the models’
adaptations was by far the most tricky, particularly in the case of ICED which was

originally designed as four stand alone programs.

4,7 Practical Considerations for Use of the Models

For the models to serve any useful purpose in the vast majority of survey environments
they must not only make accurate predictions of VTEC and the associated ionospheric
delay but they must also make their predictions as rapidly as possible and with as little
effort as possible on the part of the user. Each of the models was adapted to the

Macintosh platform with these points in mind.

4.7.1 Execution Times

Several modifications have been made to the coefficient datasets upon which the
models rely. During run-time, each of the ionospheric models searches the coefficients
until it finds those which pertain to the month for which calculations are being
performed. The coefficients are arranged in chronological order — if the evaluation
conditions are for December the model will have to read eleven twelfths of the
coefficients before it reaches those coefficients which are of interest. This is a time~-
consuming process and is easily overcome by breaking-down the large coefficient set
into twelve sets of coefficients — one per month. The source code of each model was

adapted so that only one set of the new coefficients had to be read into memory. The
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break—-down of the coefficients into twelve one-monthly sets was performed solely on
the ASCII version of the files. These ASCII files were subsequently written—out as binary

files to again reduce execution times.

With a muitiple epoch/location computation the models are now at the stage where (for
any one month) the binary coefficients only have to be read into memory once.
Table 4.3 lists each of the four ionospheric models’ execution times for single and
multiple epoch computations. Note that if the multiple epoch time is divided by the total
number of epochs (135 in this example) the average execution time is yielded. The
result is of course always a smaller number than that of the single epoch figure due to
the fact that the time taken to read-in the binary coefficients is divided between a large
number of epochs. Note that the preceding comments on coefficient database 1/0 times

do not apply to the Broadcast model.

BENT 1.28 123.45 0.91
IRI86 2.82 51.20 0.38
ICED 1.75 180.80 1.34
Broadcast N/A 8.65 0.06

Note: Models run on Macintosh SE/30 computer with a math coprocessor.
Computations were to PRN#2 for Feb. 9th 1991 at Yellowknife.

Table 4.3 — Execution Times for the Bent, IRI86, ICED,

and Broadcast Ionospheric Models

4.7.2 Preparation for Use of the Models
Another very important factor to consider is that of “user friendliness.” That is, is the

model easy to set-up and run for the non-ionospheric expert? Virtually the only
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requirement of the user with the three empirical models considered here is that a
command file containing time, location information, and solar data be written. This in
itself is a straightforward process, the difficulty may however come when trying to obtain
the suitable solar and geomagnetic indices for the models. Table 4.4 summarises the

input data required by each of the models.

4 4 4 v

v 4 v v

4 X v X

4 v v X

4 X X X

X X X v/

4 X X X

X X 4 X

X X 4 X

4 X X X

v 4 X X

v X X X

y o compute the 12-month running average

of solar flux used by the Bent model. :
** In the absence of sufficient monthly mean data (i.e., 6 monthly values before
and after the month of interest) an approximation must be made using equations
(4.3) or (4.4). Note that this does not apply to the 12-month running average of
sunspot as the data are published directly, with approximations already made.,

Table 4.4 — Input Data for Three Empirical Models and the Broadcast Model

4.8 Concluding Remarks
The Broadcast model is most certainly the easiest to set-up and use. In fact, its

operation is virtually transparent in terms of user involvement. Of the other three
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models IRI86 is the easiest to use as the only solar data required is that of the 12-month
running mean of the solar sunspot number. To use the Bent model, daily solar flux,
monthly mean flux, and 12-month running mean of solar sunspot must be acquired.
The user must then compute the 12-month running average of solar flux from the
monthly mean flux values. ICED requires Kp indices and the daily solar sunspot number.

The Bent and ICED models are the most difficult to set-up and use.

