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ABSTRACT

Aims. We design an event recognition-analysis system that can automatically detect solar type III radio burst and can mine informa-
tion of the burst from the dynamic spectra observed by Nancay Decameter Array (NDA). We investigate the frequency drift rate of
type III bursts and the speed of electron beams responsible for the generation of the bursts.

Methods. Several computer vision methods are used in this automatic analysis system. The Hough transform is performed to rec-
ognize the line segment associated with type III bursts in the dynamic spectra. A modified active contour model is used to track the
backbone of the burst and estimate the frequency drift rate at different frequency channels. We run this system on the NDA data
from 2012 to 2017, and give a statistical survey of the event number distribution, the starting and stopping frequencies of bursts, the
frequency dependence of the drift rate, and the exciter speed using three corona density models.

Results. The median value of the average frequency drift rates is about 6.94 MHzs™' for 1389 simple well-isolated type III
bursts detected in the frequency range 10-80 MHz of NDA observation. The frequency drift rate changes with frequency as
df/dt = —0.0672f"% from a least-squares fitting. The average exciter speed is about 0.2c based the density models. We do not

find any significant dependence of the drift rate and the exciter speed on the solar activity cycle.

Key words. Sun: radio radiation — Sun: activity — plasmas — methods: data analysis — techniques: image processing

1. Introduction

Continued research into solar radio type III burst has been made
since it was first recognized and named by Wild & McCready
(1950). The main defining characteristic of type III radio bursts
is that their emission drifts rapidly from high to low frequency,
with a drift rate of roughly 100 MHzs™!' in the meter wave
range. The dynamic spectra characteristics of type III bursts at
meter wavelengths are described in detail and nicely reviewed by
Suzuki & Dulk (1985), and recently by Reid & Ratcliffe (2014).
It is generally believed that type III radio bursts are generated
from weakly relativistic electron beams moving outward along
open magnetic field lines from solar active regions. A recent
statistical result reveals that all type III bursts may be associ-
ated with solar electron events from in situ observation by the
WIND/3DP instrument (Wang et al. 2012). The plasma emis-
sion mechanism is now the most commonly accepted model
for the excitation of type III bursts, which was first pro-
posed by Ginzburg & Zhelezniakov (1958), and then refined
by a number of researchers (Sturrock 1964; Melrose 1980;
Robinson & Cairns 1998; Li et al. 2008). The plasma emission
theory is a two-step process. The electron beam first excites
Langmuir waves, and then part of the energy of the Langmuir

* A table of the observation time, starting/stopping frequencies,
and average frequency drift rates of the 1389 type III bursts is
only available in electronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/618/A165
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waves is converted into electromagnetic waves at either the fun-
damental or the second harmonic of the local plasma frequency,
or both. The plasma frequency decreases as the electron density
attenuates along the radial direction from the sun. Fast electrons
created by flares or jets or some other solar activities moving out-
ward from the sun will experience monotonic decrease in elec-
tron density, so the observed emission frequency of the bursts
decrease with time on the dynamic spectra.

The frequency drift rate of type III bursts depends both on
the radial velocity of the exciter electrons and on the gradi-
ent of the background electron density distribution with height,
according to the plasma emission mechanism. We can use the
observed frequency drift rate to estimate the speed of elec-
tron beams responsible for the generation of type III radio
emissions if we have an electron density model for the solar
and interplanetary density-distance scale (e.g., Alexander et al.
1969; Dulk et al. 1987; Hoang et al. 1994; Reiner & MacDowall
2015; Krupar et al. 2015). There is a wide range of the exciter
beam speeds estimated by different researchers. The radial speed
can be as low as 0.04c¢ and as high as 0.6¢, where c is the
speed of light. On the other hand, if we can do in situ obser-
vation to get the speed and pitch angle of the fast electrons,
with a few assumptions it is possible to derive an empirical
model of the electron density distribution along the trajectory
of the burst source (e.g., Leblanc et al. 1998). These studies
about the density and dynamic spectra complement each other,
and reveal that type III radio bursts, and other types of solar
radio emission as well, play important roles in understanding
the physical processes of energy release, particle acceleration,
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and particle transport in the solar atmosphere and interplanetary
region (Bastian et al. 1998; Kontar et al. 2017).

In addition, with the increase in the number of ground-based
and space-based instruments for solar observations that have
characteristics of high time resolution, high spatial resolution,
and high frequency resolution, massive amounts of scientific
observation data is produced every day (e.g., Lemen et al. 2011;
Yan et al. 2012; Wang et al. 2013; van Haarlem et al. 2013). The
high quality and quantity of data is helpful in order to improve
the reliability of the results from statistical analysis, to study
the fine structures of solar activities, and to distinguish differ-
ent theoretic models, etc. However, it is exhausting for scien-
tists to analyze and process data by manual operation for every
frame of data. Automatic methods for event selecting and feature
finding have great significance for scientific research because
of their efficiency in dealing with the massive amounts of data
available. For example, a comprehensive automated feature-
recognition system has been developed for the Solar Dynam-
ics Observatory (SDO), which can automatically detect, trace,
and analyze numerous phenomena; for example it can locate
the position of flare and filament, find the polarity inversion
line from the magnet image, and determine the direction of jets
(Martens et al. 2012). In solar radio physics, Lobzin et al. (2009,
2010) developed an Automated Radio Burst Identification Sys-
tem (ARBIS) that can detect type III and type II coronal radio
bursts automatically using the solar radio spectra provided by
the Radio Solar Telescope Network (RSTN) operated by the
U.S. Air Force. The Radon transform and the Hough transform
are chosen in their work to recognize the line segments asso-
ciated with type III radio bursts and type II radio bursts on
the dynamic spectrum, respectively (Hough 1962; Duda & Hart
1972; Gonzalez & Woods 2012). It was found that the perfor-
mance of the implementation is quite high, while the occurrence
probability for false positives is reasonably low. And recently,
multimodal deep learning network and long short-term memory
networks have been built for solar radio burst classification using
the data obtained by the Solar Broadband Radio Spectrometer
(SBRS) of China (Xu et al. 2015; Ma et al. 2017).

