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Abstract

Thetypical features of high-latitude HF radio communications following the onset
of a disturbed ionosphere are threefold. These features are an increase in
ionospheric absorption, a reduction in operational frequencies as electron density
in the reflective layers changes and variations in the expected mode of

propagation.

This thesis moves to model these changes based around a methodology of
determining the change that occurs during disturbed periods relative to median
quiet time values — for which it is accepted that the use of current propagation
prediction methods is adequate. The key to this methodology is defining the point
of transition between a quiet and a disturbed ionosphere. This transition point,
defined as the occurrence of a storm sudden commencement (SSC), marks the

change from a quiet to a disturbed ionosphere.



Thethree typical features following the onset of a disturbed ionosphere are clearly
demonstrated in a multi-instrument case study that examines the effect of SSC on
the high-latitude ionosphere. This case study clearly shows the complex mode
changes that a high-latitude HF link experiences following SSC and demonstrates

the further two effects that are investigated in detail in this thesis.

Firstly, sudden commencement absorption (SCA), the absorption spike that occurs
coincidently with the SSC, is statistically analysed in detail and empirically

modelled based on the change in interplanetary magnetic field (IMF) strength.

Secondly, an assessment is made of the variability of the Sporadic-E layer during
disturbed periods. As part of this assessment of E-layer variability, it has been
possible to empirically model the change from the quiet time critical frequency
through the six hours immediately following the onset of a disturbed ionosphere.
In addition, the value of E-layer critical frequency that can be used to indicate the

onset of a fully-blanketing E-layer has been developed.
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CHAPTER 1

I ntr oduction

1.0 Objectives of this Chapter

The objectives of this introductory chapter are to:

1. outline the relevance of the research undertaken through considering the use of
HF communications at high-latitudes by introducing the types of services
using the HF bands, detailing the requirements of these services and defining
the role of propagation prediction models in ensuring that these requirements
are achieved,

2. detail the connection of the high-lattiude ionosphere to the Sun by showing
how the high-latitude ionosphere is directly under the control of solar-based
phenomena and how the effects of these phenomena are transported by the
solar wind via the magnetosphere to the high-latitude ionosphere where they
may have severe conseguences on radio communication systems operating at

these latitudes.

It is assumed that the reader has an intermediate knowledge of HF propagation, and
ionospheric and magnetospheric processes, this material is not repeated, but to assist,

aglossary of termsis provided.



HF Communications at High Latitudes Chapter 1

1.1 Services in the HF bands.

This section examines the use being made of the HF radio spectrum by introducing
some of the services using the HF bands and the important role these services play at
high latitudes. This reflects the importance of accurate propagation prediction

methods to ensure the requirements of these services are met.

Services, as used in the context of this chapter, are defined by agreement through the
International Telecommunications Union (ITU). The ITU, based in Geneva, is a
specialist agency of the UN with 191 Member States and more than 700 Sector
Members and Associates (ITU, 2007). This membership has established the Radio
Regulations, a treaty-based arrangement which governs the use of the radio-frequency
spectrum and the geostationary-satellite and non-geostationary-satellite orbits. This
Treaty, known as the “Radio Regulations’ can only be modified by a World
Radiocommunications Conference which takes place every four years. Within the
Radio Regulations “Services’ are clearly defined in order to group spectrum users
with similar technical requirements to facilitate the establishment of sharing criteria
between the same services and other services which may be co-channel or in adjacent

spectrum bands.

The Fixed Service is the main user of spectrum between 4 MHz and 30 MHz and is
defined as a radiocommunication service between specified fixed points. Until the
early 1980's these bands were very heavily loaded with long distance links, mainly
providing telephony services in support of the international public
telecommunications network. The heavy loading was reduced in the 1980’ s as a result

of the reliability and reduced cost of undersea fibre-optic cables and it became



HF Communications at High Latitudes Chapter 1

possible to transfer some of the Fixed Service allocations to other services with
pressing needs, such as the broadcasting service. There remain even today HF radio
systems providing telephonic services for the public network, operating on a
continuous basis. These systems commonly use single sideband or independent
sideband Amplitude Modulated duplex with a reduced carrier level conveying up to

four analogue channels with a bandwidth of 3.0 kHz (ITU, 1990).

The Fixed Service has in total 12.6 MHz of allocated spectrum between 4 and 30 MHz
across 30 different bands as indicated in figure 1. All these allocations are on a

Primary basis with 40% being shared with other co-primary services.

Frequency bands allocated to the Fixed Service

26 MHz band

22 MHz band

18 MHz band

16 MHz band

12 MHz band |

8 MHz band |

6 MHz band
4 MHz band |

0 500 1000 1500 2000 2500 3000 3500
kHz

Figure 1. Amount of spectrum allocated to the Fixed Service

In central and western Europe, civilian use of the Fixed Service spectrum has
decreased over the past few decades and the frequency bands are only used to a
limited extend for embassy communications, a back-up system to the wired Interpol

communication network with encrypted transmission of speech and data, the Red
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Cross and a few other similar international networks. The traffic load on such
channels varies between 300 and 700 hours per months. The majority of long distance
services in Europe are used for Government communications, often military. The
planning of fixed services is often considered as a subset of broadcasting planning as
each service has parts of the techniques used in broadcast planning incorporated.
However, the requirements for accurate predictions of ionospheric conditions in order

to achieve an adequate quality of service for users remain the same.

The term Mobile Service is used to cover a number of different services, parts of
which may not be mobile at all or are considered to be mobile even when not operated
whilst in motion. These Mobile Services (MS) include the Maritime Mobile Service
(MMS), the Aeronautical Mobile Service (AMS) and the Land Mobile Service (LMS).
The usual communication mode is between a mobile station and a land station (a
mobile station operated at a fixed position), but nothing prohibits communications
between mobile and mobile, which does occur for instance between ships. The
planning of mobile services is often considered as a subset of broadcasting planning;
as each service has parts of the techniques used in broadcast planning incorporated
e.g. area coverage. However, the requirements for accurate predictions of ionospheric

conditions are similar.

The Science Service acquires information directly by observations of nature using
sensors that function within the radio spectrum allocated to the Science Service.
Passive sensors take the form of sensitive radiometers, which measure the strength of
natural radiation and are by definition radars that analyse radiation returned from a
target illuminated by the active sensor. A special case is the Radio Astronomy

Service (RAS), which is a passive service and observes emissions of natural origin. A
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relevant example is the frequency band 37 500 — 38 250 kHz. This is the prime band
for the operation of Riometers. for example, the University of Lancaster Riometer at
Kilpigérvi operates a 38.2 MHz within this band. This band is allocated
internationally on a primary basis to the Fixed and the Mobile services and then to the
Radio Astronomy Service on a secondary basis. However, as these Riometers are
usually in remote locations the sharing with services of a higher status is not normally
problematic. One known exception is the HAARP Riometer operating on 30 MHz,

which suffers occasional interference caused by broadcast stations (HAARP, 2008).

The Broadcasting Service is aradiocommunication service in which transmissions are
intended for direct reception by the general public. The planning of many other
services is recognised as a subset of the tasks that need to be undertaken for the

broadcast services. This service is detailed further in this chapter’s case study.

The use of the radio spectrum by the Military is an issue of National Sovereignty and
as a result there has been worldwide reluctance to include these services under the
ITU Rules and Regulations. During peacetime the military attempt to co-exist with
civil users and maintain tight control on their spectrum usage keeping, for example,
the fixed service within the designated fixed service bands and even co-ordinating
operations with the broadcast and other services. However, during military operations
in atime of war or limited conflict al such rules and practices are suspended. Within
Europe, to ensure interoperability between NATO and its Partners, a significant

amount of standardisation and agreement has taken place.
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Other services not detailed further include the Amateur Service, Radiodetermination
Service (which includes Radionavigation and Radiolocation Services), Meteorological

Aids Service and the Standard Frequency and Time Service (ITU, 2003).

1.1.1 Services at High Latitudes.

HF remains the key to coverage outside satellite cover above 70° north and below 70°
south and is often the only available media from 60° north and below 60° south as the
look angle to the geogtationary orbit is limiting, especially for mobile and covert type
users utilising compromise antenna. HF remains the predominant media in the Baltic
and southern region maritime nations, as well as providing coverage of vast areas
outsde Europe and North America where satellite resources are much less

concentrated.

Military Land Forces need HF communications to ensure effective Consultation,
Command and Control, both within NATO and with Partner Nations. In addition, HF
Combat Net Radio communications are used at lower echelons as primary or
secondary means where terrain, distance, or mobility requirements preclude reliance
on Tactical Area Communications Systems. Within the maritime community, HF is
widely fitted throughout NATO and Partner-for-Peace (PfP) nations, and is common
to virtually all warships. Significant work has been done by the military forces of a
number of countries to find solutions to HF propagation problems at high latitudes

(e.g. Ameset al., 1970 and Trautmann, 2004).

The civilian and military Aeronautical Services make extensive use of HF at all

latitudes. The increase in commercial flights across the north polar regions to connect
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Asia to Europe and Europe to the USA has resulted in new HF infrastructure
investments in recent years (Cabral, 2003). As high-latitude areas are increasingly
populated there is a need to provide HF broadcasting and other services using the HF

bands.

1.2 Requirements of HF Spectrum Users.

The international community has long recognized that the HF skywave channel is a
valuable resource and has, through the ITU, developed methods that can be applied by
users for optimisation of communication and broadcast performance, while limiting
the potential for interference with other users. These methods represent the best the

community can agree on or achieve in the prediction of ionospheric behaviour.

Different types of services have different requirements e.g. unidirectional flow of
information as in the broadcasting service and either unidirectional or bi-directional
flow of information as in the fixed and mobile services. Table 1 summarises the three

main radio services and their requirements.

Point-to-point
Point-to-point and/or Point-to- Point-to-area
area
Bi- or Uni- Bi-directional Uni-directional
directional
Changed as and when required Frequency st well
in advance.
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Medium Medium to low High
High/high High/limited Low/low
Technical Technical Non-technical

Just intelligible Just intelligible Good

Table 1. Radio Service and User Requirements.

For these requirements to be met, long-term predictions based on estimates of
expected propagation conditions are needed for radio circuit design. Ray-path launch
angle and arrival angle data is essential data for optimum antenna design. Studies of
the relationships between transmitter power and received signal strengths at a range of
frequencies enables the necessary provisioning of transmitter plant and antenna farms.
To date, relatively little effort has been applied on a worldwide scale to the
optimisation of the different radio services, except in the case of HF broadcasting, and
as a result the development of many services has been in a haphazard fashion.
Frequency sharing is a useful means of optimising spectrum utilisation and for the
reduction of unintentional interference. There is plenty of scope for further studies
based on long-term predictions to determine the ideal service planning strategies

(Bradley, 1996).
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1.2.1 Required Signal to Noise Ratio.

The key output of planning tools based on propagation prediction is to determine the
expected signal-to-noise ratio (S/N) (or carrier-to-noise ratio (C/N) for digital
systems). The parameter S/N defines the transmission quality of the radio link, along
with the percentage of the time a threshold of S/N is achieved at the receiving point.
The minimum acceptable value is determined by the quality demands placed on the
class of emission used. A reception quality in the class ‘just usable’ might be quite
acceptable to a skilled operator, but for a subscriber to a public system, it might not be
generally adequate. Table 2 is an extract from a table included in ITU-R

Recommendation 339, which gives values for the signal-to-noise ratio for a few

different technologies (ITU, 2006) and shows the typical wide-ranging differences in

reguirements.
RF signal-to-noise density
Pre- Post- Audio ratio (dB)
detection | detection signal-to-noise Fading
Class of emisson bandwidth| bandwidth Grade of service ratio Stable condition
of receiver| of recaiver ® condition * @)
non- dual
(H2) (H2) (dB) diversity diversity
Al A Teegraphy 1 A i _
8 bauds 3000 500 ural reception 4 31 38
Al B Telegraphy 2 2 i 1 4
50 bauds, printer 50 50 Commercial grade 6 0 58

Al B Telegraphy
120 bauds, undulator

600

600

10

38

49

A2 A Teegraphy i _

8 bauds 3000 1500 Aural reception 4 35 38
A2 B Telegraphy i

4 bauds 3000 1500 Commercial grade 11 50 56

Table 2. Extract from ITU-R Recommendation 339 (2006).

1.3 Defining the Usable Field Strength.

In order to calculate the signal-to-noise or the carrier-to-noise ratio at the receiver two
parameters are required; firstly the total strength of the signal arriving at the receiver

and secondly the noise at the receiver. The minimum usable field strength (MUFS) is
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that value of the field strength necessary to permit the desired reception quality, taking
into account the specific receiving conditions, in the presence of natural noise and

man-made noise but without the presence of interference from other transmitters.

The lower absolute lowest limit on the minimum usable field strength is set by the
sensitivity of the receiver. The wanted usable field strength (WUFS) is then the
minimum usable field strength as defined above plus sufficient power to overcome
interfering signals in the area of reception. External noise enters the receiving system
via the antenna together with the wanted signal and often with interference from co-
channel and adjacent channel transmitters. More noise is generated by various
mechanisms within the receiver. All of the noise and interference degrades the
receiver performance and it is necessary to design the system so that the ratio between
the power of the received carrier of the wanted signal and the total noise including an

allowance for interference is high enough to achieve the performance objectives.

Receiver 1 dB Compression point -
Carrier Level ==
‘ Margin
' Dynamic Range
Minimum S/N
Interference }
Interference Noise
Noise Floor \

External Noise

Receiver Noise )
Floor (kTB)

Figure 2. Defining signal levels

10
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Figure 2 indicates the receiver noise floor, which includes the thermal noise of the
system including the noise figure of the receiver. Once the external noise is added
into the equation the actual noise floor to be overcome is determined. Adding the
interference expected at the receiver increases the overall noise power floor. The
wanted signal must be greater than the minimum S/N referenced to the interference
noise floor which includes the contribution from both internal and external noise and
the local interference level in the area of the receiver. The diagram also shows that if
the carrier level exceedsthe required SIN level then a margin is available to overcome
unexpected degradations. The overall limit to how much signal the receiver can
handle is given by the dynamic range at which point any strong unwanted input
signals cause non-linearitys in the receiver. In considering the effect of noise on
system performance, it is usual to find the sum of all the noise contributions from both
internal and external sources. It is beyond the scope of this chapter to look into each
internal and external noise source that needs to be considered and how the

contribution from each source is summed.

1.4 Introduction to Propagation Prediction

The term “prediction” in the context of this chapter is understood as the forecast of the
expected state of a specific phenomenon at a certain time in the future. In the context
of the work undertaken in thisthesis, thisis a prediction of the state of the ionospheric

path aradiowave must traverse.

Predictions are less valuable than accurate computations based on firmly established
laws, for example, the calculation of a solar eclipse using celestial mechanics. On the

other hand, they are more valuable than limited empirical evidence or, at worse, non-

11
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scientific guesses often guided by intuition than precise application of the laws of
nature. Prediction methods are the only recourse when the information available is
incomplete, inaccurate or unreliable. The greater the extent to which predictions are

based on deterministic calculations, the greater the degree of accuracy.

The information about a given phenomenon may become so complete and accurate
that over the course of time predictive estimates are gradualy replaced by
deterministic calculations with an accurate estimate of the errors involved. For
example, during quiet periods there are fairly accurate computations of propagation
conditions for mid-latitude paths, the uncertainty for disturbed periods results in the
use of statistical probability for these disturbed periods. At high latitudes, other
relationships governing the change in the ionosphere, involving unpredictable
sporadic disturbances, have not yet been sufficiently understood or defined in order

for usto incorporate them into prediction models.

There are two fundamental approaches to prediction, the datistical and the
deterministic approach. The statistical approach is based on qualitative and
guantitative information obtained by statistical processing of data obtained by long-
term observations and therefore a definitive probability can be assigned to each
prediction. The deterministic approach to prediction is based on rigid quantitative
descriptions of physical effects and all the relationships involved in the process. As
applied to the ionosphere, a deterministic approach would have to be based on a
sufficiently reliable theory of ionosphere formation and its change with respect to al

solar and geophysical forces.

12
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Two other methods of prediction that have been/are used and must be mentioned are
the intuitive and the inertial methods of prediction. The intuitive method of prediction
is essentially a subjective method. Certain relationships are used to reach the final
conclusions intuitively, either through experience or by chance. The inertial method is
based on the principle “what happens today, should also happen tomorrow”: thisis a
valid prediction method when the changes that can take place happen over periods of
more than one day. This method is partially used in the National Oceanic and
Atmospheric Administration (NOAA) space weather 3-day predictions1 of solar
radiation that, outside the periods of solar flares, uses the inertial method since the

typical period in solar radiation is about 5 days.

The function of propagation prediction, when used as an engineering planning tool, is
to ensure, as best as possible, that an adequate service can be provided to spectrum
users. The term ‘adequate service’ has two components that must be satisfied. The
first component is the delivery of awanted usable field strength to the reception point.
The second component is that this wanted usable field strength is available for the
required length of time. Different services place different emphases on the
availability of the wanted usable field strength. For example, in the HF broadcasting
service the broadcaster is interested in reaching listeners only during a few hours of
the day when spare time permits listening to the radio. As indicated in broadcaster
schedules, this period for Europe is 18:00 — 21:00 local time in the reception area and
for Africa the period is 05:00 — 09:00 and 17:00 — 20:30 local time. On the other
hand, for the aviation air traffic control service, a safety of life service, the

communications link is required 100% of the time.

! NOAA — 3 Day Solar Weather Prediction: http:/www.sec.noaa.gov/ftpdir/latest/daypre.txt

13
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In the last three decades numerous HF-propagation prediction methodologies and
software programs have been developed. Most of the programs take transmitter and
receiver locations, time, month, year, and usually the number of sunspots as input, and
provide median values of MUF, LUF, mode structure, antenna headings, great-circle
distance and root-mean-square median-field-strength values for mid-latitude HF paths.
The calculation of signal strength is especially difficult, because the exact mode
structure on a particular path is not accurately known and all the path losses (in the D
region, in the transmission line of the antenna, and from mismatch, ground reflection,
etc.) are difficult to accurately characterise. It is surprising that the process yields any
useful results, yet it often does and is used extensively in HF broadcast planning and
other spectrum management activities where significant lead times between planning

and operation are involved.

Irrespective of the particular method employed in making a prediction there is the
problem of predicting the expected levels of solar and geomagnetic activities. The
sunspot number (SSN) is an input parameter in the derivation of long-term
predictions. On the other hand, the correlation between the critical frequency of the F-
layer (foF) and SSN is valid only on the average, and there is no correlation if, for
instance, the comparison is made on specific days. The reason for this is that the F-
region is sensitive to the flux of solar short-wave radiation, which itself correlates with
the sunspot number only on the average. It is a fact that the daily electron
concentrations in the F-layer maximum may differ by more than a factor of two, even
on two days in near succession, and even if both days are magnetically quiet. This
may be due to changes in the flux of solar radiation, which clearly cannot be taken
into consideration when establishing the prediction. Practical radiocommunications

for tactical operations, where instant communications are required at any time of day
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and night, must be based on the true state of the ionosphere on a specific day, which

may be very different from the predicted monthly average.

Another very complex problem connected with the calculation and presentation of
electron concentration profiles is the prediction of solar radiation and the level of
geomagnetic activity, the input parameters of several ionospheric models. The
prediction of perturbed conditions in the ionosphere is a problem to which no answer
has as yet been found. This is due to the difficulty of predicting the geomagnetic
indexes, Ap and Kp, and to the complexity of planetary distribution and temporal

variation of the disturbed conditions in the ionosphere.

Figure 3 depicts the hierarchy of ionospheric disturbances and provides an estimate of

the typical duration for each type of disturbance —which varies from 1nsto 12 years.
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Figure 3. Hierarchy of ionospheric disturbances

15



HF Communications at High Latitudes Chapter 1

The nature of ionospheric variability is quite complex, since it arises from temporal
and geographic variabilities in upper atmospheric chemistry, ionisation production and
loss mechanisms, particle diffusion and electro-dynamical phenomena. Generally, the
trends are fairly well modelled, and much of the variability is understood from a
physical point of view. Unfortunately, an understanding of cause and effect does not

always translate into being able to make predictions in the time period desired.

1.5 The Function of Propagation Prediction and Planning
Tools.

Predictions have improved in the last decade as a result of the evolution of computers,
along with associated advanced computational methods and the development of
advanced sensors and telemetry. Figure 4 is a flowchart showing in a simplistic

manner the task that propagation prediction and planning tools must perform.

The first function of propagation prediction is to evaluate the state of the ionosphere at
some point in the future. Having entered the station parameters, which as a minimum
must be the location of the transmitter and the location of the receiver as well as a
number of expected or predicted ionospheric parameters - which as a minimum is
some form of the Smoothed Sunspot Number (SSN) - the state of the ionosphere for
the wanted time is forecast. Based on the forecast, the Maximum Usable Frequency
(MUF), the Lowest Usable Frequency (LUF) and sometimes the Optimum Usable
Frequency (FOT) are calculated. If these parameters do not meet the requirements, no
link ispossible. If the calculation of MUF, LUF and FOT meet the requirements, then

it is possible to predict the usable field strength that will be delivered to the receiver.
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Inputs:
+ Transmitter location
+ Receiver location

lonospheric Parameters:
+ S5N or equivalent
= Ap or similar

v

Predict future state of
lonosphere, MUF, LUF,
FOT, efc.

State of the ionosphere

Usable MUF, LUF,
FOT?

No link possible

Predict S/N and S/N+|

& SIN+|

Ray tracing, path loss, S/N l

Sufficient S/N and S/N+I

Success —
communication link
achievable

Figure 4. Flowchart indicating the tasks that propagation prediction and planning tools

must perform.
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The second function of the prediction process is to determine if an adequate field

strength is delivered. Using further transmitter parameters, such as transmitter

effective radiated power (er.p), take-off angle form the antenna, receive antenna gain

and noise level at the receiver, the signal to noise ratio is predicted. If a database of

all transmitters that can be received in the reception area is available (as is the case in

international HF broadcasting), the signal to noise plus interference ratio can be

determined.

Asindicated in figure 4 this process can be broken down into the following stages:

Vi.

Determination of a representative model of the electron concentration over the
propagation path, taken as being the great circle between transmitter and
receiver;

some kind of ray path assessment leading to an estimation of the modes
available;

calculation of the received signal intensity using a transmission-loss
calculation;

estimation of the atmospheric noise, background man-made noise and noise
arising from unintentional co-channel emissions;

statistical quantification of the random variability of signal and noise
intensities;

check of grade of service based on some choice of reference signal/noise ratio.

One of the most important parameters in the prediction of HF propagation is the

maximum electron density of the ionosphere, since this determines the communication

coverage at a specified frequency. The ordinary ray critical frequency, foF,, may be
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directly related to maximum F, layer electron density and foF,, together with the
effective ray launch angle, determines the MUF for a specified transmission distance.
Thus, the ability to predict the f,F, by knowing the maximum electron density of the
ionosphere by some method is the first step in predicting HF propagation. This is
usually accomplished by generating a model of the vertical distribution of electron
concentration/density in the E and F regions. This needs to take account of the known

large geographic and temporal variations in the ionosphere.

Models of the vertical distribution of electron density may be empirical (statistical),
semi-empirical or theoretical. Empirical models are based on the generalization of a
number of observations of individual ionospheric parameters, which may be presented
in graphs, tables or formulas. Statistical models involve charts of planetary
distribution of ionospheric parameters as a function of the coordinates, the local time

and the level of solar activity.

A short survey of freely available amateur and professional propagation prediction

software is presented in the appendix to this thesis.

1.6 Case Study: The Broadcasting Service

The broadcast services have one of the most highly developed regulatory frameworks
on an international scale. This is largely because of the political importance of
broadcasting both within a country’s border and, for some countries, external to their
borders. Bands between 6 MHz and 26 MHz that are used exclusively for the
broadcast service are used for broadcasting to both domestic and foreign audiences.

Because of problems that have occurred in the past, the Radio Regulations require the
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power of transmitters to be limited to what will provide a national service, except in
the bands exclusively for international broadcastingz, and a prohibition on

broadcasting from ships or aircraft outside national territory.

HF propagation characteristics require that a family of frequencies be used in order to
provide sufficient coverage of particular target areas. 1n 2001 the BBC world service
made use of 176 HF frequencies which all required co-ordination in accordance with
the procedures described the Radio Regulations.  The typical HF traffic load for big
broadcasters such as the BBC World Service is approximately 6 000 transmitted hours
per week. A total of 4.35 MHz or 15.5% of the HF bands is assigned to the

Broadcasting Services as shown in figure 5.

Frequency bands allocated to the Broadcasting Service

26 MHz band

22 MHz band

18 MHz band

16 MHz band

12 MHz band

8 MHz band

6 MHz band

4 MHz band

0 200 400 600 800 1000
kHz

Figure 5. Amount of spectrum assigned to HF broadcasting.

The requirements of the broadcast services are unique in that they are aimed at

providing service to an area as opposed to a single location and that the receivers most

2 See ITU Radio Regulation 23.3.
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commonly used are consumer products and not high specification professional
equipment. This results in planning systems with extreme stability, with special care
taken to avoid interference and the use of high transmitter power to provide adequate
coverage. The management of broadcast frequency assignments differs from the
procedures to assign spectrum to a fixed service or a maritime service for example.
The special assignment of frequencies to broadcasting in the HF bands is necessary
because of the intense pressure on the radio spectrum for broadcasting, the long reach

of interference at HF and the uncertainties of HF radio propagation.

Listeners of civilian broadcasts are disadvantaged as they have no access to
sophisticated radio equipment, no real-time feedback capability and, due to cost
factors, are limited in sensitivity and selectivity. For this reason, the minimum signal-
to-noise ratio for an average AM receiver is40 dBuV/m. For digital modes this level
is 10 to 20 dB above the minimum usable field strength required. The broadcasting
community therefore needs a credible long- term prediction capability before they can
offer (and advertise) a reasonable set of reliable broadcast channels to listeners in

designated reception areas.

Of all HF spectrum users broadcasters face the greatest challenge when it comes to
planning services. Factorsthat contribute to this are the requirements to:
i.  notify frequency assignments up to 6 months before operation commences;
ii. lay down a signal to cover reception areas that are widely spaced
geographically;
iii. compensate for skip zone variations even when the diurnal period of

transmission is limited.
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1.6.1 The Broadcasting Propagation Model.

The only model internationally accepted for use in determining the interference
potential of broadcast services is known as ITU Recommendation P.533 (ITU, 1995).
The roots of this model known as P.533 are in CCIR Report 252-2 (CCIR, 1970),
which was adopted a the 1970 plenary of the International Radio Consultative
Committee (CCIR®). It was the first of three computer methods for field strength
prediction that were sanctioned by the CCIR. It is also the method that IONCAP
(Lane, 2001) uses for estimating the median signal strength and the day-to-day
variability (termed the ‘excess system loss') of the median value. This was followed
in 1982 by a supplement to CCIR Report 252-2 (CCIR, 1982) which was more
complex than the method of CCIR 252-2 in a number of respects, and the machine
time required reflected this additional complexity. The major change in this

supplement is the consideration of longitudinal gradients for the first time.

CCIR Report 894 (CCIR, 19864) followed in 1984 to assist in an international HF
Broadcast Conference by producing a rapid computational method. This document
was the result of deliberations to produce a prediction program for use in planning by
the HF broadcast service and an improved estimate of field strength was made
possible by taking the antenna gain (of appropriate broadcast antennas) into account
when selecting modes to be included in the calculations. Following 15 more years of
work, in 1995 the ITU published Recommendation P.533 (ITU, 1995).

Recommendation P.533 provides estimates of the monthly median values of the

% In 1992 at an Additional Plenipotentiary Conference the ITU was dramatically remodelled. Asa
result of the reorganization, the Union was streamlined into three Sectors, corresponding to itsthree
main areas of activity Telecommunication Standardization (ITU-T), Radiocommunication (ITU-R) and
Telecommunication Devel opment (ITU-D). The name CCIR was dropped as this point.
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maximum usable frequency (MUF), received signal strength, available receiver
power, signal-to-noise ratio, reliability and lowest usable frequency (LUF) between

two locations for any specified time and level of solar activity.

The term “basic MUF” as used in P.533 is defined as the highest frequency at which a
radiowave can propagate between given terminals on a specific occasion by
ionospheric refraction alone. MUF (Maximum Usable Frequency) is a function of
path length, geographic position and time. Methods of predicting MUF are restricted
to determining smoothed monthly median values and to providing statistical
parameters descriptive of daily figures. The monthly median path basic MUF is taken
as the highest monthly median basic MUF of any mode reflected from the different
layers, so that it is necessary to first determine the separate E and F, MUFs depending

on path length.

The term “operational MUF’ as used in P.533 is the highest frequency that will give
acceptable operation between two terminals on a specific occasion; under the same
operational conditions it is greater than the basic MUF. The operational MUF
depends, among other factors, upon the types of antenna used, the transmitter power,
class of emission, information rate and required signal-to-noise ratio. The differences
between the operational MUF and the basic MUF can be explained by various
ionospheric phenomena, such as scattering in the E- and F-regions, off-great-circle
propagation and propagation by unusual modes when ionisation irregularities exist;

also spread F may be an important factor.
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Control Points

The first step in P.533 is the determination of a number of ionospheric characteristics
and propagation parameters at specified ‘control points. The control points are the
locations along the great-circle path where the radio wave interacts with the
ionosphere. For example, for path lengths up to 2 000 km only the mid-point of the
path is assessed for both the E and F layers. The same method applies to ionospheric
absorption; it is only evaluated at the mid point for paths less than 2 000 km — no

attempt is made to evaluate D-region absorption as part of the ray tracing.

Ray Path Assessment

A ray path assessment is carried out in order to estimate control points and possible
modes present. Recommendation P.533 applies aray-path analysis for paths up to

7 000 km, empirical formulations from the fit to measured data beyond 9 000 km, and

a smooth transition between these approaches over the 7 000-9 000 km distance range.

E-layer basic MUF

For the E-layer the method of calculation of the monthly median critical frequency
(foE) is based on all published data over the years 1944-1973 from 55 ionospheric
stations. Four factors are combined in an empirical formula: solar activity; season;
latitude; and time-of-day. The virtual height of the E-layer is set, for all calculations,

at 110 km.

The basic MUF of an n-hop E mode over a path length D is given in terms of the hop
length, foE and the secant of the angle of incidence at a mid-hop mirror reflection
height of 110 km. The E-layer basic MUF for the path is that appropriate to the

lower-order E mode. The maximum length for a single-hop is 2 000 km and E modes
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are only determined for paths up to 4 000 km. The E-layer operational MUF is taken

as equal to the basic E-layer MUF.

F2-layer basic MUF

Monthly median values of f,F, are obtained from a numerical map function (A, 0,
T). The function © has the form of a Fourier time series with 988 coefficients. The
lowest-order mode (minimum elevation of 3°) isinitially determined from geometrical
considerations, using an estimate for mirror reflection height (h;) at the mid-path
control point. The parameter dmax, Which is the maximum possible path length for a
single-hop mode depends on the underlying ionisation, indicated by the ratio x =
foF2/fog, and the characteristic M (3000)F, which is the MUF required for a path length

of 3 000 km.

For the lowest order mode, the Fy-layer basic MUF is a function of factors including
the hop length d, dmwx and the critical frequency. For paths lengths of dmax and less,
calculations are based on propagation via the ionosphere given at the mid-path
position. For F, modes the ITU-R has adopted empirical relationships giving mean
mirror-reflection height as a function of time, location and path length. The values of
the parameters of this model are given in terms of the average of the predicted

ionospheric characteristics foE, foF, and M(3000)F, along the path.

Field strength
Once all existing modes and their associated elevation angles are known, the next
stage is to evaluate the corresponding signal intensities at the receiver. Monthly

median values of field strength E, for each propagation mode w at frequency | are
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determined in terms of transmitter-radiated power, transmitting antenna gain and the

transmission losses.

Eqy=136.6+R +G +20logf- L (dBnV/m)

where:
P = transmitter power (dB(1kW))
Gt = transmitting antenna gain (decibels relative to an isotropic antenna)

L = summed transmission losses (dB)

The resultant equivalent median sky-wave field strength, E;s, is taken as the root-sum-
sguares (RSS) for up to N modes where N encompasses the three strongest F, modes

and also, in the case of path lengthsto 4 000 km, the two strongest E modes.

Median available receiver power
For each mode w the corresponding available signal power Py, (dBW) from a lossless
receiving antenna of gain G, (dB relative to an isotropic radiator) in the direction of

signal incidenceis:

Fw = Eqw + Gpwt - 20log f - 107.2 (dBW)

From the above modes, the resultant root-sum-square (RSS) monthly median receiver
power Py (dBW) is calculated by taking up to the three strongest F2 modes and
additionally the two strongest E modes for ranges up to 4 000 km. Predictions for
path lengths longer than 9 000 km are made by dividing the path into the minimum of

equal length hops, none of which exceeds 4 000 km.
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For predictions for path length between 7 000 and 9 000 km RSS field strength and
RSS available receiver power are obtained by using a weighted interpolation
procedure from the two values obtained respectively from the methods used for the

two other path lengths for the required distance.

Transmission with Absorption Loss

In the equation for fields strength the parameter L represents a number of summed

transmission losses (dB) represented by:

Ly =32.45+20log f +20log p'+ L + Lm+Lg +Lh+LZ (dB)

p’ = virtua slant range (km) (Free-space |0ss);

Ln= “above-the-MUF" lossif applicable;

Ly= summed ground-reflection loss at intermediate reflection points;

L.= aterm containing those effects in sky-wave propagation not otherwise
included in this method. This factor, currently set at 9.9 dB, is added
to make the model match up to a measurement database;

Li=  absorption loss (dB) factor, which occurs largely in the E and D regions
and is expressed as a function of the solar zenith angle, x; While the
formula is complex and involved this term only deals with absorption
as afunction of solar zenith angle;

Lh= factor to allow for auroral and other signal losses, dB.
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M oddl Flaws
There are a number of recognised flaws in P.533:

- The degree of detail in the numerical maps used to determine the parameters
of the F-layer depends on the spacing of measuring stations and the highest
order of the harmonic coefficient used. The stations used were never
uniformly spread across the globe and the numbers of high-latitudes stations
were limited. In addition, different stations were in operation for different
time periods over which measurements were taken and the harmonic
coefficients were truncated for economy. This has resulted in the maps
becoming smoothed and hence a loss of some ionospheric features such as
troughs and auroral activity.

- FoE is calculated for four factors using mainly mid-latitude ionosondes — this
methodology does not capture the effects of ionisation due to particle
precipitation — which will be shown to be in control of E-layer formation.

- Thevirtual height of the E-layer is set for all calculations at 110 km — the case
study in chapter 2 will show how this is a very limiting assumption at high
latitudes.

- Estimations of absorption are done only at the mid-path control point and not
where the ray passes through the D-region.

These flaws need to be recognised when using the model in practice.

1.7 Thelonosphere

The ionised region in the Earth’s atmosphere extending from about 50 km to roughly
2 000 km above the surface is called the ionosphere. The ionosphere isthat part of the

atmosphere where free electrons occur in an appreciable density so as to influence the
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propagation of radio waves. For reasons related to the historical development of
ionospheric research, the ionosphere is conventionally described in terms of three
principal regions, the D, E and F regions respectively, in order of increasing altitude
as shown in figure 6. Subdivisions of these regions may exist under certain

conditions; for example, F; and F; layers during daylight hours.

Day

Earth

Night ————

Figure 6. lonospheric regions as a function of height above the Earth’s surface. (ITU,

1998)

Radiowaves in the low frequency to high frequency bands are receivable over long
distances because they can be reflected by these ionised regions of the atmosphere.

From the viewpoint of HF propagation, the E and F regions act principaly as
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radiowave reflectors’, and permit long range propagation between terrestrial
terminals. The transmission channel for radiowave propagation at HF includes much
of the Earth’ s atmosphere between the transmitter and receiver terminals. The varying
ionisation in the upper atmosphere is the major cause of changes in the transmission
channel and therefore in the path loss between terminals (ITU, 1998). These
variations in ionisation are due to a number of causes, all related to the solar influence
on the Earth’s atmosphere. Regular variations are classified according to period, e.g.
multiple years, year, season, day. Annual and diurnal variations, which are often a

function of geographic locations, have also been identified.

The most important ionospheric parameter, from the view of radiowave propagation,
is electron density. The electron density at any given point in space and time is a
function of three competing physical processes; production, loss and transport. These
three processes in practice involve a multitude of complex photochemical and
electrodynamic processes which are influenced by a variety of external conditions

within the atmosphere and the magnetosphere.

1.7.1 lonospheric Regions

With reference to figure 6, the D region is the zone between about 50 km and about 90
km above the Earth. The ionisation found here is that which is mainly responsible for
absorption of those high frequency radio waves which are reflected by higher layers

with electron concentrations that generally decrease with decreasing altitude, reaching

* It is convention to speak about ionospheric reflections asif they were occurring from amirror surface.
It is understood, however, that the radiowave is returned to the Earth’ s surface by a number of
refractions that overall have the same effect as a single reflection.
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vanishingly small values under normal conditions below about 60 km. The electron
density in the D region exhibits a marked diurnal variation, with peak densities shortly
after local noon (typically 10° to 10° electronsm™) and very small values at night.

There is also a pronounced seasonal variation with maximum densities in summer.

The E-region is the zone between about 90 km and about 140 km above the Earth in
which the normal daytime E-layer is usually found. The E-region often conforms
closely to a Chapman model with a maximum density near noon and a seasonal
maximum in summer. This region also exhibits solar cycle dependence with
maximum densities occurring at solar maximum. The E-region reaches a peak
concentration of about 10™ electrons.m™ near 110 km although this height varies with
local time (ITU, 1998). The (mid-to-low latitude) quiet time E-region is very
predictable as compared to the F, layer. A large volume of vertical-incidence
ionosonde data has been collected over more than four solar cycles and the
characteristics of the Low and Mid latitude E-region are well known. For these
latitudes the minimum vertical height of the E-region and the variation of the
maximum electron density (Ne) have been recorded as a function of time and
geographical location. As a guide the maximum electron density occurs during the
day at ~ 110 km and the semi-thickness is ~ 20 km (Frihagen, 1965). Usually for
propagation prediction purposes the E-layer critical frequency (F.E) is calculated via

an empirical equation involving the sunspot number and the zenith angle of the Sun.

Within the E-region there also exists an ill-predicated layer known as sporadic-E (Es).
This layer often forms at about ~ 105 km altitude and may be optically dense and
gpatially thin. In such cases it reflects radio signals well. Sporadic-E, however, aso

includes partially transparent layers and irregular patches of ionisation in which case
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signals may be reflected, or scattered, or little affected by the layer. The mechanisms

producing sporadic-E are not well understood (Cannon, 1994).

The F region, the zone above about 150 km, is where the most important reflecting
layer, F,, isusually found. Other stratifications in this zone are also derived with the
prefix F, e.g. the temperate latitude regular stratification F; and the low-latitude
semiregular stratification Fis. The bulk of the free ionisation in the ionosphere is
found here in the F region with a peak concentration of electrons of about 10°
electrons’ m® near 300 km altitude. The F, layer is the highest layer and generally
exhibits the greatest electron densities and in general is the only layer which persists
to any degree during the night. The F, layer is not well represented by the Chapman
formulation since it is strongly influenced by neutral winds, diffusion and other
electrodynamic effects. The relationship between the direction of the geomagnetic
fields and the direction of the neutral winds and electrodynamic drifts plays a major
role in the structure of the F, layer. It isthe plasma response to the dynamic processes
in the presence of the geomagnetic field that gives rise to the observed geographical

and temporal variations in the F, layer (ITU, 1998).

A number of anomalies have been identified in the F layer including the diurnal
anomaly, the seasonal anomaly and the equatorial anomaly. At high latitudes a
variety of anomalous features are also observed, some of which are associated with
charged particle precipitation. The F-region “trough” is a pronounced depression in
the F.-layer electron density resulting from magnetospheric convection. The trough
extends from about 2 to 10 degrees equatorward from the auroral oval in the late

afternoon and night-time ionosphere.
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1.7.2 lonisation: Production, Loss and Transport

The formation of the ionosphere is ultimately due to the ionisation of the neutral
constituents of the atmosphere by solar extreme ultraviolet (EUV) and X-rays, with a
much smaller contribution from particle-induced ionisation in general. Therefore, the
structure of the ionosphere is strongly influenced by solar activity, since the Sun’s
output in these portions of the spectrum is increased when the Sun is active, both on
the long-term scale (e.g. the peak of the solar cycle) and on the short-term timescale

(e.g. inresponse to individual active regions on the Sun).

This response to solar activity comes about through two related but distinct
mechanisms. First, ionising radiation is more intense under active solar conditions,
leading to generally higher concentrations of electrons and secondly, the increase in
the temperature of the neutral upper atmosphere when the Sun is active causes
redistribution in the ionisation, with peak concentrations occurring at higher altitudes,
especially in the case of the F region. Although the overall cause of these variationsis
well understood, the quantitative details are still unclear, since the ionising and
heating radiations cover a wide spectral range with an extremely complex variation

with solar activity.

Figure 7 indicates approximately the portions of the solar spectrum which are
responsible for the different regions of the ionosphere. In the X-ray region, from
about 0.1 to 1nm wavelength, the absorption cross section is comparatively small and
the radiation penetrates the upper regions of the ionosphere with negligible
attenuation, ionising only in the D-region. The wavelength band from about 1 to 12

nm, where the ionisation cross section is higher, is one of the major sources of E-
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region ionisations, whereas the EUV band from 12 to 76,9 nm is the principal source

of the F region.
E-Region
Wavelength (nm) D-Region
0.1 1 10 100 / 1000
| | | [ | | | [ | | | | L1 11 | | Ll Ll
7
. . Visible
D-Region E-Region F- Region Spectrum

Region of relatively |

weak solar emission

fonisation limit for N2 {(79.6nm)——

lonisation limit for O (102.7nm) ——

fonisation fimit for NO (134nm)

Figure 7. Approximate regions of the solar spectrum responsible for the different

regions of the ionosphere (based on Reid, 1972)

With further reference to figure 7, the upper wavelength limit of 79.6nm corresponds
to the maximum wavelength capable of ionising molecular nitrogen. On the long
wave side of this band, the cross section drops again and there is a region from about
79.6 to 102.7nm that is again an important source of E-region ionisation with the
upper limit of 102.7nm corresponding to the maximum wavelength capable of
ionising molecular oxygen. At wavelengths longer than 102.7, the major constituents
of the atmosphere cannot be ionised, but certain minor constituents of the D-region are
still available. Chief amongst these is Nitric Oxide, which is readily ionised by the
extremely intense H | Lyman — a line at 121.6 nm. It has also been established that
the band 102.7 to 111.8nm is capable of ionising molecular oxygen in the

electronically excited metastable state and that this region of the atmosphere normally
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contains sufficiently large concentrations of these exited molecules that they form an
important source of D-region ionisation (Hunten and McElroy, 1968). At
wavelengths longer than about 130nm, only the alkali metals can till be ionised, and
although trace elements of these metals, especially sodium, do exist in the upper
mesosphere and lower thermosphere, they are unlikely to form any appreciable
contribution to the ionosphere (lvanov-Kholodny and Mikhailov, 1986). As
mentioned, the structure of the ionosphere is strongly influenced by solar activity.
This is shown for the sunspot cycle in figure 8 and a significant variation can be seen
in ionisation (electron density vs. height above the Earth's surface) on a long-term
scale as the Sun cycles through a sunspot cycle, from a sunspot minimum to a sunspot

maximum over a period of 11-12 years.

The production of free ionisation by solar radiation (and charged particles) is counter-
balanced by ionisation loss processes, principally the recombination of electrons and
positive ions following collision, and the attachment of electrons to neutral gas atoms
and molecules. It is possible to determine, from physical principles, a reasonably
realistic mathematical description of the altitude distribution of ionisation, based on
estimates of the solar ionising flux, the vertical distribution of neutral atmospheric

constituents and their absorption efficiency, and the solar zenith angle.

One of the first models, which are fairly accurate at low and mid-latitudes during

“quiet solar” periods, was by Chapman (1931) for a single constituent, isothermal

atmospheric ionised by monochromatic solar radiation.
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Figure 8. Representation of the lonosphere layers for sunspot maximum and minimum

(After Jursa, 1985)

At the height of the F, layer the transport of ionisation is important. This movement
can be caused by diffusion, neutral atmospheric winds and electromagnetic drift.
Plasma diffusion occurs along magnetic field lines and is greatest a the magnetic
poles where the electrons and ions can move nearly vertically along the field lines.
The effect on ionisation distribution is not a strong as the effect of neutral winds that
are driven from the hotter dayside to the cooler nightside of the Earth. The winds
move the ionisation through neutral-ion collisions and thence the electrons by
Coulomb attraction. In the F, region electromagnetic drift (ExB), caused by
interaction of ionised particles with the Earth’s magnetic field (B) and electric fields

(E) in the ionosphere, is important because it accounts for ionisation moving across
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magnetic field lines. Electric fields cause vertical drifts near the equator and

horizontal drifts in the auroral zones and polar caps (Rishbeth, 1989).

1.7.3 Predicting the State of the lonosphere

In order to reach a general characterisation of the problems involved in the prediction
of the ionosphere, we must consider the factors determining the state of the ionosphere
to understand why it is very difficult with current knowledge to produce a fully
deterministic calculation (lvanov-Kholodny and Mikhailov, 1986). To do this we
need to consider: @) the fundamental parameters of the ionosphere; b) their spatial and

temporal distribution; and c) their dependence on solar and geomagnetic activities.

a. The state of the ionosphere is determined by a large number of different
parameters and the characteristics of the ionised part of the upper atmosphere
such as electron concentration, ion composition, electron and ion temperatures,
particle fluxes and drifts, congtitute the basic physical parameters of the
ionosphere.

b. The parameters of the ionosphere undergo considerable changes with altitude.
The concentrations of ions, n, and electrons ne, a certain atitudes have
characteristic maximum peaks, forming the ionospheric layers, E, F1 and F..
As aresult, the stratified structure of the ionosphere may be characterized by a
set of parameters: the concentration of electron density (ne) at layer maximum,
layer altitude and widths, the depths and widths of the troughs between layers
etc. Thisgroup of parameters describes the special features of the distribution
of ne over the altitude h or, as it is usually referred to, the profile, ngh). In

addition to variation with altitude, ionospheric parameters also vary with the
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geographical coordinates (latitude j , longitude | ), and with the geomagnetic
coordinates. The properties of the ionosphere are known to undergo
significant changes in the equatorial and auroral latitudes. Accordingly, a
distinction is made between low-, mid- and high-latitude ionospheric regions.
Knowledge of the relationship governing the variation of the ionosphere with
time is particularly important in prediction. It has been found that there are
variations in parameters not only between daytime and night time, but also that
there were sharp variations between values for the daytime, even noontime,
from one place to another. Indeed there are features which depend on the
season of the year, for example, giving rise to the so-called winter anomaly.
Thus, any description of the variation of the ionosphere with time must include
several parameters.

c. Some variations in the ionosphere were found to be caused by the variation of
active factors such as solar radiation and geomagnetic activity. Therefore, the
ionosphere is not merely a geophysical, but also a helio-geophysical entity.
Owing to the abundance of the parameters required to describe it, and since
each parameter varies differently with the coordinates, time, and activity
factors, the behaviour of the ionosphere is extremely complex. As a result,

both the study of the ionosphere and its description are very complex tasks.

Ideally, any method of ionospheric prediction needs to calculate of all the ionospheric
parameters as well as their global and altitude distributions at any future point in time.

The present-day limitationsto this ideal are as follows:

a Limitations due to incomplete information, which might become more

complete at some future date or they may be intrinsic to the phenomenon itself.
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C.

For example, the detail in ionospheric charts of the different ionospheric
depends on the accuracy with which each parameter can be determined, and on
the extent of its variation from one point to another is known;

How detailed should the description of the parameters as a function of time be,
bearing in mind that a change of longitude of 15° corresponds to a one-hour
time difference. Clearly, if only 10% accuracy is required in describing ne in
the F,-region, it is sufficient to take observations every hour, or even every 1%
- 2 hours, except perhaps at sunrise and sunset. This is not sufficient for
disturbed periods when changes happen quickly;

As with other types of prediction, the nature and reliability of ionospheric
prediction not only depends on an accurate and reliable knowledge of the

relationships governing the evolution of the ionosphere, but also on the

accuracy and the completeness of empirical and other information which is

used in predictive computations. The prediction of data concerning
geomagnetic perturbations is of very limited value; nevertheless, such data are
used as the input data in all atmospheric predictions. A highly accurate
prediction of short-wave radiation is only possible one or two days ahead.
Long-range predictions — several months ahead — are based on the grosser
estimates of average short-wave solar radiation or SSN, which at best yield

median MUF frequency values.

