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Abstract. In this review, current state of knowledge of high resolution observations at decameter
wavelengths of the quiet Sun, the slowly varying component (SVC), type I to V bursts and noise storms is
summarized. These observations have been interpreted to yield important physical parameters of the solar
corona and the dynamical processes around 2R, from the photosphere where transition from closed to
open field lines takes places and the solar wind builds up. The decametric noise bursts have been classified
into (i) ‘BF’ type bursts which show variation of intensity with frequency and time and (ii) decametric type
III bursts. The angular sizes of noise storm sources taking into account refraction and scattering effects are
discussed. An attempt has been made to give phenomenology of all the known varieties of decametric
bursts in this review. Available polarization information of decametric continuum and bursts has been
summarized. Recent simultaneous satellite and ground-based observations of decametric solar bursts
show that their intensities are deeply modulated by scintillations in the Earth’s ionosphere. Salient
features of various models and theories of the metric and decametric noise storms proposed so far are
examined and a more satisfactory model is suggested which explains the ‘BF’ type bursts as well as
conventional noise storm bursts at decametric wavelengths invoking induced scattering process for 1 ¢
conversion. Some suggestions for further solar decametric studies from the ground-based and satellite-
borne experiments have been made.
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1. Introduction

Solar radio noise storms at meter, decameter and longer wavelengths constitute
perhaps one of the most spectacular manifestations of the complex plasma processes
in the solar atmosphere. Noise storms have been extensively investigated by many
workers using a variety of observational techniques. Different models of the noise
storm sources have been proposed in order to arrive at better understanding of the
physics of the noise storm sources; their birth, development and subsequent decay of
their activity. Historically, the solar noise storm radiation was discovered accident-
ally by Hey in 1942 at meter wavelength. Through subsequent research efforts, it is
now known that an enhanced emission from the Sun known as the solar radio noise
storm lasting from hours to days occurs quite often during periods of high solar
activity and its spectrum extends from decimeter to decameter wavelengths. With the
advent of satellites in 1960’s, the existence of noise storms comprising type I1I bursts
in hectometer and kilometer wavelengths at 1 AU is also established. Even though
the noise storm radiation was discovered as early as 1942 by Hey, their source size
measurements were obtained only after the establishment of Nancay interferometer
at 169 MHz in France in 1956. As early as 1958, attempts were made to determine
the source size of decametric noise storm centers. Mean source sizes determined at
65 MHz and 45 MHz were 6’ and 10’ of arc respectively (Wild and Sheridan, 1958).
Source sizes at decameter wavelengths decrease with increasing frequency and the
decrease is faster as compared to that at meter wavelengths (Gergely and Kundu,
1975). Many reviews of noise storms have appeared in the literature (for example:
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Wild et al., 1963; Kundu, 1965; 1971; Zheleznyakov, 1970; Wild and Smerd, 1972;
Fainberg and Stone, 1974; Newkirk, 1974; Elgaroy, 1977; Sawant, 1977).
However, the present review paper is based on experimental observations and
theoretical work done in the decametric region in which lot of new information has
accumulated in the recent past both from ground-based and satellite-borne instru-
ments.

2. Noise Storm Phenomena at Decametric Wavelengths

A metric and decametric storm consists of a smooth continuum radio emission, on
which are superimposed narrow band short-lived type I bursts at metric wavelengths
and type III bursts with or without fine structure at decameter wavelengths.
Brightness temperature of the continuum and the burst may exceed 10°K.
Obviously, thermal processes that are known to exist near the Sun cannot account for
such high brightness temperatures. Gyrosynchrotron and plasma radiation processes
are believed to be the nonthermal sources for such radiations. Both the continuum
and superimposed bursts are circularly polarized in the same sense or in opposite
sense. A high degree of circular polarization suggests the presence of strong magnetic
fields up in the corona. Newkirk (1971) and Dulk and McLean (1978) have reviewed
the current status of information on coronal magnetic fields based on calculations
and inferences derived from radio and optical measurements. Noise storm centres
are found to be associated with visible optical regions on the Sun’s disk while some
others seem to occur independently. In general, it is known that noise storm activity
and flare activity are two aspects of a center of activity on the Sun though they may
occur independently of each other.

Decametric noise storms are almost always associated with metric storms (Bois-
chot et al., 1970). The decametric noise storm continuum may be looked upon as a
large number of type III bursts occurring in quick succession. Occasionally, varieties
of fine structure in frequency and time are encountered. Earlier reviews on type III
bursts can be cited for more detailed information (Wild and Smerd, 1972; Mattoo,
1973; Solar Radio Astronomy Group, Utrecht, Correspondent: de Groot, 1974;
Smith, 1974).

Gergely and Kundu (1975) studied the characteristics of a decametric noise storm
with the help of 65 to 25 MHz swept frequency interferometer at the Clark Lake
Radio Observatory in U.S.A. They found two kinds of type III bursts, namely,
‘On-fringe’ and Off-fringe’ types as shown in Figure 1. The ‘On-fringe’ type III
bursts coincide in position with that of the associated continuum source. Starting
frequencies of these bursts were below S0 MHz. They are generally weak in intensity
and not associated with flares and occur over a frequency range of 30-20 MHz.
Further properties of these bursts have been investigated by Aubier et al. (1978) and
they have shown that these bursts are associated with type I activity and are more
strongly polarized than normal type III bursts (‘Off-fringe’ bursts) with the sense of
polarization same as that of related type I burst. ‘Off-fringe’ type III bursts are
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Fig. 1. ‘On-fringe’ and ‘Off-fringe’ type III bursts observed with the sweep frequency interferometer at
Clark Lake Observatory, U.S.A., on 7 May, 1971, during decametric noise storm, 4, b, and ¢ are
‘On-fringe’, d, e, and f are ‘Off-fringe’ bursts (from Gergely and Kundu, 1975).

displaced from the position of the continuum by 0.1Ro to 0.5R . Most of them are
intense, generally associated with flares and appear all over the frequency range of
62-25 MHz.

Gergely and Kundu (1975), taking into account the effect of refraction and
scattering (Fokker, 1965; Leblanc, 1973), determined the height and source sizes in
the range 65 to 25 MHz. Figure 2 shows the distribution of source sizes obtained by
Gergely and Kundu (1975). Mean source sizes were found to be 0.5Rzand 1.3Rs at
65 MHz and 30 MHz respectively. The heights were determined, by applying least
square analysis method and assuming constant rotational rate of the source, which at
40 MHz and 30 MHz turned out to be (1.9+0.5)Rp and (2.3 £0.25) R respectively.
The variation of the source size with frequency is shown in Figure 3. It can be seen
from the figure that the source size increases more rapidly in the decameter range
than in the meter range. One of the characteristics of decametric noise storm sources
is that the size of the source is not constant but changes over a short period of time.
Moreover, changes in size at nearby frequencies are usually not correlated. Like the
metric noise storm continuum, decametric noise storm continuum is found to have
more directivity at the centre of the disk. The east-west asymmetry as observedin the
metric band is also observed in the decametric band (Gergely and Kundu, 1975). A
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Fig. 2. Distribution of decametric source sizes at 60, 50, 40, and 30 MHz. Average source size at each
frequency is indicated on the right. Note that the source size increases as the frequency decreases (from
Gergely and Kundu, 1975).
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Fig. 3. Variation of mean source sizes as a function of frequency in the decimeter-meter and decameter
ranges. Thick continuous line indicates the size of the beam in the 65-20 MHz range (from Gergeley
and Kundu, 1975).
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comparison with the model of Newkirk (1967) and other models (see Figure 4)
obtained from radio observations (Wild ez al., 1959; Weiss, 1963; Malitson and
Erickson, 1966) shows that the storms originate in moderately low to high density
regions. Although directivity information of the decametric noise storms are becom-
ing available only recently (Steinberg, 1977), polarization information of the
decametric noise storms are very scanty.
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Fig. 4. Different electron density models of the corona. Heights where the decametric storms originate
are shown by horizontal bars (from Gergely and Kundu, 1975).

Resolution in time and frequency comparable to that observed in metric band was
not realized in the decameter band till late 1960’s. Ellis and McCulloch (1966)
initiated high resolution (simultaneously in time (20 ms) and frequency (30 kHz))
observations in the range 36-28 MHz. High sensitivity observations in the
decametric range were initiated by de la Noé and Boischot (1972) along with high
resolution in time (10 ms) and frequency (60 kHz).
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2.1. THE QUIET SUN DECAMETRIC RADIATION AND ISOLATED TYPE III BURSTS

Measurement of flux density and brightness distribution of the quiet Sun provides a
very useful method in obtaining the information of density and temperature of the
corona. Because of instrumental limitations, the quiet Sun observations in decameter
wavelengths are scanty (O’Brien, 1953; Aubier et al., 1971). Aubier et al. (1971)
carried out these measurements with the large Arecibo dish at 29.3, 36.9, and
60 MHz. The observed fluxes were 0.33, 0.40, and 1.03 solar flux units (1 sfu=
107> Wm > Hz ). The coronal temperatures deduced from these fluxes are of the
order of 0.5 x 10° K. They have explained these low temperature values as due to the
effect of scattering by an irregular corona.

Erickson et al. (1977) have accurately determined the decameter wavelength
spectrum of the quiet Sun in the range 109-19 MHz. Their results for flux and
brightness temperature at various frequencies are given in Table I. The flux of the

- (m)
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i I T T I |4
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SO T B ¥ B
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y/
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0* ? —
i % 1
IO3 — -
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Fig. 5. Spectrum of the quiet Sun obtained from various observation at low frequencies. Full line
represents best fit to all data points. Spectral index is about +2.3. The dashed line represents best fit
neglecting the higher values obtained at 25.8 MHz (from Erickson et al., 1977).
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Sun has been compared with that of strong decametric sources Taurus A and Virgo
A. Assuming a gaussian shape for the solar brightness distribution at decameter
wavelengths, the flux density spectrum obtained by them is shown in Figure 5. The
equation to the best fit (full line) to all data points is given by

log So=—0.2(x£0.21) +2.25(x0.12) log F, (1)

where S, is the solar flux in Jansky (1 Jy=10">* W m >Hz ') and F is in MHz. The
spectral index of the quiet Sun at solar minimum in the frequency range 109-19 MHz
is found to be about +2.3.

