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OVERVIEW
This report is the result of a request by CSIRO to provide ionospheric information over the
Australasian region in support of a proposal for siting of the SKA (Square Kilometre Array) next
generation radio telescope.
The document “Request for Proposals for Siting the SKA”, issued by the International SKA Project
Office and dated 1 September 2004, requests that proposers provide the following ionospheric
information over and around the proposed SKA site:
(i) Total Electron Content (TEC) variation over the site of the SKA facility including diurnal,
annual and variation with solar activity, to be given in the form of histograms and plots;
(ii) Ionospheric scintillation (S4 index) at various frequencies and at various times of the year
(such as equinoxes and three months after), to be given in the form of plots;
(iii) Describe, for your site, large scale phenomena in the ionosphere such as “gravity
waves”(TIDs) (provide occurrence statistics and 'spread F') and presence or nearness of the
Equatorial Anomaly;
(iv) A plot of gradient vs latitude of energetic particle precipitation rate in regions falling
within the South Atlantic Anomaly (SAA)
(v) Comments by Proposers on the impact of the Equatorial Electro-jet on the proposed SKA
site, in case the site is near the equator.
The first three items requested are provided below in sections 1 to 3 respectively. Item (iv) is not
applicable, as the South Atlantic Anomaly is not visible from any site in the Australasian region.
(Note: The SAA is a region located to the west of Brazil in which energetic particles orbiting the
Earth and constrained by the Earth's magnetic field encounter significant numbers of neutral
atmospheric molecules, losing energy and precipitating into the ionosphere. This occurs because
the magnetic dipole axis is displaced away from this region, bringing the magnetosphere closer to
the solid earth at this point on the globe)
Although the proposed Australian SKA site at Mileura is a central mid-latitude site, and located
almost equidistant from the Equatorial and Auroral ionospheric anomalies, the Equatorial and
Auroral Electro-jets are both visible from Mileura at low elevations
(to the north and south respectively). This is briefly discussed in section 4 below.
Summary: The mid-latitude ionosphere is the most stable part of the global ionosphere.
Instabilities, gradients and anomalous behaviour in this part of the ionosphere have lower
occurrence frequency than elsewhere (ie than in the equatorial and polar ionospheres). Mileura and
surrounding areas are centrally located in geomagnetic mid-latitudes and although radio
astronomical measurements will see effects from both the polar and equatorial ionospheres, these
will only occur at low elevation angles to the south and north respectively. A central mid-latitude
network of antennas will experience fewer ionospheric perturbations than sites otherwise located.
The only major anomalous region at mid-latitudes is the South Atlantic Anomaly, and this is not
visible from the Australasian region.
A rough data summary may be made as follows:
VTEC extremes:
Scintillation:

1 to 100 TECU (99%)
Significant scintillation activity < 1% of time
Phase scintillation <1 degree
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1

INTRODUCTION

This report offers a summary of the ionosphere above Mileura. Since no previous observations of
the ionosphere have been made at this location, it is necessary to use observations of the ionosphere
at nearby locations, together with models of the ionosphere to draw conclusions about Mileura’s
ionosphere. Because of necessity there is heavy reliance on ionospheric models, these are
introduced first with some comments on their limitations and why they are trustworthy for the
region of interest. This is followed by modelling results, and data presentations, for various key
ionospheric parameters critical for the success of the Square Kilometre Array (SKA) when sited at
this location.
2
2.1

MODEL INFORMATION
Introduction

The ionospheric models used in this report are:
For ionospheric total electron content:
1 International Reference Ionosphere (version IRI -2001) - CCIR coefficients
2 NeQuick - CCIR coefficients
For ionospheric scintillations:
3 WBMOD
4 GISM (Global Ionospheric Scintillation Model) - incorporates NeQuick
These are briefly described further.
2.2

The International Reference Ionosphere - IRI

The International Reference Ionosphere was based initially on a model by Rawer (1981). It is
strongly based on empirical measurements (initially about 500,000 bottomside soundings and
50,000 topside (satellite) soundings of the ionosphere), and has undergone numerous additions and
revisions to improve its accuracy. The IRI topside ionosphere was originally implemented with the
addition of a model by Bent (Bent et al, 1972). This had shortcomings and a new model was
implemented in IRI2001. While better, this also has known shortcomings when used above 1000
km at high latitudes. The basic outputs of the IRI include electron density, electron and ion
temperatures and ion composition, all as a function of latitude, longitude, altitude, sunspot number
and time. The IRI has been widely validated for many different locations and conditions, including
the Australian region.
Total Electron Content (TEC) observations have been made in Australia (e.g., Essex 1978,
McNamara and Smith 1982). By integrating through the predicted IRI electron density profile, the
TEC can be calculated and compared with these observations showing the IRI is reliable in this
region (e.g., McNamara and Wilkinson, 1982). Thus for Australian mid-latitude locations, such as
Mileura, the IRI has been shown to be reliable in all its implementations for the Australian region.
The IRI is an international project sponsored by the Committee on Space Research (COSPAR) and
the International Union of Radio Science (URSI). The IRI is updated and improved periodically by
a working group during special IRI workshops.
The most current IRI model is maintained at the National Space Science Data Center, located at the
NASA Goddard Space Flight Center in Greenbelt, Maryland, USA. The contact person for this
model is Dieter Bilitza (1990).
2.3

NeQUICK

NeQuick is an ionospheric electron density model (sometimes referred to as a profiler) developed
by the Aeronomy and Radio Propagation Laboratory (ARPL) of the (Abdus Salam) International
Centre for Theoretical Physics (ICTP) and by the Institut fur Geophysik, Astrophysik und
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Meteorologie (IGAM) of the University of Graz (Austria). The basic outputs of the model are Ne
(electron density) profiles of the ionosphere with specified inputs (geographic position, time,
sunspot number). From these, values of both VTEC (Vertical TEC - the TEC in a vertical column)
and STEC (Slant TEC - the TEC in a line of sight column from source to observer) values can be
obtained.
NeQuick uses Titheridge's formula for the E-layer, scales this for the F1 layer, and uses modified
IRI tables for the F2 layer. A diffusion model is used to calculate the topside ionosphere. From this
it can be seen that NeQuick is less reliant on empirical data than is the IRI model. Although
NeQuick appears to both under-estimate and over-estimate the TEC depending on location, its
developers maintain that overall it is an improvement on the IRI. Significantly, the developers have
gained ESA acceptance of NeQuick for the EGNOS project and ionospheric corrections for the
future European Galileo global satellite navigation system, and the International
Telecommunications Union (ITU) has adopted the model as ITU-R Recommendation P.531-8
(Ionospheric propagation data and prediction methods for the design of satellite services and
systems).
NeQuick is a relatively new model and has not yet been proven in Australian conditions. Some
problems were encountered using it as part of this project. The maximum diurnal TEC was shifted
towards dusk and unrealistically enhanced TEC values were found for Mileura for some seasons.
This discrepancy is now being investigated.
Documentation and source code may be obtained at the ITU web site < www.itu.int/ITUR/software/study-groups/rsg3/databanks/ionosph/Rec531/>
2.4