1.7.4 The High-Latitude lonosphere

It is convention to also divide the ionosphere into three regions that have different

properties according to their geomagnetic latitude. The mid-latitude region is the

most completely explored and understood region. In the mid-latitude region
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ionisation is produced almost entirely by ultra-violet and X-ray emissions from the
Sun, and is removed again by chemical recombination processes that involve the
neutral atmosphere as well as the ionised species (Hunsucker and Hargreaves, 2003).
The movement of ions and the balance between production and loss are affected by
winds in the neutral air. These mid-latitude processes also operate in low- and high

latitudes but with additional processes coming into play.

The low-latitude zone spanning 20° to 30° either side of the magnetic equator is also
strongly influenced by electromagnetic forces that arise because the geomagnetic field
runs horizontally over the magnetic equator. As aresult, the electrical conductivity is
abnormally large over the equator causing a strong electric current (the electrojet) to
flow in the E-region and the F-region is subject to electrodynamic lifting and a
fountain effect that distorts the general form of the ionosphere throughout the low-

latitude zone.

At high latitudes the opposite occurs. Here the geomagnetic field runs nearly vertical
which leads to an ionosphere that is considerably more complex than in the other two
zones. This happens because the magnetic field lines connect the high latitudes to the
outer part of the magnetosphere which is driven by the solar wind, whereas the
ionosphere at middle latitudes is connected to the inner magnetosphere which
essentially rotates with the Earth and so is less sensitive to external influence. There
are four general consequences of the high-latitude ionosphere connection to the outer
magnetosphere (Hunsucker and Hargreaves, 2003):

1. The high-latitude ionosphere is dynamic and circulates in a pattern mainly

under the control of the solar wind which is itself variable;
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2. Thisregion is more accessible to energetic particle emissions from the Sun
that can produce additional and sometimes substantial ionisation;

3. The auroral zones occur in the high-latitude region. The location of the
auroral zones is directly linked to the magnetosphere and to the distorted
tall of the magnetosphere. Auroral phenomena include electrojets which
cause magnetic perturbations and there are substorms in which the rate of
ionisation is greatly increased by the arrival of energetic electrons;

4. A trough of lesser ionisation is often formed between the auroral and the
mid-latitude ionospheres. Part of the cause of the trough appears to be the
difference in circulation patterns between the inner and outer parts of the

magnetosphere.

It is apparent from the brief list above that the magnetosphere has a major role to

play in the structure of the high-latitude ionosphere.

1.8 The Magnetosphere

Radiant energy from the Sun determines the surface temperature of the Earth and
supplies virtually all the energy for natural processes on the Earth’s surface and in its
atmosphere (Jursa, 1985). The Earth’'s upper atmosphere is ionised by radiations, both
electromagnetic and corpuscular, from the Sun. The electromagnetic radiations such
as radio, infrared, ultraviolet, extreme ultraviolet and X-rays travel directly between
the Sun and Earth at the free space speed with a transit time of approximately 8.3

minutes.
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In addition to the electromagnetic radiations the Sun emits a stream of charged
corpuscles (mostly electrons and protons) which is called the solar wind. The solar
wind originates in the Sun’s corona which is the tenuous halo or crown overlaying the
chromosphere. The corona is very dynamic and contributes to the general outflow of
material from the Sun into interplanetary space. It isthis outflow or stream of charged
corpuscles which is known as the solar wind. The solar wind flows at a speed of
normally about 400 km.s* and takes about 5 days for individual particles to travel
from the Sun to the Earth. The fully-ionised electrical neutral plasma that makes up
the solar wind carries the Sun’s magnetic field outward from the inner solar corona at

all times.

Since the conductivity of the solar wind is extremely high, there is essentially no
diffusion of the plasma transverse to the magnetic field and the field is said to be
“frozen in” to the flow (Parker, 1963). Asthe Sun is rotating, the solar wind does not
flow straight out from the Sun but in a spiral — the analogy of a garden sprinkler is
often used to describe the effect. The imbedded magnetic field gives the solar wind
plasma, fluid properties so that frictional or viscous-like interactions can take place
between the streaming solar wind and the magnetic fields of any planet it interacts
with. On approaching the Earth, the magnetised collisionless solar wind confines the
magnetic field of the Earth to aregion around the planet called a magnetosphere. The
magnetosphere is therefore the region of near-Earth space where the dynamics are
governed by the internal geomagnetic field. The solar wind flows past the Earth
distorting the otherwise dipole field to compress it on the dayside and elongate it to a

long geomagnetic tail on the nightside.
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The principle features of the Earth’s magnetosphere are shown schematically in figure

9 and figure 10 and the terms used are defined in the glossary.

INNER RADIATION BELT

MAGNETOPAUSE

OUTER RADIATION BELT

Figure 9. Principal features of the Earth’s magnetosphere to approximate scale in

the noon-midnight meridian plane cross section (Suess and Tsurutani, 1998).

As an alternative it could be stated that the Earth’s magnetic field excludes the solar
wind from the planets environment. The confinement of the Earth’s magnetic field or
the exclusion of the solar wind plasma is not perfect however. Due to particle
gyration, the two plasma regimes overlap slightly which permits significant mutual
interaction. This interaction results in the active solar process being able to affect the
magnetosphere. In basic electronic terms it appears that the magnetosphere can be

described as aresistive, and therefore dissipative, element in an electrical circuit that
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draws its power from the kinetic energy of the streaming solar wind plasma. Any
changes in boundary conditions require the circuit to adjust itself, in the same way that
the constantly varying solar wind requires the magnetosphere to continuously readjust

itself, sometimes almost explosively.

The magnetospheric geometry corresponding to the pressure balance configuration is
a direct result of currents (Chapman-Ferraro currents) which flow on the
magnetopause surface. In addition to the surface currents, a number of other currents
systems are known to exist throughout the interior of the magnetosphere. The most
important of these are the ring current, which flows in a circular pattern in the
equatorial plane in the vicinity of 6 Re, and thetail current, which flows across the tail
in the equatorial plane. The geometry of the magnetosphere and the location of the
magnetopause are determined by the interaction of the Earth’s dipole magnetic field
and the solar wind. The interaction compresses the field on the dayside and creates a
tall like structure on the nightside which extends in the anti-sunward direction to
several tens of Earth radii. The region of closed field lines extends to the
magnetopause on the dayside. At high latitudes (above ~ 75° geomagnetic latitude),

the field lines extending into the magnetotail do not close back to the Earth.

The nominal magnetopause standoff distance is usually taken to be 10-11 Re at the
sub-solar point, but it can range from 6 Re to 14 Re (Fairfield, 1971) depending on
solar wind conditions. Simple models describing the equilibrium configuration as a
dynamic pressure balance between magnetic and plasma forces within the
magnetosphere and similar forces in the solar wind (Mead and Beard, 1964; Olson,
1969) predict the observed magnetopause position quite accurately on the dayside and

somewhat less so in thetail region (Fairfield, 1971).

44



HF Communications at High Latitudes Chapter 1

The thermal plasma density in the inner magnetosphere decreases with radial
distance above the ionosphere, including a steep gradient known as the plasmapause
where the density drops by as much as two order of magnitude in a distance of < 2 Re
(Carpenter, 1963). The plasmapause location (see figure 10) varies between
equatorial distance of 2 and 7 Re, depending on geomagnetic activity (Carpenter and
Park, 1973). The thermal plasma consists primarily of electrons and protons in the
energy range 0.1 — 1 eV which originate as upward flowing particles from the

ionosphere (Lyons and Williams, 1984).

TRAPPING BOUNDARY
MID-LATITUDE TROUGH]
PLASMAPAUSE

AURORAL OVAL
[ PROTON AURORA
STORM-TIME BELT

Figure 10. Schematic diagram showing the three circumpolar oval structures and

their relation to the corresponding magnetospheric structures. (Akasofu, 1968)

In addition to thermal particles, the magnetosphere plasma includes a population of
energetic plasma, of high energy (100 eV — 100 MeV) electrons and protons. The
particles are trapped within the inner magnetosphere by magnetic field gradients,
forming the Earth’ s radiation belts. Particle fluxes maximise in two regions known as

the inner and outer radiation belts (Lyons and Williams, 1984). Inner belt fluxes peak
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inside an equatorial distance of 2 Re and are quite stable. Outer belt fluxes peak near
the plasmapause during geomagnetically quiet conditions and move inward during

magnetic storms (Lyons and Thorne, 1973).

Particle-particle collisions are rare in the radiation belts; particles would remain
trapped indefinitely in the absence of other scattering processes. Interactions with
plasma waves thus provide an important mechanism for catering and loss of radiation
belt particles. The magnetosphere supports a variety of plasma wave modes. Due to
the spatial variations in magnetic fields strength and plasma density, the observed
modes and the characteristics spectrum vary considerably with location. In the inner
magnetosphere, wave activity is a function of radial position, local time and latitude.
The plasmapause tends to be an important boundary dividing regions of distinctly

different wave activity (Carpenter, 1968).

Within the plasmasphere, the wave spectrum consists of plasmaspheric hiss, whistlers
and discrete emissions. Plasmaspheric hiss is an incoherent whistler-mode wave
emission with a typical bandwidth of a few hundred Hz and a peak spectral power
density near several hundred Hz. It is believed to be generated through gyroresonance
interactions with radiation belt electrons (Thorne et al, 1973). Interactions between
plasmaspheric hiss and radiation belt particles are thought to be an effective
mechanism for continuous scattering and loss of energetic electrons from the
plasmasphere into the ionosphere (Lyons and Throne, 1973). Whistlers, signals from
ground-based V LF transmitters and emissions triggered by interactions of these waves
with energetic particles are all known to cause significant particle scattering and loss

(Rosenberg et a., 1971; Imhof et al., 1983; Voss et a., 1985). Outside the
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plasmapause, plasmaspheric hiss is generally not observed and whistlers are less

common.

1.8.1 Solar Wind Control of the Magnetopause

The Earth’'s magnetopause lies at the locus of points where magnetosheath and
magnetospheric thermal and magnetic pressures balance. The solar wind dynamic and
thermal pressures and the IMF control the shape and location of the Earth's
magnetopause.  Because the solar wind thermal and magnetic pressures are
insignificant in comparison to the solar wind dynamic pressure and the magnetic
pressure dominates the thermal pressure in the magnetosphere, one can predict the
location of the subsolar magnetopause when only the solar wind dynamic pressure

and magnetospheric magnetic fields are known (Martyn, 1951).

The solar wind thermal pressure does play a minor role in determining the radius of
the near-Earth magnetotail (Spreiter and Hyett, 1963). The magnetopause moves
inward when the solar wind dynamic pressure increases and outward when it
decreases. This movement has been shown by Sibeck et al. (1991a) to be consistent
with that predicted by the pressure balance theory (Fairfield, 1971) and empirically

the position of the subsolar magnetopause is approximately given by:
Res(Rg) =11.3+(0.25" IMF By) (nT)
The boundary of the Earth’s magnetic field can, as a result of unusual solar events,

collapse to dtitudes of less than 6.6 Re where usually this boundary is located at 10-

12 Re (Fairfield, 1971).
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In contragt the strength and orientation of the IMF exerts an important influence on the
shape of the magnetosphere. When the IMF turns southward (B, < O nT), the dayside
magnetopause moves inward and the magnetotail magnetopause moves outward (e.g.
Coroniti and Kennel, 1972). The magnetospheric response to solar wind dynamic
pressure and IMF variations was quantified by Sibeck et al. (1991b) who showed that
the shape of the magnetopause remains self-similar for variations in the solar wind
dynamic pressure, i.e., that magnetopause positions scale to solar wind dynamic
pressure. A number of models predict that the magnetopause will move inward during
periods of southward IMF. These models include:
i.  Magnetic field superposition (Hill and Rassback, 1975; Kan and Akasofu,
1974);

ii. ~ “Onion peel” model (Dungey, 1961);

iii.  Crosstail current fringe model (Unti and Atkinson, 1968);

iv. Birkeland current fringe model (Hill and Rassbach, 1975; Maltsev and

Lyatsky, 1975).

When the solar wind dynamic pressure increases, the magnetosphere is compressed
beginning at the dayside magnetopause and then continuing down the tail (see Wilken
et al., 1982). If this compression occurs during a period of northward IMF we expect
that the principal change in the magnetosphere will be to shrink in size and increase its
magnetic field strength accompanied by rapid motion of the plasma ‘tied’ to those
field lines. When a fast interplanetary shock or a sudden increase in the solar wind
dynamic pressure makes a contact with the Earth’s magnetosphere, the magnetosphere
iscompressed. In response to the compression, the Chapman-Ferraro current becomes

enhanced and produces a sudden commencement on the ground magnetosphere.
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1.9 The Radiation Belts

The “Radiation Belts’ are defined as the region of magnetosphere permanently
populated with energetic electrically charged particles in gradient-curvature drifting
orbits encircling the Earth. They are mainly composed of protons and electrons and,
in minor proportion, alpha particles, covering an energy range from tens of KeV up to
hundreds of MeV. These particles are trapped in the magnetic field and would remain
trapped so indefinitely if it were not for diffusion, acceleration and loss processes.
Figure 11 gives an idea of where in the magnetosphere the radiation belts are located.

The linear scale is given in Earth radii (1Re = 6 371 km).

Orbit 0{ Moon

Solar wind
—_—

Magnetopause

Plasma Neutral
sheet sheet

Radiati ] Particle
Im;latslm-I & 2rusp

Figure 11. Schematic of the radiation belt structure within the magnetosphere (After
Ness, 1969). Theinterior cross-hatched region contains the relatively stable radiation
belts. The outer fringes of the magnetosphere are populated by large fluxes of low-

energy particles.
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There are various physical processes, losses and sources which modifiy the trapping
mechanism. Hence the radiation belts should not be seen as a stable structure but are
rather to be understood as the result of a dynamic interplay of a number of different
processes. The variability of the belts is due to the temporal variations of the process

involved in source and loss.

There are two main zones which are populated by trapped particles, the inner radiation
belt, centred at around 1.5 Re and the outer radiation belt centred at approximately 4
Re. Whereas protons are restricted to the inner belt, electrons can be found in both
regions. The region between the two belts is the so-called slot region. The trapped
particle population is subject to temporal variations with awide range of characteristic
timescales, varying from solar cycle variations to changes which take place within

minutes, such as Storm Sudden Commencement (SSC) events.

In addition to energetic particles, the magnetosphere contains thermal plasma and a
particle population of “intermediate” energy, probably in atransitional phase from the
thermal to the radiation belt category. The plasma is mainly found in two regions. the
“plasma sheet” in the geomagnetic tail, probably of solar wind origin, and the
“plasmasphere” which co-rotates with the Earth and is an extension of the Earth's
ionosphere. The “intermediate” energy particles can be found in the “cusp”, but also
pervade the region of the radiation belts and occasionally are detected in the tail
(Roederer. 1970).

Time variations of the magnetospheric field configuration, caused by changes in the
solar wind plasma flow, have a considerable effect on the particles contained in this

field. Slow variations induce reversible changes or “adiabatic effects’, which in
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principle do not ater the dynamical balance. They do however, lead to spatial and
spectral rearrangements of the particle fluxes. Sudden variations — in particular those
associated with magnetic storms — have a profound and irreversible effect on the
trapped particles and are believed to keep the radiation belts going by providing the
main mechanisms of fresh particle injection and the first stage of their acceleration

(Roederer, 1970).

In the outer zone, external contributions to the geomagnetic field begin to
significantly alter the field configuration from that of a simple dipole, with the solar
wind compressing and increasing the magnetic field on the dayside, and ring and tail
currents stretching and distorting the nightside magnetic field. The “slot region”
between the inner and outer zones is kept largely free of trapped electrons through
wave particle interactions prevalent in this region (Kennel and Petschek, 1966). The
radiation belts as a whole are largely field-aligned structures with outer zone electrons

extending approximately +50° from the geomagnetic equator.

While the physics behind the outer zone flux variations is not well understood,
correlations have been noted between the solar and magnetospheric phenomena and
the dynamics of the outer zone. Paulikas and Blake (1979), Baker at a (1997) and Li
et a. (1993) have all noted correlations between solar wind velocity and outer zone
electron fluxes. Furthermore, a strong correlation between ULF wave power in the
Pc-5 frequency range (2 — 7 mHz) and outer zone fluxes has been observed (e.g.

Baker et al. 1998h).
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Inner zone populations are observed to be largely stable in time; however, electrons
in the outer zone can show substantial variation on a variety of timescales. In
particular, solar storms can have a profound effect on energetic electron fluxes
observed in the outer zone. For example, in the SSC phase of a storm, induced
electric fields caused by the compression of the magnetosphere can impulsively inject
solar and outer zone electrons into the inner regions of the magnetosphere. This was
seen in the SSC of 24 March 1991 which injected electrons inside the slot region and
formed a new radiation belt over the course of a few minutes (Blake et al., 1992; Li et

al., 1993).

Two useful tools in the study of radiation belt dynamics are Adiabatic Theory and
Diffusion Theory. The Adiabatic Theory has been developed to simplify the study of
charged particle motion in magnetic fields. The motion of charged particles in the
Earth's magnetic field is complicated but is easily visualized by dividing it into three
components. The trajectory of a given energetic particle in the magnetosphere can be
described as a superimposition of three simple motions: a gyromotion of the particle
around the field line, a bounce motion along the field line between hemispheres, and a
drift motion around the Earth. Particles gyrate about magnetic field lines with a
frequency that is proportional to the field strength. As they do this, they are also
bouncing back and forth along the magnetic field while being reflected by the
magnetic mirror force associated with the increasing strength of the magnetic field
with decreasing altitude. The bounce frequency is determined by how fast the particles
are moving along the magnetic field and by the length of the magnetic field line. The
distance of a magnetic field line from the centre of the Earth when it crosses the

Earth's magnetic equator is called its L-value. Thus, particles at low L-values, on short
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field lines, bounce more rapidly than particles on long field lines at L-values in the
distant magnetosphere. The third component of this motion is the circulation of
particles about the dipole axis. While they are gyrating and bouncing, the particles
drift. They drift all the way around the magnetic cavity until they are back where they
started. This third periodic motion has a frequency determined by the gradients in the
magnetic field and curvature of the field lines as well as particle energy. The drift
motion usually takes from minutes to hours; the bounce motion seconds to minutes
and the gyro motion milliseconds to seconds. Electric fields present in the
magnetosphere can significantly distort the motions of particles at the low energies
below afew keV. Distortions of the magnetic field are equally important in the distant

magnetosphere.

At energies below a few tens of keV, the electric field must be taken into account in
describing the motion of charged particles. The fact that this electric field has large
temporal variations means that a low energies, especially in the outer magnetosphere,
particle trajectories often switch from being closed and totally inside the
magnetospheric cavity to being open to direct entry from (or exit to) the solar wind or,
equally important, open to direct entry from the magnetotail. Thus, at the lowest
energies in the distant magnetosphere the charged particle population is extremely

variable.
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Figure 12. Three types of motion of energetic charge particles in the magnetosphere
(Russell, 1987)

With reference to figure 12, Gyro motion, Vg, is the circulation of the particle about
the magnetic field. Bounce motion, Vy, is the periodic motion of the particle along the
field the two magnetic mirrors caused by the converging and strengthening field at
low altitudes. Drift motion, Vy, is caused by the curvature of magnetic field lines and
the radial decrease of the magnetic field. Each of these motions is associated with a
conserved quantity called an adiabatic invariant. When these adiabatic invariants are
conserved, the particles remain stably trapped. If, for example, waves cause a
violation of these adiabatic invariants, the particles will diffuse in space, possibly
moving closer to or further from the Earth and possibly bouncing closer to or further
from the atmosphere. Resonance of a wave with the gyro motion of particles leading
to pitch angle diffusion is a frequent cause of particle precipitation in the

magnetosphere.
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As the name Adiabatic Theory indicates it is not an exact theory — its predictions are
only approximations which, however, would become exactly true when certain
“smallness parameters’ tend towards zero. This is the situation in most problems
dealing with energetic particles trapped in the geomagnetic field. Quantitative use of
Adiabatic Theory is necessary for the following (Roederer, 1970):
to achieve physical understanding and to obtain a proper, quantitative
description of the steady state configuration of geomagnetically trapped
particle fluxes;
to find the corrections that need to be applied to experimental observations in
order to eliminate all effects on the particle population caused by spatial
asymmetries and slow time variations of the geomagnetic field;
to set up the proper frame, in terms of geometry, coordinates and parameters

for the study of trapped particle injection, diffusion, acceleration and loss.

Diffusion theory is applied to the study of the interactions of trapped particles with
the atmosphere and the ionosphere, with random field fluctuations and with
electromagnetic and hydromagnetic waves. These processes control the dynamics of
the radiation belts, i.e. the balance between injection and loss, their spatial distribution

and their energy spectra.

A link between wave activity and particle dynamics is provided via radial diffusion
theory. Here stochastic variations in the electric and magnetic fields guiding the
trapped particle’s drift result in diffusion of particles across drift shells though
violation of the third adiabatic invariant (Cornwall, 1968; Schulz and Lanzerotti,

1974). If the first adiabatic invariant is conserved during this process, electrons will
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change energy as they move into regions of differing magnetic field strength. The

gpatial structure and energy spectrum of the radiation belts is consistent with radial

diffusion (Lyons and Thorne, 1973). However, timescales classically cited for radial

diffusion processes are too sow to account for the storm time variations observed in

the outer belts (Walt, 1996).

1.10 Solar Disturbances and their Effect on the High-Latitude
lonosphere.

There is a set of disturbances to the ionosphere that are associated either directly or

indirectly with events that occur on the Sun. These include (Davies, 1990):

Sudden lonospheric Disturbances;
lonospheric storms,

Polar cap absorption (PCA) events,
Travelling ionospheric disturbances;

Associated disturbances in the geomagnetic field leading to aurora and

magnetospheric substorms.

These disturbances usually have adverse effects on the radio communications over the

entire radio spectrum. While a case can be made in some circumstances that a user

might be advantaged by some of these disturbances (e.g. increased D-region

absorption mitigating the interference caused by sky-wave reception of MW

broadcasting) in general, storms adversely affect propagation. Three examples of

these adverse effects are;

Phase changes on VLF navigation systems;
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Shortwave fadeouts;
F>, MUF failures.

The various effects — simultaneous and delayed — are shown in figure 13. At high
latitudes these disturbances profoundly affect all three ionospheric layers in various

degrees, depending on the severity of the disturbance.

SOLAR
DISTURBANCE

ELECTROMAGNETIC COSMIC RAY PARTICLES PROPAGATING
RADIATION DELAY TIME 1/4 'NSIESF}Z;%"}\%SY
DELAY TIME 8.3 MIN. UP TO SEVERAL HOURS B AVATIMEL0 a0l
EXTREME ULTRAVIOLET VISIBLE RADIO WAVES MAGNETOSPHERIC
AND X RAYS LIGHT A = 3cm — 10m MOSTLY PROTONS ~ PROTONS AND ELECTRONS
[ smuLTANEOUS EFFECTSJ [ DELAYED EFFECTS ]

POLAR CAP ABSORPTION

OCCASIONAL F LAYER INCREASE
E LAYER INCREASE (SFD)

MAGNETIC
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X RAY FLARE (BALLOON HEIGHTS — SEA LEVEL)

Figure 13. Terredrial effects of solar disturbances (after Davies, 1990).
The list of solar disturbances that leads to ionospheric disturbances includes:

i. Solar Flares leading to X-ray and EUV emissions and radio bursts. X-rays
flare emissions ionise the D region resulting in radio absorption. Class-X and
some ClassM flares produce shortwave fadeouts which affect
radiocommunications. Solar flares also cause shortwave fadeouts, sudden

phase anomalies, sudden frequency deviations, etc.

ii.  Coronal Holes are sources of high-speed solar wind that can cause ionospheric

and geomagnetic storms by disturbing the magnetosphere.
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Coronal Mass Ejections (CMEs) imply a large scale disturbance propagating
from the outer corona into the solar wind. The change in solar wind
parameters cause ionospheric and geomagnetic storms due to magnetospheric

disturbances generated by these changess.

Radio bursts are associated with flares having strong microwave bursts as well

asTypell and IV radio emission.

Due to the linkages between the magnetosphere and the high-latitude ionosphere there

are a number of events particular to the high-latitude ionosphere:

Solar proton events — During some large flares, highly energetic protons are
emitted, which enter and ionise the polar ionosphere. Protons with energies of
about 30 MeV can penetrate to about 50 km above the Earth’'s surface and

produce polar cap absorption (PCA).

Polar cap absorption (PCA) — can last from an hour to 60 hours or more
depending on the latitude and on the duration of the source of the protons on
the Sun. PCAs are associated with the polar cap rather than the auroral zone
and their occurrence tends to follow the sunspot cycle (Larsen, 1979). PCA
appears first in high latitudes and expands equatorward. For a 10 MHz
ordinary wave reflected from the F-layer it creates absorption of about 170 dB

leading to transmission blackouts.

Sudden Commencement Absorption - this is a strong absorption associated
with the sudden commencement of the geomagnetic storm followed. Its period

is short compared to PCA but it is intense enough to disrupt communications
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Vi.

and mislead Real Time Channels Evaluation systems. Chapter three contains a

detailed analysis of this phenomenon.

Storms — lonospheric storms are an important disturbance because of their
duration (several days), their adverse effects on the radio spectrum and their
geographical locations. lonospheric storms are associated with geomagnetic
storms, auroral and magnetospheric storms which have been known to affect
electrical power systems and atmospheric drag on satellites. Types of storms

include;

a. Magnetic storms — disturbances of the geomagnetic field lasting from a

few hoursto several days,

b. D-region storms - leading to auroral absorption and sudden

commencement absorption;

c. F-region storms — the most prominent feature of an F-region storm is
the reduction in F, critical frequency and hence the MUF. There are
changes in total electron content affecting GPS signals as well as
severe changes in layer heights — this is shown in the case studies in

chapter 5.

Sporadic E-layers — due to energetic electron bombardment — the subject of

chapter 4 of thisthesis.

Polar Radio Blackouts — a condition indicated by absorption exceeding 50 dB
on frequencies near the critical frequency. It is considered that polar radio

blackouts are a superposition of polar cap absorption and auroral absorption.
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More details, experimental work and case studies on the effects of solar disturbances
on the high-latitude ionosphere are given in the specialist publications of AGARD

(1963, 1964, 1988) and in Hunsuker (1969, 1983, 1992).

1.11 Chapter Summary

This chapter has introduced the main services that use the HF bands, their
requirements and the need for these services at high latitude. This reveals the
importance of accurate propagation prediction methods to ensure these services reach
the intended audience. Prediction and planning tools are introduced and the different
approachesto prediction (statistical, deterministic, intuitive and inertial) are explained.
It is noted that the prediction of perturbed conditionsis a problem with few answers so

far.

To make the theory practical a case study has been done of the broadcasting service
and the prediction method used in it analysed. The method, P.533, has been
developed to service the needs of the broadcast industry but is also used by fixed
service, mobile and military system planners. It is noted that some high-latitude
features (e.g. auroral absorption) have been crudely taken into account but the
following effects have not been thoroughly assessed:

Sudden ionospheric disturbances;

Polar cap absorption (Solar proton events);

Geomagnetic storms;

lonospheric Storms (effects of plasma clouds);

Short wave fadeout;
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Blackouits.
It is shown that the high-latitude ionosphere provides a window to the outer
magnetosphere, since electric fields, electric currents and energetic charged particle
populations in magnetosphere readily project along magnetic-field lines down to the
ionosphere (Sojka and Schunk, 1988). The main difficulty is that magnetospheric
processes and solar inputs have an important effect on the morphology of the high-
latitude ionosphere, and that the observational databases are till too sparse to enable
the development of an empirical model which has adequate parameters to describe the
dependence on the various ionospheric drivers. In a paper by Hunsucker (1992) the
claim is made that HF-propagation mode structure and losses at high latitudes are
impossible to describe, so predictions of paths that include ionospheric reflections and
points of D-region penetration in the auroral and polar ionosphere are almost useless.
While it is accepted that mode structure and losses are difficult to describe we must
attempt, at least empirically, to start the analysis and see where this may lead us. So
even with the most extreme simplifying assumptions, the high-latitude ionosphere
cannot be treated analytically. Therefore, it is proposed that the way forward at the
present time is to look a how to adapt the current propagation prediction models,
which are adequate for “quiet” conditions, with empirical data based on measurements

from clearly definable disturbed periods.

This chapter described the solar-terrestrial system as summarised in figure 14.
Starting at the Earth’'s surface the ionosphere is described in terms of ionospheric
regions with the focus on electron density due to ionisation. Three aspects of
ionisation are discussed; production, loss and transport. The limitations and

difficulties in predicting the state of the ionosphere are elaborated on. The high-

61



HF Communications at High Latitudes Chapter 1

latitude ionosphere and the consequences of its direct connection to the outer

magnetosphere are reviewed.

Photosphere

Interplanetary Medium

Electromagnetic Waves\ 1

Magnetosphere 4
lonosphere \ AN /

' \

\
’t\/_'/- Ne:JtraI Atmosphere

Figure 14. Solar-terredtrial system and solar ionising radiations (Davies, 1990)

Considering our move sunwards, with reference to figure 14, the magnetosphere is
described in terms of its interface role between the ionosphere and the solar wind. As
this thesis deals with the consequences of particle precipitation on HF
communications, introductory material on the magnetosphere location, radius and
shape as well as the radiation belts is included. The solar wind is treated as the
transport mechanism between solar disturbances and the ionosphere, via the
magnetosphere. Events that are particular to the high-latitude ionosphere are briefly

discussed.
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CHAPTER 2

Case Studies: SSC and its Effect on High-L atitude HF
Communications

2.0 Objectives of this Chapter

The use of HF radiocommunications at high latitudes still forms the backbone of
many communications systems. At high latitudes there are few alternatives to HF
radio for the Merchant and Fishing fleets, the military forces (land, sea and air) and
for the civil aviation industry. This chapter undertakes three case studies of how
enhanced E-region electron density affects a high-latitude HF Communications circuit
using data gathered from ionosondes, incoherent scatter radar and oblique sounders

which show the physical changes taking place in the ionosphere.

The objectives of this chapter areto:
1. Show thetypical characteristics of the effects experienced following an SSC
on propagation conditions;
2. Investigate the significant propagation mode changes that occur immediately
following SSC events,
3. Demondtrate the reforming of the E-layer is due to enhanced and sustained

particle precipitation;

63



Case Studies: SSC and its Effect on High-Latitude HF Communications Chapter 2

4. Discuss the importance of the E-layer for HF communication circuits at high

latitudes.

2.1 Introduction

This chapter contains three case studies that examine the significant propagation mode
changes that occur immediately following Storm Sudden Commencement events. The
studies demonstrate the effect of these changes on propagation links operating in and
through the auroral zone. The key changes in the ionosphere following the onset of a
disturbed ionosphere is the rapidly dwindling influence of the F-layer as a viable
reflecting layer and the rise of the Es-layer as the primary, and in many cases, the only
available reflecting layer. This change in propagation mode has implications for
system design when reliable HF communications must be ensured and focuses
attention on the importance of understanding the Es-layer so that corrective action can

be taken.

Sporadic-E (Ey) is characterised by little or no retardation at its critical frequency
when viewed on an oblique ionogram, and may be either blanketing (totally
reflecting) or semitransparent (partly reflecting), up to very high frequencies. It is
understood that energetic particles play a vital role in the production of Es and that at
high latitudes the precipitation of energetic charged particles into the upper
atmosphere isaregular occurrence. Most of the time at high latitudes the ionisation is
dominated by energetic charged particles and only rarely is the ionosphere “quiet”, i.e.
varying only with solar zenith angle and solar activity (Friedrich, 2002). These

precipitating particles, primarily kilovolt electrons, produce most of their ionisation in
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the E- region (Rees, 1963; Walker, 1972). The maximum density in the disturbed dark
ionosphere near 65° latitude usually occurs in the auroral E-layer, a thick layer
(relative to HF radio wave lengths) with typical electron number densities of 2 to 5 x
10™'™3 extending for several degrees of latitude. i.e. a dense, thick and widespread in
latitude reflecting layer. The density of the auroral E-layer is primarily a function of
the rate at which energy is deposited in the E-region by particle precipitation, and has

been shown to be a highly variable phenomenon (Baron, 1974).

The precipitation of energetic particles is modulated considerably by geomagnetic
storms and substorms. In the course of a substorm, the precipitation of the charged
particles from the magnetosphere into the ionosphere takes place, the electrojet is
increased, the substorm current wedge system is formed and the electron density and
composition of the ionosphere is changed (Buonsanto, 1999). It is known that during
the substorm growth phase, accelerated particles from the solar wind can penetrate
through the entry layer of the magnetosphere into the aurora ionosphere

(Blagoveshchensky et al., 2005), causing Es layers.

There have been numerous studies of the high-latitude ionosphere and the response of
the HF communication channel to space weather effects. A review of both effects and
problems, with many references, is provided in Leid (1967), Goodman (1991), Davies
(1990), Hunsucker and Bates (1969) and Hunsucker and Hargreaves (2003). More
recently, Blagoveshchensky (2008) examined the impact of 14 geomagnetic storms,
which occurred during 1997-1999, on radio propagation conditions. In this study

variation in the delta between the monthly median values and actual maximum
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operation frequency (MOF) and lowest operational frequency (LOF) before, during

and after a storm was characterised.

Several measurement campaigns covering the Arctic and relying on the oblique
sounder as the key tool have been undertaken. Jull (1964) combined oblique-sounder
data and riometers absorption data with a view to improving the reliability of HF
communications channels over and through the auroral zone during PCA events and
geomagnetic storms. Owren et al. (1963) reported on a three-year campaign into HF
propagation over arctic paths with the behaviour of multiple circuits studied in detail
during disturbed periods with respect to absorption measurements and Magnetic K —
indices. (This detailed study is also summarised in Hunsucker and Hargreaves
(2003)). Goodman and Ballard (2004) reported on a two-year campaign examining
the nonclimatological patterns of signals associated with an elevated maximum
observed frequency (EMOF). They describe the diurnal and seasonal behaviours of
EMOF signals, the association of these observations with polar patches and blobs and

the significant impact these have on over-the-pole air transport operations.

Goodman et al. (1997) examined 28 middle- and high-latitude paths over an 18 month
period to evaluate the value of path and frequency diversity on overcoming various
deleterious effects and a practical engineering solution was offered to effect a near
100% channel availability. Broms et al. (1994) and Lundborg et a. (1995) reported
on oblique sounding campaigns. The first campaign examined the variation of
F2MOF, 2-hop F2MOF and LOF on short timescales from day to day, outside
disturbed conditions noting the good agreement between oblique and vertical sounder

data, and the linear relationship between variations in F2MOF and 2-hop F2MOF.

66



Case Studies: SSC and its Effect on High-Latitude HF Communications Chapter 2

The later campaign, covering the maximum of solar cycle 22, assessed the accuracy of
prediction methods during regular and disturbed periods and the possibilities of
exploiting any additional propagation modes such as backscatter, spread-F and

sporadic-E.

While the influence of Es on high-latitude propagation has been published before e.g
Blagoveshchensky (2008), Jull (1964), Goodman et al. (1997) this paper presents a
comprehensive assessment of two specific links with a variety of sensors and
techniques, some of which were not available until recent years. The two case studies
presented in this chapter use Storm Sudden Commencements as the starting point for
analysis. Disturbances in the solar wind such as shock waves and dynamic pressure
pulses (Wilken et al., 1982; Tsurutani et al., 1995; Takeuchi et al., 2002a), when
impinging on the Earth's magnetosphere, compresses it and increases the
magnetopause current. This leads to a change in the low-latitude ground-based
geomagnetic field intensity, lasting typically for some tens of minutes. These
signatures in the geomagnetic H-field, seen suddenly and simultaneously at ground
magnetic observatories (Rastogi, et a. 2001) are called Storm Sudden
Commencements (SSC) and mark the beginning of a geomagnetic storm or an
increase in activity lasting at least one hour. These SSC are understood to be the
magnetic signature of an interplanetary shockwave, for example, Burlaga and Ogilvie
(1969) report that all seven SSC events in their study were caused by hydromagnetic
shocks in the solar wind. The SSC generated by these hydromagnetic shock waves
transform the magnetosphere into a new compressed steady state configuration which

is in balance with the increased solar wind pressure (Wilken et al. 1982, 1986 and
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Tamao, 1975). In achieving the new steady state configuration a substantial flux of

energetic particles are caused to precipitate into the high-latitude ionosphere.

The advantages of using SSC events as the point of origin of both case studies is
twofold. Firstly, the SSC identifies the start of the change of composition of the
ionosphere with associated energetic particle precipitation. Secondly, the occurrence
and timing of an SSC is internationally agreed (ISGI, 2008) and is therefore a very
useful reference point when comparing results from a number of different instruments

in different locations.

2.2 The lmportance of the Es-Layer at High Latitudes

HF propagation at high latitudes during magnetic disturbances has been an enigma, in
part because ionograms do not always provide analysable data due to absorption,
blanketing and spread-F. Following disturbances rapid large changes in ionospheric
parameters occur apparently so randomly that little sense can be made of them. The
behaviour of the ionosphere at high latitudes differs from that at lower latitudes,
mainly because it is exposed to the influence of disturbances on interplanetary space

and in the magnetosphere.

At low latitudes, a magnetic field line followed upward, passes horizontally over the
magnetic equator not far from the Earth and returns to the Earth in the opposite
hemisphere, remaining everywhere deep within the magnetosphere. At high latitudes
on the other hand, field lines lead far from the Earth, either to the outer magnetosphere

or to interplanetary space. Since electrically charged particles can move easily along
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magnetic field lines, but across them only with difficulty, the low-latitude ionosphere

is protected from events far from the Earth, which the polar ionosphere is not.

Even when the interplanetary medium is in a steady state, the outer magnetosphere
draws energy from the solar wind to create substorms which then perturb the high-
latitude ionosphere. There are two major types of influence in question:

1. Energetic particles (electron and protons) from the Sun, the outer
magnetosphere and the radiation belts can penetrate to the atmosphere and
create ionisation at various altitudes, depending on the penetrating power or
energy of the particles;

2. The solar wind blowing past the magnetic field of the Earth creates a dynamo
which besides accelerating some of the charged particles to high energy,
induces an electric field perpendicular to the magnetic field, which causes

ionisation to drift horizontally and contributes to the formation of irregularities.

Table 3 lists for each band the auroral ionospheric effects that are known to occur and
the most probable cause of the effect. In the majority of bands the E-region is

involved. This highlights the importance of understanding the E-layer irregularities.

Crucial to the importance of the E«-layer, isthat at high latitudes the critical frequency
of the F, layer (foF2) is not much greater than the critical frequency of the Eslayer
(foEs) and therefore most rays are cut off by the Eslayer, showing up as one or two
hop E-layer reflections instead of the expected one hop F, reflection. However, these
Es modes have different frequency/ground range dependencies than the F, mode. This

phenomena known as “E-layer cut off” (Davies, 1965) is significant in high-latitude
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regions because any frequency which penetrates the Es-layer at a given point to reach

the F-layer is also close to the maximum useable frequency (MUF) of the F, layer at

its point of incidence with that layer.

E;?]qd Effects Most Probable Cause Reference
Rapid changes in Changes in height and ,
ELF signal amplitude conductivity of D-region and (Se(gi?)\:i% 19_920 2)
and phase sporadic-E ' '
VLF As above As above (gz\é't?sr’] 1%95()))
LE Rapid changes in D-region absorption and E- Davies, 1990
signal amplitude region irregularities (Section 10.6)
ME Radical Changes in | Auroral absorption, auroral Davies, 1990 (Chpt.
signal strength E-region ionisation 11)
Radical Changes in
signal strength, Auroral absorption, auroral Hunsucker, 1983
HF Doppler shift, off- | E-region ionisation, F-region Hunsucker and
great circle irregularities Bates, 1969
propagation
Amplitude and .
VHF/ phasE:‘ variations, Scatter and refractlon_from Davies, 1990
: auroral E and F region
UHF | bending of raypath iregularities (Chpt. 13)
(refraction)
EHF Rg{ﬂ?;ﬁggg}?’ Scatter and refraction

Table 3. Auroral lonospheric Effects as a Function of Operating Frequency (Based on

Hunsucker, 1992)

The dimensionless value of x given by: x:% determines the extent of E layer

(o]

cutoff of F, modes. Another way of saying thisis that a high latitudes only a limited

range of takeoff angles, and hence a small span of ground ranges, is accessible to F,

propagation modes at a given frequency compared to that normally accessible at mid-

latitudes via this mode. The implications for HF communication are that although the

F, mode results in good signal strength (being a one hop mode) it has severely limited
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availability on account of E-layer blanketing. This phenomena is rarely present at

lower latitudes because the ratio x is always significantly higher at lower latitudes.

Another factor detracting from the availability of the F, layer mode at high latitudesis
the large variability on the timescale of fractions of an hour of the layer in these
regions. The F, layer is known to have significant variability at mid-latitudes, often
exhibiting variations of 1 — 2 MHz in the MUF(3000) over less than 1 hour (Paul,
1985). Although data on MUF(3000) variability at high latitudes is scarce, there are
reasons to believe that the temporal variability in propagated frequencies for this mode
would be even greater at high latitudes than at mid-latitudes. This variability can
cause the real-time position of the peak frequency side of the one-hop F, propagation
region to differ significantly from its median value given by propagation prediction

algorithms.

If an F, mode MUF is estimated from median values of ionospheric parameters and an
FOT® factor is applied to assure that the frequency of transmission will with
reasonable certainty be below the real-time MUF, then there will also be a strong
possibility that the chosen frequency will fall below the minimum frequency of the
mode, thus preventing the intended one-hop F, propagation. In such a case, the only
HF modes available for propagation to the desired ground range would be the one-hop
E mode for ground ranges less than 1 800 km, or two-hop E layer modes for ground

ranges between 1 800 and 3 000 km. Use of the two-hops E layer mode would incur

® FOT is in the transmission of radio waves via ionospheric reflection, the highest effective, i.e,
working, frequency that is predicted to be usable for a specified path and time for 90% of the days of
the month. The FOT isnormally just below the value of the maximum usable frequency (MUF). In the
prediction of usable frequencies, the FOT is commonly taken as 15% below the monthly median value
of the MUF for the specified time and path.
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about 10-20 dB more loss for such modes compared to one-hop F, modes due to the
mode having to suffer two reflections and twice as many passes through absorbing
layers as one-hop modes, but would be desirable from the standpoint of availability

and bandwidth for a given ground range.

A further reason for unreliable F, mode propagation at high latitudes is the possibility
of complete blockage (or screening) of the F layer by Es. This occurs when the
electron density in the E-region is sufficiently enhanced so that penetration of the
layer is not possible and Es blocks propagation via higher altitude layers. Such a layer
of Es would augment the power in a signal propagated at a frequency below the E
layer MUF. For example, a highly ionised patch of Es may make F, layer propagation
impossible but may also contribute to a low-loss reflection point on an E mode

propagation path thus enhancing that mode’ s signal quality.

While these characteristics can be helpful or harmful to radio communications, either
type of Es (i.e. partially blanketing and full blanketing) may extend the useful
frequency range and its presence can be effectively used in system design and
operationsif it is understood (Lane, 2001). Hunsucker and Bates (1969) report that Es
is most important for communications at sunspot minimum, when Es modes can occur
more than 50% of the time on paths between Alaska and Greenland and Norway, with
typical MUF's of 16 to 18 MHz. Jull et al. (1962) presented the results of an
investigation of systematic HF channel sampling at oblique incidence and concluded
that auroral Es is a very important propagation mode over paths up to 2 300 kmin the

3 —-30 MHz range.
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The conclusion for high-latitude HF propagation to which one is led, based on the
above discussion, is that since E-layer modes are not subject to blanketing by a lower
layer, they therefore represent a wider band and hence are more reliable modes of
propagation than the F, mode, which does suffer significant blanketing due to the E-
layer and to sporadic E, and are consequently limited in bandwidth, or may even be
completely absent. Of course, for the Es mode path to be successfully used, the
antenna at both the receiver and transmitter must have a suitable radiation pattern with
sufficient gain to take advantage of the different range of transmission angles required

to achieve the same ground-range as an F-layer using an Es-layer reflection path.

2.3 Simple Case Study: Solar Disturbance on High-Latitude
Propagation

This section is an investigation into the effect of delayed solar disturbances on a short
(440 km) high-latitude propagation link. Measurements of signal-to-noise ratio,
ionospheric absorption and angle of arrival data is used to demonstrate the variability
of the high-latitude ionosphere and the gross effects of this variability on a HF link.
This study lead to the conclusion that in addition to ionospheric absorption,
propagation mode changes have a significant effect on the link path, which in turn

leads to the work undertaken in Chapter 3 and 4.

2.3.1 Equipment Details and Set-up
Data from a high-latitude HF link experiment was sourced from Dr. Alan Stocker of

the Engineering Department of Leicester University (Stocker, 2005a). Infigure 15 the
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link receiver and transmitter sites are plotted on an azimuthal equidistant projection®.
The receiver station is located in Kiruna (67.84°N/20.42°E), Sweden's most northerly
municipality. The six receivers and vertical monopole antennas are arranged in a
circle and the system can provide an estimation of elevation with a resolution of +5°
and an estimation of azimuth with a resolution of + 1° to 2°. The 100 watt transmitter
(T) is located 440 km away, near Kirkenes in Northern Norway (69.717N/30.05E).
The transmitter antenna, similar to those in use at the receiver site, is a vertical
monopole, which is usable over the range 3 — 18 MHz. The system switches between
two spot frequencies - 4.455 MHz and 6.780 MHz, and each frequency is sampled 15

times per hour.

. L . =
4 A Eirkenes (T) -

5 Kiruna (R) ngé

Figure 15. Plot of the link receiver (R) and transmitter sites (T) on an azimuthal

equidistant projection.

The system measured, amongst a number of parameters, the signal-to-noise ratio
(SNR) in a 3 kHz channel which for this analysis is averaged over each hour. In
addition the peak-to-mean values of the SNR is measured as a proxy for SNR quality.

A peak-to-mean threshold of 3 — 3.5 dB was used to ensure that the SNR value used

® More commonly called a great circle map. This projection is unique for each place on Earth and
produces a map in which points on the same bearing lie along straight lines. Distance aong those
straight linesis proportional to distance along the great circle with that bearing.
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was measured from a usable signal. The last parameter used from this experiment is
the peak elevation angle of arrival of the strongest signal measured during the sample

period.

Data from the IRIS Riometer at Kilpigérvi (69.10N, 20.80E, L=6.06) was used to
measure the ionospheric absorption resulting from particle precipitation. The
RIOMETER (Relative lonospheric Opacity Meter using Extra Terredrial
Electromagnetic Radiation) is a simple instrument developed in the 1950s (e.g. Little
and Leinbach, 1959) that makes medium scale measurements of ionospheric
absorption of cosmic noise at a frequency in the order of 30 MHz. Operation is
passive and the background cosmic radio noise from the sky is constantly monitored.
By comparing the background cosmic radio noise from the sky against the received
signal for an undisturbed day it is possible to determine the variation of ionospheric

absorption.

In essence a riometer observes temporal variations in ionisation in the D and E-
regions caused by charged particle precipitation (Hargreaves, 1969), by electrons in
the energy range of ~ 10 to 100 keV (Wilson and Stoker, 2002). Figure 16 shows the
location of the IRIS riometer and its theoretical antenna patterns in relation to the ideal
path of the HF link. ~ While the most common form of riometer uses a wide beam
antenna with bandwidths in the order of 60° the IRIS has 49 narrow beams of
beamwidth between 130 and 160 (Browne at a., 1995) and operates as a fast-scan
multiple beam instrument which examines the whole ionospheric sky to 450 from

zenith.
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Figure 16. Location of Transmitter paths through the IRIS Riometer field of view.

The HF radio path from Kirkenes to Kiruna has a mid point just east of riometer

beams 28 and 35.

2.3.2 Ray Tracing the Path.
In order to reduce complexity many of the operational aspects of HF propagation are

studied using simple ray concepts. This assists in evaluating the point where an HF
ray launched upwards towards the ionosphere returns again to the ground and the
procedure is also used to determine the control points of the propagation path. The
simplest ray tracing technique is known as virtual ray tracing and it assumes that the
actual propagation can be approximated by reflection from a single horizontal mirror
at an approximate height using the secant law, Breit and Tuve' s theorem and Martyn's

equivalent path theorem (e.g. Mc Namara, 1991).