Kundu et al. (1977) made use of the meter and decameter observations of the quiet
Sun on a few quiet days in 1975 and 1976 using the E-W and N-S arms of the large
array at Clark Lake to obtain solar brightness distribution. From the observed total
fluxes and half-power diameters, they derived the peak brightness temperatures of
the solar disk and also of sources of the slowly varying component. Figure 6a shows

28 May —— 27 May
1R2ISMH2z —-=--—- 29 May 73.8 MHz ----- 28 May
E-W ——— 3IMay E-w — —— 30 May
—-— 1 June — - 3l May

Quiet Sun = Quiet Sun

— Quiet Sun
26.3 MH:z ———— 29 May, iI975
E-w e 27 Apr, 1976

—-— 29 Apr, 1976

Fig. 6a. Brightness distributions of the Sun along east-west direction at 121.5, 73.8 and 26.3 MHz are
shown. The lowest envelope shows the quiet Sun brightness distribution. The extent of the optical disk is
shown by heavy horizontal line (from Kundu et al., 1977).

the scans of brightness distribution of the Sun in the E-W direction at 121.5, 73.8,
and 26.3 MHz. The lowest envelope shows the quiet Sun brightness distribution and
the extent of the optical disk is shown by heavy horizontal line. The day to day
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variability in brightness distribution in the decametric range is much more than that
seen in the metric wavelengths. The limb brightening observed in the centimeter and
decimeter wavelengths is found to be absent in the decameter range as in the metric
range. Figure 6b shows similar curves in the N-S direction.

28 May
—-—— - 29 May - ——- 3C May
,/7\\ — — — 31 May @ — — - 31 Mgy
215 MH2 Quiet 73.8 MHz Quiet
N-S Sun N-S Sun
. N

Fig. 6b. Similar curves as shown in Figure 6(a) in north-south direction at 121.5 and 73.8 MHz (from
Kundu et al., 1977).

121.5 MHz & LA—

+10
K

Isx10°k

I0°K l/m
b~ Z

73.8 MHz / \\

15x10°K

1

26.3 MHz

Fig. 7. One dimensional brightness distribution scans at 121.5, 73.8, and 26.3 MHz are shown by
continuous line and the SVC part by the dotted line. Thick horizontal line shows the extent of the optical
Sun. The inset curves show only the SVC component which in the decametric range is observed for the first
time. The SVC component at 73.8 MHz appears to be made up of two sources (from Kundu et al., 1977).
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Apart from the quiet Sun brightness distribution, source of the slowly varying
component (SVC) is identified for the first time in the decametric range (Kundu ez al.,
1977). This is shown in Figure 7 along with its metric counterpart. The details of the
source fluxes, half-power diameter, etc. are given in Table II. The sources appear to

TABLE II

Sources of the slowly varying component®

Frequency (MHz) 121.5 73.8 26.3
Region 1 Region 2

Half-power diameter (arc min) 112 83 51 194

Total flux (Wm > Hz ™) 1.4x10723 6.4x107%* 3.6x107%* 5.4x107%

Peak brightness (temperature (K))  7.2x10° 8.4x10° 1.3x10° 1.0x10°

Confusion limit (Wm 2 Hz ") 1.0x107%° 2.0x107% 6.0x1072°

* From Kundu et al. (1977).

be meter—decameter wavelength extensions of SVC of solar radio emission observed
at cm—dm range. Chiuderi et al. (1972) and Dulk et al. (1977) have pointed that the
temperatures and densities derived from EUV observations are consistently higher
by three times than those derived from radio brightness measurements. This
discrepancy persists even with the accurate measurements obtained by Erickson et
al. (1977).

Above the quiet Sun background, isolated weak type III bursts at 60, 36.9, and
24.3 MHz have been observed by Aubier and Boischot (1972). From the observed
time profiles, they obtained the average values of exciter function duration at the
three frequencies as 3.9, 6.2, and 7.5 s respectively and the average decay time
constant of 2.0 s at all the three frequencies. A relationship was established between
the duration and the decay time constant of type III bursts. It was shown that the
coronal temperatures derived from the decay time constant of type III bursts at
29.3 MHz, with the assumption of collisional damping of the plasma waves, were
~10’ K which is lower by an order of magnitude than those deduced from optical
observations, while from decay time constant at 60 MHz leads to coronal tempera-
ture ~10* K. By using an improved method, but with less sensitivity, similar results
were obtained in the range 36 to 15 MHz by Barrow and Achong (1975) and by
Achong and Barrow (1975). Hence, the validity of the assumption of collisional
damping to be operative in the corona appears doubtful. It should be noted that
observations of spectral features with high resolution and high sensitivity render
valuable information such as:

(a) Plasma irregularities in the corona around 2R (Takakura and Yousef, 1975;
Melrose, 1975; Sawant et al., 1976).

(b) Longitudinal dependence of noise storm bursts for studying the propagation
effects (de la Noé€, 1975; Sawant, 1977).
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(c) Scattering effects in the corona and nature of exciter responsible for bursts
(Boischot et al., 1970).

2.2. ASSOCIATION OF NOISE STORMS WITH SOLAR ACTIVITY

Noise storms have been found to be associated with sunspots. But the 27-day cycle
which is observed in the case of active regions (or sunspots) is not necessarily
observed in the case of noise storms. The noise storms often appear to be related to
certain phases of development of active regions. The storm activity does have
correlation with the number of major sunspots on the disk but it is found that
complex large sunspots are almost always associated with noise storm activity. While
studying the association of meter wavelength noise storms with sunspots, Fokker
(1965) found that the noise storm activity increases with the area as well as with the
magnetic field strength of the sunspot. Similar results were also obtained previously
by Payne-Scott and Little (1951) and Malinge (1963). However, noise storm centers
are not radially situated above the optical centers of activity. There is enough
observational evidence to show that the decametric noise storms originate in
non-radially oriented coronal structures (Malinge, 1963; Stewart and Labrum,
1972). The dependence of some of the storm characteristics in meter wavelength
region such as mean intensity, number of storms per year, etc. on the 11-year solar
cycle has been established (Korolev, 1974). He has shown statistically that the
intensity as well as the number of noise storms at 169 MHz follows the solar cycle
variation as shown in Figure 8. Further, he found that the probability of occurrence
of noise storms increases with the increase of the area of sunspots above 600 million
part of the solar disc in high solar activity year and above 200 million part of the solar
disc in low solar activity year.

Most noise storms are found to occur after the onset of a solar flare within an hour
(Malinge, 1963) and within 30 min if the flare is a large one. Similar studies carried
out in sunspot minimum rule out the association of noise storms with flares by
chance. However, studying the association of decametric noise storms with flares,

100}
150}
120
40

T

T

T T

d 1957 1959 1981 1963 1965 1987 187

Number of noise storms

Fig. 8. Number of noise storms (days) at 169 MHz per year from 1957 to 1969. Crossed hatched portion
represents the distribution of storms for each half-year (from Korolev, 1974).
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Fig. 9. Histograms showing number of flares observed during the noise storms against the active regions
on the Sun. Hatched portion indicates the probable number of flares that would have been observed in the
absence of noise storms (from Gergely and Kundu, 1975).

Gergely and Erickson (1975) found that intensification or onset of decametric storms
does not directly relate with flares; but during the storm, several active regions are
present on the disk and a number of subflares are observed in these active regions
(see Figure 9). These active regions appear to form a complex at the chromospheric
level and all decametric storm centers are associated with these active regions which
interact with each other. The X-ray pictures obtained during SKYLAB mission show
complex inter-connections among several regions (Vaiana et al., 1973). This inter-
action can be evidenced by the occurrence of sub-flares following a sub-flare in some
other region. A technique developed by Gergely and Kundu (1975) for studying the
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Fig. 10. Magnetic fields related to decametric source. The centroid of the source is indicated by the solid
line, its size by the two dashed lines. Magnetic map by courtesy of Mrs. D. P. Trotter, High Altitude
Observatory, Boulder, Colorado (from Gergely and Kundu, 1975).

association of a flare in distant active regions showed that simultaneously observed
flare frequency, when the noise storm is in progress, turned out to be twice the
number expected on the basis of random occurrences. Simultaneous studies of
calculated potential coronal fields around the CMP date and positions of decametric
noise source showed that magnetic structures associated with storm sources were
found to be either on higher or lower magnetic arches (see Figure 10). The position of
the decametric continuum source frequently coincided with the filaments or chains of
filaments.

Systematic studies of association of the optical activity of the Sun with hecto- and
kilometer noise storms are scarce. However, Sakurai (1971) has shown that
hectometer and type I noise storms were associated with the active region McMath
9597 on the disk in the August 1968 storm.

Thus, in view of the lack of definite association of the storms with the large
magnetic sunspots and a poor correlation between the largest sunspot of a group and
the intensity of the noise storm radiation, there appears to be yet another condition
for the generation of noise storms, other than only the presence of high magnetic
fields, such as the availability of energetic electrons.

