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ABSTRACT

Context. The last few decades have seen numerous studies dedicated to fine structures of type III radio bursts observed in the meter–
decameter wavelengths. Most of the explanations of the structured radio emission involve the propagation of electron beams through
the strongly inhomogeneous plasma in the low corona. To date, only a few type III bursts with fine structures, observed at hecto–
kilometric wavelengths, have been reported.
Aims. We report here the existence of numerous structured type III radio bursts observed during the STEREO era by all three WAVES
instruments on board STEREO A, B, and Wind. The aim of the study is to report and classify structured type III bursts, and to present
the characteristics of their fine structures. The final goal is to try to understand the physical mechanism responsible for the generation
of structured radio emission.
Methods. In this study we used data from all available spacecraft, specifically STEREO and Wind. We employed 1D density models
to obtain the speed of the source of type III radio emission, the electron beam. We also performed a spectral analysis of the fine
structures in order to compare their characteristics with the metric–decametric fine structures.
Results. The presented similarities of the type III fine structures in the metric to decametric and interplanetary wavelengths indicate
that the physical processes responsible for the generation of structured type III radio bursts could be the same, at heights from the
low corona to the interplanetary range. We show that the observed structuring and intermittent nature of the type III bursts can be
explained by the variation in the level of density fluctuations, at different distances from the Sun.

Key words. radiation mechanisms: non-thermal – Sun: radio radiation – Sun: activity – waves – turbulence – Sun: general

1. Introduction

Type III radio bursts are among the most intense radio emissions
of solar origin. They are also frequently observed, by both space-
based and ground-based radio observatories. They are the radio
signatures of suprathermal electron beams propagating along
open and quasi-open magnetic field lines. In a dynamic radio
spectra (color-coded frequency–time diagrams) type III bursts
are recorded as fast drifting bursts appearing at a wide range
of frequencies almost simultaneously (see e.g. Suzuki & Dulk
1985, for review). Along with type II radio bursts which are
the radio signatures of shock waves propagating in the solar
corona, type III radio bursts are the most studied solar radio
bursts because they can provide information about the associated
eruptive events and the ambient plasma conditions.

Solar radio bursts are observed at decreasing frequencies as
the associated radio source propagates away from the Sun. In the
metric to decametric wavelengths (300–20 MHz), radio emission
can be studied using both, dynamic spectra and interferomet-
ric observations (see e.g. Magdalenić et al. 2010; Zucca et al.
2014; Kontar et al. 2017; Sharykin et al. 2018). These two types
of observations provide complementary information about the
radio bursts, i.e. the shape and extent of radio bursts and the

position of associated radio sources projected in the plane of the
sky. Due to the ionospheric cutoff (Erickson 1997), radio emis-
sion beyond ≈20 MHz is only observed by some ground-based
instruments (e.g. Melnik et al. 2018).

Space-based radio observations start at frequencies of about
10 MHz, and radio bursts observed below 3 MHz (hectometer to
kilometer wavelengths) are considered to be interplanetary radio
emission. Similar to the radio bursts in the metric wavelength
range, interplanetary radio bursts are also mostly generated by
propagating shock waves (type II bursts, Krasnoselskikh et al.
1985; Kouloumvakos et al. 2021) and electron beams traveling
along open field lines (type III bursts, Ginzburg & Zhelezniakov
1958).

Interplanetary radio emission of solar origin is generally con-
sidered to be generated by plasma emission mechanism. Bursts
are observed at the fundamental of local plasma frequency, its
second harmonic, and sometimes at both the fundamental and
the second harmonic (Kellogg 1980). Although the fundamen-
tal emission is dominant, the harmonic plasma emission is also
sometimes observed in interplanetary space (e.g. Leblanc et al.
1998).

Radio observations in the hectometer to kilometer wave-
lengths are mostly limited to the dynamic spectra which
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show the intensity of emission as a function of frequency
and time, but lack spatial information. Sometimes stereoscopic
direction-finding observations are also available. In particu-
lar, since the launch of STEREO mission, direction-finding
observations are continuously provided bringing us the unique
opportunity to study the positions of radio sources to bet-
ter understand the origin of interplanetary radio emission
(see e.g. Martínez Oliveros et al. 2012; Magdalenić et al. 2014;
Jebaraj et al. 2020, 2021).

Recent advancements in radio imaging techniques and
space-based spectroscopic observations have improved the pos-
sibility for the identification, categorization, and analysis of
radio fine structures. Extensive reporting and studies are avail-
able for metric fine structure (see for e.g. Bhonsle et al. 1979;
Magdalenić et al. 2006, 2020) of different types of radio bursts
(types II, III, IV). On the contrary, a very small number of stud-
ies report the low frequency radio fine structures (e.g. Chernov
2011; Pulupa et al. 2020; Chen et al. 2021). Simultaneous obser-
vations from the different viewing perspectives provided by the
STEREO and Wind spacecraft over the last decade, have pro-
vided us with a large database of long wavelength observations
revealing a number of different radio fine structures of both type
II and type III radio bursts.

In this study we present for the first time, different radio fine
structures observed by the Wind/WAVES and STEREO/WAVES
instruments. We describe the characteristics and the morphology
of interplanetary fine structures and discuss their possible origin.
Unfortunately, it was not possible to perform a radio triangula-
tion study (e.g. Magdalenić et al. 2014; Jebaraj et al. 2020) to
locate the position of the associated radio sources: many well-
observed structured type III bursts reported here were recorded
by spacecraft separated by about 180 degrees, which is not favor-
able for radio triangulation (Krupar et al. 2016).

This paper is structured as follows. We describe the data and
methods used in this analysis in Sect. 2, and give a brief intro-
duction to interplanetary type III radio emission in Sect. 3. We
then describe the morphological characteristics of three different
classes of interplanetary type III fine structures, namely inter-
planetary type IIIb bursts (Sect. 3.1), type III bursts with trian-
gular substructures (Sect. 3.2), and type III bursts with irregular
fine structures (Sect. 3.3). In Sect. 4, we propose a model for the
generation of fine structures and their characteristics. Finally, the
summary of our findings and a discussion of the results can be
found in Sect. 5.

2. Data and methods

In this study we used observations from WAVES instruments on
board the twin spacecrafts, Solar TErrestrial RElations Obser-
vatory Ahead and Behind (STEREO A and B Kaiser 2005;
Bougeret et al. 2008), and the Wind spacecraft (Bougeret et al.
1995). All three WAVES instruments provide intensity-time data
at unique frequencies in the form of a radio dynamic spectra.
The frequency range we utilized from the STEREO/WAVES
instrument is 125–16 000 kHz (HFR receiver only), and from
Wind/WAVES 4–13 825 kHz (RAD 1 and RAD 2 receivers).

We started our study by inspecting space-based radio obser-
vations for event selection. Once the radio events were identified,
we looked for the possibly associated coronal mass ejections
(CME)–flare events observed in the low corona by white-light
coronagraphs (e.g. STEREO/COR2; Howard et al. 2008) and
extreme-ultraviolet imagers (e.g. STEREO/EUVI; Howard et al.
2008).