WBMOD

The WideBand MODel of ionospheric scintillation was developed in the USA by Fremouw and
others (Fremouw 1978, Fremouw and Secan, 1984) from both theoretical considerations and a wide
range of empirical data, but particularly on observations of the DNA (Defense Nuclear Agency)
Wideband Satellite Experiment. This satellite hosted 10 beacons transmitting on 10 frequencies
from 137 to 2900 MHz, and covered a wider spectral range than any experiment before or since.
Limited testing of the model has taken place in the low latitude region (Cevara et. Al.) to the north
of Mileura and no mid-latitude tests were found in the literature. Nevertheless, the results have
been subject to significant development scrutiny and are currently regarded as the best estimate
available for scintillations.
The model is maintained and improved by NorthWest Research Associates Inc. The WBMOD web
page is located at <www.nwra-az.com/ionoscint/wbmod.html>. A copy of the model may be
obtained from Jim Secan at NWRA <scint@nwra.com>.
2.5

The Global Ionospheric Scintillation Model / GISM

GISM has been developed in France by Beniguel (2002). It incorporates the NeQuick model and
uses the Multiple Phase Screen technique. It is believed to have been developed primarily from
GPS scintillation data and may show significant differences from reality at frequencies substantially
lower that the L-band GPS signals. As mid-latitude scintillations are practically non-existent at
frequencies above 1000 MHz, this may be a problem for our application. However, GISM is
claimed to perform better than WBMOD at GPS frequencies.
Maps of the scintillation index S4 can be produced, as well as maps of the standard deviation of
phase scintillations. Other parameters such as fade duration, probability of GPS signal loss of lock
can be produced.
The ITU adopted GISM as the recommended ionospheric scintillation model, partly because
WBMOD cannot be offered for this role due to proprietary ownership of aspects of the software.
Documentation and source code may be obtained from the ITU site <www.itu.int/ITUR/software/study-groups/rsg3/databanks/ionosph/GISM/>.
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Although GISM was implemented for this project, no results from it have been presented in this
report as it was not sensitive at the frequencies used here. In general, GISM predicted lower
scintillation levels than WBMOD.

3
3.1

AUSTRALIAN IONOSPHERIC TOTAL ELECTRON CONTENT
General Discussion

We first present contour plots of the vertical total electron content (VTEC) as modelled over the
Australasian area. The unit for these plots is the TECU (TEC Unit) where:
1 TECU = 1016 electrons / m2
Vertical TEC or VTEC is thus the number of electrons existing in a vertical column of area one
square metre located at the specified site (of given geographic latitude and longitude).
As we are most interested in the range of possible values that we expect to encounter for the
proposed SKA area, typical maps have been drawn for the conditions of ionospheric minimum
density conditions and ionospheric maximum density conditions. The model parameters adjusted to
achieve these conditions are the solar (sunspot) index, the season and the local time. The maps
plotted are for a specified Universal Time (UT), which means that local time can only be chosen to
maximise or minimise the ionospheric density at one particular longitude. We have chosen that
longitude (and local time) to be that of Mileura. It is possible to produce artificial maps with a
constant local time at all sites. However, to minimise the number of plots shown, and keep as close
to reality as possible, we have chosen to present only the more realistic UT map here.
These contour maps are followed by sky plots centred on Mileura, which show the expected slant
TEC (STEC) that a radio telescope located at Mileura would encounter when looking over the
possible range of elevation and azimuth angles. To show the range of such STEC values, sky plots
are also presented for both ionospheric minimum and maximum density conditions.
In addition, the VTEC diurnal variation at Mileura is plotted for 4 seasons and for sunspot max and
min conditions together with the VTEC annual variation at Mileura for sunspot max and min. Both
the IRI and NeQuick models are used in these presentations to allow a spot comparison between
them.
Sky transparency maps, which although not requested in the SKA RFP serves to show that the
ionospheric critical frequencies, which allow transionospheric propagation, are sufficiently low not
to worry the SKA, even at the lowest proposed frequency of 100 MHz.
Finally, to reinforce the model validity GPS TEC data are compared with both the IRI and NeQuick
models.
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3.2

TEC Extreme Values - Ionospheric Minimum Density Conditions

Figure 3.1 IRI Vertical TEC over the Australasian region - Ionospheric Minimum at Mileura
This contour map shows the variation of vertical TEC over the Australian area at conditions of time
(early morning hours) and sunspot number (SSN=0) when the ionospheric electron density is at the
lowest values it usually obtains. Under these conditions, the TEC at any of the proposed SKA sites
in the Australasian area will lie between 1 - 4 TECU.
This map was drawn using output from the International Reference Ionosphere model (IRI-2001).
The European NeQuick model gives essentially the same output for ionospheric minimum
conditions, and so is not presented here separately.
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3.3

TEC Extreme Values - Ionospheric Maximum Density Conditions

Figure 3.2 IRI Vertical TEC over the Australasian region - Ionospheric Maximum at Mileura
This plot was drawn for conditions of a typical large solar cycle at sunspot maximum (SSN=150)
and at a local time just before noon at Mileura. From this we can see that the largest vertical TEC
value usually seen at Australian mid-latitudes is about 60 TECU (ie 60 x 10-16 el/m2).
This plot was produced from the IRI-2001 model, integrated to 1000 km. Although there will be a
small amount of TEC above 1000 km (<10%), the IRI-2001 model has an unrealistic southern high
latitude increase in TEC above 1000 km for high sunspot numbers (this is being corrected in the
IRI-2005 version).
Note: LT = UT + 8 for Mileura
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Figure 3.3 NeQuick Vertical TEC Ionospheric Maximum Conditions at Mileura
Comparing Figures 3.2 and 3.3 it is apparent that NeQuick TEC predictions for the Australian
region can be different from the IRI predictions. The equatorial anomaly has greater ionisation
while to the south of Australia the TEC is lower than the IRI, leading to steeper TEC gradients
across the Australian continent. The differences are clearer at high solar activity as shown
descriptively in later Figures. To date, only the IRI has been validated in the Australian region and
spot checks suggest that this earlier work is a good confirmation of the IRI, NeQuick therefore
being less reliable in this region. Further work is needed in this area.
Note that NeQuick, as pointed out, uses a diffusion model for the topside ionosphere, diffusing the
maximum electron concentration from the altitude of maximum concentration to higher altitudes.
As indicated, discrepancies found for the Mileura region will be investigated further.
3.4