76



Case Studies: SSC and its Effect on High-Latitude HF Communications Chapter 2

This approach is implemented in most HF prediction decision aids as the major
advantage of this approach is that it is computationally efficient. Its major
disadvantage is that it cannot deal with a horizontally non-stratified ionosphere. It
may, therefore, be considered an approximate method and more complicated ray
tracing methods are necessary in certain situations. Virtual techniques are, however,
well matched to a median ionospheric database and simple ionospheric profiles.
Indeed, in most circumstances, the use of a more complicated model is not justified

given the available ionospheric model (Cannon, 1994).
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Figure 17. Simple geometry of an HF oblique circuit, illustrating the essential

elements of the circuit (after Jursa, 1985)

Figure 17 illustrates the basic geometry of a one-hop HF circuit, note that the diagram
ignores the ground wave as the focus of this report is solely on the sky-wave. The
reflected ray is continuously refracted as it passes through the ionosphere and if
sufficient refraction occurs the ray will bend down sufficiently to reach the receiver.
In order to understand the maximum range that can be achieved and how the

frequency in use affects this range requires an understanding of the secant factor. The
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maximum oblique frequency, f, which can be supported by an ionospheric layer of

critical frequency (fc) can be approximated by:

f = f. ksec
Where ¢ is the angle of incidence of the equivalent ray path to the normal to the
ionosphere at the reflection point as shown in figure 17 and k is a factor that accounts
for the curvature of the Earth; k = 1.0 for short ground ranges and for extreme ground

ranges. At ranges of 1 500 km Goodman (1992) has shown that k ~ 1.4. The ratio
% is known as the secant factor. The angle of incidence, ¢, can be determined from

the ground range of the propagation, D, and the virtual height of reflection, h', by first

calculating the elevation angle A from

h =Re{tan(D+a)sina +cosa - 1}
Where R is the radius of the Earth and a is half the angle subtended at the Earth's
centre by the transmitter and receiver, divided by the number of hops n:

D
2nRa

Then ¢ isgiven by:
1

anj =———
tan(D+a)

These equations can be used to determine the maximum frequency that will propagate
along a path of given ground range and reflection height (h'> 100 km for E-region
modes and h' > 250 — 350 km for day and night F region modes respectively), as a
function of the layer critical frequencies foE and foF2 determined from ionosonde

observations.
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Figure 18 reflects the mode geometry of the link and is a basic ray trace of the
possible 1E, 2E, 1F and 2F propagation modes through the ionosphere. The vertical
axisis altitude above the Earth’s surface in km. The curved horizontal axisis distance
along a great circle path between transmitter and receiver along the Earth's surface,
assuming a perfectly spherical surface’ and symmetrical ray paths around a centre

reflection point(s).

0

200 .
0 I 500 600 KM.
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Figure 18. Kirkenesto Kiruna Mode Geometry.

Figure 18 shows the typical angle of received signal that is expected for each
propagation mode on the path assuming a constant E-layer virtual height of 110 km
and a constant F-layer virtual height of 250 km. One principal difficultly is that the

1F and 2E paths have similar arrival angles and it may be difficult to tell them apart.

" This assumption over a 440 km distanceis not unreasonable.
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2.3.3 Measurements: Day 81 of 2004 (21st March 2004)
Solar activity leading up to the 21 March 2004 was at low levels®. On the 21 March,

sunspot region 576, while transiting the west limb of the Sun, produced the largest
flare of the day, a C6 flare at about 10:00Z. The daily smoothed sunspot number for
this day was 48. The geomagnetic field was quiet, solar activity was low and there
were no active sunspot regions on the sun to produce PCA in this 24 hour period and
there were no proton events during the day. lonospheric disturbances that occur on

this day are due to the delayed effects of an earlier solar disturbance.

Figure 19 captures a number of parameters for the 24-hours of day 81. The hourly
average absorption seen in beam 35 of the IRIS riometer, scaled to the frequency in
use on the path (6.780 MHz), is represented in blue. The left hand vertical axis
represents the SNR in dB (red) and the left hand vertical axis represents the absorption
data in dB. The offset right hand vertical axis represents the elevation angle of the
strongest received signal (black). The x-axis gives the time (UTC) where 81.5

represents noon on day 81.

Signals are received in the early morning (81.0 to 81.1) and from 7:00 (81.3) to 14:30
(81.6). There was sporadic reception between 81.6 and 81.8 and constant reception
from then until midnight. A large increase in absorption during the early morning
(e.g. the period 01:30 (81.05) to 07:00 (81.3)) results in a complete loss of signal.
Thisisnot particularly surprising as there is a direct connection between high levels of
absorption in the D-layer through which the ray path travels that results in a reduction

of the received signal strength, to the point of complete absorption in some cases.

8 The solar and geomagnetic activity information used is gleaned from the daily joint USAF/NOAA
reports of solar and geophysical activity (NOAA 2005).
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Figure 19. Day 81 of 2004: Measurements of SNR, Absorption and received signal

Elevation Angles on the Kirkenes to Kiruna (6.780 MHz).

Of greater interest in this case study is the change in received signal elevation angle
which needs far more detailed analysis. During periods of absorption the elevation
angle is of the order of (20° + 5% which with reference to figure 18 implies a 1E
mode is active. For example, for the period 81.0 to 81.1 absorption reached values of
8 dBg7sommz and the elevation angle spanned 15° to 25°. During periods of low
absorption the elevation angle was in the range of 50° to 58° which implies either a 1F
or a 2E mode was active. For example, for the period 81.3 to 81.55 absorption was

less than 1.5 dBs 7somz and measured elevation angles were above 50°.

However, as further analysis will show these assumptions are simplistic as the change
in virtual height of the E and F-layers, as well asthe critical frequencies of each layer,
have not been considered. Figures 20 and 21 have been calculated using the formulae

given in section 2.5.2.
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Figure 20. Range of elevation angles for 1E and 2E ray paths due to a changing E-

layer virtual height.

Figure 20 shows the range of elevation angles that can be expected on 1E and 2E ray
paths as the virtual height of the layer (W'E) changes from 100 km to 120 km. For a
ground range of 440 km the elevation angles vary for a 1E path from 23° to 28° and

for a 2E path from 41.5° to 47°.

Figure 21 shows the same detail for the F-layer for h'F of 200 to 300 km. For a
ground range of 440 km the range of elevation angles for a 1F ray path vary from
40.5° to 52° and for a 2F path from 60° to 69°. Furthermore, the effect of varying
critical frequencies needs to be examined to see if these variances are limiting the
possible mode of propagation. The minimum critical frequency required at the mid-
path reflection point for a variety of virtual E and F layer heights for two different
ground ranges are shown in figure 22. The top curve (blue) is calculated for a ground

range of 220 km which isthe first reflection point for a 2E or 2F ray. The lower trace
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(black) is calculated for a ground range of 440km which is the mid-path reflection

point.
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Figure 21. Range of elevation angles for 1F and 2F ray paths due to a changing F-

layer virtual height.
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For a ground range of 440 km and a 1E mode where h'E ranges from 100 to 150 km a
minimum foE of 2.8 to 3.6 MHz is required. For a 1F mode where h'F ranges from
200 to 300 km a minimum foF of 4.6 to 5.5 MHz is required. For a ground range of
220 km and a 2E mode where h'E ranges from 100 to 150 km a minimum foE of 4.5 to
5.3 MHz is required. For a 2F mode where h'F ranges from 200 to 300 km a
minimum foF of 5.9 to 6.4 MHz isrequired. It can be seen that the values of E and F
layer critical frequencies are significantly increased as the radio wave impinging on

the layer moves closer to the perpendicular.

With these two additional pieces of knowledge, i.e. the variation of elevation angle
with a varying reflection layer height and the minimum critical frequency needed for a

fixed ground range, a further analysisis now possible.

Figure 23 is a modification of figure 19. While the x-axis istime (UT) the right hand
y-axis is now the elevation angle of the received signal. The right hand y-axis is the
critical frequency of the F-layer (foF) and the off-set right hand y-axis is the critical
frequency of the E-layer (foE). These hourly values are taken from the daily f-plot®
produced by the Sodankyla observatory as determined from their ionosonde data
Figure 24 is in turn similar to figure 19 except that the right hand y-axis now shows
the virtual height of the E & F layers instead of critical frequency. These values are
also extracted from the daily ionospheric virtual height plot from the Sodankyla

observatory.

® See chapter 4, section 4.2.2 for an explanation of the f-plot.
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Figure 23. Range of elevation angles, FoF, and FoE measured over day 81 of 2004.
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Figure 24. Range of elevation angles, h'F, and h'E measured over day 81 of 2004.

With reference to figures 23 and 24 we first examine the period from 81.0 to 81.2 —
the ionosonde cannot penetrate the E-layer which has arelatively high foE ~ 5.5 MHz.

As evidenced earlier in figure 19, there are sporadic bursts of absorption, in some
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cases as high as 25 dBgs7somHz.  The occurrence of absorption indicates that particle
precipitation is taking place and this precipitation affects the D-layer (absorption due
to ionisation) as well as the E-layer (enhanced foE due to increased ionisation).
During this period h'E changes from 105 km to 120 km and then returns to 105 km.
Examining figure 23 shows that an foE of 5.5 to 3 MHz was measured and taking into
account the range of elevation angles measured, only a 1E path is achievable. This
removes any doubt left by the initial analysis that a 2E or 2F mode might also be

active during this period.

Between 81.0 to 81.2 D-layer absorption caused the link budget margin to be
exceeded and no measurements were made on the HF link. After 81.3 there is very
little absorption measured until 81.8 which implies that during his time there was a

reduction in particle precipitation.

Between 81.3 to 81.6 the elevation angle of the received signal increased to between
50° and 60°. FoE has fallen to 2 MHz rising to no more than 2.8 MHz over this period.
h'E is constant at 117 km for this entire period. foF increases from lessthan 3 MHz to
its highest value on this day of 6.2 MHz and h'F falls from 340 km to 220 km. This
shows the limit in using only ray tracing as per figure 18 that does not take the
constant modulation in layer heights into account. The increase in h'F and the
conseguential change in elevation angles are consistent with a 1F mode of propagation

for this entire period.

For the period 81.6 to 81.8 a number of simultaneous changes complicate the analysis
somewhat. The elevation angle of the received signal reduces to between 20° and 32°.

FoE increases from 2.8 MHz to 4.5 MHz, well within the minimum critical frequency
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required for a 1E mode to be active. h'E is steady in the range 120 to 115 km. F.F,
reduces from 6.2 MHz to 5.2 MHz within the minimum critical frequency required for
a 1F mode to be active and h'F increases from 220 km to 320 km before settling at 260
km. Between 81.6 and 81.7 foE is constant, h'E changes by only 5 km and the
elevation angle varies slightly around 30°. From 81.7 to 81.8 the elevation angle
increases almost linearly from 18° to 32° which correlates to a similar increase in h'E
values from 110 km to 115 km, and a simultaneous increase in f,E from 2.5 MHz to
4.5 MHz. This period coincides with renewed absorption activity and the associated
enhancement of E-layer ionisation. On this evidence it is concluded that during this

period the E-layer isin control and that a 1E modeis again active.

For the period 81.8 to 82.0 the range of elevation angles, if the increase in h'E istaken
into account, are very similar to the period 81.0 to 81.2. FoE is constant for most of
the period at 4.5 MHz and falls to 3.4 MHz at the end of the period but a both
extremes is still within the range of minimum critical frequencies required for a 1E
mode to be active. h'E is fixed at 122 km for most of the period and falls slightly to
117 km towards the end. FoF is constant a 4.5 MHz and h'F is constant at 260 km.
With the low elevation angles measured and the low FoF it is not possible for any F

mode to be active and it is concluded that a 1E mode is active during this period.

2.4 Detailed Case Studies: SSC and its Effects
The two case studies presented in this section examine two north-south auroral

propagation paths following the onset of a geomagnetic disturbance. The key
difference in the two case studies is the great circle path length between the

transmitter and the receiver. Inthe first case study with a path length of 1 807 km the
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1E mode of propagation dominates following the SSC. In the second case study, with

apath length of nearly 3 000 km, the 2E mode of propagation dominates,

2.4.1 Data and Instrumentation
The primary instrument used in the following two case studies to demonstrate the

effect of Es-layers on HF communications immediately following an SSC event is an
oblique sounder. The University of Leicester oblique sounder system consisted of a
swept frequency HF transmitter at Isfjord, Svalbard and a receiving system set up
initially a the Collaborative UK Twin Located Aurora Sounding System
(CUTLASS) radar site in Hankasalmi, Finland and then at Malvern, UK. The
transmitter was operated by the Defence Evaluation and Research Agency (DERA),
Malvern, and consists of an exciter unit developed and built by the Radio and Space
Plamsa Physics Group at Leicester University and a transmitter built by DERA. The
unit transmits a chirp signal ranging in frequency from 2 to 30 MHz into a broadband
antenna. The transmitter power is approx 10W and the sweep time is approx 5
minutes. The receiver consists of the DERA Irisreceiving system supplemented by a
communication system developed at Leicester to provide real-time control and data

recovery (University of Leicester, 2007).

Oblique ionograms obtained from the system indicate the modal structure of signals
propagating between Svalbard and Hankasalmi and Svalbard and Malvern at
frequencies up to 30 MHz. Soundings were carried out a 15 minute intervals and the
results are shown as oblique ionograms. An example of an oblique ionogram captured
by the system during a quiet period is shown in figure 25. The abscissa is sounding

frequency in MHz and the ordinate axis is group delay in milliseconds.

88



Case Studies: SSC and its Effect on High-Latitude HF Communications Chapter 2

04 Aug OB:17:16 1339

Fower (dB)

40.5
36.0
31.5
27.0
22,5
18.0
13.5
5.0

4.5

0.0

DE|-||I||||I||| 1 P SR T SR SR SR I S T S

0 5 10 15 20 25
Frequency (MHz)
Fath: Svalbard te Hankasalmi (Finland)

L
a

Figure 25. Example of an Oblique lonogram during a quiet period.

The delay indicated on the oblique data used in this report is a relative delay rather
than an absolute delay. The receiver locks onto the earliest arriving signal and uses
that to set the axis. It is easy to see the difference in delay times between the single

hop F; reflection and F; reflections (Stocker, 2007).

Supporting data is obtained from vertical sounders, more commonly known as
ionosondes, located at Tromsg and Gakona. The basic principle of vertical incidence
ionospheric sounding is that HF radio waves are reflected at the cut-off frequencies of
the ionospheric magnetoplasma. To probe the E- and F-regions of the ionosphere, a
vertical sounder scans from 1 to 20 MHz, transmitting modulated radio waves and
receiving and analysing the reflected echo signals form the ionosphere (Wright et al.,
1957; Piggott and Rawer, 1972). Conventionally the ionosonde presents the

demodulated echo signals as time of flight (range) versus sounding frequency in the
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form of ionograms. Extensive details on ionosondes and their applications are given

in Ivanov et . (2003) and Reinisch (1996).

Electron densities in the E- and F-regions are obtained from incoherent scatter radars
(ISR), namely the European Incoherent Scatter (EISCAT) UHF radar near
Longyearbyen and the Incoherent Scatter Radar (ISR) at Sondrestrom, Greenland. In
the ISR method, incoherent scatter is produced by backscatter from the thermal
irregularities in the ionization in the upper atmosphere. The signal amplitude and
spectral shape yield the electron density and electron and ion temperature, while the

spectral shift yields the average velocity of the ions (Bates et al., 1974).

Solar Wind and IMF data is obtained from measurements taken by the Advanced
Composition Explorer (ACE) spacecraft. The ACE satellite carries high-resolution
sensors and monitoring instruments that sample the parameters of low energy particles
of solar origin and high-energy galactic particles. See Stone et a. (1998) for

comprehensive details of the satellite and instrumentation.

Magnetometer data was collected from the Glenmore Lodge magnetometer which is
part of SAMNET, the UK Sub-Auroral Magnetometer Network which continuously
records natural variations in the Earth's magnetic field giving information about the
complex interactions within the coupled Solar Wind-Magnetosphere-lonosphere
system. Each station records the magnetic field in three orthogonal components: H, D
and Z, these being horizontal magnetic northwards, horizontal magnetic eastwards and

vertically downwards.
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Riometer data was obtained from the Imaging Riometer for lonospheric Studies
(IRIS) located at Kilpisjarvi, Finland. Table 4 details the location of all instruments
used in these studies which are shown in figure 26, on a great circle map centred on

the oblique sounder transmitter at Svalbard.

Oblique Sounder Transmitter — Svalbard 78.21 N 15.63 E
Oblique Sounder Receiver — Hankasal mi 62.32 N 26.61 E
Oblique Sounder Receiver — Malvern 52.10 N 2.32W
Vertical lonosonde - Tromsg 69.60 N 19.20 E
Vertical lonosonde - Chilton 51.60 N 358.7 E
Vertical lonosonde - Gakona 62.12 N 21486 E

ISR — Eiscat Svalbard Radar 78.20 N 15.82 E
ISR — Sondrestrom, Greenland 66.99 N 309.05 E
Magnetometer — Glenmore Lodge 57.16 N 3.68 W
Riometer — Kilpigjarvi 69.10 N 20.80E

Advanced Composition Explorer Satellite L1 Libration Point

Table 4. Instrument location Details

Table 5 details the bearing and range of the great circle propagation path between

the oblique sounder transmitter and both oblique sounder receiver sites shown in

figure 26.
Great circle propagation path from A to B 161.6 1807
Great circle propagation path from A to C 204.7 2990

Table 5. Bearing and distance information for both great circle propagation paths.
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Figure 26. Great circle map centred on the oblique sounder transmitter at
Svalbard showing the locations of all the instruments mentioned. Alphabetic

codes indicate the instrument as listed in table 4.

2.4.2 The SSC of 31 July 1999
This case study examines the propagation path between Isfjord, Svalbard and

Hankasalmi, Finland a distance of 1 807 km following an SSC at 18:27 UT on 31 July

1999.

In the period preceding 31 July 1999 solar activity ranged from low to high levels
(NOAA, 1999a). Solar activity increased to high levels on 29 July by virtue of an

impulsive M5 flare on 29 July at 19:34UT from Region 8651 which was accompanied
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by minor discrete radio emissions. Activity returned to moderate levels on 30 July
with another isolated, low-level M-class flare from Region 8649. A coronal mass
gjection signature was evident on 30 July with a velocity increase from 380 - 680

km.st

, increased densities, and a period of sustained southward IMF B, with
deflections to minus 12 nT (GSM). Activity decreased to low levels on the day
following the SSC with occasional C-class flares from Regions 8645 and 8651. No
proton events were detected a geo-synchronous orbit during the period. The solar

wind and IMF data for the immediate period of the SSC is shown in the top four

panels of figure 27.

The top panel of figure 27 represents the solar wind particle density (cm™) against
time. At 17:40 UT following seven hours of low activity and low density (1.37 cm™)
the density increases very quickly to 11.4 cm™. The density remains at elevated levels
for more than one hour before moderating. The third panel of figure 27 represents B,
the north - south component of the IMF. B; is positive when, in parallel with the
Earth’'s field, the northward direction of the magnetic field points upwards. At the
magnetopause the Earth’s magnetic field and the IMF come into contact. If the IMF
points southwards (i.e. B, is negative) then the IMF can partially cancel the Earth’'s
magnetic field at the point of contact, make direct connection with field lines and
allow the injection of energy into the magnetosphere. Southward turning of the IMF
initiates changes in the configuration of the magnetosphere, earthward displacement
of the magnetopause and tailward stretching of the field lines, where energetic
particles are more subject to precipitation due to changes in drift shells (Ranta and

Ranta, 1990)
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From 10:00UT to 15:30 UT, B, is mainly northwards with a few short excursions
southward. Just before 15:30UT, B, becomes predominantly southward with an
excursion northwards around 16:00UT. Coinciding with the sudden increase in
density (panel 1) at 17:40 UT is a sudden change in the direction of B, from south to
north. B, turns southwards again after two hours of maintaining its northwards
direction. Panel 2 of figure 27 represents the solar wind particle velocity (km.s*) and
shows an increasing velocity coinciding with the increase in particle density, IMF
field strength and the change in B,. The values of solar wind particle density and
velocity have adirect and strong correlation to the amplitude of the IMF which in turn

influences the location of the magnetopause (Fairfield, 1971).

These sudden enhancements in the solar wind dynamic pressure are known to
compress the magnetosphere and enhance the magnetopause current (Kauffman and
Konradi, 1969), as well as the tail currents (Russell et al., 1994). Zesta et al. (2000)
noted in a study of 10 January 1977 disturbance that the response of the
magnetosphere to a pressure front was practically instantaneous, global and directly
driven by the propagation of the solar wind density enhancement region through the
magnetosphere. The disturbance is transmitted throughout the magnetosphere in the
form of hydromagnetic waves and has been observed both at satellite altitudes and on
the ground as a sudden increase or decrease in the geomagnetic field strength.
Corresponding to the changes in geomagnetic field strength are changes in the
magnetic field geometry, the electric field configuration as well as changes in thermal

and energetic particle distributions.
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The geomagnetic field was at quiet to unsettled levels until 31 July when a sudden
storm commencement occurred at 18:27 UT followed by active to major storm levels
with brief severe storm periods at high latitudes. The disturbance continued until 1
August (not shown here). Magnetometer data for the immediate period of the SSC is
shown in the bottom panel of figure 27. It can be seen that the disturbance in the solar
wind measured at the ACE satellite at 17:40 UT took circa 45 minutes to reach the
magnetosphere and for the effect to be measured by the Glenmore Lodge
magnetometer at 18:25 UT where the H-component increased from 1171 nT to a peak

of 1249 nT over a period of 6 minutes.
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Figure 27. Solar Wind / IMF data from the ACE Satellite for the first case study is
shown in the top four panels, namely; plasma density, speed, the B, magnetic
component and total field strength. Magnetometer data (the horizontal intensity (H)
component) is shown in the bottom panel. Dashed lines indicate the period of

disturbance.
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Figure 28 is a selection of oblique sounder ionograms covering the period from 25
minutes before to 60 minutes after the SSC occurred. Twenty-five minutes before the
SSC occurred the ionosphere is fairly quiet as the oblique ionogram in panel A of
figure 28 reflects. Panel A shows reflections from 8 to 11 MHz from the F-layer and
a the incident angle required to achieve a one hop F-layer path between transmitter
and receiver the F-layer oblique critical frequency is approximately 11 MHz. At

lower take-off angles the Es-layer becomes usable for signals between 11 and 15 MHz

along this path.
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Figure 28. Selection of oblique ionograms from the Svalbard to Hankasalmi Path.

Panel B of figure 28 captures the situation five minutes after the SSC occurs when

particle precipitation and the resultant enhanced E-layer ionisation has set in. While
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the F-layer still provides a valid path the enhanced electron density due to
precipitation has increased the usable frequency of the E-layer well above the initial
value to 15 MHz. Between 9 and 10 MHz there are now two ray paths in existence,

one from the F-layer and a new path from the Es-layer.

Panel C of Figure 28 - Twenty minutes after the SSC when the Eslayer is enhanced
further as evidenced by the higher power returns, the useful frequency of the Es-layer
is further extended to more than 20 MHz. The F-layer path has degraded due to
intense D-region absorption attenuating the lower frequencies, as will be seen in

figure 29.

Panel D of Figure 28 - One hour after the SSC occurs, the F-layer is starting to recover
with a critical frequency of 9 MHz and the E-layer enhancement, while patchy and a

much weaker path than the F-layer path, can now support frequencies up to 30 MHz.

Figure 28 captures the absorption measured by beam nine of the Kilpigérvi riometer.
For this study the riometer is not ideally located to measure absorption at the exact
point where the ray penetrates the D-layer and is only used to illustrate the general

pattern of D-layer absorption in the area.
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Figure 29. Riometer data from the Kilpigjdrvi riometer — absorption data is from

beam 9

Before the SSC at 18:27UT the absorption measured at 38.2 MHz is less than 0.1 dB.
Following the SSC the absorption increases and at 18:47UT (figure 28, panel C) the
absorption has increased to 0.4 dB. Neglecting the effects of the Earth’s magnetic
field, auroral absorption can be shown to be inversely proportional to the square of the
operating frequency (Browne, et al., 1995), therefore 0.4 dB of absorption measured
on the riometer at 38.2 MHz equates to 23 dB absorption at 5 MHz and to 6 dB at 10
MHz. Of course, any ray reflecting in the ionosphere at the mid point would suffer
twice this absorption as the ray penetrates the D-layer twice. At 19:32UT (figure 28,
panel D) the absorption has reduced slightly to 0.3 dB and continues to fall until 20:02
UT (figure 30, panel A) before increasing again (as reflected in figure 30 panel B) at
20:32 UT to values in excess of 1 dB absorption (measured at 38.2 MHz) which

equatesto 58 dB absorption at 5 MHz and 15 dB a 10 MHz.
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Figure 30. A further selection of oblique ionograms from the Svalbard to Hankasalmi

Path

Figure 30 is a further selection of post-SSC oblique ionograms. Figure 30, Panel A -
90 Minutes after the SSC the F-layer has recovered and assuming more of an early
evening structure. D-layer absorption has reduced sufficiently (as shown in figure 32)
so that frequencies as low as 3 MHz can be seen reflecting from the F-layer. The Es
layer continues to be enhanced by precipitation and maintains an oblique top
frequency near 30 MHz. Figure 30 Panel B - 120 Minutes after the SSC the E-layer
enhancement, while still significant, has begun to wane and has become patchy in
places. Reflections from the F-layer are again affected by D-Layer absorption which

as shown in figure 30 has increased at thistime.

Figure 31 is a selection of ionograms from the Tromsg lonosonde located

approximately at the mid-point of the propagation path.
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Figure 31. Selection of vertical ionograms from the Tromsg ionosonde

Figure 31 Panel A - Four minutes before the SSC occurs the ionosphere is quiet and a

fairly typical early evening ionogram is displayed. The F,-layer vertical critical

frequency (foF2) is5.5 MHz and the virtual height of the F; layer (h'f) is 300 km. The

E-layer vertical critical frequency (foE) is 2.85 MHz and the virtual height of the E

layer (WE) is 105 km.

Figure 31 Panel B: Twenty minutes after the SSC f,F, remains at 5.5 MHz but h'f has

increased to 385 km. The F-layer has increased considerably in height due to electron

density depletion at lower altitudes. There is some trace spread (typical of

precipitation events) which makes the virtual heights difficult to determine accurately.

The Eg-layer has formed and foEs is 4.9 MHz. The absence of any reflections below
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2.5 MHz in panel B is most likely due to the spike of absorption seen in figure 29 at
thistime. The 0.37 dB of absorption at 38.2 MHz equates to atotal absorption of 260

dB at 2 MHz for aray passing twice through the D-region.

Figure 31 Panel C - Sixty minutes after the SSC particle precipitation continues to be
in evidence as shown by the widespread occurrence of spread-E and spread-F. The E-
layer has taken on a slant characteristic rising from 90 km to 220 km as the frequency
increases. The F, critical frequency (foF.) is now 5.7 MHz and f,Esis 7 MHz (ignore
the extra-ordinary wave reflection (green trace)). This ionogram falls just before the
third absorption spike seen in figure 29 and reflections are visible down to the lowest

usable ionosonde frequency.
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Figure 32. A further selection of vertical ionograms from the Tromsg |onosonde.

Figure 32 Panel A - Two hours after the SSC the ionosphere has recovered with a
blanketing Es-layer up to 3.3 MHz. The virtual height of the F-layer has reduced
slightly. Figure 32 Panel B - Three hours and twenty minutes after the SSC the

ionosphere is further disturbed by substorms (as evident in figure 32) which provides
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further precipitation of high energy particles resulting in the E-layer reforming with

foEs approaching 3.5 MHz and the F-layer virtual height rising to 450 km.

To assist in demonstrating the problem, a simple ray trace analysis of the path
between Svalbard and Hankasalmi has been undertaken. The geometry of
conventional mode configurations is shown in figure 33. Symmetrical mode geometry
is assumed and the location of the Tromsg ionosonde and the Kilpigjdrvi riometer is

indicated in relation to the distances from the transmitter.
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Figure 33. Geometry of conventional mode configurations.

In the conventional mode and assuming an E-layer height of 110 km a 1E ray path is
possible with a take-off angle of 2.8°. A 2E is also possible with a take-off angle of
11°. Three F-layer modes are possible with a 1F at 11°, a 2F at 26.5° and a 3F at
38.5°. The 1E and 1F control points and the second 3F control point is very nearly

directly above the Tromsg ionosonde. Figure 33 shows the option for two E-layer
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paths and three F-layer paths. Evident on the oblique sounder is, however, only the
1E and 1F ray paths which according to figure 33 have a reflection point in the centre
of the great circle path. The reflection point for any other ray paths would require
similar ionospheric characteristics at each of the reflection points. For the 2E and 2F
paths similar ionospheric characteristics are needed at the 450 km and 1 350 km
reflection points. For the 3E and 3F paths, similar ionospheric characteristics would
be required at the 300 km, 900 km and 1 500 km reflection points. In highly variable
high-latitude ionosphere, it is not surprising that the conditions for any path other than

the single ionospheric reflection paths (the 1E and 1F paths) is achievable.

With the availability of the Tromsg ionosonde close to the centre of the link path, the
actual virtual heights of the E and F layers can be incorporated into the geometry of

the mode configurations. Thisisdone in figure 34.
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Figure 34. Modified geometry of conventional mode configurations.
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As shown in figure 34, while the Eslayer modes of operation continue to operate
around the 110 — 120 km altitude mark the convention of ray tracing the F-layer at 250
km is not valid and a virtual height of 350 km is for this situation a more accurate
parameter. At an F-layer height of 350 km the 1F ray angle changes from 11° to 14°,
the 2F changes from 26° to 35° and the 3F ray from 38° to 47°. Figure 32 panel B
shows that the virtual height of the F-layer can be as high as 450 km. With reference
to figure 34, this would require a 1F ray take-off angle of 22°, a 2F take-off angle of
42° and a 3F take-off angle of 59°. In the 450 km case, and in some of the 350km
cases, taking the secant rule into account, it is very likely that the 2F and 3F rays are

penetrating through the ionosphere and hence not reflecting in any manner.

Using the modified geometry, the F-layer path and the Es-layer path were modelled
using the well known HF propagation planning tool, VOACAP (Lane, 2001) in the
point-to-point configuration. The validity of using HF propagation prediction
programs has been addressed by Broms et al. (1994) who found good agreement with
median measurements during quiet conditions and Hunsucker (1999) (as summarised
in Hunsucker and Hargreaves (2003)) who noted the aggregate correct prediction of
these programs was only ~ 45% under disturbed conditions. However, using the
actual layer height info from the vertical sounder allows some limited but relevant
modelling to be undertaken even after the onset of disturbed conditions. The
modelling shows that the increase in virtual height of the F-layer from 250 km to 450
km results in an increase in transmission loss of 6 dB and an additional spreading-loss
of 4 dB. As the Eslayer maintains its virtual height it does not suffer the same
degradation. The result, for this case study, is a 10 dB increase in losses when using

the partially blocked F-layer during the disturbed period. In terms of signal-to-noise
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ratio (SNR) this results in the SNR of the Es-layer path exceeding the F-layer SNR by

3-5dB.

Using 10 MHz as the default frequency of operation, the median SNR of a blanketing
Eslayer increased by 3 dB over the normal (non-disturbed) F-layer and increasing the
frequency of operation by 3 MHz increased the median SNR achievable on the link by
8 dB overall and the increase in SNR has a direct effect on the reliability of the link.
The principle being demonstrated is that a small increase in operating frequency

during the disturbed period can assist in maximum utilisation of a blanketing Es-layer.

The apparent increase in received field strength is not clearly shown in the oblique
ionograms. This is most likely as a result of the antenna used at both the transmitter
and receiver sites. The radiation angle of the vertical antenna varies considerably as
operating frequency varies (McNamara, 1991) and with the wide operating range of
the oblique sounder (2 — 30 MHz) it is very difficult to achieve sufficient gain at low
elevation angles, less than 3° in this case study. As a result the oblique ionograms do
not reflect the increase in SNR in the Eslayer returns when compared to F-layer
returns for which the vertical dipole antenna is better matched. The principle that
must be taken into account if the Es-layer isto be used as a replacement for the F-layer
during disturbed periods is that an antenna capable of fully utilising the very-low
elevation angles must be used. A further practical consideration in very-low angle
operations is the need to clear any obstruction at the receiver and transmitter site to
maximise this mode of operation. The very-low angles in use do, however, redrict the
lengths of any 1E; path to an absolute maximum of 2000 km after which the take-off

angle is reduced to nearly 0°.
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2.4.3 The SSC of 15 September 1999

This further example examines the propagation path between Isfjord, Svalbard and
Malvern, UK adistance of 2 990 km. This case study is different from the previousin
anumber of ways. Firstly the great circle path length is long enough to preclude a 1E
mode of propagation and the receiver is well out of the auroral zone. The B,
component of the solar wind does not change direction following the evening SSC,
being northward before the SSC at 20:19 UT and moving further northwards in the
five hours following the SSC. Thereis a greater change in f,E immediately following
the SSC followed by similar subsequent changes to the value of f,E. Finally, ISR data
is available from two spatially well separated instruments showing the changes in

electron density in the ionosphere before and after the SSC occurs.

Solar activity was predominately low before and after 15 September dominated by
events in Region 8700 which developed a mixed polarity sunspot group and produced
numerous c-class flares (NOAA, 1999b). The period before and after 15 September
was dominated by high-speed coronal hole conditions. Wind speeds were high,
ranging from 550 to 650 km.s™ and the IMF B, fluctuated between northward and
southward for most of the time with prolonged periods of predominately southward
conditions. No proton events were detected at geo-synchronous orbit during the
period. The solar wind data for the immediate period of the SSC is shown in the top 4

panels of figure 35.
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Figure 35. Solar Wind data from the ACE Satellite for the second case study is shown
in the top four panels, namely; plasma density, speed, B, and total magnetic field.
Magnetometer data (horizontal intensity (H) component) is shown in the bottom

panel. The dashed lines delineate the two periods of SSC disturbance.
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The top panel of figure 35 shows solar wind particle density (cm™) against time. The
first disturbance occurred at 07:03 UT when the density increased from 2.9 cm™ to a
peak of 6.6 cm™. The second clearer step change occurred a 19:41UT when the
density suddenly increased from 2.8 cm® to 7.5 cm™. In both cases there was more
than a doubling of density. Panel 2 of figure 35 shows the solar wind particle
velocity; at the first disturbance the velocity increased from 486 km.s™ to 605 km.s™,
asubstantial change of more than 100 km.s™. At the second disturbance, the velocity

increased from 560 km.s* to 608 km.s?, an increase of 48 km.s™.

The third panel of figure 35 shows the magnitude and direction of B,, B; is slightly
southwards and moves slightly northward just before the first disturbance and
becomes stronger southwards following the disturbance. The situation is different for
the second disturbance as B, has been northwards for a number of hours before the
disturbance and becomes even stronger northwards following the disturbance. The
fourth panel of figure 35 shows the interplanetary magnetic field strength (nT). The
magnetic field strength jJumps from 6 nT to 12.1 nT during the first disturbance and

from 4.7 nT to 8.3 nT during the second disturbance.

The geomagnetic field experienced minor to major disturbances at high latitudes
associated with a high-speed coronal hole stream over the week 13 — 19 September
1999. On September 15 mid-latitudes experienced minor storm level and high
latitudes experienced severe storming in conjunction with the high-speed shock
mentioned above. The effects of the high-speed stream began to diminish only four
days later. Magnetometer data for the immediate period of the SSC is shown in the

bottom panel of figure 35. The first disturbance in the solar wind at 07:03UT was
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measured on the Earth’'s surface at 07:55UT. The magnetometer displayed a small
reduction in the H component, a recovery and then a step decline from 1108 nT to
1045 nT. The second disturbance in the solar wind at 19:41UT was measured by a
change in the magnetometer from 1128 nT to a peak of 1156 nT at 20:20 UT. Both
magnetometer signatures are typical mid- to high-latitude magnetometer SSC
indicators with preliminary and main impulses as explained by Ferraro et a. (1951)

and Araki (1977).

The EISCAT ISR was in operation from 15:08 on 15 September 1999 to 13:00 the
following day. Figure 36 shows the electron density versus altitude data from 15:08
UT on the 15 September until noon on the next day. When the ISR begins
measurements the E-region electron density above 100 km altitude is already

enhanced due to magnetic activity during the day following the 07:53 UT SSC.

At the time of the second SSC (20:19 UT) the ISR shows a sudden enhancement in
electron density at altitudes around 150 km and as low as 100 km. The electron
density increases from about 2.5 x 10" m™ to 6.3 x 10" m*®, more than a doubling of
electron density which lasts for more than three hours. It should be noted that the
electron density values quoted should not be seen as absolute values but rather as an
indication of the scale of change that occurs during this period and the subsequent
effect on ionospheric propagation. The electron density between 100 km and 150 km
altitude decreases after midnight but just after 01:00 UT the following day the electron
density undergoes frequent and intense enhancements until at least 11:00 UT. Thisis

aresult of ongoing precipitation due to substorms that followed the SSC.
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Figure 37 covering the same period as figure 36 is taken from the ISR at Sondrestrom
which was in operation from 22:41 UT on 14 Sept to 24:00 UT on 17 September
1999. The E-region enhancement (circled in figure 37) begins near 20:20UT and lasts
for about 2 hours, very similar to what has been seen in the EISCAT data even though
the two ISR’s are spatially well separated (figure 26 refers). Following a three hour
period of relative quiet the Sondrestrom ISR shows a 2 hours sudden enhancement in
electron density reaching peaks of 13 x 10® m™. Again the electron density values
guoted should not be seen as absolute values but rather a reflection of the scale of

change that is possible and the consequences these changes have on ionospheric

propagation.
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Figure 36. EISCAT UHF IS Radar captures the changes in electron density from
15:08 UT on 15 September 1999 till after noon the following day. From left to right,
the first dotted line marks the moment of SSC and the second marks the onset of

frequent and intense substorms
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Figure 37. Sondrestrom IS Radar captures the changes in electron density from 14:00
on the 15 September 1999 to 13:00 the following day. The white circle indicates the
moment of Ne enhancement at E-layer altitudes at the time of SSC. Note the onset of
substorm activity from 03:00 the following morning causing further electron density

enhancements.

A selection of oblique sounder ionograms from the Svalbard to Malvern propagation
path are shown in figure 38. Figure 38 Panel A - Seventeen minutes before the SSC
occurs the F-region is disturbed with only a small window of reflection between 2.5 —
4 MHz. Thereisaslight return from the E-layer around 11 MHz. Figure 38 Panel B -

Thirteen minutes after the SSC occurs the high-latitude E-region is strongly enhanced
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forming an Eglayer reflection path between 10 - 18 MHz. At this point there is

virtually no F-layer path visible.
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Figure 38. Selection of oblique ionograms from the Svalbard to Malvern path.

Figure 38 Panel C: A further sixty minutes on and the situation remains unchanged.
Standard predictions of this propagation path are useless as the enhanced E-region
dominates and no F-layer path is available. Figure 38 Panel D: A further sixty
minutes on, now 2 hours and 15 minutes after the SSC occurs and the situation
remains virtually unchanged. The E-region window has reduced slightly to cover 10.8
—17.5 MHz. Thereisadlight return from the F-layer around 2 MHz. It islikely that

any return of signals below 10 MHz is either suffering extensive D-region absorption
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or there is simply no suitable reflecting F-layer available due to ionisation depletion at

these dltitudes.

Figure 39 is a selection of ionograms from the Tromsa lonosonde showing similar
characteristics to that seen in the first case study. Figure 39 Panel A - Seven minutes
before the SSC occurs. The F-region is disturbed and h'F has already increased to 405
km. This change in reflection height would adversely affect HF links and HF
broadcasting services which usually assume an h'F of around 250 km in the planning
process which in turn determines the amount of power and type of antenna to be used.
The antenna type is most often dependent on the take-off angle required. FoEs is

already above the normat 3 MHz at this stage.

Figure 39 Panel B - Eleven minutes after the SSC occurs the Es-layer is dramatically
enhanced and almost completely blankets the F-region. F.Es is 2.9 MHz with a F-
region window of only 0.5 MHz between 3 — 3.5 MHz. Figure 39 Panel C - The
situation continues and more than one hour later, in the 21:24UT ionogram, a similar
situation exists with FoEs = 3.1 MHz which is sufficient to completely blanket the F-
region. Interestingly in this case we do not see the large increases in virtual F-layer

heights as seen in the first case study.

The virtual height of the F-layer (> 400 km, figure 39) before and after the SSC, the
low frequencies seen on the oblique high ray path (>2ms, figure 38) and the 28° take-
off angle required fits in well with the considered view that a 2F mode occurs

normally instead of a 1F mode on this path. As the length of the path prohibits a 1E
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mode of propagation, a 2E mode with a take-off angle of 5° dominates following the
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Figure 39. Selection of vertical ionograms from the Tromsg ionosonde.

Figure 39 is a selection of ionograms from the Gakona lonosonde which captured
events around the SSC that occurred at 7:53 UT. Thisionosonde, located on the other
side of the polar cap from the link transmitter is included to show the extent of the

ionospheric disturbance following the SSC.

Figure 40 Panel A - A fairly disturbed early morning ionogram where trace spread

makes it difficult to extract any accurate parameters, however foF is approximately 3.2
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MHz and f.Es is approximately 2.8 MHz. It is difficult to determine h'f from the
ionogram. Figure 40 Panel B - Thirty seven minutes after the SSC a dense sporadic
E-layer has formed which almost completely blankets the F-region, foEs has extended
to 5.5 MHz. The second reflection from the E-layer is visible a a height of 220 km
and a small reflection is visible from the F-layer a a height of 280 km. Figure 40
Panel C - The now fully blanketing E<layer continues for at least another two hours

after SSC, abeit slightly patchy at the top end.
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Figure 40. Selection of vertical ionograms from the Gakona ionosonde.
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2.5 Conclusions
Seven different instruments have been utilised in these case studies to show the cause

and effect of enhanced Eslayers immediately following an SSC. These studies
demonstrate the profound effects these sporadic layers have on high latitude HF
circuits by dramatically extending the E-layer maximum usable frequency (MUF)

and/or “shielding” any F-layer ray paths.

The first simple case study of a high-latitude link showed the correlation between
ionospheric absorption and SNR on a high-latitude HF link. But, more importantly,
the case study shows the dominance of the E-layer in the high-latitude region during
particle precipitation and the effect of the dominant E-layer (which dominates due to
enhanced ionisation caused by precipitating particles) on the link. This case study
demonstrates many of the problems in predicting the state of the ionosphere,
especially at high latitudes: for example, rapidly varying virtual heights of reflection
layers, D-layer absorption and frequent propagation mode changes. As shown in the
case study of chapter 1 many propagation methods use simplistic ray tracing concepts
and the case study demonstrates how the rapidly changing ionospheric parameters

reduce the usefulness of these models and the factors that need to be considered.

Data from the ACE satellite is used to show the magnitude of changes that occur in
the solar wind due to disturbances in the solar wind, such as when shock waves and
dynamic pressure pulses move past the satellite on their way to impinging on the
Earth’'s magnetosphere. The step changes in total magnetic field strength, particle
density and velocity as well as changes in direction of the B, component are shown.
The direction of B, changes from south to north in the first case study but starts

northwards and becomes progressively more northwards in the second case study.
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Changes in the ground based geomagnetic field intensity due to an increase in
magnetopause current, as a result of magnetospheric compression caused by solar

wind disturbances, are seen in the magnetometer data.

The observation of sudden changes in the solar wind which are the cause of SSC is
well understood as is the prediction of the time delay between observation by the ACE
satellite platform and the arrival of the disturbance at the Earth’s surface. The SSC
event is used as a proxy to herald the change between a “quiet” and a “disturbed”
high-latitude ionosphere and the subsequent onset of an enhanced E-layer. However,
for the first time the linkage between SSC and the enhanced E-layer ionisation is

exposed in both case studies detailed in this paper.

lonosonde records show how the usefulness of the F-layer is reduced as its electron
density decreases and its virtual height increases following disturbances initiated by
the SSC. The records further show the enhancement of the Eslayer for extended
periods, in both cases for at least two hours and in one case as long as three hours.
The enhancement is so great in some cases that the F-layer is completely screened off
from the ground. The Tromsg ionosonde, close to the centre of the first case study
link path demonstrates the change that occurs in the height of the F-layer around the
single reflecting control point. This knowledge allows a more realistic ray tracing
geometry to be used when attempting to model and predict propagation during such

disturbances.

The ISR records reveal the sudden enhancement of electron density in the E-region

coincident with the SSC as well as the scale of the increase in electron density that can
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be expected. The effect of storms and sub-storms on the significant modulation of
electron density at Es altitudes is clearly demonstrated. The ISR records support the
longevity of enhancement of the Es-layer electron density that is seen in the ionosonde

and obligue sounder records.

The change in cosmic radio noise absorption as measured by a riometer reflects the
effect of particle precipitation on the D-layer and supports the interpretation of the
ionosonde and oblique sounder data. There is good correlation of the effect of
absorption, as expected, between the oblique sounder, the Tromsg ionosonde and the
riometer measuring the absorption. The characteristics of absorption observed
following SSC events have recently been empirically formulated by Ritchie and

Honary (2009).

Key to both detailed case studies are records from the oblique sounder which reveals
the practical effects of an enhanced Es-layer. The maority of all HF communication
links are planned assuming the use of the F, layer as the refracting layer as well as
assuming a fixed reflection height (normally 250 km). An HF system designed to
reach a particular point or area such as point-to-point links and targeted broadcasting
use complex antennas that concentrate the radiated power in both azimuth and
elevation. These two assumptions are perfectly valid when dealing with a quiet
ionosphere. However, the variations in the height of the F-layer, the reduction of the
height of the expected reflecting layer from 250 km to 100 km as well as the
phenomena of the Eslayer screening the F-layer, has severe implications. This can
be seen when examining figures 33 and 34. Figure 34 shows the modified geometry

for a number of different modes at three different fixed heights (300 km, 350 km and
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450 km). The change in reflection layer from the F- to the Eslayer has the most
drastic effect as the elevation angle changes from a maximum peak of 22° a h'F of
450 km to a low of 3° a h'E of 110 km. For many types of specialist antenna this
change is greater than the available elevation beamwidth. The change in h'F from 250
to 450 km and the corresponding elevation angle modification from 11° to 22° has

similar antenna issues.

Following an SSC event or during magnetic storms, one rational approach toward
using the ionosphere for HF communications in high-latitude regions is to rely solely
on E-layer modes and to provide higher power or increased antenna gain in bands
appropriate for Eslayer propagation. Overcoming these problems may prove to be
economically challenging for operators of fixed-links and broadcasting services.
However, with relevance to tactical links and safety of life transmissions, the oblique
sounder reveals, counter-intuitively perhaps, that instead of reducing the frequency of
operation to re-establish disrupted links, it would be better to increase the frequency of
operation to fully utilise the enhanced E-layer while overcoming some of the effects
of absorption. In the second case study, before the SSC occurs the F-layer can support
reflections from 6 to 11 MHz over this link while the Eg-layer is supporting reflections
between 10 and 15 MHz after the SSC. Twenty minutes after the SSC there are
sporadic reflections from the F-layer but the Es-layer is now capable of supporting a
number of paths using frequencies between 12 and 20 MHz.  During this period of
approximately one hour, any attempt to re-establish a link by reducing the operating
frequency would be futile. The oblique ionogram shows no link paths are available on
this circuit if the frequency is reduced. The only solution is to increase the operating

frequency, by more than 5 MHz, in order to re-establish the link. The same principle
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is clearly shown in the third case study where the only manner in which a link can be
established in the two hours following the SSC event is for the operator to increase
frequency by more that 7 MHz to be able to utilise the Es-layer for communications.
As explained, in order to implement this mitigation technique, equipment at both ends
of the link will need to be sufficiently frequency agile and have access to antenna with

take-off angles appropriate for Es -layer operation.

The case studies demonstrate that the effect of the ionospheric disturbance is an
enhanced Eglayer that dominates the mode of propagation, the durability of the
enhanced Eglayer alowing the re-establishment of a reliable reflecting layer
following the demise of the F-layer and the viability of using the Eglayer in
supporting HF communications at high latitudes. Following up on the last point, the
extent of the enhanced Eg-layer is evident in the second case study. A 2E mode of
propagation is relied on over the 3 000 km path which requires two Eslayer
reflections spaced 1 500 km apart; this is confirmed by ISR data showing similar

enhancements in different sectors.

Previous work in this area has been done by Hunsucker and Bates (1969) who
reported that Es is most important for communications at sunspot minimum, when Es
modes can occur more than 50% of the time on paths between Alaska and Greenland
and Norway, with typical MUF's of 16 to 18 MHz. Jull et al. (1962) presented the
results of an investigation of systematic HF channel sampling at oblique incidence and
concluded that auroral Esis avery important propagation mode over paths up to 2 300
km in the 3-30 MHz range. For both of these studies the occurrence of Es was noted

but no attempt was made to predict the occurrence and severity of Es. To the author’s
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knowledge there has not been any published work that quantifies the expected changes

in the lower ionosphere (the D and E-regions) due to particle precipitation.

A primary part of the problem is establishing when the transition from a ‘quiet’ high-
latitude ionosphere to a ‘disturbed’ high-latitude ionosphere starts. A ‘quiet’ high-
latitude ionosphere for the purposes of his research is one that behaves like a mid-
latitude ionosphere in the absence of solar and geophysical activity. A ‘disturbed’
high-latitude ionosphere is one under the influence of particle precipitation. As shown
in these case studies, even during low solar and geophysical activity, particle
precipitation has a significant effect. Some effort is required to predict the variances
in E-layer critical frequency in order to better plan high-latitude communications
particularly when ionospheric reflection points occur within the disturbed high-

latitude ionosphere. This effort is made in chapter 4 of this thesis.

