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ABSTRACT

Context. The interpretation of solar radio bursts observed by Parker Solar Probe (PSP) in the encounter phase plays a key role
in understanding intrinsic properties of the emission mechanism in the solar corona. Lower time–frequency resolution of the PSP
receiver can be overcome by simultaneous ground–based observations using more advanced antennas and receivers.
Aims. In this paper we present such observations for which the active active region 12 765, begetter of type III, J, and U solar bursts,
was within sight of ground–based instruments and behind the solar limb of the PSP spacecraft.
Methods. We used a subarray of the Giant Ukrainian Radio Telescope to get the spectral properties of radio bursts at the frequency
range of 8–80 MHz, as well as the PSP radio instruments with a bandwidth of 10.5 kHz–19.2 MHz, during solar observations on June
5, 2020.
Results. We directly detected the radio events initiated by the active region behind the solar limb of the PSP spacecraft, using special
conditions in the solar corona, due to the absence of active regions from the PSP side. Following the generation mechanism of solar
radio emission, we refined the density model for the solar corona above the active region 12765 responsible for the radio bursts.
Based on the PSP spacecraft position near the Sun and delays of radio waves between space– and ground–based records, we found
the corresponding radio responses on the PSP spectrogram.
Conclusions. The absence of sunspots from the PSP side contributes to the propagation of radio waves from a dense loop of the Sun
to quiet regions with low densities, through which PSP instruments can detect the radiation.
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1. Introduction

The largest population of solar bursts, type III radio bursts, is
a signature of electron beams propagating outward from lower
layers of corona to interplanetary space along open magnetic
field lines. They have been observed since the 1950s (Wild 1950)
and are the most studied phenomenon among other types of
solar radio emission from observational and theoretical points of
view (Reid & Ratcliffe 2014). The main generation mechanism
of type III radio bursts is that beam electrons with velocities of
about 0.3c (c is the velocity of light) can induce Langmuir waves
along their motion path, and the waves, scattered on ions, can
be transformed into radio emission (e.g., Zheleznyakov 1970).
Observations of the solar radio events are provided in a very
wide frequency range, from 1–3 GHz down to 10 kHz, by var-
ious space– and ground–based instruments.

Recently, a new spacecraft mission, named Parker Solar
Probe (PSP), was sent to the Sun. Moving along elliptic orbits,
the observatory approaches the Sun, then it moves away from it.
This allows for radio emission to be received fairly close to the
Sun. The low–frequency cutoffs for type III bursts were inves-
tigated with PSP during its encounters 1–5. The characteristic
feature is caused by intrinsic properties of the type III burst emis-
sion mechanism as well as by propagation effects. The cutoff

frequencies from PSP observations were higher than ones mea-
sured by Wind/WAVES and Ulysses missions (Ma et al. 2021).
Several type III bursts observed at the beginning of April 2019
were studied by Krupar et al. (2020) in the frequency range of
10 kHz–19 MHz. A more comprehensive analysis of type III
and type IIIb bursts at the same time by using both PSP and
ground-based radio telescopes was presented by Melnik et al.
(2021), showing that ground–based radio observations help to
better understand results of PSP. In particular, according to them,
PSP unequivocally observed the harmonic, but not the funda-
mental, component. The aim of this paper is to use the radio data
recorded by PSP within 0.15 au to study solar low–frequency
radio emission. Unlike previous studies, we have detected the
U+J+III association that occurred on June 5, 2020. Its study by
PSP will be considered in the present work.

This paper is organized as follows. Briefly starting with the
PSP spacecraft and instruments installed on it, we describe radio
observations carried out with the Giant Ukrainian Radio Tele-
scope (Kharkiv) on June 5, 2020. With the help of the ground–
based measurements, our analysis of this solar event leads to the
exact identification of solar bursts presented in it. This allows
us to specify the density model above the active region (AR)
responsible for the solar bursts. Knowing the PSP position, we
show that the source emitting the bursts was initiated by electron
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beams from the AR behind the limb of the spacecraft. Finally,
we discuss possible reasons of this detection and summarize our
finding.

