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Abstract

Advancements in VLBI instrumentation, driven by the geodetic community’s goal of achieving positioning accuracy of 1 mm and
stability of 0.1 mm/y, have led to the development of new broadband systems. Here, we assess the potential of these new capabilities for
space weather monitoring. These enhanced VLBI capabilities were used to investigate interplanetary scintillation (IPS), a phenomenon
caused by the scattering of radio waves due to density irregularities in the solar wind. Compact radio sources near the Sun were
observed using the AuScope VLBI array in Australia, which consists of 12-meter telescopes at Hobart, Katherine, and Yarragadee. The
baseline lengths between these telescopes are approximately 3400 km (Hobart-Katherine), 3200 km (Hobart—Yarragadee), and 2400 km
(Katherine—Yarragadee). The observations covered solar elongations from 6.5° to 11.3° and frequencies between 3 and 13 GHz. The study
focused on phase scintillation as an indicator of turbulence in the solar wind. As the solar elongation decreased, we observed an increase in
the phase scintillation index, consistent with theoretical models. Importantly, the broadband system also detected IPS using relatively
weak radio sources. Additionally, the phase scintillation increased with baseline length, in agreement with Kolmogorov turbulence with
an index of 11/3. These findings demonstrate the effectiveness of geodetic broadband VLBI in capturing detailed features of the solar
wind. This capability enables continuous space weather monitoring and advances our understanding of solar and interplanetary dynamics.
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1. Introduction

Understanding the solar wind—its density, velocity, tempera-
ture, and magnetic field—is crucial for heliophysics and space
weather studies. In-situ measurements made by spacecraft
traversing the solar wind have provided precise and high-
resolution data that are invaluable for this purpose. Space-
craft such as the Solar and Heliospheric Observatory (SOHO)
(Domingo, Fleck, and Poland 1995), the Wind spacecraft
(Ogilvie et al. 1995), and the Parker Solar Probe (Fox et
al. 2016; Raouafi 2022) have gathered detailed information
about the solar wind’s properties. However, these measure-
ments are limited to specific points in space, and spacecraft
are restricted in their proximity to the Sun, making it chal-
lenging to study the solar wind near the solar corona where
it originates. To overcome these limitations and achieve a
broader understanding of the solar wind’s behaviour across the
heliosphere, remote sensing techniques, such as interplanetary
scintillation (IPS), are employed.

IPS describes the rapid fluctuations in the amplitude and
phase of radio waves as they are scattered by the turbulent
solar plasma (Hewish, Scott, and Wills 1964). This scattering
occurs due to variations in the refractive index of the solar
wind, influenced by plasma density. The solar wind, com-
posed mainly of electrons and protons, is a stream of charged
particles emitted by the Sun that fills the heliosphere. It is char-
acterised by turbulent irregularities, leading to propagation
effects including amplitude scintillation, phase scintillation, and

spectral broadening (Coles and Harmon 1989). Studying these
scintillations provides information along the entire path of the
radio signal, offering a unique perspective on the solar wind’s
velocity, density fluctuations, and turbulence characteristics
over a broad range of spatial scales (Hewish, Scott, and Wills
1964; Coles 1978).

Previous studies have used the telemetry signals from space-
craft missions to study the solar wind. These spacecraft transmit
radio signals that are affected by the solar wind, and the result-
ing phase and amplitude scintillations are analyzed to extract
valuable information about the solar wind’s properties. For
example, observations of the European Space Agency’s Venus
Express mission by radio telescopes provided significant data
on the solar wind by analyzing the phase scintillation of its
X-band telemetry signal (Molera Calvés et al. 2014), while the
Mars Express mission extended these observations to differ-
ent solar distances and phases of the solar cycle (Kummamuru
et al. 2023). Despite these valuable contributions, spacecraft
observations are limited by their fixed trajectories and inability
to achieve continuous and extensive spatial coverage.

Recent advancements in radio astronomy, particularly with
wide-field instruments such as the Murchison Widefield Array
(Morgan et al. 2018), ASKAP (Chbhetri et al. 2023), and LO-
FAR (Haarlem et al. 2013), have improved the study of IPS
by offering simultaneous observations across multiple lines of
sight with wide bandwidth at low frequencies. However, these
arrays have limited coverage at higher frequencies. Very Long
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Baseline Interferometry (VLBI) can be used to estimate phase
scintillation, as pointed out by Cronyn (1972). Additionally,
VLBI provides broader frequency coverage and enables ob-
servations closer to the Sun. VLBI has substantially enhanced
our understanding of solar and interplanetary phenomena by
observing natural radio sources, such as quasars, for IPS studies
(e.g., Coles and Harmon 1989; Spangler and Sakurai 1995;
Spangler et al. 2002; Spangler 2003). VLBI potentially pro-
vides continuous monitoring and extensive spatial coverage
of the solar wind’s properties at a broad range of observing
frequencies and can effectively estimate phase scintillation, pro-
viding critical insights into solar wind structure (Coles and
Harmon 1989).