In this work, inspired by the work of Lobzin et al. (2009),
we design an automatic recognition and information extrac-
tion system of type III solar radio bursts for dynamic spectra
observed by the Nangay Decameter Array (NDA; Boischot et al.
1980; Lecacheux 2000). Several computer vision methods were
employed in developing this system: (1) the Canny edge detec-
tor, used in data preprocessing to detect and remove the bad
data from instrument or environment interference (Canny 1986);
(2) the Hough transform, used to detect and recognize the line
segments corresponding type III radio bursts on the spectrum
image. From the recognized line segments, we can get the start-
ing time, the starting frequency and the stopping frequency of
the burst; and (3) a modified active contour method, applied to
track the spectrum backbone of a type III burst so that the fre-
quency drift rates and intensities of the burst can be obtained
at different frequency channels. The NDA data from 2012 to
2017 was chosen to perform the performance test of the sys-
tem and to study the statistical characteristics of type III radio
bursts.

The organization of the paper is as follows. In Sect. 2 we
briefly introduce the data used. In Sect. 3 the complete data
preprocessing, event detecting, and information extracting is
described in detail. In Sect. 4 we present the statistical results
using the information extracted from the events. In Sect. 5 we
present the discussion and our conclusion.
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2. Data

We use the dynamic spectral data from NDA which observes
almost daily the Sun and Jupiter at low radio frequencies
(Boischot et al. 1980; Lecacheux 2000). This station was built
in 1977, and has served for more than 40 years producing spec-
tra data for scientific use. The NDA observes wavelengths rang-
ing from 3 to 30 m, corresponding to frequencies ranging from
10 to 100 MHz. It is composed of 144 helicoidal/conical anten-
nas, 9 m high and 5 m in diameter, spread across a 7000 m? area.
Raw data is organized by date in the form of a binary file that
can be downloaded from their official site!. A relatively loga-
rithmic scale is employed for the signal intensity, which takes
integer values in the range of 0-255 in the raw data. Each file
contains spectral data for one day, and an IDL procedure is pro-
vided to read the binary data on the official site. The data product
has two parts, left-hand polarized and right-hand polarized, and
each part has a time resolution of 1s and a frequency resolution
of 0.175 MHz. In this work, we use the left-hand polarized data
of solar decameter emissions in the frequency range 10-80 MHz
between 2012 and 2017.

3. Method

The data processing pipeline starts from the raw data; the entire
pipeline contains three parts: (1) preprocessing, where we first
split the raw data into small segments, subtract the slowly vary-
ing background signal, and then eliminate the bad data segments
containing device calibration or lightning discharges; (2) recog-
nition, the core of this system, which determines whether the
data segment has event of type III radio bursts or not; and (3)
further analysis, used to mine more information about the radio
burst from the event-active data segment.

3.1. Preprocessing
3.1.1. Data segmentation

Type III bursts are fast frequency drift bursts, which can occur
singly, in groups, or in storms. The typical duration of a sin-
gle type III event is about 5-10s in the frequency range of
NDA, while the background signal intensity changes gradually
on a timescale of hours. The bright temperature of type III radio
bursts can vary from 10° K to 10" K (Suzuki & Dulk 1985) and
this results in a large difference in the relative intensity of differ-
ent type III events. If we analyze a data segment on a very long
time span, the weak event may be ignored. For the convenience
of the following processing procedures, it is necessary to split
the original data into short segments.

In this work, the time span of each spectra segment is 300 s
and the segment samples every 240 s, which means two neigh-
boring data segments have an overlap of 60s. This is essen-
tial to make sure there is no type III event being missed in
the data segmentation process. The raw data records the loga-
rithm of the relative intensity over the 400 frequency channels in
10-80 MHz once a second. Thus, each data segment in this paper
is a 300 x 400 two-dimensional array I(t;, f;) of dynamic spec-
trum where the indices #; and f; correspond to time and fre-
quency, respectively. The duration of 300s makes it easier to
identify the event. There exists slowly varying background noise
which can be reduced by subtracting the average intensity at each

! https://realtime.obs-nancay.fr
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Fig. 1. From top to bottom: dynamic spectra of two bad data segments and a type III event, their edge images detected using the Canny edge-
detection method and the Hough transform results of the edge images. Left, middle, and right columns: results of a group of lightning discharges,
a calibration bar, and a normal type III burst, respectively. The type III burst was observed on Apr 22, 2013, at 14:05UT.

frequency channel with the following expression:
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Here I(1;, f;) and I'(t;, f;) denote the signal intensity before and
after the noise reduction, respectively, and a and b are the starting
and ending time index of the data segment.

3.1.2. Elimination of bad data segment

There are a number of segments in the raw data that contain sig-
nals from device adjustment or environment interference. These
types of signal satisfy the judgment of “fast frequency drift”
in some sense, but they are not type III radio bursts. There are
two main kinds of bad data segment, as shown in Figs. la and
b, respectively. One is seen as thin striped vertical lines, which
often happens in groups and may result from local lightning dis-
charges. The other is seen as a sequence of vertical bars with
clear edges, which may be the consequences of instrument cali-
bration or local machinery interference. The common feature of
these interference signals is that they contain stripes with verti-
cal edges as in the image. This feature can be a great measure
for us to judge whether a data segment is bad or not.

The first step for the bad data elimination is performing edge
detection using the Canny edge detector, which is widely used
(Canny 1986; Gonzalez & Woods 2012). Figures 1d and e show

examples of the edge detection operation applied to two kinds of
bad data segments that contain a group of lightning discharges
and a calibration bar, respectively. For comparison, the operation
results on a normal type III burst observed on April 22, 2013, at
14:05UT is also shown in Fig. 1. This type III burst will be used
as an example to explain the procedure of data processing. It can
be seen that the edge detection operation determines the edge
accurately.

A standard Hough transform (Hough 1962) is then used to
detect lines in the edge image. The Hough transform converts
an image into another image in the space of Hough parameters
(referred to as a Hough image in the following). Today the p — 6
parametrization proposed by Duda & Hart (1972) is in common
use; it transforms an image from the x — y space to the p — 6 space
using the Hesse normal form p = xcos6 + ysiné. Here x—y
is the position of a point in the image or equally the row and
column index of the pixel; p is the distance from the line to the
origin and 6 is the angle between the line and one of the axes.
In this way, objects like straight line segments in the original
image are transformed into localized peaks in the p — 6 parameter
space, with longer segments producing bigger peaks. Significant
peaks on the Hough image are defined as Hough peaks. Each
Hough peak stands for a p — 6 pair with which we can locate a
line segment on the original image (Gonzalez & Woods 2012).