2. Observations and facilities

2.1. PSP spacecraft and its instruments

PSP is a new NASA spacecraft that launched on August 12, 2018.
Its purpose is to fly to a closer distant to the Sun than any pre-
vious spacecraft (Fox et al. 2016). In the maximum perihelion,
PSP’s elliptic orbit will be within 9.86 solar radii from the center
of the Sun. This case will occur on December 24, 2024. There-
fore, the spacecraft will be the first to measure, in situ, the solar
corona properties in the birthplace of the solar wind. Direct mea-
surements of electric and magnetic fields, radio waves, Poynting
flux, absolute plasma density, as well as electron temperature are
provided by the FIELDS instrument on PSP (Bale et al. 2016).
The FIELDS sensors include four whip antennas (called V1, V2,
V3, and V4) mounted near the edge of the PSP heat shield. Each of
them is 2 meters long and made of niobium alloy. The antennas
are used with various measuring systems taking the raw signals
and converting them into data for transmission back to Earth by
radio communication. Radio observations are processed by the
dual-channel receiver (Pulupa et al. 2017). One Low Frequency
Receiver (LFR) covers the bandwidth of 10.5 kHz–1.7 MHz, and
another High Frequency Receiver (HFR) has the bandwidth of
1.3 MHz–19.2 MHz. Together they produce the data with the
bandwidth of 10.5 kHz–19.2 MHz. When PSP is closer to the Sun
than 0.25 au, all of its instruments work continuously at a high–
rate recording mode. This is an encounter phase, whereas in a
cruise phase, when the distance of PSP from the Sun is larger
than 0.25 au, the data–recording rate becomes low. During the
encounter phase, LFR and HFR record data at a cadence of one
spectrum per∼7 s. On the contrary, the data–recording cadence is
noticeably less, one spectrum per ∼56 s. As of June 5, 2020, PSP
was in perihelion at the distance of ∼0.15 au from the Sun. This
case is just the encounter phase.

2.2. Ground-based instruments

Ground-based observational facilities included one array section
of GURT, located near Kharkiv (Ukraine). It consists of 25
cross-dipoles, five being in each column and row. Dipole arms
have north-south and east-west orientations. This antenna instru-
ment permits radio emission to be received within the frequency
range of 8–80 MHz (Konovalenko et al. 2016). Radio records
were made with the help of an advanced digital receiver (ADR),
which is a standard device of GURT (Zakharenko et al. 2016).
Its time resolution was about 100 ms in the frequency resolu-
tion of 38.147 kHz. To confirm our observational results, we also
used other radio instruments: e–Callisto network stations, the
Radio Solar Telescope Network (RSTN) observatory in San Vito
of Italy, and the Nançay Decametric Array (NDA) in France (see
more details in Appendix A). Their radio data are freely avail-
able for studies, but their time–frequency resolution is less than
what GURT can offer. Unfortunately, we could not use the excel-
lent Ukrainian T-shaped Radio telescope (UTR–2), operating in
the frequency range of 9–33 MHz (Konovalenko et al. 2016), for
observations.

2.3. Solar events and observations

In the summer of 2020, the Sun was quiet most of the time
because of solar activity being minimal. Nevertheless, on May

29, 2020, the sunspot group produced the largest solar flare,
starting from October 2017, when several X–class flares of
September 2017 were observed. The flare on May 29, 2020,
being of the M class, can be considered as the awakening of
the Sun after a long inactivity. We would like to highlight that
the smallest flares are a part of the A class, whereas the X class
manifests the most intense events. The letters A, B, C, M, and
X with decimal subclasses describe all the set of flares detected
from the Sun. The M–class flare was a precursor of solar radio
bursts in early June 2020. The activity was connected with a
new active area, named NOAA AR 12765, which appeared on
the limb from the eastern side of the Sun on June 3, 2020. The
evolution of the active region started with a single spot1, which
became a small bipolar region on June 5, 2020, not being trans-
formed into something more complex. On that day, the size of
sunspots was the largest, 130 MH (in “millionths of the visi-
ble solar hemisphere”). We note that the sunspot area was com-
parable to the entire surface area of the Earth having almost
170 MH. In the following days, the region remained bipolar, but
started to decay after 10 June it became unipolar until it van-
ished completely, moving to the far side of the Sun as viewed
from Earth. As the activity of solar regions correlates with their
size, one can assume that a bipolar active region with a size of
more than 110 MH will be able to generate high initial electron
beam densities, resulting in radio emission of an U-burst with
type III bursts. Solar observations on June 5, 2020 were also pro-
vided with space–based observatories: PSP; the Wind/WAVES
instrument at the L1 Lagrangian point; and STEREO–A (Solar
Terrestrial Relations Observatory), orbiting around the Sun at
a distance of 1 au ahead of Earth (see their spectral data in
Appendix A). They looked at the Sun from different points of
view, with Earth’s orbit and the PSP orbit near the Sun (Fig. 1).
For the PSP spacecraft, the AR 12765 was behind the solar limb
(∼106◦) with respect to the central meridian of the Sun. As for
STEREO–A, Wind/WAVES, and ground–based observers, they
could clearly see the active region on the solar photosphere. We
note that the spacecraft STEREO–B (behind Earth) was out of
contact.

