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Abstract: Centimetre-level accurate ionospheric corrections are required for a high accuracy and
rapid convergence of Precise Point Positioning (PPP) GNSS positioning solutions. This research aims
to evaluate the accuracy of a local/regional ionospheric delay model using a linear interpolation
method across Australia. The accuracy of the ionospheric corrections is assessed as a function of both
different latitudinal regions and the number and spatial density of GNSS Continuously Operating
Reference Stations (CORSs). Our research shows that, for a local region of 5◦ latitude ×10◦ longitude
in mid-latitude regions of Australia (~30◦ to 40◦S) with approximately 15 CORS stations, ionospheric
corrections with an accuracy of 5 cm can be obtained. In Victoria and New South Wales, where dense
CORS networks exist (nominal spacing of ~100 km), the average ionospheric corrections accuracy
can reach 2 cm. For sparse networks (nominal spacing of >200 km) at lower latitudes, the average
accuracy of the ionospheric corrections is within the range of 8 to 15 cm; significant variations in the
ionospheric errors of some specific satellite observations during certain periods were also found. In
some regions such as Central Australia, where there are a limited number of CORSs, this model was
impossible to use. On average, centimetre-level accurate ionospheric corrections can be achieved if
there are sufficiently dense (i.e., nominal spacing of approximately 200 km) GNSS CORS networks in
the region of interest. Based on the current availability of GNSS stations across Australia, we propose
a set of 15 regions of different ionospheric delay accuracies with extents of 5◦ latitude ×10◦ longitude
covering continental Australia.

Keywords: Global Navigation Satellite Systems (GNSS); Continuously Operating Reference Station
(CORS); Precise Point Positioning (PPP); ionospheric corrections; ionospheric model

1. Introduction

Applications of the Global Navigation Satellite Systems (GNSS) Precise Point Position-
ing (PPP) technique are rapidly increasing due to the methods computational efficiency,
low communications bandwidth requirement and relative accuracy. PPP users can obtain
position solutions with centimetre- to decimetre-level accuracy in static and kinematic
modes [1–3]. The main advantage of PPP compared to differential based GNSS position-
ing techniques (e.g., Real Time Kinematics, RTK) is that PPP is based on the State-Space
Representation (SSR) of corrections approach [4,5]. The SSR approach allows for GNSS-
PPP-related errors such as satellite orbits and clocks to be modelled using a global sparse
network of GNSS Continuously Operating Reference Stations (CORS) infrastructure. This
removes the need for users to operate nearby base stations (i.e., base line < 100 km) or
within a local GNSS CORS network. However, a drawback of PPP is its relatively long
solution convergence time, which limits its adoption in real-time applications requiring
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almost instantaneous centimetre-level positioning accuracy [4]. Tens of minutes to a few
hours is required for PPP solutions to provide coverage to centimetre-level accuracy [6,7].
A significant amount of research effort has been invested in the past decade to reduce the
solution convergence time [8,9]. One known solution is to strengthen the PPP underlin-
ing measurement model by including externally computed, accurate ionospheric delay
estimates into the end-user PPP algorithms [10–14].

For single-frequency PPP, ionospheric models such as the Klobuchar and the Global
Ionospheric Maps (GIMs) estimated from a sparse global CORS network are applied.
The accuracy of the ionospheric corrections derived from these models is approximately
15–20 TECu and 2–4 TECu, respectively [15], where one Total Electron Content unit
(1 TECu) = 16 cm of ionospheric correction on L1 frequency. While these ionospheric
correction models are useful in aiding precise single-frequency positioning, ionospheric
corrections at 2–4 TECu are not sufficiently accurate to accelerate PPP convergence times
from a few hours to minutes. PPP that uses two or more frequencies eliminates the need
for an ionospheric model, as dual-frequency GNSS receivers can remove the first order
(~99%) ionospheric delays by forming the ionosphere-linear combination. However, this
linear combination of two signals, whilst removing the effects of the ionospheric delays,
increases the noise amplification factor by three. This weakens the measurement model in
dual-frequency PPP and results in a long solution convergence time of typically a couple of
hours [12,16].

To facilitate a fast solution convergence time of a few minutes for PPP, the ionospheric
corrections need to be accurate to less than one decimetre, that is, <~0.6 TECu. This
requires the use of high-density local/regional CORS infrastructure networks to accurately
estimate the ionosphere delay corrections, as in the case of network-based RTK. Hence,
the terminology of “PPP-RTK” being a hybrid between the global PPP solutions and
high-density local-network-based RTK solutions. The convergence time of a PPP-RTK
solution depends on the accuracy of the ionosphere corrections (typically < 10 cm), which is
dependent on the combination of the density of the local CORS networks and its latitudinal
extent [17].