Although modelling of the high-latitude ionosphere has improved in recent years,
most of the modelling attempts are only case studies (e.g. Sojka and Schunk, 1988).
The main difficulty is that magnetospheric processes and solar inputs have an
important effect on the morphology of the high-latitude ionosphere, and that the
observational databases are still too sparse to enable the development of an empirical
model which has adequate parameters to describe the dependence on the various
ionospheric drivers. Also, even with the most extreme simplifying assumptions, the
high-latitude ionosphere cannot be treated analytically (Cander et al., 1998) and hence

we continue to rely on empirical data and statistical analysis.
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3.0

CHAPTER 3

Characterisation and Prediction of SCA

Objectives

The objectives of this chapter areto:

1.

3.1

Introduce and define Storm Sudden Commencements (SSC) including the
source and cause of SSC particle precipitation known as Sudden
Commencement Absorption (SCA);

Investigate the characteristics of SCA, caused by the precipitation of energetic
particles, as aresult of the physical effects of an SSC event;

Analyse and determine what parameters of the solar wind and Interplanetary
Magnetic Field (IMF) correlate strongly against SCA in order to determine
what solar wind parameter(s) are most efficient in predicting SCA;

Empirically model the expected amplitude of SCA following a

shock/discontinuity in the solar wind.

Storm Sudden Commencements

Experimental and theoretical investigations more than two decades ago have led to our

initial understanding of the principal nature of SSC. Burlaga and Ogilvie (1969),

Godling et al. (1967) and Ogilvie et al. (1968) have shown the correlation between
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impulsive changes in solar wind parameters and SSC signatures in the magnetosphere
or on the ground. Nishida (1964) studied the coupling of compression waves to the
ionosphere current system. A hydromagnetic description of SSC events has been
given by Wilson and Suguira (1961) and Tamao (1964b, 1975). Araki (1977)
investigated details of the global onset time distribution for SSC events and their

relationship to the magnetosphere-ionosphere coupling.

The spatial and temporal structure of SSC associated magnetohydrodynamic (MHD)
waves propagating within the magnetospheric cavity remained a matter for
speculation until the work of Wilken et al. (1982). They observed that rapid variations
of particle fluxes and magnetic fields occurred at different universal times depending
on the local time of observation. They interpreted the onset times as the times when

the SSC-associated MHD wave front passed the various spacecraft used.

More than 30 years of study has shown that SSC are caused by the global compression
of the magnetosphere as a result of interplanetary disturbances such as shock waves
and dynamic pressure pulses. Great storms are preceded by impressive SSC events.
The great storm of 24 March 1991 started with an SSC compressional pulse that
resulted in a magnetic pulse observed on the ground that increased more than 200 nT

in less than one minute. (Araki et a., 1997).

Interplanetary shock waves are observed in the solar wind, usually associated with the
interplanetary remnants of coronal mass ejections (Gosling et al., 1990). Shocks are
generated when the relative velocity between the interplanetary structure and the slow

solar wind is higher than the magnetosonic velocity. The most usual type of shock,
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the fast forward, shows a simultaneous jump in plasma parameters (speed, density and
temperature) and in magnetic field strength. Usually a very disturbed B, component is

seen after the shock (Gonzalez et al., 1999).

Impulsive or step-like changes in the magnitude of the geomagnetic field which are
observed on a global scale are known as Sudden Impulses (SI). These changes may
be either positive or negative and represent a rapid expansion or compression of the
entire geomagnetic field. In many cases, these sudden impulses are followed by
geomagnetic storms and then are designated Storm Sudden Commencements (SSC).
The distinction between Sl and SSC is somewhat arbitrary, and many authors have
suggested that there is no difference between the initial disturbance associated with S
and SSC (Matsushita, 1962). Joselyn and Tsurutani (1990) note that the term SCC is
a traditional one, and there is no distinction between Sl+ and SSC, because the
physics during a sudden compression of the magnetosphere is independent of whether
the impulse is followed by a storm main phase or not. However, we use the term SSC
exclusively as all the events examined and the focus of this work are classified

officially as SSC events.

An SSC is an increase in the low-latitude ground based magnetic intensity which
typically lasts for tens of minutes and then is followed by a magnetic storm or by an
increase in geomagnetic activity lasting at least one hour. SSCs preceding
geomagnetic storms are caused by the global compressions of the magnetosphere as a
result of interplanetary (IP) disturbances such as shock waves and dynamic pressure
pulses (Wilken et al., 1982; Tsurutani et al., 1995; Takeuchi et al., 2002a). The SCC

is a transition between two equilibrium configurations characterised by different
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multiples of Earth radius (Re). In the equatorial region between Re = 4 to 9 the
magnetic effects of an SSC can be described by a simple magnetic compression
accompanied by a displacement of the field lines (Perona, 1972). The SCC magnetic
field compression at the equator and in the nearby region along a field line can be
described by the following empirical equation:

B = By (L+dt)

Where: Bo isthe initial value of the magnetic field
d is chosen in such a way that, at the end of the phenomena,
namely at t = T, B reaches its final value. Ondoh (1963)
assumed values of T = 100 sec in the noon sector and T = 200

sec in the midnight sector.

Impulsive global magnetic events were of great interest to the pioneers of
magnetospheric research. Chapman and Ferraro (1931) suggested early on that they
could result from disturbances of the geomagnetic field by interplanetary phenomena
It is now well accepted that sudden changes in the momentum of the solar wind
associated with shocks and discontinuities can produce the compression of the
magnetosphere that is manifested as a sudden impulse (Nishida, 1978). Observations
have shown that such solar wind disturbances are indeed associated with S| / SSC

(Burlaga and Ogilvie, 1969; Patel and Coleman, 1970).

To interpret the SSC rise time, Takeuchi et al. (2002b) introduced the concept of a
‘geoeffective magnetopause’ and conjectured that the geoeffective magnetopause
would be confined within =~ 30 Re, since the effect of a compression of the distant tail

magnetopause would not be detected on the Earth's surface. The time for an
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interplanetary (IP) shock to sweep by the geoeffective magnetopause predominantly

determines the SSC rise time (Wang et al., 2006).

The SSC is not a smple increase in the H component of the geomagnetic field.
Extensive studies with ground level magnetic field measurements have revealed that
the SSC waveform is quite complex with a strong dependence on latitude and local
time (see review by Araki, 1977). The rise time of a SSC generally ranges from 2 to
10 min centred around 4 min (Maeda et al., 1962). The SSC as observed at any point
on the surface of the Earth is a superimposition of the arrival of compressional waves
generated over the broad extent of the magnetopause during the passage of a shock.
Nishida (1966) suggested that the rise time is principally determined by the time
required for interplanetary shocks to sweep by the magnetosphere on the basis of an
inverse relationship between the rise time and the mean transmission speed of the
interplanetary disturbances from the Sun as found by Nishida (1964). Another
mechanism suggested in the past was that the SSC rise time was simply the time
constant of the magnetosphere against a sudden compression (Baumjohann et al.,
1983). Although numerous explanations have been suggested for the SSC rise time as

cited above, there does not yet appear to be any consensus.

SSC compressions of the dayside magnetosphere have been shown to produce
radiation belt electron and proton flux enhancements which can be very long lived
inside of L=3, as for the March 24 1991 geomagnetic storm near the solar maximum
(Vampola and Korth, 1993; Looper et a., 1994) and also for the February 1986 storm

near solar minimum (Gussenhoven et al., 1989). The enhancement of radiation belts

127



Characterisation and Prediction of SCA Chapter 3

have been interpreted in terms of radial acceleration of solar protons inward by the

induction electric field associated with the SSC (Hudson et a., 1997).

An SSC accompanied by solar protons produces a trapped population from those
protons which experience significant inward radial transport and perpendicular
acceleration due to the induction electric field associated with the SSC magnetic field
compression (Araki et al., 1997). The March 24 1991 SSC demonstrated that new
radiation belts can form on the MeV particle drift timescale, which coincides with the
SSC timescale, of tens to a few hundred seconds, in contrast to the hours to days of
the geomagnetic storm.  The induction electric field which accompanies
magnetopause compression transports particles radially inward, increasing energy
with conservation of the first adiabatic invariant. This mechanism is resonant over a
range of initial energies, or equivalent magnetic moments, such that protons (or
electrons) gradient-drift either too dowly or too fast relative to the azimuthal
spreading of the pulse and do not spend an optimum amount of time in the region of

maximum pulse amplitude (Hudson et al., 1997).

Having examined data from the CRRES satellite, Hudson et al. (1998) determined that
the solar wind dynamic pressure determines the effectiveness of penetration in L and
corresponding energisation. Quantitative studies have revealed a good correlation
between the SSC amplitude at low latitudes and the change in the square root of the
solar wind dynamic pressure at the shock/discontinuity (e.g. Russell et al., 1992,
1994a, 1994b). Shinbori et al. (2003) conclude that SSC disturbances in the polar
region first propagate into the dayside polar ionosphere along the magnetic field line

with shear Alfvén waves. After the Alfvén waves are converted into the fast-mode
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MHD waves near the polar ionosphere, it expands from the dayside to nightside polar

ionosphere regions with a mean speed of about 47 kn/s.

3.1.1 Physical Processes at SSC Events

Recently, Wang et al. (2005) conducted a global MHD simulation of the interaction
between the magnetosphere and IP shocks with different orientations. The model
results show that a highly oblique shock requires more time (in the order of minutes)
to compress the forward part of the magnetosphere. Thus the IP shock orientation
plays an important role in determining the SSC rise time. Shock orientation is taken
as the angle between the shock normal and the GSE X-axis which points towards the
Sun. In the work by Wang et al. (2006) most of the shock orientations were in the
range of 135° — 180°% an angle of 180° indicates that the shock front is perpendicular
to the solar wind flow and thus hits the magnetosphere head on. For IP shocks with
similar orientations, when IP shock speeds are higher, the shock sweeps by the
geoeffective magnetopause in less time and thus SSC rise times are shorter. For IP
shocks with similar speeds, the bigger the angle between the 1P shock normal and the

Sun-Earth line, the shorter the rise time.

A hydromagnetic description of SSC events has been given by Wilson and Sugiura
(1961) and Tamao (1964, 1975). According to the results of Wilken et al. (1982,
1986) and Tamao (1964, 1975), a SSC generates hydromagnetic waves which
transform the magnetosphere into a new compressed steady state configuration which
is in balance with the increased solar wind pressure. The associated compression of
the Earth’'s magnetosphere induces electric fields which substantially alter both

particle energies and drift motions. The SSC-generated step-like waves were
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measured to transverse the magnetosphere within 2 min. The radial propagation time
of the wave from the frontside magnetosphere down to the equatorial ionosphere was
found to be about 1 min and the azimuthal delay from day to night side at
geostationary altitude was about 2 min correspondingly. The particle precipitation
into the ionosphere due to those transitional waves have been observed by several

researchers e.g. Ortner et al. (1962).

Ultra Low Frequency (ULF) and Very Low Frequency (VLF) waves have been noted
in association with SSC on the ground and aboard satellites (Kokubun and Oguti
1968; Hayashi et al. 1968; Olsen and Lee 1983). The stimulation of these waves has
been interpreted as evidence of increased anisotropy of pitch angle distribution and
enhanced precipitation. During stressed conditions, especially at night side, particles
are generally considered to be subject to scatter into a loss cone due to the increased
curvature of the magnetic field lines (e.g. Pytte and West 1978). This may explain to

some extend the increase in precipitation at night sde.

Perona (1972) reported that at the time of a SSC, VLF waves can be excited. Inturn
the wave turbulence drives the pitch-angle diffusion of energetic electrons trapped in
the magnetosphere, causing them to be precipitated into the lower ionosphere. In
addition Perona found it reasonable to assume that at the peak of an SSC absorption
event, the number of electrons precipitating per second is as much as 0.01 — 0.001 of
the total electron content of the tube of flux. Hence their lifetime is 100 — 1000
seconds, which is comparable to the lifetimes expected during strong pitch-angle

diffusion (Kennel and Petschek, 1966).

The SSC of a magnetic storm is interpreted as an effect of the impact of a solar gas

stream on the geomagnetic field, as was originally proposed by Chapman and Ferraro
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(1931, 1932, 1940) and discussed in detail by Ferraro (1952, 1960b). The impact is
transmitted to the Earth by hydromagnetic waves (Dressler, 1958; Piddington, 1959;
Dressler and Parker, 1959). Shinbori et al. (2003) analysed plasma wave phenomena
associated with SSC using the database of the Akebono satellite observations. They

showed that plasma wave enhancement correlates to SSC.

Wilson and Sudgiura (1961) show that the perturbation generated by the impact of the
solar stream is propagated to the Earth primarily by longitudinal hydromagnetic waves
in low latitudes and by transverse hydromagnetic waves in high latitudes. These
propagation modes were convincingly deduced from the study of the characteristics of
the polarisation of the SSC magnetic field. In high latitudes the SSC magnetic field is
essentially elliptically polarised, whereas in low latitudes the polarisation is linear.
Wilson and Sugiura (1961) also showed that a geomagnetic latitudes above about 40°
the SSC magnetic field has characteristics of elliptical polarisation and that at the
geomagnetic latitude of Honolulu, namely 21°, the polarisation of the SSC field is
linear. The elliptical nature of the polarisation is most pronounced at high latitudes.
They interpreted these gross features of the SSC's in the following manner: as the
front of a solar gas stream advances into the geomagnetic field, it creates a shock,
because the speed of the stream surface is greater that the local Alfvén wave velocity
in the region of the impact. The longitudinal hydromagnetic shock wave propagates

to the Earth and is observed as a sudden increase in the magnetic field in low latitudes.

Sugiura (1961a, 1961b) has shown examples of transverse waves generated at a

distance of several Earth radii and transmitted along the magnetic field lines to the

northern and southern auroral zones. This suggests that the compression wave created
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by the impact of the solar gas might generate transverse hydromagnetic waves that

will propagate along the magnetic field linesto high latitudes.

Tamao (1975) contends that a transient state of compression or rarefaction in the
outermost magnetosphere, caused by the interaction with the solar wind disturbance,
is transmitted into the inner magnetosphere by the magnetosonic waves. In examining
transient effects on the magnetosphere, Tamao draws a distinction between fast and
slow magnetosonic waves, the fast magnetosonic wave as result of an SCC event and
the slow magnetosonic wave as a part of the growth phase of substorms. The SSC isa
transient phenomenon with a short timescale of less than 1 minute, whereas the
southward turning of the solar wind magnetic field, which would cause the growth
phase disturbance of substorms, occurs with a much longer timescale of 10 min or
more. Enhanced solar wind pressure behind a shock front tends to compress the
outermost part of the day side magnetosphere. The resulting enhancement of the
Chapman-Ferraro current at the magnetopause attains its saturation level when thereis
a total pressure balance between the solar wind and the magnetosphere. During the
transient stage before this saturation the state of compression will be transmitted into
the inner magnetosphere by the magnetosonic wave. Since a traversing time of the
fast shock front over the day side magnetopause is rather short, less than 100 seconds,

the fast magnetosonic mode plays the dominant role in this transmitting process.

Ullalan et al. (1970) carried out balloon observations of X-rays produced by
precipitating electrons in the morning sector of the auroral zone at the time of an SSC
event. The researchers were able to distinguish between an X-ray burst associated

with the SSC and the weak slowly varying X-ray event upon which it was
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superimposed. The energy spectrum of the weak X-ray event is rather hard with an e-
folding energy of about 50 keV, whereas the SSC associated X-rays were found to
have an e-folding energy of 18-22 keV. In addition, they concluded that an important
feature of an SSC precipitation event appears to be their soft energy spectrum, which
is atypical for the times of day when the measurements were made (Brown, 1967;
Barcus, 1968). They found an e-folding energy of 18-22keV for the bremsstrahlung
X-rays, whereas a simultaneously occurring background X-ray event had an e-folding

energy of 40-50 keV, the latter being typical for the morning sector.

Barcus (1968) concluded that the local release of quasi-trapped electrons through the
impulsive disturbance of the field could not be responsible for the observed soft
electron precipitation. This is a most important result since SSC-associated
precipitation events observed in the morning and day sectors occur on closed field
lines, and as Brown et al. (1961) have shown, that the supply of electrons trapped on
such field lines would be sufficient to produce the observed X-ray events. The
assumption of a wave-particle association mechanism is further strengthened as
Kokubun and Oguti (1968) found that the same event as was reported on by Ullalan et
al. (1970) was accompanied by VLF emission in the 2 kHz band. Several more recent
studies confirm a connection of VLF emission enhancements with the precipitating
energetic particles at high latitudes during SCC events (Saito et al., 1974; Gail et al.,

1990) and with periodic solar wind pressure variations (Sibeck et al., 1989).

SSC phenomena include taillward propagating compressional waves which can

produce precipitation of energetic particles and VLF waves (Yahnin et al., 1995). In

their research which used an extensive chain of riometers, the energetic electron
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precipitation spikes were limited in a zone ranging from 72° to 66° corrected latitude.
The EISCAT radar at Tromsg identified the presence of a significant fraction of 40
keV electrons in the precipitating electron population. The precipitations reflected
simultaneously at numerous riometers at different longitudes and latitudes indicate
that the precipitation is not related to some local mechanism but rather is of a global
nature. Association of SCA with VLF waves in the 1.2 — 2.5 kHz range suggests that
10-40keV electrons were precipitated by the electron cyclotron instability developing
in the equatorial plane. This mechanism has been studied in detail and is believed to
be responsible for the precipitation of the energetic electrons observed during SSC

events (Yahnin et al., 1995).

Farrugia et al. (1989) presented a study of magnetopause motion and associated
ground magnetic field oscillations which appear to be caused by changes in the
pressure of the solar wind. Their analysis of an event shows that the changes are
caused in the main by both increases and decreases in the solar wind dynamic pressure
and, in particular, by changes in the solar wind density. They further show that
changes in the solar wind dynamic pressure can be large enough to give rise to
boundary velocities of many tens of kilometres per second and directly confirmed the
occurrence of such velocities using a number of spaced satellites in geostationary

orhit.

Nishida (1978) showed that variations in solar wind dynamic pressure alter the
magnitude and distribution of currents around and within the magnetospheric cavity.
This feature manifests itself by strong variations of the magnetic field at the Earth's
surface within 1 min after the shock on the magnetosphere. Using riometers and

balloon-borne X-ray detectors, Brown et al. (1961), Matsushita (1961), Ortner et al.
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(1962), Ullaland et al. (1970), and Vorob'yev (1974) detected an immediate response
to shock impacts in the form of increased energetic (tens of keV) electron
precipitation and enhanced auroral luminosities along the auroral oval. The

enhancements observed by these authors lasted ~ 3to 10 min.

3.1.2 Observational Characteristics of the Initial SSC
Perturbation

The response of the magnetic field to the SSC both on the ground and at satellite
altitudes has been documented and forms the basis for most of the current knowledge
of SSC mechanisms. SSC are usually identified in ground magnetometers by a
sudden change in the H component (Horizontal, Geomagnetic North) of the magnetic
field (e.g. Wilson and Sugiura, 1961; Matshushita, 1962). Linear polarisation of the
disturbance vector predominates near the equator (Wilson and Sugiura, 1961) while
elliptic polarisation is common at high latitudes (Wilson and Sugiura, 1961; Patel and
Cahill, 1974) although there appears to be some disagreement about the latter
conclusion (Matshushita, 1962; Araki and Allen, 1982). In most events, a negative
pulse known as a preliminary reverse pulse (PRI) precedes the main impulse (Ml) at
high and low latitudes, but is not observed at middle latitudes (Araki, 1977). The
combination of this delay with the polarisation relations led early workersto conclude

that the PRI isthe signature of the Alfvén wave arriving in the auroral region.

Figure 41 shows the characteristic signature in the horizontal component of the
Earth’'s mantic field left by a magnetic storm. The SSC is associated with the initial
compression of the magnetosphere, whereas the main phase results from the build-up

of the storm-time ring current in the magnetosphere.
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Figure 41. Characteristic signature left by a magnetic storm leaves in the horizontal

component of the Earth’s magnetic field. (Paulikas, 1972)

The onset of SSC is nearly simultaneous around the world, but the amplitude varies
with latitude and local time. A satistical study of SSC (Mayaud, 1975) showed a
mean rise time, defined as the time interval between the onset of the disturbance and
the first extreme in the H component, of 4 minutes and a typical H component

amplitude of 10—-301.

The magnetic signature observed at satellite altitudes is distinctly different from that
seen on the ground, due in large part to the absence of ionospheric current effects.
The nearly simultaneous onset of the initial magnetic perturbation seen at ground
stations is not observed at satellite altitudes. Wilken et al. (1982) and Kuwashima and
Fukunishi (1985) measured the relative onset time of SSC using geostationary
satellites separated in local time and found differences of up to 3 minutes between the

onset time at local noon and midnight. Wilken et al. (1982) calculated the azimuthal
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propagation velocity of the disturbance in one case to be 910 knv/sec, consistent with
the expected value for a magnetosonic wave. Kokubun (1993) and Kuwashima and
Fukunishi (1985) showed that SSC amplitude is highly dependent on local time at
geostationary altitude, the maximum amplitude occurring near local noon and very

small amplitudes occurring near midnight.

Several authors have measured energetic particles during SSC and in all cases,
simultaneous flux changes were observed at all energies for both ions and electrons at
the time of the magnetic perturbation (Arnoldy et al., 1982; Wilken et al., 1982,
Tsunomura and Kuwashima, 1984; Korth et al., 1986; Wilken et al., 1986). Arnoldy
et al. (1982) found that plasma injections associated with SSC were similar to those
observed during substorms with the exception that SSC plasma injection occurs at all
local times. Two competing mechanisms are thought to account for the initial flux
variations observed by satellites (Paulikas and Blake, 1970; Wilken et al., 1982;
Tsunomura and Kuwashima, 1984). Betatron acceleration due to the increased
magnetic field causes a flux enhancement for any given energy. The earthward
plasma drift behind the wave front causes a flux decrease for any radial position, since
particle flux generally decreases with radial distance. Following the initial effects,
plasma convected from the tail may account for additional flux variations (Arnoldy et

al., 1982).

Observations have shown that sudden changes in wave activity in the ULF, ELF and
VLF bands occur during SCC. The changes indicate that wave-particle interaction
properties are significantly affected by the magnetic perturbation and associated
plasma variations. It is commonly believed that the interactions leading to the

observed wave activity involve ion gyroresonance in the ULF band and electron
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gyroresonance in the ELF and VLF bands. Morozumi (1965) was the first to
recognise that changes in ELF/VLF wave activity in the inner magnetosphere are
associated with SSC events. Hayashi et al. (1968) also noted that the VLF noise was
always seen about 30 seconds prior to the magnetic perturbation at high latitudes and
that the centre frequency of chorus bands increased during positive SI's. The results
lead them to suggest that VLF wave growth rates along the dayside equator
increase/decrease as a result of the magnetic compression/expansion. In their model,
based on the theory of Kennel and Petschek (1966), the magnetic field change
preferentially affects the perpendicular energy of the gyrating electrons through
betatron acceleration, changing the pitch angle anisotropy and thus modifying the

growth rate.

Kokubun (1977) invoked the model of betatron acceleration to qualitatively explain
observations of VLF intensity enhancements simultaneous with magnetic field
changes over one several hour period. Korth et al. (1986) used a refinement of the
Kennel-Petschek theory by Cornilleau-Wehrlin et al. (1985) to explain wave activity
observed during an SSC. In their theory, wave growth is only possible when betatron
acceleration increases the anisotropy beyond a level which will support path-

integrated amplitude gain.

3.1.3 Morphology of the Initial SSC Perturbation

The pressure equilibrium condition which determines the magnetopause standoff
distance may be upset by changes in the solar wind momentum associated with shocks
and discontinuities, and the magnetopause position must be adjusted to maintain the

dynamic pressure balance. Satellite observations show that the geocentric distance of
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the magnetopause at the subsolar point can change as much as 2 — 3 Re from an initial
radius of 8 — 12 R (Nishida and Cahill, 1964; Kaufmann and Walker, 1974; Knott et
al., 1982) in aperiod of 2-6 minutes. The adjustment is thought to occur adiabatically

(Baumjohann et a., 1983).

The response of the geomagnetic field to such disturbances is complex but reasonably
well understood (Nishida, 1978 or Wilken et a., 1982). Compressional
hydromagnetic waves are generated along the magnetopause as a result of the solar
wind disturbance and propagate isotropically inward (Tamao, 1975). These are fast
magnetosonic waves with a propagation speed slightly higher than the local Alfvén
speed. Both field line curvature and non-uniformities couple the magnetosonic mode
to the transverse Alfvén mode (Tamao, 1969; Chen and Hasegawa, 1974), generating

field-aligned hydromagnetic waves that propagate at the local Alfvén speed.

The initial magnetic signal observed on the ground is generated from currents in the
ionosphere driven by the electric field of the hydromagnetic wave (Nishida, 1964;
Schutz et al., 1974; Newton et a., 1978). Observations of a well-defined minimum in
the amplitude of SI/SSC magnetic perturbations at magnetic latitudes near 200-300
(Wilson and Sugiura, 1961) are in general agreement with the fact that the Hall
conductivity at high latitudes and the Cowling conductivity near the equator are much
larger than conductivities at middle latitudes (Araki, 1977). The electric field
generated in the ionosphere couples to the Earth-ionosphere waveguide where it
propagates at nearly the free-space speed of light (Kikuchi et al., 1978; Kikuchi and
Araki, 1979a; Kikuchi and Araki, 1979b; Kikuchi, 1986), explaining the observed

nearly simultaneous onset of the initial magnetic perturbation at all latitudes and local
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times (Matsushita, 1962). These currents decay with the disappearance of the original
hydromagnetic disturbance, but longer term modifications to the geomagnetic field
may continue as a result of enhanced convection in the outer magnetosphere and
modification of the Chapman-Ferraro current on the magnetopause as well as

subsequent development of the ring and tail currents (Araki, 1977).

Events associated with the SSC of magnetic storms have been measured by balloon
instruments on at least three occasions (Anderson, 1958; Brown et al., 1961). The
increase in cosmic noise absorption during these events appears to be due to high-
energy electrons and/or X-rays produced by bremsstrahlung from them which
penetrate into the lower ionosphere from outside the Earth’s atmosphere (Matsushita,
1962). The duration of the X-ray burst and the riometer absorption signature is
usually only in the order of a few minutes and the energies of the photons are clearly
below those of nuclear gammarrays (Hoffman and Winckler, 1963). These features,
with the exception of the energy range, are very different from the common auroral X-
ray bursts and indicate that the processes producing the precipitation are quite
different and it has been noted (Pfotzer, 1965) that the hydromagnetic shock due to the
arrival of the plasma cloud at the boundary of the magnetosphere will initiate a

precipitation of an obviously distinctly limited flux.

3.1.4 The Physical Process of the Initial SSC Perturbation

The environmental changes observed during an SSC are driven by a number of
physical processes which act over different timescales. During the early part of the
SSC, the dominant processes are directly linked to the original magnetic disturbance.

As the SSC progresses, secondary effects such as ionospheric modification, ring
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current development and particle injection from the magnetotail play increasingly
significant roles. The compression of the magnetosphere during an SCC causes the

field lines to move earthward, as shown schematically in figure 42.
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Figure 42. Schematic Diagram showing magnetospheric changes associated with SSC.
() the compression of the magnetosphere caused by the passage of the solar wind
shock. The two magnetospheric configurations shown correspond to standoff
distances of 10.5 Re and 8.0 Re. (b) the displacement of a magnetic field line, the
motion of the interaction region and the corresponding consequences for the wave and

particle populations (Gail et al., 1990b)

141



Characterisation and Prediction of SCA Chapter 3

The thermal plasmais “tied” to magnetic lines as aresult of the frozen-in condition of
MHD theory. A duct thus remains collocated with a given field line throughout the
SSC compression and the waves and particles associated with a particular duct prior to
the SSC will be associated with that duct throughout the SSC event. For the particle
energies of interest, drift velocities are sufficiently small that energetic particles may

also be considered “tied” to field lines for most purposes.

The current understanding is that the changes in thermal and energetic plasma
populations resulting from an SSC include changes in flux density, velocity space
distribution and drift properties. It is understood that non-adiabatic modifications of

the energetic plasma also occur as aresult of wave-particle interactions,

3.2 Energisation/Precipitation Models

Previous work (Ortner et al., 1962; Hartz, 1963) has shown that riometer absorption is
associated with SSC at all local times and is generally linked to the geomagnetic
latitude zone between 57° and 75°. Wave-induced particle precipitation is often
assumed to be the cause of the absorption (Leinbach et al., 1970; Perona, 1972),
implying that changes in wave activity are triggered by the SSC throughout a large
portion of the inner magnetosphere. The effect of other mechanisms can be
minimised by analysing absorption effects that occur during the initial perturbation.
Since the adiabatic changes in particle trajectories can only increase the pitch angle,
adiabatic effects alone can not increase the particle flux within the loss cone and thus
can not account for al the absorption seen. With the assumed absence of other
scattering mechanisms during the initial perturbation, the increase absorption seen

must result from wave-induced precipitation (Gail, 1990).
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Tsurutani et al. (2001) showed that there is significant solar wind energy transfer to
the magnetosphere — ionosphere system during and after interplanetary shock
impingement at the Earth’s magnetosphere. They further outlined three solar wind
energy transfer mechanisms that may be responsible for the energetic particle
precipitation. It is of course possible that several different mechanisms might be

taking place at the same time.

3.2.1 Adiabatic Compression

A schematic representation of an adiabatic compression model is given in figure 43.
The ram pressure increase across the shock compresses the frontside magnetosphere.
Pre-existing plasma on outer zone magnetospheric field lines becomes betatron
accelerated/energized from the absorption of solar wind ram energy. By conservation
of the first adiabatic invariant, E1/|B|, where E | is the particle perpendicular kinetic
energy, magnetospheric compression leads to an increase in E 1. Because E|| remains
nearly constant, E_L/E|[>1. This latter effect leads to loss-cone instabilities with the
growth of plasma waves and concomitant electron and proton pitch angle scattering.
The particles that get scattered into the loss cone have collisions with upper
ionosphere atoms and molecules and lose most of their energy by electron excitation.
The subsequent atomic and molecular decays lead to increased ionisation in the

ionosphere.
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Figure 43. A schematic representation of adiabatic compression of dayside

magnetospheric plasma. Zhou and Tsurutani (1999)

Olsen and Lee (1983) and Anderson and Hamilton (1993) have noted enhanced
electromagnetic ion—cyclotron waves and Lauben et al. (1998) enhanced
electromagnetic whistler mode chorus emissions during magnetospheric compression
events. These results support the above scenario for the onset of dayside proton and
electron loss-cone instabilities during shock compression events, respectively. Thisis
a good model to explain what occurs at SSC events. Although Zhou and Tsurutani
(1999) focus on the dayside magnetosphere, it is clear from other observations using
networks of geosynchronous satellites that the night-time magnetosphere also
undergoes compression as the shock waves pass the Earth (see Baker et al.., 1978 for a

review), resulting in loss-cone instability in the night-time magnetosphere.
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One expects that the most dramatic changes in the global drift of energetic particles
due to the IMF shock might be expected to occur a the front side of the
magnetosphere (Wilken et al. 1982) where one could expect most of the precipitation
to occur but that is not the case and precipitation occurs on both night and day side. It
was found by Ranta and Ranta (1990) that at L>5 the precipitation events are more

numerous at night than during the day.

3.2.2 Field-aligned Current Intensifications

Shock compression of the magnetosphere may also lead to intensification of field-
aligned currents (Araki, 1994; Lysak et al., 1995). A schematic representation is
shown in figure 44. If current-driven instabilities (Lakhina et al., 1999) are caused by
this mechanism, depending upon the ion to electron temperature ratio, Ti/Te, either
electrogtatic ion acoustic waves or lower hybrid waves are expected to have strong
growth rates. The turbulence due to current-driven instabilities could enhance
anomalous resistivity, which could then support large parallel electric fields along
auroral zone field lines. These parallel electric fields can accelerate charged particles,
and downward accelerated electrons can produce intense aurora. Alternatively, the
nonlinear development of these waves may lead to the generation of double-layers and
the acceleration of auroral particles close to the ionosphere. Once again this model
applies equally to the night-time and day-time magnetosphere as the compression

creating shock-wave passes the Earth.
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Figure 44. A schematic representation of dayside field-line current intensification.

Zhou and Tsurutani (1999)

How can one distinguish between these two models? It is clear that both plasma

compression and field-aligned current intensification can be associated with shock

compression events. Clearly, field and plasma compressions take place, but whether or

not the loss-cone instabilities are sufficiently strong to lead to significant particle

losses to explain all the ionisation effects seen is not known at this time.

3.2.3 Viscous Interaction

It was noted that the E-layer phenomena can be present many hours after shock

passage, well into the initial phase of a magnetic storm. It is doubtful that either of the

two shock-related mechanisms discussed previously could account for these displays.

The bounce times of energetic ~1-10 keV electrons and ions are seconds and minutes,
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respectively, so compressed, pre-existing particles should be lost after ~10 s or
minutes and this corresponds to the short sharp bursts of SCA. For field-aligned
current enhancements, this would be expected just at the time of shock passage and
the effects would be maximum at noon rather than at dawn or dusk. Thus, this latter
mechanism seems unlikely to explain auroras near dawn and dusk hours after shock
passage. A more likely scenario is the development of a Kelvin—Helmholtz instability
(Rostoker et al., 1992). This instability growth rate maximizes when the field lines of
the magnetosheath and the magnetotail are orthogonal to the solar wind fields. A

schematic representation of this mechanism is given in figure 45.
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Figure 45. A schematic representation of viscous interaction. Zhou and Tsurutani

(1999)
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In this model there is a constant triggering of wave particle interactions until the solar
wind returns to its quiet state and the magnetosphere returns to its pre-shock state. Of
course the solar wind, even in its quiet state is subject to these viscous interactions
which result in the continuous low level precipitation experienced at high latitudes.
However, it is the enhanced viscous interaction, due to solar wind pressure
enhancements following SSC events, which it is postulated leads to intense E-layer
formations that occur during the initial storm phase. This model appears most
applicable when explaining the work covered in chapter 4 on partial and full
blanketing E-layers where particle precipitation following an SSC event creates

intense, long-term E-layer formations.

3.2.4 Particle Penetration

Figure 46 shows the penetration depths of electrons and protons in the Earth’'s
atmosphere. The quantity plotted against altitude is the approximate height where the
particles are stopped if their path is vertical. Polar absorption is caused by protons in
the energy range 1 to 20 MeV and possibly to some extent by a-particles in the same
energy range. Absorption due to the increased D region ionisation is usually called
auroral absorption. It is caused mainly by electrons in the energy range 50 to 500
keV. The sporadic E-ionisation occurs in the same height range as the visual aurora.
Both effects are probably caused by protons in the energy range 50 to 200 keV and

electronsin the range 5 to 30 keV (Eriksen et al., 1967).

Wilson and Stoker (2002) noted that the differences in morphologies of optical
emissions and absorption regions, together with temporal differences, imply that there

are two categories of energetic auroral electrons: the softer electrons (<10keV)
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causing optical emissions in the E and F regions of the ionosphere and the harder

(>10keV) electrons ionising down into the D region for cosmic radio noise absorption.
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Figure 46. Penetration depth of electrons and protons in the Earth's atmosphere

(Eriksen et al., 1967).

These observations suggest that the softer electrons, causing E and F region optical
emissions, may be injected onto drift paths closer to Earth than the more energetic
electrons, ionising down into the D region for cosmic radio noise absorption. Wilson
and Stoker (2002) postulate that the harder electrons could have been accelerated by,

for instance, an increasing dawn-to-dusk electric field.

Hartz and Brice (1967) studied the latitudinal and diurnal variations of 10 years of
auroral data and concluded that there were two basic categories into which

observations fell, implying electron precipitations into two different energy ranges.
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The first category included the discrete or localised events, which are rapid-changing
events associated with heights generally in excess of 100 km, where the electron
collisional frequency is sufficiently low to expect magnetic field-aligned ionisation
structures. The second category contained the slowly varying auroral events, which
appear to be associated with heights of the order of 80 km, where the electron
collisional frequency is great enough for significant radio wave absorption and where
field aligned ionisation irregularities are not expected. Both categories appear to be
always present (Hartz and Brice, 1967). The harder precipitation (>10keV) tended to

occur a adightly lower latitude than the softer precipitation (<10keV).

Energetic particles can influence the ionosphere in a variety of ways, both directly and
indirectly. While work continues on the influence of energetic particle bombardment
on the low- and middle-latitude ionosphere, there is no doubt that bombardment by
energetic particles plays a very important role and lies at the root of most of the
distinct features of this region. Particle bombardment influences the high-latitude
ionosphere very directly at times by increasing the free electron density and rather

more indirectly through its heating effects.

Historically, probably the first realisation of the importance of particle bombardment
effects in the high-latitude ionosphere came about through the work carried out during
the Second International Polar Year at Tromsg, Norway (See refs in Reid, 1965).
These observations showed clearly that an enhancement of the ionisation in the
ionosphere due to precipitating particles commonly accompanied aurora and

geomagnetic activity.
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3.3 Short Case Study: Particle Precipitation at SSC.

This case study examines the precipitation of particles that occurred during the SSC
event at 20:25 UT on 25 September 2001 as captured by Incoherent Scatter Radar. In
this case the event was captured on the Sondrestrom IS radar using a scanning mode
that is well suited for F region measurements where the scale height is large. This
mode uses dual frequency 320 microsecond pulses, resulting in 48 km range
resolution. However, in the E-region where the scale height is small, this greatly
smears the returns from those atitudes, and consequently the E-region data can only
be used qualitatively and not for quantitative studies. however, this does show the

relative change that occurs in electron density before, during and after the SSC occurs.
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Figure 47. Electron Density Measurements from the Sondrestrom ISR, the arrow

indicates the moment of SSC.
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As shown in figure 47, in the four hours before the SSC the electron density is
reducing in line with the reduction in solar energy as night setsin. At the moment of
SSC there is a clear band of enhanced electron density for just over half an hour
starting at 20:25 and ending just after 21:00 covering the altitude 90 — 200 km.
During this 35 minute period the electron density is at least quadrupled as particle
precipitation penetrates to at least 90 km (the lowest measured altitude on this scan)

causing significant enhanced electron density values.

Further disturbances occur and just visible after 21:00 at 100 km altitude and
continuing until 01:00 the following day are patches of enhanced electron density at,
and even below, 100 km altitude. Interestingly, after 02:00 the zone between 100 km

and 120 km altitude has a higher electron density than the area above 120 km.

3.4 Sudden Commencement Absorption

Sudden enhancements in the solar wind dynamic pressure are known to compress the
magnetosphere and enhance the magnetopause current (Kauffman and Konradi,
1969), as well as the tail currents (Russell et al., 1994a). Zesta et al. (2000) noted in
their study of the 10 January 1977 disturbance that the response of the magnetosphere
to a pressure front was practically instantaneous, global and directly driven by the

propagation of the solar wind density enhancement region through the magnetosphere.

A SSC, heralding the arrival of the shock wave, creates hydromagnetic waves which
spread out through the magnetosphere and transform the magnetosphere everywhere
into a new compressed steady state configuration which is in balance with the

increased solar wind pressure.  This requires a restructuring of pitch angle
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distributions and the precipitation of excess particles to rebalance the magnetosphere
under this new compressed state. However, one factor that has been suggested as a
cause of geomagnetic activity is the solar wind dynamic pressure ps (Rostocker and
Falthammar, 1967). An increase in this quantity implies an increase in either the solar
wind velocity vs, the number density of particles in the solar wind, ns, or some

combination of variations in these two parameters to produce an increase in ps.

Sudden Commencement Absorption (SCA) occurs simultaneously with the sudden
commencement of a world-wide geomagnetic storm. The arrival at the front of the
magnetosphere of shock fronts travelling in the solar wind or other sudden changes in
the solar wind plasma pressure may cause sudden compressions or inflations of the
magnetosphere. Such strong disturbances may cause impulsive precipitation of the
otherwise trapped high energy electron population. The precipitation of typically 30 —
300 keV electrons (Stauning, 1996) may create considerable — but short lived —
ionisation enhancements in the D-region (60 - 90 km). These enhanced ionisation

events may have durations of typically a few minutes.

The character of SCA is very similar to that of the SCNA (Sudden Cosmic Noise
Absorption). The sudden onset of the absorption to sometimes high values within a
minute and its short duration are common characteristics. SCA differs from SCNA
mainly by virtue of the very different diurnal and latitudinal patterns. Not only can
SCA be simultaneously registered at riometers both on the day side and the night side,
but it seems to be limited to stations near the auroral zone maximum, whereas SCNA
is observed over the entire sunlit hemisphere. Furthermore, SCA is not accompanied

by solar noise burstsasis SCNA (Ortner et al., 1962).
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The first record of an SCA event of this kind appears to be the one described by
Brown et al. (1961) and was associated with the SSC of 27 June 1960 at 0146UT.
During this same event an X-ray burst was measured by balloon-borne cosmic ray
detectors over College, Alaska (Brown, 1961). The assumption from this and other
studies is that the ionisation in the lower ionosphere that occurs at the time of an SSC
isdue to X-rays, presumably originating at a greater height from electrons entering the

upper atmosphere.

Previous studies (Brown et al., 1961) have shown that on occasion, brief ionospheric
absorption events occur promptly with the onset of sudden commencements of
geomagnetic storms.  This is confirmed as often a particle precipitation event,
observed as ionospheric absorption, occurring simultaneously with a SSC (Ranta et
a., 1990). These SCA events occur most often at auroral latitudes (Ortner et al.,
1962). However, it is clear that the sudden compression of the magnetosphere that
occurs with an SCC can also give rise to SCA events at auroral latitudes in the night
time hours (Brown, 1973). In their paper, Ranta and Ranta (1990) compared the
magnitude of the absorption seen at Kevo (L=6) and the magnitude of negative B..
From this they clearly showed that there is no dependence between the magnitude of

the absorption and the magnitude of negative B..

It is noted by Ortner et a. (1962) that when taking readings on a co-located vertical
and oblique riometer, most SSC absorption events were strongest on the oblique
riometer than on the vertical riometer. This is consistent with the concept of a

uniform absorbing layer, increasing absorption being due to the obliquity factor for
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the oblique antenna. The fact that SCA effects have been found to be concentrated in
the auroral zone clearly implies that the ionising electrons are precipitating into the

Earth’'s atmosphere along the geomagnetic field lines.

The consequences of precipitation on HF circuits at high latitudes, within the auroral
zone and polar cap ionosphere, are less well known. Physical models have been
employed to investigate the interplay between storm-time processes: for instance
Sojka and Schunk (1983) predicted a near 10-fold increase in the polar cap F-region
electron density as a consequence of enhanced precipitation in the auroral oval and
convection of enhanced electron densities into the polar cap. Enhanced convection
velocities can also result in a degpening and enlarging of the mid-latitude trough (St.
Maurice and Torr, 1978), aregion of depleted F-region electron densities in the night-
side sub-auroral ionosphere (Muldrew, 1965). Competition between the storm-time
processes results in highly complex behaviour that is difficult to predict. The effect of
a storm at a given location is dependent on local time, season, latitude and the time
elapsed since the storm commencement. Consequently, the influence of the
ionospheric perturbation on HF propagation is dependent on the positions of the
transmitter and receiver relative to the various high latitude regions (e.g. the auroral

oval, polar cap, and mid latitude trough) (Davies, 1990).

3.4.1 Source of Energetic Particles Causing SCA

Figure 48 shows the various particle source regions that have been identified in the

magnetosphere.
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Figure 48. Source regions in the magnetosphere (Eather and Mende, 1972).

Kikuchi and Yamagishi (1989) present compelling results that clearly indicate that the
energetic electrons associated with an SSC originate in the trapped radiation belt.
Using a scanning beam riometer at Syowa Station (Antarctica, L=6.1) the authors
observed distinct differences in the latitudinal features of energetic electron
precipitation and the time delay of precipitation associated with an SSC, and

precipitation associated with substorms.

The observations show SSC-associated CNA moving equatorward at a speed of 500
m/s, while the subsequent substorm-associated CNA was displaced poleward at a
speed of 5.8 km/s. The equatorward displacement of the SSC-associated CNA
observed in the midnight sector coincides with the propagation of hydromagnetic

waves in the nightside magnetosphere (Wilken et al., 1982). The poleward movement
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of the substorm associated CNA corresponds to the poleward expansion of auroras at
the time of auroral break up (Kikuchi and Y amagishi, 1989). With reference to figure
49, this result strongly suggests that the SSC-associated energetic electrons originate
in the trapped radiation belt within the plasmasphere where the closed field lines are
limited in latitude. While substorm associated energetic electrons must come from
outside the plasmasphere, mostly likely from the plasmasheet where access to higher

latitudes is possible.
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Figure 49. The different source regions of the magnetosphere. In the plasmasphere
field lines are closed and, to a large extent, co-rotate with the Earth. At very high
latitudes the field lines are open to the tail of the magnetosphere. Between the
plasmapause and open regions field lines are closed, but convect around the Earth

(Banks, 1972).
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3.5 Characteristics of SCA: Data and Analysis

Fromthe IAGA (IAGA, 2009) list of officially recognised SSC events, events spread
across the years 2000 to 2006 were selected for analysis. This period encompasses
more than half a solar cycle, from the sunspot maximum in 2000 to the near sunspot
minimum in 2006 and allows any dependency on solar activity to be evaluated.
During this period atotal of 201 SSC events occurred of which 26 were categorised in
the IAGA list as possible Sl events by one or more participating observatories. To
ensure only unambiguous SSC events were examined, these 26 events were

discounted, leaving 175 events that form the basis of the findings in this thesis.

3.5.1 Riometer Data

For each of the 175 SSC events examined, data from the IRIS Riometer at Kilpisjarvi
(69.10N, 20.80E, L=6.06) was used to measure the peak absorption resulting from
particle precipitation caused by SSC shocks. An example of such an absorption
signature, from the 3 April 2004 SSC event, which occurred at 14:10 UT, is shown in
figure 50. Before the SSC the absorption was negligible. At the start of the SSC the
absorption increases within 5 minutes to 0.8 dB, peaking at 0.85 dB ten minutes after
the SSC event commences. Fifteen minutes after the peak the absorption falls to less
than 0.2 dB with some variability thereafter due to subsequent magnetospheric

activity.

Excluded from the dataset, by visual examination of each riometer record, are cases
where absorption cannot be clearly attributed to the corresponding SSC events or
where observations occurred against a background of solar proton precipitation. This

ensures that absorption phenomena other than SCA is excluded from the dataset.
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Figure 50. Riometer measurement from the central beam of the IRIS riometer at
Kilpigjérvi (69.050N, 20.790E) on 3 April 2004, 1 minute resolution sampling. The
SSC occurred at 14:10 UT which isindicated by the long-dashed line. The peak SCA

measured in this example is indicated by the dotted line.

3.5.2 IMF Data

IMF Data for this study was sourced from measurements taken by the ACE spacecraft.
See Stone et al. (1998) for details of the satellite and instrumentation. Figure 51 isa
typical example of the data collected for each SSC event. This particular event
occurred at 10:52 UT corresponding to an SSC observed at the Earth's surface at

11:37 UT. The window of measurement is marked between long dashed lines.
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Figure 51. Example of IMF data collected showing the sudden increase in the solar
wind pressure, corresponding increase in plasma speed, density and changes in the

magnetic components. Data from 23 March 2002, 64 seconds averages used.

Figure 51 panel A captures the magnitude of the solar wind. Before the shock the

solar wind was quiet for more than 12 hours. Following the shock the amplitude more

than doubles and remains at this elevated level for at least another 12 hours.
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Figure 51 panel B indicates the magnitude and direction of the B, component. B,
oscillates between dlightly positive and slightly negative before and during the
window of measurement, after which B, undergoes first a stronger positive
(movement north) then negative (movement south) before continuing with larger

oscillations for a number of hours.

Figure 51 Panel C captures the proton velocity (V) which is fairly steady around 400
kmv/sec for 12 hours before the shock. Following the shock the velocity increases to
nearly 480 knvsec before slowly tailing off over the next 8 hours. Figure 51 Panel D
shows the proton density (Np) which is steady below 5 cm for 12 hours preceding
the shock after which it increases to a peak of 14 cm™ where it remains for at least 6

hours.

Using the event shown in figure 51 as an example, the data in table 6 was gathered or

calculated for each of the 175 SSC events.

Description Vf_:\luefrom
figure 51

AB The change in IMF magnitude. (Fig 44, A) 6nT
B, The change in direction of the B,, component. (Fig 2, B) | Southto North
AVp The change in proton velocity. (Fig 44, C) 75 km.sec™
ANp The change in proton density. (Fig 44, D) 10.5.cm*
Pram The change in ram pressure'. 4.2 nPa
ArB The relative change? in IMF magnitude 0.18
ARVP The relative change in proton velocity 2.63
ArPram | The relative change in ram pressure 4.03

Table 6. Description of solar wind data gathered for each SSC event.
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'Ram pressure is also known as dynamic pressure and is a function of solar wind

speed and density. The recommended formulawhen using ACE datais (SEC 07):
P=16726"10°.n.V? (nPa)

where Pressure P is in nPa, n, is the density (particles.cm®) and V, isthe velocity

(km.s™) of the solar wind.