3. Interplanetary type III radio bursts

Of the five main types of plasma radio emissions of solar origin,
type III radio bursts are the most frequently observed. Type III
radio bursts are generated by beams of suprathermal electrons
(a few keVs to tens of keVs) propagating anti-sunward along
open and quasi-open magnetic field lines. The broadband emis-
sion produced by fast electron beams is observed in dynamic
spectra as rapidly drifting bursts (see Fig. 1 and for a review
see e.g. Bhonsle et al. 1979, and references therein). Based on
their morphology different types of metric to decametric type III
bursts were distinguished (see e.g. Kundu 1965; Bhonsle et al.
1979). Structured type III bursts were frequently reported, but
only at meter and decameter wavelengths (e.g. Chernov et al.
2007; Kontar et al. 2017; Melnik et al. 2018).

For the past 14 years of the STEREO era, numerous hecto-
metric to kilometric type III radio bursts have been observed, and
some of which were also structured type III bursts. We report
here for the first time report and classify the most frequently
observed structured interplanetary type III bursts.

We distinguish three main categories of type III bursts with
fine structures: (i) interplanetary type IIIb bursts with and with-
out an envelope, (ii) type III bursts with triangular substructures
and (iii) type III bursts with irregular substructures. Table 1 lists
the different radio events, addressed in our study, with structured
interplanetary type III bursts. We note that the presented events
are only selected examples, and larger number of structured type
III bursts was found.

3.1. Interplanetary type IIIb bursts

3.1.1. General characteristics

The most frequently observed type III radio bursts with fine
structures are the type IIIb bursts. This subcategory of bursts
are morphologically very similar to the metric–decametric type
IIIb bursts (first reported by de La Noe & Boischot 1972). The
interplanetary type IIIb radio bursts are sometimes associated
with eruptive CME–flare events and sometimes only with the
complex active regions, similarly to ordinary type III bursts.
Although some of the type IIIb bursts are observed at frequen-
cies of up to 1000 kHz they are primarily recorded at frequencies
below 700 kHz and then they do not have a high frequency type
III counterpart. Of the 12 radio events presented in the Table 1,
6 events consisted of type IIIb bursts.

Despite the observed fine structures, the overall spectral
morphology (i.e. the envelope of the interplanetary type IIIb
bursts) is similar to that of the classical type III bursts. The
same characteristic was also found for the decameter type IIIb
bursts (Ellis & McCulloch 1967; de La Noe & Boischot 1972;
Sharykin et al. 2018; Zhang et al. 2020).

The main characteristic of the interplanetary type IIIb bursts
is their well-defined substructures, called striae. The stria sub-
structures are generally organized within the type III burst enve-
lope as shown in Figs. 1 and 2. They sometimes show quasi-
periodicity (Figs. 1 and 2), and sometimes an irregular pattern
(Fig. 3). The frequency bandwidth of the striae was found to be
in the range of 70–120 kHz. For comparison, the bandwidth of
stria structures observed in the meter to decameter wavelength
range varies between 30 and 300 kHz.

In the majority of events the duration of striae is frequency
dependent, meaning that the duration of these narrowband struc-
tures is longer at lower observing frequencies. However, the
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Fig. 1. Complex radio event observed on the evening–early morning of 27–28 September, 2012, showing type II bursts, regular interplanetary type
III bursts, and structured type III bursts. The two different types of structured type III bursts are shown in orange and pink.

irregular stria structures, with longer duration at higher fre-
quency, are also occasionally observed (Fig. 3). Their duration is
on average between 120 s (at 4000 kHz) and 600 s (at 200 kHz),
which is five times longer at five times lower frequency. This
regularity in the bandwidth and duration is suggestive of the
plasma characteristics necessary for the generation of interplan-
etary type IIIb bursts.

The envelope of the type IIIb bursts is generally of signifi-
cantly lower intensity than the substructures of the bursts. There-
fore, in most of the studied radio events the dynamic spectrum
alone cannot clearly show if the type IIIb envelope exists or not.
This is why we also inspected the individual frequency–time pro-
files of the studied bursts (see Sect. 3.1.1 and Fig. 5).

3.1.2. Examples of type IIIb bursts

Figures 1–4 show different examples of type IIIb bursts. The
radio events presented in Figs. 2–4 were associated with the
repeated eruptive activity from the complex active regions. Only
the radio event observed on 27–28 September, 2012 (Fig. 1) was
clearly associated with the CME–flare event studied in detail by
Jebaraj et al. (2020). This radio event consists of numerous type
III radio bursts, structured type III bursts, and two type II bursts.
The structured interplanetary type III bursts were very clearly
observed by both twin STEREO spacecraft. The most prominent
are the IIIb radio bursts indicated by the orange line in the Fig. 1.
The structured radio emission was observed simultaneously by
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Table 1. Three classes of type III fine structures observed in interplanetary space.

Type of fine structure Date Time Bandwidth (kHz) Duration (seconds) Comment

IP Type IIIb bursts (Figs. 2 and 3) 19/09/2011 06:45, 11:10 60–90 240–600 Most commonly observed type III
fine structures in IP space.

21/11/2011 13:30, 15:00, 16:00 70–100 300–600 Morphological characteristics are
somewhat similar to decameter
type IIIb.

22/11/2011 18:10, 19:00, 20:00 70–100 240–600 Exhibit clear structuring and are
well separated.

23/11/2011 10:00, 11:00 120–200 180–660
11/12/2011 20:00 60–90 150–450
27/09/2012 23:25, 23:25 70–90 240–600

Triangular striae burst (Fig. 8) 12/11/2010 07:55 90–120 30–300 Rarest type III fine structures. Can
also be observed in the higher
hectometer wavelengths.

Irregular type IIIb burst (Fig. 11) 12/11/2010 13:45 90–120 60–300 Observed mostly in higher
31/07/2011 19:00 50–90 120–160 hectometer wavelengths.
11/08/2011 10:35 30–80 30–120 Have no clear structuring and
22/11/2011 01:20 60–100 120–300 can occur in irregular
30/11/2011 07:50 80–110 60–150 intervals.

Notes. The figures showing examples of the studied classes of bursts are also given in the table.

two different instruments, and it is therefore certain that it is not
an instrumental effect.

Figure 2 shows several subsequent type III bursts, three of
them type IIIb bursts, one type III burst with irregular substruc-
tures, and a few ordinary type III bursts. Two type IIIb bursts
(at about 13:40 UT and 14:30 UT) could be the structured har-
monic emission with the fundamental counterpart observed as
regular type III. Similar pairs of type III bursts were already
reported in the decameter range (see e.g. Melnik et al. 2018,
2019; Zhang et al. 2020). The type IIIb bursts at about 15:00 UT
and 16:00 UT do not show a fundamental-harmonic pair as only
structured type IIIb emission was observed. However, the bursts
sometimes appear without specific sequence (i.e. we observe that
the ordinary type III can be followed by the structured one or
vice versa). In such events it is difficult to clearly distinguish
whether they make type III–type IIIb pairs, similar to the deca-
metric bursts (Melnik et al. 2018, 2019).