Geodetic VLBI sessions typically involve 7-12 globally
distributed radio telescopes and observe hundreds of quasars
(Nothnagel et al. 2017). The line of sight to many of the
observed radio sources passes through the inner heliosphere
at various positions around the Sun. This widespread spatial
coverage allows for the capture of solar wind from multiple
directions and lines of sight in a short period of time, offering
a comprehensive understanding of its structure and dynamics.
Consequently, the utilisation of geodetic VLBI networks en-
ables the detection of anisotropies and asymmetries in the solar
wind, such as those caused by coronal mass ejections (CMEs)
(Spangler and Sakurai 1995; Molera Calvés et al. 2017). Addi-
tionally, it facilitates the reconstruction of three-dimensional
structures in the solar wind (Tokumaru 2013).

This study leverages the advanced capabilities of broadband
VLBI to investigate the IPS phenomenon, focusing on phase
scintillation analysis of observations to the radio sources 0003-
066, 2126-158, and 2227-088, located near the Sun at varying
solar elongations. Utilising the AuScope VLBI array, we aim
to study solar wind turbulence through a detailed analysis of
the phase scintillation index across multiple frequency chan-
nels. The observations are validated against the Kolmogorov
turbulence model to capture the detailed characteristics of the
solar wind, contributing to a broader understanding of helio-
physics and the interplanetary medium. These objectives are
driven by advancements in radio telescope technology and the
desire to exploit significant investments in radio astronomy
infrastructure. Integrating space weather observations into
nominal geodetic VLBI sessions offers an opportunity to make
space weather monitoring operational and routine, providing
valuable data for both scientific research and space weather
predictions.

This paper is structured as follows. Section 2 outlines the
methodology employed in this study. Section 3 describes the
observation setup and data processing, including the config-
uration of the AuScope VLBI array and the procedures for
handling the data collected across multiple frequencies. In
Section 4, we present the results and analysis, highlighting the
derived phase scintillation indices. Finally, Section 5 provides
a discussion and conclusion, summarizing the main findings,
exploring their significance in the context of solar and space
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weather phenomena, and suggesting potential directions for
future research.

2. Methodology

Measuring IPS involves observing the scattered radio waves
from distant compact radio sources, such as quasars, as they
travel through the solar plasma. Figure 1 illustrates how two
radio telescopes capture these signals, which are influenced
by solar plasma, and correlate them to generate visibility data
composed of amplitude and phase measurements. By analyzing
the phase fluctuations, information about solar wind properties
can be obtained.

Figure 1. Schematic of the observation principle for IPS using two radio
telescopes, illustrating how radio waves from a natural radio source are
affected by the solar plasma before reaching Earth.

The geometry of the observation, including the baseline
orientation and the relative position of the source with respect
to the Sun, plays a critical role in determining the observed
scintillation. Analyzing these patterns across varying baselines
and frequencies allows for the separation of solar wind effects
from other potential sources of scintillation, providing deeper
insights into the properties of the intervening medium (Coles
1978).

The phase of a radio wave that passes through the inner he-
liosphere directly correlates with fluctuations in the integrated
electron content along the line of sight (Coles and Harmon
1989). In the context of VLBI, these phase fluctuations are
measured between pairs of antennas (baseline) and are referred
to as interferometric phase scintillation. The phase structure
function is a fundamental tool for investigating turbulence in
the interplanetary medium, particularly in characterizing the
statistical properties of electron density fluctuations. Spangler
and Sakurai (1995) demonstrated that the phase structure func-
tion can be directly computed from interferometer phase data
using the phase scintillation index. In this study, we calculate
the phase scintillation index as defined by Duev et al. (2012)
and refined by Molera Calvés et al. (2014) to provide a robust
measure of the interferometric phase variation. Moreover, this
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study extends beyond the traditional single measurement of
the power spectrum per band, instead utilising the large band-
width of 3 to 13 GHz to generate 32 measurements across this
frequency range, capturing a broad spectrum of IPS effects.