2.3. HIGH RESOLUTION STUDIES OF NOISE STORM SOURCES

As noted earlier, the noise storm consists of a continuum radiation (Kruger, 1972)
and an enormous number of short duration bursts having narrow bandwidths.
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Understanding of these bursts and their relation, if any, to the continuum radiation is
facilitated through high resolution observations. By observing temporal and spectral
variation of solar radio emission with high resolution techniques, it is possible to
distinguish between phenomena intrinsic to the source and subsequent propaga-
tional effects in the overlying medium (de la Noé and Boischot, 1972; Sawant et al.,
1976; Sawant, 1977). As an evidence for the directivity of the noise storm, it is worth
noting that the decametric noise storm observed at 25 MHz at Ahmedabad during
the now well-known August 1972 events had 3 db beamwidth centered around CMP
of about 40° (Bhonsle et al., 1973). ‘

Type I, type III and drift pairssr,are the predominant spectral features observed in
the metric storms over and above the continuum. Type I bursts are characterized by
short duration 0.15 to 0.5 s and narrow bandwidths 3 to 6 MHz. Some of these bursts
show frequency drifts and high degree of circular polarization. These bursts are
observed within the range of 400 to 50 MHz and have brightness temperature of the
order of 10'°to 10'" K (Elgaroy, 1965, 1977). These bursts often appear singly in the
frequency-time plane. Also there is a tendency for them to cluster together in tens or
hundreds to form what are called narrow band ‘chains’ of type I burst (Wild, 1957,
Elgaroy, 1961; Hanasz, 1966; de Groot et al., 1976). Whether type I burst appears
singly or in chains, there is no difference in their properties (Hanasz, 1966) except
that the chains slowly drift in frequency. Most chains are found to occur below about
300 MHz (Elgaroy and Ugland, 1970), which is the high frequency cut off for noise
storms (Kundu, 1965). The observations show that weak type III bursts grow out of
‘chains’ of type I bursts (or even isolated type I) which appear almost parallel to the
time axis on the dynamic spectra, sometimes indicating the band splitting
phenomenon (Hanasz, 1966) as shown in Figure 11a. This transition from type I to
type III usually 'occurs in the range 60-40 MHz (Malville, 1962; Hanasz, 1966;
Stewart, 1972; Gergely and Kundu, 1975) as can be seen from Figure 11b.

The stereo experiment carried out by Caroubalos and Steinberg (1974) deter-
mined the radiation power pattern of type I and type III bursts. Same solar events
observed at 169 MHz simultaneously from the Earth and with a distant Soviet space
probe Mars-3 have shown 3 dB beamwidth smaller than 25° in the ecliptic plane.
These observations also showed that: (i) sources of type I as measured from the space
probe are smaller than that seen from the ground and are situated in overdense fibres
or arches which extend up to 0.8 R above the photosphere, (ii) angle of radiation
with the magnetic field is less than 40°, (iii) the lower corona above the active region is
full of fibres and arches and random scattering in that medium accounts for all the
observed properties of type I burst, and (iv) type III bursts are less directive
compared to type I burst and there is enough evidence for the presence of large scale
dense structures.

Observations obtained with Culgoora Radioheliograph and spectrograph
combined with optical data suggest that type I sources are located on multiple strong
field loops and the sources of sporadic type III burst on widely diverging field lines
(Kai and Sheridan, 1974). The Culgoora observations show that no significant
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Fig. 11a. Shows weak type III bursts growing out of type I chains. The lower figure shows the schematic
of the above dynamic spectra. The arrows indicate weak type III bursts growing out of chains (from
Moller-Pedersen, 1974).
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Fig. 11b. Simultaneous type III storm and type I storm in decameter range on 23 July, 1973 (from
Moller-Pedersen, 1974).

difference was found between the position of type IIIb and the following type III
burst. The angular size of type I1Ib and associated type III burst at 80 MHz occurring
as a pair turns out to be about 15’ to 20’ of arc at the same position in the corona as
shown in Figure 12.

Abranin et al. (1976) have determined the angular size of sources in 25 to
12.5 MHz range. The size of individual stria can be less than 10’ of arcin 26—-24 MHz
band. Angular sizes of diffuse traces which are probably second harmonic are 20" and
40' of arc at 25 and 12.4 MHz respectively. No significant change in the sizes of the
sources of the second harmonic was obvious during the lifetime of a type I1Ib burst.
The entire region of emission is usually no larger than the source of the second
harmonic (type I1I) and coincides with it in position. Further work by Abranin et al.
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Fig. 12. Contours of radio sources of both the fundamental and the second harmonic in type IIIb-III
harmonic pair at 0.35 times the maximum beam brightness (a) Solid contour: type I1Ib precursor observed
onJune 28,1978 at 23:27:46 at 80 MHz, polarization 4% LH. Dot dash contour: Transition between type
IITb and type I1I at 80 MHz, observed at 23:27:47, polarization 15% LH. Dotted contour: type I1I burst at
80 MHz 23:27:48, polarization 5% RH. Hatched pattern: type III burst at 160 MHz, observed at
23:27:49, polarization 0%. Bottom: Ca plage map at 15:00 UT. (b) Solid and dot-dash contours: 80 MHz
R and L circular polarization respectively of type IIIb fundamental observed on 28 June, 1973 at
23:29:24.0 UT, polarization 46% LH. Dotted contours: 160 MHz, R and L circular polarization of type
IIT second harmonic observed on the same day at 23:29:25.0 UT, polarization 0%. Hatched and solid
contours: 160 MHz, right handed and left handed circular polarization respectively of a continuing type I
storm (from Takakura and Yousef, 1974).
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Fig. 13. Distribution of decametric burst source sizes. (a) Stria bursts in the range 26-24 MHz. (b) Stria
bursts at 25 MHz. (c¢) For type III bursts at 25 MHz (from Abranin et al., 1978).

(1978) has given source sizes of stria bursts between 20’ and 40’ of arc in the range
26-24 MHz as shown in Figure 13. These source sizes are the same as type I1I bursts
in the same frequency range (Wild et al., 1959; Shain and Higgins, 1959). The
observed large source sizes of 20" and 40’ of arc are difficult to explain on the basis of
radio wave scattering in the corona (Steinberg et al., 1971; Riddle, 1974; Kundu and
Erickson, 1974; Chernov, 1976). But in view of the results obtained by Poquerusse
and Steinberg (1978), there appears to be substantial scattering and refraction in the
Earth’s ionosphere at lower frequencies. Interpretation of source sizes at low
frequencies should be attempted taking into account ionospheric scintillations and
the possibility of existence of muitiple compact sources in the corona (Gergely and
Kundu, 1975; de la Noé and Gergely, 1978).

The two dimensional evolutions of sources of type II, I1I, IV, and V at 26.4 MHz
with multiple baselines and time sharing interferometer system is derived by Chen
and Shawhan (1978). The average source parameters observed are given in Table III.
For all types of bursts it can be seen that the overall average core size is 10'+ 4/, the
halosize is 31' X 29', the power ratio between the core and halo is 1.0+ 0.4. Details of
source evolution with time vary from burst to burst and the general characteristics for
type III and type IV bursts are shown in Figure 14. In general, it may be noted that for
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TABLE III
Source sizes and velocities for solar bursts of spectral type II, ITI, IV, V observed at 26.4 MHZz*

Spectral Number Half-power diameter Pc/Py®  An/Ac® Apparent Remark
type of in arc min velocity
events
Core  Halo
E-W N-S
111 20 8+3 30+£9 28+15 1.0+0.3 8% 0.1¢ > 0.5¢ There are 3 type
\'% 10 12+4 42+16 27+12 1.6+1.1 8% 0.1¢->0.5¢ III, V pair

bursts included
separately in the
group of type III

and type V
events
I 2 8+2 26+2 32+3 1.1+0.2 7% ~2.2x10°kms™' Event B75042
6+2 29+8 41+9 12+02 3% ~2.2x10°kms™' Event B75043
v 3 14+8 43+34 28+17 0.5+0.3 33% Phase informa- Event B75010,
tion was mostly single

corrupted by source strucutre
ionosphere; not

reliable
14+4 24+3 17+5 0.6+04 80% velocity could Event B75011
be deduced
52 245 315 1.3%03 3% ~stationary Event B75044

? From Chen and Shawhan (1977).
® P/ Py = core to halo power ratio, Ag/Ac = halo to core intensity ratio.
=speed of light =3x10° kms™".

type III bursts, the core decreases in size and starts to expand just before the intensity
reaches to its peak value in E-W direction. The halo in N-S direction follows the
behaviour of core size but that in E-W remains the same. For type V bursts, the
behavior of the halo in E-W and N-S directions closely follows that of its core, which
is different from halo variations of type III burst.

2.4. POLARIZATION STUDIES OF NOISE STORMS

Systematic studies of polarization behavior of noise storms at metric wavelengths
have been made by Cohen (1958, 1959), Fokker (1960), and Suzuki (1961) around
200 MHz, and by Harvey and McNarry (1970) at 74 MHz. No systematic polarization
measurements of noise storms at decameter and longer wavelengths are currently
available. Nevertheless, some polarization data at decameter wavelengths are
available. (Bhonsle et al., 1967; Warwick and Dulk, 1969; Ellis, 1969; Chin et al.,
1971; de la Noé and Boischot, 1972; Dodge, 1972; Sastry, 1972; Boischot and
Lecacheux, 1975; Sawant et al., 1976; and Sawant, 1977).

Weakly polarized or unpolarized storms have also been observed but their
positions are found to be higher than those of the polarized storm (Kundu, 1965, and

' ' '
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TYPE I TYPE ¥

CORE 1.4 1.3
SIZE 1.2 1.1
1.0 0.9

HALO 1.2 1.3
E-W 1.0 1.1
SIZE 0.8 0.9
HALO 1.2 1.3
N-S 1.1 0.7
SIZE 1.0 0.0
1.2 0.9

|AX| 0.8 0.7
0.4 0.5

_‘
—

N1 T T NT T T NT 77

) [

L3 14
R/P, 1 L2 b
0.9 o
Ta //\ E
1 ! 1 ! I !
START PEAK END START PEAK END

Fig. 14. Normalized and averaged temporal evolution of source parameters for the observed type III

and type V bursts. Ax is the E-W position difference between the halo and the core. P/ Py is the

power ratio between the core and the halo. T, in dB above 6x1072' Wm™2Hz ' (from Chen
and Shawhan, 1978).

references therein). Both the continuum emission and the radio bursts at decameter
wavelengths are sometimes circularly polarized in the opposite sense of rotation
(Mattoo et al., 1975). The polarization characteristics of the continuum and
superimposed bursts at 25 MHz have been studied by Mattoo (1973) and Mattoo et
al. (1975). It was observed by Mattoo et al. (1975) that following the solar flare on 14
July, 1969 at 08:13 UT, the degree of polarization of the continuum radiation was
nearly 80% in the left handed sense in contrast to the superimposed intense type III
bursts which were strongly polarized in the right handed sense. Figure 15 shows the
detailed characteristics of polarization observed on 14 July, 1969 at Ahmedabad.
The general trend in the time variation of the net degree of polarization is to increase
when the total intensity of emission decreases and vice versa. This means that the
continuum radiation and the type III burst radiation were incoherent with each other
and were separately generated in different source regions pervaded by opposite
magnetic field polarities.