Often bipolar magnetic fields on the Sun are respon-
sible for type U and J solar radio bursts (Fokker 1970;
Stone & Fainberg 1971; Caroubalos et al. 1973; Suzuki 1978;
Leblanc et al. 1983; Leblanc & Hoyos 1985; Aschwanden et al.
1992; Yao et al. 1997). This type of radio burst was recorded on
June 5, 2020. As it has been shown by Stanislavsky et al. (2021),
this observation gave the first detection of the solar U+III asso-
ciation (Fig. 2). The phenomenon was predicted in the paper by
Reid & Kontar (2017), wherein they discuss how electron beams
with different densities can generate radio emission in the form
of only type III bursts as well as both type III and type U bursts.
The latter regime is typical for high initial electron beam densi-
ties. In this case, the magnetic loop should be large enough for
propagation effects, making the electron beam unstable, until it
reaches the loop top and turns back to the Sun.

3. Data analysis

3.1. Spectral measurements

According to the GURT records (Fig. 2a), the strong U+J+III
bursts were surrounded by weaker type III bursts caused by elec-
tron beams with moderate densities. Although radio frequency
interference (RFI) was too intensive and dense at 8–20 MHz for
the GURT observations on June 5, 2020, the strong bursts can

1 https://www.spaceweatherlive.com/en/solar-activity/
region/12765
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Fig. 1. Positions of PSP as well as STEREO A and
B on June 5, 2020. We provide a solar photosphere
view from three points on Earth’s orbit as well as
corresponding space– and ground–based observers.
Using the observations from the Helioseismic and
Magnetic Imager (HMI) of the Solar Dynamics
Observatory (SDO), the solar photosphere pictures
were reproduced at three places as it would be seen
along Earth’s orbit.

be isolated from RFI, using a special procedure of cleaning. The
accurate and efficient RFI mitigation method was based on an
Asymmetrically reweighted Penalized Least Squares (ArPLS)
algorithm of the baseline estimation (Baek et al. 2015). RFI
forms sharp narrowband peaks, whereas solar bursts of U, J,
and III types are broadband and prolonged. Using the algorithm,
one can separate strong solar radio bursts from RFI. For weaker
bursts, it is more difficult to do this as their spectrum degrades.
Figure 3 shows the result after such cleaning. Based on the pro-
cedure, we notice that the strong bursts at 09:36:30 UT not only
indicate the association of type U and III bursts, but also the J-
type burst. Thus, the top of the U-type burst reached ∼18 MHz,
the J-type fragment was at ∼15 MHz, and probably below, but
it is difficult to note from the GURT records because of strong
RFI.