The bottom three panels in Fig. 1 display the Hough trans-
form results of the three edge images detected from the two bad
data segments and the type III burst. It is possible to find the dif-
ference between the two Hough images transformed from bad
data and that from the type III event data: the former has strong
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peaks near 6 = 0, but the latter has some faint peaks slightly far-
ther away from 6 = 0 (generally |6] > 0.5°). This occurs because
the envelope of a real type III burst is more or less an oblique
line due to frequency drift, while the spectrum of interference
signal have nearly vertical edges. As a result, to eliminate the
bad data segment, we only consider Hough peaks in the region
of 6 € (—0.5°,0.5°) indicated by the yellow rectangle in Fig. 1,
and get the line segments of these peaks. The total length of these
line segments is defined as Ledge. If Legge is larger than a thresh-
old L (in this work we use L, = 285), the segment is labeled as
bad data and is shielded in the following operation.

3.2. Recognition

So far, we have subtracted the noise and eliminated the bad data
segments. It is now ready to determine whether a spectra seg-
ment contains a type III event. The recognition of type III events
in a dynamic spectrum can be considered a problem of objec-
tion recognition in the image obtained by plotting the spectrum
in time-frequency coordinates.

3.2.1. Image binarization

Considering that the objective of this module is to recognize and
locate type III events, only the number of frequency channels in
which the burst signal is visible are chosen to be important for
recognition. The signal intensity is not used in this section. It
is convenient to transform the grayscale image of the observed
spectrum [I’(t;, f;) into a binary image B(t;, f;), with each pixel
having one of only two discrete values: one or zero. Here we
use two ways of binarization, namely a threshold method and
a local-maximum method. We find in the following subsection
that the threshold method is suitable to determine the starting
and stopping frequencies of a burst, while the local-maximum
method is more appropriate to estimate the average frequency
drift rate of the burst.

For the application of threshold method, the key parameter
is the threshold value. The signal intensities of radio bursts are
different for different events so that a fixed value of threshold
intensity for all data segments is not a good choice. We find that
the signal intensities of type III radio burst are generally the top
15% of values in the intensity distribution of all pixels in a data-
segment after noise reduction. Thus, we sort all pixels in each
data segment according to their signal intensities from high to
low, and set the pixel value of the first 15% of pixels to 1 on the
binary image, while the rest of the pixels are set to a value of
0. Figure 2a shows the binary image of the type III event shown
in Fig. 1c using the threshold method. We can see that pixels
in the event are much stronger than in quiet area in the binary
image, and they appear as a thick line segment along the event
track.

The local-maximum method is used by Lobzin et al. (2009)
to recognize type III bursts in ARBIS using the RSTN spec-
tra data. The pixel value B(#;, f;) is chosen to be equal to 1 if
the pixel corresponds to a local maximum with respect to time,
ie, I'(tiut, f)) < I'(t, f)) > I'(tix1, fj). Performing this pro-
cess to the spectra data of NDA, we find that although there is
a clear black line at the location of event, there are numerous
noise points in the quiet area (see Fig. 2b). The reason is that this
algorithm is sensitive to both small and big peaks, and some sig-
nal vibration noise will result in considerable amount of local-
maximum points. The rise and decay phase of a type III burst
can be shown more clearly in NDA spectra than in RSTN spectra
since the time resolution of NDA is higher than that of RSTN.
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Considering this, we propose using the ‘“second-order local-
maximum” instead for binarization of the NDA spectra. In other
words, the pixel value B(t;, fj) = 1if the signal intensity satisfies

I'(tico, f) < T'(ticr, i) < ', f7) > T (b1, f7) > T'(tisn, f7), (2)

otherwise B(#;, f;) = 0. Using this second-order local-maximum
method, we can capture the big peaks in the event center, and
at the same time most of the small noise peaks are suppressed,
as shown in Fig. 2(c). It is appropriate to use the second-order
local-maximum method here. In the following, unless specified
otherwise, the term “local-maximum method” is used for the
result based on the second-order local-maximum method. The
binary images from both the threshold method and from the
local-maximum method are used for event detection and infor-
mation extraction.

3.2.2. Event detection and separation

Type II radio bursts have a frequency drift rate of about
5-20MHzs™! in the frequency range of NDA. The main track
of a type III event has a line-like feature on the spectra image, so
a standard Hough transform of the binary image is used to find
features corresponding to type III bursts.

Straight segments in the original image correspond to peaks
in the space of Hough parameters. If there are significant peaks
in the parameter space, we can consider that there may be type 111
events in the spectra image. However, there may be some other
type of bursts such as type II radio bursts in the data segment,
whose spectra can also have a line-like feature on the spectra
image. It is important to specify the region where the peaks are
searched in the parameter space. From our experience of using
the NDA data, the durations of type III bursts at a special fre-
quency channel and in the whole frequency range of NDA are
about 3—10 s and 5-40s, respectively. Here we choose to work
in the region of 6 € [1°, 11°] to search for Hough peaks associ-
ated with type III events.

Figure 3 shows the line segments detected for the type III
event on April 22, 2013, at 14:05UT, where the results from
the binary images based on the threshold method and the local-
maximum method are displayed in the right and left panel,
respectively. The criterion for determining whether a data seg-
ment contains a type III event is as follows: if there is one or
more significant peaks in the Hough image converted from the
binary image of the thresh method, the data segment is deter-
mined to contain at least one event, and the threshold for judg-
ing the significance of peaks is chosen to be 265 in accumulator
space in this paper. Six and two Hough peaks are detected for
this event from the binary images of the threshold method and
the local-maximum method, respectively. These Hough peaks
are used for line segment estimation, which generate the two sets
of line segments shown in Fig. 3.

In some cases, a data segment may contain multiple events
that need to be separated from each other. The main idea of the
separation is to divide the recognized line segments into different
groups according to their starting time, namely the time coordi-
nates of their endpoints at high frequency. Line segments in the
same group can be overlapping in time or separated by a short
gap, but the difference between the starting time of any two line
segments from different groups is greater than a threshold (10s
in the present work). Every group of line segments stands for
an event, which can be a single burst, a fundamental-harmonic
(F-H) pair burst, or a group of type III bursts with short time
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Fig. 2. Binary images of the dynamic spectrum for a type III burst using (panel a) the threshold method, (panel b) the first-order local-maximum,
and (panel c) the the second-order local-maximum. The type III burst is the same event shown in Fig. 1c.