?The concept of relative change can be used to normalise any parameter by reflecting

the relative change in the parameter and not the absolute value of the change. Itis

calculated as follows, using pressure as an example:

Change in Pressure _ DP[nPa]
Initial Pressure P [nPa]

= unitless relative change in solar wind pressure

3.5.3 Data Analysis: Effect of Solar Activity on SCA

As the data spans more than half a solar cycle it can be used to determine if solar
activity influences the data set. This was done by evaluating the link between SCA
and the change in IMF magnitude against solar activity as reflected by the value of the

relevant monthly sunspot number.

Figure 52 (top panel) shows a general spread of low, medium and high values of SCA
a al levels of sunspot activity. Figure 52 (bottom panel) shows a similar pattern in
AB (the change in IMF magnitude) at al levels of sunspot activity. It is concluded
that there is no causal link between SCA and sunspot number or between IMF

magnitude and SCA, other than in the frequency of occurrence of SSC events.
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Figure 52. Scatter plot of the absolute values of SCA vs. Sunspot Number (top panel)

and Change in IMF Strength (bottom panel)

3.5.4 Basic SCA Statistics

An examination of the basic statistics of all SCA measured is presented to give some
idea of the typical SCA levels that can be expected. Figure 53 is a graph of SCA
measured at each SSC event, sorted left to right by ascending SCA amplitude. A
logarithmic vertical axis is used in this graph in order to reveal the range of SCA

values measured. The following SCA statistics are revealed in the database:

Maximum SCA value measured - 13.8dB
Mean of SCA values calculated - 0.84dB
Median of SCA values calculated - 0.29dB
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Mode SCA value observed - 0.25dB
Standard Deviation of SCA calculated - 1.47dB
........................................................................................... n Max Value (13.8 dB)
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Figure 53. Basic SCA Statistics — Sorted events

Over the six year period of measurements there is a wide variation in the amplitude of

SCA measurements.

3.5.5 Influence of Local Time on SCA

This section examines if there is any dependency between SCA (SSC events) and the
time of their occurrence. This is done to ensure that there are no local influences on
the data as is often seen in absorption caused by substorm effects. As shown in the
left-hand side graph of figure 54, there is clearly no grouping of SSC events in any
particular MLT hour. This confirms that there is a random occurrence of SSC events

across all local times. The right-hand side figure of figure 54 indicates the spread of
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the occurrence of the 175 SSC events examined in this study. The radial axis has no
unit and is arbitrarily selected. In general there is an even spread across all sectors
with some small gaps around 7, 13, 17 and 20-21 MLT. There is no apparent reason

for these gaps and they appear to be random.

Table 7 gives a breakdown of SCA statistics divided into day events (6 — 18 MLT)
and night events (18 —6 MLT). While the occurrence of SCA isslightly greater
during the day there is no significant difference in the mean or median values of SCA
between the two sectors. This illustratesthat SCA occurs with similar characteristics
during both the day and night. The response of the magnetosphere to abrupt solar
wind enhancements is a global disturbance directly driven by the solar wind, and we
believe that the response is typically not that of a substorm. This confirms similar

findings by Zesta et al. (2000) and Boudouridis et al. (2004).
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Figure 54. LHS- scatter plot of SSC event vs. MLT hour of occurrence; RHS -

indication of MLT occurrence of all 175 SSC events analysed.
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No. events M ean Median | Standard
(% of 175 SCA SCA Deviation
Events) (dB) (dB) (dB)
Period
Day (6 — 18 MLT) 104 (59%) 0.85 0.29 1.93
Night (18 —6 MLT) 71 (41%) 0.83 0.26 1.57

Table 7. Statistics of Riometer Absorption during SSC events.
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Figure 55. Histogram of the number of SSC events that occur in each MLT hour

Figure 55 presents a histogram indicating the number of SSC that occurred in each
MLT hour over the six year period. The average number of SSC that occur in each
hour is 7.3. Using a Chi-squared test the number of events occurring within each hour
was evaluated against the expected value, assuming no change over time. The test
was also repeated after grouping the data into eight three-hour periods and assuming

no change in the expected value, in this case between adjacent three-hour time
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periods. Both tests were not significant at the 5% level indicting a random occurrence
in the number of events that occurred both within each hour and within the three-hour
groupings. Thisisin line with findings by Lee et al. (2004) that the solar wind pulse
leads to a near simultaneous enhancement of the energetic flux at all MLT sectors at

the geosynchronous orbit.

3.5.6 Direction of B, and SCA

Of the 175 SSC events selected for this study it was not possible to ascertain the
direction of B, in 23 of the events due to data unavailability. The movement of B,
during the shock was classified into four possible types as shown in table 8. The
absorption statistics for each of the 4 categories of B, direction described in table 8

followsin table 9.

Description
Designator
NN B, is positive before and after the shock, i.e. it remains northward pointing
SS B, is negative before and after the shock, i.e. it remains southward pointing
NS B, is positive before and changes to become negative after the shock
SN B, is negative before and changes to become positive after the shock

Table 8. Breakdown of B, information into four categories according to direction of

B, before and after the SSC event.

The standard deviation in the North and South events is skewed significantly by the
presence of very large outliers. Rather than remove the outliers which are valid
measurements, it was decided to leave them in so that the standard deviation can

reflect the variance expected over a solar cycle. In 75% of the events, B, does not
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change direction during the shock and there is an almost equal split between north and

south maintaining B.

Type of event

(seetable 8. for description of type designator)

All events NN SS NS SN
(dB) (dB) (dB) (dB) (dB)
Mean 0.81 0.8 0.73 0.56 0.54
Median 0.3 0.31 0.34 0.27 0.36
Std. Deviation 1.77 19 1.1 0.64 0.53
% of total events | 100% (152) | 36% 39% 15% 10%

Table 9. Absorption Statistics for the four categories of B, movement.

The similarity in statistics between all four types of event indicates that the direction
of B; has little impact on the typical values of SCA. This supports an assertion that
SCA is not caused by particles from the solar wind gaining access to the high-latitude
zone but rather from particles already captured in the magnetosphere. This confirms
the same conclusion made by Paulikas and Blake (1970) in their paper examining
proton flux both outside and inside the magnetosphere during the occurrence of SCC

events.

Sudden Commencement Absorption is therefore not caused by southward turning B,
events as more than half of the selected SCA events occurred during northward B,
movements, which in some cases continued even more strongly northward after the
SSC event. The examination of these 152 events shows that similar precipitation
events occur independently of the direction of B, immediately before or after the SSC

event.
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3.5.7 The Link Between the Solar Wind, IMF and SCA

Perreault and Akasofu (1978) studied how the solar wind energy is dissipated inside
the magnetosphere during stormtime periods. They defined empirically an “energy
coupling” function (g) as the fraction of the solar wind Poynting flux entering the
magnetosphere.  While ¢ is proven to correlate well to stormtime periods it is
compiled using hourly average values of variables and is not useful when studying

short period (typically less than 15 minute) SSC events.

There are other forms of expression based on different combinations of solar wind
parameters which also correlate with substorm occurrence. There are many instances
of substorms when B; is southward, when B, turns southward, but also when the IMF
turns northward having been southward for a few hours before. In particular it has
been shown that geomagnetic activity is principally controlled by the solar wind
velocity and the IMF field strength and direction (Burton et a., 1975; Maezawa 1979).
Other parameters such as density may play some role but are generally thought to be
less important. With the exception of the occurrence of shock waves, the velocity and
magnetic field strength are slowly changing parameters when compared with the
magnetic field direction. Thus, while the strength of the IMF (AB) and the solar wind
velocity (Vp) may be very important parameters in controlling geomagnetic activity, it
is the changes in field direction which correlate well with geomagnetic events in the

magnetosphere.
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Figure 56. Scatter plot and first order regression of AVp vs. AB (top panel), ANp vs.

AB (middle panel) and ANp vs. AVp (bottom panel).

Figure 56 examines the interdependency between the IMF and the solar wind. The
top panel shows the correlation between the change in solar wind velocity and the

IMF at the time of the shock. Although fairly weak, this is by far the best correlation
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as evidenced by the very weak correlation between particle density and IMF (middle
panel) as well as between particle density and velocity (bottom panel). The
correlation between velocity and IMF (figure 56 top panel) could be explained by
remembering that the solar wind is magnetised plasma and that the faster, travelling
shock wave will overtake the slower, preceding solar wind in front of the shock. This
causes the magnetic flux to be compressed at the front of the shock with some

proportionality to solar wind velocity.

3.5.8 Dependency of MLT, SCA and Solar Wind Parameters

In order to check if the SCA measured in IRIS has a relationship with MLT the graph
in figure 57 was prepared. The scale is limited to SCA <3 dB absorption in order to

scale the graph so that it can be interpreted.

Absorption < 3dB vs MLT
12

Figure 57. Polar scatter plot of absorption less than 3dB against MLT.

There appears to be SCA of similar amplitude at all MLT except perhaps between 21

MLT and midnight where there is a slight reduction in values greater than 0.5dB. In
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order to zoom into the sector between 21 MLT and midnight the graph is duplicated in

figure 58 using only SCA < 1.5 dB.

Absorption <1.5 dBvs MLT
12

SCAindB

Figure 58. Polar scatter plot of absorption lessthan 1.5 dB against MLT.

While there are numerous SCA events that occur between 2IMLT and midnight this
sector has no SCA greater than 0.5 dB. This is fairly suspicious and may lead us to
speculate that all else being equal, the flux of precipitating particles that occur as a
direct result of the SSC is significantly reduced in the 2IMLT to midnight sector, due
to some local effect. However, it will be shown in the following two graphs that this
is not the case. In examining figure 59 a scatter plot A|B| plotted against MLT, it can
be seen that there is a fairly symmetrical distribution of A[B| values in all MLT

sectors.

In examining figure 60 a scatter plot of Vp plotted against MLT it can be seen that

there is a fairly symmetrical distribution of AVp values in most MLT sectors. There

are, however, no AVp values above 150 km.s-1 in the 21 MLT to midnight sector.
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This clearly reflects the high correlation between SCA and AVp that we have seen in
results already presented and why no SCA value greater than 0.5 dB occurs in this

Ssector.

There is no local effect coming into play; the lack of higher values of SCA is simply
due to the lack of solar wind shocks that occurred in this sector with a AVp above 150
km.s™. It can be seen that there is a fairly symmetrical distribution of A|B| valuesin all

MLT sectors.

Delta B vs MLT

Figure 59. Polar scatter plot of A|B| against MLT.
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Delta Vp vs MLT

Figure 60. Polar scatter plot of AVp against MLT

3.5.9 Solar Wind Long Term Values: Any effect?

This data has been gathered to show that the variations in solar wind parameters pre-
shock compare favourably with the long-term values of solar wind values. This serves
to show that there are no unexplained variations in the pre-shock solar wind values
which will need to be taken into account. Figure 61 is a histogram of the solar wind
velocity derived from 18 months of measurements from the | SEE-3 satellite platform.
Figure 62 is two histograms representing the solar wind velocity measured
immediately before the shock occurred and the velocity immediately following the

shock.
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Figure 61. Histogram of the solar wind long-term velocity (From Russell et al., 2001).

Quartiles of the velocity are: 348, 397 and 459 km.s™

Count

40 -

T T T T T
o 300 400 500 600 700

30

20

360 410 460

75% level
Median
25% Level

20

Vp before shock (km/s)

T
800 900

Count

415 480 560
-

50

40 -

30

20

L

75% value
Median
25% value

T T wr T
400 500 600 700
\p after shock (km/s)

800 900

Figure 62. Vp measured pre-shock (LHS) and post-shock (RHS) (km/s)

The values of solar wind velocity are summarised in table 10.

Long term statistic

Vp Before shock

Vp after shock

348 360 415
397 410 480
459 460 560

Table 10. Comparison of the long-term value of Vp with Vp before and after each

shock occurrence.
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The values of Vp before the shock occurs match closely the long-term statistics
presented by Russell (2001). Thisindicates that there are no unexplained variationsin

the pre-shock solar wind values of Vp which need to be taken into account.

Figure 63 is a histogram of the solar wind density derived from 18 months of
measurements from the ISEE-3 satellite platform. Figure 64 is two histograms
representing the solar wind density measured immediately before the shock occurred

and the density measured immediately following the shock.

The values of solar wind density are summarised in table 11.

0.25 T T T
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Figure 63. Histogram of the logarithm of the long-term solar wind density. Quartiles

of the density are: 3.2, 5.2 and 8.4 cm®. (From Russell, 2001)
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Figure 64. Np measured pre-shock (LHS) and post-shock (RHS) (cm™)

-3

cm

25% Level 3.2 4 9
Median Value 5.2 6.25 16
75% Level 8.4 9.1 23.3

Table 11. Comparison of the long-term value of Np with Np before and after each

shock occurrence.

The values of Np before the shock occurs match closely the long term statistics

presented by Russell (2001). Thisindicates that there are no unexplained variationsin

the pre-shock solar wind values of Np which need to be taken into account. The post-

shock values clearly show the effect of the shock on the parameter Np.

Figure 65 is three histograms of the occurrence of IMF magnitude |B| in the IMP-8 5-

minute data, separated by solar activity level. (Luhmann et al., 1993). Figure 66

contains two histograms representing |B| measured immediately before the shock

occurred and |B| measured immediately following the shock. The values of |B| are

summarised in the table 12.
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Figure 65. Histograms of the occurrence of field magnitudes in the IMP-8 5-minute

data, separated by solar activity level. (Luhmann et al., 1993)
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Figure 66. Histograms of |B| measured pre-shock (LHS) and B measured post-shock

(RHS) (nT).
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% of occurrence nT nT
25% L evel 10 % 5 9
Median Value 10 % 6.5 13.5
75% L evel 5% 9 19.4

Table 12. Comparison of the long-term value of B with B before and after each shock
occurrence.

The information gathered by Luhmann et al., (1993) is not in a format that allows
direct comparisons to be made. Some inference can be made however that the long
term statistics show at least a similar range of values as |B| measured before the shock.
This indicates that there are no unexplained variations in the pre-shock solar wind
values of |B| which need to be taken into account. The post-shock values clearly show

how the parameter |B| is modified during the shock.

3.5.10 Finding the Best Predictor of SCA

As shown in figure 51, the velocity and magnetic field strength undergo rapid change
(as do other parameters such as density) during the shock and we need to test if there
is any direct connection between any of these quickly changing parameters and the
SCA measured. One method to do this is to find the best predictor of SCA based on
one or more solar wind parameters in order to clarify the effect of solar wind and IMF
shocks on SCA. In order to do this a substantial body of work was undertaken to
correlate each parameter shown in table 6, with the absolute, average and median
values of SCA measured at the moment of SSC. This methodology results in an
evidence-based assessment of what the best parameter is to use when attempting to
predict the value of SCA expected following an SSC event, based only on

observations of the solar wind. Table 13 isa collation of all the analysis undertaken.
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Absolute value of SCA vs

0.245

0.213

0.002

0.07

0.08

0.12

0.02

0.06

Average value of SCA vs

0.5

0.7

0.05

0.2

0.34

0.23

0.2

0.153

M edian value of SCA vs

0.85

0.78

0.24

0.22

0.37

0.27

0.2

0.16

Table 13. The correlation of absolute, average and median values of SCA and each

solar wind parameter.

The strongest correlation occurred when comparing the median values of SCA to solar
wind and IMF values. The median value is a measure of central tendency that
provides us with a description of the entire data set and is especially useful when data

sets contain a few extremely high values that can skew the distribution, as is the case

180



Characterisation and Prediction of SCA Chapter 3

here. The median is less sensitive to extreme values than the mean and, therefore, it is
a very good summary statistic to use when the data contains outliers and is an
appropriate measure when dealing with the highly variable ionosphere and
magnetosphere. It is for similar reasons, and also convenience, that hourly median
values are the standard output from HF propagation prediction programmes and using

median values of SCA allows comparisons to be made.

Figure 67 consists of four panels showing the median value of SCA compared against
the step change in IMF (AB) (top panel), solar wind velocity (AVp) (second panel),
solar wind particle density (ANp) (third panel) and solar wind ram velocity (ARam
Pressure) (bottom panel). A first order regression is applied to the last two scatter
plots and a second order regression is applied to the first two scatter plots. The choice
of only a first order regression for the last two plots was determined by the wide
spread of values in the data. Figure 67 demonstrates the strong correlation between
solar wind velocity and SCA but also the even stronger correlation between the IMF

and SCA.

By a wide margin, the strongest correlation was found between the median value of
SCA measured and AB, the step change in IMF magnitude that occurred during the
shock. The fitted curve in the top panel of figure 67, with a correlation coefficient

(R?) of 0.852, is a second order equation of the form:

A =0.32- 0.07DB +0.0077DB2

Where: Am = the median value of SCA expected
AB = the change in IMF due to the shock
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Figure 67. Scatter plot and regression of median SCA vs. (from top to bottom) AB,

AVp, ANp and ARam Pressure.
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The fit for AB against median SCA is very good at values of AB < 25 nT, reducing
somewhat at values of AB > 25 nT. One explanation of this apparent phenomenon is
that there may be some form of non-linear effect in the magnetosphere that only
becomes evident as AB exceeds 25 nT. While this does bear further investigation, less
than 3% of SSC shocks in the data set generated a A|B| > 25 nT, that is~ 5 eventsin a

Six year period.

A further consideration in using AB as a predictor becomes evident when examining
the differences in the y-axis of each panel in figure 67. When examining the solar
wind velocity, particle density and ram pressure, the maximum median SCA does not
exceed 2.5 dB. Compare this to the top panel where SCA values in excess of 10 dB
can be predicted when the IMF is used as the predictor. The reason for this anomaly
is that the ACE SWEPAM data becomes unreliable in the presence of proton
contamination and solar wind parameters are not reported (see for example NOAA,
2001a). These protons are invariably present following solar energetic particle events
(see for example NOAA, 2001b) which are often responsible for the disturbance in the

solar wind originally initiating the SSC event.

3.5.11 Relationship of |[B| with Vp and Np

The solar wind impinges upon an Earth which is "protected” by its magnetic field.
The charged particles of the solar wind are deflected by this magnetic field, so that the
Earth's field effectively forms a barrier. The outer limit of the Earth's field influence
is known as the "magnetopause’. The volume within, where the Earth's field

dominates, is the "magnetosphere’.
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We can calculate the stand-off distance of the sun-side magnetopause by considering
the balance of forces there. Note that it is generally true that the "stand-off" point
which is the nearest point the solar wind and IMF get to a planet, will in general be
determined by the balance of forces between the solar wind environment and the
planet's environment. Thus, if the planet has no atmosphere and no magnetic field, the
balance will just be that the solar wind is stopped by the planet's surface. If it has
either a magnetic field or an atmosphere, however, there will be a balance where the

pressures in the two environments cancel each other out.

Both solar wind and planet in general will have a particle pressure (atmospheric
pressure or momentum pressure in the case of the solar wind) and a "magnetic
pressure’. Thus for any planet we find the balance point or stand-off point by
calculating the point where the magnetic pressure and the momentum pressure from
the two environments balance. If we calculate the momentum pressure and magnetic
pressure in the solar wind we find that, at 1AU from the Sun, the particle pressure
dominates. Thus, to find the stand-off point for the Earth we equate particle
momentum "pressure” due to the solar wind, with magnetic field pressure due to the
Earth. Thus we can treat this by looking at a particle "reflected” off the magnetopause

asillustrated in figure 68:

The change of momentum of a single particle will be given by 2.mv.cosj , and the

number of reflections per unit surface ions per unit surface area of solar wind particles

will be ﬂ or V.N.cosj (m is the mass of a solar wind particle and v is the
Secy

velocity of the solar wind particle, N the particle density (number per cubic meter) -
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and j the angle shown in figure 68). This gives an equation from which we can find

the magnetic field strength at the boundary:

2
B— =2.myv
8p

2.N.c052j

2

N

] =0atthe subsolar point, hence B2 =16p.mv

Unit Area

Figure 68. Reflection of a particle off the magnetopause.

For the purposes of this work, to examine the effect of the solar wind variables on

SCA, we can for the purposes of examination remove all the effective constants.

B=v/N
This simple equation reflects the contribution of the solar wind particle velocity and
particle density to the total magnetic field strength |B|. It is now clear why |B| is such
a good predictor of SCA as it reflects the relative contributions of all relevant
contributory parameters in the right relative proportions. The simple equation also

demonstrates why AVp is also a strong predictor.
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3.5.12 Typical SSC Event compression
The location of the magnetopause can be determined from (Fairfield, 1971):

_ B0
=2c—==+
5

Bs = magnetic field at the magentopause subsolar point
Be = magnetic field at the Earth's surface at the equator
r =distancein km.

For a quiet solar wind, Bs = 50 nT and Be= 0.32x10°> nTsecj , r = 11.Re and the

literature indicates that is roughly where the magnetopause is found on a quiet day.

As r3 -2Be we can test the sensitivity of r to the parameters involved by testing

Bs
w2 B, & 2
r6 :g'—Be+ where Bg =16p mN.v2 producing  r® :LZ'
éBs g 4p.N.mv

To compress the boundary from 11R. to 8R,, where it has been found, requires an

2

increase in the solar wind energy density by a factor of 7. Let us examine if

this is a typical compression of the magnetopause by considering the following two

SSC events, selected as they both occur around noon (MLT).

The first event occurred on 8 June 2000 at 09:10 UTC and resulted in a peak SCA of
2.1dB. The solar wind velocity jumped from 520 to 760 km.s* and the density
jumped from 4 to 14 particles.cm®. As a result of the shock the solar wind energy

density increased by a factor of 7.5.

The second event occurred on 13 July 2000 at 09:32 UTC and resulted in a peak SCA

of 0.4dB. The solar wind velocity jumped from 510 to 610 km.s* and the density
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jumped from 5 to 12 particles.cm®. As a result of the shock the solar wind energy

density increased by a factor of 3.4.

Clearly there are a large range of changes in solar wind energy density values that
results in significant compression of the magnetopause and that a compression of the
magnetopause boundary from 11R. to 8R. is well within the scope of typical SSC

events.

3.6 Chapter Summary

1% Objective

A geomagnetic SSC is caused by a solar wind shock or impulse. The shock or
impulse excites an MHD disturbance in the magnetosphere. This disturbance

propagates toward the Earth to be detected as an SSC signature on the ground.

Energetic electrons associated with SSC originate in the trapped radiation belt within
the plasmasphere where the closed field lines are limited in latitude. This was

conclusively demonstrated by Kikuchi and Y amagishi (1989).

During the impact of a pressure pulse on the magnetosphere, the outer magnetosphere
is compressed. The breaking of the first adiabatic invariant by the compression
increases the perpendicular-to-parallel ratio of particle energy and promotes the
growth of loss-cone instability. This in turn increases the amount of particles that are
scattered into the loss cone by wave-particle interactions (Zhou and Tsurutani, 1999).
Any violation of the first two invariants causes changes of the pitch angle (pitch angle

scattering). This can lead to losses of particles when the pitch angle becomes so
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small, that the corresponding mirror points move down into the atmosphere where the
particles can be scattered and absorbed. As the periods of the first two invariants are

short their violation is mainly caused by particle and particle-wave interactions.

Violation of the adiabatic invariants appear to be responsible for some of the
precipitation but since the adiabatic changes in particle trajectories can only increase
the pitch angle, adiabatic effects alone cannot increase the particle flux within the loss
cone and thus cannot account for all the absorption seen. With the assumed absence
of other scattering mechanisms during the initial perturbation, the increase absorption

seen must result from wave-induced precipitation (Galil et al., 1990a).

2" Objective

SCA is caused by the precipitation of high energy electrons and protons into the
atmosphere where they generate excess ionization at low altitudes. Typically the
processes causing ionospheric absorption of radio waves take place at altitudes in the
range of 60 to 100 km (Stauning 1996). The precipitation of energetic particles, and
thus the associated radio wave absorption processes, is most intense in the auroral and

polar regions.

39 Objective

A detailed examination of sudden commencement absorption, the absorption that
occurs simultaneously with storm sudden commencements, has been undertaken in
this chapter. To the author’s knowledge this is the first time that a statistical analysis
of the characteristics of sudden commencement absorption has been published. The

results in this chapter have a direct application to real-time and near-time ionospheric
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propagation prediction in respect of the prediction of the occurrence and expected

amplitude of sudden commencement absorption.

By design the dataset used spans more than half a solar cycle and this was used to
determine if solar activity, using the relevant sunspot count as a proxy, influences the
value of SCA. By evaluating the link between SCA and solar activity, and the link
between the change in IMF magnitude and solar activity, it is concluded that in both
cases there is no causal link, other than in the number of SSC events that occur. This
last point is not unexpected as higher sunspot levels reflect the increase in the number

of active regions on the Sun that are the source of shocks leading to SSC events.

Following the presentation of the basic database statistic, the influence of local time
on SCA amplitude was investigated by dividing the dataset into day events (6 — 18
MLT) and night events (18 — 6 MLT). While the number of SSC events is slightly
greater during the day, there is no significant difference in the mean or median SCA
values between the two sectors. This confirms that the immediate response of the

magnetosphere to the shock is a global disturbance directly driven by the solar wind.

In considering all the possible combinations of how the direction of B, might change
during the shock, the similarity between the statistics calculated for each of the four
possible combinations leads to the conclusion that the change in the direction of B, in
whatever combination has very little impact on the value of SCA. This supports an
assertion that SCA is caused by particles already captured in the magnetosphere. If it

was the alternative option that solar wind carried particles were gaining direct access
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to high latitude zones then the change in solar wind — magnetosphere coupling, caused

by changes in B, direction, would be clearly evident, which is not the case.

4" Objective

In an attempt to model the expected SCA values after a shock has occurred, solar wind
and IMF parameters were correlated in turn against the absolute, mean and median
values of SCA. A strong correlation (R?=0.852) was found between the median value
of SCA measured and the step change in IMF magnitude that occurred during the
shock. Insome waysthisis not surprising as AB is fundamentally an indirect measure
of the changes in solar wind proton velocity (V). The fit is particularly good a AB
values less than 25 nT which accounts for 97% of the SSC events in the database. In
addition, due to proton contamination of the ACE SWEPAM instrument during large
events, solar wind data is not reported, leaving the use of AB as the only reliable

predictor of SCA during these times.

In summary the key findings of this chapter are asfollows:
i.  Thereisno causal link between the amplitude of SCA and solar activity;
ii.  Thereis no causal link between the change of IMF magnitude, caused by the

passage of the shock wave past the ACE satellite, and solar activity.

These first two points are very relevant to radio engineers in that most propagation
prediction programs only use a solar activity index to predict performance: the
implication is that some other method is required, which this thesis presents, namely

an empirical relationship based on the change in IMF.
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iii.  SCA occurs with similar statistical characteristics during both the day and
night.
iv.  Thedirection of B, before and after the shock has little impact on the expected
value of SCA.
The implication of these two points isthat both of these variables can be ignored when

predicting SCA.

v.  Thechange in the strength of the IMF is the best predictor for small to medium

shocks and the only predictor that can be used during large shocks.
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CHAPTER 4

The Variability and Screening Effects of the Sporadic-E

L ayer

4.0 Objectives of this Chapter

The typical features of HF radio communications following an SSC event are:

A large absorption spike;

The range of operational frequencies is significantly reduced as electron

density in the various reflective layers changes,

A change in the propagation mechanism;

A growth in auroral absorption due to precipitation as storms and substorms

start within the hour following an SSC.
At high latitudes most of the time the ionisation is dominated by energetic charged
particles (electrons or protons) and only rarely is the ionosphere “quiet”, i.e. it varies
with solar zenith angle and solar activity (Friedrich, 2002). At high latitudes, as
elsewhere, the Sun is able to produce an E-layer when is it above the horizon, but
ionisation can also be produced in the same altitude range by the precipitation of
energetic particles, principally electrons, which then dominates and controls the
characteristics of the E-layer. For example, in the course of a substorm, the

precipitation of the charged particles from the magnetosphere into the ionosphere
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takes place, the electrojet is increased, the substorm current wedge system is formed

and the electron density and composition of the ionosphere is changed (Buonsanto,

1999). It is known that during the substorm growth phase, accelerated particles from

the solar wind can penetrate through the entry layer of the magnetosphere into the

auroral ionosphere (Blagoveshchensky and Borisova, 2000), causing sporadic-E

layers.

Taking the above into account the five objectives of this chapter are to:

1

2.

4.1

Review current knowledge on Sporadic-E layers at high latitudes;

Introduce the ionosonde as a measurement tool of Sporadic-E characteristics
and the f-plot as a presentation tool of ionosonde results;

Characterise the change in the E-layer critical frequency that occurs in the
six hours following an SSC event and to check for any diurnal, seasonal or
solar activity dependency in the data;

Determine the occurrence of full blanketing E-layer formation at high
|latitudes as seen on vertical ionosondes in Northern Finland (67° Latitude);
Determine the appropriate value of f.E that should be used as a threshold of
blanketing, which defines a good probability of blanketing occurring

following the commencement of ionospheric storms.

Introduction to Sporadic-E

The term Sporadic-E or Es is used to refer to certain abnormal phenomena in the E-

region of the ionosphere. Sporadic-E is the name given to all the ionogram traces that

are clearly not due to the regular E-layer. As researchers began to study ionogram
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tracesin different parts of the world it became clear that there are at least three distinct

phenomena (Smith, 1967).

1. A type of sporadic-E peculiar to the magnetic equator (Matsushita, 1953) which
is largely limited to a belt centred on the equator and approximately 700 km in
width (Knecht and McDuffie, 1962). Thistype of sporadic-E appearsto have its
source in the equatorial electrojet current and has been explained in terms of a
two-stream plasma instability mechanism (Bowles et a., 1960). It is also known
as low-latitude sporadic-E.

2. Intheauroral zone and polar cap, on the other hand, a second type of sporadic E
occurs which appears to be due to the precipitation of charged particles. It isthe
prediction and characterisation of blanketing sporadic E in this zone that is the
focus of this chapter. This form of sporadic-E is also known as high-latitude
sporadic-E and in some literature as Auroral Sporadic-E.

3. The type of sporadic E which occurs over the largest portion of the Earth’'s
surface is called the temperate-latitude sporadic-E. This area has been the focus
of much of the research work reported to date in the literature. This type of

gporadic-E is also known as mid-latitude sporadic-E.

The different zones, using the ITU standard definitions, (ITU 1970) are:
Temperate zone Sporadic E;
Equatorial Sporadic E; and

Aurora Sporadic E (the focus of the work here).
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High latitude Sporadic-E ionisation is situated in the height range 100 — 150 km, and
is also referred to in the literature as the Sporadic E-layer, the Es layer and even the

night E-layer.

It is understood that energetic particles play a vital role in the production of Es and
that a high latitudes the precipitation of energetic charged particles into the upper
atmosphere is a regular occurrence. The precipitating particles, primarily kilovolt
electrons, produce most of their ionisation in the E-region (Rees, 1963; Walker, 1972).
The maximum density in the disturbed dark ionosphere near 65° latitude usually
occurs in the auroral E-layer, a thick layer (relative to HF radio wave lengths) with
typical densities of 2 to 5 x 10"e.m™ extending for several degrees of latitude i.e. a
dense, thick and widespread in latitude reflecting layer. The density of the auroral E-
layer is primarily a function of the rate at which energy is deposited in the E-region by
the auroral precipitation, and it is has been shown that this is a highly variable

phenomenon.

High-latitude Es can have a much higher critical frequency than the regular E-layer.
Sometimes the ionogram indicates that the Es is thick and opague with a well-defined
maximum, at other times the layer may be thin, patchy and partly transparent, so that
higher layers are observed through the Es. At night the auroral precipitation ionises

the E-regions, producing the thick auroral E layer — even on magnetically quiet days.

Es has different characteristics in different latitudinal zones and there may be several

mechanisms governing the behaviour of these layers. Sporadic-E as studied in this

report is caused by the enhanced precipitation of particles. These sporadic layers have
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been shown to have a “first-order effect” on HF circuits at high latitudes (e.g.
Hunsucker and Bates, 1969; Davé 1990), by dramatically extending the E-layer

maximum usable frequency (MUF) and/or “shielding” the ray paths from the F-layers.

Sporadic-E layers are important to consider as they are almost always present at high
latitudes, and frequently the sporadic E ionisation is strong enough to totally reflect
radio waves in the 3 - 10 MHz range at vertical incidence. Thus the mode of
propagation for a short range HF link will be a one or two hop sporadic-E path. The
mode of propagation during quiet ionospheric conditions for short ranges is often
dominantly determined by one-hop sporadic-E Layer reflections and one-hop
reflections from the ordinary E and F1 layers (Ostergaard, 1988). For the longer
distances, four paths, i.e. low and high ray E and low and high ray F1 paths are

possible.

The starting point for this study is the SSC index and the choice of this reference is
not random. An SSC is an increase in the low-latitude ground-based magnetic
intensity which typically lasts for tens of minutes and then is followed by a magnetic
storm or by an increase in geomagnetic activity lasting at least one hour. A link to
SSC has been noted by Collis and Haggstrom (1991) who observed a rapid depletion
of F-region electron density by the EISCAT ISR, following a geomagnetic SSC. They
observed, following the SSC, a more than halving of electron density compared as
well as an abrupt enhancement of E-region electron density within one hour of the
SSC occurring. Building on this observation is the focus of this chapter. Using the
SSC as the starting point is convenient as the SSC marks the beginning of a storm

period i.e. a period of ionospheric disturbances and corresponding variability in
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ionospheric communications. In using the official list of SSC events, the link to
magnetospheric changes and modifications to the ionosphere is unequivocal and
internationally recognised. This is done in preference, for example, to the use of the
Kp value which, as a three hourly index, does not provide the resolution required for

this investigation.

In the seminal paper by Hartz and Brice (1967) on the general pattern of auroral
particle precipitation, reference is made to the occurrence of intense sporadic-E
echoes. As a reference point in their paper, intense sporadic-E is taken to mean an
echo that extends beyond 7 MHz on the ionograms. It will be shown in this chapter
that the choice of 7 MHz is inappropriate as full blanketing of the F-layers occurs

frequently when ionograms echoes are substantially lessthan 7 MHz.

4.1.1 Production and Recombination’® Rates in the E-region

In the E layer the chemical reactions are fast compared to the F region as thereisa far
high density of major species (e.g. Oz, N2, O, A, He, H, O3) than in higher altitudes.
For example, the number density of oxygen (O) at 400 km altitude is in the order of
10"'m while at 120 km the number density of oxygen (O) is 10" m™. Almost all the

ions are molecular in the E-region and hence the rate of recombination of electrons
equals the rate of combination of the molecular ions (i.e. a.NZ, where a is the mean

dissociative recombination coefficient for the molecular ions (Davies, 1990).
The rate of increase of electron density Ne is given by the simplified continuity

equation:

19 Recombination isthe term applied to the formation of neutral particles when ions and electrons
reform.
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dN,

el a.N?

Where q is the rate of production of ions pairs.

Measured and calculated recombination coefficients derived at 100 — 120 km, given in

the literature are summarised in table 14.

Recombination
Coefficient M easurement M ethod Reference
(cm3. sec-1)
10° lonospheric Sluggishness Appleton (1953)
10° | Solar Eclipse Observations Ratcliffe (1956)
2x10° | Aurora Luminosity Gustavson (1964)
2x10° | Auroral Brightness Omholt (1971)
3to5x10" | Auroral Brightness Knecht (1956)
4t07x10° | Rocket Ulwick (1967)
1x107 | Auroral intensity / Rocket Jespersen et al. (1969)
2x107 | Auroral intensity / Rocket Bryant et al. (1970)
3t06x10” Rocket Baker (1968)
25t05x10" |ISR Baron (1974)
0.85t07.4x10”" Lab measurements Banks and Kockarts (1973)
1.47t01.75x10" [ISR Brekke, 1975

Table 14. Summary of measured and calculated recombination coefficients as given in

the literature.

Brekke (1975) calculated that the ion production rate associated with SSC to be at

least 4.5x10* el cm™ sec™ at 110 km. This corresponded to an enhancement above the

background ionisation by more than a factor of 10. Brekke demonstrated that at the

time of an SSC an additional ion production mechanism is turned on and off as rapidly

as possible in the ionosphere.

Using the Chatanika radar Brekke (1975) captured a set of electron density profiles

during the period of an SSC. As shown in figure 69, the period of E-layer ionisation
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at the moment of an SSC to a return to normal (full recombination of ions) can be as

quick as 3 minutes.

2082:50-2057:50 UT Aug. 4, IS72
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Figure 69. Electron density profiles observed every 30 seconds, by the Chatinika
radar in the period of a SSC that occurred at 20:54UT on 4 August 1977 (Brekke,

1975)

Thus during intense E-layer ionisation there must be a continuous influx of high
energy particles to initially form and then sustain the E-layer. If the inflow of
particles was not continuous during the periods of Sporadic E, then due to the high

recombination rate, the E-layer ionisation disperses very quickly.

Sporadic-E at night presents special problems. Without an ionisation source,
compressed ionisation composed of NO* or O," ions and electrons recombines within
a few hundred seconds or less (Whitehead, 1970). The ionisation produced by
dumping has been the subject of several investigations. Sugiura et al. (1952) showed

that 100 keV protons produce a layer ~ 15 km thick at 130 km and 1 MeV protons a
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layer ~ 1 kmthick at 95 km. To give the observed ionisation, the flux has to be ~ 10"’
to 10" protons cm? sec™, the density being 102 to 1 proton cm®. Eather (1967)
considered secondary ionisation by H, and Hg to be unimportant compared to direct

ionisation by protons.

Rees (1964) and Maeda (1965) pointed out that the thickness of layers produced by
electronsis at least 5 km and that a layer an altitude of 100 km, if formed by electrons
2 — 10 keV and has a minimum thickness of 20 — 30 km. Kamiyama (1967) found
that a flux of 2r x 107 cm-2 sec™ of 10 keV electrons gave a maximum rate of
ionisation of 1.7 x 10° cm® sec? a 116 km, whereas the same flux of 100 keV
electrons gave a maximum of 2.3 x 10* cm™® sec™ at 88 km. By comparison the rate

of ionisation in the E-region by the Sun’sradiation is~ 3 x 10° cm sec™ at 116 km.

4.1.2 Sporadic-E: A Definition

Sporadic-E is defined as an altitude-thin E-region layer at an unpredictable altitude
and/or an unexpected intensity (Mathews, 1998). Historically the term “Sporadic-E”
derives from ionosonde observations and from the beginning has been used to
describe a variety of E-region level echoes from a variety of HF sounding instruments.
The term “sporadic” continues to pose semantic difficulties in that the different
classifications of Es display various levels of periodicity and thus predictability. The
most common current definition of Es is simply that of an altitude thin ionisation layer

lying anywhere in the E-region.

In discussing Sporadic-E we must be very careful in the terminology used. In the
literature the phrase “Sporadic-E” is applied to different types of layers that form

around the 100 km altitude mark. For example, the evening Es and midnight Es are not
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the intense, often blanketing E-layers dealt with in this report. Both of these types of
Es are thin layers and understood to be caused by vertical wind shears and ionospheric

electric fields (Wan et a., 1999).

“Abnormal E” and “Nocturnal E” are perhaps the earliest chronological use of aterm
to describe what we know today as Sporadic-E (Ratcliffe and White, 1933; Appleton
and Naismith, 1933). The term “sporadic E” is first found in Kirby and Judson
(1935). Each of the terms was originally an abbreviation, e.g. “abnormal E-region
ionisation”, “sporadic E-region ionisation”, etc. The original objections to the use of
the term Sporadic E were two-fold. First it is unclear from the term whether this
sporadicity is temporal or geographic. Second, if it is the temporal variation which is
considered “sporadic” how can one logically then include the phenomenon observed
on the magnetic equator in which a daytime transparent E-layer reflection exists which

is highly regular in its time variation but is clearly not the normal E layer?

However, a survey done in the late 1950’ s (Smith, 1957) revealed that in literature up
to that time the use of the term Sporadic E and Es were employed extensively and
were synonymous with each other. Since then the use of both of these terms has
remained consistent in the literature. In keeping with this convention, for the purposes
of this report, both terms are used interchangeably, having adopted the following

definition:

Sporadic E propagation — a comparatively strong and protracted transmission

(several minutes to several hours) returned from the E-region of the ionosphere

by some mechanism other than the normal reflection process from the regular E

layer.
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The word “protracted” is used to remove the effect of meteoric bursts. The word
“returned” is used to include any active scattering mechanism and it implies that the
return is from overhead in the vertical-incidence path and on the great circle path for
oblique-incidence transmission. The following standard conventions and acronyms
are used in this chapter.

The E-region is used to define a height interval of 90 to 140 km.

foEs — The highest frequency at which ordinary wave echoes are observed

from the approximate height of the E layer.

foEs — The frequency at which the Es is first penetrated as indicated by the

return of an echo from a higher layer.

4.1.3 Cause of Sporadic-E
A reflecting stratum could be produced in any of the following three ways (Layzer,
1962):
i. By greatly enhanced ionisation in a narrow region;
ii. By anear-discontinuity in the electron-density profile e.g. aledge or a step;
iii. By turbulence, especially in a region where the electron-density gradient is

large.

The first mechanism requires that the electron density in the reflecting stratum be
considerably higher than the region immediately below it. Several possible causes of
enhanced ionisation have been suggested — solar particles, cosmic rays, meteors and
thunderstorms. That some of these play a role in the production of reflecting strata

seemsto be well established. Inthe auroral zone, auroral activity and the incidence of
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Es show a strong positive correlation. A marked rise in the incidence of sporadic-E

has been found to accompany some meteor showers.

Sporadic-E arises when clouds of intense ionization form occasionally in the E-region
ionosphere in low- and mid-latitudes. The most common theoretical explanation of
the formation of Sporadic-E layers is the wind shear theory (e.g. Whitehead, 1961,
Mathews, 1998) According to this theory, ions are accumulated into thin, patchy
sheets by the action of high altitude winds in the E-region ionosphere. Wind shear
occurs at the boundary between two wind currents of different speed, direction, or
both. For example, two high speed winds blowing approximately in opposite
directions in the E-region ionosphere create a wind shear which makes it possible to

redistribute and compress ionized particles into athin layer.

It has also been suggested that the electric field alone can produce sporadic-E layers
(Nygréen et a., 1984). This theory demands an electric field pointing in a proper
direction. Convincing evidence for the electric field theory has been presented by
Parkinson et al. (1998) who presented the number of observed sporadic-E layers
versus electric field direction at Antarctica; he confirmed that this theory is
particularly effective at high latitudes where strong electric fields are encountered.
This theory leads to compressive vertical plasma flow if the ionosphere electric field
points in some direction between west and north in the northern hemisphere and

between west and south in the southern hemisphere.

Damtie et al. (2002) found evidence in their short study of both the presence of

vertical shears in the meridional E-region neutral wind and the right conditions for the
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electric field theory. Using data from the SuperDARN radars they detected that the
plasma flow direction in the area of observation between west and north. The
conclusion was that both processes may be active simultaneously and their relative

importance remains unknown.

King (1962) inclines to the view that the ionisation moves down from the F region,
though as the ionisation has to be replaced at least every few hundred seconds (with
the lowest recombination coefficient acceptable) the whole of the F region ionisation

would be depleted in afew hours.

Whitehead (1970) suggested a three stage phenomenon. First of al, we have
ionisation by incoming particles. The dumping mechanism may itself be associated
with magnetic activity. Sufficient ionisation may be produced to give a plasma
frequency approaching 2 MHz in athick layer (night E). A second mechanism forms
this ionisation into irregularities with a plasma frequency approaching 10 MHz (to
account for the FoEs observed on ionograms), and possibly the same mechanism or a

third one causes the smaller irregularities for the VHF reflections.

Ring currents during magnetic storms move the aurora region (at the pole ward
boundary of the trapping region) toward the equator. All field lines from the auroral
zone touch the outer boundary of the magnetosphere (thus allowing particle injection).
Piddington (1967) showed the energisation of particles to 1 keV by the destruction of
magnetic energy along the neutral sheet in the centre of the magnetospheric tail. As

the field lines contract toward the Earth, the particles gain further energy, those with
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small pitch angles (moving nearly parallel to the magnetic field) being dumped and

the others becoming trapped and forming the outer Van Allen zone and ring currents.

The influence of geomagnetic disturbances on sporadic-E layers in general has been
investigated by a number of researchers (Whitehead, 1970; Majeed, 1982; Baggaley,
1984; Whitehead, 1989), where they revealed positive and negative correlation of Es
with the geomagnetic activity and the absence of correlation. They also reported on
the dependence of the Es layer response to the geomagnetic disturbances on latitude,
season, time of the day and the type of Es layer. Thus the question of the influence of
geomagnetic disturbances on the Es layer has not yet been solved completely
(Maksyutin et al., 2000). Indeed, Whitehead (1989) concluded that the nature of

geomagnetic activity influence on the Es layer is insignificant.

Maksyutin et al. (2001) performed an analysis of dependence of Es layer response to
geomagnetic disturbances on the level of solar activity and showed that during the
years with a low level of solar activity, the Es layer response to the geomagnetic
disturbances was more pronounced than during the years with a high level of solar

activity.

In a study conducted by Wratt (1976) it was concluded that precipitation of electrons
with energy above 150 keV into the mesosphere (70 — 80 km) following the storm—
time filling of the slot region between the two electron zones in the radiation belts is at
times an important daytime ionisation source in the lower D-Region a middle
latitudes. Electrons with energies less than 100 keV are also precipitating out of the

slot region to sustain the long duration Es layer that we see on ionograms.
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The high latitude Es layers are generally considered to be due to particle precipitation
(Buchau et al., 1972; Whitehead, 1970; Whalen et al., 1971; Wagner et al., 1973).
Naridner at al. (1980) found that electron precipitation usually is the major cause for
the formation of the high-latitude sporadic E layer and that the modified wind shear
mechanism, which takes into account the effect of electric fields, is important under

low electron precipitation conditions only.

It is widely held that sporadic-E ionisation at high latitudes is created as a direct
conseguence of some storm-associated phenomenon, be it the precipitation of
energetic charged particles (as it is most commonly assumed) or a local discharge

mechanism (Odishaw, 1964).

4.1.4 Forms of Sporadic-E

There are eleven categories into which Es traces are classified — fortunately the
number seen at any one station can be far smaller. For comprehensive details,
including examples of each type see Piggott and Rawer (1972) and Piggott (1975) - a
summary of types is presented in table 15. The three highlighted types are commonly

seen at high latitude stations and form the majority of data collected in this thesis.

A clean Es trace which shows no appreciable increase of height with

. F frequency. Observed at night-time only.
L | A flat Estrace below the normal E or particle E minimum virtual height.
3 C An Eg trace showing arelatively symmetrical cusp at or below the critical
frequency of the normal E or particle E layer.
4 H An Eg trace showing a discontinuity in height with the normal E or particle E

layer trace at or above the critical frequency. The cusp is not symmetrical.
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An E; trace which is diffuse and non-blanketing over a wide frequency range.

An E; trace showing an increase in virtual height at the high frequency end
but which becomes partially transparent below f.Es. Bailey (1968) has shown
that electron precipitation, characterised by exponential energy spectra with
e-folding energies between 3 and 15 keV, results in type— Eg,.

Denotes the presence of a particle E layer, similar in appearance to normal E,
which obscures higher layers up to its critical frequency.

Denotes al types of very spread E traces. The typical pattern shows awell-
defined flat or gradually rising lower edge with stratified or diffuse traces
present above it.

A diffuse Es trace whose virtual height rises steadily with frequency.

10

A weak diffuse trace at or below 95 km associated with high absorption and
consequently high fmin. The d-type Eg in the 80 to 90 km height region is
thought to be caused by similar electron density spectra with e-folding
energies as high as 60 keV (Bailey, 1968).

11

An E; trace which does not fall into any of the standard categories above.

Table 15. Classification of Sporadic-E

4.1.5 World Wide Distribution of Eg

A comprehensive study of the worldwide occurrence of Sporadic E was carried out by

Smith (1957) on the basis of occurrence of foEs (the critical frequency of the E layer)

above 5 MHz.

That study addressed equatorial mid-latitude and auroral sporadic-E

but was unable to assess the situation in the polar cap because of the absence of

suitable positioned instrumentation. The seasonal and diurnal variations in percentage

occurrence of f,Es > 5MHz in the auroral zone is shown in figure 70.
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Figure 70. Seasonal and diurnal variation in percentage occurrence of f,Es>5 MHz in

the auroral zone (From Smith, 1957)

However, figure 70 was developed from three years of observations at Narsarssuak
and there are normally close to only thirty observations (one for each day) for any
given hour and month in a years worth of data. 1f a particular hour and month on the
time map above has an incidence of 10%, this means that there only 10 observations
of sporadic-E for that hour recorded over the three year period. This indicates the
granularity in the interpretation of the data used. Thisis not intended as a criticism of
the enormous task under taken by Smith but rather a comment on the limited use of

Smith’ s results in attempting to interpret the data gathered for this thesis.

