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Density turbulence in the heliosphere can impact traversing radio photons orig-
inating from anywhere in the universe, leading to distortions of both the spec-
troscopic and imaging properties of the radio sources. Extra-solar radio sources
exhibit scintillation and angular broadening, while monochromatic signals from
spacecraft are spectrally broadened. It was recently demonstrated that such im-
pacts, referred to as radio-wave propagation effects, are particularly significant in
observations of solar radio bursts excited through the plasma emission mechanism.
A comparison of detailed observations with simulations is required in order to
quantify the radio-wave propagation effects and disentangle the true radio-source
properties from the observed ones, enabling the diagnosis of the heliospheric
environment. Consequently, theoretical advancements and our ability to quantify
the heliospheric turbulence depend on the quality and quantity of available obser-
vations. SKA pathfinders, like LOFAR, have been key to the significant progress
recently achieved, but have also highlighted areas where the available observing
capabilities are lacking. The SKA’s unrivalled sensitivity will be crucial in identi-
fying and distinguishing fine and faint radio structures, where our ability to model
them defines whether we can accurately describe the heliospheric turbulence and
deduce the fundamental properties of the radio sources. The SKA will be an in-
dispensable tool in observing solar radio emissions from the Sun to beyond 1 au,
complemented by ground-based interferometers that can reach frequencies down
to the ionospheric cut-off at 10 MHz and space-based radio instruments which
cover frequencies down to a few kHz.
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1 Introduction

Solar matter constantly escapes the Sun’s gravitational pull and flows outwards (giving rise to the
solar wind) until it encounters the interstellar medium, forming a termination shock. This shock
defines the edge of the heliosphere, the area under the control and influence of the Sun. The solar
wind is turbulent, generating density fluctuations of various scales throughout the heliosphere.
Given that the heliospheric environment is populated by density inhomogeneities, any photons
that traverse the heliosphere will encounter these inhomogeneities as they propagate towards the
detector, regardless of whether it is ground- or space-based. Most types of radiation do not interact
strongly with the heliospheric density turbulence, and thus reach our detectors unaffected by the
heliospheric environment through which they have propagated. This is not the case for radio
photons, the propagation of which can be heavily influenced by such density inhomogeneities
through processes collectively known as radio-wave propagation effects, which include scattering
(i.e., random, small-angle trajectory deviations).

The interaction between radio waves and density inhomogeneities has long been studied through the
alterations that it induces on the observed properties of various radio sources (presented in Section 2).
Such radio sources include extra-solar radio emitters, radio signals emitted by spacecraft, and solar
radio bursts. Although they have different (astrophysical) origins and result from different emission
mechanisms, all these radio waves interact with—and thus respond to—the very same heliospheric
turbulence, meaning that their observed properties reflect the heliospheric environment, enabling
its remote diagnosis (e.g., Kontar et al., 2023). These radio signals traversing the heliosphere are a
diagnostic of heliospheric turbulence at ion scales, since the radio-wave scattering rate depends on
the ion-scale density turbulence (e.g., Kontar et al., 2025).

Recent advances in our ability to perform both spectroscopic and imaging observations of radio
sources have enabled substantial improvements in the modelling and quantification of these propaga-
tion effects (Section 2). In this chapter, we give an overview of how the upcoming Square Kilometre
Array (SKA) observations will enable further advances in the quantification and understanding of
these propagation effects, and thus the heliospheric environment itself. The major improvement is
anticipated to occur due to the considerably higher sensitivity of SKA measurements (Section 3).
We also highlight the critical role that the SKA will play as part of a synergy of radio observatories,
with a particular focus on the coordination with space-based instruments (Section 4).