Geoscience Australia, through its Positioning Australia program, aims to accelerate the
adoption and development of GNSS positioning technology and applications in Australia.
The aim will be achieved by integrating and upgrading the country’s GNSS space-based
infrastructure via the deployment of a Satellite-based Augmentation System (SBAS), and
ground-based CORS infrastructure networks to provide high accuracy, high reliability
fit-for-purpose GNSS positioning services throughout its territory [18]. The Analysis Centre
Software (ACS), called ‘Ginan’, is a GNSS processing toolkit developed by Geoscience
Australia for processing GNSS observations for geodetic applications, as well as computa-
tions of GNSS corrections products to enable high-accuracy GNSS applications. Ginan is a
free-to-use open source and is made up of two distinct software entities: The Precise Orbit
Determination (POD) and the Parameter Estimation Algorithm (PEA). PEA uses a Kalman
filter to estimate precise satellite orbits from a global CORS network, as well as satellite
clocks, vertical TEC and zenith troposphere delays. A country like Australia presents
challenges when designing and developing a high-accuracy national GNSS positioning
service. Australia is a vast landmass, most of which is sparsely populated and cannot
economically justify hosting a high-density CORS network. Furthermore, Australia extends
from 10◦ to almost 44◦ south, providing ionospheric disturbances at different scales.

This research assesses the achievable accuracy of a local ionospheric delay model for
Australia based on the linear interpolation method. The assessment will be conducted by
taking into consideration the number and spatial density of the GNSS CORS networks.
The model is populated with points where the ionospheric effects are known—because
these have been calculated based on readings taken at CORS. The effect of the ionosphere
at a given point is calculated using a linear interpolation to that point from the known
(CORS) points. As Australia has a large and sparsely populated landmass (its population
and infrastructure are mainly concentrated along the coast), the density of the GNSS CORS
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networks across the continent is not uniformly distributed. Thus, it is also of interest
to identify the optimum number of GNSS CORS stations, and the corresponding spatial
density required to achieve centimetre-level ionospheric corrections, thus realising the
ambition of the Australian Government Positioning program. The goal of this research
is to contribute towards our understanding of the regions in Australia that may require
the additional investment and densification of CORS infrastructure for enabling high-
accuracy positioning. The accuracy of the derived ionospheric corrections will be evaluated
as functions of different latitudinal regions and the spatial density of the GNSS CORS
networks across Australia. The Ginan toolkit will be used to generate between-satellite
single-difference ionosphere delay estimates. These estimates will then be used to derive a
series of regional ionospheric grid maps that are 5◦ latitude × ~10◦ longitude in size.

2. Methodology
2.1. Ionosphere Delay Estimation Using PPP Technique

PPP calls for the explicit modelling and estimation of biases on the GNSS measure-
ments. For this purpose, the undifferenced uncombined PPP measurement model is
characterised as follows [19]:
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where Ls
r, f and Ps

r, f are the carrier phase and pseudorange measurements corresponding to
satellite s, station r and frequency f ; Rs

r is the geometric distance; c is the speed of light; dtr
and dts are the receiver and satellite clock errors, respectively; τs

r is the slant troposphere
delay between satellite and receiver; Is

r is the ionosphere delay along the line-of-sight
from a satellite to a receiver; Ns

r, f is the carrier phase ambiguity; λ f is the wavelength for
the frequency f ; br, f and Br, f are the satellite hardware delays of the carrier phase and
pseudorange measurements, respectively; bs

f and Bs
f are the satellite hardware delays of the

carrier phase and pseudorange measurements, respectively; ε s
L, f and εs

P, f are the carrier
phase and pseudorange measurement noises, respectively.