3.1.3. Radio events on 19 September 2011

The radio events on 19 September 2011 exhibit particularly well-
observed stria substructures of the type IIIb burst (Figs. 3 and
4) which we discuss here in detail. Figure 3 presents one more
radio event on 19 September 2011, observed in the time inter-
val 06:00–07:15 UT. As in the right panel of Fig. 4, we overlaid
the one-to-one schematic presentation of fine structures on the
dynamic spectrum. The schematic presentation was done on the
STEREO A observations in which the bursts were best defined.
The different colors indicate fine structures belonging to differ-
ent bursts. The starting frequency and the intensity of the striae
is very similar, practically identical, in both STEREO A and
STEREO B observations. Furthermore, the morphologies of the
stria substructures, as seen by the two STEREO spacecraft, seem
to be almost identical. The one-to-one schematic presentation of
striae (Fig. 3, right panel) outlines these similarities in the spec-
tral morphology. Taking into account both the morphology and
timing of the structured type IIIb bursts, and assuming that the
radio emission is brightest in the direction of its propagation (e.g.
Magdalenić et al. 2014; Jebaraj et al. 2020), we can approximate

that the source location of the striae is more or less equidistant
for the two spacecraft.

The Wind observations show very faint fine structures with
about two orders of magnitude lower intensity than the bursts
observed by the twin STEREO spacecraft. Due to low inten-
sity of the bursts, it is not possible to estimate the exact start
time of the stria substructures. The detection of type IIIb burst in
the Wind observations would be unreliable if not confirmed by
STEREO observations. What we can conclude from the Wind
observations is that the structuring of the radio emission is not
intensity dependent, and striae can also be generated within the
very low intensity radio bursts.

The frequency drift rate of the type IIIb burst, estimated
along the brightest parts of the stria substructures, is higher
than that of the regular type III observed immediately after (at
about 06:50 UT). The frequency drift rate of the type IIIb burst
is 14 kHz s−1 in the range 1000–500 kHz (which corresponds
to ≈0.24c using a 2-fold Leblanc density model Leblanc et al.
1998), while that of the type III burst in the same frequency
range is about 10 kHz s−1 (≈0.18c). On the other hand, the faint
envelope of type IIIb shows a very similar drift rate, of about
9 kHz s−1 (≈0.16c), to the drift rate of the regular type III burst.
A similar speed difference between the exciters of type IIIb
and the regular type III was found in previous studies (see e.g.
Baselian et al. 1974; Baselyan et al. 1974; Sawant et al. 1978;
Melnik et al. 2019) which suggests that the electron beams gen-
erating type IIIb were generally faster than those generating the
regular type III bursts. It is important to note that such estima-
tions of beam velocity from the spectral drift rate of type III radio
bursts should only be used as first-order approximations since
they assume a 1D radial density model (Jebaraj et al. 2020). Fur-
thermore, the electrons generating type III radio emissions are
discrete and should be considered as a distribution of energies
are not mono-energetic (Mann et al. 2022).

The properties of stria substructures within the type IIIb burst
observed at 06:44 UT (Fig. 5), are different in comparison to the
stria bursts observed in the metric–decametric wavelength range.
The duration of striae in this interplanetary type IIIb is 25%
longer than the type III bursts (as reported by Melnik et al. 2019,
in the decameter range). The bandwidth of the hecto–kilometric
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Fig. 2. Examples of a few structured interplanetary Type III bursts observed on 21 November 2011. The three type IIIb bursts show stria substruc-
tures, mostly visible in frequencies below 700 kHz. The type III burst with irregular substructure is visible at about 13:40 UT. This structured type
III is possibly a harmonic component of the strong type III burst observed shortly after 13:30 UT.

stria elements presented here (about 70–120 kHz) is somewhat
larger than those observed in the decameter wavelength range
(about 60–80 kHz). We have found that the duration of striae can
vary between 300 and 600 s, which is the typical duration of type
III radio bursts in this frequency range.

Figure 4 shows that the radio bursts observed in the time
interval 11:00–12:00 UT were most intense in the STEREO
B observations. The stochastic appearance of type IIIb bursts,
recorded in the radio event presented in Fig. 4 was also observed
in the first radio event on 19 September 2011 (Fig. 3). The right
panel of Fig. 4 shows the one-to-one schematic representations
of the type III fine structures overplotted on the dynamic spec-
trum. The one-to-one schematic presentation of the fine struc-
tures was done on the STEREO B observations in which the

bursts were best observed. The identical schematic drawing was
overlaid on STEREO A and Wind observations in order to com-
pare the morphological characteristics of structured bursts, as
observed by different spacecraft. We note that only a few of
the most intense structures were observed by all three space-
craft. The different colours indicate fine structures belonging
most probably to different radio bursts. We note that the perfect
temporal coincidence of the type III fine structures, as observed
by two different spacecraft, should be expected only in the case
when the electron beam that generates type III burst propagates
exactly in the middle between the two spacecraft. Otherwise, a
shift in the time profile of the fine structures is observed (i.e.
the signal is recorded earlier by the spacecraft toward which the
electron beam is propagating). Additionally, the intensity of the
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Fig. 3. Radio dynamic spectra observed on 19 September 2011 between 6:00 UT and 7:30 UT. (a) IP type IIIb bursts consisting of stria substructures
observed along with multiple regular type III radio bursts by STEREO A & B. (b) Schematic representation of the stria substructures as observed
by STEREO A and overlaid on STEREO B and Wind observations. The frequency range (2000–200 kHz) in which the IP type IIIb bursts were
observed is indicated by the black frame.

radio emission increases or decreases depending on whether the
electron beam propagates toward or away from the spacecraft
that records the dynamic spectrum.

The stria substructures of two type IIIb bursts observed dur-
ing two radio events on 19 September 2011 (Figs. 3 and 4) have
many similarities. However, the organization of the stria sub-
structures is more random in the second type IIIb, and the enve-
lope of the burst is very faint. The stria substructures are clearly
observed only by STEREO B, but the intensity of the radio emis-
sion seems to be greater in the Wind observations. These radio
events seem to be associated with an eruption from the NOAA
AR11302. We found a number of type IIIb bursts with simi-
lar stria-like substructures a few days earlier and later than 19
September 2011.

3.1.4. Time profiles for 19 September 2011 event

In this section we discuss the two subsequent type III bursts,
the type IIIb burst with stria substructures and the regular type
III burst that followed it. Figure 3 shows two bursts start-
ing at about 06:44 UT and 06:50 UT. The bright stria sub-
structures of type IIIb bursts are observed in the frequency
range of 1000−200 kHz. The observed characteristics of the type
III bursts enabled a qualitative interpretation of the dynamic
properties of the substructures based on the properties of
beam-plasma interaction in randomly inhomogeneous plasma
(Krafft et al. 2013, 2014, 2015; Voshchepynets et al. 2015;
Voshchepynets & Krasnoselskikh 2015; Krasnoselskikh et al.
2019).
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Fig. 4. Radio dynamic spectra observed on 19 September 2011 shows a group of type III bursts. (a) Type III bursts with stria substructures were
observed along with regular type III radio bursts. Emission was strongest in observations by STEREO B. (b) Schematic representation of the
outlines of the stria structures as observed by STEREO B and overlaid on STEREO A and Wind observations. The black frames in the right panel
represents the same frequency range of 3000–200 KHz.

Figure 5a presents a detail of the radio dynamic spectra
recorded on 19 September 2011 (Fig. 3). The colored arrows
indicate the frequencies of the time profiles of the two observed
bursts (Fig. 5 panels b and c). The dynamic spectrum clearly
shows that the type IIIb burst consists of faint envelop emis-
sion and intense stria substructures. The time profiles at a few
selected frequencies, crossing mostly through the central part of
striae (labeled SE-a, b, c, d, and e), are presented in Fig. 5a. The
time profiles of the envelope (Fig. 5c) have a noticeably lower

intensity that the time profiles of the striae, and the difference
can be as large as one order of the magnitude.