The sense of polarization of the noise storm radiation is related to the polarity of
magnetic field of the associated center of activity and is related to the leading sunspot
in the group. It is well known that the spot polarity is opposite in the two hemispheres
and reverses at each sunspot cycle (Thiessen, 1952; Babcock, 1959).

The noise storms at meter wavelength (17-23 May, 1969 and 7-13 June, 1969)
were studied by Chernov et al. (1972) with simultaneous high resolution obser-
vations of spectrum, flux density and polarization. They found that same sense of
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Fig. 15. Various polarization parameter of the decametric continuum and superimposed type II1 bursts
recorded at 25 MHz on 14 July 1969 (from Mattoo et al., 1975).
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polarization prevails for type I burst-chains and continuum. They also observed that
the degree of polarization of type I burst and chain increases at the initial stage of
storm development. Once it attains 100%, it remains at the level till the end of the
storm. It is concluded from the study of these two noise storms, that each storm has its
own evolution of polarization characteristics which may depend on the magnetic field
configuration at the source and its heliographic position.

In the decameter range, high time-resolution spectral measurement along with
polarization was started by Warwick and Dulk (1969) and Ellis (1969). Ellis (1969)
found that in the case of a ‘split pair’ both components were polarized in the right
handed sense. Fast circularly polarized pulses (100% ) were observed by Barrow and
Saunders (1972). The ‘double bursts’ near 25 MHz as reported by Sastry (1972)
showed same sense and degree of circular polarization.

No type IIIb burst showed complete circular polarization, though individual stria
bursts can be circularly polarized. Like split pair, the sense of polarization of type
ITIb should be either right or left handed. In a given type IIIb burst all elements need
not be polarized, but if they do, then there exists a predominant sense (R or L) of
polarization (de la Noé and Boischot, 1972; Sawant, 1977).

While studying the polarization characteristics of type III bursts at decameter
wavelengths (35 MHz), Mattoo and Bhonsle (1974) found that the time profiles of
certain short duration bursts observed on two closely spaced frequencies separated
by 4 kHz were dissimilar, implying the existence of fine structure in frequency. They
found that the Faraday rotation at 35 MHz is of the order of 10’ radians (Bhonsle and
Mattoo, 1973), in agreement with earlier results reported at 34 MHz by Dodge
(1972). Out of this, about 80% Faraday rotation was shown to occur near the source
and about 10% in the ionosphere. To account for these low values of the total
Faraday rotation, Dodge (1972) suggested that mode coupling can take place in the
presence of localized variation in directions and magnitude of the magnetic field,
since there exists a high probability of a given wave encountering a region of
transverse magnetic field that would destroy all the previously acquired Faraday
rotation. Mattoo (1973) argued that the observed Faraday rotation should be at
times as small as 100 radians as mode coupling can occur anywhere between the
source and orbit of the Earth. This is the amount of Faraday rotation suffered by
35 MHz ray in the Earth’s ionosphere but such low values for solar bursts have never
been observed. Therefore, Bhonsle and Mattoo (1974) suggested that if decametric
type II emission occurs predominantly at the second haromonic of the local plasma
frequency, then the observed low values (~10° radians) of Faraday rotation can be
explained. On the other hand, Melrose (1975) suggested that the observed small
values of the Faraday rotation at 200 MHz (Akabane and Cohen, 1961) and at
35 MHz can be accounted for if corona is inhomogeneous with scale sizes (=100 km)
of irregularities and strong mode coupling is operative near the source. Dodge (1972)
calculated high resolution spectra (5 Hz) of the complete polarization parameters of
type III bursts across narrow bandwidths (50 Hz). The consequence of the low value
of Faraday rotation (~10> radians) is to definitely increase the probability of
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detection of linearly polarized type III bursts since it substantially reduces Faraday
dispersion (Bhonsle and Mattoo, 1973). The claim by Grognard and McLean (1973)
for the non-existence of linear polarization in type III bursts at 80 MHz is doubted by
Bhonsle and Mattoo (1973) because of Grognard and McLeans’s instrumental
limitations in measuring small values of differential group delays. However, it may be
stated that Boischot and Lecacheux (1972) adopted a different approach of detection
of linear polarization in the frequency range of 80-20 MHz but failed to observe the
presence of linear polarization in type III bursts.

Bhonsle et al. (1967) with their digital polarimeter at 26 and 22 MHz with 100 Hz
bandwidth and 1 s time resolution reported polarization measurements during three
events. They found weak polarization and stable orientation angle for decametric
type III bursts. Chin er al. (1971) also measured polarization parameters at 25 MHz
within a 100 Hz bandwidth and found that the bursts were mostly linear or weakly
elliptically polarized.

3. Spectral Information of Decametric Noise Storms

3.1. DECAMETRIC CONTINUUM

A decametric continuum is characterized by a wide band noise upon which are
superimposed large number (thousands) of type III events (Warwick, 1965).
Whether the continuum is separately originated in a single plasma process or consists
of large number of unresolved type III bursts has not been established so far. The
duration of the continuum is from a few hours to maximum of seven days. Short term
variability (from a few seconds to a few hours) of the continuum is also observed as
that in metric continuum. The observed brightness temperature increases with
frequency but the angular size of the decametric continuum decreases with increas-
ing frequency. The movements of source position of decametric type IV continuum
with velocities of the order of a few hundred to thousand kilometer per second and
their association with transient events have also been reported by Gergely (1974)
and Gergely and Kundu (1975) as shown in Figure 16.

From the experiments conducted in space vechicles such as RAE and IMP-6
satellites (Haddock and Graedel, 1970; Fainberg and Stone, 1971), it is found that
the emissions around 60 kHz appear as a slowly varying continuum with occasional
burst peaks which can be recognized. Concurrent observations with the Clark Lake
Radio interferometer at 60-20 MHz have shown the presence of a continuum above
the same active region, as that observed by IMP-6, which is presumably responsible
for the hectometer type III storms (Gergely, 1974). Hence, it may be considered that
the metric continuum serves as a reservoir of energetic electrons for decametric type
III storms (Boischot et al., 1970) and decametric continuum in turn serves as a
reservoir to a hectometer and kilometer type III storms. The close connection
between meter and decameter storms on the one hand, and between decameter
continuum and hectometer storms on the other, suggests that all of them are
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Fig. 16. Positions of type IV burst observed on 20 April 1971 at 60, 70, and 40 MHz. The filled circle
indicates the position of type III bursts at 50 MHz (from Gergely and Kundu, 1975).

produced by the same outward streaming energetic electrons (~40 keV) (Aubier et
al., 1978). However, as the height of the source increases with decreasing frequency,
the decameter continuum is quite a distinct source from that of meter-save
continuum (Kundu, 1971; Elgaroy, 1977). The polarization information of
decametric continuum is scanty. Mattoo et al. (1975) found in one event strong
polarization (80% ) of the continuum radiation as discussed in Section 2.4.
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3.2. DECAMETRIC BURSTS

High resolution observations of decametric bursts of type I to V and other spectral
features are discussed in this section. Resolution in time and frequency comparable
to that obtained in the metric band was not realized in the decametre range until
recently. We have already listed in Table IV variety of instrumentation used in the
decametre range from 1966 onwards. High sensitivity (employing large antennas)
coupled with high resolution work in the decametre range was initiated by de la Noé
and Boischot (1972). A high resolution spectroscope in the range 35-34 MHz with
frequency and time resolution of 5 kHz and 10 ms respectively has started operating
at Ahmedabad since 1974 and many new microscopic spectral features have been
discovered with this instrument (Sawant et al., 1975, 1976a, b; Bhonsle, 1976;
Sawant, 1977). We shall summarize in the following pages the phenomenology of
varieties of bursts observed in the decameter range.

3.2.1. Split Pairs

‘Split Pairs’ shown in Figure 17a are bursts mostly observed below 60 MHz with the
average duration of 1-2 s (Ellis and McCulloch, 1966). Ellis and McCulloch dis-
covered that split pairs consisted of two parallel short lived bursts sometimes drifting
towards low frequency. According to them, two elements of the burst do not usually
begin exactly at the same time; the lower frequency element starts on an average
earlier than the high frequency one. In general, the high frequency element in a pair
is more intense than the low frequency one and in triplets the middle one is more
intense than the other two.

The drift rate of each element is of the order of 0.1 MHzs™' and the frequency
separation between the two elements increases with frequency, the average value
being 0.1 MHz at 25 MHz to 1 MHz at 60 MHz. The bandwidth of the high
frequency element is about 50 kHz. These bursts can occur in isolation, in chains and
sometimes in association with type III bursts. In about 10% of the observed split pair
bursts, triple splitting has been observed (see Figure 17b). In the double chain of
bursts, chains were found to be harmonically related, within the frequency range of
60-24 MHz.

3.2.2. Stria and Diffuse Stria Bursts

The high sensitivity (~107*Wm >Hz ') and high resolution (in time and
frequency) observations in the range 40-20 MHz and 8040 MHz by de la No€ and
Boischot (1972) along with the positional information of the storm (de la Nog, 1975)
have led to the identification of new types of bursts, viz. stria, diffuse stria and type
IIIb. These are described in the next section.