With the exception of ICED, each model can produce a prediction of ionospheric delay in
under 1 second. This might be an important consideration in some instances were the
user to require real-time predictions of the ionosphere at 1 second intervals. A shorter
update rate could probably be accommodated if the models were to be further optimised
and/or if they were executed on faster machines. In a post-processing situation time

constraints are not such an important issue.
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Four ionospheric models have been acquired and adapted to run on the Macintosh

platform. In order to gauge the effectiveness of each model it then becomes necessary
to compare modelled results against reliable measurements of ionospheric delay which

can be treated as a representation of “the truth.”

To this end Faraday rotation data and dual-frequency GPS measurements (from the Jet
Propulsion Laboratory’s (JPL) Rogue receivers) were obtained. The Faraday rotation data
provide a direct measurement of TEC. TEC or VTEC values (and therefore slant or

vertical ionospheric delays) were derived from the dual-frequency GPS data.

5.1 Introduction to the Propagation of Radio Waves in the lonosphere

Before discussing the recovery of ionospheric delays from the Faraday rotation data and
GPS data it is necessary to discuss some basic principles. It was seen in section 3.4 that
the highest ionospheric layer is the F2 layer; this layer also has the highest critical
frequency (foF2) associated with it (typically between 2 and 14 MHz). Any incoming or
outgoing radio wave (striking the ionosphere vertically) whose frequency is greater than
the foF2 will not be reflected. As the angle of incidence increases the frequency which
can be reflected by the ionosphere becomes greater and exceeds foF2 — a fact that is

crucial for the successful operation of shortwave radio communications. There is a
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simple relationship between the angle of incidence and the maximum frequency that will
be reflected (known as the maximum usable frequency, or MUF, and defined in section

4.1) such that

MUF:fC~k-secl . (51)

and where f_ is the critical frequency (in MHz), k (usually equal to 1.1) is a correction
factor that takes into account the curvature of the earth and the ionosphere, and I is the
angle of incidence (McNamara, 1991). From (5.1) it can be shown that at no angle of
incidence is the ionosphere able to reﬂéct QGPS signals. It should be noted that in reality
the signal is not reflected but is continuously refracted (or bent) towards the ground as it

passes through the ionosphere.

5.1.1 Dispersion

The principle of dispersion is well illustrated by means of a simple example whereby the
passage of white light through a glass prism is considered. Generally the index of
refraction of a medium depends to some extent upon the frequency of the
electromagnetic radiation involved, with the highest frequencies having the highest
refractive index. In ordinary glass the index of refraction for violet light is about 1%
greater than it is for red light. Since the index of refraction means a different degree of
deflection when a light beam enters or leaves a medium, a beam containing one or more
frequencies is split into a corresponding number of different beams when it is refracted.
This effect, called dispersion, is shown in Figure 5.1 where the initial beam of white light

separates out into white light's constituent colours
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Glass Prism

Screen

Figure 5.1 - The Dispersion of White Light
The discussion on dispersion is now expanded to consider two different wave types:

L a pure sinusoidal wave (such as the GPS carrier signal); and

) waves such as the GPS pseudorange signals — which consist of a pure
sinusoid (or carrier) modulated by the pseudorandom noise codes and the
navigation message — which can be though of as composite signals
formed by the superposition of a large group of pure sinusoids of slightly

different frequencies (Klobuchar, 1991).

If a pure sinusoid of radian frequency o and wave number k passes through a particular
medium it is affected by the medium’s phase refractive index. Conversely, a
modulated signal is affected by the medium’s group refractive index. Accordingly the
terms phase velocity and group velocity are also used. A plot of w vs. k for a
particular medium yields the so called dispersion curve for that medium, an exampie of

which is shown in Figure 5.2.
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Figure 5.2 — An Example of a Dispersion Curve

It is apparent from Figure 5.2 that the group velocity may be either smaller or larger
than the phase velocity. The same figure shows that the medium does not support wave

propagation at frequencies below a critical frequency, f.