Type III radio bursts often have a Gaussian rise profile and
a power-law decay profile, with the rise time being significantly
shorter than the decay time (e.g. Reid & Ratcliffe 2014); how-
ever, an exponential decay profile has also been recently reported
by Krupar et al. (2018). This characteristic is also clearly visible
in the profiles presented in Fig. 5. The peaks of the type III pro-
files show a systematic shift in time (higher to lower frequency),
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Fig. 5. Spectral analysis of the type III and type IIIb bursts observed on 19 September 2011. (a) Type IIIb bursts with stria substructures observed
by the STEREO A spacecraft. The structured type III burst is followed by a relatively intense regular type III burst. (b) Intensity-time profiles of
the type IIIb envelope and regular type III burst at selected frequencies. (c) Intensity-time profiles along the stria substructures and regular type
III burst. The selected frequencies (at panels b and c) are indicated by the arrows of corresponding colors in panel a. The time interval plotted in
panels (b) and (c) is within the orange box in panel (a).

Fig. 6. Relative bandwidth of the different stria elements represented
by the abbreviations SE-a through SE-e. The values are presented as
percentages of the central observing frequency.

indicating the propagation of the electron beam and decrease in
the ambient solar wind density. This characteristic may not be as
clearly seen in the case of the stria substructures. However, we do
observe an increase in relative bandwidth and stria duration with
a decrease in observing frequency. Figure 6 shows the change
in the relative bandwidth of the striae, presented as a percentage
of the central frequency. This behavior results from the angular
broadening of the electron beam (caused by diverging magnetic
field lines), as the beam propagates away from the Sun and the
region occupied by the beam at each instance increases. A con-
sequence of the increasing area of the beam is that the macro-
scopic inhomogeneity of the solar wind density increases within
the area covered by the beam.

Figure 7a shows the comparison of the characteristics of the
striae and the envelope in the frequency range 450–800 kHz.
Time profiles at 525 kHz, 625 kHz, and 725 kHz cross the central
part of the striae, and the other profiles correspond to the enve-
lope. The profiles show an exponential growth up to the maxi-
mum of the time profile and then a significantly slower decay. The
growth rate of the time profile at 725 kHz, which is at the center
of the stria element, is significantly higher than the growth rate
for frequencies 775 kHz and 675 kHz which cross the envelope on
the lower and higher frequency side of the striae. A similar behav-
ior was found for the time profile of the stria element at 625 kHz,
and the closest envelope profiles at 675 kHz and 575 kHz. The
time profile at the 525 kHz, which is close to the central frequency
of SE-d is somewhat different. Instead of a single maximum we
observe a kind of plateau that might result from a combination of
two Gaussian profiles similar to those at 725 and 625 kHz that fol-
low one after another and overlap (dotted red curves in Fig. 7a).
The neighboring 575 kHz profile that passes through the envelope
has a significantly lower growth rate and a factor of four smaller
amplitude. On the other hand, the time profile at 475 kHz pass-
ing through the lower frequency envelope shows a higher ampli-
tude than the time profiles of other envelope regions; the enve-
lope region through which the 475 kHz time profile is crossing
is close to and partially includes some higher frequency parts of
SE-e. A comparison of the maximum amplitude of these spectral
lines show the very same ordering (Fig. 7b).

3.2. Type III bursts with triangular fine structures

3.2.1. General characteristics

Type III bursts with triangular fine structures are the second class
of structured interplanetary type III bursts. This type of burst is
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Fig. 7. Spectral characteristics of the striae and envelope in the frequency range 800–450 kHz. Panel (a) shows the time profiles of the SE and their
envelope in the given frequency range. The red dotted Gaussian curves represent the two-peak morphology of the 525 kHz frequency band. Panel
(b) shows the amplitude of the striae and envelope presented in panel (a). The triangles and circles represent the peak amplitude of the envelope
and stria elements, respectively.

rarely observed, in comparison with the interplanetary type IIIb
bursts. Figure 8 shows one group of these structured bursts. The
spectral morphology of type III bursts with triangular fine struc-
tures is visibly different from the morphology of the type IIIb
bursts presented in the previous section. The triangular substruc-
tures can be periodical, within the type III envelope, and they
often partially overlap. Therefore, it is frequently difficult to dis-
tinguish between the fine structures and the underlying envelope.
As can be seen in Figs. 8 and 9, the starting frequency of trian-
gular substructures is generally higher than in the case of type
IIIb bursts and even goes up to 5 MHz.

We find that the bandwidth of triangular substructures is gen-
erally between 90 and 120 kHz, which is larger than in the case
of stria substructures. The full duration, estimated from the ver-
tex to the base of the triangle (i.e. height of the triangle) at
5 MHz is about 60 s, and 300 s at 200 kHz. The occurrence of the
triangular substructures within the type III envelope decreases
with frequency. Furthermore, it seems that the triangular fine
structures are composed of very narrowband stria substructures
(Fig. 10), which are at the limit of the frequency and the time
resolution of the WAVES observations.

3.2.2. Radio event on 12 November 2010

Figure 8 shows five different type III bursts observed by all three
spacecraft on 12 November 2010. All type III bursts, except the
one observed at about 08:25 UT, are structured. We observe a
significant difference between the morphology and bandwidths
of the triangular fine structures and the stria bursts, as discussed
in the previous section.

The one-to-one schematic of the type III fine structure can
be seen in Fig. 8b. The bursts are the most intense in STEREO B
observations, and therefore we use it as a reference for the com-
parison of morphological characteristics with STEREO A and
Wind. The comparison of observations by three different space-
craft shows a very good match between all the fine structures,
confirming that they are not due to the receiver artifact, or to
some technical problem.

We find the structured type III burst, observed at about
08:11 UT, very particular. The details of this radio burst are pre-
sented in Figs. 9 and 10. In addition to being observed by the
WAVES instruments, this structured type III was also observed

by the Nançay Decametric Array (NDA; Boischot et al. 1980) at
higher frequencies. Other bursts in the group (Fig. 8) were either
not in the time window of the NDA observations or (like the last
burst in the group) were not observed. The NDA observations
of structured type III burst suggest that the source of the radio
burst was located on the visible side of the Sun, as seen from
Earth. The fast electron beam generating this type III probably
propagated mostly in the direction of STEREO B/WAVES, start-
ing from the high latitudes with the trajectory allowing it to be
observed by all three instruments.

3.2.3. Time profiles for the 12 November 2010 event

We performed the spectral analysis of the radio bursts as
described in Sect. 3.1.4. The single frequency profiles of the tri-
angular substructures of the type IIIb burst observed at 08:10 UT
on 12 November 2010 are shown in Fig. 11. We selected obser-
vations from STEREO B/WAVES in which the intensity of this
patchy burst is highest; see Fig. 9, panel (a).

For the analysis of the time profiles, we selected the triangu-
lar structure observed between 2 and 1 MHz, and the structure
observed between 700 and 600 kHz. Figure 9a shows a zoomed-
in image of the spectra, and the time profiles at frequencies that
observe the bright triangular substructure (Fig. 9b). The enve-
lope for this class of type III cannot be well distinguished due to
overlapping fine structures.