It is worth noting that the effects of the antenna phase centre offset and phase centre
variation, solid earth tides, phase windup and relativistic effects have been corrected in the
measurements. The Ginan toolkit is now capable of generating rapid and ultra-rapid orbit
parameters, but, for the purposes of this research, the International GNSS Service (IGS)
final products were used to correct for the satellite orbital errors.
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Therefore, the
(

Ls
r,IF

)
and

(
Ps

r,IF

)
can be written as follows:
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r,IF = Rs

r + c(dtIF, r − dts
IF) + τs

r + As
r,IF (7)
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r (8)

Equations (7) and (8) can be used to estimate the station positions, the satellite clock
offset cdts

IF = cdts + Bs
IF, station clock offset cdtIF,r = cdtr + Br,IF and the tropospheric

delays τs
r , as well as the real valued ambiguity As

r,IF consisting of ambiguity plus the
satellite and receiver hardware biases as shown in (9).
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The use of a wide-lane combination for ambiguity resolution is helpful due to their
longer wavelength. Here, the Melbourne–Wübbena combination [20–22]
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is used to isolate and resolve the wide-lane ambiguities Ns
r,WL = Ns

r,1 − Ns
r,2. Equation (10)

can be rewritten as
As

r,MW = βr,MW − βs
MW + Ns

r,WL (11)

where βr,MW and βs
MW are Melbourne–Wübbena combination receiver and satellite biases.

Once the wide-lane ambiguities have been solved, the ambiguity on the GPS L1 carrier
phase can be isolated and resolved as well, as shown in (12).
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For enabling global PPP solutions, the satellite positions or orbits, the satellite clock
offset dts

IF and the phase bias estimates for GPS L1 and GPS L2 (b′s1, b′s2) can be used to
deliver ambiguity-resolved PPP solutions to the end user.
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To obtain the ionosphere delay estimates used in this research, the carrier phase
measurements for L1 and L2 were corrected using (15) and (16).

L′′sr,1 = L′sr,1 −
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(15)
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)
(16)

The phase biases can be precisely estimated with the use of a global CORS network,
and there are no errors associated with ambiguities once they are solved. Thus, the noise
level of the corrected measurements is expected to be dominated by the un-modelled errors
in the carrier phase measurement.

The geometry-free combination of these measurements can be used to obtain a precise
estimate of the ionospheric delay (Is

r ) on the L1 = 1575.45 MHz carrier.
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It is worth noting that the ionosphere delay measurements obtained this way are slant
ionospheric delay measurements between the line of sight from a GPS satellite to a receiver.
These measurements are subject to the receiver and satellite hardware. For a carrier phase
measurement, the delay estimation of 1.0 cm on L1 equates to 0.16 TECu.

2.2. GINAN Parameter Estimation Algorithm Processing

The Parameter Estimation Algorithm (PEA) is one of two components in the Ginan
toolkit to process GNSS raw observations. The PEA reads observations in both RINEX and
RTCM3 formats and is capable of estimating satellite clocks and zenith troposphere delays.
The PEA application can be run on a Linux server that has sufficient memory (>8 GB) to
cope with the data from a network of 80–250 stations [23].

In this research, the slant ionospheric delay corrections were derived from the geometry-
free combination of GPS measurements (Equation (17)). To remove the receiver hardware
bias, between-satellite single-differences (SD) of the ionospheric delay corrections at each
CORS station in the test region were used, except one station, which is used for model
evaluation purposes. The satellite hardware bias was still included in the ionospheric delay
measurement in comparisons.

To compute the SD ionospheric corrections at every epoch, the measurements were
subtracted from each visible satellite with respect to one of the reference satellites, which
was the most common satellite in view in a local region.

ISD = Isi − Iso (18)

where Isi and Iso are the ionospheric delays for each visible satellite (si) and reference
satellite (so), respectively.

The SD ionospheric corrections (ISD) for each satellite include outliers (1% of data)
occurring in the processing. To remove the outliers, we discarded the values larger than
three standard deviations from the mean of all I delays of that satellite observed by all
stations in the local network.

Once the SD ionospheric corrections for each epoch were computed, linear interpo-
lation of the SD ionospheric corrections was carried out for all stations in a test region,
except for one station (treated as the evaluation station). The interpolation forms a surface
of ionospheric delays that fits with all ionospheric pierce points for at least 5 CORS stations
in the test region to map the corrections for each single GPS satellites. From this mapping,
the interpolated ionospheric delay corrections at the evaluation station were calculated
and subsequently compared with the actual measured values. The differences between the
interpolated ionospheric corrections and measured values at the evaluation CORS station
were computed to evaluate the achievable accuracy of the ionospheric linear interpolation
model. In this study, the accuracy presents the reliability of the ionospheric delays esti-
mated from the regional mapping and the actual measurement. The mean accuracy was
then taken as an average of all the accuracy retrieved on a whole day.