Comments

Defining Maximum
The above plots for maximum VTEC were modelled for a smoothed sunspot number of around 150.
This is typical of the maximum sunspot number achieved for many active solar cycles in the last
century. However, it should be noted that sunspot cycle 19 showed a peak smoothed sunspot
number of 200 in 1958.
The reason that no model output is supplied for a SSN=200 is twofold. First, we believe that 150 is
more representative of the maximum values typically obtained, and second in ionospheric models
the ionosphere saturates for a SSN>150, consistent with conventional knowledge about the average
ionospheric behaviour. The idea of saturation is descriptive of the average climatology statistics at
high solar activity rather than the nature of the ionized part of the neutral atmosphere at the F-region
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peak and is indicative of the problems encountered using a single index (sunspot number) empirical
model.
Geomagnetic Activity
Geomagnetic storms (often represented by a planetary geomagnetic logarithmic index 0<=Kp<10)
will affect the ionospheric TEC. A typical large storm will show an increase in TEC in the initial
phase of the storm (lasting from about 1 to 12 hours), followed by a fall during the main phase
(typically 6 to 100 hours), and a slow recovery to normal values over one to several days.
The initial rise in TEC may be up to 50% of the quiescent value but is more typically 10 to 20%.
During the main phase depression TEC may fall by 50 to 80% in a large storm. During this time
the TEC will also show wide fluctuations. Large geomagnetic storms are rare, usually only four or
five are observed during solar maximum.
VTEC Range
In summary, model outputs would lead us to expect nominal VTEC values over the area proposed
for SKA of from 1 to 70 TECU although observations have led us to revise the upper bound
upwards to 100 TECU.
TEC gradients
It should be noted that for most radio astronomical purposes, it is the TEC horizontal gradients that
are more significant than the absolute value of TEC. In fact, a large radio astronomical array could
not detect a plane uniform ionosphere. It is only the gradients and irregularities that cause
differential phase problems.
The mid-latitude ionosphere is affected less by electron density gradients than both the high and
low latitude ionospheres. However, there are two times of day when gradients will be significant
and these are due to solar terminator passage - sunrise and sunset. Of the two, sunrise has the
largest gradients associated with it, as the solar EUV first hits the ionosphere and generates new
ionisation. At sunset, although the source of ionisation is removed, the F-region recombination
rates are low and will not rapidly remove the ions at and above the peak level of ionisation. The
lack of significant gradients at other times is apparent from the previous figures. However, these
are a best case estimate and hour-to-hour and spatial differences will lead to larger gradients being
observed. This is an area that can potentially be investigated further but is not considered to pose
significant problems.
3.5

Slant TEC Values

VTEC only gives the ionospheric columnar density seen by a radio telescope pointing to the zenith.
As this is not normally the case, we need to consider how the TEC varies along a line-of-sight slant
path (STEC) as a function of both elevation and azimuth, measured from a specified site.
While good geometric approximations exist, for more accurate STEC estimations, one should really
integrate the path from observer through the model ionosphere. This has been done for Mileura and
the results are presented below as skyplots for ionospheric minimum and maximum conditions (as
specified for the previous plots). The integration in these model outputs has only been performed to
an altitude of 1000 km because of errors introduced at low zenith angles pointing towards higher
latitudes, as mentioned earlier.
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Figure 3.4 IRI STEC Skyplot for Mileura - Ionospheric Minimum

Figure 3.5 IRI STEC Skyplot for Mileura - Ionospheric Maximum
Page 12 of 48

Figure 3.6 NeQuick Skyplot for Mileura - IRI Ionospheric Maximum
Note that, as with the VTEC, the maximum STEC is shown to the east of Mileura, because
maximum VTEC over Mileura in the NeQuick model does not occur until around 0530 UT. Taking
this into account, the STEC values between the two models are similar.
3.6

Diurnal Variation of VTEC at Mileura

On the following page, the diurnal behaviour of VTEC is shown for both IRI and NeQuick models,
for four seasons and two levels of solar activity, as specified in the SKA RFP. Note that the IRI
maximum values are substantially higher than those of the NeQuick model, which is probably less
accurate in the Australian region, as already indicated.
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Figure 3.7 Two Model Comparison of the Diurnal Variation of VTEC at Mileura
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3.7

Annual VTEC Variation at Mileura

Figure 3.8 Two Model Comparison of the Annual Variation of VTEC over Mileura
Again we see that the IRI estimate substantially exceeds the NeQuick estimate at times of for solar
maximum conditions.
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3.8

Sky Transparency

The ability to see beyond the Earth along any particular line of sight is dependent on the
transparency of the ionosphere along that path. Below the ionospheric critical frequency (which is
proportional to the maximum ionospheric density along the path), signals from distant radio sources
will not penetrate the ionosphere. It is thus useful to look at the maximum and minimum critical
frequencies that are likely to be encountered over time and solar conditions.
These two plots essentially show the minimum frequencies that will penetrate the ionosphere for
varying elevation and azimuth angles. Elevation is 90 degrees at the centre of the plots going down
to 0 degrees at the extremities. Azimuth is measure from north which is at the top of the plot going
clockwise to east around the periphery.

Figure 3.9 Typical Sky Transparency for Mileura at Conditions of Minimum Ionospheric Density
The above plot shows the minimum useable frequency (MUF) for a radiotelescope at Mileura for
conditions of minimum ionospheric density, which occur at a smoother sunspot number (SSN) of
zero and a local time just before dawn (around 2000UT = 0400 LT at Mileura). It can be seen that
even at extremely low elevation angles the ionosphere is transparent down to 10 MHz, well below
the lowest proposed operational frequency for the SKA (ie 100 MHz).
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Figure 3.10 Sky Transparency Plot for Mileura at Conditions of Maximum Ionospheric Density
This plot was made for a smoothed sunspot number of 150 and at a time of 0700 UT = 1500 LT at
Mileura.
Again it can be seen that the minimum useable frequency even at very low elevation angles (ie <50
MHz) is below the SKA lowest proposed frequency.
Effects to the SKA if located at Mileura are thus essentially the second order ionospheric effects of
refraction, scintillation, polarisation rotation, signal delay, decoherence / decorrelation and
scattering.
Note: The above two figures were produced using the IPS empirical model of the bottomside
ionosphere because software is currently available using this model. Although the IPS model
matches observations better, on average, than both the IRI and NeQuick, which make use of the
ITU ionospheric model to predict the peak F-region electron density, the differences between the
respective models of the F2 peak are not great enough to compromise the TEC maps already
produced and it is not possible to add the IPS model into NeQuick as part of this project.
3.9

Comparison of Model-TEC Output With GPS-TEC Data

The nearest site to Mileura for which we have access to real TEC data is Karratha, WA. While this
is some way north of Mileura, it is at about the lowest latitude of any proposed SKA site, and will
give a good indication of the highest VTEC likely to be encountered.
The data used is from GPS measurements made by Geoscience Australia.
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Figure 3.11 Low Sunspot Number
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Figure 3.12 Moderate Sunspot Number