As the time resolution of GURT records is 100 ms, we can
study the solar event in more detail. In particular, the spectro-
gram manifests a fine structure of this event, marked with num-
bers, as well as denoted by the letters III, U, and J for types
of solar bursts. Each number indicates a group of solar bursts.
Both first and second groups contain two type III bursts. The
third group has four such bursts. The forth group is the solar
U+J+III association, including the U–burst together with several
interplanetary type III bursts. PSP also observed this event about
7 minutes earlier (Fig. 2b). Its spectral features require clarifica-
tions. Unfortunately, the PSP HFR had a time resolution of ∼7 s.
Moreover, each receiver channel of this instrument has 64 fre-
quency channels, and thus the HFR resolution is about 280 kHz.
Therefore, each group is not distinguishable and looks like sepa-
rate type III radio bursts. Their durations increase with decreas-
ing frequency, but their frequency drift rates decrease. Their
close location on the spectrogram leads to the groups of radio
bursts almost merging at the lowest frequencies of LFR, propped
by a low–frequency cutoff. Although the frequency range and
low time–frequency resolution of the PSP instrument does not

permit one to consider the U+J+III association in detail, their
fragment was confidently detected. The impact of lower time res-
olution on the GURT radio spectrum is presented in Fig. 3, where
we have reduced it to 7 s, but kept the frequency resolution. Fre-
quency drift rates of spectral patterns for each group (Fig. 2a)
are presented in Table 1. In general it can be argued that their
values are typical for the type III radio bursts. Table 2 describes
frequency drift rates of four spectral patterns for the PSP HFR
records. Although the tables use various frequency ranges and
differ in frequency-time resolution, they are in agreement with
each other. As it is well know (Reid & Ratcliffe 2014), the fre-
quency drift rates of solar type III bursts at lower frequencies
slow down.

Next, Fig. 4 presents spectral fragments of the solar event
(most power bursts) from the PSP and GURT records in the same
frequency range (8–19 MHz) with the same time resolution. To
see their similarities, several differences between the observa-
tions should be noticed, including the following: the frequency
of 8 MHz being the boundary for the GURT telescope, while
19.2 MHz being that for the PSP radio instrument. In both lim-
iting cases, the sensitivity and effectiveness for the receipt of
radio signals turn out to be reduced. The following effects are
seen on the fragments: the GURT array detects radio emission
above 10 MHz in the best way; for PSP, the frequencies below
18 MHz are better for reception. However, the ground-based
radio telescope was faced with a significant problem, caused by
RFI at 8–20 MHz, which can only be partially solved by clean-
ing. One more point to keep in mind would be the different posi-
tions of the radio instruments in space. Readers should recall
that PSP was about 6.7 times closer to the Sun than terrestrial
radio telescopes, but the sensitivity of the GURT array is about
5 times higher. Sources of the solar bursts have the directivity of
radiation. Electron beams responsible for type III bursts move
radially, whereas beams giving the U-type burst, travel along
loop-like trajectories. In the latter case, the directivity diagram
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Fig. 2. Dynamic spectra of solar radio
bursts on June 5, 2020 observed with
GURT (a) and PSP (b). The letters III,
U, and J denote the types of solar bursts,
whereas the numbers indicate separate
groups of type III bursts.

can turn in space. Therefore, there is no hope for an exact coin-
cidence of the spectral fragments.

3.2. Models of electron density in the solar corona

The main feature of the solar U+J+III association is that the
bursts started with ∼84 MHz. This allowed Stanislavsky et al.
(2021) to adjust the electron density model of solar corona above
AR 12765. The point is that the corona of the quiet Sun can be
described by the Newkirk (α–fold) model (Newkirk 1961), in
which the radial change of the electron density takes the follow-
ing form:

ne(r) = α × 4.2 × 104 × 10(4.32/r), (1)

where ne(r) is the electron density of coronal plasma in cm−3,
varying from the heliocentric height r in solar radii. Here, α is the
parameter dependent on the considered region on the Sun. If the
region is quiet equatorial, then α = 1. In dense loops α = 4, and
in extremely dense loops the parameter can reach 10 (Koutchmy
1994). Therefore, the model (1) is called α–fold (Mann et al.
2018). The direct finding of α from radio observations is often
difficult, but the solar U+J+III association makes it possi-

ble. The starting height (Reid & Kontar 2017), with which the
U–burst is nascent, is 0.6 R� from the solar photosphere, and the
burst begins with ∼85 MHz. The frequency was obtained from
e–Callisto observations. We note that the RSTN observations
give similar results, about 83.66± 0.26 MHz (see Appendix A).
This leads α ≈ 4 (Stanislavsky et al. 2021). Then according to
the cleaned spectrogram of Fig. 3, the top of the U–burst was
at ∼18 MHz, that is the height reached about 3.1 R�. In the pivot
point, the instantaneous bandwidth was equal to ∼5–7 MHz. This
shows that the loop width at the top was about 0.53 R�. The
results determine an approximate geometry of the position of
solar radio burst sources observed from different points around
the Sun and received with STEREO–A, PSP, Wind/WAVES, and
ground–based instruments.