5.1.2 Fermat’'s Principle

Figure 5.3 (after Finn (1989)) illustrates the fact that due to refraction any incoming (or
outgoing) light or microwave signal passing through the earth’s atmosphere is bent. The
signal’s velocity also differs from that of the velocity of light in a vacuo. Note that
although the ray paths in Figure 5.3 indicate a zenith angle of approximately 35" they
are drawn like this merely to aid the readability of the figure. The ionospheric and
tropospheric areas (approximately 10 m and 2.3 m respectively) indicated on the figure

are of approximately the correct magnitude for the zenith case only.,
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Figure 5.3 - Propagation through the Atmosphere (Fermat’s principle)

Sat
It is usually the straight line distance, G = jdr, that is of interest but it is actually the

Rec
Sat

minimum electrical path length (Fermat’s principle),L = Jn ds, that is measured. The

Rec

excess path length therefore is

Sat
L-G= j(n—l)ds+<s—o) (5.2)

Rec

Sat
where S = fds.

Rec
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Equation (5.2) shows that the observational error is due to two components: the excess
Sat

path length due to the propagation delay, I(n— 1) ds; and the excess path length due to

Rec

bending, (S - G).

5.1.3 The Appleton-tiartree Equation, Group Delays, and Phase Advances

In the 1920s Edward Appleton derived a formula which described the refractive index of
the ionosphere (Davies, 19686). In 1951‘D. R. Hartree amended Appleton’s theory —
later to have his additions discarded as they were unjustified — but in spite of this
Appleton’s formula became known as the Appleton-Hartree formula. The phase
refractive index, np, of the ionosphere given as a first order approximation to the

Appleton-Hartree formula is

n? =~1-80.56-N/f* (5.3)

where N is the electron density (electrons/m3) and f is the frequency (Hz). The binomial
expansion of (5.3) can be truncated to give the approximate linear form of the Appleton-

Hartree formula, and therefore the phase refractive index, as

N |
n,=1- (40.28{—2) (5.4)

where in order to retain the dimensionless property of n the constant, 40.28, is in units

of m3/s2. Similarly the group refractive index, ng, is given by

ng = 1+ (40.28%) . (5.5)



Higher order terms of ionospheric effects arise because of the truncation of the series
expansion of the refractive index, and because the effects of the geomagnetic field and
ray bending have been ignored. The higher order terms can contribute several
centimetres. in path length for a low elevation satellite observed during solar conditions
when high TEC values occur (Brunner & Gu, 1991). Brunner & Gu (1991) propose an
improved model for the determination of n where the higher order terms are considered,
and the influence of the geomagnetic field and bending effects of the ray paths at both
GPS frequencies are taken into account. The authors conclude that their technique

should allow determination of the true satellite-receiver range with millimetre accuracy.

Ignoring bending, the excess path length experienced at radio frequencies due to the

ionosphere is given in the following equation

Sat
dyop = J.(n—l) ds . (5.6)

Rec

By substituting (5.4) into (5.6) the excess phase path length due to the ionosphere,

djon(e) (metres), is given as

Sat
i 40,28 TEC
Qionty = ~40.28—5 [rds= —— (5.7)

Rec

where TEC is the total electron content (electrons/m?) along the satellite to receiver path.

Similarly the excess group path length due to the ionosphere (e.g., for modulated signals

such as the GPS code signals), d,,,, (in metres), is given as

40.28- TEC

Sat
1
dionig) = +40.28— jn ds =+

Rec
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Equations (5.7) and (5.8) reveal some interesting points:

L] the group and phase ionospheric biases are of equal and opposite
magnitude;
] the dependence of ionospheric bias on frequency is apparent (i.e., the

ionosphere is a dispersive medium at radio frequencies);

L according to (5.7) the phase velocity must exceed the speed of light in a
vacuo, ¢, and

. according to (5.8) the group velocity — i.e., the velocity at which energy

(information) is propagated — can never exceed c.

To conclude it can be stated that the ionosphere is a dispersive medium at frequencies
in excess of approximately 2 to 14 MHz. This dispersive nature dictates that the
ionospheric delay on a pure sinusoidal radio wave of frequency f as it propagates
through the ionosphere is inversely proportional to the square of the carrier frequency.
The signal that is modulating the carrier is delayed by the ionosphere and the delay of
the modulation is termed the group delay (Klobuchar, 1991). Conversely if only the
pure carrier is considered it undergoes a phase advance during which its phase is
advanced in the presence of the ionosphere. The magnitude of the phase advance is

equal to that of the group delay, but the two quantities are of opposite sign.