The above graphs show a comparison of monthly average observations with the IRI and NeQuick
models. The agreement between the data and both the models is reasonable for these selected
months, although offset to a greater degree at higher solar activity. The integration in the models is
taken to 1000 km, although at these latitudes neither model should have significant errors if
integrated to greater altitudes. Thus the progressive positive deficit between the models and
observations can be explained as TEC between 1000 km and the height of the GPS satellites.
May 2005 was selected for the low sunspot number (SSN=17) case, as it was the lowest SSN for
this sunspot cycle (cycle 23) for which we had TEC data available. Likewise, September 2000 was
chosen near the peak of cycle 23 with a smoothed sunspot number of 116.
However, as previously mentioned, smoothed sunspot number is not always an appropriate proxy or
surrogate index for the actual solar EUV radiation which produces the ionisation in the ionosphere.
A good example of this can be shown by considering the GPS data for September 2001, which had
one of the highest median VTEC values of cycle 23. The smoothed sunspot number (which is
averaged over a 13 month period centred on the month in question) for this month was 114, whereas
the monthly sunspot number was 151. The GPS data and the model outputs for this month are
shown in Figure 3.13. Two model outputs are shown, one for an index of 114 and the other for 150
(in red). While none of the model outputs correctly represent the observations, the higher index is
clearly better.
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VTEC (median) Karratha Sep 2001
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Figure 3.13 Very high VTEC incompatible with smoothed sunspot number

This example shows that the observed VTEC around this area may occasionally be substantially
different from what the model output would indicate. Because of this result, we would suggest that
the maximum (99% level) Australian mid-latitude VTEC is more likely to be 100 TECU than the 70
TECU indicated by the models.
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4
4.1

AUSTRALIAN IONOSPHERIC SCINTILLATION
Overview

Ionospheric scintillation is a rapid fluctuation in the amplitude and phase of a radio signal that has
passed through the ionosphere (eg a radio source observed by a radiotelescope). This scintillation,
which can be likened to the visual twinkling of stars, is produced by small-scale electron density
irregularities (variations) in the ionosphere is a well known phenomena (Briggs, 1964). These
irregularities scatter the signal. Amplitude and phase fluctuations are produced when the multiple
scattered signals interfere at the receiver. Some typical Australian observations are reported by
Hajkowicz, 1994.
Scintillations are primarily a night-time phenomenon. In the equatorial region scintillations start
after sunset and are most intense from a local time of 2100 to midnight, although persisting at a
lower intensity until around 0200 LT. They show a seasonal variation, with scintillation occurrence
being higher and more intense around the equinoxes. Equatorial scintillation also shows a slight
decrease in intensity and occurrence as the geomagnetic Kp index increases.
The most severe ionospheric scintillations are experienced when a signal passes through the
equatorial ionosphere (within +/- 20 degrees of the geomagnetic equator, which is 10 degrees north
of the Australian mainland), and show a strong positive correlation with sunspot number. However,
when a large geomagnetic storm is in progress (wherein particles are precipitating into the auroral
region), scintillations through the polar regions can rival high-level equatorial scintillation in
intensity. Furthermore, as the magnitude of a geomagnetic storm increases (often specified by the
logarithmic Kp index from 0 to 9), the auroral region expands equatorward. However, because of
the rarity of large geomagnetic storms, polar scintillation has a lower occurrence rate than has
equatorial scintillation.
The mid-latitudes are relatively benign with respect to ionospheric scintillations and show a
different temporal pattern. Mid-latitude scintillations peak around midnight local time, but show
almost no variation with season or with geomagnetic activity. They are correlated positively with
sunspot number. The intensity and occurrence of mid-latitude scintillation is much less than that
originating in the equatorial or auroral regions. As a rough guide, scintillation will be observed at
mid-latitudes less than 1% of the time.
4.2

Scintillation Indices

The amplitude, phase and angle of arrival of a radio source will fluctuate during periods of
ionospheric scintillation.
Two intensity/amplitude scintillation indexes are commonly used, S4 and SI. The S4 index is
appropriate for systems where the data is collected and processed digitally. It is defined
mathematically as:
( S4 )2 = ( <I2> - <I>2 ) / <I>2
Eq 4.1
Thus S4 is the square root of the normalised variance of the signal intensity.
Because much scintillation data has been recorded on paper chart, S4 is not the most appropriate
index to use for this type of data reduction. Because of this an alternative Scintillation Intensity
index (SI) was defined as:
SI = (Pmax - Pmin) / (Pmax + Pmin)
Eq 4.2
where Pmax is the power of the 3rd peak down from the maximum excursion shown during a
scintillation occurrence, and Pmin is the power of the 3rd peak up from the minimum excursion.
These values can be readily and rapidly scaled from a calibrated chart.
The S4 index is dimensionless, whereas the SI index is expressed in decibels (dB). Approximate
expressions enabling comparison of the two indices are given by:
SI = 27.3 S41.25
and
S4 = 0.71 SI0.8
Eq 4.3, 4.4
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The following table shows this correspondence:
SI (dB)
1
3
6
10

S4
0.075
0.17
0.3
0.45

An S4 value of 0.6 corresponds to an SI of about 15 dB, and as this is close to the dynamic range of
most of the scintillation monitoring systems, a value of S4>0.6 is referred to as strong scintillation,
a designation which also relates to the type of physical scattering that occurs. S4<0.6 is referred to
as the weak scintillation region, and in this region there is a well established empirical relationship
between S4 and frequency:
S4 (f) = S4O * (f / fO ) -1.5
Eq 4.5
Thus if S4O is observed at a frequency, fO, the value of S4 at any other frequency can be estimated
from Equation 4.5. At mid-latitudes, little scintillation is observed above about 1000 MHz on
typical satellite transionospheric links.
Phase scintillation is often specified by the parameter Prms ( or φrms) which is the rms value of the
phase fluctuations experienced during a scintillation event. This index is measured either in radians
or degrees. At mid-latitudes, Prms rarely exceeds 1 degree for more than 1% or the time.
Ionospheric scintillation models produce statistical measures of the specified scintillation index. To
produce maps it is necessary to either specify thresholds of this index or to specify a percentage of
time an index is exceeded.
4.3

Australian Scintillation Extremes

There is limited synoptic data available for estimating the effects of scintillation in the Australian
region. Consequently, a model, WBMOD is used to estimate the anticipated scintillation effects.
These are presented in the form of plots for a frequency of 100 MHz, unless stated otherwise (i.e.,
the worst case frequency).
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Figure 4.1 04 UT (this is local Mileura noon). SSN=0 Kp=0 (Minimum Scintillation)