A large number of single bursts, identical to an individual element of split pair
(Ellis and McCulloch, 1966) was observed and named as ‘stria’ bursts (de la No€ and
Boischot, 1972). Figure 17¢ shows an example of stria burst. The drift rate of stria
bursts varies from 10-150 kHzs ™. In very few cases (2%), reverse drift rates have
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Fig. 17. Examples of decametric bursts observed by High Resolution Spectroscope at Ahmedabad:

(a) split pair, (b) long duration triplet, (c) stria burst, and (d) type IIId burst in R- and L-polarization
(from Sawant, 1977).

been observed. The duration of these bursts increases from high to low frequencies,
which is 0.6 s at 60 MHz to 1.2 s at 30 MHz (de 1a Noég, 1975). Of these, about 25%
formed split pairs. Figure 17d shows diffuse stria bursts. Essentially diffuse stria
bursts are of longer duration and exhibit no frequency drift (Baselyan et al., 1974a, b;
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de la Noé, 1975). Average duration of diffuse stria burst at 25 MHz is ~10s. The
instantaneous bandwidth of diffuse stria burst is 1.5 to 2 times larger than that of the
ordinary stria bursts (0.12 MHz at 24 MHz). They may be also grouped to form split
pair, triplet and chains. Chains of diffuse stria bursts are named as type I11d burst and
in general, type IIId burst follows type III burst and the two are related by
fundamental-harmonic (F-H) relationship (Baselyan et al., 1974b). No circular
polarization is observed for these bursts (de la Noé, 1975; Sawant, 1977).

Frequency MHz
25—q :

1o - WA A e o N SR oo

30—

35

38—
40—

45

55—
17h13m30s 17h13m40s uTt

Fig. 18. An example of type IIIb burst observed in the range 55 to 25 MHz (from de la Noé
and Boischot, 1972).
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Fig. 19. Plot of number of type IIIb bursts versus frequency observed during July and August 1970. Note
the maximum around 30 MHz (from de la Noé and Boischot, 1972).

3.2.3. Type IIIb Bursts

Chains of stria, split pairs, and triplets have been named as type IIIb bursts by de la
Noé and Boischot (1972), an example of which is shown in Figure 18. Type IIIb
bursts are observed in decameter wavelength regions as frequently as type I1I bursts
and rarely in the meter wavelengths (Ellis and McCulloch, 1967; de la Noé et al.,
1972; Baselyan et al., 1974 a, b; Takakura and Yousef, 1974). Drift rates of type IIIb
bursts are approximately twice the drift rate of type III burst in the same frequency
range (Baselyan et al., 1974b). Type IIIb bursts are observed more frequently around
35 MHz (de 1a Noé€ and Boischot, 1972) in the frequency 80-20 MHz as shown in
Figure 19. The number of elements in type IIIb bursts is found to have longitudinal
dependence and is minimum at CMP (de la Noé, 1975) and can be as large as 40 in
80-20 MHz range (Boischot, 1973). In general, the number of elements in type IIIb
is small and in the limit stria burst can be a type IIIb burst reduced to a single element.

3.2.4. Type IITb-III Bursts

Intense type IIIb burst is observed 1-5 s before weak and prolonged decametric type
III burst as shown in Figure 20 in the range of 75-25 MHz (de la Noé and Boischot,
1972). Detailed analysis of the time delay and frequency ratio between the two
related type I1Ib (which was earlier referred to as chains of split pairs and triplets)
(Ellis and McCulloch, 1967) and type III burst favours the F-H hypothesis (Baselyan
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Frequency MHz:
25—

30-§

17h16m20's 17h16m30's uT

Fig. 20. Type IIIb burst as a precursor of type III burst observed on 8 August, 1970, in the range 80 to
25 MHz. Dispersion of striae along time axis and large number of split pairs in type ITIb should be noted
(from de la Noé and Boischot, 1972).

et al., 1974 a, b; Takakura and Yousef, 1975; Moiser and Fainberg, 1975). They
found that 33% of type IIIb’s were preceded by the normal diffuse type III burst or
27% of the normal type III bursts had type IIIb as a precursor (de la Noé and
Boischot, 1972; de la Noé, 1974). From the statistical study de la Noé (1974)
concluded that a precursor type IIIb burst is truly associated with a type III burst
particularly when they occur beyond 50° solar longitude. They also observed that ata
given time the ratio of the mean frequency of type IIIb burst to that of type III burst is
on the average 1.75 and is consistent with that obtained by Ellis and McCulloch
(1967). This ratio was also found to be comparable to that of harmonic type II bursts
(Roberts, 1959) and for a harmonic type III bursts (Stewart, 1962).

de la Noe and Boischot (1972) have suggested that type IIIb is a precursor of the
following type III burst and is not likely to be fundamental harmonic (F-H) related
pair because (a) on a fixed frequency receiver, records of type IIIb bursts were
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Fig. 21. (a) Normal type III burst with diffusive character of the fundamental and the second harmonic

(b, ¢, d). Show fine structure of type III burst at the fundamental frequency (in the form of stria-burst

chains and splitted pairs with echo) and the diffusive second harmonic. Note the gap between fundamental

and the second harmonic on the fixed frequency records. This time gap decreases as the drift rate increases
(from Baselyan et al., 1974).
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Fig.22. Dependence of number of bursts on drift rate for the first harmonic of normal type III bursts and
type IIIb bursts (from Baselyan et al., 1974).

superimposed on the beginning of type III bursts and no time gap was observed as
expected from F-H relationship, and (b) the total energy radiated in a type IIIb burst
having many stria is of the same order of magnitude, if not larger, than that in type I1I
burst. But more recent theoretical work by Smith and de la Noé (1976) and
experimental evidence that both type IIIb and associated type III (Takakura and
Yousef, 1975; de 1a No€ and Gergely, 1977) originate at the same position supports
F-H hypothesis for their generation process.

Baselyan et al. (1974 a, b), while observing bursts in the range 25-12.5 MHz,
found many examples of distinct time difference between type IIIb and III and also
some superposed bursts (IIIb-III) with very small time difference between them on
their fixed frequency records (see Figure 21). In some cases, the time difference
between IIIb (fundamental) and III (second harmonic) is clearly observed. The
superposed time type IIIb-III burst was explained by them as the generation of type
IIIb burst at the fundamental frequency and type III at the second harmonic
frequency by fast (0.6¢) exciter beams. The exciters for type IIIb bursts are faster by
factor of two than the conventional exciter speeds (0.3¢) for isolated type III bursts,
(as shown in Figure 22) and estimated length of the type IIIb electron stream is
~10° km (Sawant et al., 1978).

Takakura and Yousef (1975) have not only observed type IIIb-III but also type
IIIb-I1Ib as F-H related pairs. This is shown in Figure 23 as observed on 20 May
1973. A convincing example of F-H related pair of bursts is given by Stewart (1975)
in which a conventional inverted ‘U’ burst observed on 11 May 1974 in the
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Fig.23. A group of type IIIb and type III bursts observed on 20 May 1973. Type I1Ib are harmonic pairs

with 1%2 frequency ratio. Both fundamental and the second harmonic emission show stria. Arrows

indicate three sets of harmonic pairs of prominent striae, each harmonic pair is indicated by a pair of
parallel arrows (from Takakura and Yousef, 1975).

fundamental shows striations while its second harmonic shows a continuous trace
(see Figure 24).

Apart from these commonly observed features, other features such as fast drift
storm bursts, hook bursts, drift pair, etc. are also observed. Fast drift storm bursts are
observed during decametric noise storm. They occur in groups of 10 to 20 bursts.
Drift rates of these bursts are within the range of 1 to 2 MHzs " and bandwidths
30 kHz. (Ellis, 1969).

3.2.5. Drift pairs (DP) and their Variants

Drift pair bursts shown in Figure 25 are bursts appearing in dynamic spectrum as two
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Fig. 24. Inverted U burst recorded by Culgoora spectrograph. On the original spectrogram the

brightening at the beginning of the down stroke of the fundamental is seen to consist of two clearly

separated striae. Intensity variations observed in the range of 110 to 200 MHz are instrumental origin
(from Stewart, 1975).

similar elements drifting in frequency either with positive or negative drift rates and
where the second element is the repetition of the first with a time delay of about 1-2 s
(Roberts, 1958; Ellis and McCulloch, 1967; Ellis, 1969; de la Noé and Boischot,
1972; Moller-Pedersen, 1974; Moller-Pedersen et al., 1978). Each element has
instantaneous bandwidth of about 400 kHz and total duration of about 0.4 s around
30 MHz.
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Fig. 25. (a) Forward drift pair superimposed on a weak type III burst observed on 2 August 1970. (b)

Reverse drift pair burst situated at the starting frequency of type III burst and the simultaneous

fundamental burst occurring at half the frequency of the drift pair observed on 25 July 1970 at 16:10 UT
(from de la Noé and Moller-Pedersen, 1971).
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The variant of drift pair is a ‘hook’ burst of which the second component looks like
a ‘hook’. The drift rate and bandwidths are similar to that of a drift pair but the slope
is suddenly reversed, producing a curved trace of increasing frequency. On dynamic
spectra, it looks like VLF hooks produced by electron streams in the Earth’s
magnetosphere (Ellis, 1969).

3.2.6. ‘Echo-Type’ Bursts

An echo of solar radio burst is a commonly observed phenomenon in the solar
corona. Echoes have been observed in all the spectral features observed in the solar
decametric noise storms such as drift pair, split pair, and type IIIb burst as shown in
Figure 26 (Ellis and McCulloch, 1967; Baselyan et al., 1974; Sawant et al., 1977). On
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Fig. 26. Examples of echo type events; (a) and (b) show ordinary stria bursts and (c) split pairs (from
Baselyan et al., 1974).

an average, the frequency-shift of the reflected component of the burst is of the order
of £10 to 30 kHz and the time delays range from 0.6 to 6 s. It has been observed that
the instantaneous bandwidths and frequency drift rates are an order of magnitude
less in the case of the echo-type events as compared to those events without an echo.
Also in case of split pair, triplet and type IIIb, all the burst elements are not always
reflected (Baselyan et al., 1974; Sawant, 1977).