2 Diagnosing the heliospheric environment using radio observations

This section aims to give a brief overview of the diagnostic power of radio observations. It should
not be viewed as a review, and the included references are by no means exhaustive, nor do they
necessarily reflect the state of the art of developed methods. Nevertheless, we introduce a variety
of radio measurements that can be used to remotely probe the heliospheric environment, alluding
to the wide range of studies that can be conducted with the SKA.
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2.1 Extra-solar radio sources

The interference of radio waves by the heliospheric environment was appreciated relatively early
in the 20th century, and was confirmed through observations of compact extra-solar radio emitters
(effectively point-sources; Machin and Smith, 1952). In this work it was observed that, as a compact
extra-solar source (in this case the Crab Nebula) approaches the Sun in the plane of sky, the solar
corona attenuates (or occults) its radio emissions, leading to gradual decreases in intensity as a
function of heliocentric distance, and eventually entirely prevents its observation. The observed
source size was also found to broaden as the source’s angular separation from the Sun decreased
(see Fig. 1). Such variations in the observed intensity of compact radio sources as a function
of heliocentric distance have been attributed to scattering off small-scale density inhomogeneities
in the solar corona (Hewish, 1955), allowing for approximations of the size and density of these
inhomogeneities. Hewish (1958) further studied the angular broadening of an extra-solar point
source as a function of its angular separation from the Sun, confirming that the source broadened
with decreasing separation, and also demonstrating the ellipticity of the sources. This led to the
(now-established) suggestion that anisotropic scattering must be at play. Specifically, it was argued
that density inhomogeneities are aligned with and elongated along the magnetic field, leading to
scattering that is stronger in the perpendicular (to the magnetic field) direction compared to the
parallel one. This then enabled the diagnosis of the magnetic field direction at the heliocentric
distances where the elliptical extra-solar sources were recorded (Hewish, 1958).

Scintillation (i.e., rapid fluctuations in the recorded signal amplitude) of various radio sources—
independent of the intrinsic emission of the radio sources—was also observed (Hewish et al., 1964).
Although such amplitude scintillations can result from perturbations affecting the refractive index
in the Earth’s ionosphere, many of the observed scintillations were deemed to be caused by density
inhomogeneities in the heliosphere. Extra-solar sources have been used to demonstrate the ways in
which the heliospheric radio-signal interference diftfers from that of the ionosphere. For example,
the scintillation of the radio sources depends on the angular separation between the source and the
Sun, in line with the impact of propagation through the denser parts of the solar atmosphere (which
also causes the angular broadening and attenuation of the radio emissions), while the time scale
of the scintillations is significantly shorter (in the order of 1 s or even sub-seconds) than what
ionospheric disturbances can account for (Hewish et al., 1964). In addition to being one of the ways
to investigate the properties of heliospheric density inhomogeneities, scintillation measurements
alone (i.e., in the absence of (adequate) imaging observations) can be used to estimate the angular
diameter of small radio sources (Hewish et al., 1964).

Scintillation of the signal amplitude induced by radio-wave propagation through heliospheric density
inhomogeneities has also been observed for various other radio sources (beyond compact extra-solar
sources), including Jovian radio emissions (Douglas and Smith, 1967).

2.2 Synthetic radio sources

Heliospheric density fluctuations are also known to affect narrow-band (monochromatic) signals
transmitted by spacecraft, occulting them when the spacecraft move behind the Sun in their orbit
(as observed from the plane of the receiving antenna, and analogously to the attenuation of natural
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Figure 1: Images of the Crab Nebula (Tau A) taken by the Owens Valley Radio Observatory Long Wavelength
Array (OVRO-LWA) from 9-22 June 2024 (indicated by the top x-axis) at four different frequencies (36, 55,
73, and 82 MHz) during its solar transit. Daily images were taken at a fixed time (near 12:00 at the location
of the interferometer). The image of the Sun (centred at (0,0) in each panel) was taken on 12 June 2024. The
red and green circles at the top right of each panel delineate the full-width at half-maximum (FWHM) size of
the synthesised beam and the true size of the Crab Nebula, respectively, at each frequency. It is evident that
for every frequency measurement, the apparent size of the Crab Nebula is significantly larger than both the
beam and its true size, while its size broadens and becomes more elliptical when it is closer to the Sun. For
each given position in its transit, the Crab Nebula also appears larger at decreasing frequencies. All panels
show the attenuation of the Crab Nebula by the solar corona once it reaches a heliocentric distance of fil0
solar radii (R ), with the onset of the attenuation seen at larger heliocentric distances for lower frequencies.
Figure taken from Zhang et al. (2025a) and reproduced under CC BY 4.0.