3.3. Information extraction

After a type III event is detected and separated, we get two sets
of line segments for each event. The following work is to auto-
matically determine as much information as possible to know
more about the event.

3.3.1. Basic information

First, we can obtain several parameters directly from the line
segment sets. These parameters include the starting and stopping
frequencies of the event, the occurrence time of the event, and
the average frequency drift rate of the event.

We can see from Fig. 3 that using the thresh method for bina-
rization, the endpoints of line segments lay more closely on the
starting and stopping frequency of the type III event, while the
line segments align more closely to the backbone of the event
track using the local-maximum method. Thus, the starting fre-
quency (fsart), the stopping frequency ( fyop), and the occurrence
time (fy.) of an event are chosen to be the maximum and mini-
mum value of the frequencies, and the earliest value of the time
given by the endpoints of line segments detected using the thresh
method, respectively. The average slope of the line segments
from the local-maximum method gives the average frequency

drift rate (v¢) of the event. For the event on April 22, 2013, at
14:05 UT, the parameters fyur, fends fstart, and vy are estimated
to be 64.1 MHz, 19.5 MHz, 14:04:46 UT, and —5.9 MHzs™',
respectively.

3.3.2. Frequency drift rate at different frequency

For even more information, such as the signal intensity distri-
bution along the radio burst and the frequency drift rate at dif-
ferent channels, we need to track the backbone of the event.
The tracking method adopted here is a modified active contour
model. The active contour, also called a snake, is a framework in
computer vision for delineating an object outline from a possi-
bly noisy 2D image (Kass et al. 1988; Pal & Pal 1993). A snake
is an energy minimizing, deformable spline influenced by con-
straint and image forces that pull it towards object contours and
internal forces that resist deformation. To leave the spline con-
vergent at the backbone of the event in this work, the expression

of the force applied to a node of the snake is chosen to be
Fio = aVI(x,y) + Bk = yv, 3)

where I(x,y) is the pixel intensity of the node at position (x, y); k
denotes the curvature of the line at the node; v is the velocity of
the node; and a, B3, and y are three positive coefficients. The first
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Fig. 3. Line segments detected from binary images of the threshold method (left panel) and the local-maximum method (right panel) using a

Hough transform for the type III event shown in Fig. lc.
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Fig. 4. Backbone tracked by modified active contour model for a type
IIT burst. The white line and the black chain stand for the pre-estimated
line and the traced backbone at the final iteration, respectively.

term on the right side of Eq. (3) stands for the gradient force from
the image, which lets the node move toward the event backbone.
The second term denotes the bending force at the node, which
can keep the line straighter to avoid the spline being guided by
noise data too much. The third term is the damping force, which
will make the line stay still at the balance position. Here, we
assume that the damping force is large enough such that at any
time the acceleration of every node is almost zero. The spline is
approximately at mechanical equilibrium state, so from Eq. (3)
we can deduce the motion equation of every node as follows:

v = (@VI(x,y) + BK)/y. 4

The iteration process for the deformation of the spline is as
follows. We first generate 16 uniformly spaced nodes on an ini-
tial line segment whose slope and endpoints are given by the
average frequency drift rate, and the starting and stopping fre-
quencies as estimated in the above subsection. Then we apply
Eq. (4) to every node at each step, and iterate the motion equa-
tion until the spline aligns closely to the backbone of the event
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(here we use 900 iterations in practice). The black chain in Fig. 4
shows the final backbone found for the type III burst on April 22,
2013, at 14:05UT.

After the operation of the modified active contour model, we
have a curve that represents the trend of the event consisting of
16 nodes shown as black points in Fig. 4. The frequency drift
rate df/dr between two neighboring nodes can be estimated by
their time and frequency differences. In addition, we note that the
modified active contour model works fine for clean and strong
events, but it may fail to accurately find the backbone of an event
in some cases. For example, the backbone may be misled by
strong noise at low frequencies or an accompanied component in
an F—H pair event, and the interruption of the dynamic spectrum
can cause the backbone to be incomplete.

4. Statistical result

With this automatic recognition and information extraction tool
we can perform some quantitative studies on the statistical
behaviors of type III radio bursts. The NDA data from 2012 to
2017 was chosen to perform the performance test of the system,
which covers about a half solar activity cycle. The entire data set
is divided into 438840 data segments, about 240 segments per
day most of the time, except during the period from July 2016 to
January 2017 and from June 2017 to December 2017 due to data
gap. We found that 4250 data segments contain type III events
based on the recognition system. Here an event may be a single
burst, an F-H pair burst, or a group of type III bursts with short
time gap, as we mention above. Moreover, in order to study the
frequency dependence of the frequency drift rate and the exciter
electron beam speed of type III radio burst, we manually select
1389 simple well-isolated type III events whose backbones are
clear and have been tracked accurately .

The 4250 data segments with type III events and the 1389
simple events are similar in temporal distribution. Figure 5 dis-
plays the histograms of 1389 simple events. More events can
be found at higher solar activity (from 2012 to 2014) than at
lower activity (from 2016 to 2017). The extremely low num-
ber between the end of 2016 and the beginning of 2017 is
due to the data gap. The most interesting result is the seasonal
variation in the event occurrence rate, as shown in the middle
panel of Fig. 5 where the normalization of histogram to obser-
vation time is applied to exclude possible seasonal change of the
observation time. The event occurrence rate between April and
September is significant greater than that between October and
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Fig. 5. Histograms of the number of events in every month in differ-
ent years (fop panel), the monthly accumulated event occurrence rate
(middle panel), and the hourly accumulated event occurrence rate
(bottom panel) for 1389 simple well-isolated events. The occurrence
rates are normalized to observation time by dividing the number of
events by the total observing hours.