3.2.7. ‘Echo-Like’ Bursts

During the noise storms from February 1974 to August 1976, 148 conventional
‘echo-type’ and 52 ‘echo-like’ bursts were observed. These ‘echo-like’ bursts differ
from ‘echo-type’ bursts in the magnitude of the central frequency shift and the
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Fig. 27. Dynamic spectra of ‘echo-like’ reverse drift pairs observed at 07:38:02 UT. In this case the
starting frequency of the second element is lower by 150 kHz (from Sawant et al., 1977).

polarization properties (Bhonsle et al., 1977). Some of the important characteristics
of ‘echo-like’ bursts are as follows.

The observed time delays between the first and second component in ‘echo-like’
event is of the order of 0.6-6 s and the central frequency of the reflected second
component is shifted by as much as £300 kHz or more with respect to the first
component (see Figure 27). In 64% of ‘echo-like’ events, the shift in frequency of the
second component was lower (—Af) with respect to the first and in 36% it was higher
(+A4f). A convincing example of a microscopic inverted ‘U’ burst as an ‘echo-like’
event observed at Ahmedabad on 20 November, 1975 at 0603:30 UT is shown in
Figure 28. It may be noted that there is a striking similarity between the two
components but for the central frequency shift at the ‘turnover’ point.

These ‘echo-like’ events have been explained by Bhonsle ef al. (1977) assuming
two successive exciter electron streams passing through the same moving irregularity
and emitting radiation through plasma oscillation process. It is worth noting that
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Fig. 28. Dynamic spectra of ‘echo-like’ inverted ‘U’ bursts observed at 06:03:30 and 06:03:31.5 UT in
R and L polarization. Frequency range of inverted ‘U’ burst is 250 kHz (from Sawant et al., 1977).

Elgaroy (1977) and Abranin et al. (1977) have also suggested similar independent
exciters for ‘echo-type’ events. The positive or negative shift in the central frequency
of these bursts indicates the motion of the irregularity toward or away from the Sun.
Knowing the time difference between the central frequencies of ‘echo-like’ bursts
and Af, the magnitude of the motion of the irregularity has been estimated as 100 to
1000 km s™' away from the Sun and around 2000 kms ' toward the Sun. These
values are consistent with the estimates given by Dennison and Hewish (1967) from
interplanetary scintillation studies and Ivanov and Livshits (1968) from their studies
of motions of irregularities along the field lines.

3.2.8. ‘V-shaped’ Bursts

These bursts were first reported by Baselyan et al. (1974) in the range 25 to
12.5 MHz. Similar bursts were also observed at Ahmedabad at 35 MHz in 1974.
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Fig. 29. (a) Chain of V-shaped burst. (b) Isolated V-shaped burst showing no circular polarization
(from Sawant, 1977).

Their polarization properties in the range 35-34 MHz were reported for the first
time by Sawant (1977). Figure 29 shows an example of this burst and its polarization.
No circular polarization was observed in isolated cases of V-shaped burst or in their
chains, either in their first or in the second branch. Maximum time delays observed
between the first and the second branch of V-shaped burst is about 2 s. Separation
between the two branches of the V-bursts is of the order of 300 kHz and is higher
than that of the split pairs observed in the same range.

Baselyan et al. (1974a) have suggested strong frequency dependent reflection to be
responsible for the generation of V-shaped burst. Fomichev and Chertok (1970)
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predicted theoretically the change of degree of polarization or reversal of sense of
polarization after reflection in echo-type events. In case of V-shaped burst, if the
second branch is due to strong frequency dependent reflection, at least occasionally a
change of degree of polarization is expected and should have been observed on the
second branch of V-shaped burst. But so far no significant change of degree of
polarization has been observed (Sawant, 1977).

3.2.9. New Microscopic Spectral Features

We now report in the following the characteristics of four new types of microscopic
spectral features (near 35 MHz) observed at Ahmedabad during decametric noise
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Fig. 30. Dynamic spectra of complementary bursts (C.B.’s) near 35 MHz: (a) Burst on 17 July 1974
showing two components (marked by arrows above), the first with the emission gap around its centre, the
second strong and delayed by 0.5 s. (b) Bursts on 13 September 1974. The bright vertical patch is a group
of type III bursts. The next event shows three components displaying similar characteristics as the two
components as in (a). Horizontal bright line is due to local transmission (from Sawant et al., 1975).
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storms from 1974 to 1977 (Sawant, 1975; Sawant et al., 1976a, b; 1977; Sawant,
1977).

3.2.9.1. ‘Complementary’ Bursts (C.B.’s). These bursts essentially consist of two
components, each having a duration of ~1 s (see Figure 30). The duration is found to
slightly increase as the frequency decreases and the first component shows a weak
emission or emission gap over a certain frequency range. These emission gaps can
have widths ranging from 30 kHz to 500 kHz. The frequency drift rate of the first
component is about 1 MHzs™". The second component is observed after a certain
time delay and its frequency range is approximately equal to that of the emission gap
observed in the first component. Generally, the second element is enhanced in
itensity and is also of ~1s duration. The frequency drift rate of the second
component is lower than that of the first one. In particular, the drift rates are higher if
the time delay between the two components is more. No circular polarization was
observed either in the first or in the second component (Sawant, 1977). A histogram
of the time delays in seconds between the two components of the C.B.’s against the
number of events is shown in Figure 31. It clearly shows two groups of C.B.’s having
time delays centered around 1-2 and 10-15s.
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Fig. 31. Histogram showing the number of bursts as a function of time delay between the C.B.
components. Total number of 52 C.B. bursts were observed from July 1974 to March 1976. Note the two
groups, one around 1-2 s and the other around 10-15 s (from Sawant, 1977).

In storms of November 1975 and March 1976, twelve C.B.’s were observed at
Ahmedabad with improved sensitivity and their spectra were recorded in R- and
L-polarization. An example is shown in Figure 32, which was recorded on 9 August
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Fig.32. Dynamicspectra of C.B.’s (marked by an arrow) near 35 MHz observed on 9 August 1976 in R-
and L-polarizations. Horizontal bright line is due to local transmission. (b) and (c) show similar examples
of C.B.’s (from Sawant, 1977).

1976 at 06:34:21 UT. A weak emission or gap in emission of the first component
occurred after a delay of 0.3 s. Both the components were equally intense in R or L
polarization, which means that they were randomly or linearly polarized. This is true
of all the C.B.’s recorded so far.

3.2.9.2. Bursts showing curvature along frequency axis. Dynamic spectra of
decametric type III bursts (duration 1 s) and normal type III bursts (duration ~ 10 s)
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Dynamic spectra of solar bursts near 35 MHz in R (upper) and L (Lower) polarization showing:

(a) three striae, out of which upper two are curved and lower one is straight; (b) a split pair with a curved

upper trace and a straight lower one.
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showing curvature along the frequency axis over a certain frequency range were
observed at Ahmedabad in almost all storms recorded from February 1974 to
August 1977. In case of type IIIb or split pair, curvatures along the frequency axis are
sometimes observed (see Figure 33). On macroscopic scale, curvatures along the
frequency axis were recorded in drift pair (Roberts, 1958). Average characteristics of
these bursts showing curvature in different types of bursts are summarized in Table
V. Since curvature along the frequency axis over a certain range of frequencies are
observed in varieties of bursts, this effect is not likely to be inherent in the source and

so it appears to be due to propagational effects, such as group delays (Sawant et al.,
19764, b).

TABLE V

Characteristics of bursts showing curvature along frequency axis®

Type of No. of Curvature Delay time

burst events frequency w.r.t. extreme
range, frequencies
kHz ms

111 7 200-500 200-400

III decametric (13) 100-300 200-300

split pair (3) —=200 0-200
ITIb 4 —-200 0-200

? From Sawant et al. (1976b).

3.2.9.3. Chains of ‘dot’ emission. An intense short duration and narrow band solar
radio emission defined as ‘dot’ emission is observed in the frequency range 35 to
34.0 MHz. Often the bandwidths of these narrow band bursts were ~50 kHz and
total duration ~300 ms. These ‘dot’ emissions have a tendency to occur in groups.
Most of the properties of chains of ‘dot’ emissions are similar to those of type I1Ib
except that (i) no association of chains of ‘dot’ emission have been observed with type
IIT or type IIIb, (ii) the total duration of chains of ‘dot’ emissions is at least by a factor
of 2 less compared to that of type IIIb; duration of type IIIb burst at 36.9 MHz is
1.0+ 0.2 s (de la Noé and Boischot, 1972) whereas that of ‘dot’ emissionis 0.3+0.1s
(Sawant et al., 19764, b), (iii) chains of ‘dot’ have rarely been observed to cover the
entire frequency range (35 to 34.0 MHz) of the spectroscope while type IIIb bursts
are usually observed all over the frequency range of the spectroscope. In general,
chains of ‘dot’ extend over a frequency range of 400 to 300 kHz and start and stop at
different frequencies as seen within the frequency range of the spectroscope. This is
shown in Figure 34. The most common feature of the chains of ’dot’ emission is the
occurrence of an echo of one of the elements. Echoes of all the elements have never
been observed at the same time. Eighty ‘dot’ emissions recorded from all the noise
storms were available at Ahmedabad for the study of instanteous bandwidths.
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Fig. 34. Dynamic spectra of chains of ‘dot” around 35 MHz: (a) chain of ‘dots’ observed on 20 March
1976, (b) a chain of ‘dot’ with intermittent emission shown by an arrow. An associated type II1Ib-III burst
can be seen around 04:26:50 UT (from Sawant et al., 1976).