Phase scintillation refers to the rapid, random changes in
the phase of a radio signal caused by irregularities in ionized
plasma density. These phase scintillations, captured in in-
terferometer phase data, provide important insights into the
turbulence and density variations within the solar wind. The
phase scintillation index (04, ) is quantified as the variance
of phase scintillation (¢, derived from the filtered power
spectrum (S¢ (f)), expressed as:

b - [ /ff o) (£)" df] ) ()

where D(fj) denotes the spectral power density, fy is the
low-frequency cutoff determined by the scan length, fqy is the
high-frequency cutoff dictated by system noise, and m is the
slope of the spectral power density (Molera Calvés et al. 2014).
The phase scintillation measurements provide information on
the plasma behaviour across all observed sky frequencies.

To further characterise the behaviour of the phase scintil-
lation index across observing frequency, a power law model is
employed. To minimize fitting errors, the frequencies were
normalized by the reference frequency (8 GHz), which lies in
the middle of the frequency range, ensuring that the domain
values are distributed symmetrically around zero.
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where v is the observing frequency, and A is the phase
scintillation index at the reference frequency, providing an
averaged value that smooths out noise and anomalies. The
power law index («) describes how the phase scintillation in-
dex changes with observing frequency. This approach is more
robust than relying on a single value at the reference observing
frequency. Therefore, A is used to represent the IPS behaviour
against the elongation angle, and « illustrates how the phase
scintillation index changes with increasing solar elongation.

By using 32 channels across a broad frequency range, the
phase scintillation index captures a wide range of scattering
strengths, accommodating both high scattering at lower fre-
quencies (where phase changes may be rapid) and weaker
scattering at higher frequencies (where phase changes may
be subtle). This capability results in more robust data with
higher signal-to-noise ratios. These multi-frequency measure-
ments thus provide a more comprehensive understanding of
IPS behaviour, allowing more accurate model fitting across
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frequencies, and enabling analyses that cover a broader spec-
trum of solar wind turbulence characteristics.

3. Observation setup and data processing

The AuScope VLBI Array was constructed as part of the Na-
tional Cooperative Research Infrastructure Strategy (NCRIS),
funded by the Australian Department of Innovation, Indus-
try, Science, and Research (NCRIS 2006). It consists of three
12-meter radio telescopes located in Hobart-Tasmania (Hb),
Katherine-Northern Territory (Ke), and Yarragadee-Western
Australia (Yg) (Lovell et al. 2013). The VLBI array is a compo-
nent of AuScope, a comprehensive infrastructure framework
for studying Earth’s geology, chemistry, physics, and geog-
raphy (AuScope 2012), and operated by the University of
Tasmania. The array was designed to be a fast-slewing, high-
precision system and it is a key contributor to the International
VLBI Service for Geodesy and Astrometry (IVS) (Nothnagel
et al. 2017), which coordinates the global VLBI observations.

Figure 2. The AuScope VLBI array, consisting of Hobart 12m (Hb) in Tasmania,
Katherine 12m (Ke) in the Northern Territory, and Yarragadee 12m (Yg) in
Western Australia.

3.1 Details on the Broadband system - Technical overview

The array utilises a pedestal-mounted telescope design with a
12-meter Cassegrain dish and a 1.8-meter sub-reflector with a
slew rate up to 5°/s in azimuth and 1.25°/s in elevation (Lovell
et al. 2013). Initially, however, both the front-end and back-
end were designed in the legacy S/X observing mode, i.e., two
discrete bands at 2.4 GHz and 8.4 GHz. An upgrade to the
receiver and back-end systems to enable broadband observa-
tions was completed in 2024.

The broadband system was developed as a new technical
realization of the geodetic VLBI hardware, operating across
multiple GHz of bandwidth. The front-end includes a wide-
band feed and low-noise amplifiers, designed to receive a broad
range of frequencies. The front-end was designed by Callisto
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* with a QRFH feed that produces two linear polarizations
within the frequency range 2-14 GHz. It also includes cooling
systems; Stirling cycle cooling, to reduce thermal noise and
improve the performance of the receiver (Akgiray et al. 2012).
A High Pass Filter (HPF) filters the signal, allowing only fre-
quencies above 3 GHz to pass to reduce the Radio Frequency
Interference (RFI) at lower frequencies.

The signal is transmitted via Radio Frequency over Fibre
(RFoF) to the control room, where it is bandpass filtered into
four distinct bands. Each band has an input bandwidth of 4
GHz, covering frequency ranges of 3-7 GHz, 6-10 GHz, and
9.5-13.5 GHz, with the first band being duplicated. These
bands are simultaneously down-converted and sampled by
the DBBC3 system (Tuccari et al. 2018). The data are then
recorded using jiveSabb onto a Flexbuff machine in VDIF
format (see Figure 3). The baseband channels can be flexibly
selected within the band, offering bandwidths from 8 to 64
MHz and allowing up to 16 channels per band.