However, it should be pointed out that the Newkirk model is
hydrostatic. At the distance of more than 3 R�, where the super-
sonic, superalfvénic solar wind sets up and the corona cannot
be in hydrostatic equilibrium (Alissandrakis 2020), the model
can overestimate the coronal electron density that makes the dis-
tances from the Sun too high in the analysis of low–frequency
observations. In this context, the models of Leblanc et al. (1998)
and Mann et al. (1999) are better. Particularly, the latter used a
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Fig. 3. Dynamic spectrum of solar bursts at
09:33:20 UT on June 5, 2020 after the RFI miti-
gation at 8–20 MHz so that the original case has
100 ms in time resolution whereas the averaged
spectrum with 7 s resolution degrades.

Table 1. Frequency drift rate parameters of d f
dt = −K ( f /30 MHz)ν ( f in MHz and d f /dt in MHz s−1) obtained for chosen patterns of the solar

bursts shown in Fig. 2a at 20–80 MHz.

Groups I II III IV

Patterns 1 2 3 4 5 6 7 8 9 10 11
K, MHz s−1 2.38 1.89 1.92 2.45 3.39 5.25 6.32 6.4 4.31 6.92 7.65

ν 1.18 2.08 2.63 1.68 1.39 1.31 2.1 1.9 1.73 1.75 1.51

Table 2. Frequency drift rate parameters of d f
dt = −K ( f /30 MHz)ν

obtained for four patterns of the solar bursts shown in Fig. 2b at
2–19 MHz.

Groups I II III IV

K, MHz s−1 0.68 0.75 0.9 0.81
ν 1.57 1.63 1.54 1.58

special solution from Parker’s wind equation, which covers a
range from the low corona up to 5 au. It is no coincidence that
many authors multiplied the model’s density by a factor of 2–4 or
more, justified by the fact that in the burst environment, the coro-
nal density is higher than in the case of the quiet Sun. Spherically
and elliptically symmetrical representations on electron density
of the solar corona have a number of restrictions. One of them
concerns the observations of radio bursts initiated by ARs behind
the limb for observers. Although under the conditions the radio
emission cannot be detected by the observer, it is detected in
real observations (Stanislavsky 2017; Stanislavsky et al. 2017).
Therefore, in this case the electron density model should by
asymmetric. For simplicity, the factor is just introduced, though
one can go about this in other ways. Readers should take note of
how only the studies of Mann et al. (2018) show that the factor
α varied with frequency.

3.3. Polarization measurements

The PSP radio data contain both auto and cross spectra. This
allowed us to find the Stokes I (Stokes intensity), Q, U, and
V parameters, representing the linear (Q, U) and circular (V)
polarization for received radio emission. Following Pulupa et al.
(2020), their values read as follows:

I = V12V∗12 + V34V∗34 (2)
Q = V12V∗12 − V34V∗34 (3)
U = V12V∗34 + (V12V∗34)∗ (4)
iV = V12V∗34 − (V12V∗34)∗, (5)

where V12V∗12 and V34V∗34 are the auto spectra from the V1−V2
and V3−V4 channels, respectively, and V12V∗34 is the cross spec-
trum. Figure 5 shows V/I and U/I spectrograms for the solar
event with clear signatures of linear polarization rather than
a circular one. Readers should recall that the observations of
Pulupa et al. (2020) and their analysis display circular polar-
ization for the type III bursts. It is clear why; the presence of
a magnetic field in a solar plasma wipes out linear polariza-
tion (Grognard & McLean 1973; Boischot & Lecacheux 1975;
Alissandrakis & Gary 2021).