Figure 4.2 16 UT (local Mileura midnight) SSN=150 Kp=0 (Sunspot max. Geomag min)
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Figure 4.3 16 UT (local midnight at Mileura) SSN=150 Kp=9 (Maximum Scintillation)
The above three plots were made setting the percentage occurrence time at the 90% level.
This means that the scintillation index S4 is expected (according the model output) to be less than
the contour value indicated for 90% of the time. More extreme conditions are considered in the
diurnal plots over Mileura.
It should also be noted that these maps plot the scintillation index expected when the source is
directly above the geographical point in question. Scintillation observed at non-zenithal elevation
angles will be considered below.
The frequency specified for all these maps was 100 MHz. Higher frequencies will show less
scintillation according to the inverse frequency to the 1.5 power.
Note in the figure labelled “maximum scintillation” (figure 4.3), that even though the auroral zone
has undergone a major equatorward expansion, and a subsequent massive increase in zenithal
scintillation from Perth south, the value at Mileura is relatively unchanged. This is not to say that
we would never expect an auroral event to cover Mileura, but the expected frequency is probably
around once every 100 years. Nor should it be taken to mean on occasions during severe storms
scintillations may not increase significantly near Mileura latitudes. Either way, the frequency of
these events is very low and global in extent. We should also note that in this case, radio sources to
the south of the zenith will be severely affected by scintillation. Fortunately, the type of event
specified in this figure is expected to happen no more than about 5 to 10 times per solar cycle (10 11 years), and to last for no more than one day.
4.4

S4 Variation at Mileura

At mid-latitudes the WBMOD model shows no significant variation in ionospheric scintillation
activity (as specified by the S4 index) with either season (ie day of the year) or with geomagnetic
activity index Kp. Thus only diurnal curves are presented here.
WBMOD indicates that there is no significant scintillation activity across the Australian midlatitude region at frequencies of 1000 MHz or greater under any solar or geomagnetic conditions.
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S4 scintillation at 50th percentile
(Mileura, W.A , vertical, DOY =001, SSN=150, Kp=9)
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Figure 4.4 The 50th percentile for average expected values of S4 under max scintillation
conditions
S4 scintillation at 90th percentile
(Mileura, W.A , vertical, DOY =001, SSN=150, Kp=9)
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Figure 4.5 This 90th percentile, used in Figures 4.1 to 4.3, for the diurnal variation in S4
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S4 scintillation at 99th percentile
(Mileura, W.A , vertical, DOY =001, SSN=150, Kp=9)
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Figure 4.6 Extreme S4 values expected at Mileura (99th percentile is approx 3 sigma)

Note that the above three figures are for maximum scintillation conditions - the sunspot number is
very high and severe geomagnetic storming is occurring (although the zenithal S4 is independent of
Kp at Mileura)
No diurnal plot for minimum scintillation conditions (SSN=0) is shown because scintillation is
essentially negligible at Mileura, even for the lowest frequency of 100 MHz.
The 50th percentile plot shows the average scintillation levels expected over Mileura.
Even at the 99th percentile level at 100 MHz, the maximum expected S4 index is 0.4, which
indicates that a site at Mileura will never see strong scattering overhead.
4.5

Scintillation as a Function of Solar Activity at Mileura

The extent of scintillation varies with solar activity. Using WBMOD, a plot is provided showing
the diurnal variation expected for a range of sunspot numbers. The contours indicate the maximum
scintillation (S4 index) to be expected at 100 MHz at the 90% level at Mileura as a function of local
time (LT=UT+8h) and smoothed sunspot number. Both the diurnal variation and the variation with
smoothed sunspot number (SSN) are quite apparent.
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Figure 4.7 Mileura zenithal S4 index contours at 100 MHz
4.6

Scintillation at Non-Vertical Elevations

So far, the scintillation plots have been for an elevation angle of 90° (ie directly above the site).
For radio sources away from the zenith, both the occurrence and the intensity of the scintillation
will increase due to (1) passage through a greater depth of ionosphere, (2) encountering the
equatorial scintillation region to the north, and (3) encountering the auroral scintillation region to
the south.
The following model Skyplots (elevation Vs azimuth polar plots) are in the standard format,
geographic north upwards, east to the right.
The line graphs below the main contour plot are sections/cuts along a line of constant longitude
(that of Mileura) showing the S4 as a function of elevation angle. These plots show quite clearly the
effects of the polar and equatorial scintillation regions on Mileura as a function of solar (SSN) and
magnetic (Kp) activity.
The ‘spike’ in S4 at azimuths equatorward of the station (elevation ~58 degrees) corresponds to the
magnetic dip angle of the station. The occurrence of field-aligned irregularities in the mid-latitude
ionosphere can produce a pronounced enhancement in scintillation indices at ray paths close to the
magnetic field line direction.
The main feature of note is the worst case scenario, an increase in S4 to high levels (>>0.5) below
30 degrees to the southern horizon at times of extreme magnetic disturbance. Fortunately, as
mentioned in the overview notes to this section, this situation is very rare (<1 per year on average),
and accounts for less than 0.1% of the total time.
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Figure 4.8 WBMOD scintillation sky plot for SSN=0 Kp=0
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i.e. Least Scintillation

Figure 4.9 WBMOD scintillation sky plot for SSN=150 Kp=0 i.e. a high solar activity example.
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Figure 4.10 WBMOD scintillation sky plot with SSN=150 Kp=9 i.e. Worst case conditions
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4.7

Phase Scintillation

The WBMOD model also outputs a phase scintillation index σφ which is the standard deviation (or
alternatively the root mean square Prms or φrms) of the phase fluctuations (radians) of a coherent
frequency source.
Although the SKA RFP does not specifically ask for this information, phase scintillation is
undoubtedly of great interest for correlating radio telescopes.
The analysis done with WBMOD indicates that under worst case conditions (SSN=150) the φrms
exceeded one degree (ie phase shift) for only about 2% of the time (occurring in the early local time
evening hours around the equinoxes).
Two plots below show time percentage contours for a greater than one degree (0.017 radians) rms
phase scintillation as a function of SSN, local time and day of the year. The path is vertical and the
frequency is 100 MHz (ie worst case frequency).