Receiver | Control room

9.5-13.5 GHz

6—10 GHz

HPF 3GHz+ — RFoF - BPF Flexbuff

DBBC3
|

3-7 GHz

3-7 GHz

Figure 3. The signal chain for the broadband system; the signal received
by the QRFH feed, filtered with HPF, and conveyed signal larger than 3 GHz
to the control room via RFoF for down-conversion and sampling at DBBC3
before being recorded by Flexbuff.

3.2 Observation setup

The observation mode employed 32 channels (8 channels per
band), each with a bandwidth of 32 MHz and two polariza-
tions, resulting in a recording rate of 8 Gbps per antenna. This
setup mimics the Geodetic VLBI observing mode used in the
broadband configuration to ensure IPS studies can use standard
geodetic observation data. A selection of geodetic sources with
flux densities exceeding 0.5 Jy and located within 12° of solar
elongation were selected. Observations were carried out over
multiple epochs, with sources of interest (hereafter referred
to as primary sources) being observed for a duration of 480
seconds multiple times each session, with a session duration of
1-hour. See Table 1 for details.

In addition to the primary sources, calibration sources lo-
cated far from the Sun were observed for 180 seconds. These
calibration sources were used in the manual phase calibration

a. hteps://www.callisto-space.com/en/
b. https://github.com/jive-vlbi/
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process as discussed in subsection 3.3. Furthermore, these cali-
bration sources ensure the accuracy and reliability of the data
by providing a benchmark for comparison against the primary
sources. The scheduling strategy involved alternating between
calibration sources and primary sources.

Figure 4 depicts the helioprojective coordinates of the radio
source 0003-066 on five different observation dates (10-03-
2024, 11-03-2024, 20-03-2024, 23-03-2024, and 25—03—2024)
relative to the Sun, as well as the sources 2126-158 and 2227-
088 on 17 February 2024 and 18 February 2024, respectively.
The Sun is shown as the gold circle at the centre of the plot.
The red circles connected by lines indicate the positions of
the source 0003-066 on the respective dates, while the sources
2126-158 and 2227-088 are represented by a square and a dia-
mond, respectively. Concentric black dashed circles indicate
elongation angles of 6°, 7°, 8°, 9°, 10°, and 11° from the
Sun. The secondary x-axis shows the observation dates cor-
responding to each plotted position. This visualization aids in
understanding the relative positions and motions of the radio
sources with respect to the Sun over the specified period.

According to the SKED scheduling software’s f1ux. cat
(Gipson 2018), the X-band flux densities for the primary
sources 0003-066, 2126-158, and 2227-088 are 5 Jy, 2.2 Jy, and
1.2 Jy, respectively. However, an internal session conducted
on 30-09-2023 over the Hb-Ke baseline estimated their ap-
parent flux densities at X band to be 1.5 Jy, 0.6 Jy, and 0.5 Jy€,
respectively, with a System Equivalent Flux Density (SEFD)
of 5000 Jy for this baseline (see Table 2). Consequently, we
adopted the flux values obtained from the internal session.

The scheduling also accounted for a cutoff elevation angle,
ensuring primary sources were observed at elevations greater
than 20 degrees and calibration sources at elevations greater
than 10 degrees to maintain a low SEFD for the stations. Po-
lar sky plots illustrating the positions of three radio sources
(0003-066, 1921-293, and 2255-282) and the Sun, as observed
from three different stations on 23-03-2024 at 02:00 UT, are
shown in Figure 5. Each subplot presents the azimuth and
altitude of the sources and the Sun, with the Sun depicted as
a gold circle with a black edge for enhanced visibility. The
red, blue, and green markers indicate the positions of the radio
sources 0003-066, 1921-293, and 2255-282, respectively. To
facilitate the comparison of source positions across different
observatories, the plots share the same y-axis for altitude. The
varying distances between the Sun and the sources in each
subplot illustrate the parallax effect due to the geographic lo-
cations of the observatories.

3.3 Correlation and fringe fitting

The data were shipped from Ke and e-transferred from Yg to
Hb to be correlated at UTAS using DiFX (Deller et al. 2011).

c. Such discrepancies are not unusual in VLBI due to source variability,
and differences in baseline lengths and orientation.
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Table 1. Summary of Observations schedule

Epoch Session Source SR ERE Comment
[degree]
17-02-2024 00217 2126-158 7.8 Primary source

2255-282,1921-293 Calibration sources

2227-088 7.2 Primary source
Calibration sources

18-02-2024 00218
2255-282,1921-293

10-03-2024 00310 0003-066 11.3 Primary source
2255-282,1921-293 Calibration sources
11-03-2024 00311 0003-066 10.5 Primary source