March in a year. We do not find any similar seasonal variation
in the number of sunspot during these years, so this seasonal
variation of events is not due to the change in solar activity. We
checked the NDA data month by month with naked eyes, and
found that NDA really observed more type III bursts in summer
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Fig. 6. Histograms of the starting and stopping frequencies for 1389
type I1I bursts.

than in winter. We suggest that this seasonal variation may be
due to the change in solar zenith angle in summer and winter.
Considering that the zenith angle also varies during the observa-
tion time of a day, we surveyed the event occurrence rate at dif-
ferent hours in a day (see bottom panel of Fig. 5). These results
indicate that more type III events can be observed by NDA when
the sun is at smaller zenith angle (near noon or summer) and vice
versa. The observing frequencies of NDA are close to the cutoff
frequency of the ionosphere. When the zenith angle is larger, the
solar radio waves are incident on the stratified ionosphere more
obliquely. It will be harder for the radio burst signal to pene-
trate through the ionosphere due to wave refraction and absorp-
tion, so fewer type III events can be observed for larger zenith
angle. This is similar to the propagation of communication radio
waves in the ionosphere, as demonstrated by ray tracing. The
rays with large elevation angles can escape from the ionosphere,
while the rays with small elevation angles will be reflected back
(e.g., Huang & Reinisch 2006).

The starting and stopping frequency of the event can show
the height range where the radio wave can be excited, or from
where the wave can propagate to the earth and be observed by
NDA. Figure 6 shows the histogram of the starting and stop-
ping frequencies of the events. It is found that most of the events
have a stopping frequency near 20 MHz and a starting frequency
near 60MHz, with a median value of 21.3 MHz and 60.9 MHz,
respectively. However, it is important to note that the starting and
stopping frequency obtained here may not represent the actual
emission frequency range of a special type III burst, due to the
limited frequency range of NDA observation and the continuous
noise at low frequencies of 10-25 MHz.

Figure 7 shows the frequency drift rate scatter-plots of the
1389 well-isolated type III events and the variation in their
monthly averaged values with time. We note that the drift rate
shown here is the average drift rate of an event, which is
extracted directly from the slope of line segments using the local-
maximum method described above. The absolute values of the
average frequency drift rate of type III events mainly spread over
the range from 2 MHz s~ to 16 MHz s™!, with a median value of
6.94 MHzs~!. We do not find any significant difference between
the drift rates measured at different solar activities. The drift rate
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is slightly lower near summer than winter, but this may be caused
by the different number of events used for statistics. Many more
events are recognized near the summer in a year based on our
recognition system. A table where we list the observation time,
starting/stopping frequencies, and average frequency drift rates
of the 1389 type III bursts is available at the CDS.

Using the modified active contour model, we can track the
backbone f(¢) of an event and estimate its frequency drift rates
df/dr at different frequency f. The drift rates generally decrease
with decreasing frequency in an event. Figure 8 shows the fre-
quency drift rates at different observation frequencies for the
1389 simple events in logarithmic scale, where the data points
are color-coded according to their observation time. We did not
find significant differences in frequency drift rates for the differ-
ent years. The solid line represents the least-squares fits to the
data using a target function of the form |df/ds| = a . The best
fitted values are a = 0.067 £0.006 and b = 1.23 +£0.02 with 95%
confidence. For comparison, several fitting results in the litera-
ture on the frequency dependence of drift rate are also presented
in Fig. 8, which are based on observations in different frequency
ranges performed by different authors.

According to the plasma emission mechanism, the observed
frequency of the type III burst is the local plasma frequency or
its harmonic at the source region. The drift rate of type III bursts
can be used to estimate the speed of the exiting electron beam.
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Assuming a coronal density model to give electron density as a
function of distance n.(r), we can find frequency as a function of
distance f(r). Then for each event the distance-time relation r(z)
about the movement of the exiting beam can be obtained from
the tracked backbone f(¢). We can derive the radial velocity of
the exciter electrons by linearly fitting the distance-time rela-
tion, and the acceleration by the second-order fitting. Figure 9
shows the distribution of the linear velocity (left panels) and the
acceleration (right panels) deduced from the 1389 simple events
based on three different density models. Most of the 1389 events
are structureless (no F-H structure, which is generally believed
to be the harmonic component) type III bursts (Dulk & Suzuki
1980; Suzuki & Dulk 1985). Both fundamental wave and
harmonic wave are assumed for the observed emissions in this
survey for comparison, when we apply the density model to
convert frequencies to radial distances. The results based on
the fundamental and harmonic assumptions are displayed in the
top and bottom panels in Fig. 9, respectively. The solid lines,
dotted lines, and dashed lines represent the results using three
density models derived by Allen (1947), Saito et al. (1977), and
Gibson et al. (1999), respectively. Our preference for these mod-
els lies in the fact that they were derived completely indepen-
dently of any radio data. The density model given by Baumbach
(1937) and Allen (1947) is known as the Baumbach—Allen den-
sity model, which is derived from the coronal photometric data.
Saito et al. (1977) used white light coronagraph data from Sky-
lab to derive the corona density model. Gibson et al. (1999) used
the method of a Van de Hulst inversion to derive the corona
electron density distribution from corona observations of both
visible white light and extreme ultraviolet (EUV) emission. The
mean speed of the exciter deduced using the three density mod-
els are about 0.16¢ and 0.22¢ for the fundamental and harmonic
assumptions, respectively. The acceleration has a Gaussian dis-
tribution with small positive mean and large standard deviation
for all three density models.

5. Conclusions and discussion

An event recognition-analysis system based on computer vision
methods is designed in this work, which can automatically detect
type III solar radio bursts and can mine information of the bursts
using the dynamic spectra observed by NDA.

The system is composed of three parts. The first part is
the preprocessing module. This module includes splitting the
raw data into short pieces, reducing the noise, and eliminat-
ing the “bad data” segments by using the Canny edge detec-
tion and Hough line detection methods. The second part is the
type III event recognition module, which is inspired by the
work of Lobzin et al. (2009). However, the time resolution of
the NDA spectrum is higher than that of the RSTN data, and
the duration of a type III burst is generally longer in the NDA
observation frequency range than that in the frequency range of
RSTN. Therefore, both a second-order local-maximum method
and a thresh method are adopted for the image binarization
of dynamic spectrum in present work instead of the first-order
local-maximum method used by Lobzin et al. (2009). Then, a
standard Hough transform of the binary image is performed to
find the straight line features associated with type III bursts. If
there are significant Hough peaks in the Hough image, the data
segment is considered to contain type III events. The third part
is the information extraction module. In this module, several
basic parameters about the event, such as its occurrence time,
starting and stopping frequencies, and average frequency drift
rate, can be estimated directly from the line segments cor-
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responding to the Hough peaks detected. Moreover, a mod-
ified active contour model is used to track the backbone of
the event spectrum by iteration, and the frequency drift rates
at different frequency can be obtained from the backbone
curve.