radio sources such as the Crab Nebula), while also causing them to spectrally broaden (see Fig. 2(e);
Goldstein, 1969; Azzollini et al., 2024). Moreover, a phase-difference scintillation (not to be con-
fused with amplitude scintillation) is observed when signals of different frequencies are transmitted
from the same spacecraft (Woo et al., 1976). Such spacecraft radio transmissions enable the study
of a large range of scale sizes of heliospheric density fluctuations, as well as a large part of the
heliosphere itself. Woo and Armstrong (1979) used phase scintillation and spectral broadening of
high-frequency signals (a few GHz) transmitted by spacecraft to ground-based receivers to probe
distances from 2-215 R (where the distance between the Sun and Earthis 215 R =1 au).


https://creativecommons.org/licenses/by/4.0/
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2.3 Solar radio emissions

Like many other astrophysical objects, the Sun is a constant emitter of radio radiation, but also
the source of violent, sporadic eruptions exciting radio waves that are much more intense than any
other radio signal traversing the heliosphere, including the radio radiation emitted constantly by
the relatively-quiet Sun. The most prominent solar activities producing intense radio emissions are
solar ares and shocks driven by Coronal Mass Ejections (CMEs; e.g., Reid and Ratcli e, 2014;
Chrysaphi et al., 2020). They can accelerate semi-relativistic electrons that propagate through the
heliosphere and excite radio waves referred to as solar radio bursts via the coherent plasma
emission mechanism (Melrose, 1987). The emission frequency of such radio bursts is very close
to the local electron plasma frequency of the heliosphere, which depends on the local electron
density. This intrinsic relation makes solar radio bursts particularly susceptible to heliospheric
density uctuations and, by extension, a powerful diagnostic of the heliospheric environment. Solar
radio bursts often extend over a relatively large range of frequencies, but also display various ne
structures (in frequency and time) that result from the presence of heliospheric density uctuations
(Reid and Kontar, 2021; Kontar et al., 2026), requiring high-resolution measurements to resolve,
which the SKA will provide (Section 3.2). Moreover, solar radio bursts are ubiquitous events; they
tend to occur numerous times a day, across various longitudes, and across various frequencies,
maximising their diagnostic potential. Although the regime under which solar radio photons
are scattered di ers from that of other radio sources (such as extra-solar sources; e.g., Kontar
et al., 2023), they all respond to the same density inhomogeneities and thus exhibit changes that
re ect the properties of the very same heliospheric environment. In the case of solar radio bursts,
understanding and quantifying these changes has been somewhat challenging, constituting a topic
of debate for several decades.

Recent state-of-the-art observations have re-ignited the interest in investigating and understanding
the possible impacts of propagation e ects on solar radio emissions. In particular, imaging spec-
troscopy observations by the LOw-Frequency ARray (LOFAR, an SKA path nder; van Haarlem