In our study, we have probably detected another case. The
preservation of linear polarization in the radio emission of solar
bursts can be explained by the fact that on June 5, 2020, PSP
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Fig. 4. Dynamic spectrum for a fragment of solar
bursts on June 5, 2020 at 8–19 MHz, in which we
compare the spectra from PSP and GURT records
in time resolution.
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Fig. 5. Solar bursts with linear polariza-
tion at 09:27:30 UT on June 5, 2020. The
dotted line shows boundaries of their
Stokes intensity I for comparison.

observed the radio source sideways, and the magnetic field B in
the solar corona is directed radially. When looking perpendicular
to B, the natural radiation modes could be predominantly linear.
However, it cannot be ruled out that for PSP radio measurements,
the linear polarization Stokes parameters are sensitive to small
differences in the electrical effective lengths of the PSP dipole
antennas, and/or nonideal antenna geometry, namely two dipole
antennas are not perfectly orthogonal due to the accommodation
of other instruments on the spacecraft (M. Pulupa, priv. comm.).
The Stokes parameter V is a different case (Lecacheux et al.
2011): some properties of short dipole antennas allow one to
make reasonable estimates for V without fully accounting for
all of these effects. But this begs the question of why circular
polarization of this solar event was not noticeable.

As for GURT, the instrument permits polarization measure-
ments, but this feature has not been fully implemented in the
observations. Nevertheless, we have noticed qualitative effects
such as ionospheric fringes in our cross spectra and circular
polarization of the solar bursts. As the measurements were not
calibrated right until the end, we do not give them here in
detail.

4. Results

The path of radio emission rays in the solar corona satisfies
Snell’s law so that variations of the refractive index with height
can change the direction of propagation. If the plasma den-
sity monotonically decreases in the solar corona with distance
from the photosphere, and if the case is spherically symmet-
ric, then the radiation caused by behind–the–limb burst–active
ARs cannot be received with the observer’s side because of
radio emission reflection in the direction out of the observer
(Bracewell & Preston 1956). In this case, the ray path between
the radio source and any terrestrial observer meets a more dense
region and therefore deviates away from the observer (Fig. 6a).
However, the solar corona is heterogeneous and nonstationary
in nature. Due to solar activity, sunspots appear, develop, and
disappear; also, flares and coronal mass ejections occur sim-
ilar to other phenomena in the solar photosphere and corona.
Consequently, the corona turns out to be changeable in density,
not only with height, but also at spherical angles. Therefore, if
tunnel–like cavities with low density emerge in the solar corona,
the radiation will be refracted in the formations rather than
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Fig. 6. Sketch representing the radio emitter posi-
tion (green filled circle on the black dotted line) and
the direction to PSP (white dotted line) with respect
to the Sun: (a) spherically symmetric corona and (b)
corona with a dense sector caused by AR. The green
arrows show possible ray path propagation of funda-
mental emission. The black filled circle shows the solar
photosphere.

reflected. In this case, the radio emission, initiated by behind–
the-limb ARs, can be detected by observers (Stanislavsky 2017).
The AR 12765, which activated electron beams responsible for
the solar bursts on June 5, 20020, was behind the solar limb
for PSP instruments. Their detection can be explained in a sim-
ple way. The solar side to PSP was without sunspots. Thus,
the corona density was low (quiet region). At the same time,
the radio sources of solar bursts were located in a dense loop.
This means that the radio waves spread from denser plasma to
less dense plasma (Fig. 6b). Such conditions in the solar corona
state were favorable for radio observations of activity from the
behind-limb AR for PSP. One of the main features of solar radio
events from behind–the–limb ARs is their high–frequency cut-
off (Stanislavsky 2017). The cause of this effect is that radiating
sources are occulted by the solar corona for observers, and radio
emission with high frequencies originates closer to the photo-
sphere. As applied to the solar bursts on 5 June 5, 2020, the cut-
off was not noticed because the highest frequency of radio obser-
vations with PSP is 19.2 MHz. It looks as though the frequency
range of PSP was not enough to establish the effect. As an exam-
ple, we mentioned solar radio records on August 18, 2012, which
show the high–frequency cutoff near 26 MHz at 08:05 UT and
about 40 MHz at 13:03 UT (Stanislavsky et al. 2017).