The time profiles of the triangular substructures overlap in
the rise phase of a burst, and their maximum is reached at similar
flux values. At 1075 and 1125 kHz, the full time profiles of the
burst are shifted about 5 s forward. The time profiles at frequen-
cies above 1125 kHz have an approximately simultaneous rise
time, and most of them show the presence of a double-peaked
distribution of varying intensity, indicating possibly the presence
of fundamental and harmonic components.

The time profiles of the triangular substructure observed at
725, 625, and 675 kHz (Fig. 9b), and the structures observed
at higher frequencies have comparable intensities but the mor-
phology of the profiles is different. The profiles at three low fre-
quencies are flatter than those at frequencies above 1000 kHz,
and their start time is shifted for about 10 s later. The flattening
and the time shift of the profiles indicate the sudden decrease in
the velocity of the electron beam responsible for generation of
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Fig. 8. Radio dynamic spectra observed on 12 November 2010. (a) Triangular stria substructures observed along with regular type III radio
bursts by all three spacecraft (STEREO A & B, and Wind) at about 08:10 UT. (b) Schematic representation of the outlines of the triangular stria
substructures as observed by STEREO B and overlaid on STEREO A and Wind observations. the spectrum also shows other regular type III radio
bursts during the same time period.

the radio emission (see e.g. Baselian et al. 1974; Baselyan et al.
1974; Sawant et al. 1978) Generally, the drift rate of the struc-
tured type III is 13 kHz s−1 i.e. ≈0.23c. This drift rate is com-
parable to that of the regular type III burst observed during the
same radio event (about 10 kHz s−1, i.e. ≈0.18c.)

In order to investigate the complex maxima of the
time profiles presented in Fig. 9 we also examine the
Wind/WAVES RAD 2 observations in the frequency range
10–1 MHz. These observations have better spectral resolution
(50 kHz and 200 kHz, respectively) and comparable temporal

resolution to the STEREO/WAVES HFR2 spectra (20 s and 16 s,
respectively). While STEREO observations show one structured
type III burst at about 08:11 UT (Fig. 9), the Wind observations
show two structured bursts, at 08:10:30 UT and 08:12:00 UT
(Fig. 10a). It is possible that these two bursts are the fundamen-
tal and harmonic component, but from the available observa-
tions this is not clear. Both bursts are composed of a number
of striae of varying intensity, and it seems that the dense and
intense striae compose the broadband triangular structures of the
type III bursts (Fig. 10). The stria substructures are similar to
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Fig. 9. Spectral analysis of the structured type III burst observed on 12 November 2010. (a) Type III burst with triangular fine structures, observed
at about 08:11 UT by the STEREO B spacecraft. The considered frequency range is from 14 to 1 MHz. The dotted red box represents the range
where the time profile analysis was performed. The colored arrows in the Y-axis represent the frequencies at which the time-profiles in panel (b)
were made. (b) Time profiles of triangular substructures. The colors represent the same frequencies as in panel (a).

Fig. 10. Fine structures within the triangular stria substructure. (a)
Group of type III burst in the frequency range 14 to 1 MHz, observed
by the Wind/WAVES RAD 2 instrument. The red arrow points to the
regular type III burst observed at around 08:05 UT. The blue arrows
point to the two structured type III bursts, while the green arrow indi-
cates the periodic substructures observed at 08:11 UT. (b) Sketch of the
structured type III burst observed at 08:11:00 UT and 08:13:00 UT.

those found composing the type IIIb bursts (Sect. 3.1.3). The
striae have bandwidths of approximately 30–80 kHz; the low-
est measured bandwidth is in the limit of the resolution of the
Wind/WAVES RAD 2 observations. These observations indicate
that striae of lower bandwidth may also exist, but they are not
resolved. The duration of the striae is about 30 s when presum-
ably they do not form the triangular substructure, and 60 s when
within the triangular structure. We note that the decay time of
type III bursts in this frequency range is about 60 s.

3.3. Type III bursts with irregular substructures

The last class of structured interplanetary type III bursts are those
with irregular fine structures. Figure 11 shows a few examples

of type III bursts with irregular substructures. As we can see,
type III bursts in this class have fine structures that do not show
a periodicity or regularity in their morphology. They are more
seldom observed than other types of structured type III bursts,
and their fine structures can strongly vary in bandwidth, duration
and shape (Fig. 11). The morphology of the envelope of type III
radio bursts with irregular substructures is similar to the ordinary
type III radio bursts. It was not possible to analyze these bursts
in a systematic way, and individual case studies are necessary to
possibly draw some more general conclusions.

Figure 11a shows an example of type III radio burst with
irregular fine structures as observed by STEREO A/WAVES on
30 November 2011. The intensity of the type III burst slowly
decreases from about 10 MHz to 2 MHz. Starting from about
1200 kHz, emission is well observed again, composed of dot-like
fine structures within the type III envelope. The bandwidth of the
dot-like fine structures is narrow (�40–60 kHz), and the dura-
tion seems to be significantly shorter than for the type III bursts
at these frequencies. However, the structures are on the edge of
the time–frequency resolution and it is not possible to reliably
estimate their duration and bandwidth. The structured type III is
subsequently followed by a faint and fuzzy type III burst without
clearly distinguishable fine structures. These two bursts could be
the fundamental and harmonic components of the same burst. A
similar fundamental-harmonic pair was recently reported in the
decameter wavelength range (Zhang et al. 2020).

Another group of type III radio bursts with irregular fine
structures is presented in Fig. 11b. This very particular radio
event, observed on 12 November 2010 (from about 13:30
until 15:50 UT) was associated with a flare–CME event. Erup-
tive events often strongly disturb the ambient plasma condi-
tions and can produce turbulence in the plasma environment
through which the electron beams propagate. This can result
in a large number of fine structures observed in the associ-
ated radio emission (e.g. Magdalenić et al. 2020). The presented
radio event also shows strongly fragmented radio emission. The
event started at about 13:35 UT, with groups of highly struc-
tured type IIIb bursts observed by the Wind/WAVES RAD 2
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Fig. 11. Third class of interplanetary type III fine structures. (a) Radio dynamic spectra observed on 30 November 2011 between 7:30 UT and
8:30 UT, including an irregular type III burst with fine structures at 07:52 UT by the STEREO A and STEREO B spacecraft. (b) Radio dynamic
spectra observed on 12 November 2010, including stria-like fine structures within the type III bursts observed at 13:45 UT, and large heart-shaped
substructure and stria substructure in the STEREO/WAVES observations.

receiver (13–1 MHz). These bursts were very weak in both
STEREO/WAVES observations. At about 13:45 UT, a new group
of structured type III bursts were observed with irregular sub-
structures and this time, better observed in STEREO/WAVES
observations (Fig. 11). The fine structures in type III bursts
associated with this event were not isolated in Wind/WAVES
observations due to the overall higher intensity of the appar-
ently overlapping radio bursts. The fine structures however, can
be seen in STEREO A & B/WAVES where the emission intensity
is not as high as that observed by Wind/WAVES. Very particular
fine structures are observed in STEREO/WAVES observations

resembling large stria substructures, and even heart-shaped sub-
structure (Fig. 11). The bandwidth of stria-like fine structures is
∼100 kHz and their duration seem to increase with frequency
decrease. The fine structures do not show any form of drift
rate. These fine structures could be generated by the inter-
action between the electron beam and over-dense structures
such as blobs in solar wind which are common in slow-solar
wind (Sanchez-Diaz et al. 2017). Another possible interpretation
could be that the fine structures are enhancements at discrete fre-
quencies of a regular type III burst source (electron beam) that
propagates in a highly turbulent medium.
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4. A model for stria emission