3. Results
3.1. Evaluation of the Ionospheric Corrections in Different Parts of Australia

Figure 1 shows the current distribution of the Australian GNSS CORS networks along
with its states and territories. As Australia has a large and sparsely populated landmass,
the density of the GNSS CORS networks is not uniformly distributed. Hence, it is of interest
to evaluate the achievable accuracy of a linearly interpolated ionospheric corrections
model based on the existing configuration of GNSS CORS networks. Furthermore, as the
ionospheric effects vary as a function of latitude, it is therefore of importance to evaluate
the ionospheric corrections in different regions. A series of analyses were undertaken based
on selected test regions defined by latitudinal changes from low to mid-latitudes. The
width (change in latitude) of test regions was defined as 5◦ latitude starting from 10◦S to
45◦S, and the length (change in longitude) varied according to the respective test regions.
In general, it varied between 8◦ to 12◦ longitude, starting from 110◦E to 155◦E.
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Figure 1. A map showing the geographical distribution of the Australian GNSS CORS networks
(blue point). The test regions have a latitudinal width of 5◦ north south, whereas the longitudinal
length varies between 8 to 12◦ east west.

More than 100 Australian CORS stations with emphasis on state-wide infrastructure
networks were used to assess the latitudinal variation in the interpolated ionospheric delay
corrections over Australia. An additional 70 global CORS stations were also selected to
supplement and strengthen the processing model. Only GPS measurements were processed
and used for estimating ionospheric corrections. An example of the geographic distribution
of the selected CORS stations used is presented in Figure 2.

Figure 2. A map showing the geographical distribution of the GNSS stations (red aasterisks) used to
compute the ionospheric corrections for the Victoria region. Respective statewide CORS stations in
New South Wales (NSW), Australian Capital Territory (ACT), Western Australia (WA), North Territory
(NT), Queensland (QLD) and South Australia (SA) were used to derive ionospheric corrections for
those regions.
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3.1.1. Victoria (VIC), New South Wales (NSW) and Canberra (ACT)

The State of Victoria is in the mid-latitude region between 34◦S to 39◦S. Victoria
has the densest GNSS CORS network in Australia, with an average distance between
stations of 80 km. One hundred and twelve state-wide Victorian stations were selected
to assess the variability of the ionospheric corrections. The time series plots of the left
of Figure 3 show the precision of the SD ionospheric corrections on 6 May 2021 at two
Victorian CORS stations, ALBU and ANGS. The bar charts on the right of Figure 3 show
the accuracy (difference) of the ionospheric model at these two stations. The accuracy was
computed based on the differences between the interpolated ionospheric corrections and
measured values at the evaluation CORS station. It is important to note that the measured
slant ionospheric corrections at the evaluation stations were not used in generating the
interpolation model. In addition, only values from 3 to 24 UT (LT = UT + 10) were
considered in the evaluation, as the PPP network processing required a couple of hours for
the solution to converge and stabilise. For a dense network in Victoria, a linear interpolation
method of SD slant ionospheric corrections can reach an average accuracy of less than 5 cm,
with a mean accuracy of 1.2 cm for ALBU station and 0.8 cm for ANGS station. There were
some occasions where large variations can be found up to 10 cm, but 99% of the delay
accuracy was distributed within 5 cm.

Figure 3. Results of the slant ionospheric corrections comparison at two Victorian CORS stations,
ALBU and ANGS on 6 May 2021. (Left) Time series plots showing the precision (mean accuracy)
of the SD slant ionospheric corrections of each satellite-receiver path based on linear interpolation
method. (Right) Bar charts showing the accuracy (difference between the estimated and interpolated
values) and distribution of the accuracy.

To evaluate the accuracy of the ionospheric corrections as functions of the CORS
network density (e.g., average distance between station) and number of stations used
in generating the ionospheric corrections, three scenarios with different CORS network
configurations were simulated as shown in Figure 4a–c. The three scenarios were (a) 112 sta-
tions with an average between-station distance of 80 km; (b) 40 stations with an average
between-station distance of 120 km; (c) 15 stations with an average between-station distance
of 200 km. Figure 4d–f shows the mean accuracy for each station in the corresponding
network. From the analysis, large differences were mainly observed at stations located
at the region border and away from the network. In scenario (c), two stations (i.e., LIPO
and CA10), located at the latitude of 34◦S and far away from the network, showed larger
differences than in scenarios (a) and (b).
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Figure 4. (Top: a–c) Three test scenarios in Victoria to assess the relation between the accuracy of the
interpolated ionospheric corrections as function of the density of the CORS network configurations.
The orange rectangles show the test area of 5◦ latitude ×10◦ longitude, and the red asterisks present
for the CORS stations. (Middle: d–f) Plots showing the mean accuracy for each station in the
corresponding network. (Bottom: g–i) Plots showing the accuracy of the interpolated ionospheric
corrections as a function of the average separation distance between the testing station and its three
nearest stations in the local network.