2255-282,1921-293 Calibration sources

0003-066 6.5 Primary source
Calibration sources

20-03-2024 00320
2255-282,1921-293

23-03-2024 00323 0003-066 7.4 Primary source
2255-282,1921-293 Calibration sources
25-03-2024 00325 0003-066 8.5 Primary source

2255-282,1921-293 Calibration sources
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Figure 4. Helioprojective coordinates of the radio sources 0003-066, 2126-158, and 2227-088 relative to the Sun on specified observation dates. The Sun is
represented by the gold circle, and concentric black dashed circles indicate elongation angles from the Sun. The red circles connected by lines show the
positions of 0003-066 over the observation period, while the square and diamond represent the positions of 2126-158 and 2227-088.
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Figure 5. Sky plots of three radio sources (primary source and calibration sources) and the Sun from three stations during session Q0310.

Table 2. Comparison of flux densities for the observed primary and cali-
bration sources at X-band, as provided by the SKED catalog and internally
estimated.

Nominal flux  Estimated flux

Source Comment
(SKED)[Jy] [yl
2126-158 2.2 0.55 Primary source
2227-088 1.19 0.5 Primary source
0003-066 4.97 1.7 Primary source
1921-293 10 7.4 Calibration source
2255-282 3.51 1.8 Calibration source

The correlator outputs cross-correlation coefficients for each
scan, which are post-processed to estimate fringe amplitude,
phase, group delay, phase delay rate, and differential Total
Electron Content (dTEC) along the line of sight to a radio

source.

Due to the Automatic Gain Controller (AGC) adjustment,
the first 50 seconds of all scans following the initial scan were
unstable and therefore discarded before correlating the data.
The correlator simultaneously processes data from the four
frequency bands, which involves reorganizing the data streams
into files and integrating additional information such as station
locations and Earth Orientation Parameters (EOP). Although
the input parameters are accurate, uncertainties in UTC time
tags require adjustments during the correlation process. The
primary objective is to minimize post-correlation residual de-
lays to below 100 ns by fine-tuning the station clocks based
on initial correlation outcomes (Niell et al. 2018). The final
output consists of a series of complex correlation coefficients
for each scan, covering various delays, frequency bands, and
polarizations.
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Post-processing of the correlator’s output involves deter-
mining the group delay and phase delay rate values that maxi-
mize the delay/delay rate resolution function, using a maximum-
likelihood approach (Rogers 1970). This essential step, per-
formed with the Haystack Observatory Post-processing Sys-
tem (HOPS) software (MIT/Haystack 2020), is known as
fringe fitting. Broadband fringe fitting requires multiple runs
of the fourfit program under different configurations to
correct channel phase offsets, synthesize bands, and combine
polarizations, ultimately generating a set of calibrated broad-
band VGOS observables for each scan (Cappallo 2017). Cali-
bration involves applying delay and phase corrections to each
frequency channel to account for instrumental effects, a process
referred to as phase calibration or instrumental delay calibra-
tion. Typically, calibration tones are injected at the front-end
to align delays across bands, with adjustments made to ensure
that single-band delays agree within 100 ns. However, at AuS-
cope stations, the calibration tones are excessively strong at
low frequencies, causing saturation effects. As a result, manual
phase calibration (pc_mode manual) was performed using a
high signal-to-noise ratio (SNR) scan of a calibration source.
Broadband group delay and phase are calculated by combin-
ing the complex polarization correlation coefhicients across all
frequency bands. Achieving coherent combinations requires
correcting for delay and phase differences between polariza-
tions. The output after the correlation and fringe fitting is
interferometric visibility measurement as complex numbers
characterised as amplitude and phase with 1-second averaging.
In this paper, we studied the effect of the solar plasma using
only the phase measurements.
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3.4 Post-analysis

The interferometric visibility data produced after fringe fitting
spans both frequency (3 to 13 GHz) and baseline dimensions
(Hb-Ke, Hb-Yg, Ke-Yg), allowing for analysis of IPS effects
across these parameters. This dual-dimensional dataset exam-
ines how phase scintillation varies across frequency channels
and baseline lengths, providing a detailed view of IPS be-
haviour and solar wind turbulence characteristics.