Figure 4.11 Mileura Prms>1 deg percentage occurrence vs SSN and LT (=UT+8h)
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Figure 4.12 Mileura Prms>1 deg percentage occurrence vs SSN and season
We have reservations about this output of WBMOD. Unlike the S4 amplitude index, this phase
scintillation index shows a variation with season, and a different variation with local time.
Physically, we would expect phase scintillations to be closely related to amplitude scintillations
(possibly phase fluctuations follow the time derivative of amplitude fluctuations).
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Figure 4.13 Mileura Prms>1 deg percentage occurrence vs season and LT (=UT+8h)
The WBMOD model shows no significant variation of Prms with geomagnetic index Kp. This is in
accordance with the model behaviour for S4.
It should be noted that if the Prms threshold is raised much above 1 degree, the model output rapidly
drops to zero. This is simply confirmation of what we already know - that phase scintillation at
Mileura (or other mid-latitude site) is very low.
4.8

Comparison of Scintillation Models with Limited Australian Data

Although a large number of studies have been made on mid-latitude ionospheric scintillations, there
are few available synoptic databases covering any significant continuous period of time. The only
suitable database available for this project was one produced by Hajkowicz and collaborators at the
University of Queensland Space Physics Group.
The following statistics were computed from tables that listed all satellite passes (150 MHz) that
were recorded by the group between June 1992 and June 1996. There was a total of 5929 passes in
all. These are not uniformly spread across the four years in question because of equipment
problems, etc. However, the largest outages were about a month.
The information available in the data tables was date and time of all recorded passes, whether or not
there was any scintillation observed and if so, the intensity, using a Relative Scintillation Index
parameter. There was also a classification group which indicated the type of scintillation (N, S, P,
or QP), and the approximate relative latitude of the satellite track when the scintillation was
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observed. As P type is the only true mid-latitude scintillation, the classification group could be used
to give a better estimate of vertical scintillation for mid-latitude sites, rather than include some
equatorial and some auroral scintillation observed at low elevations.
The histograms presented here, include all scintillations observed (at all azimuths and all elevations
angles above 30 degrees), and thus represent a worst case scenario. If anything, the data presented
here indicates that WBMOD overestimates the occurrence of mid-latitude scintillation, suggesting
the ionosphere is even more benign than the model predicts.
The histogram below was obtained by grouping any occurrence of scintillation as a function of local
hour:

Figure 4.14 Local time occurrence of scintillations observed at 150 MHz near Brisbane
The number listed under % is the percentage of passes in the given hour (on any day of the 4 year
period) in which scintillation occurred. Given the size of the data sample it is probably justified to
say that this is around the percentage of days in which we expect scintillation to occur for any path
from a mid-latitude site (ie vertical and all slant paths down to an elevation of about 30 degrees).
Thus we see maximum scintillation occurring during the night hours, and in fact peaking around
midnight as the WBMOD output predicts.
The next two figures are the same as the last, but separately groups different values of relative
scintillation intensity for diurnal and seasonal change.
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Figure 4.15 Local time occurrence of scintillations grouped by Relative Scintillation Index.

Figure 4.16 Seasonal occurrence of scintillations at 150 MHz from near Brisbane
This shows a strong seasonal occurrence with maximum scintillation around the solstices. This is in
contradiction with the WBMOD model, which shows no variation with season. However, the
occurrence frequency is very compatible (less than around 1%).
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5

STATISTICS OF LARGE-SCALE IONOSPHERIC PHENOMENON

5.1

SPREAD-F

The nature of spread-F
Spread F is observed on ionograms as a broadening of the normal observed F-region traces. The
extent of the broadening can be rather minor, to dominant across the entire ionogram making
analysis impossible. The two ionograms below show the development of spread-F during nighttime hours at Brisbane over a two hour period.

Figure 5.1 Ionogram showing little spread-F. The left trace is the o-trace, the right the x-trace

Figure 5.2 Two hours later shows significant spread-F; the o and x traces are indistinguishable
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What causes spread-F?
Many approaches for developing a consistent climatology of spread F have been attempted and are
reported in the literature. Because the extent and type of spread returns vary depending on whether
they are due to, for instance, low latitude, equatorial dynamics, or high latitude particle
precipitation, there is no global classification scheme that all researchers agree about. At mid
latitudes the source of the irregularities causing spread F is unclear in the literature, several possible
sources being proposed from atmospheric gravity waves to plasma instabilities. Because both high
and low latitude spread F are usually far more severe and frequent, they have attracted much more
attention. There has also been discussion on the radio wave processes leading to the observed
ionogram features and whether this can be explained by scattering processes, or whether reflection
processes lead to the features observed. While spread F clearly looks like it is the result of a
scattering process, most ionosondes are not sensitive enough to observe scattered signals suggesting
full reflection from a sloping ionisation front is a better model. Radio wave modelling of simple
wave-like structures loosely supports this idea.
How spread-F is recorded
Although automatic ionogram scaling programs exist, almost none automatically detect spread-F.
For all practical purposes, spread-F is only identified and recorded on ionograms when they are
manually processed. To this end IPS undertakes manual scaling of a large subset of all ionograms
recorded. Rules for describing spread F on ionograms, developed and promoted by URSI Working
Group 1 (INAG), have been used. Essentially, when spread-F is present a qualifying letter is added
to the quantitative measurements. Spread-F is divided into two types, frequency spread (identified
by the letter F), and range spread (identified by the letter Q). Frequency spreading is attached to
foF2, and may well be localised near foF2 (the critical or highest plasma frequency associated with
the ionospheric F-layer).
The significance of spread-F
Ionospheric scintillation has been associated with spread-F, although the occurrence of the latter far
exceeds the occurrence of scintillations at mid-latitudes. Studies relating scintillation and spread F
apparently show range spread to be a more important predictor of scintillation than frequency
spread. However, this result is far from certain. The reasoning has been that range spread is
indicative of spreading throughout the ionosphere, which in some regions (e.g., low latitudes) is
likely to be true while in others (e.g., mid latitudes) it may not be. Conversely, frequency spread
may be accentuated on ionograms by retardation, yet it may also be a better indicator of spreading
in the topside of the ionosphere, which in turn may contribute significantly to scintillation. It is in
this role that spread F is likely to be relevant to radio astronomy.
Spread-F analysis
Given the diverse sources of information, the spread F conditions likely to be found at Mileura have
been estimated using two sites: Mundaring (Perth) and Canberra. Since these sites are similar
geomagnetically and geographically, although shifted in longitude, any differences between them
will be interpreted as the variation to be expected of spread F estimates.
Data from 1975 to 2004 inclusive has been analysed, and several checks for data and scaling
consistency were performed. Similar analysis has been carried out by Cole and McNamara for low
latitudes in the Australian region.
The results are presented as percentage of occurrence tables. The occurrence of a spread-F
parameter is calculated as 100 times the number of occasions the parameter was observed divided
by the number of times it could have been observed. This latter value is equal to the total number
of occasions on which ionograms could have been observed (e.g., number of night hours analysed)
minus the number of occasions no ionogram could be observed (equipment failure, excess
absorption, obscuration by an underlying layer etc.).
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Frequency Spread
Seasonally, mid latitude spread F peaks in winter. We estimate night-time spread F at Mileura of 10
to 20% occurrence during summer, rising to between 25 and 45% in winter. The annual plots
suggest this may vary by large amounts from year to year. While some of this variation may be due
to solar variability, there is no clearly observable variation with sunspot number.

Figure 5.3 Night-time Spread-F occurrence at two Australian mid-latitude sites
The next figure shows average occurrence of frequency spread-F at Mundaring (near Perth) by hour
& season.