To examine the relation between the mean accuracy and the position of a testing
station in a regional network, we calculated an average distance from the testing station to
three nearest CORS stations, herein known as the average distance. Figure 4g–i presents
the accuracy as a function of the average distance of the testing station in the network. For
a region of 5◦ latitude ×10◦ longitude with 112 stations (g), the ionospheric corrections
accuracy of 1 to 2.5 cm can be obtained with the average distance below 80 km, whereas
approximately 3 cm and 4 cm mean accuracies can be reached with average distances of
approximately 100 km and up to 200 km, respectively. These values are also the same as for
the network of 40 stations (h). For a network of 15 stations (i), 13 stations with an average
distance around 200 to 250 km have a mean accuracy from 2 to 4 cm, whereas two CORS
stations situated at the border of the test region between VIC and NSW, approximately
300 km from the three nearest stations, have a mean accuracy of up to 6 cm. Therefore, it
can be concluded that the number of stations and spatial distribution play major roles in
influencing the achievable accuracy of the ionospheric corrections model.

To further validate the scenario with 15 stations evenly distributed in the 5◦ × 10◦

area, it was of interest to investigate if the inclusion of additional stations around the border
would strengthen the ionospheric modelling around the border region, thus improving the
overall accuracy of the corrections. Figure 5 (left) is a map of 15 CORSs with 10 VIC stations
plus 5 neighbouring NSW stations. In this set up, the CORSs were well distributed across
the test region compared to the previous test scenarios in Figure 4c. The average distance
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between the testing station to the three nearest stations in this test region is from 200 to
300 km. With this network configuration, an average of 5 cm accuracy can be achieved
for all stations in the local area. The NSW and ACT areas also have a dense GNSS CORS
network with an average distance of 120 km and an even distribution. Using this simple
interpolation, we can achieve an accuracy below 5 cm.

Figure 5. (Left) Maps of 15 CORS stations including names of ten stations in VIC and five stations
(CWRA, RANK, WGGA, DLQN and OXLY) from the neighbouring NSW. The red asterisks present
coordinates of those stations. (Middle) The average accuracy of the interpolated ionospheric correc-
tions for each station on 6 May 2021. (Right) The accuracy as a function of the average separation
distance of the testing station to the three nearest stations in the network, same as Figure 4.

3.1.2. North Territory (NT) and East Coast of Queensland (QLD)

Northern Territory (NT) and the northern part of Queensland (QLD) are in the low-
latitude region (~0◦ to 30◦S), where the electron density is expected to be higher than the
mid-latitude region. In the NT and west QLD, the GNSS networks are sparse. In fact, the
majority of the GNSS stations in QLD are located along the east coast, where the population
concentrates. In NT, there are approximately nine stations covering an area of 5◦ latitude
×8◦ longitude. The yellow box in Figure 6 shows the test region defined for NT.

Figure 6. Map showing the GNSS CORS stations (red stars) in NT and QLD. The yellow box indicated
the nominated test region for NT.

Figure 7 shows the differences between the interpolated ionospheric corrections and
the measured values for each of the nine NT CORS stations on 6 May 2021. Based on
the observations on this day, all stations show a high variation of up to 5 m, particularly
between 3:30 to 8 UT, corresponding to 12:00 to 17:30 LT. These high variations occurred
during the afternoon, when the Equatorial Ionospheric Anomaly (EIA) is at maximum
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density and were observed from some GPS satellites located on the north of the testing
station. This caused a large deviation since the signals of those satellites pass through the
EAI, where the high electron density content is.

Figure 7. Plots showing the differences between the interpolated and measured ionospheric correc-
tions as function of time at the nine NT CORS GNSS stations on 6 May 2021. The colours represent
for different satellite observations.

Upon closer inspection of the results, as shown in Figure 8 (note that the y-axis
scale is in centimetres), differences of up to 50 cm are also found between 13 to 17 UT,
corresponding to 22:30 to 2:30 LT. These high variations occurred around midnight LT and
were observed from most GPS satellites of the testing station. This potentially indicates the
effects of mid-night ionospheric density disturbance occurring in the low-latitude region,
which were not present in the mid-latitude region.