5.2 Faraday Rotation Database

A semi-global database of Faraday rotation measurements of VTEC were obtained from
the National Oceanic and Atmospheric Administration (NOAA) in Boulder, Colorado. The
database consists of Faraday rotation measurements of VTEC from thirteen sites for

which NOAA holds data. This research used data from six of these sites covering a range
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of geographic latitudes. Figure 5.4 depicts solar cycles 21 and 22 and shows where the

Faraday data used in this analysis fits in relation to solar cycle 21.
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Figure 5.4 - Solar Cycles 21 and 22

For all sites, the datasets of VTEC observations span from January 1980 to February
1988. These data were recorded at hourly intervals every day of every month and are
spatially referenced by means of the sub-ionospheric point. Table 5.1 shows from
which geostationary satellites the Faraday data were recorded at each of the six test sites,

at each of the three levels of solar activity which were subsequently tested.

Table 5.1 — Geostationary Satellites from which the Faraday Data were Recorded
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Thus, in the case of Figure 5.5 the locations of the Faraday rotation sites reflect the sub-
ionospheric points of the observations for one particular geostationary satellite.
lonospheric delays were not modelled at each of the six sites for the entire eight year
period covered by the Faraday rotation data. Instead, data which coincided with three
different levels of solar activity from the previous solar cycle (number 21) were chosen.
January to March 1980 constituted the period of high solar activity, October to December
1982 was the period of medium activity, and May to July 1986 was the period of low
activity (Figure 5.4). High activity VTEC data were not available for Anchorage, and low
activity data were not available for Athens. Therefore a total of 9 months of data from
each of 4 sites were used and 6 months of data from each of the Anchorage and Athens

sites were used, for a total of 48 station months of data.

—rrerr-r v rerr o oY rerr T Tt

O GPS Data
® raraday Data

60 | -

-90
-180 -150 -120 -90 60 -30 0 30 60 90 120 150 180

Figure 5.5 — Locations of Recording Sites of GPS Data and Faraday Rotation Data
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5.3 Converting Faraday VTEC Data into Ionospheric Group Delays

The Faraday rotation data is provided in terms of TEC units. In order to maintain
meaningful numbers this work opts for the idea of working with the actual (or modelled)
group delay which would be experienced at the GPS L1 frequency. (5.8) is used to
convert the Faraday rotation TEC data into equivalent L1 group delays. A commonly
adopted convention within the ionospheric research community is that one total electron
content unit (1 TECU) is equal to 1016 electrons/m2. Therefore from (5.8) it can be
seen that 1 TECU induces a delay of 0.162 mon L1 or 0.267 m on L2, thus enabling very
easy conversion of TEC and VTEC values into corresponding equivalent delays at the GPS

L1 frequency.

5.4 Selection of the Rogue Receiver’'s Data Set

The Rogue receiver has been available to the GPS community for approximately three
years now — prototype versions of the receiver (SNR-8) became available in August
1988 with production versions (SNR-800) following in September 1990. The data used
in this analysis were obtained from the Surveys, Mapping and Remote Sensing Division of
the Canada Centre for Surveying who have been operating Rogue receivers at their
Yellowknife and Algonquin sites since early in 1991. The Yellowknife site was operating
the SNR-8 version of the Rogue receiver whilst the Algonquin site was operating the SNR-
800 version. Data was available from January 1991 onwards, but rather than arbitrarily
choosing a time for which data was required, solar and geomagnetic activity indices were
instead taken into account. The complete geomagnetic archive was purchased from
NGDC for use in this research. This archive also contains daily values of solar sunspot
number and solar flux which, in addition to the Kp index, were examined for January and
February of 1991 (at the time the archive was acquired the indices were only available
up to the end of February) to attempt to locate a period of high solar and geomagnetic

activity from which to obtain Rogue data.
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With reference to the sunspot and solar flux data of Figure 5.6 it can be seen that Rogue
data from GPS week # 577 or 580 would have been desirable from the standpoint of
high solar activity. Analysis of the Kp indices shown in Figure 5.6 showed that the
highest average Kp index was for week # 578; and it was for this week that the GPS data
were acquired. Rogue data at 120 s intervals, recorded at two sites (Yellowknife and
Algonquin, see Figure 5.5), from the 3rd to the 9th of February 1991 (GPS week # 578,

Figure 5.4) were provided for use in this research.