In the auroral region the situation is more complicated and on vertical ionosondes a
number of different layer types are seen at heights around 100 km. These are

reviewed by Bates and Hunsucker (1974) and the scaling of such ionogram traces is
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dealt with by Piggott and Rawer (1972). According to Smith (1957), auroral sporadic-

E with f,Es above 5 MHz is observed mainly at night.

The occurrence of sporadic-E, i.e, its variation over the Earth with time of day,
season and sunspot cycle, has been studied extensively, notably by Smith (1957,
1962), Leighton et al. (1962). From Smith (1957) it becomes meaningful to talk about
temperate, auroral and equatorial zones, on the understanding that the boundaries
between the zones are not clearly definable and change with time. For example,
Sodanklya is strongly influenced by temperate zone effects. The probability of foEs >
3 MHz behaved as at a temperate zone station, whereas the probability of f,Es > 5

MHz behaved as at an auroral zone station.

The sporadic-E layer ionisation at high latitudes is restricted to a certain latitude
interval, which is centred at alatitude close to the maximum of visual auroral activity.
This zone is at an average geographical latitude of about 70° over Northern Europe
and at about 60° geographic latitude over North America. A similar zone is found in
the Southern Hemisphere close to the zone of maximum occurrence of Aurora

Australia (AGARD 1967).

An ionospheric layer does not necessarily provide a good medium for radio
communications, even if the density of free electrons within the layer is large. The
presence of small irregular clouds in the electron density may cause a high degree of
fading and this may cause serious problems in communications. It is therefore
important to know how the ionisation varies in space before we can determine the

usefulness of the layer for communications.
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The Es layer is a problem in HF communications because of its irregular and as yet
unpredictable behaviour. It should be pointed out that efficient use of Es reflections
may prove useful in some instances. One of the most important effects of Es on HF
propagation is the screening effect. The sudden occurrence of an Es layer can prevent
the signal from reaching the F-layer. The patchy and irregular structure of an Es layer
may introduce rapid fading. The retardation type of sporadic-E ionisation is fairly
uniform in a horizontal direction and shows regular, slow variations during the night
and in this respect is good for communications as it behaves more like a regular
ionospheric layer. The non-retardation Es, on the other hand, shows a very irregular
structure with large and rapid time variations during the night. Probably this layer is
made up of small clouds with high electron density and radio waves reflected from

this layer normally fade rapidly.

4.2 Thelonosonde: HF Radio Sounding of the lonosphere

Radio sounding is a well established technique that was first employed in the 1920's
for ionospheric sounding from the ground (Breit and Tuve, 1926). In more recent
years, advanced digital sounders have been developed for ground- based observations
that provide detailed information about the structure and dynamics of the bottomside
ionosphere (Reinisch, 1996). These modern sounders measure more than just the time
of flight and amplitude of the echoes, they also determine the arrival angle, wave
polarisation and Doppler frequency. Radio sounding relies on tota reflection of radio
waves from plasma structures that have plasma frequencies f, equal to the radio

frequencies f for the ordinary wave mode.
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Electromagnetic waves propagate through a magnetoionic medium in the so-called
free-space mode as long as n? > 0 where n is the index of refraction. Reflection occurs
where n = 0 and the plasma gradient is parallel to the wave normal (Budden, 1985).
Solving dispersion relation for n = O gives the following three reflection conditions

(cutoff frequencies):

X=1 ordinary (O) wave
X=1-Y Extraordinary (X) wave
X=1+Y Z-wave
Where:
X = aef &
- gT; N = number density
f e= charge
— 'h
Y_T m= mass of electron
e, = free space permittivity
f =t [N B, = earth's magentic field
2p | me, f,=Plasma frequency
¢ = By f=Carrier frequency
h 2p.m

lonosondes typically scan through frequencies from ~ 0.5 to 30 MHz, transmitting
narrow pulsesin the vertical direction and measuring the echo delay time. The datais
usually displayed in the form of an ionogram showing the echo delay as a function of
the sounding frequency. The echo delay tq is usually expressed in terms of the virtual

height h':

h'=05 ¢’ t,
where c is the free space speed of light.

Typical values of ty are:

467us equatesto avirtual height of 70 km
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5333us equatesto avirtual height of 800 km

Radio observations of sporadic-E layers are characterised by strong reflections from
the E-region at a virtual height that is constant with frequency. The echoes from
sporadic-E are often detected at frequencies much greater than the plasma frequency

of the normal E-region.

A new era for ionogram analysis evolved with the introduction of digitally controlled
ionosondes in the 1970’s. The tedious and time-consuming effort required to
manually scale ionograms was replaced with automated computer algorithms that
identify the features inherent in an ionogram. The analysis of digital ionograms has
been a subject of extensive research within the ionospheric physics community for at
least a decade or more. One of the major challenges of digital ionogram analysis is
the classification of data in order to autonomously identify the different ionised layers
of the ionosphere. However, the majority of these efforts have been directed toward
the extraction of F-layer parameters, to the detriment of the E-region, partly due to the
complex nature of the E-region (Wilkinson, 1998). None of the algorithms that are
now being employed for autonomous ionogram analysis (e.g. ARTIST or DSND)
attempt to differentiate between the different forms of Es, frequently leading to an
erroneous identification of the characteristic parameters that describe the E-layer

(Sikdar, 2004).

4.2.1 Interpreting E-Layer Records on the lonosonde

The standard ionosonde produces records known as ionograms, which show the

variation of the virtual height of reflection as a function of the radio frequency, h'(f).
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The frequency band normally used is from about 1 MHz to about 20 MHz, although

some ionosondes can be operated down to 0.2 MHz when interference allows.

An ionogram actually shows the time of travel of the pulse signal from the transmitter
to the receiver, reflection in the ionosphere normally occurring at vertical incidence.
Asthis signal always travels more slowly in the ionosphere and in the receiver than in
free space, the heights observed always exceed the true heights of reflection. If the
frequency of a radio signal reflected from a single thick layer is increased the virtual
height increases more rapidly than the true height. When the level of maximum
electron density in the layer is reached, the virtual height becomes effectively infinite
(Piggot and Rawer, 1972); seefigure 71 below. The frequency at which this occursis

called the critical frequency of the layer.

f-———

Figure 71. Relations between virtual height and true height (no magnetic field)

(Piggott and Rawer 1972). ---- = h'(f), —— = ionisation distribution
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If the reflecting layer is very thin, the increase in virtual height with frequency cannot
be observed but the amplitude of the signal appears to decrease rapidly above a certain
frequency. The highest frequency at which a clear, almost continuous, trace is

obtained is called the top frequency of the trace.

lonosonde records show two types of Es traces, and these two types are referred to as
the retardation and the non-retardation types of sporadic E ionisation, respectively.
The layer that gives rise to the retardation type of Es traces on the ionogram is fairly
thick, whereas the non-retardation type of Es trace may be referred to as a thin,

blobby, ionospheric layer.

The Earth’s magnetic field, in general causes a radio wave incident on the bottom of
the ionosphere to be divided into two waves of different polarisation, which are
reflected independently in the ionosphere. These waves are known as magneto-ionic
or magneto-electronic component waves. They are due to the interaction of the
electrons in the plasma with the magnetic field. One is called the ordinary wave and
the other, the extraordinary wave. The following conventions are applied to
interpreting the characteristics of magneto-ionic components:

Top frequency of a layer - the highest frequency at which an echo trace is

obtained from the layer at vertical incidence;

Blanketing frequency of a layer - the lowest frequency at which the layer

begins to become transparent. This is usually identified by the appearance of

echoes from a layer at greater heights;
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Critical frequency of alayer - the highest frequency at which the layer reflects
and transmits equally. The definition shows that the critical frequency of a

layer always lies between its top frequency and its blanketing frequency.

h'Es |-

|
|
|
|
O

fbEs foks f

Figure 72. Idealised ordinary ray pattern where athin layer is present. Notethat the
guantity corresponding to the critical frequency of athick layer always lies between

foEs and fyEs (Piggott and Rawer 1972).

With reference to Figure 72, the following conventions are applied when identifying
critical and characteristic frequencies of the E-layer™:
foE: The ordinary wave critical frequency corresponding to the lowest thick
layer stratification in the E-region which causes a discontinuity in the height of
the E trace;
foEs The ordinary wave top frequency corresponding to the highest frequency

at which a continuous trace is observed:;

! Please note this caveat: foEs, foEs and h'Es must all be scaled using the same E; trace.
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foEs: The blanketing frequency of a Es layer, i.e. the lowest ordinary wave
frequency at which the Es layer begins to become transparent. This is usually
determined from the minimum frequency at which ordinary wave reflections
of the first order are observed from a layer at greater heights;

h'Es The lowest virtual height of the trace used to give foEs.

Particle-E has its own ionogram characteristic which is a thick layer in the E-region
with a critical frequency significantly greater than that of normal E. In most cases
particle-E can be attributed to direct or indirect ionisation by particle activity (Piggott
and Rawer 1972). Particle-E always causes group retardation in any traces from
higher layers, and this retardation near foE is sufficient to identify the critical
frequency. Traditionally this trace was called night E as the critical frequency of the
normal E was below the lowest recordable frequency at night. Fortunately, in almost
all practical cases, the difference between the critical frequency of the particle-E and
of normal E islarge. Thus at night when f,E for normal E is between 300 kHz and

500 kHz particle E usually has an f,E above 1 MHz — often up to about 5 MHz and

beyond.

As an example, figure 73 represents a low level particle-E event a Tromsa (High-
latitude station). The E-layer is enhanced, blanketing the upper layersto 3.5 MHz and
retarding up to nearly 5 MHz. This ionogram is mostly a type Es<a with some
characteristics of a type Esr, demonstrating the difficulty in accurately defining

different types of Es.
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Figure 73. Example lonogram from a Digisone located a Tromsg, Norway.

The distinction between blanketing and non-blanketing traces is very important both
scientifically and operationally and statistics of the blanketing frequency can be at
least as useful as those for foEs. It should be noted that f,Es is determined at a well-
defined place — where the ray path of the first F echo goes through the Es layer. In
contrast, foEs corresponds to the highest ordinary wave returned from Es by a
reflection or scattering mechanism. foEs corresponds roughly to the electron density at
the places of highest concentration, while fyEs corresponds to that a the places of

lowest concentration (were waves can penetrate aslong asf > fEs).

A special difficulty arises at high-latitude stations during particle precipitation. It
frequently happens that, during the course of a disturbance, storm types of Es (that is
Esa and r) transform into a thick night E layer (E<k) or vice versa. Thus, fEs and

foEs transform into foE values and careful analysisis required.
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4.2.2 The f-Plot

The f-plot is a daily graph of the frequency characteristics of all the daily ionograms
as a function of time, using an internationally agreed convention, so that detailed
observations from different stations may be compared efficiently. It has been
acknowledged that the f-plot is a valuable tool for identifying variations in the
ionosphere and in the interpretation of complex records, particularly at high latitudes

(Piggot and Rawer, 1972).

The f-plot was originally developed to enable the complicated and rapidly changing
ionograms from high-latitude stations to be reduced without numerous arbitrary and
difficult decisions on the interpretation of the individual ionograms (Piggott and
Rawer, 1972). However, it rapidly became clear that the f-plot provided a very
efficient method of recording and studying data which were too complicated or too
numerous for conventional analysis, and it has become a primary tool for analysing
the hour-to-hour or day-to-day changes in the ionosphere. Thus, it is the right tool for
the analysis undertaken in this report. In principle, any frequency characteristic can
be indicated on an f-plot. In practice, certain characteristics have found to be both
valuable and easy to plot and these have been chosen for world-wide reduction. Other
frequency characteristics have been added where local or regional ionospheric reasons
are applicable.

The f-plot provides a summary of the original observations with the minimum of
interpretation and enables difficult decisions needed for hourly tabulations to be made
with due consideration of all the available data. This is particularly important at high-
latitude stations where blackouts, spread echoes or rapidly changing oblique

reflections frequently prevent the normal characteristics from being observed on

218



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

individual hourly ionogram records. Figure 74 is a good example of an f-plot from the
Sodankyla observatory generated from the ionograms produced on the 9 November
2006. Thetime of sunrise at 100 km, sunrise at the Earth’s surface, sunset a 100 km,

sunset and SSC are marked on the plot.

As there are no fault indicators given on the original plot, it is not clear why there is
only limited data before 8:00 (all times quoted in this section are MLT). The F-layer
and the E-layer, between 8:00 and 17:00 follows the monthly median values closely.

Fmin, Often used as an indicator of absorption, is normal around 1.4 MHz until 19:00.

An SSC occurs at 18:50 (MLT) and very little change from the expected values occurs
until after 20:00 (point 2). At the measurement taken at 21:00 (point 3) the F-layer is
completely blanketed by the E-layer which reaches a high critical frequency of 5
MHz. Note that fm, increased dramatically reflecting the increase in electron density
in the D and E-regions which causes complete absorption of lower frequencies. The
enhanced E-layer continues for a least another two hours reaching a peak critical
frequency of 5.7 MHz (point 4) before reducing to a critical frequency of 3.8 MHz

(point 5) which still blankets the F-layers.
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Figure 74. F-plot Example - Event 175, the arrow at 18:50 MLT indicates the occurrence time of the SSC
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The data used in this report are gathered from the f-plots generated at the Sodankyla
observatory which is located 120 km north of the Arctic Circle in Finland, 67° 22' N,
26° 38' E, L-value 5.2. Data are gathered over six years from the sunspot minimum in

2000 until the near sunspot maximum in 2006.

4.3 ISR Data: Revealing E-Layer Electron Density

In the incoherent scatter radar method, incoherent scatter is produced by backscatter
from the thermal irregularities in the ionization in the upper atmosphere. The signal
amplitude and spectral shape yield the electron density and electron and ion
temperature, while the spectral shift yields the average velocity of theions. Since four
independent measurements are made, each of these data is independent of the rest in
the sense that no one value depends entirely upon another value. Usually a co-located
ionosonde is used to provide an absolute calibration for the system. The precision of
individual profiles (ten to fifteen minutes of data averaged together) is estimated to be
better than 10% for the electron density and 50 to 100K for the electron temperature

during a period of adequate electron density ( >10"'e m?®) (Bates e al., 1974).

The extremely wide variations in ionospheric electron density profiles at aurora
latitudes have been documented using data from the Chatanika ISR (Bates and
Hunsucker, 1974). The following three figures (figures 75, 76 & 77) show ISR
electron profiles with considerably increased densities in the E-layer from auroral
ionisation. The ISR shows confirms that the auroral E-layer is a thick layer, i.e. it
reflects HF energy and therefore has a true critical frequency, so that HF propagation

through the E-region near the auroral oval can be disrupted by blanketing.
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Figure 75. Day time example of the response of the high-latitude E-region to particle

precipitation event during the intense solar proton event of August 1972, (System

resolution is 10 km). (Bates and Hunsucker, 1974)

Figure 75 gives a very clear indication of the large increase in electron density at E-
layer altitude as a result of particle precipitation. This example corresponds to
previous work done in this area which also captured ISR electron density data at E-

layer altitudes at the time of SSC events (Ritchie and Honary, 2006).

Figure 76 shows a fairly strong blanketing E-layer. The ionosphere shows a F.E

approaching 10 MHz which is 4 MHz higher than FoF..
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Figure 76. Response of the E-region to auroral electron precipitation as shown on

simultaneous | SR and ionosonde data. (Bates and Hunsucker, 1974)

T T T T ' ! '
20k March 2, 1973 n
AT =60 sec I
5
> i
[
o
n — h 00k
>eof ——— #-u0m
§ --------- b= 120 ke
=
£
k]
w
Time (UT)
500, : T T T T L
_ 0800 UT March 2,1973
E 400~ 1
=
5300— )
izoc— )
'g ——— | ——————
3 | i
£ 100
| | [
o . L € 7 8 9 0

Figure 77. Response of the E-region to auroral electron precipitation as shown on ISR

and ionosonde data. (Bates and Hunsucker, 1974)
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Figure 77 represents the electron density at three different heights over more than a
one hour period. At the time of the electron precipitation (around 08:00UT), the
electron density increases massively (from 5 x 10° em™ to 120 x 10" em?) for a
ten minute period. At the moment of maximum electron density, the ionosonde

captured the full blanketing E-layer (foE =~ 8 MHZz) that resullts.

4.3.1 Variability of the E-region

Baron (1974) captured the variability of the E-region using the Chatanika radar in
September 1971. As shown in figure 78 the E-region displayed shows considerable

variability, in terms of electron density, between three scans only 20 seconds apart:

i. The profiles have a rather sharp lower boundary and the electron density
increases dramatically in the space of a pulse width on the bottom side of the
auroral E layer;

ii.  The decay of the layer above the ionisation maximum is more gradual and
relatively smooth;

iii.  There is a rapid disappearance of ionisation in the 20 seconds between the
second and the third profiles;

iv. Note aso that the ionisation extends down to relatively low altitudes of
approximately 80 to 85 km. This implies that the precipitating electrons that
produced the ionisation were fairly energetic, having energies in the order of

20 keV.
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Figure 78. Sequence of E-region electron profiles using the Chatanika radar on 27

September 1971 (From Baron, 1974).

Baron (1974) also looked at the behaviour of the aurora E-layer by plotting the

electron profiles at fixed heights as a function of time. An example is shown in figure

79 which shows:

Very rapid changes with time (5 second integration times) occur at both

altitudes;

The behaviour at the two altitudes is not always correlated — this implies that

along a particular field line, the precipitating electrons at two different energies

behave differentl

Y.
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Figure 79. E-region electron concentration at 103 and 120 km altitudes as a function

of time: 21 November 1971 (From Baron 1974)

Baron (1974) determined that the peak production rate for auroral ionisation produced
by particle precipitation is two orders of magnitude greater than the peak photo-
ionisation production rate as calculated by Hinteregger et al. (1965), showing that

precipitation is often the dominant mechanism affecting the high-latitude ionosphere.

Figure 80 shows the height of the maximum ionisation rate as a function of electron
energy for mono-energetic electrons with an isotropic pitch angle. Also shown are the
altitudes at which the production rate is 10% of the maximum production rate. If
different (more filed-aligned) pitch angle distributions are used, the altitude of the
maximum remains essentially the same but the 10% curves move closer to the

maximum curve.

226



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

1607 . T T T T T T TTTT]

\ MONCENERGETIC ELECTRONS —
\ ISOTROPIC ANGULAR DISTRIBUTION
N \OVEH_ DOWNWARD HEMISPHERE

150{— \

N o OF MAXIMUM

| MAXIMUM IONIZATION \ \[ ONIZATION RATE

RATE

-
.
=)

\

10% OF MAXIMUM \
130 = IONIZATION RATE

\

\ \ N

0 BAND OF DBSERVED:
120 - ALTITUDES OF AURORAL:
IONIZATION . MAXIMAS

Ry
ALTITUDE — km

110

100

90— Ll Lo vl |
0.1 - 10 .. 100
ELECTRON EMNERGY — kev

Figure 80. Altitude of maximum ionisation rate as a function of primary electron
energy for mono-energetic electrons with an isotropic pitch angle distribution (After
Baron, 1974). The lower the altitude of peak ionisation the harder the precipitation

that causesiit.

Using this curve we can estimate the particle energy from the observed altitude of
electron concentration maximum. Baron (1974) noted maxima at 92 and 125 km, thus
the mean energy of the primary electrons ranges between 2 and 35 keV for the events

studied (using the lower dashed curve in figure 80).

4.3.2 Electron Density Profiles During Storms

In comparing satellite and ground based observations of the substorm of 2 February
1969, Larsen (1973) determined the ion production rates and electron density profile

in figure 81 for a position near the mid-point of the propagation path being examined.
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Figure 81. lon production rates and electron density profile determined in the mid

point of a high-latitude propagation path (Larsen, 1973)

For this event high fluxes of protons were observed, but the computation shows that
the ion pair production due to precipitating protons is, at all heights considered,
smaller than that due to electrons. Maximum total ion pair production occurs at 100
km altitude with a rate of 2.5x10° ion pairs cm>.s. The large fluxes of high energy
electrons will, however, produce a significant flux of Bremsstrahlung X-rays which in
turn act as a secondary ionisation source. Note that ionisation due to Bremsstrahlung

X-raysin fact dominates over the other ionisation sources below 70 km.

A rather broad maximum in Ne is found between heights of 95-125 km where the
electron density exceeds 10° electrons/cm®. The Bremsstrahlung X-rays produce a
smaller secondary maximum at 55 km with electron density of about 200
electrons’'cm®. While the latter peak is important for VLF propagation, the total free
electron concentration below 70 km produces no significant attenuation of cosmic

noise at riometer frequencies.
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Collis and Haggstrom (1991) studied the high latitude ionosphere response to an SSC.
While their paper focuses on F-region electron density depletions the results also
highlight a clear E-layer phenomenon which is shown in figure 82. Forty five minutes
after the SSC, the E-region electron density more than doubles to ~ 2x10™ m™® and
maintains this level for more than 1 hour before slowly decreasing over the following
2 hours. The sudden increase in electron density occurs in a period of approximately 5
minutes.

25 MARCH 1987
I
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Figure 82. E-region plasmadensity (Ne) and F-region plasma density and northward
electric field measurements by the EISCAT radar for the interval 15-18 UT, 25 March
1987 (at 111 km the upper curve is corrected density and the lower curveis raw

density values) (Collis and Haggstrom, 1991)
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The F region electron density declined slowly from 2.5x10** m* to 1x10™ m™ over a
two hour period. As there is no correlation between the slow decline in F region
plasma at 280 km and the sudden increase in E-region plasma at 111 km, it can be
taken that the increase in Ne in the E-region is not due to an influx of ionisation from

higher altitude layers.

Enhanced northward electric fields have been in existence since the SSC started, 45
minutes previous to the E-region N. enhancement, and by the same argument the
sudden E-region enhancement is not due to a sudden inflow of ionisation from the
equator. The sudden enhancement is therefore more likely due to a sudden and
sustained dumping of high energy particles causing enhanced E-layer ionisation. The
dumping is perhaps due to the magnetosphere returning to normal after the sudden

compression has relaxed.

The onset of intense sporadic-E following an SSC just after midnight and lasting up to
12 hours has been noted by Herman and Penndorf (1963). In this particular case F.E
reached 12 MHz and the sporadic-E layer covered most of North America above 40°
N within two hours of the SSC. Other observations (Batista et al., 1991; Morton and
Mathews, 1993) have also shown that during large geomagnetic storms, the electron
density of the night lower ionosphere increased significantly compared to quiet
conditions. Lyons and Richmond (1978) and Tinsley (1979) assumed that a possible
cause of these density enhancements is the precipitation of energetic neutral atoms

with energies of 1 — 100 keV from the ring current zone during a magnetic storm
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when a considerable amount of energy comes into the ring current from the inner

magnetosphere.

4.4 Methodology and Data Gathering

The SSC, by definition, guarantees that a magnetic storm or an increase in
geomagnetic activity lasting at least one hour occurs. An SSC is the magnetic
signature of an interplanetary shockwave most often produced by solar flares. Based
on its definition, SSC is always a precursor to increased geomagnetic activity, most
often followed within 3 — 8 hours by a geomagnetic storm (IAGA). Characterising the
effect of magnetic storms and of geomagnetic activity on the E-layer isthe goal of this
research work and hence the occurrence of SSC is used as the reference point to start
each six hour analysis. Using this methodology means that we have a well-defined
and understood starting point from which we can:
- Undertake data gathering;

- Examine the magnitude and variance of expected disturbances to the E-layer.

Initially, the ideal was to calculate the statistics for each MLT hour of the day for each
of the six hours following the 175 SSC events analysed. However, it became apparent
that in many MLT hours there were too few data points available to generate adequate
statistically sound results. It was therefore decided to compromise by splitting the day
into the four traditional sectors as shown in table 16 below and then to gather the

relevant statistics for each of the sectors.

For the six hours following the SSC the following statistics are collected for each
sector, using the f-plot generated at the Sodankyla observatory:

- The percentage of blanketing that occurs in each sector;
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- The critical frequency at which blanketing occurs (i.e. no F-layer reflection is

visible;

- The mean, median, minimum, maximum, standard deviation, lower quartile

and upper quartile of the change in critical frequency that occurs in each

Ssector.

Sector MLT hoursincluded in this sector
A 0— 6MLT
B 6-12MLT
C 12-18MLT
D 18 -24 MLT

Table 16 Definition of Sectors

Bearing in mind that the f-plot accumulates hourly data, f.E, the critical frequency of

the E-layer is noted on the hour before the SSC occurs (called F,Ep). The same

information is then gathered on the hour following the SSC (called F,E;) and every

hour thereafter for five hours. Thisisillustrated in table 17 using the F-plot example

in figure 74.
foE foE measured on the hour before the SSC 11
0 occurs (Point 0) '
foE foE measured on the hour after the SSC 11
! occurs (Point 1) !
foE foE measured on the second hour after the 11
2 SSC occurs (Point 2) '
foE measured on the third hour after the .
foEs ° SSC oceurs (Point 3) 5.0 (Full Blanketing)
foE measured on the fourth hour after the .
foE, ° SSC oceurs (Point 4) 5.7 (Full Blanketing)
foE measured on the fifth hour after the .
foEs ° SSC occurs (Point 5) 3.6 (Full Blanketing)
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foE measured on the sixth hour after the
SSC occurs.
(Appears on the f-plot of the following
day)

foEs 3.2 (Full Blanketing)

Table 17 Example of Data Gathered and Calculated.

Note: in all cases the sector quoted is the sector in which the SSC occurred and not the
sector in which the critical frequency is determined, other than when the measurement

hours happens to correspond.

4.4.1 The Median Value of the Parameter

The median is a very commonly reported summary statistic. It is accurate whether the
data set is normally distributed or if there are extreme values which skew the data. In a
normal distribution, the mean, median, and mode are approximately equal to each
other. In a skewed distribution, there are extreme values (outliers) at either the left or
right side of the distribution. The median is less sensitive to extreme values than the
mean. Therefore, it is a very good summary statistic to use when the data contains

outliers.

The weakness of the median as a representative value can be caused in two ways:
i.  Little numerical data used to calculate the median;

ii.  Largedispersion in the distribution indicating excessive deviation.

In dealing with ionospheric data, it was the recommendation of the URSI High
Latitude Scaling Group, back in 1956, that the count be included when median values

are published as well as the quartile range be included as a measure of dispersion

233



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

(Knecht, 1957). This was proposed to ensure that both weaknesses mentioned above
in the use of the median value, if existing, will be revealed. To ensure academic

rigour, this approach is adopted, where appropriate in this chapter.

4.4.2 Discounting Solar Control

The E-layer is generally considered to be under the control of solar radiation and in
many low-latitude ionograms the E-layer ritually forms as the sunrise reaches 100 km
altitude and begins to fade as sunset falls below 100 km altitude. There isalso a very
strong correlation between sunspot number, as a measure of solar activity, and the
critical frequency of the E-layer. Thisis illustrated using the “Edinburgh method” as
an example. Developed by Muggleton (1975), the Edinburgh method produces
monthly-medians of foE values. In this method the monthly median value of f.E, as a
function of solar activity, month, geographic position and time, is expressed in the

form:

( foE)4 = AB.C.D

Wheretheterms A, B, C, D involve solar activity,
season, geographic position and time, respectively.

In calculating the four terms it is required to input the sunspot number and solar zenith
angle, both which are shown in the analysis of ionograms at Sodankyl&to play no role
in the amplitude of Es that occurs concurrently with particle precipitation. While the
Edinburgh model has only been validated up to 60° latitude, it has great value in
determining monthly means which also has the effect of averaging out periods of

disturbed ionospheric conditions. It is easy to see that such a method has very limited
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applicability at high latitudes in disturbed conditions during which the E-layer is
modified extensively by particle precipitation: this itself has no seasonal variations
and is not under the influence of solar activity, other than in the number of

disturbances that occur.

Initial thoughts in data gathering envisaged some technique of normalising the f.E
seen on the f-plot to compensate for seasonal variations and sunspot number to
compensate for solar activity effects. It was not apparent how such a normalisation
can be undertaken. The only accepted reliable long-term predictions of f,E produce
monthly median values which do not correlate well against f.E measured at any
random hour on any specific day when the primary source of ionisation is due to
particle precipitation. The high-latitude ionosphere is fairly variable normally and
highly variable during disturbances and there is no merit attempting to normalise the
measured values of foE for any hour of any day. As shown by Baron (1974) and
Hinteregger et a. (1965) the ionisation produced by particle precipitation is two
orders of magnitude greater than that produced by photo-ionisation, so intense
precipitation is the dominant mechanism affecting the high-latitude ionosphere. This
removes most, if not al, solar and seasonal control concerns and reflects the
conclusions of a number of researchers e.g. Hargreaves (1992, pg 253), McNamara

(1991, pg 99), Davies (1990, pg 132), €tc.

As dready stated, the E-layer is generally under the strong control of solar activity
and there is also a very strong correlation between sunspot number, as a measure of
solar activity, and the critical frequency of the E-layer. However, the difference in

electron density at altitudes less than 120 km between low sunspot numbers and very

235



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer

Chapter 4

high sunspot numbers is relatively small — on the scale of less than a doubling of

electron density. This effect is clearly shown in figure 83 below (after Wright, 1962).
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Figure 83. Typical electron density profiles at sunspot numbers 0, 100 and 200 (After

Wright, 1962)

Further evidence of the limited difference in electron density is reflected in the work

of Levin (1976) who presented a formula for calculating f,E at midnight and at

sunrise/sunset which only required the input of a sunspot number. The difference in

foE a midnight varies only 0.2 MHz between a sunspot number of 0 and 150. The

difference in foE at sunrise/sunset varies only 0.5 MHz between a sunspot number of O

and 150.

To overcome any remaining possible problems envisaged in normalising the data it

was decided to use the difference in critical frequency measured per hour (AfoEn-m) to
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determine the variability of changes that occur. These values reflect the reduction or
increase in E-layer ionisation due to al applicable factors. However, as enhanced
ionisation is due to particle precipitation which is by far the dominant ionisation
source, AfoEn.m captures predominantly the particle precipitation influence. It is
accepted for the work in this chapter that Af,Enm will be equal for equivalent
circumstances of particle precipitation, independent of diurnal, seasonal or solar
activity variations. In other words, two identical particle precipitation events will
generate an identical increase in electron density in the E-region which is represented

by AfoEn.m values, the base foE being equal.

As an example of the data calculated we extend further the data gathered from figure
74 and tabulated in table 17 by calculating the Af.E for each hour following the SSC.
This is shown in table 18 which also notes if full blanketing has occurred, i.e. the F

layer is not visible through the E-layer.

Designator M eaning Value (MH?2)
foEo foE measured on the hour
before the SSC occurs 1.1 MHz
AfOEo-]_ fOEo —foE; 0 MHz
AfOE]_-z foE; —foE, 0 MHz
AfoE.3 fOE, — fOE3 3.9 MHz (Full Blanketing)
AfoEz.4 fOE; — fOE4 0.7 MHz (Full Blanketing)
AfoE4s fOE4 — fOEs -2.1 MHz (Full Blanketing)
AfoEs.g fOEs — fOEs -0.4 MHz (Full Blanketing)

Table 18 Example of Af.E,.m Data.
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4.5 Testing for Dependency on Solar Activity

This section tests for any dependency in the data on solar activity. The monthly
sunspot number is used as a proxy for solar activity. While it could be argued that
using the daily sunspot number would provide better resolution, it became difficult to
deal with a large number of SSC events where the six hours being examined cut

across two days.

4.5.1 The First Hour Following SSC (f,Eq to foE1)

The line, scatter and range bar plot polar plot of figure 84 captures the change between
foE measured on the hour preceding the SSC (f,Ep) and f,E measured on the hour
immediately following the SSC (f,E;1) binned against monthly sunspot number as a
proxy for solar activity. The points joined by the solid line are the median value of all
AfoEo.1 values that fall in each sunspot number range bin. The range bars show the
minimum and maximum values for each bin. Minimum and maximum values are
used in preference to the 25% and 75% quartiles in order to expose the typical

magnitude of variability that can be expected.

The following observations are made:
§ Thereisno digtinctive pattern of change in the median value of
AfoEp.1 as solar activity increases; there is a slight increase when the
monthly sunspot number (MSN) reaches 140, but this is inconclusive
asthereisasimilar increase at very low MSNs.
8§ Thereisareduction in the variability of AfsEo.; as solar activity

increases.
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Figure 84. Line, scatter and range bar plot of the change between foEq and foE;.

4.5.2 The Second Hour Following SSC (f,E; to foE»)
The line, scatter and range bar plot polar plot of figure 85 captures the change between

foE measured on the first hour following the SSC (f.E;) and f,E measured on the
second hour immediately following the SSC (f,E,) binned against monthly sunspot

number as a proxy for solar activity.

The following observations are made:

8 Thereisno distinctive pattern in the median value of Af.E;., as solar
activity increases; there is again an increase in the median value at

low MSN’s.
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8 At high values of MSN the variability is significantly reduced.
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Figure 85. Line, scatter and range bar plot of the change between f.E; and foE;.

4.5.3 The Third Hour Following SSC (f,E; to fo,E3)

The line, scatter and range bar plot polar plot of figure 86 captures the change between
foE measured on the second hour following the SSC (f,E;) and f,E measured on the
third hour immediately following the SSC (foEs) binned against monthly sunspot

number as a proxy for solar activity.
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Figure 86. Line, scatter and range bar plot of the change between f.E; and foEs,

The following observations are made:
8 Thereis no digtinctive pattern in the median value of AfoE;.3as solar
activity increases. Theincrease in median values of Af.E,zat low
MSN’sis no longer apparent and is negative in this hour.

8 At high values of MSN the variability is significantly reduced.

4.5.4 The Fourth Hour Following SSC (fo,E3 to foEs)

The line, scatter and range bar plot polar plot of figure 87 captures the change between
foE measured on the third hour following the SSC (f,E3) and foE measured on the
fourth hour following the SSC (f,E4) binned against monthly sunspot number as a

proxy for solar activity.
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Figure 87. Line, scatter and range bar plot of the change between f.E; and foE4

The following observations are made:

8 Thereisno distinctive pattern in the median value of AfyEs.4as solar
activity increases;
§8 At high values of MSN > 100, the variability is again significantly

reduced.

4.5.5 The Fifth Hour Following SSC (f,E4to foEs)

The line, scatter and range bar plot polar plot of figure 88 captures the change between
foE measured on the fourth hour following the SSC (f,E4) and f,E measured on the
fifth hour following the SSC (f.Es) binned against monthly sunspot number as a proxy

for solar activity.
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Figure 88. Line, scatter and range bar plot of the change between foE4 and foEs,

The following observations are made:
8 Inthis hour a higher median value correlates with lower solar
activity, when MSN< 60;

§ At very highvalues of MSN (> 160) the variability is reduced

4.5.6 The Sixth Hour Following SSC (f,Es to f,Eg)

The line, scatter and range bar plot polar plot of figure 89 captures the change between
foE measured on the fifth hour following the SSC (f,Es) and fo,E measured on the sixth
hour following the SSC (f,Es) binned against monthly sunspot number as a proxy for

solar activity.
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Figure 89. Line, scatter and range bar plot of the change between f.Es and foEs.

The following observations are made:

8 Inthishour alower median value correlates with lower solar activity

when MSN< 60;

§ At very high values of MSN (> 140), the variability is reduced.

4.5.7 Overall — All Six Hours Combined
The line, scatter and range bar plot polar plot of figure 90 captures the change between

foE measured across all six hours following the SSC.
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Figure 90. Line, scatter and range bar plot of all values combined.

The following observations are made:
§ The median change of f,E isvery similar if all the values of foEmn

across all 6hrs are combined;
8 A decrease in the min and max values is now patently obvious and
occurs earlier at MSN > 100.
8§ The measurement error semming from visual interpretation is 0.05
MHz.
To zoom in on the median change of critical frequency, the graph in figure 91 was
prepared. Thisgraph isin essence the same as the graph above but with the range bars
removed. While the highest change in f,E does occur at high value of solar activity
the change in critical frequency oscillates around zero. There is inconclusive evidence

that solar activity affects the change in critical frequency.
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Figure 91. Zoom of line and scatter plot

4.5.8 Conclusion on Solar Activity Dependency

In the first two hours following the SSC during periods of low solar activity, there
appears to be a higher median value of Af,Es. The pattern repeats in the fifth hour but
not in the third, fourth and sixth hours and not when considering Af,Es measured
across all six hours. It is concluded that the median value of AfqEshas no clear solar
dependency. This supports the assertion that particle precipitation is the dominant
source of ionisation following the onset of a storm. Across all six hours there is a
clear reduction in the variability of AfyEsas solar activity increases. The reason for

this reduction in variability is not clear.

246



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

4.6 Testing for Seasonal Dependency

This section tests for seasonal dependencies in the data by binning Af.Esagainst the

month in which the SSC occurs.

4.6.1 The First Hour Following SSC (f,Eq to foE1)

The line, scatter and range bar plot polar plot of figure 92 captures the change between
foE measured on the hour immediately before the SSC (f.Ep) and fo.E measured on the
first hour following the SSC (foE;) binned against the month in which the SSC
occurred. The point joined by the solid line is the median value of all AfyEq.1 values
that fall in the month. The range bars show the minimum and maximum values for
each bin. Minimum and maximum values are used in preference to the 25% and 75%

guartiles in order to expose the magnitude of variability that can be expected.

Change in critical frequency
Ohr to 1hr

Figure 92. Line, scatter and range bar plot of the change between f.Eq and foE;.
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The following observations are made:
§8 Greater variability in summer and autumn months than in winter and
spring months;

8§ Median value is elevated in winter months (October to February).

4.6.2 The Second Hour Following SSC (f,E; to foE»)

The line, scatter and range bar plot polar plot of figure 93 captures the change between
foE measured on the first hour following the SSC (f,E;) and the fo,E measured on the
second hour following the SSC occurring (f,E2) binned against the month in which the

SSC occurred.

1hr to 2hr

Change in critical frequency

Month

Figure 93. Line, scatter and range bar plot of the change between f.E; and foE;.

The following observations are made:

248



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

8 No particular pattern in variability with fairly similar minimum and
maximum values seen in both summer and winter months, except for
amaximum in January.

§ Slightly elevated median values in winter — not as pronounced asin

thefirst hour.

4.6.3 The Third Hour Following SSC (f,E; to foE3)

The line, scatter and range bar plot polar plot of figure 94 captures the change between
foE measured on the second hour following the SSC (f,E;) and the f,E measured on
the third hour following the SSC occurring (foEs) binned against the month in which

the SSC occurred.

Change in critical frequency
2hr to 3hr

Month

Figure 94. Line, scatter and range bar plot of the change between f.E; and foEs,

The following observations are made:
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§8 No particular pattern in variability with similar minimum and
maximum values seen in both summer and winter months;

8 The median values show no particular pattern in any season.

4.6.4 The Fourth Hour Following SSC (fo,E3 to foEs)

The line, scatter and range bar plot polar plot of figure 95 captures the change between
foE measured on the third hour following the SSC (f,E3) and the f,E measured on the
fourth hour following the SSC occurring (foE4) binned against the month in which the

SSC occurred.

3hr to 4hr

Change in critical frequency

Month

Figure 95. Line, scatter and range bar plot of the change between f.E; and foE4.

The following observations are made:
8 No particular pattern in variability with similar minimum and

maximum values seen in both summer and winter months;
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8 The median values show no particular pattern in any season.

4.6.5 The Fifth Hour Following SSC (foE4 to foEs)

The line, scatter and range bar plot polar plot of figure 96 captures the change between
foE measured on the fourth hour following the SSC (f.E4) and the f;E measured on the
fifth hour following the SSC occurring (f,Es) binned against the month in which the

SSC occurred.

Change in critical frequency
4hr to 5hr

Figure 96. Line, scatter and range bar plot of the change between foE4 and foEs,

The following observations are made:
8 No particular pattern in variability with similar minimum and
maximum values seen in both summer and winter months;
8 The median valuesis elevated in most winter months (October to

February).
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4.6.6 The Sixth Hour Following SSC (f,Es to f,Eg)

The line, scatter and range bar plot polar plot of figure 97 captures the change between
foE measured on the fifth hour following the SSC (f.Es) and the f,E measured on the
sixth hour following the SSC occurring (foEs) binned against the month in which the

SSC occurred.

5hr to 6hr

Change in critical frequency

Month

Figure 97. Line, scatter and range bar plot of the change between f.Es and foEs.

The following observations are made:

8 No particular pattern in variability with similar minimum and
maximum values seen in both summer and winter months, except for
august which has a very large negative variability;

§ Theisno pattern in the median values other than a sight decrease in

the winter months.
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4.6.7 Overall — All Six Hours Combined

The line, scatter and range bar plot polar plot of figure 98 captures the change between
foE measured across all six hours following the SSC binned against the month in

which the SSC occurred.

All Hours

Change in critical frequency

Figure 98. Line, scatter and range bar plot of all values combined.

The graph in figure 99 below shows the seasonal dependency of the median AfoEs.
There are generally higher values of median values in the winter months than in the

summer months.
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0.4

Change in critical frequency (MHz)
All hours

'0.2 T T T T T T T T T T T T

Figure 99. Zoom of line and scatter plot

The following observations are made:
8 There appears to be a general increase in the median value of AfiEs
in winter months;
8 No particular pattern in variability with a fairly comparable
variability across all seasons, except August which has a very large

positive and negative variability.

4.6.8 Conclusion on Seasonal Dependency
While during the first hour following an SSC there is a greater variability of AfiEsin
summer and autumn than in winter and spring, overall the variability of Af.Es does not

appear to have any seasonal dependency.
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In the first, second and fifth hour the median value is elevated but this is not the case
in the third, fourth and fifth hour and even a decrease occurs in the sixth hour. Overall
there appears to be a propensity for higher median values of AfiEs in the winter

months.

4.7 The Variability of Particle Sporadic-E

This section examines, in some detail, the variability of Es in the six hours following

an SSC. Particular attention is given to the occurrence of blanketing.

4.7.1 The First Hour Following SSC (foEo to foE1)

The polar plot in figure 100 captures the difference between f,E measured on the hour
preceding the SSC (f,Eo) and the f.E measured on the hour immediately following the
SSC occurring. The radial is Af,E and the clock hours indicate local time. The red
dots indicate where full blanketing of the F layers occurred. Table 19 captures the

statistics of the polar plot sector by sector.
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FoE to 1Hr

Figure 100. Polar Diagram of the difference between Es measured on the hour before
the SSC occurs (FOEp) and on the hour following the SSC (FOE;). The red dots

indicate where full blanketing has occurred.

% MHz MHz MHz MHz MHz | MHz | MHz
19 26 -1.2 1.6 0.37 0.3 0.65 | 0.05 0.7
33 3 -0.7 2 0.22 0.1 0.56 0 0.3
51 10 -1 2.1 0.1 0 0.61 | -0.2 0.3
28 43 -1.3 4.7 0.9 0.3 1.53 | -0.03 | 2.03

Table 19. Statistics capturing the change in Es from the hour before the SSC (foEg) to

the first hour after the SSC occurs (foE;).
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Figure 101 illustrates the statistics given in table 19 and shows the high variability that
occurs in sector D. The vertical bars encompass the 25% and 75% quartiles, the
diamond symbol indicates mean values and the circle symbol indicates median values.
All of this type of graph presented in this report use the same identical axis scaling so

that visual comparisons can be made.
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Figure 101. Line, scatter and range bar plot of mean (diamond) and median (circles)

values of AfoEo.1 per sector, the 25% and 75% percentiles between vertical range bars
and the count of events in the lower panel. A familiar pattern will be seen of highest
variability occurring in sector D, followed by sector A, then sector C and minimum

variability in sector B.
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The statistics show considerable variation, as is expected when working with the
ionosphere in general and which is amplified when dealing with the high-latitude

ionosphere. Of significanceis:

8 AfoEp.1 can be positive and negative, this depends on whether or not
storm induced precipitation has commenced in this hour.

8 Full blanketing can occur even when AfyEq.; IS negative (4 examples
shown in figure 100). This implies that the F-layer ionisation has
dramatically reduced so even though the E-layer is penetrated, no F-
layer reflecting plane exists.

§ Full blanketing can occur when AfyEq.1is zero (4 examples in figure
100) implying a F-layer disappearance or particle precipitation
maintaining what would otherwise be a decrease in critical frequency.

§ Blanketing is guaranteed in the first hour following SSC when AfEo-
1exceeds 2.1 MHz. (6 examples in figure 100).

8 Blanketing occurs in all sectors Af.Eq. except between 6 — 12 MLT
(Sector B) where only one out of 33 events over a six year period

caused blanketing in the first hour.

The results in figure 100 justifies the individual treatment of each sector. The highest
AfoEo.1 values occur in sector D (18-24MLT). This will become a familiar pattern as
we move through the six hours following the onset of disturbance. This is not
surprising as sector D is when the field lines are open to direct particle injection,

directly opposite to sector B (9-12 MLT). Sector A and Sector C have similar
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statistics and variance reflecting their intermediate postion between sector D and

sector B.
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Figure 102. Percentage occurrence of incrementing levels of critical frequency and

the percentage occurrence of blanketing that occurs. Occurrence

Figure 102 shows the occurrence of certain thresholds of critical frequency that occur
in each sector as well as the occurrence of blanketing. A familiar pattern will be seen
of higher values in sector A and D, very low values in sector B and an intermediate

value in sector C.

4.7.2 The Second Hour Following SSC (foE1 to foE2)

The polar plot in figure 103 captures the difference between f,E measured on the first

hour following the SSC (f,E1) and the f,E measured on the second hour following the
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SSC occurring (foE2). The red dots indicate where full blanketing of the F layers

occurred. Table 20 captures the statistics of the polar plot sector by sector.

1Hr to 2Hr

Figure 103. Polar Diagram of the difference between Es measured on the hour

following the SSC occurrence (foE;) and on the second hour following the SSC

(foE2). The red dots indicate where full blanketing has occurred.

% MHz MHz MHz MHz MHz | MHz MHz
18 27.8 -1.4 2.2 -0.01 0.05 0.92 | -0.68 0.28
33 6 -1 1.6 0.22 0.2 0.52 0 0.4
48 19 -1.9 3.9 0.05 -0.1 1.03 -0.3 0.1
25 60 -2.1 3.6 0.57 0.5 1.43 -0.2 1.4
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Table 20. Statistics capturing the change in Es from the first hour after the SSC (foE;)

to the second hour after the SSC (foE,) occurs.
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Figure 104. Line, scatter and range bar plot of mean (diamond) and median (circles)
values of AfoE;., per sector, the 25% and 75% percentiles between vertical range bars

and the count of events in the lower panel.

Of significance in this hour is:
§ The percentage blanketing in each sector is comparable to those

occurring in the previous hour;
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Blanketing occurs extensively when AfqE;., exceeds 1 MHz and

exclusively when AfoE;.» exceeds 2.1 MHz. This last value is identical

to the previous hour;

Once again limited blanketing occurs in sector B and reaches a

maximum (60% of events) in sector D;

There is a slightly greater variability in Sector A and similar variations

in the three other sectors.

% Blanketing
% »=3MHz
% »=4MHz
% ==5MHz
%> =EMHz
% ==7FMHz

Figure 105. Percentage occurrence of incrementing levels of critical frequency and the

percentage occurrence of blanketing that occurs.

There is a similar occurrence of blanketing across all sectors and a familiar pattern of

increase and decrease across the four sectors continues.

In this hour the rise of the

critical frequencies thresholds of 5, 6 & 7 MHz occurs in earlier sectors but maintains

similar levelsin sector D.
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4.7.3 The Third Hour Following SSC (f,E; to f,E3)

The polar plot in figure 106 captures the difference between foE measured on the
second hour following the SSC (foE;) and the foE measured on the third hour
following the SSC occurring (foEs). The red dots indicate where full blanketing of the

F layersoccurred. Table 21 capturesthe statistics of the polar plot sector by sector.

2hr to 3hr

6

Figure 106. Polar Diagram of the difference between Es measured on the second hour
following the SSC occurrence (foE,) and on the third hour following the SSC (foEj).

The red dotsindicate where full blanketing has occurred.
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% MHz MHz MHz MHz MHz | MHz | MHz
18 22 -1.5 3.5 0.54 0.3 1.11 0 0.73
34 12 -2 2.2 -0.04 0 0.67 -0.2 0.2
46 24 -2.9 5.3 0.03 -0.1 1.37 -0.4 0.4
25 60 -1.9 3.9 0.44 0 1.78 -0.7 0.8

Table 21. Statistics capturing the change in Es from the second hour after the SSC

Figure 107. Line, scatter and range bar plot of mean (diamond) and median (circles)

Change of Criticd Frequency

. I(MHz)

(foEy) to the third hour after the SSC occurs (foEs).