Figure 8. Plots showing the differences between the interpolated and measured ionospheric correc-
tions as function of time at the nine NT CORS GNSS stations on 6 May 2021. This figure is the same
as Figure 7, but the y-axis scale is decreased from 5 m to 50 cm.
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To further investigate of this phenomenon, GNSS station data along the east coast of
QLD were processed to evaluate and determine the latitudinal extent of these ionospheric
disturbances. The testing region included a dense CORS network from 15◦ to 30◦S within
142◦ to 152◦E. Three test areas of 5◦ latitude ×5◦ longitude and 5◦ latitude ×8◦ longitude
were defined for the QLD east coast (Figure 9), each consisting of 14 CORS stations. The
red stations with IDs in Figure 9 are the testing stations used in the ionospheric corrections
interpolation. A high variation in ionospheric delays can be seen at stations with latitudes of
up to 20◦S during these time periods; and the variation diminished as the latitude increased.

Figure 9. Plots showing the differences between the interpolated and measured ionospheric correc-
tions as a function of time at some testing stations on 6 May 2021. The dash boxed in the station map
show three testing areas. The red stations with names on the station map are the testing stations. The
colours in the right boxes represent for different satellite observations. The dash-orange rectangle
indicates some high variation in ionospheric delays.

3.1.3. South Australia (SA), Western Australia (WA) and Central Australia

Additional test regions in South Australia (SA), Western Australia (WA) and Central
Australia as shown in Figure 10 were selected for evaluation. Each of these test regions
cover 5◦ latitude with a varying longitude of 8◦ to 10◦ depending on the availability of
the stations’ data. Based on the results presented in this figure, the blue regions provide
a higher average accuracy of less than 8 cm. The orange regions, on the other hand, give
an average accuracy between 5 and 15 cm. Those accuracies correspond to the latitudes
(mid/low) and the distribution of GPS stations (high/less) in the test regions.
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Figure 10. Evaluation of the accuracy of the ionospheric corrections in the test regions of South
Australia (SA), Western Australia (WA) and Central Australia. The blue and orange boxes show the
testing regions where the mean accuracy achieved is below 8 cm and up to 15 cm, respectively. The
arrows link from the testing stations to the corresponding figures of mean accuracy of each station in
the test region.

3.2. Day-to-Day Accuracy of the Ionospheric Corrections during Ionosphere Quiet and
Disturbed Days

To assess the accuracy of the ionospheric corrections for a day-to-day period, seven
days of GNSS measurements from 6 to 9 May (DOY 126 to 129) and 11 to 13 May (DOY 131
to 133) 2021 were processed for two test regions in WA and QLD as shown in Figure 11.
DOY 130 was excluded due to the unavailability of station data for the testing. These
two test regions have a similar number and density of GNSS CORS stations and are in
different latitudes.

Figure 11. Two long-term testing areas in WA and QLD (dash boxes). The red stars are testing stations
in each region. The blue stars are stations around Australia processed with PEA. Note that 15 stations
around and inside the boxes were used for conducting interpolation at each testing region.

Figure 12 shows the mean accuracy of the interpolated ionospheric corrections for QLD
(top) and WA (bottom) for the seven-day study period. In the WA region, the day-to-day
mean accuracy seems stable and varies within 5 cm. In QLD, a higher variation is observed
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in the day-to-day mean accuracy, from 2 cm to 10 cm. On DOY 133, the mean accuracy at
the NEBO station reaches 12 cm and is likely caused by its location situated at the border.
The reason for the differences observed in these two regions could be based on the latitude
as well as the distribution of the CORS stations in that region. The QLD test region is
situated in the low latitude, whereas the WA test region is in the mid-latitude. Even though
the number of CORS stations used in the ionospheric corrections interpolation in two
regions is similar, the WA CORS stations are located nearer to each other (approximately
120 km) compared to those of QLD (more than 200 km).

Figure 12. The mean accuracy of the interpolated ionospheric corrections for the testing stations at
QLD (top) and WA (bottom) during 6 to 9 May (DOY 126 to 129) and 11 to 13 May (DOY 131 to
133) 2021.

The one-week study period included a geomagnetic storm with Kp = 7 on 12 May
2021 (DOY 132). Day 132 is the most disturbed day and day 126 (6 May) is in the list of
quiet days in May 2021 [24,25]. However, based on the results presented in Figure 12, it
appeared that there were little differences observed in the mean accuracy. In fact, the mean
accuracy on some quiet days can be higher than those on the disturbed day.