et al., 2013) encouraged the examination of solar radio bursts and their ne structures in unprece-
dented detail, revealing the sub-second evolution of their properties (e.g., Kontar et al., 2017; Kontar
etal., 2026). LOFAR observations were used to quantitatively demonstrate the signi cance of scat-
tering e ects on observed radio properties and, crucially, their physical interpretations (Kontar
et al., 2017; Chrysaphi et al., 2018). Radio-wave propagation e ects (predominantly scattering)
have been quantitatively shown to impact the majority of solar radio burst observables, masking their
true properties: source sizes are broadened and their ellipticity and thus measured size depends
on the observer's position (Kontar et al., 2019; Kuznetsov et al., 2020); sources are displaced from
their true location (Chrysaphi et al., 2018; Chen et al., 2023a; Cafiizares et al., 2025); the measured
ux varies with the observer's position (Musset et al., 2021); both the decay and rise phases of the
intensity-time pro les broaden (Kontar et al., 2019; Chrysaphi et al., 2024); and the frequency ratio
between fundamental and harmonic components is lower than theoretical predictions (Chen et al.,
2023D).

The necessity to take into account anisotropic scattering o small-scale density uctuations to
simultaneously reproduce multiple observed properties of solar radio bursts was rst illustrated by
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Kontar et al. (2019), using the state-of-the-art radio-wave propagation simulations they developed.
Several studies followed, in which multiple observed radio burst properties (and even their sub-
second evolution) were reproduced simultaneously. These studies addressed various persistent
open questions and guantitatively con rmed that anisotropic scattering o small-scale density
inhomogeneities dominates the measured properties and thus cannot be neglected (Kuznetsov
et al., 2020; Chen et al., 2020, 2023b). Key to the success of these studies was LOFAR's ability
to resolve ne-size, faint radio structures, both spectroscopically and in imaging observations.
The successful, simultaneous reproduction of multiple solar radio burst properties by radio-wave
propagation simulations is a vital achievement, as it enables the diagnosis of the level of turbulence
and anisotropy in the heliospheric environment itself (Chen et al., 2020; Kuznetsov et al., 2020;
Musset et al., 2021; Kontar et al., 2023; Chen et al., 2023b; Clarkson and Kontar, 2025). The
accurate characterisation of heliospheric turbulence is important not only for the ability to correct
the substantial distortions induced in radio observations traversing the heliosphere, but also for the
unique exploitation of radio observations for inferring fundamental properties of the heliospheric
environment and the violent solar eruptions that excite these emissions. For example, it was
recently discovered that, due to scattering o anisotropic density uctuations, solar radio burst
photons emitted from a given location (i.e., a single radio source) will trace the magnetic eld as
they propagate out into the heliosphere, revealing the con guration of the interplanetary magnetic
eld (Clarkson et al., 2025). By combining radio observations of solar radio bursts with in-situ
spacecraft measurements, Kontar et al. (2025) inferred the properties of density and magnetic- eld
uctuations across a wide range of heliocentric distances, from 10&® 1 au (where the in-situ
measurements are available). They demonstrate that Kinetic Alfvén Waves (KAWSs) are consistent
with observed magnetic and density uctuations, suggesting that KAWSs play a central role in the
energy cascade and the radio-wave scattering in the heliosphere.

Kontar et al. (2023) used a single anisotropic propagation model to successfully describe observa-
tions of solar radio bursts, extra-solar sources, and in-situ spacecraft measurements of heliospheric
turbulence. By combining observations over several decades, a range of values was inferred that
describe the average characteristics of heliospheric turbulence from the Sun to 1 au (see Fig. 2).
The challenge lies in unlocking the ability to accurately describe the heliospheric environment on a
regular basis, including its reaction to various transient solar events and its evolution with distance
and time. Radio emissions (of solar, extra-solar, or synthetic origins) are uniquely positioned to do
that (Fig. 2), providing a window into the ways that solar and by extension stellar activity a ects

the surrounding environment. This enables constraining local environmental properties (e.g., Kon-
tar et al., 2023; Gopinath et al., 2024; Azzollini et al., 2024), and improves understanding of the
mechanisms accelerating energetic particles in astrophysical environments. A key requirement for
reaching this milestone is the availability of highly-resolved spectroscopic and imaging observations
that will facilitate the complete coverage of the heliospheric environment, with the SKA being a
crucial piece of this puzzle (see Sections 3 and 4).
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