The observations of the solar event on June 5, 2020 at
∼09:30 UT have been made by both space– and ground–based
radio instruments. Their different locations in outer space around
the Sun allowed us to estimate the angular width of the directiv-
ity of solar type III, J, and U bursts from 6 MHz to 19 MHz.
The frequency range is common for space– and ground–based
observations. Using a special antenna intended for the sensitive
receipt of radio emission at 4–40 MHz (Stanislavsky et al. 2021),
the solar event was detected in extremely low frequencies close
to one ionospheric cutoff (about 6 MHz on that day). Assum-
ing that the directivity diagram is symmetric with respect to the
radial motion direction of electron beams from AR 12765, the
angular width, as applied to the directivity of the solar radio
bursts, was more than 212◦. This result is consistent with pre-
vious investigations for the directivity diagram of solar type III
bursts (see, for example, Bonnin et al. 2008; Konovalenko et al.
2013). It is very likely that if the satellite STEREO-B was work-

able at that time, then it could receive radio emission from this
solar event too.

5. Conclusions

In this paper we have shown the mutual usefulness of joint obser-
vations made with the help of ground–based radio telescopes and
the PSP radio instrument. On the one side, the GURT, NDA,
RSTN, and e–Callisto observations tracked down the events
from high frequencies to the frequency of the ionosphere cut-
off. Their high time–frequency resolution and sensitivity permit-
ted us to detect the U+J+III association surrounded by weaker
type III solar bursts. Using the generation mechanism of type
U+J+III bursts, we refined the density model of the solar corona,
which was used for the interpretation of observations obtained
with PSP located in perihelion behind the Sun for observers
on Earth. Knowing the PSP spacecraft position near the Sun
and delays of radio waves between space– and ground–based
records, we found the corresponding radio responses on the PSP
spectrogram. On the other hand, on June 5, 2020, the Sun had
minimal solar activity and only woke up for a new cycle. The
small number of sunspots created favorable conditions (quiet
regions with low densities) in the solar corona for observa-
tions of solar bursts (emitted from denser regions) at low fre-
quencies despite behind–the–limb locations of ARs. Although
lower time–frequency resolution (in comparison with ground–
based instruments) of the PSP receiver did not allow us to select
solar type III bursts in each group, the groups were detected
separately. Moreover, the analysis demonstrates that the type III
bursts were interplanetary due to the radio observations with the
spacecrafts STEREO–A and Wind/WAVES.
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Appendix A: Supplementary observations of the
solar event on June 5, 2020

Here we present additional information about the space– and
ground–based observations related to other radio instruments
mentioned in the main text of our paper. The data directly con-
cern the solar event on June 5, 2020 at ∼9:33 UT. Their fre-
quency range was overlapped with the GURT and PSP radio
records. On the one hand, the purpose of this section is to empha-
size the solar origin of this event rather than ionospheric dis-
turbances and/or equipment malfunctions. On the other hand, it
should also be noticed that GURT records have both the best
sensitivity and frequency–time resolution.

We start with observations obtained by e–Callisto network
stations. The most interesting of them was recorded with the
station located in Greenland (ISR Kellyville Observatory near
Kangerlussuaq, 66◦ 59′ 8.88′′ N, 50◦ 56′ 44.26′′ W). The solar
U-shaped burst, at the same time that we measured, is shown
in the spectra of Fig. A.1 (see top panel). Readers should recall
some details about hardware features of this station, in particu-
lar that the frequency domain of 10 to 88 MHz is divided into
200 frequency channels, each of which has the band of 390 kHz,
and that the time resolution is 250 ms. The antenna consists of
one broadband low-frequency antenna intended for the Long
Wavelength Array (LWA, see http://lwa.phys.unm.edu).
The spectra obtained by the e-Callisto station are morphologi-
cally identical to the spectrum obtained by GURT. There is no
doubt that the records demonstrate the same event, showing the
solar U-shaped burst. Moreover, fragments of this event were
also detected with other e–Callisto stations. The type III solar
bursts, associated with the U-type burst, are not visible because
of low sensitivity of the e-Callisto antenna. Greenland is a unique
radio-quiet place, where there is slight radio interference within
10–20 MHz; this cannot be said about GURT conditions. There-
fore, we can notice how the interplanetary type III bursts split off
from the U-type burst (see the lower panel of Fig. A.1).
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Fig. A.1. Dynamic spectrum of the U-type burst by the e–Callisto sta-
tion in Greenland on June 5, 2020 at ∼09:36 UT. The strip between
∼24 MHz and ∼28 MHz, manifesting the termination of radio emission,
is nothing more than the result of cleaning strong interference.