For further investigation, data from two days: one ionospheric quiet day on 6 May
2021, and one ionospheric disturbed day on 12 May 2021, and from different testing regions
across Australia, were selected for comparison. The results presented in Figure 13 are for
NT, WA, NSW, and VIC. From this study, no large differences in accuracy were observed
between the ionospheric quiet and disturbed day. However, a larger standard deviation
was observed during the disturbed day than the quiet day and, in some instances, reached
70 cm in NT, which indicates that the ionospheric delays were more varied during the
disturbed period.
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Figure 13. Comparison of average accuracy in quiet day (Q on 6 May 2021) and disturbance day (D on
12 May 2021). The blue and red markers show the mean accuracy of the testing stations, whereas
the green and pink stars present the standard deviation of the accuracy on the quiet and disturbance
day, respectively.

4. Discussion

The achievable accuracy of a local ionospheric delay model using the linear interpola-
tion method in Australia has been evaluated to understand the impact of the ionosphere
on GNSS positioning in different latitudinal regions, as well as the number and spatial
density of GNSS stations in Australia. With dense CORS networks (nominal spacing of
100 km or less) in VIC, NSW and ACT, 1 to 5 cm accurate ionospheric corrections can be
obtained with a simple linear interpolation ionospheric model. In fact, approximately a
one-centimetre-level accuracy can be obtained most of the time if all stations in the current
networks in this region are processed and used in the ionosphere modelling. Referring to
Section 3.1, it was found that, with at least 15 GNSS stations (nominal spacing of 200 km and
well geographically distributed) for a region of 5◦ latitude ×10◦ longitude, a mean accurate
ionospheric correction within 5 cm can be obtained when a user stands on this region.

For other regions in mid latitudes, the mean accuracy obtained varied depending
on the distributions of CORS stations and their availability. The mean accuracy obtained
from the valuation can be around 5 cm or up to 15 cm (Figure 10). For those mid regions,
the mean accuracy is not varied much for day-to-day variation. It largely depends on the
spatial distribution of the station network. The linear interpolation in our method is feasible
from five CORS stations. Therefore, for the testing stations with the numbers of CORS
stations around 10, to maximise the achievements, some surrounding stations nearby the
border of the network can be used to interpolate. Therefore, the area can be extended, not
only using stations in the size of testing.

For low-latitude regions, overall, a mean accuracy of 8 cm can be obtained. However,
high variations in ionospheric corrections were found during the afternoon (or daytime LT)
or midnight. As presented in Section 3.2, Figure 7 shows the discrepancy of ionospheric
delays during 5 to 8 UT on 6 May 2021 for some specified satellites observed at all stations.
The data from those stations were further examined during the week and it was found that
these variations often occurred in a low latitude from 3 to 8 UT (daytime in LT). To better
understand this phenomenon, we selected the location of high variations in ionospheric
delays of each satellite during daytime, which has an accuracy larger than 50 cm. It was
found that those high variations occurred at the north of the testing station, where the
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GNSS signal paths were of a low elevation. The north side of stations at NT is the equatorial
regions and NT is located in the equatorial ionospheric anomaly, so those variations may
be caused by electron density irregularities that affected some receiver-satellite paths. The
magnitude of those values varied day by day. Figure 14 presents the findings of two
example stations, BRLA and DODA. The subplots on the top show the differences between
the interpolated and measured ionospheric corrections as a function of time at BRLA and
DODA on 6 May 2021, which are the same as those presented in Figure 7. The subplots on
the bottom of Figure 14 are the sky paths of all GPS satellites received during 5 to 10 UT
observed at the two stations. More than a 50 cm accuracy is marked by red crosses, which
are in low elevations at the north of the testing station (the black asterisk at each figure).

Figure 14. (Top) The differences between the interpolated and measured ionospheric corrections as a
function of time of stations BRLA and DODA on 6 May 2021. (Bottom) The sky paths of all satellites
received during 5 to 10 UT observed by BRLA and DODA stations. The line colours represent each
GPS satellite. The red crosses show an accuracy higher than 50 cm. The black asterisk at each figure
shows the location of testing station BRLA or DODA.