Applying this system to the NDA data from 2012 to 2017,
4250 data segments are detected to contain type III events, from
which we select 1389 single well-isolated bursts whose back-
bones are well tracked using the modified active contour model.
As expected, more events are recognized in years of high solar
activity. An interesting finding is that there is a seasonal vari-
ation of type III events, namely, the number of events observed
between April and October are significantly greater than those in
other months in a year. We consider that this seasonal variation
may be due to the change of zenith angle of the sun in different
seasons.

The median values of the starting frequency and the stopping
frequency of type III bursts are 60.9 MHz and 21.3 MHz in the
observation frequency range of NDA, respectively. However, the
frequency extent of type III bursts covers a wide range. Both the
starting frequency and the stopping frequency can be markedly
different from burst to burst, varying from hundreds of MHz
to tens of kHz (Malville 1962; Cane et al. 2002; Leblanc et al.
1995; Krupar et al. 2014). It has been found that there is an
anti-correlation between type III starting frequencies and hard
X-ray spectral indices in time during solar flares (e.g., Kane
1981) which can be used to deduce the acceleration height and
size of the electron beam (Reid et al. 2011, 2014). What process
causes the stopping frequency is still unclear. The recent simula-
tion results by Reid & Kontar (2015) indicate that type III stop-

stand for the results in the literature obtained
by Alvarez & Haddock (1973a), Mann et al.
(1999), and Melnik et al. (2011), respectively.

ping frequency can be influenced by a number of effects such as
the expansion rate of the magnetic flux tube guiding the electron
beam, the injected beam density, the energy spectral index of
the beam, and the level of large-scale density fluctuations in the
background solar atmosphere, all of which are consistent with
the postulations by Leblanc et al. (1995).

We do not find any dependence of the drift rate on the solar
activity cycle, indicating that there may be no systematic dif-
ference between the height scale of corona electron density in
source regions of type III bursts at solar maximum and that
at solar minimum, or for the speed of electron beams produc-
ing type III bursts. The drift rate changes with frequency as
df/dt = -0.067f"? from a least-squares fitting in the fre-
quency range 10-80 MHz of NDA. As shown in Fig. 8, most
of the scattered data points are located below the line rep-
resenting the expression of df/dt = —0.01f'3%*, which was
obtained by Alvarez & Haddock (1973b) who used the rise time
of type III bursts between 3.5 MHz and 50kHz and combined
them with eight other studies up to 550 MHz. Of course, we
should note that the drift rate of backbone tracked in the present
study is the drift rate of the peak flux. The drift rate of a
type III burst onset is generally less than the drift rate of its
peak flux since the rise time of type III burst increases with
the decreasing of frequency (e.g., Alvarez & Haddock 1973a).
Melnik et al. (2011) found that the drift rate of peak flux linearly
increased with frequency (df/dr = f) between the frequencies
30MHz to 10 MHz for a number of powerful radio bursts dur-
ing July—August in the solar maximum of 2002. Their results
are smaller than most of the observation values in this paper as
shown in Fig. 8. In addition, Mann et al. (1999) also reported a
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relationship of df/dt = —0.007 £ for the coronal and associ-
ated interplanetary (IP) type III bursts on December 27, 1994, in
the frequency range from 40 kHz to 85 MHz.

The drift rate of type III bursts can be used to estimate the
electron exciter speeds which have attracted much attention in
the literature. Earlier studies implied that the speed of the exciter
should be weakly relativistic and the average radial velocity is
approximately 0.35¢ (Wild & McCready 1950; Alexander et al.
1969; Fainberg & Stone 1970). Dulk et al. (1987) investigated
28 IP type III bursts accompanied with in situ measurement
of Langmuir waves by the ISEE-3 spacecraft. They found
that the range of exciter speed is 0.07-0.25¢ with an aver-
age speed of 0.14¢, which is considerably lower than the ear-
lier accepted values of 0.3-0.5¢. There is no evidence in their
data to show a systematic increase or decrease in exciting
electron speed with distance from the Sun to the Earth orbit.
However, more recent studies about the trajectory of the type
IIT burst exciters implied the exciter electrons experiencing a
deceleration in the solar wind, based on the observation of
WIND/Waves and STEREO/Waves instruments (Krupar et al.
2015; Reiner & MacDowall 2015). The average value of the
exciter speed obtained by Krupar et al. (2015) is 0.1c¢, ranging
from 0.02¢ to 0.35¢ for 29 IP type III events, but the average
exciter speeds deduced by Reiner & MacDowall (2015) ranged
from 0.17¢ to 0.35¢ for five IP type III bursts associated with
local radio emission near the spacecraft.

In the present work, we also derived the linear velocity and
acceleration of the exciter electrons for 1389 isolated bursts
using three corona density models (Allen 1947; Saito et al. 1977,
Gibson et al. 1999). These density models are all derived from
photometric data of white light or EUV corona observation,
being independent of any radio data. The linear velocities dis-
tribute in the range of 0.05-0.5¢ and 0.04-0.4c, with a mean
value of about 0.16¢ and 0.22¢ for the fundamental and har-
monic assumptions of observed radio emissions, respectively.
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The sources of radio emission at 10 MHz—80 MHz are located
in the height from 1.1 to 3.1 solar radii according to these den-
sity models. Our results of the speed near the Sun are gener-
ally consistent with the statistical values obtained by Dulk et al.
(1987) and Krupar et al. (2015) in the solar wind. The median
values of the acceleration distribution are positive for three
density models, though the standard deviations are large. This
seems to suggest that the exciter electrons experience weak
acceleration in the corona (between 80 MHz and 10 MHz). One
possible mechanism for the acceleration is that nonthermal elec-
trons injected into the open magnetic field lines from the flare
reconnection site have a ring-beam velocity distribution in phase
space. When these nonthermal electrons propagate outward from
the Sun, the momentum of the ring component that is per-
pendicular to the field line will transfer to the parallel beam
component, supposing the conservation of energy and magnetic
momentum. This will produce an increase in the exciter’s paral-
lel velocity along the magnetic field line. As mentioned above,
the results by Kruparetal. (2015) and Reiner & MacDowall
(2015) show that the electron beam decelerates in the inter-
planetary range (below 1 MHz). The acceleration and deceler-
ation in different height ranges seem to indicate that the beam
speed reaches its maximum between 10 MHz and 1 MHz, which
corresponds roughly to the critical point of the Parker solar
wind model. This may be observed by the Parker Solar Probe
(Fox et al. 2016).