It is difficult to explain all the different variations of the type III
fine structures presented in this study. Therefore, we focus on
the basic ideas that can explain the general features of struc-
tured bursts with stria elements. We do this by employing a
detailed analysis of the radio event described in Sect. 3.1.3.
The generation and time evolution of the stria elements within
type III radio bursts can be self-consistently described using a
probabilistic model (PM) of the beam-plasma interaction (BPI)
in randomly inhomogeneous plasma (Krafft et al. 2013, 2014,
2015; Krafft & Volokitin 2016, 2017; Voshchepynets et al. 2015;
Voshchepynets & Krasnoselskikh 2015; Krasnoselskikh et al.
2019; Tkachenko et al. 2021). Here we present a scenario for
the generation of stria elements described in Sect. 3.1.3. We note
that the same generation mechanism can be applied for the other
type III fine structures presented in this study as well.

It is widely accepted that the generation of type III bursts
is a two-step process (see for e.g. Ginzburg & Zhelezniakov
1958; Suzuki & Dulk 1985; McLean & Labrum 1985). Initially,
the beam of fast electrons generates Langmuir waves which are
then emitted in the form of electromagnetic waves. Therefore,
the characteristics of the electromagnetic emission are deter-
mined by the characteristics of the electron beam and, by the
processes of evolution of Langmuir wave spectra followed by
radio emission. Since electrons are magnetized and move along
the magnetic field lines, the increasingly larger emitting area
corresponds to the diverging magnetic field lines. The emitting
volume covers a large region that can be characterized by a
rather wide range of plasma densities. Here we propose that the
density fluctuations determine the characteristics of the type III
fine structures (i.e. stria elements, their variations in brightness,
dynamics, and in particular the duration of the growth phase).

The density fluctuations are ubiquitous in the heliosphere
and can be present in a wide range of scales (Neugebauer 1975;
Celnikier et al. 1983, 1987). We note that ∆n/no (average den-
sity fluctuations) changes based on length scales, and it may be
in a very broad range. Considering 400 km gives a range 0.1–1%
or less, but ∆n/no over larger distance (e.g. 40 000 km) could
be 10% or more. We note that the correlation scales of density
fluctuations can be determined only from direct in-situ measure-
ment. These kinds of studies are rare (see e.g. Chen et al. 2020).
The amplitude of the density fluctuations are not very large but
are still important for the evolution of BPI. For this analysis we
are particularly interested in fluctuations in the range of spatial
scales between several hundred to several thousand times the
wavelength of the Langmuir waves, up to the distances corre-
sponding to the relaxation length of the beam in homogeneous
plasma for each given frequency of wave. The relaxation length
of the beam is defined as

L ∼
ln ΛVb

γ
. (1)

Here Vb is the characteristic beam velocity, γ is the characteris-
tic increment of BPI, and ln Λ is the Coulomb logarithm deter-
mined by the macroscopic parameters of plasma (Λ ∼ (nλ3

D), n
is the density, and λD is the Debye length).

Krasnoselskikh et al. (2019) show that the reflection of the
Langmuir waves from the density inhomogeneities, even as low
as 1%, can lead to a partial transformation of the energy of
Langmuir waves into electromagnetic waves (i.e. radio emis-
sion). Recent observations show that the density fluctuations can
be of small to moderate size, and they are usually in the range
of 2–3%. However, density fluctuations as large as 7% (see for

e.g. Krupar et al. 2020) at distances corresponding to hectometer
wavelength, are also reported. The bandwidths of stria structures
reported in our study correspond to the low levels of den-
sity fluctuations, in agreement with Krasnoselskikh et al. (2019).
The upper level of density fluctuations reported by Krupar et al.
(2020) would result in a significantly large bandwidths of the
stria elements.

The PM predicts two regimes of evolution of the Langmuir
wave spectrum. In the first regime a level of the density fluc-
tuations is low, the wave dispersion dominates and this results
in the continuous growth of the Langmuir waves, which is not
observed in the case of type III radio bursts. The condition for
this regime can be given by

3k2λ2
D > (< ∆n2/n2

o >)1/2, (2)

where < . . . > denotes averaged values. The second regime is
characterized by a two-phase evolution of Langmuir waves (i.e.
the initial growth is followed by the decay). The condition for the
second regime is opposite to the previous regime and is defined
as

3k2λ2
D < (< ∆n2/n2

o >)1/2. (3)

The generation of type III radio bursts occurs under conditions
corresponding to the second regime when the Langmuir waves
are generated by the beam with the phase velocity approximately
equal to the beam velocity. In this case, when the beam propa-
gates with a rather small angle to the background magnetic field,
the dispersion term may be written as k2λ2

D ' Te/Wb (where
Te is the temperature of the background plasma, and Wb is the
characteristic energy of the beam).

In the case of beam energies of a few keVs to tens of keVs
(the overwhelming majority of the bursts), the interaction takes
place in the second regime where we assume k2λ2

D ' Te/Wb.
The two different regimes of BPI are realized as a function of the
ratio of two parameters: Te/Wb and (< ∆n2/n2

o >)1/2 in the range
of the characteristic scales determined above. Figure 12a shows
the spectrum evolution when the density fluctuations are large
enough to be dominant over the wave dispersion (3Te/Wb < (<
∆n2/n2

o >)1/2).
A high level of density fluctuations also determines the pro-

cess of electromagnetic wave generation at the fundamental
plasma frequency (ωpe). Specifically, when the density fluctu-
ations dominate over the wave dispersion effects, the dominant
process is the direct transformation of a part of Langmuir wave
energy into electromagnetic waves. This happens in the vicinity
of the density humps where the reflection of the Langmuir waves
occur (Krasnoselskikh et al. 2019). This process also affects the
evolution of the electromagnetic wave intensity, at the place of
its generation. The intensity of electromagnetic emission evolves
similarly to the evolution of Langmuir wave intensity. In the
region where the Langmuir waves are generated, the growth
phase of the electromagnetic emission is approximately the same
as the growth phase of the Langmuir waves and depends on the
level of the density fluctuations as shown in Fig. 12.

The numerical solutions presented in Fig. 12a were obtained
under the conditions nb/no = 10−5, Vb = 16VT (here we consid-
ered the thermal speed of electrons in the solar wind to be, VT =
0.01c; Halekas et al. 2020), and for six different levels of average
density fluctuations <∆n/no> (adapted from Tkachenko et al.
2021). The increase in the level of density fluctuations induces
at the same time an increase in the growth time of the wave and
a decrease in the peak value of the wave amplitude.