One more example of a ground-based observation for this
solar event was recorded by one of the radiotelescopes monitor-
ing the Sun for the Air Weather Service (AWS) of the United
States Air Force (USAF). The radio observatory is located
in San Vito dei Normanni, near the port city of Brindisi on
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Fig. A.2. Dynamic spectrum of the U-type burst recorded by the RSTN
station in San Vito on June 5, 2020 at ∼09:36 UT.
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Fig. A.3. Dynamic spectrum of solar bursts from the observations with
NDA on June 5, 2020 near ∼09:33 UT.

the Adriatic Coast, 60 miles from Bari, 6 miles from Avel-
lino, Campania, Italy, and 300 miles southeast of Rome. The
NOAA National Geophysical Data Center (NGDC) website
http://www.ngdc.noaa.gov provides access to the USAF RSTN
solar radio fixed frequency and spectral data. The spectrum is
shown in Fig. A.2. The original 1-second data in the frequency
range 25–180 MHz from the five worldwide stations (San Vito
is one of them) are freely available for downloading and plot-
ting. Again the sensitivity in the observations were not enough to
detect weak type III solar bursts near the most powerful U-type
one. Nevertheless, the radio telescope data allowed us to find
the frequency with which the type U burst started. It was about
83.66± 0.26 MHz. As this instrument is operated from 25 MHz,
the top of this burst was cut off, and the falling branch (character-
istic of the beam motion to the Sun) with the positive frequency
drift is still visible.

The sensitivity of NDA in France is higher than the one for
the e–Callisto station. The instrument has not only detected U-
type solar bursts, but groups of type III bursts near it (Fig. A.3).
The spectra resemble the records of GURT. The NDA radio
telescope provides daily observations of solar radio emission at
10–80 MHz. Its 2× 72 helical spiral antennas are suitable for
polarization measurements. Moreover, the solar NDA data are
freely available for their study (via the link https://realtime.obs-
nancay.fr). The time resolution of NDA records is lower than the
GURT ones.
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Fig. A.4. Dynamic spectrum of the interplanetary solar burst from the
space–based observatories Wind/WAVES and STEREO A on June 5,
2020.

The space–based observations by the STEREO A
and the Wind/WAVES spacecrafts at that time are con-
sistent with the ground–based observations (https:
//solar-radio.gsfc.nasa.gov/data/WWaves-SWAVES/
2020/wind_stereo_20200605.pdf). Their dynamic spectra
are presented in Fig. A.4. Unfortunately, the highest frequencies
of these radio instruments (∼16 MHz and ∼13.8 MHz, respec-
tively) did not allow for all of the details of this event to be
noticed. Nevertheless, the observations show continuation of the
solar radio event up to 100 kHz. This fact may be interpreted as
an interplanetary type III burst or bursts that merged together.
Interestingly, this result stresses an important feature of this
event, the separation of electron beams into two parts. One part,
due to the deflection of beams by solar magnetic fields back to
the Sun, caused the emergence of the U-shaped burst, whereas

Fig. A.5. Dynamic spectrum of the solar burst recorded by the space-
craft PSP (with the help of the low-frequency receiver) on June 5, 2020.

another followed in the opposite direction to Earth, producing
traces on the dynamic spectra, characteristic for the solar bursts
of type III, merging together.

Finally, we also mention the low–frequency spectrum
(Fig. A.5) obtained by PSP (10 kHz–1.7 MHz). In this case, all
the solar bursts of this event merged together to become one
because of their low–frequency cutoff.

Thus, we have found out that the solar event during
09:29 UT–10:00 UT was also recorded at low frequencies by
other radio telescopes that are a long-distance apart. They give
the spectral data with different sensitivity and resolution quali-
ties. Nevertheless, they manifest the U-type burst associated with
type III solar ones. There is no doubt about the observation of the
same event. It was caused by a set of electron beams propagating
along open and closed magnetic field lines.
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