5.5 Preprocessing the GPS Data

The GPS data were first preprocessed using the University of New Brunswick’s DIPOP 2.1
(Kleusberg et al., 1989) preprocessors (PREGE and PREDD)., PREGE operates on one-way
(i.e., one receiver, one satellite) single or dual-frequency observations and serves several
purposes: it eliminates any observations with incorrect time tags; it eliminates noisy
observations; and it detects, determines, and approximately (at the few cycle level)
corrects cycle slips. The output file from PREGE is also of the format which is

understood by the next preprocessor, PREDD.

In this work PREDD was used primarily so that the satellite coordinates could be
computed from the ephemerides file (one of PREDD’s primary functions is actually to
work on carrier phase double differences and remove those cycie slips which still remain
after PREGE has been run). The satellite coordinates form an essential element in this
work because it is from them that the elevation and azimuth to each satellite at each
epoch is computed. Then from the elevation and azimuth, the sub-ionospheric point

can be computed for each satellite at each epoch.
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for January and February 1991
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It was necessary to make several modifications to both preprocessors. In their original
form if dual-frequency data was processed the preprocessors automatically assumed that
the data was from Texas Instruments TI 4100 receivers. The TI 4100 has a dual-
frequency, single—channel four satellite multiplex design. The Rogue receiver on the
other hand is capable of tracking eight satellites simultaneously. Clearly to avoid any
loss of data the preprocessors had to be modified to allow processing of up to eight
satellites. In fact they were modified to allow a maximum of 10 visible satellites at any

one time.

5.6 Ionospheric Delays from Dual-Frequency GPS Data

By utilising the ionosphere’s dispersive nature, dual-frequency GPS observations can be
used to determine the magnitude of ionospheric delays. This dispersive nature dictates
that the ionospheric group delay on a modulated signal of frequency f as it propagates
through the ionosphere is inversely proportional to the square of the frequency.
Therefore, the higher the frequency, the smaller the idnosphere’s effect. This is
expressed in the following way

1 k
dion = f_2 or dj, = F (5.9)

where d;,, is the ionospheric delay, f is the frequency of the signal traversing the
ionosphere, and K is a constant of proportionality. At the GPS frequencies where L1 is
1575.42 MHz and L2 is 1227.60 MHz it is clear that the L2 ionospheric delays are

greater than those on L1. In terms of ionospheric delay on L1 and L2, (5.9) can be

written as

k
dlon, = _f—z— and dton2 =
1

DIEY
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which can be rearranged to eliminate the constant of proportionality

fr

s (5.10)
£

dlonz = dlonl :

The pseudorange observation equations, ignoring measurement and other small

errors, (after Wells et al. (1986])) on L1 and L2 respectively are

Py=p+cC-(dt—dT)+d;py +dyrep (5.11)

Py =p+c-(dt—dT)+d,s,, +dy, (5.12)
where

Py, Py = measured pseudoranges on L1 and L2 respectively

P = the true range

c = speed of light

dt = satellite clock error

daT = receiver clock error

ion, + dion, = ionospheric delay on L1 and L2 respectively

derop = tropospheric delay (independent of frequency).

Subtracting (5.12) from (5.11), and substituting (5.10) into the result gives

f2
Pi—-Py= dlon, "dlon, = dlon, - {dlonl f_lzJ (5.13)

which is rearranged to give the ionospheric group delay on L1 as
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—2_(P,-P,) . (5.14)

Similarly, the ionospheric group delay on L2 is

f2
d,onz;fz—l—;i—(Pz—Pl) . (5.15)
1 12

Equations (5.14) and (5.15) show that knowledge of the frequencies f} and f,, along with

the observed pseudoranges P and P,, enables the ionospheric group delay on either L1

or L2 to be determined.