High variations were also observed for most satellites during midnight LT as presented
in Figure 8. The 50 cm deviations that occurred around midnight on 6 May could be caused
by a substorm-like activity that regularly took place during quiet days [26]. Based on the
SME index [27], the substorm-like activity coincided with these high variations. Wave
activity, which can occur from substorm activity, such as travelling ionospheric disturbances,
are often larger in amplitude in the equatorial/low-latitude region compared with the
midlatitude region [28]. Therefore, these may explain the high variations observed.

The mean accuracy of the interpolated ionospheric corrections compared with the
measurement was found to be comparable between the ionospheric quiet of 6 May and
disturbed days in the minor storm of 12 May. However, a larger standard deviation was
observed during the disturbed day than the quiet day, indicating a variability of ionospheric
delays during the disturbed period in the Australian region. The impact of the storm is
different globally. In this minor storm, the impact was noticed in the South American sector
with 60%, whereas less impact was found in Australia [29].

From this research, the desirable size of the region/grid for the mapping of the
SD ionospheric corrections using the linear interpolation of ionospheric corrections is 5◦

latitude ×10◦ longitude. This recommendation is based on the current configuration and
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availability of GNSS CORS networks across Australia. Continental Australia can be divided
into 15 regional/local maps, labelled as 1 to 15 and marked by different colours in Figure 15.

Figure 15. A map showing the recommended regions for mapping of the SD ionospheric corrections
and the achievable accuracy using a simple linear interpolation method. The blue dots represent
CORS stations in our testing. The labels of 1 to 15 describe 15 regional maps that are divided based
on the available testing stations.

The regions in this map can be explained as:

(1) Region 0 covers multiple islands of Indonesia and there were no available GNSS
stations; therefore, it is not included for analysis.

(2) Regions 1 and 2 are in the low latitudes of 10◦ to 20◦S, where the high electron density
and the variation in the equatorial ionospheric anomaly are found. The ionospheric
corrections around midnight or low-elevation GNSS satellites below 20 deg during
daytime can be high. With the current available CORS networks in NT and northern
QLD, 8 cm level ionospheric corrections can be obtained in Region 2, while additional
GNSS stations will be required to be installed in Region 1 (northern WA) if centimetre-
level accurate ionospheric corrections will be needed in this area.

(3) Regions 3, 5, 9 and 12 are in the mid latitudes from approximately 20◦ to 35◦S. The
mid-latitude regions were less impacted by equatorial ionospheric disturbances. In
these regions, the current available GNSS CORS networks are sparse. Nevertheless,
it was found that 5 to 12 cm level accurate ionospheric corrections can be obtained
in these regions. In the eastern corner of WA, where the borders of SA and NT meet,
i.e., Regions 4 and 8, no evaluation was undertaken due to an insufficient number of
GNSS stations.

(4) Regions 6, 7, 10, 11, 13, 14 and 15 are also in the mid latitudes covering 20◦ to 45◦S. For
these regions, a high number and dense CORS networks exist. Therefore, the average
obtainable accuracy of the ionospheric corrections is within 2 to 8 cm.

This map is a reference based on the temporal valuable data in different regions in
Australia. The precise accuracy may change based on the number of CORS station networks
and the availability of data in each region. However, we can basically estimate how good
the ionospheric delays are using a simple interpolation of the local network compared to
the real measurement.

5. Conclusions

The aim of this research was to assess the achievable accuracy of a local ionospheric
delay model for Australia using the linear interpolation method. The assessment was
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conducted by taking into consideration the impact of the ionosphere in different latitudi-
nal regions, i.e., low and mid latitudes, as well as the number and spatial density of the
GNSS CORS networks that exist in Australia. To summarise, local/regional ionospheric
modelling using the linear interpolation method can produce the centimetre-level accu-
rate ionospheric correction required for high-accuracy GNSS positioning. Based on our
observations, centimetre-level accurate ionospheric corrections can be achieved if there are
sufficiently dense (i.e., nominal spacing of approximately 200 km) GNSS CORS networks in
the region. The achievable accuracy could be dependent on the latitudinal region (i.e., low
or mid latitude) and the time of day, as well as the number and spatial density of the
GNSS CORS network. For a large geographic country like Australia where CORS networks
are not uniformly distributed, consideration for CORS network investment will mainly
depend on the socioeconomic benefits and return of investment. To obtain centimetre-level
ionospheric corrections across Australia using a simple linear interpolation, we propose a
framework of 15 regional ionospheric maps of 5◦ latitude ×10◦ longitude with a minimum
of 15 CORS stations in each map region to cover continental Australia.
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