Figure 5.4 Mundaring average occurrence of frequency spread-F
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Range Spread
Range spread is a measure of the thickness of ionospheric traces observed on ionograms. The
seasonal variation of range spread is similar to the frequency spread seasonal pattern, peaking in
July for Mundaring and June for Canberra. There is a tendency for range spread at Mundaring to be
comparable to Canberra post July, in spring and summer, but rather lower than Canberra in autumn
and early winter. The average occurrence of range spread is shown in Figure 5.5. The probability
of occurrence drops rapidly as the thickness of the ionospheric traces increases, as can be seen in
Figure 5.6.

Figure 5.5 Mundaring average occurrence of range spread-F
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Figure 5.6 Annual variation in Mundaring night-time frequency Spread-F by class
Summary
Spread F near Mileura can be estimated using ionosonde observations made at the mid-latitude sites
of Mundaring, closest to the Mileura location, and Canberra, a similar site to Mundaring on the east
coast of Australia.
Summarising, during night hours the occurrence of spread F at Mileura will peak near 25% within
two or three hours of midnight in winter and otherwise have a reasonably uniform occurrence
nearer 10%.
While this is a good estimate for ionosonde observations, it is unlikely to reflect transionospheric
scintillation effects, which are expected to be lower by around an order of magnitude.
There will be rare occasions when spread F is observed during daylight hours. These occurrences
are too small to be reflected in this analysis and they occur during major (and infrequent)
geomagnetic storms. Their effects will be greatest in the post sunrise hours, normally dropping off
as noon approaches.
5.2

Travelling Ionospheric Disturbances

Definition
The ionosphere varies across a wide spectrum of temporal and spatial scales ranging from global
(during ionospheric storms) to a few tens of metres (within plasma irregularities). One particular
type of ionospheric disturbance is formed as a response to the passage of an atmospheric acousticgravity wave (AGW). On an ionogram, these disturbances can produce a clear impression of a
disturbance propagating through the ionosphere and were named Travelling Ionospheric
Disturbances or TIDs. The atmospheric waves responsible for TIDs have vertical and horizontal
wavelengths of tens to hundreds of kilometres and periods of the order of tens of minutes up to a
few hours, although much longer periods are possible.
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Classification
It is usual to break the spectrum of TIDs observed in the F-region of the ionosphere into at least
three classes:
1 Large scale TIDs (LS-TID)
2 Medium scale TIDs (MS-TID)
3 Small scale TIDs (SS-TID)
Large Scale TIDs
LS-TIDs, with speeds approaching 1km/sec and periods of 30 minutes to a few hours, propagate
from the polar regions, where they are formed during geomagnetic storms and substorms, towards
and across the equator. Several instances of these waves propagating coherently over global
distances have been noted in the literature. These sporadic, impulsive events occur most frequently
during solar maximum (several events per year) and can result in major changes in TEC and peak
F-region densities. They have significant, though transient impacts at all mid-latitude locations
where they are more easily observed than at high and low latitudes.
Medium Scale TIDs
MS-TIDs, with phase speeds in the 100 to 300 m/s range, periods from 10 minutes to an hour and
horizontal wavelengths of several 100 km are observed every day at mid-latitudes. Because AGW
are highly dispersive waves, the resulting MS-TIDs do not retain coherence for more than a few
hundred kilometres, and it is unusual to find unambiguous identification of a wave, even rather
impressive events, between sites spaced 300 - 500 km or more apart. While the source of LS-TIDs
clearly lies in the auroral region, the sources of MS-TIDs are less obvious. Undoubtedly, the
auroral region plays a part, but so also do a wide range of other possibilities including orographic
features (mountain ranges), jet streams and a range of tropospheric sources, and dissipation of
atmospheric tides. A full understanding of the source is further complicated by the propagation of
AGWs through the atmosphere, wave filtering due to background atmospheric winds and non-linear
processes having a marked impact on the spectrum of waves seen at any one height. This is an
ongoing area of research.
Small Scale TIDs
SS-TIDs, with periods of several minutes and wavelengths of only tens of kilometres are a further
class of TID. These probably no longer belong to the usual AGW spectrum and may be acoustic
waves, but they may be important for radio astronomical purposes.
Limited TID climatology for mid-latitude ionosphere
Most of the recent research on AGW has focussed on the middle atmosphere (below ~110km).
Linking this research to the ionosphere is complex, yet there are limited observations available to
develop a coherent picture of the AGW spectrum at ionospheric heights. The problem is further
complicated because the spectrum of AGW observed appears strongly dependent on the type of
measurement made. While TEC and ionosonde observations of LS-TIDs may agree well, similar
observations of MS-TIDs are not available and can be misleading because of observational biases.
It is therefore difficult to offer decisive advice on the nature of TID activity near Mileura. On the
one hand, there is a rich literature on middle atmosphere observations in the Australian region, but
on the other there is a paucity of similar climatologies for the F region. One reason for this is that
while AGW are considered to be a significant energy and momentum source
in the middle atmosphere, their role in the ionosphere is thought to be subordinate to bulk processes
(for instance, thermospheric winds).
Ionosonde TID data analysis
Given these limitations, an attempt to construct some statistical picture of disturbances has been
developed based on data scaled from ionograms. As with the spread-F analysis, TID activity has
been estimated using descriptive letters that manual scaling analysts have appended to the data.
However, the subjective biases are a lot greater in this case, and we would caution that there are
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undoubtedly large errors in relating the following graphs to actual ionospheric disturbances that
might affect radio astronomical observations. Specifically when checking different manual scalers,
we find only a 66% agreement. Despite this, we feel the gross diurnal, seasonal and annual
behaviour of TIDs is represented in the diagrams below.

Figure 5.6 The seasonal variation the percentage occurrence of TIDs during a day over the
Australian mid-latitude region.

The data used to compile figure 3.6 were taken from ionograms covering the period from 1975 to
2004. Averaged over all observations the TID (H on foF2) occurrence peaks in winter with minima
in the equinoxes and a sub-maximum in summer. This is similar to the global behaviour reported in
the literature for other sites. There is an apparent offset between the occurrence at the two sites,
presumably as a result of systematic differences in interpretation by the different analysts. Similar
seasonal results are found for other qualifying parameters.
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Contour presentation
The final plot in this section shows percentage occurrence contours as a function of local time and
season. From this it is apparent that the maximum TID activity occurrence in the ionosphere is near
midday, in winter.