Sector

values of AfoE,.3 per sector, the 25% and 75% percentiles between vertical range bars

and the count of eventsin the lower panel.

Of significance in this hour is:
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AfoEz3 a 2.1 MHz continues to be a milestone indicator that guarantees
blanketing will occur, with only one exception;

The extensive occurrence of blanketing greatly increases above AfoE;.3
= 0.5 MHz which is significantly less than in previous hours. This is
probably an indication of F-layer ionisation reduction and the lack of an
F-layer reflecting plane even if the E-layer is penetrated;

A higher number blanketing events starts to occur in sector B in this
hour;

Thereisasimilar level of variability as seen in the two previous hours.

—#—— % Blanketing

......... e % s=IMHz
——-®—— % ==iMHz

——{>—- % ==AMHz T
—_— ke — % =BMHz B

—— e — %::z?MHz__.v.___

Sector

Figure 108. Percentage occurrence of incrementing levels of critical frequency and

the percentage occurrence of blanketing that occurs.

Once again the occurrence of blanketing follows the same pattern across sectors

although exceeding 60% for example, in sector D. The occurrence of critical
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frequencies greater than 5, 6 and 7 MHz now occurs in all sectors. Critical frequencies

are generally higher in this third hour following the SSC.

4.7.4 The Fourth Hour Following SSC (fo,E3 to foEs)

The polar plot in figure 109 captures the difference between foE measured on the third
hour following the SSC (foEs) and the foE measured on the fourth hour following the
SSC occurring (foE4). The red dots indicate where full blanketing of the F layers

occurred. Table 22 captures the statistics of the polar plot sector by sector.

3HR to 4HR

6

Figure 109. Polar Diagram of the difference between Es measured on the third hour
following the SSC occurrence (foEs) and on the fourth hour following the SSC (foEy,).

The red dotsindicate where full blanketing has occurred.
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18 17 -3.1 0.6 -0.17 0.1 0.9 0 0.3
32 6 -1.2 2.2 0.18 0.1 0.82 | -.13 | 0.45
45 29 -2.5 7.2 0.23 -0.1 142 | -02 | 04
27 56 -5.2 3.3 -0.68 -0.3 1.79 | -1.3 | 0.2

Table 22. Statistics capturing the change in Es from the third hour after the SSC (foEj)

Change of Critical Frequency
(MH2)
o o
onN
ol o |

60

Count

Sector
to the fourth hour after the SSC occurs (foEy).

Figure 110. Line, scatter and range bar plot of mean (diamond) and median (circles)

values of AfoE;z.4 per sector, the 25% and 75% percentiles between vertical range bars

and the count of eventsin the lower panel.
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Of significance in this hour is:

8 AfoEz4 @ 3 MHz is now a new milestone indicator that guarantees

blanketing will occur;

8 The extensive occurrence of blanketing at negative values of AfyEz4

indicates that F-layer ionisation has dramatically reduced and that there

is no F-layer reflecting plane even if the E-layer is penetrated,;

8 Blanketing events now occur with AfsEs 4 as low as -4 MHz;

8 In sector A the location of the calculated average (diamond symbol)

reflects the large outlier (minimum change of -3.1 MHz) that skews the

distribution.
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Figure 111. Percentage occurrence of incrementing levels of critical frequency and

the percentage occurrence of blanketing that occurs.
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A very familiar pattern isseenin figure 111. The percentage occurrence of blanketing
starts a alow value in sector A, dropsin sector B and then increases through sector C
to amaximum in sector D. Again there is a general increase of all critical frequency

thresholds in sector D.

4.7.5 The Fifth Hour Following SSC (foE4 to foEs)

The polar plot in figure 112 captures the difference between foE measured on the
fourth hour following the SSC (foE,4) and the foE measured on the fifth hour following
the SSC occurring (foEs). The red dots indicate where full blanketing of the F layers

occurred. Table 23 capturesthe statistics of the polar plot sector by sector.

4HR to 5SHR

Figure 112. Polar Diagram of the difference between Es measured on the fourth hour
following the SSC occurrence (foE,) and on the fifth hour following the SSC (foEs).

The red dotsindicate where full blanketing has occurred.
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% MHz MHz MHz MHz |MHz| MHz | MHz
18 11 -2.2 1.2 0.16 0.2 0.73 | -0.08 | 0.48
30 7 -2.4 2.7 0.11 0.1 1.03| -0.2 | 0.38
43 35 -2 4 0.19 0 1.05| -0.3 | 0.58
24 67 -1.7 3.6 0.67 0.75 |1.39| 0.1 1.7

Table 23. Statistics capturing the change in Es from the fourth hour after the SSC

Change of Critical Frequency

. .(M Hz)

(foEy) to the fifth hour after the SSC occurs (foEs).

Sector

Figure 113. Line, scatter and range bar plot of mean (diamond) and median (circles)

values of AfoE4.s per sector, the 25% and 75% percentiles between vertical range bars

and the count of eventsin the lower panel.
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Of significance in this hour is:
8 Extensive blanketing occurs now occurs above AfoEs4 of 1..5 MHz;
§ AfoEz4 of 2.1 MHz again provides a good threshold with exclusive
blanketing in sectors C and D above this level;
8 There are two occurrences of blanketing in sector B;
§ We see very large values of AfoE,4s (approaching 4 MHz);

8 There issimilar variability in all sectors.
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Figure 114. Percentage occurrence of incrementing levels of critical frequency and

the percentage occurrence of blanketing that occurs.

Figure 114 shows an almost identical pattern to al previous graphs.

4.7.6 The Sixth Hour Following SSC (f,Es to f,Eg)

The polar plot in figure 115 captures the difference between foE measured on the fifth

hour following the SSC (foEs) and the foE measured on the sixth hour following the
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SSC occurring (foEg). The red dots indicate where full blanketing of the F layers

occurred. Table 24 capturesthe statistics of the polar plot sector by sector.

Figure 115. Polar Diagram of the difference between Es measured on the fifth hour

following the SSC occurrence (foEs) and on the sixth hour following the SSC (foEsg).

5HR to 6Hr

The red dotsindicate where full blanketing has occurred.

% MHz MHz MHz MHz MHz | MHz | MHz
20 10 -0.4 2 0.28 0.1 0.61 | -0.1 0.25
29 21 -1.5 3.2 -0.01 -0.1 093 | -04 0.3
42 50 -8 3.7 0.02 -0.05 1.75 | -0.58 0.7
20 85 -3.1 2.4 -0.86 -0.45 1.38 | -2.1 | -0.08

Table 24. Statistics capturing the change in Es from the fifth hour after the SSC (foEs)

to the sixth hour after the SSC occurs (foEs).
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Change of Critical Frequency
(MH2)

Sector
Figure 116. Line, scatter and range bar plot of mean (diamond) and median (circles)

values of AfoEs.per sector, the 25% and 75% percentiles between vertical range bars

and the count of events in the lower panel.

Of significance in this hour is:

8 Extensive blanketing occurs when AfoEs.s exceeds 0.5 MHz;

§ Thereis still limited blanketing occurring in sector B;

§ There are larger minimum and maximum values of change in most
sectors,

§ There are large negative values of AfoEs. in sector D although 85% of

these still blanket.
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Figure 117. Percentage occurrence of incrementing levels of critical frequency and the

percentage occurrence of blanketing that occurs.

In figure 117 the pattern has changed slightly in that there is no decrease during Sector
B in this hour. The critical frequency thresholds of 5 and 6 MHz now occur in all

sectors.

4.7.7 Conclusions on the Variability of Sporadic-E

A table of all the results in this subsection are collected together following the
summary of this chapter (table 25) for readers who prefer table of values as opposed
to graphical representations. The histogram in figure 118 captures the number of data
points reflecting AfoEn., against the hour (in MLT) in which the SSC occurred.
Overall, each bar shows the number of data points that occur in each hour. The lower
division of the bar (unshaded portion) shows the number of data points which did not

blanket upper layers and the top division of each bar (shaded portion) shows the
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number of data points which did blanket upper layers. The scatter plot with dropped
horizontal lines on the top of the histogram reflects the percentage blanketing that is
shown by each stacked bar. The histogram shows a clear increase in blanketing
events between 16:00 MLT and 3:00 MLT, i.e. early evening, through midnight to the

early morning hours.
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Figure 118. Histogram of the occurrence of blanketing events

4.8 The Threshold of Blanketing

From the literature it appears that best practice in the study of Sporadic-E is
undertaken on the basis of f,E exceeding 5 MHz or 7 MHz. Since the worldwide
study undertaken by Smith (1957) the occurrence of sporadic-E has been linked to the
value of f,E exceeding 5 MHz. Smith (1957) deemed f,E > 5 MHz as generally
applicable for his study of long term statistics of monthly median values, even though

he noted that this threshold (f,E > 5 MH2z) is not suitable when examining data from
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Sodankyla as this station was found to be strongly influenced by temperate zone
effects. The probability of f.E > 3 MHz behaved as at a temperate zone station

whereas the probability of f,E > 5 MHz behaved as at an auroral station.

This section proposes a threshold value that is more suitable when attempting to
define:

§ The statistical occurrence of screening seen on vertical ionosonde. Thisis
directly applicable to NVIS and through an appreciation of the scant law
and knowledge of the ray path through the ionosphere, applicable to
services using reflecting paths in the auroral zone which are disturbed for
long periods following storm commencement. See chapter one for an

explanation and chapter three for case studies showing the effects.

f.F

0" 2

f E

0

§ The E-layer cut-off value given by: X ° , the dimensionless value of

X, determines the extent of E-layer cutoff of F, modes. As X® O the
range of take-off angles and the span of ground ranges that is accessible to
F layer propagation is reducing™. See chapter five for both an explanation

and a case study showing the effects.

12 By definition we cannot determine x=0 or x<0 without a topside ionosonde in some cases a calibrated
oblique sounder asthe vertical ionosonde cannot penetrate the E-layer in order to measure the value of
the F layer.
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Figure 119. Median and Mean values of critical frequency at which blanketing occurs

across sectors and hour following an SSC.

Figure 119 captures the mean and median values of foE, that is the critical frequency

(not Af.E) at which blanketing occurs in each sector across the six hours following the

SSC. The count of the number of blanketing events in each sector is shown in the

lower panel. The fitted curve provides an indication of the increasing median as we

move away from the start of the disturbance and the ionisation of the E-layer increases

as the storm increases.

It is clear from figure 119 that both f,.E > 5 MHz or f,E > 7 MHz is not an appropriate

value because using fo,E > 5 MHz would have resulted in missing the vast majority of
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blanketing events that occurred over the six year period of this study. A value greater
than 3 MHz and less than 5 MHz would be a better indicator of F-layer screening and
E-layer cut-off. It would be, however, simplistic just to set a level of 4 MHz being
half way between the two values. We need to take into account the influence that
local time has on the value of blanketing f,E as well to account for the significant

variation we see in the data.
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Figure 120. Percentage of blanketing foE values exceeding set thresholds in each
sector.
Figure 120 shows how important it is to include local time as well as the absolute
value of foE (not average or median values) with whatever blanketing threshold level
isused. The vertical axis on the top scatter plot is the percentage of blanketing events
that exceed the three thresholds in each sector. The lower graph is the count of the

number of eventsin the six year period of this study.
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Using 50% as a judge of usefulness, a threshold of 4 MHz (solid dots - e —in figure
120) is inadequate in sector A and barely adequate in sector B. A threshold of 3.5
MHz (open dots - o - in figure 120) has similar inadequacies in sector A and B. A
threshold of 3 MHz (solid inverted triangles - ¥ - in figure 120) is far more
appropriate as a measure in all but sector B. In sector A, 76% of blanketing foE
exceeds 3 MHz; this falls in sector B to 53% and rises to 82% in sector C and 90% in

sector D.

The histogram in figure 121 captures the number of data points reflecting AfoEmn
against the sector in which the SSC occurred. Overall, each bar shows the number of
data points that occur in each sector. The lower division of the bar shows the number
of data points which did not blanket upper layers and the top division of each bar
shows the number of data points which did blanket the upper layers. The percentage
blanketing that is shown by each stacked bar is indicated in the top division of each
bar. The scatter plot with vertical lines indicates the number of data points where

AfOEm., was equal to or exceeded 3 MHz.

The histogram of figure 121 exposes one of the major problems in attempting to
determine a threshold that adequately captures a high percentage of blanketing foE,
while at the same time not selecting a low threshold which would have the effect of
overestimating the occurrence of a blanketing layer. In sector D, the level appears to
be correct. There were approximately 175 data points tied to an SSC that occurred in
this sector. Of those, 53.3% were blanketing the upper layers and of those 175 data
points approximately 60% equalled or exceeded a foE of 3 MHz. In sector C there

were approximately 335 data points tied to an SSC that occurred in this sector. Of
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those, 23% were blanketing the upper layers and of those 335 data points
approximately 55% equalled or exceeded a foE of 3 MHz. In sector B there were
approximately 240 data points tied to an SSC that occurred in this sector. Of those,
7.7% were blanketing the upper layers and of those 240 data points approximately
65% equalled or exceeded a fo,E of 3 MHz. In sector A there were approximately 140
data points tied to an SSC that occurred in this sector. Of those, 16.5% were

blanketing the upper layers and of those 140 data points approximately 50% equalled

or exceeded af,E of 3 MHz.
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Figure 121. Histogram of occurrence of blanketing and non-blanketing data points.

While the proposed threshold of 3 MHz lacks accuracy in some sectors, it is clearly a
better indication of blanketing than values such as f,E > 5 MHz or f,E > 7 MHz which

have been used to indicate the occurrence of sporadic-E without regard to levels of
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critical frequency that cause complete blanketing of the ionospheric layers above the

E-layer.

4.9 Conclusions

1% Objective — areview of current knowledge on Sporadic-E layers at high latitudes.

A review of the literature is carried out looking at the cause and forms of sporadic-E,
leading to a definition of Sporadic-E for the purposes of this study. The current
knowledge of the worldwide distribution of sporadic-E and the limitations of the study

are discussed.

2nd Objective - to introduce the ionosonde as a measurement tool of Sporadic-E

characteristics and the F-plot as a presentation tool of ionosonde results.

The technique of radio sounding and how the records of this sounding, known as
ionograms, are interpreted is discussed. An example is given in order to demonstrate
the difficulties that occur when examining real ionograms. The development and use
of the F-plot are elaborated and an example covering a SSC event is interpreted as an

example.

3d Objective - to characterise the change in the E-layer critical frequency that occurs

in the six hours following an SSC event and to check for any diurnal, seasonal or solar

activity dependency in the data

281



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

The research undertaken shows that the median value of AfiEs has no clear solar
dependency. This supports the assertion that particle precipitation is the dominant
source of ionisation following the onset of a storm. There is, however, a correlation
between solar activity and the variability of Af,Es. Using all the data points across all
six hoursthere is a clear reduction in the variability of Af,Esas solar activity increases.

The reason for this reduction in variability is not clear.

Also noted is that while during the first hour following an SSC there is a greater
variability of AfsEs in summer and autumn than in winter and spring, overall the

variability of AfyEsdoes not appear to have any seasonal dependency.

In the first, second and fifth hour the median value is elevated but this is not the case
in the third, fourth and fifth hour and even a decrease occurs in the sixth hour. Overall
there appears to be a propensity for higher median values of Af.Es in the winter
months.

The investigation shows that the percentage of blanketing events has a clear diurnal
dependency with blanketing events dominating between 16:00 MLT and 3:00 MLT,
i.e. early evening, through midnight to the early morning hours. Again, this is not
surprising taking into account that during this period the geomagnetic field lines are

open to the magnetopause permitting direct particle injection.

The extensive detail in this chapter characterises the change in the E-layer critical
frequency that occurs in the six hours following an SSC event. The day is divided
into four sectors and there are clear differences in each sector justifying the individual
treatment of each sector. The highest Af.Eo.1 values occur in sector D (18-24MLT).

Sector A and Sector C have similar statistics and variance reflecting their intermediate

282



The Variability and Screening Effects of the High-L atitude Sporadic- E Layer Chapter 4

position between sector D and sector B. This is not surprising as sector D iswhen the
field lines are open to direct particle injection from the magnetopause, directly

opposite to sector B (9-12 MLT).

In the first hour following the SSC:

8 AfoEq1 can be positive and negative, this depends on whether or not
storm induced precipitation has commenced in this hour;

§ Full blanketing can occur even when Af.Eq1 is negative. This implies
that the F-layer ionisation has dramatically reduced so even though the
E-layer is penetrated, no F-layer reflecting plane exists;

§ Full blanketing can occur when AfqEo.1is zero implying a F-layer
disappearance or particle precipitation maintaining what would
otherwise be a decrease in critical frequency;

§ Blanketing is guaranteed in the first hour following SSC when the value
of AfyEp1exceeds 2.1 MHz

8 Blanketing occurs in all sectors Af.Eq..except between 6 — 12 MLT
(Sector B) where only one out of 33 events over a six year period

caused blanketing in the first hour.

In the second hour following the SSC:
§ The percentage blanketing in each sector is comparable to those
occurring in the previous hour;
§ Blanketing occurs extensively when AfqE;-, exceeds 1 MHz and
exclusively when AfoE1-» exceeds 2.1 MHz. This last value is identical

to the previous hour;
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§ Once again limited blanketing occurs in sector B and reaches a
maximum (60% of events) in sector D;
§ Thereisasdlightly greater variability in Sector A and similar variations

in the three other sectors.

In the third hour following the SSC:
8 AfoEz3 a 2.1 MHz continues to be a milestone indicator that guarantees
blanketing will occur, with only one exception;
8 The extensive occurrence of blanketing greatly increases above AfEz3
= 0.5 MHz which is significantly less than in previous hours. Thisis
probably an indication of F-layer ionisation reduction and the lack of an

F-layer reflecting plane even if the E-layer is penetrated;

§ A higher number blanketing events starts to occur in sector B in this
hour;
8 Thereisasimilar level of variability as seen in the two previous hours.

In the fourth hour following the SSC:
8 AfoE3.4 @ 3 MHz is now a new milestone indicator that guarantees
blanketing will occur;
8 The extensive occurrence of blanketing at negative values of AfoEz.4
indicates that F-layer ionisation has dramatically reduced and that there
is no F-layer reflecting plane even if the E-layer is penetrated,;

8 Blanketing events now occur with AfsEs 4 as low as -4 MHz;
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§

In sector A the location of the calculated average (diamond symbol)
reflects the large outlier (minimum change of -3.1 MHz) that skews the

distribution.

In the fifth hour following the SSC:

§
§

Extensive blanketing occurs now occurs above AfoEz.4 of 1.5 MHz;
AfoE;z.4 of 2.1 MHz again provides a good threshold with exclusive
blanketing in sectors C and D above this level;

There are two occurrences of blanketing in sector B;

We see very large values of AfoE4.s (approaching 4 MHz);

There issimilar variability in all sectors.

In the sixth hour following the SSC:

§
§

Extensive blanketing occurs when AfoEs.s exceeds 0.5 MHz;

There is still limited blanketing occurring in sector B;

There are larger minimum and maximum values of change in most
sectors,

There are large negative values of AfoEs.gin sector D although 85% of

these still blanket.

4™ Objective - to determine the occurrence of full blanketing E-layer formation at

high latitudes as seen on vertical ionosondes in Northern Finland (67° Latitude).

From section 4.8, in particular from figure 119, it is clear that both f,E > 5 MHz or f.E

> 7 MHz is not an appropriate value because using fo,E > 5 MHz would have resulted

in missing the vast majority of blanketing events that occurred over the six year period

of this study. A value greater than 3MHz and less than 5 MHz would be a better

indicator of F-layer screening and E-layer cut-off. It is necessary to take into account
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the influence that local time has on the value of blanketing f,E as well to account for

the significant variation we see in the data.

5" Objective - to determine the appropriate value of f.E that should be used as a
threshold of blanketing, which defines a good probability of blanketing occurring

following the commencement of ionospheric storms.

It is necessary to include local time as well as the absolute value of f,E (not average or
median values) with whatever blanketing threshold level isused. Using an occurrence
value of 50 % as a judge of usefulness, athreshold of 4 MHz is inadequate in sector A
and barely adequate in sector B. A threshold of 3.5 MHz has similar inadequacies in
sector A and B. A threshold of 3 MHz isfar more appropriate as a measure in all but
sector B. In sector A, 76% of blanketing foE exceeds 3 MHz; this falls in sector B to

53% and rises to 82% in sector C and 90% in sector D.

On the balance of the evidence presented, it appears that the threshold value of f,E
equalling or exceeding 3 MHz is a more appropriate value of foE, which defines a
good probability of blanketing occurring following the commencement of ionospheric

storms.
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4.10 Summary of All Sectors

For readers who prefer tables to graphs a collation of all statistics capturing the change

in Es over the full period of six hoursis given in table 25.

19 26 -1.2 1.6 0.37 0.3 0.65 | 0.05 | 0.7
18 27.8 -1.4 2.2 -0.01 0.05 | 0.92 | -0.68 | 0.28
18 22 -1.5 3.5 0.54 0.3 1.11 0 0.73
18 17 -3.1 0.6 -0.17 0.1 0.9 0 0.3
18 11 -2.2 1.2 0.16 0.2 0.73 | -0.08 | 0.48
20 10 -0.4 2 0.28 0.1 0.61 | -0.1 | 0.25
33 3 -0.7 2 0.22 0.1 0.56 0 0.3
33 6 -1 1.6 0.22 0.2 0.52 0 0.4
34 12 -2 2.2 -0.04 0 0.67 | -0.2 | 0.2
32 6 -1.2 2.2 0.18 0.1 0.82 | -.13 | 0.45
30 7 -2.4 2.7 0.11 0.1 1.03 | -0.2 | 0.38
29 21 -1.5 3.2 -0.01 -0.1 093 | -04 | 0.3
51 10 -1 2.1 0.1 0 061 | -0.2 | 0.3
48 19 -1.9 3.9 0.05 -0.1 1.03 | -03 | 0.1
46 24 -2.9 5.3 0.03 -0.1 137 | -04 | 04
45 29 -2.5 7.2 0.23 -0.1 142 | -0.2 | 04
43 35 -2 4 0.19 0 1.05 | -0.3 | 0.58
42 50 -8 3.7 0.02 -0.05 | 1.75 | -0.58 | 0.7
28 43 -1.3 4.7 0.9 0.3 1.53 | -0.03 | 2.03
25 60 -2.1 3.6 0.57 0.5 143 | -02 | 14
25 60 -1.9 3.9 0.44 0 1.78 | -0.7 | 0.8
27 56 -5.2 3.3 -0.68 -0.3 1.79 | -1.3 | 0.2
24 67 -1.7 3.6 0.67 0.75 139 | -0.1 | 1.7
20 85 -3.1 2.4 -0.86 -0.45 | 1.38 | -2.1 | -0.08

Table 25. Collation of all Statistics capturing the change in Es over the full period of

six hours.
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CHAPTERS

Conclusons

5.0 Introduction

There are three typical features of high-latitude HF radio communications following
the onset of a disturbed ionosphere; an increase in ionospheric absorption; a reduction
in operational frequencies as electron density in the reflective layers changes;, and
variations in the expected mode of propagation. This thesis moves to model these
changes based around a methodology of determining the change that occurs during
disturbed periods relative to median quiet time values. It is accepted that in general
the use of current propagation prediction methods is adequate for a “quiet”

ionosphere.

The key to this methodology is defining the point of transition between a quiet and a
disturbed ionosphere. This transition point used in this thesis is the occurrence of a
storm sudden commencement (SSC) as the marker defining the change from a quiet to

adisturbed ionosphere.

Chapter two of this thesis cobtains a multi-instrument case study that examines the

effect of SSC on the high-latitude ionosphere. This case study clearly shows the

complex mode changes that a high-latitude HF link experiences following SSC,
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demonstrates the two effects of SCA and Sporadic-E and corroborates the research

undertaken in the subsequent chapters.

In Chapter 3, sudden commencement absorption (SCA), the absorption spike that
occurs coincidently with the SSC, is statistically analysed in detail and empirically

modelled based on the change in interplanetary magnetic field (IMF) strength.

An assessment is made of the variability of the Sporadic-E layer during disturbed
periods in chapter 4. As part of this assessment of E-layer variability, it has been
possible to empirically model the change from the quiet time critical frequency
through the six hours immediately following the onset of a disturbed ionosphere. In
addition, the value of E-layer critical frequency that can be used to indicate the onset

of afully-blanketing E-layer has been developed.

5.1 Setting the Scene

Chapter one introduces the main services that make use of the HF bands. This
includes defining the requirements of these services which reveals the importance of
accurate propagation prediction methods to ensure these services reach the intended
audience. The role of prediction and planning tools is defined and the different
approaches to prediction (statistical, deterministic, intuitive and inertial) are explained.
It is noted that the prediction of perturbed conditions is a complex problem and so far

has been difficult to achieve.
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To reveal the practical side of the theory, a case study has been done of the
broadcasting service and the primary prediction method used by this service is
analysed. The prediction method (ITU-R P.533) analysed has been developed to
service the needs of the broadcast industry but is also used by fixed service, mobile
and military system planners. The flaws in the methodology are pointed out and while
it is noted that some high-latitude features (e.g. auroral absorption) have been crudely
taken into account, a number of other effects such as sudden ionospheric disturbances

(SIDs) and polar cap absorption (PCA) have not been thoroughly assessed.

Chapter one also describes the solar-terrestrial system, as summarised in figure 122.
Starting at the Earth’s surface, the ionosphere is described in terms of ionospheric

regions with the focus on electron density due to ionisation.

Photosphere

Interplanetary Medium

, ~———

~ Chromosphere

Electromagnetic Waves 1 AN
\ S <. Corona .
Magnetosphere 4 B -

lonosphere \ AN J

\
[ \

1
,f\/'/' Netmal Atmosphere

Figure 122. Solar-terredtrial system and solar ionising radiations (Davies, 1990)

Three aspects of ionisation are discussed; production, loss and transport. The

limitations and difficulties in predicting the state of the ionosphere are elaborated on.
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The high-latitude ionosphere and the consequences of its direct connection to the outer

magnetosphere are reviewed.

Considering our move from the Earth towards the Sun, with reference to figure 122,
the magnetosphere is described in terms of its interface role between the ionosphere
and the solar wind. Asthisthesis deals with the consequences of particle precipitation
on HF communications, introductory material on the magnetosphere location, radius
and shape as well as the radiation belts is included. The solar wind is treated as the
transport mechanism between solar disturbances and the ionosphere, via the
magnetosphere. Events that are particular to the high-latitude ionosphere are briefly

discussed.

The main difficulty identified is that magnetospheric processes and solar inputs have
an important effect on the morphology of the high-latitude ionosphere, and that the
observational databases are still too sparse to enable the development of an empirical
model which has adequate parameters to describe the dependence on the various

ionospheric drivers.

5.2 Detailed Case Studies

In keeping with the practice of presenting case studies to demonstrate cause and
effect, theory in practice and to show the author’s grasp of the material, chapter two
contains three case studies utilising seven different instruments to show the cause and
effect of enhanced Eslayers immediately following an SSC. These studies

demonstrate the profound effects these sporadic layers have on high-latitude HF
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circuits by dramatically extending the E-layer maximum usable frequency (MUF)

and/or “shielding” any F-layer ray paths.

The first simple case study is of a high-latitude link which shows the correlation
between ionospheric absorption and SNR on a high-latitude HF link. But, more
importantly, the case study shows the dominance of the E-layer in the high-latitude
region during particle precipitation and the effect of the dominant E-layer (which
dominates due to enhanced ionisation caused by precipitating particles) on the link.
The case study demonstrates many of the problems in predicting the state of the
ionosphere, especially at high latitudes (e.g. rapidly varying virtual heights of
reflection layers, D-layer absorption and frequent propagation mode changes), and
shows the dominance of the E-layer over the F-layer during particle precipitation

events.

Data from the ACE satellite is used to show the magnitude of changes that occur in
the solar wind due to disturbances in the solar wind, such as when shock waves and
dynamic pressure pulses move past the satellite on their way to impinging on the
Earth’'s magnetosphere. The step changes in total magnetic field strength, particle
density and velocity as well as changes in direction of the B, component are shown.
The observation of sudden changes in the solar wind which are the cause of SSC is
well understood, as is the prediction of the time delay between observation by the
ACE satellite platform and the arrival of the disturbance at the Earth’s surface.
However, for the first time the linkage between SSC and the enhanced E-layer

ionisation is exposed in both of the more detailed case studies.

292



Conclusions Chapter5

lonosonde records show how the usefulness of the F-layer is reduced as its electron
density decreases and its virtual height increases following disturbances initiated by
the SSC. The records further show the enhancement of the Eslayer for extended
periods, in both cases for at least two hours and in one case as long as three hours.
The enhancement is so great in some cases that the F-layer is completely screened off
from the ground. The Tromsg ionosonde, close to the centre of the first case study
link path demonstrates the change that occurs in the height of the F-layer around the
single reflecting control point. This knowledge allows a more realistic ray tracing
geometry to be used when attempting to model and predict propagation during such

disturbances.

The ISR records reveal the sudden enhancement of electron density in the E-region
coincident with the SSC as well of the scale of the increase in electron density that can
be expected. The effect of storms and sub-storms on the significant modulation of
electron density at Es altitudes is clearly demonstrated. The ISR records support the
longevity of enhancement of the Es-layer electron density that is seen in the ionosonde

and obligue sounder records.

Key to both detailed case studies are records from the oblique sounder which reveals
the practical effects of an enhanced Es-layer. The maority of all HF communication
links are planned assuming the use of the F2 layer as the refracting layer as well as
assuming a fixed reflection height (normally 250 km). An HF system designed to
reach a particular point or area such as point-to-point links and targeted broadcasting
uses complex antennas that concentrate the radiated power in both azimuth and

elevation. These two assumptions are perfectly valid when dealing with a quiet
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ionosphere. However, the variations in the height of the F-layer, the reduction of the
height of the expected reflecting layer from 250 km to 100 km, as well as the
phenomena of the Eslayer screening the F-layer, has severe implications. The
change in reflection layer from the F- to the Es-layer has the most drastic effect as the
elevation angle changes from double figures to single figures, and is beyond the

capabilities of many types of specialist antenna.

As noted by a reviewer of the published case study (Ritchie and Honary 2009b) “the
case study combines space weather data from a number of sources in the temporal
neighborhood of SSC (in two special cases) and associates the impacts on transauroral
HF propagation. While the impact of auroral Es on HF propagation has been published
before, the present paper offers a more comprehensive look at two specific links with
a variety of sensors and techniques, some of which were not available until recent

years”.

In all the studies undertaken the occurrence of absorption and Es was noted and to the
author’s knowledge there has not been any published work that quantifies the
expected changes in the lower ionosphere (the D and E-regions) due to particle
precipitation. In a paper by Hunsucker (1992) the claim is made that HF-propagation
mode structure and losses at high latitudes are impossible to describe, so predictions
of paths that include ionospheric reflections and points of D-region penetration in the
auroral and polar ionosphere are almost useless. While it is accepted that mode
structure and losses are difficult to describe we must attempt, at least empirically, to
start the analysis and see were this may lead us. Therefore it is proposed that the way

forward at the present time is to look a how to adapt the current propagation
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prediction models, which are adequate for “quiet” conditions, with empirical data

based on measurements from clearly definable disturbed periods.

A primary part of the problem is establishing when the transition from a “quiet” high
latitude ionosphere to a “disturbed” high latitude ionosphere starts. A “quiet” high
latitude ionosphere for the purposes of this research is one that behaves like a mid-
latitude ionosphere in the absence of solar and geophysical activity. A “disturbed”
high latitude ionosphere is one under the influence of particle precipitation. Asshown
in the case study, even during low solar and geophysical activity, particle precipitation
has a significant effect. Some effort is required to predict the variances in E-layer
critical frequency in order to better plan high-latitude communications, particularly
when ionospheric reflection points occur within the disturbed high-latitude

ionosphere.

Although modelling of the high-latitude ionosphere has improved in recent years,
most of the modelling attempts are only case studies (e.g. Sojka and Schunk, 1988).
The main difficulty is that magnetospheric processes and solar inputs have an
important effect on the morphology of the high-latitude ionosphere, and that even with
the most extreme simplifying assumptions, the high-latitude ionosphere cannot be
treated analytically (Cander et al., 1998) - hence the empirical and statistical analysis

approach undertaken in this thesis.
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5.3 Defining, Analysing and Modeling SCA

Having adopted the SSC as the transition point, the first requirement is to understand
what an SSC is and what causes it. The literature review in Chapter three revealed
that a geomagnetic SSC is caused by a solar wind shock or impulse. The shock or
impulse excites an MHD disturbance in the magnetosphere. This disturbance

propagates toward the Earth to be detected as an SSC signature on the ground.

During the impact of a pressure pulse on the magnetosphere, the outer magnetosphere
is compressed. The breaking of the first adiabatic invariant by the compression
increases the perpendicular-to-parallel ratio of particle energy and promotes the
growth of loss cone instability. This in turn increases the amount of particles that are
scattered into the loss cone by wave-particle interactions (Zhou and Tsurutani, 1999).
Any violation of the first two invariants causes changes of the pitch angle (pitch angle
scattering). This can lead to losses of particles when the pitch angle becomes so
small, that the corresponding mirror points move down into the atmosphere where the
particles can be scattered and absorbed. As the periods of the first two invariants are

short, their violation is mainly caused by particle and particle-wave interactions.

Violation of the adiabatic invariants appear to be responsible for some of the
precipitation, but since the adiabatic changes in particle trajectories can only increase
the pitch angle, adiabatic effects alone cannot increase the particle flux within the loss
cone and thus cannot account for all the absorption seen. With the assumed absence
of other scattering mechanisms during the initial perturbation, the increase absorption
seen must result from wave-induced precipitation (Gail et al., 1990a). It has been

conclusively demonstrated that the Energetic electrons associated with SSC originate
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in the trapped radiation belt within the plasmasphere where the closed field lines are
limited in latitude and that SCA is caused by the precipitation of high energy electrons
and protons into the atmosphere where they generate excess ionization at low
atitudes. Typically, the processes causing ionospheric absorption of radio waves take

place at altitudes in the range of 60 to 100 km (Stauning, 1996).

This absorption, coincident with the SSC, is known as sudden commencement
absorption (SCA). A literature survey revealed that no analysis of SCA has been
published. Hence a detailed examination of sudden commencement absorption has
been undertaken and published (Ritchie and Honary, 2009a). The results in this
chapter have a direct application to rea-time and near-time ionospheric propagation
prediction in respect of the prediction of the occurrence and expected amplitude of

sudden commencement absorption.

By design the dataset used in the investigation spanned more than half a solar cycle
and this was used to determine if solar activity, using the relevant sunspot count as a
proxy, influences the value of SCA. By evaluating the link between SCA and solar
activity and the link between the change in IMF magnitude and solar activity it is
concluded that in both cases there is no causal link, other than in the number of SSC
events that occur. This last point is not unexpected as higher sunspot levels reflect the
increase in the number of active regions on the Sun that are the source of shocks

leading to SSC events.

Following the presentation of the basic database statistics, the influence of local time

on SCA amplitude was investigated by dividing the dataset into day events (6 — 18
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MLT) and night events (18 — 6 MLT). While the number of SSC events is slightly
greater during the day, there is no significant difference in the mean or median SCA
values between the two sectors. This confirms that the immediate response of the

magnetosphere to the shock is a global disturbance directly driven by the solar wind.

In considering all the possible combinations of how the direction of B, might change
during the shock, the similarity between the statistics calculated for each of the four
possible combinations leads to the conclusion that the change in the direction of B, in
whatever combination has very little impact on the value of SCA. This supports an
assertion that SCA is caused by particles already captured in the magnetosphere. If it
was the alternative option that solar wind-carried particles were gaining direct access
to high-latitude zones then the change in solar wind — magnetosphere coupling, caused

by changes in B, direction, would be clearly evident, which is not the case.

In an attempt to model the expected SCA values after a shock has occurred, solar wind
and IMF parameters were correlated in turn against the absolute, mean and median
values of SCA. A strong correlation (R2=0.852) was found between the median value
of SCA measured and the step change in IMF magnitude that occurred during the
shock. Insome waysthisis not surprising as AB is fundamentally an indirect measure
of the changes in solar wind proton velocity (Vp). Thefit is particularly good & AB
values less than 25 nT which accounts for 97% of the SSC events in the database. In
addition, due to proton contamination of the ACE SWEPAM instrument during large
events, solar wind data is not reported, leaving the use of AB as the only reliable

predictor of SCA during these times.

298



Conclusions Chapter5

In summary the key findings of chapter three are:
I. There is no causal link between the amplitude of SCA and solar activity;
ii. There is no causal link between the delta of IMF magnitude, caused by the
passage of the shock wave past the ACE satellite, and solar activity.
These first two points are very relevant to radio engineers in that most propagation
prediction programs only use a solar activity index to predict performance — the
implication is that some other method is required — which this paper presents, namely

an empirical relationship based on the change in IMF.

iii. SCA occurs with similar statistical characteristics during both the day and
night.
iv. The direction of B, before and after the shock has little impact on the
expected value of SCA.
The implication of these two points isthat both of these variables can be ignored when
predicting SCA.
V. The change in the strength of the IMF is the best predictor for small to
medium shocks and the only predictor that can be used during large

shocks.
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5.4 Variability of the E-layer, Blanketing and the Threshold
of Blanketing

The second investigation centered on the occurrence and effects of sporadic-E on
high-latitude communications following an SSC. Chapter four reviews the current
knowledge of sporadic-E layers at high latitudes, looking at the cause and forms of
gporadic-E. This leads to a definition of sporadic-E for the purposes of this study.
The current knowledge of the worldwide distribution of sporadic-E and the limitations
of the study are discussed. The technique of radio sounding and how the records of
this sounding, known as ionograms, are interpreted is discussed. An example is given
in order to demonstrate the difficulties that occur when examining real ionograms.
The development and use of the F-plot (an important reporting tool used extensively
in this chapter) is elaborated on and an example covering a SSC event is interpreted as

an example.

A substantial amount of F-plot analysis of the data base covering half a solar cycle
was undertaken in order to characterise the change in the E-layer critical frequency
that occurs in the six hours following an SSC event and to check for any diurnal,
seasonal or solar activity dependency in the data. The research results show that the
median value of Af.Es has no clear solar dependency. This supports the assertion that
particle precipitation is the dominant source of ionisation following the onset of a
storm. There is however a correlation between solar activity and the variability of
AfoEs. Using all the data points across all six hours there is a clear reduction in the
variability of AfoEs as solar activity increases. The reason for this reduction in

variability is not clear and is one area for further investigation.
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It was shown that while during the first hour following an SSC there is a greater
variability of AfsEs in summer and autumn than in winter and spring, overall the
variability of Af.Es does not appear to have any seasonal dependency. In the first,
second and fifth hour the median value is elevated but this is not the case in the third,
fourth and fifth hour and even a decrease occurs in the sixth hour. Overall, there

appears to be a propensity for higher median values of Af,Es in the winter months.

The research findings show that the percentage of blanketing events has a clear
diurnal dependency with blanketing events dominating between 16:00 MLT and 3:00
MLT, i.e. early evening, through midnight to the early morning hours. Again, thisis
not surprising taking into account that during this period the geomagnetic field lines

are open to the magnetopause permitting direct particle injection.

The extensive detail in chapter four characterises the change in the E-layer critical
frequency that occurs in the six hours following an SSC event. The day is divided
into four sectors and there are clear differences in each sector justifying the individual

treatment of each sector. Some key findings are:

- Inthe first hour following the SSC, Af,Eo.1 can be positive and negative; this
depends on whether or not storm induced precipitation has commenced in this
hour. In addition, full blanketing can occur even when Af,Eq1 IS negative,
implying that the F-layer ionisation has dramatically reduced so even though
the E-layer is penetrated, no F-layer reflecting plane exists. Full blanketing
can occur when AfoEp.1is zero implying an F-layer disappearance or particle

precipitation maintaining what would otherwise be a decrease in critical

301



Conclusions Chapter5

frequency and blanketing is guaranteed in the first hour following SSC when

AfoEq.1exceeds 2.1 MHz.

- In the second hour following the SSC, blanketing occurs extensively when
AfoEi1-2 exceeds 1 MHz and exclusively when AfoE;., exceeds 2.1 MHz. This
last value is identical to the previous hour. There is a dlightly greater

variability in Sector A and similar variations in the three other sectors.

- In the third hour following the SSC, Af,E,3 a 2.1 MHz continues to be a
milestone indicator that guarantees blanketing will occur, with only one
exception. The extensive occurrence of blanketing greatly increases above
AfoEz3 = 0.5 MHz which is significantly less than in previous hours. Thisis
probably an indication of F-layer ionisation reduction and the lack of an F-
layer reflecting plane even if the E-layer is penetrated. Thereisasimilar level

of variability as seen in the two previous hours.

- Inthe fourth hour following the SSC, AfyEs.4 a 3 MHz isnow a new milestone
indicator that guarantees blanketing will occur. The extensive occurrence of
blanketing at negative values of AfyEs4 indicates that F-layer ionisation has
dramatically reduced and that there is no F-layer reflecting plane even if the E-
layer is penetrated. Blanketing events now occur with AfsEz 4 as low as -4

MHz.

- In the fifth hour following the SSC, extensive blanketing now occurs above

AfoEsz4 of 1.5 MHz. An Af.Es4 of 2.1 MHz again provides a good threshold
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with exclusive blanketing in sectors C and D above this level. We see very

large values of AfyEas (approaching 4 MHz).

- Inthe sixth hour following the SSC, extensive blanketing occurs when AfoEs.s
exceeds 0.5 MHz. There s still limited blanketing occurring in sector B. There
are large negative values of AfsEse in sector D although 85% of these still

blanket.

This detailed analysis allowed the occurrence of full blanketing E-layer formation at
high latitudes as seen on vertical ionosondes in Northern Finland (67° Latitude) to be
determined. It isrevealed that both f,E >5 MHz or f,E > 7 MHz is not an appropriate
value because using fo,E > 5 MHz would have resulted in missing the vast majority of
blanketing events that occurred over the six year period of this study. A value greater
than 3 MHz and less than 5 MHz would be a better indicator of F-layer screening and
E-layer cut-off. It is necessary to take into account the influence that local time has on
the value of blanketing foE, as well to account for the significant variation we see in

the data

Directly following on from this, it was then possible to determine the appropriate
value of f,E that should be used as a threshold of blanketing, which defines a good
probability of blanketing occurring following the commencement of ionospheric
storms. It is necessary to include local time as well as the absolute value of foE (not
average or median values) with whatever blanketing threshold level is used. On the
balance of the evidence presented it appears that the threshold value of f,E equalling

or exceeding 3 MHz is a more appropriate value of foE, which defines a good
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probability of blanketing occurring following the commencement of ionospheric

storms.

To the author’s knowledge this is the first time the variability of the E-layer and the

screening effect of sporadic-E has been quantified (Ritchie and Honary, 2009c).

5.5 Final Comments

Following an SSC event or during magnetic storms, one rational approach toward
using the ionosphere for HF communications in high-latitude regions is to rely solely
on E-layer modes and to provide higher power or increased antenna gain in bands
appropriate for Eslayer propagation. Overcoming these problems may prove to be
economically challenging for operators of fixed-links and broadcasting services.
However, with relevance to tactical links and safety of life transmissions, the oblique
sounder reveals, counter-intuitively perhaps, that instead of reducing the frequency of
operation to re-establish disrupted links, it would be better to increase the frequency of
operation to fully utilise the enhanced E-layer while overcoming some of the effects
of absorption. As explained in the case studies, in order to implement this mitigation
technique, equipment at both ends of the link will need to be sufficiently frequency
agile and have access to antenna with take-off angles appropriate for Eslayer

operation.
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Glossary and References
Glossary

Adiabatic Invariant: In a nearly collisionless, ionised gas, electrically-charged
particles orbit around magnetic lines of force. Certain physical quantities are
approximately constant for slow (adiabatic) changes of the magnetic field intimeor in
space and these quantities are called adiabatic invariants.

Alfvén Wave (magnetohydrodynamic shear wave): A transverse wave in
magnetised plasma characterised by a change of direction of the magnetic field with
no change in either the intensity of the field or the plasma density.

Anisotropic Plasma: A plasma whose properties vary with direction relative to the
ambient magnetic field direction. This can be due, for example, to the presence of a
magnetic or electric field.

Auroral Oval: An elliptical band around each geomagnetic pole ranging from about
75° magnetic latitude at local noon to about 67° magnetic latitude at midnight under
average conditions. It is the locus of those locations of the maximum occurrence of
auroras, and widens to both higher and lower latitudes during the expansion phase of a
magnetic substorm.

Bow Shock: A collisionless shock wave in front of the magnetosphere arising from
the interaction of the supersonic solar wind with the Earth’s magnetic field.

Cusp: In the magnetosphere, two regions near local magnetic noon and approximately
15° of latitude equatorward of the north and the south magnetic poles. The cusps
mark the division between geomagnetic field lines on the sunward side and the field
lines in the polar cap that are swept back into the magnetotail by the solar wind. The

term cusp implies the conical symmetry around the central axis of the polar magnetic
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fields lines. In practice it appears that the terms ‘Cusp’ and ‘Cleft’ are often used
interchangeably. However, ‘cleft’ implies greater extension in longitude (local time)
and hence a wedge-shaped structure.

Cyclotron Frequency: When a particle of charge g moves in a magnetic field B, the
particle orbits, or gyrates around the magnetic field lines. The cyclotron frequency is

the frequency of this gyration and is given by:

_a/B
We T me

m = Particle mass

¢ — velocity of light

Cyclotron Resonance: The frequency at which a charged particle experiences a
Doppler shifted wave at the particle’s cyclotron frequency. Because the particle and
wave may be travelling at different speeds and in different directions, there is usually
a Doppler shift involved.

Diffusion: The slow, stochastic motion of particles.

Diffusive Shock Acceleration: Charged particle acceleration at a collisionless shock
due to stochastic scattering processes caused by waves and plasma turbulence.

Dipole Magnetic Field: A magnetic field whose intensity decreases as the cube of the
distance from the source. A bar magnet’s field and the magnetic field originating
from the Earth’s core are both approximately dipole magnetic fields.

Drift (of iongelectrons): As particles gyrate around magnetic field lines, their orbits
may ‘drift’ perpendicular to the local direction of the magnetic field. This occurs if
there is a force also perpendicular to the field — e.g. an electric field, curvature in the

magnetic field direction or gravity.
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Energetic Particle: Energetic particles are defined relative to the background thermal
plasma so that any particle having a larger energy than the thermal energy is an
energetic particle.
Field Aligned Current: A current flowing along (or opposite to) the magnetic field
direction.
Hardening of precipitation: This means higher energy particles are precipitating
(usually leading to higher electron density at lower altitudes).
I sotropic Plasma: A plasmawhich is not anisotropic — whose properties are the same
in al directions.
Loss Cone Stability: An instability generated by a plasma anisotropy where the
temperature perpendicular to the magnetic field is greater than the temperature parallel
to the field. This instability gets its name because this condition exists in the Earth's
magnetosphere and the ‘loss-cone’ particles are those that are lost into the upper
atmosphere.
M agnetohydrodynamic (MHD): The MHD plasma theory deals with a
compressible, conducting fluid immersed in a magnetic field. The wave modes
derived using this theory are called magnetohydrodynamic or MHD waves. In the
general case, with the wave propagation in an arbitrary direction with respect to
external magnetic field B, three MHD wave modes are found:

I. Pure (or oblique) Alfvén wave;

ii. Slow MHD wave;

iii. Fast MHD wave .
Magnetopause: The boundary surface between the solar wind and the
magnetosphere, where the pressure of the magnetic field of the Earth effectively

equals the ram pressure of the solar wind.
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Magnetosheath: The region between the bow shock and the magnetopause,
characterised by very turbulent plasma. This plasma has been heated (shocked) and
slowed as it passed through the bow shock. For the Earth, along the Earth-Sun axis,
the magnetosheath is about 3 Re thick.

M agnetosonic Speed: The speed of sound waves in a magnetised plasma. It is the
equivalent of the sound speed in a neutral gas or non-magnetised plasma. It appearsto
be sometime referred to as acoustic speed.

M agnetosphere: The magnetic cavity surrounding a magnetised planet, carved out of
the passing solar wind by virtue of the planetary magnetic field, which prevents, or at
least impedes, the direct entry of the solar wind plasma directly into the cavity.
Magnetotail: The extension of the magnetosphere in the antisunward direction as a
result of interaction with the solar wind. In the inner magnetotail, the field lines
maintain aroughly dipolar configuration. But at greater distances in the antisunward
direction, the field lines are stretched into northern and southern lobes, separated by a
plasmasheet.

Pitch Angle: In a plasma, the angle between the instantaneous velocity vector of a
charged particle and the direction of the ambient magnetic field.

Plasma: A gas that is sufficiently ionised so as to affect its dynamical behaviour. A
plasmais a good electrical conductor and is strongly affected by magnetic fields.
Plasma Instability: When a plasma (or ion or electron) is sufficiently anisotropic,
plasma waves grow, which in turn alter the distribution via wave-particle interactions.
The plasma is unstable.