Figure 12b shows that for electron beams of different veloc-
ity, the time needed for the growth of Langmuir wave energy,
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Fig. 12. Effects of random density fluctuations on the growth of Langmuir waves that lead to electromagnetic emission. (a) Temporal evolution of
the Langmuir wave intensity W temp

l , in units of electron beam energy Wb, is shown as a function of density fluctuation level. The time of growth of
the Langmuir wave until the maximum amplitude x is denoted as tr. (b) The time of growth of Langmuir wave energy (tr, panel a) during the beam
relaxation, in units of inverse growth rate for homogeneous plasma tr[1/γhomog], is presented as a function of density fluctuations ∆n/no. Three
different electron beam speeds (Vb in units of the thermal speed VT; where VT is 0.01c) are considered. (c) Cartoon representation of an electron
beam propagating through diverging magnetic field lines interacting with density blobs of different scales at different frequencies. The frequency
levels are marked based on Fig. 5 and they roughly correspond to the different regions where the striae and envelope are observed. The enhanced
growth of Langmuir waves is shown in different blobs with the wavy orange markers. Panels (a) and (b) were adapted from Tkachenko et al.
(2021).

during the beam’s relaxation, is greatly affected by the level of
background density fluctuations. The faster beams need more
time to relax when the levels of density fluctuations increases.
These effects appear as a natural consequence when the electron
beam propagates through regions of varying density. Figure 12c
shows a sketch of regions with varying levels of density fluctua-
tions and intensity of radio emission. The shaded areas represent
increasingly larger blob regions where the level of density fluc-
tuations is low in comparison to the ambient regions beyond the
blob regions. In these areas the wave growth rate is high, the
amplitude of the Langmuir waves is large, and accordingly the
intensity of radio emission is also stronger. On the other hand,
the nearby “envelope areas” correspond to higher levels of den-
sity fluctuations, smaller amplitudes of Langmuir waves, and
consequently low intensity of radio emission. These regions cor-
respond to the low intensity radio emission (i.e. the envelope of
type IIIb).

We note that the times characterizing BPI are not exactly
the same as the characteristic times of evolution of the observed
radio spectrum. Specifically, depending on the characteristics of
the ambient plasma, the radio emission can undergo different
processes when propagating from the region where it was gener-
ated toward the observer.

When the plasma region where the radio emission is gen-
erated is optically thin, the electromagnetic waves propagate
toward the observer with a small delay which is defined by the
propagation time of light. When the source region of radio emis-
sion is optically thick, the initial stage of the growth phase of

the wave intensity profile will be similar to the growth of the
Langmuir waves. The reason for that is the rather fast trans-
formation of the Langmuir waves into electromagnetic waves
in the case of fundamental radio emission. The duration of the
decay phase can be determined by different processes such as
electromagnetic wave diffusion on the same density fluctuations
(e.g. Arzner & Magun 1999; Kontar et al. 2019, and references
therein). In this case the decay phase of emission is determined
by the characteristic time of electromagnetic wave diffusion in
the regions close to the source region of the radio emission. This
characteristic time may therefore increase with increasing levels
of background density fluctuations.

Figure 13 shows the rise times for the striae and envelope
time profiles (see Fig. 7a). The characteristic time of the rising
phase of the burst tr (Fig. 12b) can be estimated as

tr ∼ α/γlh. (4)

In this relation, α is the coefficient characterizing the depen-
dence of the growth phase for different levels of density fluctu-
ations (as presented in Fig. 12a) and γlh is a linear increment of
BPI in homogeneous plasma that is defined as

γlh ' ωpe
nb

no

(
Vb

∆Vb

)2

. (5)

In order to evaluate Eq. (5) for the striae observed in
Fig. 5, the characteristic rise times of the stria elements
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Fig. 13. Rise times of the frequency–time profiles corresponding to the
striae and their envelope in the frequency range of 800–400 kHz. The
triangles and circles represent the rise times of the envelope and stria
elements, respectively.

can be calculated assuming the following: (Vb/∆Vb) ' 10,
nb/no ' 10−7−10−6, and ωpe ' 2π · 7 × 10−5. We obtain γlh '

0.5× 102 s and this characteristic time corresponds to the typical
parameters of the usually observed energetic electron fluxes, and
is also in agreement with the estimates presented in Fig. 13.

5. Discussion and conclusions

Fine structures of solar type III radio bursts can provide infor-
mation about the ambient plasma conditions, such as coro-
nal density and the magnetic field (Dulk & McLean 1978). To
date the majority of studies of radio fine structures have been
performed at metric–decametric wavelengths (see e.g. Chernov
2011). Recently, the new state-of-the-art instruments such as
the LOw Frequency ARray (LOFAR van Haarlem et al. 2013)
provide us with high time and frequency resolution, and high
sensitivity observations that bring completely new insights into
the particle acceleration and propagation processes (see e.g.
Magdalenić et al. 2020).

Studies of fine structures observed in the hectometer and
kilometer wavelengths are very rare, even in the STEREO era,
during which multi-point observations of the Sun are available.
This work reports for the first time on the structured type III radio
bursts from space-based observations. We used observations of
all three WAVES instruments to confirm that the observed fine
structures are not due the instrumental artifacts. It was not pos-
sible to use the radio triangulation technique due to the unfavor-
able spacecraft separation (around 180 degrees).

Based on their morphological characteristics, we can dis-
tinguish three main classes of structured interplanetary type
III bursts: (a) interplanetary type IIIb bursts, (b) type III with
triangular substructures, and (c) type III bursts with irregular
fine structures. The morphological similarities between metric–
decametric and interplanetary type IIIb bursts indicate that the
generation mechanism of the interplanetary type IIIb bursts
could be inherently similar to that of the metric and deca-
metric type IIIb bursts (Li et al. 2012; Reid & Kontar 2021).
The elementary substructures of type IIIb bursts, in both fre-
quency ranges, are called striae. We compared the type III
fine structures observed by three different spacecraft, and using
one-to-one schematic presentation of the fine structures. This
comparison allowed us to confirm that the type III fine structures
are not due to instrumental effects.

Below we list some important results of the study.
– The time profiles of type IIIb bursts and their fine structures

show that the stria substructures have much higher intensity
than the type IIIb envelope. The profiles of type IIIb burst
are also more symmetrical than the profiles of the regular
type III bursts. The envelope emission has a nearly symmet-
rical Gaussian profile which is significantly different from
the exponentially-modified Gaussian profiles of regular type
III radio bursts. The stria time profiles on the other hand are
asymmetric, but not to the level of the regular type III bursts.

– The Wind/WAVES RAD 2 observations show that triangu-
lar substructures of type III bursts are possibly composed of
a number of very narrowband stria substructures (Fig. 10).
This is probably the reason why the triangular substructures
show complex morphology and time profiles.

– The general characteristics of type III substructures are listed
in Table 1. We also found that the lower limit of the stria
bandwidth seem to be imposed by the frequency resolu-
tion of the observations and that the intensity enhancements
observed within type III bursts are sometimes clearly com-
posed of a number of stria substructures (Fig. 10).

Numerous studies reported type III fine structures in the
metric-decametric wavelengths (see e.g. de La Noë et al. 1976;
Melnik et al. 2019, 2021; Kontar et al. 2017; Chen et al. 2018;
Sharykin et al. 2018). Some of these studies also discuss the pos-
sibility that the structured type III bursts are precursor of the reg-
ular type III bursts, and that the stria bursts in the decametric type
III–IIIb pair become more densely spaced toward the low fre-
quency part of the bursts. This may be the reason why the stria
bursts in the hectometer wavelengths appear to become quasi-
continuous and are not well resolved in the presently available
observations.