Figure 5.7 Contour plot of TID occurrence (ionogram proxy) at Mundaring near Perth
Solar influence
In the analysis, some of the graphs show a strong inverse dependence on sunspot number, that is, a
large SSN appears to depress ionogram recognition of TID's. This modulation was almost 80% at
Mundaring (Perth) and somewhat less at Canberra. However, not only is this the reverse of what
radio astronomical studies of TIDs report, but it is also felt that it may be an effect that is particular
to ionosonde detection of TIDs. At high sunspot number, the maximum ionisation is at a greater
altitude and the electron vertical density gradient is greater, which it is believed will reduce the
chance of a TID being identified on an ionogram.
Summary
Summarising, the ionosphere above Mileura will show similar TID activity to that seen at other
mid-latitude sites reported in the literature (Velthoven and Spoelstra, 1992, Spoelstra 1996). The
present analysis suggests TID activity is a daytime phenomenon, concentrated near winter noon. At
night, TIDs are present and can be observed on ionograms if the right evidence for their presence is
sought, but usually they do not affect the accuracy of observations so this analysis may be biased
against night-time activity. Whether this is indicative of a different spectrum of waves at night, or a
consequence of differences in the night-time electron density gradient is not easily determined and
cannot be allowed for in the present analysis. Finally, it will always be difficult to estimate the
effect of TIDs on one system based on the effects on another because the relationship between the
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atmospheric gravity wave causing a TID can be complex and is not well-understood. Radio
astronomical telescopes are likely to be viewing the effects of a different part of the AGW spectrum
than do ionosondes.
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6

IONOSPHERIC ANOMALIES AROUND AUSTRALIA

The SKA RFP requests comment on the effects of both the South Atlantic Anomaly [SAA]
and the Equatorial Electrojet [EEJ] (part of the Equatorial Anomaly [EA]) on the proposed site.
The following WBMOD global scintillation map clearly outlines the EA (which includes the SAA
to the south-east of Brazil) and the polar (auroral) anomalies. Scintillation is greatest in these latter
regions around the geomagnetic poles.
The SAA cannot be viewed from Australia at any elevation or azimuth angle and may thus be
ignored.
Both the equatorial and auroral anomaly regions can be seen from mid-latitude Australia when
observing at low northerly or southerly latitudes. However, Mileura is centrally located between
these two anomalous regions and thus has the equal or greater sky area free of these anomalies than
does any other site.

Figure 4.1 Global ionospheric scintillation activity - WBMOD output
This plot was made for a frequency of 1575 MHz (GPS L1), a SSN=150 and Kp=1. The day of the
year was 91 and a local time (globally) of 2300. The plot thus shows maximum equatorial
ionisation.
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7.2

Web data access and references Ionosonde Data

The ionosonde data used to produce the spread-F and TID statistics was taken from the
extensive IPS collection of ionograms and scaled ionospheric parameters. This data is held at
the World Data Centre for Solar Terrestrial Science operated by IPS. See the web site
<www.ips.gov.au/World_Data_Centre> or contact wdc-sts@ips.gov.au for further details.
Mid-Latitude Ionospheric Scintillation References
Lech Hajkowicz at The Space Physics Research Group at the University of Queensland
studied and recorded mid-latitude ionospheric scintillations over a long period in Australia.
The group has now been disbanded, although Dr Hajkowicz is still privately active in the
field. However, the University of Queensland Physics Department still maintains the group
website at <www.physics.uq.edu.au/sp/sp.html>. As well as some tutorial papers on midlatitude scintillations, this site contains data summaries and a very extensive bibliography of
papers published on mid-latitude scintillations. This bibliography includes abstracts for
most of the papers.
Scintillation Data
The ionospheric scintillation data used in this project may be found at the University of
Queensland Space Physics Research Group web site <www.physics.uq.edu.au/sp/sp.html>.
TEC data
The comparison TEC data used in this report was from the Geoscience Australia (formerly
AUSLIG) GPS database. The specific data was from the Karratha station of the GA/AUSLIG
network. This data may be found at the website <www.ga.gov.au/bin/data_server>. The data
is available in compressed RINEX format, a format used to encode many aspects of GPS data.
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8

GLOSSARY OF ACRONYMS & ABBREVIATIONS

AGW
ARPL
AUSLIG
CSIRO
DNA
EA
EEJ
EGNOS
ESA
EUV
GA
Galileo
GISM
GPS
ICTP
IGAM
IPS
IRI
ITU
Kp
LT
MUF
NeQuick
NWRA
Prms
RFP
RINEX
RMS
S4
SAA
SKA
Spread-F
SSN
STEC
TEC
TECU
TID
UoQ
UT
USAF
VTEC
WBMOD

Acoustic-Gravity Waves (in atmosphere)
Aeronomy and Radio Propagation Laboratory (of the ICTP)
AUStralian Land Information Group (now part of GA)
Commonwealth Scientific and Industrial Research Organisation
Defense Nuclear Agency (USA)
Equatorial Anomaly
Equatorial Electrojet
European Geostationary Navigation Overlay Service
European Space Agency
Extreme UltraViolet radiation
Geoscience Australia
The future European global navigation satellite system (similar to GPS)
Global Ionospheric Scintillation Model
Global Positioning (Satellite) System
(Abdus Salam) International Centre for Theoretical Physics
Institut fur Geophysik, Astrophysik und Meteorologie (University of Graz, Austria)
IPS Radio and Space Services
International Reference Ionosphere
International Telecommunications Union
A global (p for planetary) logarithmic geomagnetic activity index (range 0 to 9)
Local time
Minimum Useable Frequency - for a radiotelescope
An ionospheric electron density (hence Ne) model
North West Research Associates (ref WBMOD)
RMS value of phase scintillation (units are radians or degrees)
Request for Proposal
Format used to encode GPS data
Root Mean Square
An ionospheric scintillation index standard deviation of received power
South Atlantic Anomaly
Square Kilometre Array - the next generation radio telescope
Observed spreading/broadening of the F-layer trace in an ionogram
Smoothed Sunspot Number (average taken over 13 months) (range 0 to 200+)
Slant TEC - the TEC in a line of sight column from source to observer
Total Electron Content
The unit of TEC - 1 TECU = 1016 electrons per square metre
Travelling Ionospheric Disturbance
University of Queensland
Universal Time
United States Air Force
Vertical TEC - the TEC in a vertical column
WideBand MODel - an ionospheric scintillation model
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IPS SKA-Ionosphere Project Team
This is a list of the people involved in the project and their contributions.
John CARUANA
International Reference Ionosphere
Sky Transparency Plots
Total Electron Content
VTEC Plots
GPS Scintillation Data
Review
Michael TERKILDSEN
WBMOD
NeQuick
GISM
IRI
Scintillation Model Plots
Comparison TEC Plots
Skyplots
Review
Jiping WU
International Reference Ionosphere
Total Electron Content
VTEC Contour Plots
Phil WILKINSON
Ionospheric Expertise
Ionospheric Reference
Ionospheric Data Manager
Spread-F Analysis and Plots
TID Analysis and Plots
Review
David COLE
Ionospheric Reference
Review
Kay MITCHELL
Contract Administration
Vivian TO
Library Reference
John KENNEWELL
Project Coordinator
Report Production
Scintillation Data Analysis
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