Within the range of 35 to 34 MHz, instantantaneous bandwidths peak at 50+

10 kHz. Drift rates of 16 chains of ‘dot’ emissions were measured and were found to
be of the order of 1.5 MHz s '.

3.2.9.4. Microscopic ‘U’, inverted ‘U’ and partial ‘U’ bursts. Microscopic ‘U,
inverted ‘U’, and partial ‘U’ bursts were observed at Ahmedabad in November 1975
and March 1976 noise storms. Figure 35 shows the decametric bursts which appear
like inverted ‘U’, ‘U’ and partial ‘U’ bursts on microscopic frequency scales. The
microscopic ‘U’ and inverted ‘U’ bursts are characterized by the total duration of 1 s.
The average duration of each branch of families of microscopic ‘U’ bursts is
0.3+0.1 s and the observed frequency range of these bursts is 0.1-1 MHz. Both or
one of the branches of microscopic families of ‘U’ bursts sometimes show intensity
variation along the frequency axis. One of the important properties is that they show
enhanced intensity at their ‘turnover’ points. Both branches of microscopic ‘U’ burst
may show different frequency drift rates. Microscopic ‘U’ bursts have also been
observed to occur in groups. Typical parameters of decametric type ‘U’ and ‘partial
U’ bursts are given in Table VI. Frequency drift rates of these microscopic ‘U’ bursts
and striations in them may be explained by the change of sign of the local electron
density gradient and by their steepness respectively, which the electron exciter beam
would encounter as it traverses an individual electron density irregularity. (Sawant et
al., 1976a, b; Sawant, 1977).

3.2.10. Type V Bursts

So far no fine structures in type V burst have been reported. It is possible that fine
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Fig. 35. Dynamic spectra of solar bursts near 35 MHz in R (upper) and L (lower) polarizations: (a)
‘Inverted U’ burst observed over a range of 150 kHz, (b) ‘U’ burst observed at 04:30:39 UT, (c) another
‘U’ burst, and (d) ‘partial U’ burst (from Sawant et al., 1976).

structures in type V may be revealed if the observations are made with high
sensitivity coupled with high resolution.

3.2.11. High Resolution Observations of Decametric Type II Bursts

Decametric type II bursts are characterized by slow-drift in the spectral features
from high frequency to low frequency with drift rate of 0.05 MHzs ' at 30 MHz
(Roberts, 1959; Maxwell and Thompson, 1962). On the plasma hypothesis the
frequency drift is found to correspond to the velocity of the order of 10° kms™ " and
moving agency is identified with collisionless MHD shock wave set up as a result of an
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TABLE VI e
Typical parameters of decametric type ‘U’, ‘inverted U’ and ‘partial U’ bursts near 35 MHz"

Burst Range of Approximate  Average drift Striations
types total frequency rate (kHzs™")
& No. duration range

(s) (kHz) *1st 2nd

component component

‘U’ 8 0.6-1.2 400-1000 -250 1200 Yes
‘Inverted U’ 7 0.5-1 60-700 -1000 700 Yes
‘Partial U’ 6 0.8 200400 -400 Yes

* 1st component of the bursts is the one that occurs prior to the time when the frequency drift rate
becomes zero.
2 From Sawant et al. (1976b).

explosion at the time of flash phase in a solar flare (Kundu, 1965). Apparently, these
MHD shock waves continue their travel in the interplanetary space with little or no
deceleration at least up to the orbit of the Earth or even beyond (Dryer, 1975), and
occasionally these shock waves are observed (optically) to travel in the transverse
direction (Bhatnagar et al., 1978). Earlier work including recent Culgoora obser-
vations has been reviewed by Wild and Smerd (1972). The spectacular radio events
observed in August 1972 by the ground-based techniques have been reviewed by
Bhonsle et al. (1976) who have stressed the importance of studying type II/IV bursts
as they are linked with the occurrence of proton flares and cause polar cap
absorptions and geomagnetic storms on the Earth. In particular, Dodge (1973)
reported occurrence of type III, IV, and II bursts on 7 August 1972 from 15:10 to
15:52 UT in the frequency range of 80-20 MHz. As many as four type II bursts were
recognizable against type IV continuum with radial velocities of collisionless MHD
shocks of 3900, 4900, 1400, and 900 kms ™', (Dodge, 1973a, b) while Maxwell and
Rinehart (1974) reported at least two components each having different radial
velocity range of 1000-1500kms~' for the slower component and 2000~
3000 km s~ " for the faster component. Malitson et al. (1973) tracked the same type I1
shock wave from corona to the Earth’s orbit and deduced an average velocity of
1270 kms " for the shock wave. These wide variations in the inferred radial
velocities can possibly be attributed to errors introduced due to difficulty in recog-
nizing drifting spectral features against very intense continuum background radia-
tion on the photographic recording film. It seems, however, swept frequency
interferometer such as that of Dodge (1973) gives more detailed information of such
complex events as it is relatively easy to identify them. Very scanty high resolution
observations of type II/IV in the decameter range are available at present (Aubier
and de la Noé, 1971; Lacombe and Moller-Pedersen, 1971; Sawant et al., 1978).
About 50% of type II bursts are preceded by a group of type III bursts by several
minutes. Often type II bursts show a herring-bone structure of rapidly drifting short
duration bursts emerging from drifting bands (Kundu, 1965).
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Fig. 36. Interaction between successive type III particle streams and an ascending shock wave observed
on 10 March 1970. Intense horizontal lines are due to local interference (from Lacombe and
Moller-Pedersen, 1971).

With the help of high resolution spectroscope in the range 40-20 MHz, interaction
between fast moving electron streams and ascending slowly moving shock was
observed as an enhancement of type III-like burst within the frequency range as
shown in Figure 36. The characteristics of type II bursts even after the interaction
with type III are not changed, implying very little energy transfer from shock to the
exciter of type III bursts. The large frequency bandwidth of superimposed weak type

| Type II
- particle
— stream
Vn
vstreom
.4 Vshock

Fig. 37. A schematic putline of the interaction between a type III particle stream and shock wave when
their respective velocities are almost parallel (from Lacombe and Moller-Pedersen, 1971).
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IIT bursts can be explained under the assumption of a long wake behind the shock
front where a modification of the nonlinear stabilization process of the instability of
the stream takes place as shown in Figure 37 (Lacombe and Moller-Pedersen, 1971).

Apart from the above mentioned features, a fine structure in the form of ‘bright
spots’ of emission lasting for a few seconds (0.6 to 2.35 s) and of relatively narrow
bandwidth were observed by Aubier and de la Noé (1971). These bright spots are
due to the excess of emission caused by the passage of shock front through the
electron density irregularities. The sizes of these irregularities turn out to be a few
thousand kilometers (Aubier and de la Noé€, 1971).

Analysis of twenty type II solar radio bursts observed during 1968-1972 in the
frequency range of 240-40 MHz at Ahmedabad has revealed that such bright spots
are predominantly observed below 100 MHz. Frequency spread and total duration
of these spots are 500 kHz to a few MHz and 0.5 to 4 s respectively (Sawant et al.,
1978). Sawant et al. (1978) have argued that the upper limit for the shock thickness
may also be obtained from the duration of ‘bright spots’ in type II bursts and is of the
order of 10°-10*km in the region of 1.5-2.5Rs above the photosphere. It is
interesting to note that these values are consistent with theoretical estimates (Dryer,
1975).

3.2.12. High Resolution Observations of Decametric Type IV Bursts and Coronal
Transients

With the introduction of fast radioheliograph at 160, 80, and 43.25 MHz at
Culgoora, it was possible to study the motions of type IV bursts in two dimensions.
They have been classified as advancing shock front, expanding magnetic arch and
ejected plasma blobs (Wild and Smerd, 1972; McClean, 1974). This radiation is
considered to be the synchrotron radiation by relativistic electrons (Boischot and
Clavelier, 1968). The flare associated type II events are almost always associated
with type IV emission. It is interesting to note that some type III bursts coincided in
position with moving type IV source. Further understanding of moving type IV burst
came from the work of Gergely and Kundu (1975) in the decameter range. They
observed four type IV decametric bursts in the range 65-20 MHz with the help of
sweep frequency interferometer at the Clark Lake Radio Observatory. All these
bursts were associated with coronal transients (Hansen et al., 1971; Riddle et al.,
1973) which are not necessarily associated with type II and had sizes of 0.8R (at
60 MHz plasma level) of the initial source which increased to 1.4-2.0R (at 40 MHz
plasma level) before the source was split into two components. Gergely (1974) does
not favour the association of ‘advancing shock front’ (moving type IV burst) and
coronal transients. On the other hand, he is in agreement with Smerd and Dulk
(1971) who proposed that both the expanding arch or the isolated source could
account for the coronal transient. It has been observed that coronal transients
sometimes display homologous tendency with time scales of the order of 18 to 24 hr
as was the case for 13 and 14 May 1971 as well as 11 January 1973 events (Gergely,
1974). Gergely et al. (1978) reported on the simultaneous observations of coronal
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Fig. 38. Micro—photo—metric tracing of the pulsating structures at a frequency of 26 MHz observed on
22 August 1972 around 18:19 UT. The 12 s sub-harmonic is clearly noticeable at least over 3 cycles
(from Achong, 1974).
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Fig. 39. Pulsation periods obtained by various researchers for different solar events. The observed
bandwidths are indicated by double-pointed arrows (from Achong, 1974).
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transient on 21 August 1973 in white light from skylab and at decameter wavelengths
using two dimensional radio observations with sweep frequency array at Clark Lake.
From these observations, they determined thickness of the loop as not less than
0.6R . Assuming radio emission due to gyrosynchroton mechanism, they estimated
magnetic field strength of the order of 1-4 G at 1R above the photosphere.