Once the fringe fitting is complete, the phase fluctuations
in the 7-minute scan length were mainly due to IPS, radiome-
ter noise, ionospheric scintillation, and tropospheric variations.
The phase data clearly showed fluctuations caused by IPS, as
illustrated in the left panels of Figure 6. The top-left panel
presents the phase of a primary source at 5 GHz, and the
bottom-left panel presents the phase of a calibration source
at the same frequency. Both scans were affected by the same
radiometer noise but different ionospheric and tropospheric
conditions, as the telescopes were pointing at different parts
of the sky. The ionosphere and troposphere can cause phase
fluctuations, and it is conceivable that tropospheric and iono-
spheric effects might be slightly different between primary and
calibration sources. However, such fluctuations cannot explain
fluctuations of the magnitude observed here, leaving IPS as the
primary cause of the significant differences between the two
panels. This is evidenced by the stark difference between the
phase behaviour observed in the calibrator source, compared
to the primary source.

The interferometric phase data is prone to phase disconti-
nuities, or jumps, due to phase wrapping. This phenomenon
occurs because the interferometric phase ranges between 7t and
-, resulting in 27 discontinuities. The unwrapping process
begins by examining the phase differences between consecu-
tive data points. If a phase difference exceeds 71, it is assumed
that a 27t discontinuity has occurred. An appropriate multiple
of 27t is then added or subtracted from the subsequent phase
values to correct for this jump. This procedure is repeated itera-
tively across the entire phase time series, effectively smoothing
out the phase discontinuities and reconstructing the continu-
ous phase signal (Spangler and Sakurai 1995). The right panels
in Figure 6 show the phase time series after unwrapping. The
bottom-left panel displays the phase of the calibration source,
where the phase jump due to the wrapping effect is clear after
90 seconds. The phase jumps due to the wrapping effect are
corrected, resulting in a continuous phase signal as seen in the

right panels.

To remove the influence of the long-timescale phenomena,
a first-degree polynomial was fitted to the phase time series,
yielding phase residuals. The phase scintillation index was
subsequently derived from the phase residual power spectrum,
with a Nyquist frequency of 0.5 Hz. The phase residual power
spectra for all scans across different channels were thoroughly
analyzed, revealing that the IPS effect spanned the frequency
range from 0.01 to 0.2 Hz. This frequency range was ap-
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plied to all scans across all channels to maintain the consistency
of the results. Frequencies above 0.2 Hz are dominated by
system noise. Figure 7 illustrates the power spectra of the pri-
mary source (top panels) and calibration source (bottom panel).
The filtered power spectrum is shown in orange, while the
full-phase power spectrum is shown in blue. The dashed red
and green lines indicate the low and high-frequency cutoffs,
respectively. The left panels show the phase residual power
spectrum at 3 GHz, while the right panels show it at 5 GHz.
As expected, the power level of the primary source at 3 GHz
is higher than at 5 GHz, consistent with the stronger impact
of IPS at lower observing frequencies, as discussed in detail
in Section 4. In contrast, the power level of the calibration
source is significantly lower than that of the primary source
due to the absence of the IPS impact. Additionally, there is no
significant change in the power level of the calibration source
between 3 GHz and 5 GHz.

Figure 7 illustrates the power spectra of the primary source
(top panels) and the calibration source (bottom panels). The
filtered power spectrum is shown in orange, while the full-
phase power spectrum is shown in blue. The dashed red and
green lines represent the low- and high-frequency cutofs,
respectively. The left panels display the phase residual power
spectrum at 3 GHz, while the right panels display it at 5 GHz.
As expected, the power level of the primary source at 3 GHz
is higher than at 5 GHz, consistent with the stronger impact
of IPS at lower observing frequencies, as discussed in detail
in Section 4. In contrast, the power level of the calibration
source is significantly lower than that of the primary source
due to the absence of IPS impact. Furthermore, there is no
significant change in the power level of the calibration source
between 3 GHz and 5 GHz.

4. Results and Analysis

Using Equation 1, the phase scintillation index was calculated
for all channels across all scans and sessions. Figure 8 presents
the phase scintillation index for the three baselines, Hb-Ke,
Hb-Yg, and Ke-Yg, during session Q0320 for the primary
source, plotted against the channels. The phase scintillation
index shows a decreasing trend with increasing frequency,
which aligns with theoretical models. Outliers, particularly
for the Hb-Ke baseline beyond 9 GHz, mainly due to system
noise, were removed from the plot to improve clarity. Hb
station experienced a lack of one polarization from 3-4.5 GHz
during this session, leading to the exclusion of these data points
from the Hb baselines to ensure consistency in the analysis.
The differences between scans in Figure 8 do not indicate sys-
tematic offsets. These variations are more likely attributable to
system noise than to factors like baseline rotation. Additionally,
the short session duration minimizes any potential influence
of baseline rotation.