Finally, we would like to point out that the plasma emission
mechanism is assumed in this work for the convenience of com-
parison with previous works on the exciter speeds of type III
bursts. Recently, a direct emission mechanism based on the
electron cyclotron maser (ECM) emission mechanism has been
proposed for type III solar radio bursts (Wu et al. 2002, 2005;
Yoon et al. 2002; Wang 2015; Chen et al. 2017). If we consider
the ECM emission mechanism, the source speed derived above
corresponds to the speed of the apparent source.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833260&pdf_id=9

P. J. Zhang et al.: A type Il radio burst automatic analysis system and statistic results

Acknowledgements. The Nangay Radio Observatory/Scientific Unit of Nangay
of the Paris Observatory (USR 704-CNRS, supported by University of Orleans,
OSUC, and Center Region in France) providing access to NDA observations
accessible online at http://www.obs-nancay.fr. The research was supported by
the National Nature Science Foundation of China (41574167 and 41421063) and
the Fundamental Research Funds for the Central Universities (WK2080000077).
We thank the anonymous referee for the helpful comments on the manuscript.

References

Alexander, J. K., Malitson, H. H., & Stone, R. G. 1969, Sol. Phys., 8, 388

Allen, C. W. 1947, MNRAS, 107, 426

Alvarez, H., & Haddock, F. 1973a, Sol. Phys., 30, 175

Alvarez, H., & Haddock, F. 1973b, Sol. Phys., 29, 197

Bastian, T. S., Benz, A. O., & Gary, D. E. 1998, ARA&A, 36, 131

Baumbach, S. V. 1937, Astron. Nachr., 263, 121

Boischot, A., Rosolen, C., Aubier, M. G., et al. 1980, Icarus, 43, 399

Cane, H. V., Erickson, W., & Prestage, N. 2002, J. Geophys. Res.: Space Phys.,
107

Canny, J. 1986, IEEE Trans. Mach. Intell. Pattern Anal., 679

Chen, L., Wu, D. J., Zhao, G. Q., & Tang, J. F. 2017, J. Geophys. Res.: Space
Phys., 122, 35

Duda, R. O., & Hart, P. E. 1972, Commun. ACM, 15, 11

Dulk, G. A., & Suzuki, S. 1980, A&A, 88, 203

Dulk, G. A., Goldman, M. V., Steinberg, J. L., & Hoang, S. 1987, A&A, 173, 366

Fainberg, J., & Stone, R. G. 1970, Sol. Phys., 15, 433

Fox, N., Velli, M., Bale, S., et al. 2016, Space Sci. Rev., 204, 7

Gibson, S. E., Fludra, A., Bagenal, F, et al. 1999, J. Geophys. Res.: Space Phys.,
104, 9691

Ginzburg, V. L., & Zhelezniakov, V. V. 1958, Sov. Astron., 2, 653

Gonzalez, R. C., & Woods, R. E. 2012, Digital Image Processing

Hoang, S., Dulk, G. A., & Leblanc, Y. 1994, A&A, 289, 957

Hough, P. V. 2012, Method and Means for Recognizing Complex Patterns [US
patent 3069654]

Huang, X., & Reinisch, B. W. 2006, Radio Sci., 41, 1

Kane, S. R. 1981, ApJ, 247, 1113

Kass, M., Witkin, A., & Terzopoulos, D. 1988, Int. J. Comput. Vision, 1, 321

Kontar, E., Yu, S., Kuznetsov, A., et al. 2017, Nat. Comm., 8, 1515

Krupar, V., Maksimovic, M., Santolik, O., et al. 2014, Sol. Phys., 289, 3121

Krupar, V., Kontar, E. P, Soucek, J., et al. 2015, A&A, 580, A137

Leblanc, Y., Dulk, G. A., & Hoang, S. 1995, Geophys. Res. Lett., 22, 3429

Leblanc, Y., Dulk, G. A., & Bougeret, J. L. 1998, Sol. Phys., 183, 165

Lecacheux, A. 2000, Washington DC American Geophysical Union Geophysical
Monograph Series, 119, 321

Lemen, J., De Pontieu, B., Schrijver, C., et al. 2011, BASS, 43

Li, B., Robinson, P. A., & Cairns, I. H. 2008, J. Geophys. Res.: Space Phys., 113

Lobzin, V. V., Cairns, I. H., Robinson, P. A., Steward, G., & Patterson, G. 2009,
Space Weather, 7, 1

Lobzin, V. V., Cairns, I. H., Robinson, P. A., Steward, G., & Patterson, G. 2010,
Apl, 710, LS8

Ma, L., Chen, Z., Xu, L., & Yan, Y. H. 2017, Pattern Recognit., 61, 573

Malville, J. 1962, ApJ, 136, 266

Mann, G., Jansen, F., Macdowall, R. J., Kaiser, M. L., & Stone, R. G. 1999,
A&A, 348, 614

Martens, P., Attrill, G., Davey, A., et al. 2012, Sol. Phys., 275, 79

Melnik, V. N., Konovalenko, A. A., Rucker, H. O., et al. 2011, Sol. Phys., 269,
335

Melrose, D. B. 1980, Space Sci. Rev., 26, 3

Pal, N. R., & Pal, S. K. 1993, Pattern Recognit., 26, 1277

Reid, H. A., & Kontar, E. P. 2015, A&A, 577, A124

Reid, H. A., & Ratcliffe, H. 2014, Res. Astron. Astrophys., 14, 773

Reid, H. A., Vilmer, N., & Kontar, E. P. 2011, A&A, 529, A66

Reid, H. A., Vilmer, N., & Kontar, E. P. 2014, A&A, 567, A85

Reiner, M. J., & MacDowall, R. J. 2015, Sol. Phys., 290, 2975

Robinson, P. A., & Cairns, 1. H. 1998, Sol. Phys., 181, 363

Saito, K., Poland, A. I., & Munro, R. H. 1977, Sol. Phys., 55, 121

Sturrock, P. A. 1964, NASA Special Publication, 50, 357

Suzuki, S., & Dulk, G. A. 1985, Solar Radiophysics: Studies of Emission from
the Sun at Metre Wavelengths, 289

van Haarlem, M. P., Wise, M. W., Gunst, A. W, et al. 2013, A&A, 556, A2

Wang, C. B. 2015, ApJ, 806, 34

Wang, L. H,, Lin, R. P,, Krucker, S., & Mason, G. M. 2012, ApJ, 759, 69

Wang, W., Yan, Y. H., Liu, D. H., et al. 2013, PASJ, 65, 00

Wild, J. P,, & McCready, L. L. 1950, Aust. J. Chem., 3, 387

Wu, C. S., Wang, C. B, Yoon, P. H., Zheng, H. N., & Wang, S. 2002, ApJ, 575,
1094