The carrier phase observation equations, ignoring measurement and other small

errors, (after Wells et al. (1986)) on L1 and L2 respectively are

@ =p+C-(dt—dT)+ A Ny ~dpy +dyop (5.16)

@y =p+C-(dt—dT)+ Ay - Ny —dyop, + Ay (5.17)
where

®,, &, = -A1¢1,-A2¢2 = carrier phase observation (L1 and L2 respectively,

length units)

o, & = carrier phase observation on L1 and L2 respectively (in cycles)

A1, 4 = respective wavelengths of L1 and L2

Ny, N = the unknown integer cycle ambiguity on L1 and L2 respectively.
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Note the negative sign for the ionospheric correction term in (5.16) and (5.17) which

indicates a phase advance. Subtracting (5.17) from (5.16) and substituting (5.10) into

the result gives

fZ
@y - Dy =4 Ny =2y Ny —dyy, +[dlon, f_lfJ
2

and rearranging leads to

f7-ft
D =Dy =4 Ny =4y Ny —djop, - 7z
2

Rearranging (5.19) gives the ionospheric phase advance on L1 as
3-ff
Similarly the ionospheric phase advance on L2 is

£2
dion, = (‘flz__lt‘.gj [(’12 Ny -2y ”1)' (‘Dz - 4’1)]

(5.18)

(5.19)

(5.20)

(5.21)

The main difference between (5.20) and (5.21) and their pseudorange counterparts —

(5.14) and (5.15) — is the appearance of the unknown integer cycle counts, Y; and I¥,.

Thus dual-frequency carrier phase observations cannot, by themselves, be used to

determine absolute ionospheric delays as in practice [Y; and N, cannot be determined.

As long as there are no cycle slips in the phase measurements (that is, they are

continuous, and ¥; and N, will remain constant) such observations can be used to

reveal changes in ionospheric delay only.
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The pseudorange solutions of (5.14) and (5.15) do however allow computation of
absolute ionospheric delays. The drawback to using pseudorange observations is that
they contain relatively large noise levels which translate into noisy estimates of
ionospheric group delay. Figure 5.7 shows absolute slant ionospheric delays and
relative slant ionospheric delays computed from dual-frequency Rogue data recorded
at Algonquin on 9th February 1991; the delays are those computed to PRN 13. Note that
the carrier phase delays are shifted by 6.094 metres with respect to the pseudorange

delays. Note also the relative smoothness of the carrier phase delays.

A commonly adopteq technique for determining ionospheric delays from dual-frequency
GPS data utilises both the group delays and the phase advances to produce what is
known as the carrier smoothed pseudorange group delay (Lanyi & Roth, 1988;
Clynch et al., 1989; Coster & Gaposchkin, 1989; Srinivasan et al., 1989; Coster et al.,
1991). The technique is very simple and merely involves finding the mean difference
between the relative ionosphere as determined from the phase observations and the
absolute ionosphere found from the pseudorange observations. Once this average
difference in found (about 6.094 metres in the case of Figure 5.7) it is applied to the
relative phase advance data to yield a smoother estimate of the absolute ionospheric
delay, but one which is now an amaigam of both the phase and pseudorange delays.
Figure 5.8 shows the original pseudorange group delays with the new carrier smoothed
pseudorange group delay superimposed over it for the first 10,000 seconds of data
shown in Figure 5.7. Data recorded on Rogue receivers are noted for low noise levels;
the addition of the Rogue’s choke ring antenna reduces the effects of multipath.
Analysis of the data used in this research reveals the standard deviations of the offsets
for the Algonquin and Yellowknife data to be approximately 0.2 m and 0.4 m respectively
which (assuming that the carrier phase determined ionospheric delays are errorless) are

realistic estimates of the uncertainty of the carrier smoothed pseudorange group delays.
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