Data from different scans over the 1-hour session show
slight magnitude variations but follow the same trend, demon-
strating measurement reliability. However, the Hb-Ke base-
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Figure 6. Phase time series for the primary source (top panels) and calibration source (bottom panels) at 5GHz. The left panels show the phase time series
before unwrapping. The right panels show the phase time series after unwrapping.
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line showed high uncertainty and numerous outliers, primarily
due to its poor SEFD, which is lower than the other baselines.
The Hb station’s low-sensitivity significantly affects Hb-Ke
baseline performance, while the Yg station’s high-sensitivity
enhanced the performance of the Hb-Yg and Ke-Yg baselines.
This highlights the crucial role of station sensitivity in acquir-
ing precise IPS measurements.

In addition to the primary source, the phase scintillation
index for the calibration sources is also plotted using the +
markers in Figure 8. The calibration sources were processed
in the same manner as the primary source and exhibit a very
low scintillation index, primarily due to radiometer noise, with
values consistently below 0.5. This distinct behaviour high-
lights the lower scintillation for calibration sources compared
to the primary source. At higher frequencies, the radiometer
noise increases, and as the phase scintillation index decreases,
the radiometer noise becomes more dominant, flattening the
curve of phase scintillation versus frequency.

To understand the relationship between phase scintilla-
tion index and frequency, the power law model introduced
in Equation 2 was applied. Frequencies were normalized by
the reference frequency of 8 GHz to minimize fitting errors
and provide a balanced distribution. This model produces an
averaged phase scintillation index A at 8 GHz, which smooths
out noise and anomalies, and a power law index «, capturing
the frequency dependence of the scintillation index.

The phase scintillation index is expected to follow a quadratic
power law with frequency. Figure 9 presents the power law
index («) for all scans. The values are generally close to the ex-
pected quadratic index. This supports the validity of using the
broadband system in capturing IPS data across a wide range of
frequencies. However, the Ke-Yg baseline consistently shows
lower power law indices compared to other baselines. This can
be attributed to system noise, which becomes more prominent
at higher frequencies for Ke-Yg due to its lower IPS values. As

https://doi.org/10.1017/pasa.2025.23 Published online by Cambridge University Press

shown in Figure 9, the phase scintillation index for Ke-Yg ap-
proaches the level of system noise at high frequencies, leading
to a steeper deviation from the expected power law behaviour.
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Figure 9. Power law index () as a function of elongation angle for the
three baselines (Hb-Ke, Hb-Yg, Ke-Yg). Data points are shown with error bars,
where circles represent the mean power law index across all scans at each
elongation angle, and the error bars indicate the standard deviation. The
red dashed line represents the expected quadratic power law.

4.1 Phase scintillation index as a function of elongation

Figure 10 presents the phase scintillation index at the reference
frequency (8 GHz) as a function of the elongation angle for the
three baselines: Hb-Ke, Hb-Yg, and Ke-Yg. The elongation
angle varies from 6.5 to 11.3 degrees. Each baseline is repre-
sented by a different colour for a clear distinction. The data
points are plotted with error bars, where the circle represents
the mean phase scintillation index of all scans at each elongation
angle and the error bars indicate the standard deviation. As a
note, the missing data for certain baselines at specific elonga-
tion angles are due to instrumental constraints or data quality
issues, such as insufficient signal-to-noise ratio or system errors
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during those observations. These gaps are reflected in the plot
by the absence of corresponding data points for those baselines.
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Figure 10. The phase scintillation index at the reference frequency of 8
GHz as a function of elongation angle for the three baselines (Hb-Ke, Hb-Yg,
and Ke-Yg), with elongation angles ranging from 6.5 to 11.3 degrees. Data
points are shown with error bars, where circles represent the mean phase
scintillation index across all scans at each elongation angle, and the error
bars represent the standard deviation. Missing data for some baselines is
due to instrumental or data quality constraints.

These observations indicated that the phase scintillation
indices align well with expected IPS behaviours, confirming
theoretical models that predict lower scintillation at larger so-
lar elongation angles (Coles 1978). However, during session
Q0325 the phase scintillation index was higher than expected
and exceeded values observed in other sessions with smaller
elongation angles. To understand this anomaly, LASCO C3
coronagraph images were analyzed from all observation days
(Brueckner et al. 1995). Figure 11 presents coronagraph im-
ages for the observation days. Each image depicts the position
of the primary source, marked by a red circle, relative to the
Sun. The image from 25-03-2024 (Figure 11g) shows a dis-
tinct difference compared to the other days. There appears
to be a solar transient passed through the observation line of
sight leading to an increase in phase scintillation. In contrast,
sessions such as Q0323 (Figure 11f ), showed a significant
CME directed towards the North. Since this primary source
observed was south of the Sun, this CME is not likely to have
directly influenced the line of sight to the quasar.