Wu, C. S., Wang, C. B., Zhou, G. C., Wang, S., & Yoon, P. H. 2005, ApJ, 621,
1129

Xu, L., Weng, Y., & Chen, Z. 2015, International Conference on High
Performance Computing and Applications (Springer), 126

Yan, Y. H., Wang, W., Liu, F, et al. 2012, Proceedings of the International
Astronomical Union, 8, 489

Yoon, P. H., Wu, C. S., & Wang, C. B. 2002, ApJ, 576, 552

A165, page 11 of 11


http://www.obs-nancay.fr
http://linker.aanda.org/10.1051/0004-6361/201833260/1
http://linker.aanda.org/10.1051/0004-6361/201833260/2
http://linker.aanda.org/10.1051/0004-6361/201833260/3
http://linker.aanda.org/10.1051/0004-6361/201833260/4
http://linker.aanda.org/10.1051/0004-6361/201833260/5
http://linker.aanda.org/10.1051/0004-6361/201833260/6
http://linker.aanda.org/10.1051/0004-6361/201833260/7
http://linker.aanda.org/10.1051/0004-6361/201833260/8
http://linker.aanda.org/10.1051/0004-6361/201833260/8
http://linker.aanda.org/10.1051/0004-6361/201833260/9
http://linker.aanda.org/10.1051/0004-6361/201833260/10
http://linker.aanda.org/10.1051/0004-6361/201833260/10
http://linker.aanda.org/10.1051/0004-6361/201833260/11
http://linker.aanda.org/10.1051/0004-6361/201833260/12
http://linker.aanda.org/10.1051/0004-6361/201833260/13
http://linker.aanda.org/10.1051/0004-6361/201833260/14
http://linker.aanda.org/10.1051/0004-6361/201833260/15
http://linker.aanda.org/10.1051/0004-6361/201833260/16
http://linker.aanda.org/10.1051/0004-6361/201833260/16
http://linker.aanda.org/10.1051/0004-6361/201833260/17
http://linker.aanda.org/10.1051/0004-6361/201833260/18
http://linker.aanda.org/10.1051/0004-6361/201833260/19
http://linker.aanda.org/10.1051/0004-6361/201833260/20
http://linker.aanda.org/10.1051/0004-6361/201833260/21
http://linker.aanda.org/10.1051/0004-6361/201833260/22
http://linker.aanda.org/10.1051/0004-6361/201833260/23
http://linker.aanda.org/10.1051/0004-6361/201833260/24
http://linker.aanda.org/10.1051/0004-6361/201833260/25
http://linker.aanda.org/10.1051/0004-6361/201833260/26
http://linker.aanda.org/10.1051/0004-6361/201833260/27
http://linker.aanda.org/10.1051/0004-6361/201833260/28
http://linker.aanda.org/10.1051/0004-6361/201833260/29
http://linker.aanda.org/10.1051/0004-6361/201833260/29
http://linker.aanda.org/10.1051/0004-6361/201833260/30
http://linker.aanda.org/10.1051/0004-6361/201833260/31
http://linker.aanda.org/10.1051/0004-6361/201833260/32
http://linker.aanda.org/10.1051/0004-6361/201833260/33
http://linker.aanda.org/10.1051/0004-6361/201833260/34
http://linker.aanda.org/10.1051/0004-6361/201833260/35
http://linker.aanda.org/10.1051/0004-6361/201833260/36
http://linker.aanda.org/10.1051/0004-6361/201833260/37
http://linker.aanda.org/10.1051/0004-6361/201833260/38
http://linker.aanda.org/10.1051/0004-6361/201833260/38
http://linker.aanda.org/10.1051/0004-6361/201833260/39
http://linker.aanda.org/10.1051/0004-6361/201833260/40
http://linker.aanda.org/10.1051/0004-6361/201833260/41
http://linker.aanda.org/10.1051/0004-6361/201833260/42
http://linker.aanda.org/10.1051/0004-6361/201833260/43
http://linker.aanda.org/10.1051/0004-6361/201833260/44
http://linker.aanda.org/10.1051/0004-6361/201833260/45
http://linker.aanda.org/10.1051/0004-6361/201833260/46
http://linker.aanda.org/10.1051/0004-6361/201833260/47
http://linker.aanda.org/10.1051/0004-6361/201833260/48
http://linker.aanda.org/10.1051/0004-6361/201833260/49
http://linker.aanda.org/10.1051/0004-6361/201833260/49
http://linker.aanda.org/10.1051/0004-6361/201833260/50
http://linker.aanda.org/10.1051/0004-6361/201833260/51
http://linker.aanda.org/10.1051/0004-6361/201833260/52
http://linker.aanda.org/10.1051/0004-6361/201833260/53
http://linker.aanda.org/10.1051/0004-6361/201833260/54
http://linker.aanda.org/10.1051/0004-6361/201833260/55
http://linker.aanda.org/10.1051/0004-6361/201833260/55
http://linker.aanda.org/10.1051/0004-6361/201833260/56
http://linker.aanda.org/10.1051/0004-6361/201833260/56
http://linker.aanda.org/10.1051/0004-6361/201833260/57
http://linker.aanda.org/10.1051/0004-6361/201833260/57
http://linker.aanda.org/10.1051/0004-6361/201833260/58
http://linker.aanda.org/10.1051/0004-6361/201833260/58
http://linker.aanda.org/10.1051/0004-6361/201833260/59

	Introduction
	Data
	Method
	Preprocessing
	Data segmentation
	Elimination of bad data segment 

	Recognition
	Image binarization
	Event detection and separation

	Information extraction
	Basic information
	Frequency drift rate at different frequency


	Statistical result
	Conclusions and discussion
	References