Plasma Wave: A wave generated by plasma instabilities or other unstable modes of

oscillation allowable in a plasma.
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Plasma Sheet: The region of closed field lines in the equatorial magnetotail. The
Plasma sheet is typically divided into plasma sheet proper, or central plasma sheet,
and plasma sheet boundary layer (PSBL), the latter being at higher latitudes adjacent
to the tail lobes. It is also divided into two parts by the cross-tail current sheet in the
equatorial plane.

Polar Cusp: A region in which the magnetosheath plasma has direct access to the
ionosphere. It exists whether the interplanetary magnetic field is northward or
southward. In a non-reconnecting magnetosphere the location of the cusp depends on
the shape of the magnetopause but when the magnetosphere reconnects with either
southward or northward interplanetary magnetic field the location of the cusp is
altered.

Radiation Belt (inner): The trapping regions of high-energy charged particles
surrounding the Earth are called radiation or van Allen belts. The inner one, located
between about X = 1.1 - 3.3 Re (Earth radii, geocentric) in the equatorial plane,
contains primarily of protons with energies exceeding 10 MeV. Flux maximum is at
about X =2 Re.

Radiation Belt (Outer): The trapping regions of high-energy charged particles
surrounding the Earth are called radiation or van Allen belts. The outer belt contains
mainly electrons with energies up to 10 MeV.

Re: Symbol used to represent Earth Radius (or radii). 1R = 6371 km.

Shock Wave (Collisionless): A shock wave is characterised by a discontinuous
change in pressure, density, temperature and particle streaming velocity, propagating
through a compressible fluid or plasma. Collisionless shock waves occur in the solar
wind when fast solar wind overtakes slow solar wind with the difference in speeds

being greater that the magnetosonic speed.
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Solar Wind: The concept of continuous solar wind developed in 1950's as a result of
observed comet tails as they passed close to the Sun, and explained the observed tail
deflection by a continuous flux of protons from the Sun. It was then shown (Parker,
1959) that the solar corona must expand, and called the outward streaming coronal gas
'solar wind'. The outermost region of the Sun, corona, is indeed very hot, so hot that
the hydrogen and helium can escape gravitational attraction and form a steadily
streaming outflow of material called the solar wind. The expanding solar wind drags
also the solar magnetic field outward, forming what is called the interplanetary
magnetic field (IMF). The region of space in which this solar magnetic field is
dominant is called the heliosphere.

Solar Wind Shock: A shock wave propagating in the solar wind.

Van Allen radiation belts: Are composed of energetic ions and electrons, gradient-
curvature drifting in orbits encircling the Earth. The energetic ions comprising the
proton radiation belt are confined mainly to the inner regions of the magnetosphere,
inside distances of perhaps 2-3 Earth Radii (Re) from the centre of the Earth, and
result primarily from the decay of neutrons freed by cosmic rays impinging on the
upper atmosphere (Walt, 1966). The electron radiation belts, on the other hand, divide
themselves into two distinct regions: an inner zone belt, extending from a few hundred
kilometres above the surface of the Earth to distances of 2-2.5 Re, and an outer zone
population between 5 and 7 Re.

Wave-particle interaction: Particle velocity changes (scattering) due to interaction
with wave electric or magnetic fields. Since in a magnetised plasma, the particles
gyrate rapidly about the magnetic field, this interaction is accomplished though a

cyclotron resonant interaction (a.k.a Landau resonance).
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Survey of Propagation Prediction and Planning Tools

A1.0 Introduction

The function of propagation prediction, when used as an engineering planning tool, is
to ensure, as best as possible, that an adequate service can be provided to spectrum
users. The term ‘adequate service’ has two components that must be satisfied. The
first component is that a usable field strength is delivered to the reception point. The
second component is that the usable field strength is available for the required length
of time. Usable field strength is defined as the field strength adequate for
communications to occur. For sensitive military receivers coupled to extensive
antenna arrays, the field strength required in the reception area is far lower than the
field strength required for a cheap, portable HF broadcast receiver using a whip
antenna or a small aircraft equipped with a sensitive receiver but using a small

fuselage mounted antenna.

In the last three decades there has been a move from the use of mainframe computers
to personal computers for propagation prediction planning tools and numerous HF-
propagation programs have been developed for use on personal computers. It should
be emphasized that most of these programs input median-value data and produce
median value of MUF, LUF, signal strength, etc. as output and are basically intended

for HF-circuit planning, not real time prediction. Most of the programs take
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transmitter and receiver locations, time, month, year, and usually the number of

sunspots as input, and provide as output MUF, LUF, mode structure, antenna

headings, great-circle distance and root-mean-square median-field-strength values for

mid-latitude HF paths.

In order to reach a general characterisation of the problems involved in the prediction

of the ionosphere, we must consider the factors determining the state of the ionosphere

to understand why it is impossible to produce a fully deterministic calculation. To do

this we need to consider three critical issues.

The state of the ionosphere is determined by a large number of different
parameters. The characteristics of the ionised fraction of the upper atmosphere
such as electron concentration, ion composition, electron and ion temperatures,
particle fluxes and drifts, congtitute the basic physical parameters of the

ionosphere.

The parameters of the ionosphere undergo considerable changes with altitude.
The concentrations of ions, ni, and electrons ne, at certain atitudes have
characteristic maximum peaks, forming the ionospheric layers, E, F1 and F2.
As aresult, the stratified structure of the ionosphere may be characterized by a
set of parameters: the concentration nem at layer maximum, layer altitude and
widths, the depths and widths of the troughs between layers etc. In addition to
variation with the altitude, ionospheric parameters also vary with the
geographical coordinates (latitude j , longitude | ), and with the geomagnetic
coordinates, thus any description of the variation of the ionosphere with time

includes several parameters.
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- Certain variations in the ionosphere were found to be caused by the variation
of active factors such as solar radiation and geomagnetic activity. Therefore,
the ionosphere is not merely a geophysical, but also a helio-geophysical entity.
Owing to the abundance of the parameters required to describe it, and since
each parameter varies differently with the coordinates, time, and activity
factors, the behaviour of the ionosphere is extremely complex. As a result,
both the study of the ionosphere and its description are also very complex

tasks.

In modern prediction methods, quantitative predictions of the state of the ionosphere
are made either by extrapolation or by the use of models. In the extrapolation method
the future evolution of any given parameter is estimated from a number of
observations made during a previous period of time. The magnitude of the parameter
at some future point in time is estimated on the assumption that the trend of the
evolution will remain unchanged in the future (quasi-inertial prediction). If models
are used in prediction, it is possible to compute an entire set of parameters for the
object (e.g foF) of the model. If the state of the object is solely determined by certain
conditions or forces, the task of prediction will consist of two stages: 1) prediction of
the evolution of these conditions or forces,; and 2) description of the state of the object

under these predicted conditions.

In the prediction of the ionosphere, the fact that the condition of the ionosphere is
chiefly determined by the solar activity level and by the level of geomagnetic
perturbations, which may be considered as a result of the solar activity, is usually
taken into consideration. Accordingly, ignoring the problem of predicting solar

activity for the moment, the task of ionospheric prediction consists of relating the state
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of the ionosphere to the parameters of the solar activity, and of furnishing a more or
less detailed description of ionospheric parameters. lonospheric variations are also
predicted independently of the solar activity, merely from a series of observations
carried out during previous period of time. This method is employed in both short-

term and long-term predictions.

Short-term predictions involve timescales from minutes to days and the term
forecast is sometimes used to describe those prediction schemes that are based on
established cause-and-effect relationships, rather than simple tendencies based upon
rudimentary indices. Taken to the limit, a short term forecast becomes a real-time
ionospheric assessment or anowcast. Thisis achieved in real time channel evaluation

(RTCE) using a network of oblique sounders.

Short-term prediction methods typically involve the measurement of either an
ionospheric or geophysical parameter that is applied to an empirical model or
algorithm. The long-term prediction methods provide the system architect and the
frequency planner with useful guidance, but that ionospheric variability with
timescales of tens of minutes presents a considerable challenge. Certainly the
ubiquitous median models have no intrinsic short-term forecasting capabilities. One
should expect very little correlation between the unfiltered real world and the
predictions extracted from a median model. Even though long-term models have no
capability to assess short-term variability in other than a statistical way, the Achilles
heel of short-term forecasting is that there is a danger that analysts may use long-term
models improperly. Milsom (1987) has listed the outstanding problems associated
with short-term forecasting, and Goodman (1991) has examined ways of coping with

short-term variability.
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Long-term predictions of ionospheric behaviour are typically based on
climatological models developed from historical records for specific solar and/or
magnetic activity records, season, time of day and geographical area. Very often the
ionospheric prediction itself is based upon a prediction of the solar activity level; in
other words, the long-term prediction process relies upon loosely established
tendencies and how they relate to relatively simple driving parameters. The result isan
estimate of median behaviour. This gives rise to two sources of error occuring in
long-term predictions, one arising from an imprecise estimate of the driving
parameter, such as the sunspot number, and the second arising from ionospheric

variability which is not adequately dealt with in the model.

The author finds it surprising that the process yields any useful results, yet it often
does and is used extensively in HF broadcast planning and other spectrum
management activities where significant lead times between planning and operation
are involved. This review focuses on long-term methods and reviews a number of

long term prediction programmes (Lombry, 2008).

Al.1 Historical Development (NTIA 1998)

Current methodologies for HF performance prediction evolved gradually, beginning
with uncoordinated studies by workers from many countries and organizations.
Serious work to establish prediction methods began in earnest during World War 11
because of the military communication requirements. The earliest methods by the
Allies, Germany, and Japan were of the graphical type to speed analysis, because
computer methods were not available. The long-distance methods used by Germany

and those used by the Allies form an interesting contrast
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In Germany, long-distance propagation was analysed by examination of each mode
and path independently. Short paths assumed 1E, 2E, 1F and 2F mode possibilities
while for long paths multiple F layer modes alone were considered. At each reflection
point the MUF was deduced by extraction of a value of f,F, for that point (from crude
maps) and the appropriate MUF factor was applied. The overall MUF was logically
determined as the lowest of the set of subhop MUFs for each path to be reckoned.
Because of noise extension, scatter effects, and the possibility of ducted or chordal
mode propagation, this approach, while intuitively pleasing, was pessimistic. The
American long-path approach, influenced by a more global perspective, used a
modified reflection point method that accounted for only two minor points along the
great circle path linking communication terminals. These two control points were

2 000 km from the communication terminals and produced arather optimistic result.

In the period during World War Il and after, sounding networks were established to
provide a basis for the construction of better maps from which f,F, and MUF variation
with latitude (and longitude) could be assessed. The French and the United States
continued the development of more analytical methods to replace simpler procedures.
Significant improvements in mapping resulted from the incorporation of a modified

dip latitude concept to account for geomagnetic control of the ionospheric parameters.

Al.2 The Use of lonospheric Models for Prediction

Because the sources of ionospheric disturbance cannot be adequately monitored at
their points of origin and as they propagate, prediction algorithms are inefficient. An
additional complication arises as a result of distortion and attenuation experienced by

the propagating disturbance. Moreover, the science that allows us to translate the
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physical processes in control at the disturbance source to other geographical regimes
and times is incomplete. Table 26 shows the hierarchy of ionospheric disturbances

and provides an estimate of time duration and occurrence frequency for each class of

disturbance.
et | TWEPEROD | FRequency

Solar Cycle 11 years (3.5 x 108) 29x10-9
Seasonal 3 months (7.9 x 106) 1.3x 10-7
Diurnal Cycle 24 hours (8.6 x 104) 1.2x10-5
Large-Scale TID | 1 hour (3.6 x 103) 2.8x 10-4
Short-Wave Fade | 0.5 Hour (1.8 x 103) 5.6 x 10-4
Small-Scale TID | 10 minutes (6 x 102) 1.7 x 10-2
Faraday Fading 0.1 -10 second 10-0.1
Interference 0.01 -1 second 100- 1
Fading

Table 26. Temporal variations of HF effects (After Goodman, 1992)

As indicated above the nature of ionospheric variability is quite complex, since it
arises from tempora and geographic variabilities in upper atmospheric chemistry,
ionisation production and loss mechanisms, particle diffusion and electro dynamical
phenomena. Generally, the trends are fairly well modelled, and much of the
variability is understood from a physical point of view. Unfortunately, an
understanding of cause and effect does not always translate into being able to make

predictions in the time period desired.

Several models of varying degrees of complexity have been developed for the purpose

of making ionospheric or propagation predictions, or for use in theoretical studies.

Work by Anderson et al. (1987) has covered the calculation of ionospheric profiles on
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a global scale in response to physical driving parameters, such as the underlying
neutral composition, temperature, and wind; the magnetospheric and equatorial
electric field distributions; the auroral precipitation pattern; and the solar EUV
spectrum. A subset of these parameters has been used in profile calculations for the
development of the semi-empirical low-latitude ionospheric model (SLIM) (Anderson
et a., 1987) (Sojka and Schunk, 1985). This kind of approach is computationally very
intensive, but the use of coefficient maps from these calculations, which depend on

the appropriate parameter values, has been feasible.

One of the most important parameters in the prediction of HF propagation is the
maximum electron density of the ionosphere, since this determines the communication
coverage at a specified frequency. The ordinary ray critical frequency, foF> may be
directly related to maximum F, layer electron density and foF, together with the
effective ray launch angle, determines the MUF for a specified transmission distance.
Thus, the ability to predict the f,F, by knowing the maximum electron density of the

ionosphere by some method is the first step in predicting HF propagation.

This is usually accomplished by generating a model of the vertical distribution of
electron concentration in the E- and F-regions. This needs to take account of the
known large geographic and temporal variations in the ionosphere. The most
extensive ionospheric database is that derived from the world network of ionosondes.
Predictions of vertical distribution are produced with the parameters of the models
given by empirical equations in terms of the ionospheric characteristics which are

scaled on aroutine basis at all ionosonde stations.
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lonospheric models may be empirical (statistical), semi-empirical or theoretical.
Empirical models are based on the generalization of a number of observations of
individual ionospheric parameters, which may be presented in graphs, tables or
formulas. Statistical models involve charts of planetary distribution of ionospheric
parameters as a function of the coordinates, the local time and the level of solar

activity.

Theoretical models attempt to solve a set of first principles equations for the
ionospheric plasma, starting from the continuity, energy, and momentum equations for
electrons and ions (Schunk, 1988; Anderson, 1993). Theoretical ionospheric models
have proved their capabilities in reproducing selected sets of non-auroral observations.
All these models are essentially confined to modern day supercomputers because of
their complexity. The main disadvantage of using theoretical models for prediction
and forecasting is the large amount of computer time needed. In addition, an

extensive preparation of inputs is needed to obtain meaningful results (Sojka, 1989).

Parametric models simplify the theoretical models by expressing them in terms of
solar-terrestrial  parameters and geographical locations, giving a realistic
representation of the ionospheric spatial and temporal structure using a limited
number of numerical coefficients. An example is SLIM — a Semi-Empirical Low-
latitude Model, based on theoretically-obtained grid values for electron density
profiles normalized to the F,-peak and then represented by modified Chapman
function (Anderson et al., 1987). Electron density profiles (180 km to 1 800 km) are
determined for different latitudes (every 4 degrees between 24 N and 24 S dip

latitude) and local times (every hour) by solving the continuity equation for O+ ions.
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The profiles are normalized to the F,-peak density and are then represented by

Modified Chapman function using six coefficients per individual profiles.

Parametric models allow realistic ionospheric models to be adjusted in real time and
to provide an accurate specification of the instantaneous ionosphere, and then to be
incorporated in three-dimensional ray tracing programs for HF propagation purposes
(Reilly et al., 1991). However, it is clear that parametric models based on theoretical

considerations are suitable only for well-specified geophysical problems.

An example of a recently developed empirical model is the COSTPROF electron
density height profile model. This model was developed by the COST 251 Action
“Improved Quality of Service in lonospheric Telecommunication Systems Planning
and Operations’ (Radicella, 2002). COSTPROF provides a fully developed topside
formulation of the ionosphere but while empirical, it is suitable for real-time
applications. The model is a “profiler” in the sense that they can use ionosonde
parameters from various sources as “anchor point” values for the profile (the full set
consists of the critical frequencies foE, foFl, foF2 and the propagation parameter
M3000(F2). The model is global but used with regional maps of ionosonde
parameters becomes a regional model allowing the input of the properties of the F
layer peak (height and electron density) instead of input of afull set of “anchor point”
values. Since a multitude of different ionospheric models is readily available it is
important to note that:

- all-purpose models do not exist;

- al ionospheric models need input data;

- the decision which model to use depends on the aim and the needs of the

model users, on available resources and on available input data.
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Al1l.3 IONOCAP/VOACAP Based Propagation Planning Tools

The evolution to VOACAP via IONCAP started with the Program ITSA-1 (Lucas and
Haydon, 1966). This model was developed by the U.S Commerce Department. At
the time of publication it represented one of the first computer methods for exploiting
augmentations in the underlying ionospheric and geophysical databases. 1TSA-1 did
not include separate D or F1 layers, and sporadic-E was not accounted for. In this
program the concepts of circuit reliability and service probability were introduced.
MUF variability data were included. ITSA-1 was followed by ITS-78, also known as
HFMUFES (Barghausen et al., 1969). ITS-78 actually represents a series of codes
developed a ITS in Boulder beginning with ITS78, and culminating with
HFMUFES4. These programs did not include an F1 layer but do include sporadic-E.
Most of the features of ITSA-1 were included, but with revised F-layer ionospheric

data

|ONCAP: The lonospheric Communications Analysis and Prediction Program
(IONCAP) provides the means to caculate HF propagation parameters at any
location. Field strength, mode reliability, the maximum usable frequency (MUF) and
the lowest useful frequency (LUF) are some of the parameters calculated by IONCAP.
They enable the user to specify antenna gains as a function of take-off angle and to
specify required system performance in terms of the signal-to-noise ratio evaluated at
the receiving point of the circuit. Required inputs include the transmitter and receiver

location, transmitter power, universal time, month, and sunspot number (Rush, 1986).

IONCAP was one of a string of mainframe programs developed by ITS and its
predecessor organizations and contained the following improvements over previous

TS models;

356



Appendix

§ amore complete ionospheric description;

§ modification in loss equations;

§ empirical adjustment to Martyn's Theorem;

§ revised loss statistics to account for Es and above-the-MUF-losses;
§ new methodology for long-distance modelling;

§ revision to antenna gain models.

IONCAP uses a F-layer algorithm, has methods for calculating MUFs, and it deals
with the range of values of critical frequencies resulting from the statistical variations
in the sounding ITU (CCIR) data. The IONCAP program has many other methods
beside FOT-MUF-HPF and some give long-term availability figures, the fraction of a
month the path would be open, as well as the S/N ratio and reliability. In contrast to
Fricker's method which is based only on F-region considerations, IONCAP deals with

fluctuations of signal strength, a D-region factor, as well as man-made noise.

The performance of IONCAP has been examined in one in a series of studies,
conducted at the Naval Postgraduate School, to establish the relative merits of several
computer-based propagation prediction models using a standard set of measured data
(Marcos, 1991). IONCAP-PC 2.5 was tesded for accuracy over a transpolar
communications link, using “noncentric’ measured reference data obtained from the
University of Leicester. The field strength values predicted by IONCAP-PC 2.5 are
extended to take into consideration the specific antenna designs and predicted noise
levels are also calculated for the environments involved. The resulting signal-to-noise
ratio is compared with the observed signal-to-noise ratio and a statistical analysis is

performed on the resulting errors. It is concluded that IONCAP-PC 2.5 predicts the
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signal-to-noise ratio with an error of less than 10 dB for 50% of the data. IONCAP is

no longer supported as it was used as the basis for VOACAP and ICEPAC.

CAPMAN: This is a propagation prediction and system analysis program that
utilised the IONCAP model. The input requirements are data of a near-complete
circuit and the output results in several high-resolution graphs. However, excluding its
improved graphical interface, which leads to its extended use, it has inherited some of
the same inaccuracies as the IONCAP model. It has been replaced by WinCAP

WIZARD 3.

GWPROP: Developed in 1994 by Gordon West, this DOS propagation prediction
program forecasts between 1.6 and 30 MHz. It is based on a report and program
developed by ITS (1978) which was the original basis of IONCAP. From input data
of a complete circuit, including solar and geomagnetic conditions and data (e.g.
locations) extracted from external data files;, GWPROP provides a large choice of
outputs from the MUF to detailed tables of the system performance along the
concerned paths. It also calculates the absorption factor, excess system loss and the

electron gyro-frequency in addition to the usual critical frequencies.

VOACAP: The Voice of America (VOA) invested over $2M in converting
IONCAP to an area prediction model (1985 to 1996). In this process, they found and
corrected approximately 60 errors in the original code. The VOA used the
unpublished IONCAP theory manual as the guide in correcting logic and
programming errors. They documented and tested all changes to the code
Considerable effort was given to improving the input and output functions for ease of

use on a PC. In essence VOACAP is an enhanced IONCAP model in which the
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IONCAP methodology was modified by USIA/VOA to be used for broadcast relay

station design and antenna specification.

Most of the large-scale ionospheric data made available in the IONCAP model was
collected during the International Geophysical Year (IGY) between 1958 and 1963.
Data was then reduced to look up tables, using average calues, which were valid for 2
or 3 month periods at each even hour. These maps were dedicated to the estimation of
critical frequencies foE, foF1, foF2, M-3000 (for the MUF) and excess system loss
tables. In addition, radio noise was mapped in 3 month groups and 4 hours time

interval blocks.

Thisway to create amodel using averaged values was subject to many comments until
it was decided by George Lane from the Voice of America broadcasting company, and
the Signal Corps Radio Propagation Agency engineers to force the program to give a
smooth transition across the days of the month. In parallel John Wang at the FCC
developed a medium wave prediction model suited for long distance paths into
darkness that was adopted by the ITU-R (Wang 1977, 1985). However, IONCAP and
Wang's model used different semi-empirical data set and functions, and from a purely
statistical point of view, both models were not compatible and both theories were

unfortunately never merged together.

Apart some approximations that have been used, VOACAP does not differ much from
the IONCAP interface developed by John Lloyd in 1978. Like IONCAP, there are
various models to estimate the absorption, noise level and reliability of a service

(mode) at some frequencies. VOACAP deals not only with statistics of F-layer

359



Appendix

ionisation (e.g. through the MUF and the like), but a'so down lower where absorption
and noise have their origin. So, like IONCAP, VOACAP has F-region methods which
give not only the availability of a path, the fraction of daysin a month it is open on a
given frequency, but also D-region methods which give the reliability of a mode, and
the fraction of time the signal/noise ratio exceeds the minimum required for the mode

(VOACAP FAQ 1996).

Like IONCAP which models involve both paths longer than 10 000 km and a "single
hop" method for distance less than 3 000 km, VOACAP uses the same functions to
consider all possible ray paths for the specified circuit. However, in the specific case
of DX where extension of paths require three or more hops (over 5 to 6 000 km away
depending on solar conditions), the system concludes that a path is available, which is
far from being the case if we take into account the various reflection modes and
degree of ionisation of each layer. Therefore VOACAP uses a correction for these

multi-hop paths longer than 10 000 km — called Method 21.

If a propagation path does exist in acircuit, it has been shown empirically that usually
these circuits are dominated by what we call "control areas’ which are the regions
within 2 000 km around each end of the circuit (transmitter, receiver). At the
transmitter location the control area allows the sky wave to do its first hop up to about
2 000 km away, while the control area at the receiver location allows the remaining
signal to be returned after the last hop. In between, the path is simply characterized by
a simple loss per distance statistical function, the noise and signal statistics being the

same for all paths. If this approximation gives good results, we must recognize that the
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VOACAP model is more complete and thus more accurate for shorter paths, say

below 5 000 km or 3 hops.

VOACAP relies on the smoothed sunspot number (SSN) and does not include input
for planetary indices (A- and K-indices). This lack gives rise to inaccuracies in
disturbed conditions, mainly at high latitudes as well as for top band predictions where
geomagnetic and gyro-frequencies effects are not taken into account. The SNR
Distribution tables and Excess Gain tables that are internal to the model were
conceived and calibrated from many user reports against a wide range of solar and
geomagnetic conditions and at the higher statistical levels (higher required reliabilities
SNRxXx). It is for these reasons that any attempt to enter daily sunspot numbers, for

example, instead of the SSN can cause inaccuracies in VOACAP predictions.

While considered to be extremely powerful, VOACAP does have some limitations.
First, it works only with median values like SSN and provides no real-time updates. It
doesn't use A or K index, and thus predictions do not take into account some
important effects like short-term disturbances or the aurora oval on short-wave
bending at high latitudes. It uses approximations for the F,-layer and calculating the
MUF. Its predictions must be interpreted with care for short-term use and are also
almost useless for frequencies below 2 MHz as it ignores the sunrise/sunset effect and
the gyro-frequency of ionospheric electron and magneto-ionic effect. Currently, there
is no way to adequately model global irregular variations in the ionosphere on a
timescale smaller than a month because random values cannot be predicted. They can,
however, be described statistically or take into account using near-real-time data. In

common with most of the programs described in this chapter, the VOACAP engine
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produces monthly medians, deciles, standard deviations, probabilities of service, etc.
These monthly statistics are predictable and fairly accurate but the daily predictions
for a particular date and hour are just speculations, using interpolations that are not

supported by VOACAP.

VOACAP is still a"trial version" using not less than 30 calculation methods, some of
them having never been cross-checked with on-the-air results, and are thus not
validated by users and show some errors in some specific conditions of use. In spite of
these limitations, the VOACAP engine is accepted as an accurate and flexible

compromise ionospheric model, freely available for general purpose use.

WinCap Wizard 3: This is the Windows version released in 2003 of the well

known CAPMAN program. WIinCAP Wizard 3 uses the VOACAP engine and
provides HF propagation forecasts taking into account a complete circuit, and even
multiple circuits if necessary. WIinCAP Wizard 3 displays up to 7 charts displaying
MUF, Best Frequency, transmitter antenna takeoff angle, SNR, Reliability (SNRxx),
and signal strength at receiver location. It is capable of generating propagation charts
or text reports for up to 18 circuits anywhere in the world simultaneously. It has avery
useful batch manager. This program is in essence a useful GUI interface for
VOACAP and the same 30 inputs are required to get the most accurate forecast for a

single point-to-point circuit out of the program.
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Figure 123. Example of WinCap output.

DXATLAS and HamCap: Both developed by Alex Shovkoplyas, these programs

use the VOACAP engine to predict propagation conditions on a global scale. These
programs download real-time space weather conditions and use direct, real time
ionosonde measurements of the F layer critical frequency to produce real-time
ionospheric maps. This removes the uncertainty of K, influences on f,F, as the
realtime foF, value is used. The program estimates the foF, distribution, the F.-layer
height in km, the MUF, aurora oval (with the power flux P in W/m%sec),
geomagnetic storms, D-layer peak density, geomagnetic latitude (normal and
corrected), and magnetic dip (normal, modified and latitude). CapMan results are
displayed either in a chart showing the S/N variation as a function of time over the
specified path or on a global ionospheric world map, with the gray line and the MUF

in option.
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Figure 124. Example of the output of HamCap interfaced with DXAtlas.

These two programs are in essence a useful GUI interface for VOACAP, however, as
it does not permit access to al output parameters of VOACAP, it does not predict

propagation conditions for a complete circuit.

ACE-HF Pro: ACE stands for "Animated Communications Effectiveness’, a
coverage display technique originally developed for U.S. Navy submarine
communications. Moved into the Windows environment by Richard Buckner, this
program uses GeoClock maps, a format that has been chosen in order to match the
displays with ACE-VLF (A Very Low Frequency Planning Tools) used by military
clients. ACE-HF Pro uses the VOACAP engine without modification of algorithms
(thus with the same accuracy and limitations). Representing about 50 MB on disk,
500 files and 50 directories, it is thus not available as a demo. Its main originality
over all other VOACAP-based programs is to display animated circuit graphs of SNR,
reliability, required power gain, takeoff angle and signal strength. To achieve this,
ACE-HF Pro employs cubic spline interpolation to produce chart values at five-
minute intervals in order to better describe what happens in the real world. These

intermediate values show less precision that hourly predictions. Several charts can
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also be displayed, to name the MUF (with HPF and FOT), Best Frequency, and an
SNR or rdliability summary chart. | understand that there are a great number of
professional users of this product. This program is in essence a useful GUI interface

for VOACAP.
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Figure 125. Example of ACE-HF output.

|CEPAC: The NSA funded the National Telecommunications and Information
Administration, Institute for Telecommunication Sciences (NTIA/ITS) to develop a
PC version of IONCAP that would be useful for circuits at high latitudes. This
program became ICEPAC and it has the same functionalities, accuracies and
limitations as VOACAP and shares the same data. In addition to its similarities to
VOACAP, ICEPAC includes the ICED (ionospheric conductivity and electron
density) profile model. Thisis astatistical model that recognizes the different physical
processes that exist in the large-scale features of the northern hemisphere ionosphere.

It contains, for example, distinct algorithms for the subauroral trough, the equator-
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ward portion of the auroral zone, the poleward region of the auroral zone, and the

polar cap (Tascione, 1987).

Unfortunately, this effort was shrouded in mystery as to exactly what changes were
made to the IONCAP code. ICEPAC exists in the public sector only in compiled
format so that the source code cannot be examined. While ITS has kept the input and
output formats of ICEPAC and VOACAP as similar as possible, the two codes are
quite dissimilar in terms of their subroutines. It is unclear if ICEPAC contains any or

all of the errors VOA found in IONCAP.

ICEPAC was not as extensively validated as VOACAP and it does not take into
account a smoothing function between the hop and forward-scatter regions, a feature
used in VOACAP. Therefore, in some circumstances, | CEPAC shows discontinuity of
nearly 10 dB at mid-path, causing artificial SNR losses exceeding 20 dB. On another
side, ICEPAC provides some additional iso-contours maps not available in VOACAP
like the SRNxx (Method 20). Results are claimed to be more accurate in high

latitudes and the graphs also more complete.

Al.4 Tools Based on ITU Methods.

The ITU has established the following methods which are used extensively and often
exclusively for both planning and co-ordination work:

Recommendation 1TU-R P.533 (2007): entitled ‘Method for the prediction of the
performance of HF circuits. This Recommendation provides methods for the
prediction of available frequencies, of signal levels and of the predicted reliability for
both analogue and digital modulated systems at HF, taking account not only of the

signal to noise ratio but also of the expected time and frequency spreads of the
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channel. The Annex of the Recommendation contains the method to be used for the
prediction of sky-wave propagation at frequencies between 2 and 30 MHz. This

method is described in some detail in the case study of chapter 2.

Recommendation ITU-R P.1239 (1997) entitled ITU-R Reference |onospheric
Characteristics was established for the prediction of long-term ionospheric
characteristics to meet the need of prediction methods for radio-circuit design, service
planning and frequency band selection. In this Recommendation expressions are
provided for the evaluation of the monthly median of foF,, M(3000)F,, foE, foF1, i F
and h' F, and of the monthly median, upper decile and lower decile of foEs and fyEs.

Also included are representations of the percentage of occurrence of spread-F.

Recommendation ITU-R P.1240 (1997) entitled ITU-R Methods of basic MUF,
Operational MUF and Ray Path Prediction is based on the maps of ionospheric
characteristics as given in Recommendation P.1239. This Recommendation gives
formulations for the prediction of basic and operational MUF and formulations for the

prediction of ray paths.

Recommendation ITU-R P.534 (1999) entitled ITU-R Method for Sporadic-E field
strength sets out a statistical method for calculating the field strength of signals
propagated by means of ionospheric sporadic-Es at VHF and, possibly, at higher
portions of the HF bands, for distances up to 4 000 km. The calculation is based upon
the fact that the field strength is very closely correlated with foEs, that is to say, the
critical frequency of sporadic-E layer at vertical incidence at the path mid-point. The

data provided by the Recommendation are restricted to geomagnetic latitudes between
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+60° and a warning is given that caution should be exercised if this method isused in

the high latitude regions.

ETZ: This model was developed by the Deutsche Bundespost (Ochs, 1970). It
includes an empirical representation of field strength. This method is based upon
observations of signal level associated with a large number of circuit-hours and paths,
with the majority of the paths terminating in Germany. Since data was obtained
without accounting for the individual modes that may have contributed to the result,
the model is not fully satisfactory for arbitrary antennas (and patterns). Nevertheless
for long-distance communication where elevation angles are minimized, the model is
quite useful and still used to this day. Because the modelling computations require a
limited amount of machine time, the FTZ model proved to be a valuable method for
preliminary screening of a large number of paths. The data collected in this work was

used in the three ITU Recommendations mentioned above.

MINIFTZ4: Created by the German FTZ Darmstadt amateur radio club in 1987, the
program used tables from the ITU atlas of ionospheric characteristics to generate a
field strength prediction for a specified circuit. In 1989 it was improved to predict the
MUF. Like its predecessor, MINIMUF, it uses a grid point method to obtain critical
frequencies from the ITU noise database and uses interpolation to obtain the spatial
and temporal data for making predictions. It is claimed to give a better representation
of the ITU-Atlas data for 3 000 km MUFs than does MINIMUF which is plausible as

it takes into account the SSN, the time, the antenna gain and power.

HAMFTZ: Created in 1994 by Cedric Baechleris, this program is based on

MINIFTZ 4.3. and uses thus the same inputs (SSN, the time reliability, the antenna
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gain and power) to calculate the MUF, FOT, LUF and signal strength between two
points. It creates two tables, the signal strength in S-unit and modes and takeoff

angles.

PP:  Standing for Propagation Prediction, this program was written in 1991 by
Bernhard Bittner and updated in 2000. Based on MINIFTZ, this program predicts
propagation conditions between 2 and 50 MHz. From the fundamental data of a
circuit, date, home and target location, power, antenna gain, takeoff angle, path
(long/short), and reliability (10%, 50%, 90%), PP provides several screens function of
the time and frequency (MUF, LUF, FOT, signal and field strength expressed in
various units including S-unit). Moving the cursor on curves the field strength can be

displayed.

ASAP: This stands for Advanced Stand Alone Prediction System Developed

and was developed by IPS Radio and Space Services, which is part of the Australian
Department of Industry, Tourism and Resources. It is based on the ITU P.533 and
ITU/CCIR Report 322 (now encompassed in ITU-R P.372) but with modifications.
ASAPS HF predictions can be generated based on one of three indices:

§ I PS ionospheric T-index;

§ 10.7 cm flux;

§ sunspot number.

The T Index is an indicator of the effect of solar activity on F region frequencies and
was developed by IPS investigators and draws on a previously developed GRAFEX
prediction method. The T index is an indicator of the critical frequency (foF.), and the
higher the value of the T indexes, the higher the value of the maximum usable

frequency. The T Index has the same general scale of the sunspot number. A database
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of monthly ionospheric T-indices is supplied with the software and can be updated
each month, based on information given in the IPS monthly Solar and Geophysical
Summary, and may be updated automatically via the web. The T index can be best
regarded as an "equivalent sunspot number” - the sunspot number which would best
match the observations made by ionosondes. IPS has a large network of ionosondes

and believes that they can derive the most appropriate T index.
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Figure 126. Example of ASAPS outpui.

PropWiz: This is short for Propagation Wizard and is produced by Rohde &
Schwarz. It calculates the field-strength at the receiver location by means of a"MUF’
program, determination of the man-made noise, atmospheric noise and galactic noise
a the receiver location by means of ITU/CCIR recommendations, calculation of the
signal-to-noise-ratio considering the bandwidth, the receiver noise and the Rx antenna
gain and comparison of the calculated signal-to-noise-ratio with the required signal-to-

noise-ratio for the used modulation.
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It takes into account the date (year and month), SSN only, transmitter power, transmit
and receive antenna gain, takeoff angle, noise figure at receive, ground properties, and
SNR. While available information is lacking, it appears that this programme is an

extensive implementation of all the ITU methods and recommendations.
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Figure 127. Example of output from Prop Wiz

Al.5 Other Planning Tools

None of the programs listed below use the VOACAP engine, any form of the IRI
model or any of the ITU methods. Most of these applications display only a limited
number of parameters, the MUF and LUF for either a specified circuit or at a global
scale. Some programs provide in addition a point-to-point prediction with a relative

indication of field or signal strength or SNR at the target location.
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The most recent programs, designed especially for Windows 32-bit platforms, are
however more complete, providing for example either critical frequencies or
downloading from the Internet space weather bulletins, alerts or images dealing with

the current solar and geomagnetic activity.

MINIMUE: In December, 1982, MINIMUF-3.5 (Rose, Martin and Levine,
1978)(Rose, Martin, 1978), developed by the U.S. Naval Ocean Systems Center,
appeared in an amateur radio magazine (Rose, 1982). Although it used an incorrect
algorithm for control points that are in midnight sun conditions (Shalon, 1983) ( Rose,
1984) and for some control points that are in polar night conditions, MINIMUF, for

the first time, made practical the prediction of F-layer MUF on microcomputers.

This is a simplified prediction program for the maximal usable frequency (MUF)
along an HF propagation path. The model is based on a large number of oblique
ionograms from a wide variety of sounding paths. Given the date, transmitter and
receiver locations, and the solar flux index or sunspot number, hourly MUF values can
be obtained. This is the very widely released and copied ionospheric model for the
first IBM PC computers and is a short Basic program with only 242 lines of code

(Rose, 1982).
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&+ D, PROGRA~14BUREAU~1',Qbasic' QBASIC.EXE

=% MAXIMUM USABLE FREQUENCY — PREDICTION PROGRAM x=x=

Transmitter lat, lon{west) = ? 58.3,-4.3

Receiver lat, lon{west> = ? 48.5.-38.5

Date Cdd.mm> = ? 15.86

Entering sunspot number{i?> or 1A.7cn solar Flux{2)> ?
Solar flux = 7 132

Do you wich to zave data to a file (¥ or N> 7 N
ill you he using the printer C¥ or N> 7 N_

MUF{MHZ>

Press B to preform next case.
to perform case over,
2 to stop execution 7 _

Figure 128. Example of MINIMUF text outpui.

DXProp/HFEProp:  Written by Christian Ramade, DXProp and PropHF are both

based on the algorithm used by MINIMUF 3.5 and predict the MUF from the Solar
Flux Index (SFI), date and time, the transmitter and target locations. The MUF is
determined by hop-testing between transmitter and the target location until the

radiation angle and the calculation stops in the vicinity of the receiver.

lonospheric absorption, signal attenuation and the delay of propagation is calculated
taking into account the emitted power, frequency of transmission, and antenna gain of
the transmitter station. Interestingly the minimum signal level is fixed to a sensitivity
of -123 dBm (or 0.15 mV into 50 ohms), common to all professional and semi-
professional receivers. The difference between the two programs is the presentation

of the predictions.
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|ONPRED —The Fricker Method: Raymond Fricker from the BBC Worldservice

created this propagation program in the 1980's that included a new scheme of hop-
testing. Essentially, the program looked at each hop in detail at the points where the
E-layer is crossed and at the highest point where the critical frequency of the F-region
is important. The hop-testing involves determining whether the mode is reliable by
seeing if operating frequency is above or below the E-cutoff frequency by 5% and less

than the critical frequency for F-region propagation by 5% (Fricker, 1987).

With an initial choice of radiation angle, the path structure can be sorted according to
E- and F-hops, depending on the outcome of the tests along the way. Fricker also
adjusted the height of the F-region according to local time so hop lengths are not
constant along a path. As aresult, the path could over- or under-shoot the target area
If the error is more than 25 km, another radiation angle is chosen and the process
starts again. IONPRED also calculates the ionospheric absorption expressed in dB,
and adds that to the signal loss due to spatial spreading or attenuation and ground

reflections.

HFProp: Developed in 2000 by Julian Moss, the GUI is user-friendly and is a
very simple and light propagation program (~700 KB) which takes into account the
solar flux or the smoothed sunspot number and planetary indices. HFProp uses
Fricker's F2-layer prediction model. The latest version released also includes
provision for connection to the Internet for automatic updates of the current solar flux

and K index.
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@) HFProp - Weépion (Belgium)
pate: [5 = Jawgust =] |2004 3| tme: [17:00=] 0T [T Auto Update [ Bearons

Solar Flux: |36 3. S5N; |29 3. A Index: Iﬂ 3. K Index: |2 3. [~ Long Path

18 |35 |so |70 i 140 |ie1 |20 249 | |mor |reci|Ece | | |

Weépion to VS6 (Hong Kong)
on 8 August 2004 1 MUF

Hong Kang (Y58}

o
0 2 4 6 3 101214 16 15 20 22 24

UL s - MUF 15.5MHz LUF 7.6MHz nnnn |

Figure 129. Example of the output of HFProp.

AMBCOM: This program was developed by SRI International in connection with
work supported by the Defense Nuclear Agency, and is a companion program to
NUCOM, another propagation program specific to the nuclear environment
(Hatfield,1980). One difference between the NTIA/ITS series of programs and
AMBCOM is that the latter uses a 2-D raytrace program, while the former programs
use virtual methods. In addition, AMBCOM contains within its ionospheric submodel
structure a considerable amount of high latitude information including aurora
absorption models. This should provide for an improved prediction capability for
paths through the high-latitude region or within its neighbourhood. A major
distinction between AMBCOM and virtual methods used by the ITU is that the
ionosphere defines the path of the ensemble of rays in AMBCOM, whereas a
predetermined path is used to define the effective part of the ionosphere (i.e., the

“control point”) in the virtual or “mirror” methods.

AMBCOM documentation is not freely available and appears to be mainframe based.

The performance of AMBCOM has been examined in one in a series of studies,
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conducted at the Naval Postgraduate School, to establish the relative merits of several
computer-based propagation prediction models using a standard set of measured data
(Wilson, 1991). AMBCOM was used to model the propagation path between a
transmitter located in the polar cap region and several mid-latitude receiver sites.
Model predictions were matched to measured data obtained during two high-latitude
communication experiments (campaigns). The absolute difference between model
signal-to-noise ratio (SNR) and measured SNR was considered as error. AMBCOM
exhibited small absolute values of average error, i.e., 7-11 dB, and high percentages of

matched records. The average error wastypically distributed between -20 and +20 dB.

HE-PROP:  Written by Mike Harris in 2002. From the home and target location,
the solar flux (SFI) and K-index it only predicts the MUF and LUF for the specified
path, but nothing else. It is aimed at yacht enthusiasts whose needs are for a first
guess of which frequencies it might be possible to receive weather fax transmissions

on.

Route: 22°35'$ 044°02'W to 22°35'S 044°02'W  Bearing: 270 (sho
August 25 2004 Solar Flux: 130 Kindex: 2
40 L
¥
R
E 4
qQ 304
o i
E
N 1
C g9
\ Y i
i o‘RmDeJ nnnnnn (MHz)
" 10|
rrrrrrrrrrrrrrrr T T rorrorT
Usable 575" 46 8 10 12 14 16 18 20 22 24
blocks TIME (UTC)
L I Llj

Ready Cursor: 37°5 036°E KFEZEW |Home: 1675 0437 W

Figure 130. Example of HF-Prop output.
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PROPHET: Very little information is freely available on this program. There are
restrictions on use of Prophet, according to the U.S. Navy: The Advanced Prophet
system contains information and capability subject to the International Traffic in
Arms Regulation (ITAR) or the Export Administration Regulation (EAR) of 1979,
which may not be exported, released, or disclosed to any foreign nationals inside or
outside the United States without express permission from Chief of Naval Operations
under any circumstances. A request to the Navy Modelling and Simulation
Management Office (NAVMSMO), the current system managers for a copy of

Prophet, was politely refused.

The performance of PROPHET has been examined in one in a series of studies,
conducted at the Naval Postgraduate School, to establish the relative merits of several
computer-based propagation prediction models using a standard set of measured data
(Gikas, 1991). A 'Noncentric' database of collected high-latitude signal and noise
measurements was obtained during 1988 and 1989 by the University of Leicester,
U.K. The Advanced Prophet 4.0 HF lonospheric Propagation Prediction Code was
exercised and compared to a portion of the 'Noncentric' database for a transmitter at
Clyde River, Canada and a receiver at Leicester, U.K. The Prophet predictions were
better during winter months than during summer months. Overall, 70% of the signal
strength data from Prophet 4.0 were between -20 dB and +20 dB error, compared to

the measured data.

WG6EL Prop: Written by Sheldon C. Shallon in 2001 this point-to-point model,
which takes into account a basic communication circuit, is able to predict the status of

the ionosphere on frequencies between 3 and 30 MHz. Inputs include transmitter and
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target locations, the SFI (SSN as an alternative), K-index, noise at target location,
noise bandwidth and minimum takeoff angle. W6EL Prop takes into account the D-,

E-, and F-layers of the ionosphere to calculate receiver signal strengths. MUF
calculations use Raymond Fricker's F-layer method developed in 1985 combined with

the E-layer method developed by the ITU (then the CCIR) in 1983.

SNAPMax: To support his book, "The Friendly lonosphere”, the author, Crawford
MacKeand, wrote this short program, updated in 2001, to assist in the practical
exercises. While less than 300 KB with all data, it is one of the few programs that
predict propagation conditions in the band 1.5 to 45 MHz. SNAPMax takes into
account an approximate MF algorithm and gyro-frequency for medium wave
propagation. In addition, terrestrial reflection points are checked to take correct
account of reflection from lands and oceans for ground-wave coverage calculations,
and E-layer paths are also assessed. The Ap or Kp index is used to determine polar
path auroral losses, as well as MUF depression during storm events. MUF is
determined using Fricker's algorithms, losses being determined by George and

Bradley's method using an internal world-wide vertical absorption map.

MINIPRO: Developed in 1985 by Sheldon C. Shallon, it combined the prediction
of signal levels, F-layer MUF with corrections over MINIMUF 3.5 for the midnight
Sun and polar night conditions. At the same time, improved ionospheric propagation
models were acquired from several sources, in particular, a superior F-layer model
based on the F-region method used by Raymond Fricker in IONPRED. The original
product was improved and evolved to MINIPROP Plus and version 2. It included then
the E-layer cutoff frequency, a gray-line map and an approximate auroral oval. A

version has also been developed for Windows.
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MICROMUEF: Thisis a small program of 158 lines of code written in 1984 by

Raymond Fricker (BBC World Service). MICROMUF calculates the MUF and LUF
using only the SSN as input. The program was improved by Hans Bakhuizen,
Technical Policy Adviser of Radio Netherlands. Contrary to MINIPROP, in
MICROMUF the E-cutoff is associated to the LUF, although the LUF is normally
considered to be a D-region matter. It uses Fricker's "mini F-region” algorithm
congtituting 13 mathematical functions (instead of only one in MINIMUF) to simulate

the ITU database for the critical frequency.

e Do PROGRA~1'BUREAU~1%0Obasic'\QOBASIC.EXE ]
*xx MICROMUF ¢ FROM:0ON TO:TA
MONTH: & SSM: 85 DIST: 2299 KM
THIS PROGRAM CALCULATES THE: AZIM: 118 DEGR. F-HOPS: 1
=*= M. U. F. (MAXIMUM USABLE FREQUENCY>
# L. 0. F. (LOWEST USABLE FREQUENCY>

OF ANY SHORTWAUE SKYWAVE-PATH.

CALCULATIONS CAM BE DOME FOR
ANY MONTH AND SUNSPOT NUMBER.
NAME TRANSMITTER LOCATION

7 ON

TRANSMITTER LONGITUDE
IN DEGR. <(W=+ E=-)>7 —-4.3

8246818 14 18 22 HUTGCH
+:MUF —:LUF HIT AMY KEY *

TRANSMITTER LATITUDE
IN DEGR. (N=+ S=-37 58.3_

Figure 131. Example of text output from MICROMUF

Al1.6 Appendix Summary

This appendix has examined a number of propagation prediction and planning tools
used to predict:

§ The condition of the ionosphere in terms of Electron Density at different

heights. The backbone of these programs is a climatological or monthly

median ionospheric model, which does not account for short-term

variability;
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§ The parameters required for use in radio communications (MUF, LUF,

Ray path, hops, €tc).

The tools have been classified into three different categoties:

a Toolsbased on IONCAP/VOACAP;

b. Toolsbased on ITU methods,

c. Other tool not covered by a) or b) above.
While a few of the tools can be adapted to real-time and short-term forecasting the
majority are used for long-term planning purposes. For example, based on the
requirements of users and the international regulatory structure long-term predictions
are likely to be required for broadcast planning for some time to come. They are also

worthwhile for system studies and planning for military operations.

The empirical basis of many methods are formulated taking into account mid-latitude
data and hence do not include adequate transmission loss calculations to deal with
high-latitude features, with the notable exceptions of AMCOM, and ICEPAC.
Although most of the tools listed have crudely taken some high-latitude features (e.g.
auroral absorption) into account, the following have not been included in the
calculation of basic circuit reliability:

§ Sudden ionospheric disturbances,

§ Polar cap absorption (Solar proton events);

§ Geomagnetic storms;

§ lonospheric Storms (effects of plasma clouds);

§ Short wave fadeout;

§ Blackouts.

380