4.2 Phasescintillation index as a function of baseline length

Figure 10 shows a noticeable difference in the phase scintilla-
tion index between different baselines. The magnitude of the
phase scintillation index is influenced by factors such as base-
line length and orientation, including both radial and vertical
components. Specifically, the longest baselines, Hb-Ke and
Hb-Yg (3400 km and 3200 km, respectively), exhibit higher
scintillation index values. In contrast, the shorter Ke-Yg base-
line (2400 km) consistently shows lower scintillation indices.
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To explore the relationship between the phase scintilla-
tion index and the baseline length in more detail, Figure 12
displays the scintillation index against the projected baseline
length for the three baselines. The projected baseline length
refers to the effective distance between two radio telescopes,
projected onto the plane perpendicular to the observed source.
This projection determines how much of the baseline length is
contributing to the interferometric measurement of the scin-
tillation.

Figure 12 shows that as the projected baseline length in-
creases, the scintillation index rises accordingly, suggesting
a clear relationship between baseline length and scintillation.
The dashed line represents the fitted power law model as a
function of projected baseline length, yielding a Kolmogorov
index (p) of approximately 11/3, consistent with the theoret-
ical expectation from Kolmogorov turbulence and previous
studies (Coles and Harmon 1989; Spangler and Sakurai 1995).
This agreement between observed data, theory, and previous
research underscores the reliability and validity of the mea-
surements, affirming baseline length as a key parameter in
studying IPS.

5. Discussion and Conclusion

This study demonstrates that broadband Very Long Baseline
Interferometry (VLBI) is an effective tool for investigating
interplanetary scintillation (IPS) of radio sources near the Sun.
Despite the modest size of the 12-meter dishes, the AuScope
VLBI array was successfully utilised to measure IPS indices at
solar elongation angles from 6.5° to 11.3°. The results showed
increased scintillation at lower solar elongations, confirmin,
theoretical models. Expanding to a larger network allows for
the observation of multiple lines of sight simultaneously and
reconstructs three-dimensional solar wind structures. These
findings highlight the utility of broadband VLBI in measuring
the solar wind turbulence and dynamics.

A key aspect of this study is utilising the broadband system
with 32 frequency channels covering 3 to 13 GHz. This wide
frequency coverage captures a broad range of turbulence scales
and improves the resolution of phase scintillation. The high
frequency resolution provided by the 32 channels enhances
the separation between signal and noise and characterises the
solar wind’s frequency-dependent turbulence. This capability
detects a wide range of scattering strengths, accommodating
both high scattering at lower frequencies and weaker scatter-
ing at higher frequencies, thereby refining our understanding
of the solar wind’s spectral properties.

The new broadband system enhances the capability of
VLBI to conduct IPS studies, even with quasars having flux
densities as low as 0.5 Jy. By including these weaker radio
sources, VLBI provides extensive spatial coverage of the solar
wind. This is particularly beneficial for identifying anisotropies
and asymmetries, such as those caused by coronal mass ejec-
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Figure 11. LASCO C3 coronagraph images for the observation days. Each image shows the position of the primary source (red circle) relative to the Sun, which
is represented by the central disk.
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represents the Kolmogorov index (p) of 11/3.

tions (CMEs), thereby contributing to a more detailed analysis
of the solar wind’s dynamic processes. Additionally, it allows
for continuous monitoring of the solar wind’s properties.

Moreover, this study shows a clear relationship between
the scintillation index and the projected baseline length. As
the projected baseline length increases, the scintillation index
also rises, demonstrating the direct influence of baseline length
on the spatial resolution of IPS measurements. The fitted
power law with an index of 11/3, consistent with Kolmogorov
turbulence theory, reinforces that the observed scintillation
is strongly tied to the solar wind’s turbulent characteristics.
Longer projected baselines enable the detection of finer struc-
tures within the solar wind. This relationship underscores the
importance of baseline length in VLBI studies of solar wind
turbulence, enhancing our ability to resolve the intricate de-
tails of solar wind fluctuations.

The findings from this study support further research us-
ing broadband VLBI in IPS studies and its implications for
understanding the interplanetary medium. A larger VLBI
network will improve spatial coverage and the quality of IPS
observations. IPS measurements from VLBI observations of
natural radio sources are complementary to those from remote
sensing by probes near the Sun (Molera Calvés et al. 2021)
and to those from in-situ spacecraft measurements. We aim
to combine measurements of spacecraft and geodetic VLBI
sources for IPS measurements in the near future. Furthermore,
establishing routine IPS observations as part of geodetic VLBI
sessions will support continuous space weather monitoring,
offering valuable data for scientific research and operational
forecasting, thereby advancing our understanding of solar and
space physics.
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