Recently Pulupa et al. (2020) and Chen et al. (2021) pre-
sented observations of a hectometric type IIIb radio burst
recorded by the Parker solar probe (PSP; Fox et al. 2016). The
clear individual stria bursts were observed close to 1 MHz, but
not below that frequency. To our knowledge, all the studies to
date have only addressed observations of structured type III
bursts in the metric to the low decametric wavelengths. This
study presents structured type III bursts in the hecto-kilometric
wavelengths (interplanetary type IIIs) for the first time, and
presents open questions about the generation mechanism of the
observed structuring in the temporally and spatially varying
interplanetary plasma.

We note that such well-defined fine structures like the ones
presented in this work are rarely observed. We performed a sur-
vey of the interplanetary radio observations, taken by STEREO
A, STEREO B, and Wind, considering a two-month period
(01 September 2011–01 November 2011). We found a total of
about 710 type III radio bursts, of which ∼45% (310 bursts)
were observed by all three spacecraft. Type III bursts with fine
structures make up about 16% of the total type III bursts (118
bursts), of which 41 bursts were observed by all three spacecraft.
The majority of structured type III bursts in the considered time
interval were observed by one or two spacecraft. Furthermore,
we found 15 cases (about 2%) of type III bursts with very well-
defined fine structures (belonging to the first and second cate-
gories defined in this study). On the other hand, irregular sub-
structures (the third category) were found far more frequently
and accounted for the remaining 103 bursts.

We proposed an explanation for the generation of stria
bursts employing the probabilistic model and simulations
for the beam–plasma interactions (Krafft et al. 2013, 2014,
2015; Krafft & Volokitin 2016, 2017; Voshchepynets et al. 2015;
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Voshchepynets & Krasnoselskikh 2015; Krasnoselskikh et al.
2019). This widely discussed model can explain the generation
of structured radio emission, regardless of the observing fre-
quency range, assuming that the variations in the level of density
fluctuations at different distances from the Sun result in varia-
tions of the average level of the wave amplitudes of the Langmuir
waves. This in turn results in different level of the electromag-
netic emission. This phenomenon is taken into account in the
PM of BPI and its effects on the different rise and decay phases
of the evolution of BPI (Krafft et al. 2013). As a result, some
of the source regions of the radio emission are associated with
high intensities and some with low intensities of radio emission.
Observations confirming such a scenario are presented in Sect. 4.

If the stria bursts are generated due to the density inho-
mogenities in the corona, they will also be dependent on the
scale length of these density inhomogenities, and on other
plasma parameters such as the ion and electron temperature
(Ledenev et al. 2004; Li et al. 2012). Since the scales of density
fluctuations in the interplanetary space are much larger than in
the low corona (see e.g. Spangler 2002; Krupar et al. 2020), we
can expect that the morphology of the striae in the interplane-
tary space will also reflect this difference. The observations pre-
sented here indeed show that the interplanetary type IIIb bursts
have stria substructures with somewhat larger bandwidths than
those observed in the metric-decametric wavelength range.

However, in order to be able to perform a more in-depth
study of the type III fine structures, we need high resolu-
tion observations, preferably from two different points of view
so the 3D location of the sources or radio emission can be
estimated employing radio triangulation (e.g. Magdalenić et al.
2014; Jebaraj et al. 2020). This additional information on the
source positions of the radio emission will allow us to under-
stand the type of ambient coronal structures through which the
fast electron beams propagate. The observations from the novel
missions, such as the Parker Solar Probe (PSP) and the Solar
Orbiter (SolO; Müller & Marsden 2013) can help us understand
the nature of the fragmented radio emission and their generation
mechanism.

Acknowledgements. The STEREO/SECCHI data are produced by a consortium
of RAL (UK), NRL (USA), LMSAL (USA), GSFC (USA), MPS (Germany),
CSL (Belgium), IOTA (France), and IAS (France). The Wind/WAVES instru-
ment was designed and built as a joint effort of the Paris-Meudon Observa-
tory, the University of Minnesota, and the Goddard Space Flight Center, and
the data are available at the instrument Website. We thank the radio mon-
itoring service at LESIA (Observatoire de Paris) for providing value-added
data that have been used for this study. I.C.J. was supported by a PhD grant
awarded by the Royal Observatory of Belgium. I.C.J. and J.M. acknowledge
funding by the BRAIN-be (Belgian Research Action through Interdisciplinary
Networks) project CCSOM (Constraining CMEs and Shocks by Observations
and Modelling throughout the inner heliosphere), and BRAIN-be project SWiM
(Solar Wind Modeling with EUHFORIA for the new heliospheric missions).
V.K. (Vratislav Krupar) was supported by NASA grants 18-2HSWO2182-0010
and 19-HSR-192-0143. S.P. has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement No
870405, and the projects C14/19/089 (C1 project Internal Funds KU Leuven),
G.0D07.19N (FWO-Vlaanderen), SIDC Data Exploitation (ESA Prodex-12).

References
Arzner, K., & Magun, A. 1999, A&A, 351, 1165
Baselian, L. L., Goncharov, N. I., Zaitsev, V. V., et al. 1974, Sol. Phys., 39, 213
Baselyan, L. L., Goncharov, N. Yu., Zaitsev, V. V., et al. 1974, Sol. Phys., 39,

223
Bhonsle, R. V., Sawant, H. S., & Degaonkar, S. S. 1979, Space Sci. Rev., 24, 259
Boischot, A., Rosolen, C., Aubier, M. G., et al. 1980, Icarus, 43, 399
Bougeret, J.-L., Kaiser, M. L., Kellogg, P. J., et al. 1995, Space Sci. Rev., 71, 231
Bougeret, J.-L., Goetz, K., Kaiser, M. L., et al. 2008, Space Sci. Rev., 136, 487
Celnikier, L. M., Harvey, C. C., Jegou, R., Moricet, P., & Kemp, M. 1983, A&A,

126, 293

Celnikier, L. M., Muschietti, L., & Goldman, M. V. 1987, A&A, 181, 138
Chen, C. H. K., Bale, S. D., Bonnell, J. W., et al. 2020, ApJS, 246, 53
Chen, L., Ma, B., Wu, D., et al. 2021, ApJ, 915, L22
Chen, X., Kontar, E. P., Yu, S., et al. 2018, ApJ, 856, 73
Chernov, G. P. 2011, Fine Structure of Solar Radio Bursts (Springer), 375
Chernov, G. P., Stanislavsky, A. A., Konovalenko, A. A., et al. 2007, Astron.

Lett., 33, 192
de La Noe, J., & Boischot, A. 1972, A&A, 20, 55
de La Noë, J., Møller-Pedersen, B., & Boischot, A. 1976, Sol. Phys., 46,

505
Dulk, G. A., & McLean, D. J. 1978, Sol. Phys., 57, 279
Ellis, G. R. A., & McCulloch, P. M. 1967, Aust. J. Phys., 20, 583
Erickson, W. C. 1997, PASA, 14, 278
Fox, N. J., Velli, M. C., Bale, S. D., et al. 2016, Space Sci. Rev., 204, 7
Ginzburg, V. L., & Zhelezniakov, V. V. 1958, Sov. Astron., 2, 653
Halekas, J. S., Whittlesey, P., Larson, D. E., et al. 2020, ApJS, 246, 22
Howard, R. A., Moses, J. D., Vourlidas, A., et al. 2008, Space Sci. Rev., 136, 67
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