Another frequently observed feature in type IV is the occurrence of pulsations.
These pulsations have a period of 4 s and sharp low cut off frequency at 18 MHz were
observed with the help of high frequency and time resolution spectroscope in the
range 28-18 MHz (Achong, 1974). An example of which is shown by the micro-
photometer trace in Figure 38. The periodicity of pulsations observed at other
frequencies and their frequency range is given by Figure 39, as reported by various
workers. These pulsations can be explained by periodic vibration of magnetic flux
tube due to standing hydromagnetic wave (Rosenberg, 1970). As the synchrotron
radiation intensity is a sensitive function of magnetic field, periodic fluctuation of the
field causes periodic fluctuation in the synchrotron radiation. This model was further
elaborated by McLean et al. (1971) to be more consistent with observations of
pulsations.

3.2.13. Decametric Type III and Type I-Like Bursts

Leblanc and Aubier (1977) have observed type I1I-like decametric bursts associated
with metric type I burst. These are shown in Figure 40. They are observed, in the

LR

1
13h 39m 00s 13h 39m 30s 13h 40m 00s UT

Fig. 40. Type I and type I-like burst observed in the range 50-25 MHz on 29 July 1973 (from Leblanc
and Aubier, 1977).
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range 70-25 MHz, for type I bursts drift rates 1-2 MHz s~ ', which is less than that of
type I1I burst in the same region. They have predominantly negative drifts associated
with positively drifting type III bursts in the decametric region. These type III and
type I-like decametric bursts have been interpreted in terms of local acceleration at
the top of a magnetic arch in the corona. Further they have predicted strong circular
polarization of these bursts (Leblanc and Aubier, 1977).

The type IV continuum which is supposed to be smooth has revealed fine structure
when observed with high time and frequency resolution. If such observations are
made with high sensitivity (using large antenna arrays), many more features may be
observed as those observed in metric band (Young et al., 1961; Abranin, 1970;
Kuijpers, 1975; Sawant et al., 1978).

4. Heliographic Longitudinal Dependence of
Decametric Bursts and Their Parameters

In order to investigate the dependence of the decametric storm bursts and their
parameters on the heliographic longitude, the following analysis was carried out.

4.1. DECAMETRIC BURSTS

Decametric noise storms generally consist of varieties of bursts superimposed on
continuum radiation. So far as burst component is concerned, the following two
classes are considered: (i) Short duration narrow band bursts such as type IIIb,
C.B.’s, microscopic families of ‘U’ burst, chains of ‘dot’ emission, drift pairs and their
variants. It is convenient to denote all the bursts showing fine structure in frequency
and time plane as ‘BF’ type bursts, and (ii) decametric noise storm type III bursts
which are smooth in frequency and time plane.

The percentage occurrence P’ of type III bursts on each day (Moller-Pedersen,
1974) as modified by Sawant (1977) is given by

P number of type III bursts «
number of (type III bursts + ‘BF’ bursts)

100, (2)

where the denominator represents the total number of bursts observed on each day.
‘P’ was estimated for different noise storms from the data collected over 39 days
(Sawant, 1977). Similar analysis was carried out earlier by Moller-Pedersen (1974) in
the range 70-24.4 MHz for the noise storms observed from December 1972 to
February 1974. Figure 41 shows the Nancay 169 MHz storm center positions and the
percentage occurrence ‘P’ of type III burst as defined above. Following conclusions
can be drawn from Figure 41.

(1) Generally, storms evolve starting with ‘BF’ bursts at large longitudes from
CMP. As the storm approaches CMP, the percentage occurrence of type III burst
increases and the sequence is reversed when the source crosses the CMP. This can
also be seen clearly from Figure 42a, b.

(2) Type III storm centers are mostly situated near CMP but ‘BF’ burst sources are
situated away from CMP.
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Nancay 169 MHz storm center positions

Fig. 41. The 169 MHz storm center positions observed at Nancay and the percentage occurrence ‘P’ of
decametric type III burst at Ahmedabad. Continuous line indicates availability of data on successive days,
while broken line indicates the lack of observations for a period of 1 to 2 days (from Sawant, 1977).

Moller-Pedersen (1974) has carried out similar analysis and classified the
decametric storms as type IIIb storms, type III storms and type III storms with drift
pair (DP) and has shown that type III storms, with or without drift pair bursts,
correspond to the active regions close to the central meridian of the Sun. Type III-DP
storms have shorter lifetimes of the order 1-2 days than the other storms. To account
for the longitude dependence of these bursts, Moller-Pedersen suggested that type
IIT and type IIIb bursts are probably emitted simultaneously but with different
directivities and in different directions. This inference needs to be checked by the
Solar stereo radio astronomy experiments with spacecraft.

Alternatively, longitudinal dependence of these bursts may be attributed to
propagation effects in the intervening medium. But the appearance of type IIIb, and
type IIIb in fundamental and second harmonic (Takakura and Yousef, 1975) does
not favour this possibility since propagation effects such as absorption or refraction,
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being dissimilar at fundamental and second harmonic should make identification of
F-H relationship difficult. Further, similarity in positions of type IIIb-type III bursts
(Takakura and Yousef, 1975; Abranin et al., 1976, 1977) has to be taken into
account in the development of the theory of type IIIb-III burst.

4.2. DECAMETRIC BURST PARAMETERS

Heliographic longitudinal dependence of the spectral parameters of stria, split pair,
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Fig. 43. Average daily frequency of the elements plotted in terms of the average longitude of five

regions, for the period of observation: (a) 23 July to 2 August 1970; (b) 7 August to 16 August. +, X

represent the daily average frequency for the twenty elements of lower and higher frequency respectively
(from de la Noé, 1975).

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System



.24..259B

1979SSRv. .

316 R. V. BHONSLE ET AL.

and triplet all grouped into type IIIb were investigated by de la Noé (1975) and
Sawant (1977). The following results came out of the analysis:

(1) The daily average frequency of occurrence in case of stria, split pair, triplets
and type IIIb bursts showed minimum when active regions were located near the
central meridian of the Sun. This is shown clearly in Figure 43.

(2) The average duration of stria, split pair, triplet and type IIIb increases fromr
high to low frequency and follows an exponential law. This duration is larger for
sources near the limb than that at CMP. Figure 44 shows the variations of average
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Nancay 169 MHz storm center positions
Fig. 44b.

Fig. 44a-b. Daily average duration At versus the average longitude of the active regions at different

frequencies: (a) for the period of observation 23 July, 1970 to 2 August 1970 in the range 28-27 MHz

(from de la Nog, 1975). (b) The Nangay 169 MHz storm center positions and the daily average duration

of stria burst observed within the range 35-34 MHz. 90% confidence level is indicated by an arrow
(from Sawant, 1977).
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duration in the range 28-27 MHz (de la Nog&, 1975) and. in the range 35-34 MHz
(Sawant, 1977).

(3) Average drift rates vary from day to day and it has no systematic variation with
average longitude. The average drift rate ranges between 0-150 kHz s

(4) Instantaneous bandwidth of elements in the split pair and triplets and their
frequency separation are independent of helio longitude. In split pairs and triplets,
the elements have instantaneous bandwidths narrower than those of single stria, the
average ratio being 1:1.5.

5. Noise Storms at Hectometer and Kilometer Wavelengths

Radio Astronomy Explorer Satellite (RAE 1), launched in 1968 and devoted mainly
to solar radio observations at low frequencies, observed for the first time noise storms
comprising continuum radiation and thousands of drifting bursts in hectometer and
kilometer wavelength ranges (Fainberg and Stone, 1970a, b, 1971a, b; Weber et al.,
1971; Malitson et al., 1973a, b). IMP-6 spacecraft observations showed that the
source position of continuum component and that of type III burst were the same
(Fainberg and Stone, 1974). During a storm, a large number of type III bursts, 1
every 10s, were observed near 2.8 MHz. They occur in large number when the
source moves away from CMP. This effect could either be due to a change in source
activity or due to refractive focusing of electromagnetic radiation by the corona in the
direction of steepest density gradient.

Simultaneous studies in the range 60-20 MHz (decameter) from the ground and in
the range 5 MHz to 300 kHz (hecto- kilometer) from the satellite showed that when
the continuum was observed in the decametric range, simultaneous hectometer
emission was composed of large fast drifting bursts. These observations have been
interpreted by Stone et al. (1969) as the localized region of decametric continuum
acting as the storage of particles responsible for hectometric drifting bursts.

The noise storm provides an opportunity to estimate the exciter speed indepen-
dent of coronal electron density models. The August 1968 noise storm was observed
over a period of a half solar rotation. Mean frequency drift rate of bursts was found to
be varying with longitude, being maximum at CMP. This variation in the drift rate
was estimated quantitatively, assuming the path of the outward moving sources from
simple geometrical considerations and finite velocity (¢) of propagation of radio
emission. Then by curve fitting technique, absolute value of the source speed was
determined as 0.37¢ to 0.4¢ by Fainberg and Stone (1970b) in general agreement
with the accepted value obtained by Wild ez al. (1959) at metre wavelengths. Further,
assuming the emission to be at fundamental, electron densities were derived; but
these densities are an order of magnitude higher than that observed in the solar wind.
The densities estimated on the basis of second harmonic emission, however, are a
factor of 4 higher than the Newkirk’s model of the density (1967) for solar minimum
as shown in Figure 45. This factor may still be further reduced if refraction and
scattering effects are taken into account and hence, it gives an indirect support for
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Fig. 45. Estimated electron densities for the 28 March 1976 burst trajectory, using the measured source
locations at each observing frequency under the assumption that emission occurs at twice the local plasma
frequency. The Newkirk (1967) electron density model is shown for comparison (from Weber, 1977).

emission at hecto- and kilometer wavelengths to occur at the second harmonic of the
local plasma frequency. From theoretical considerations also, Steinberg (1972) has
shown that hecto-kilometric burst seems to originate at the second harmonic.
With the help of Helios-1 and -2, and RAE-2 satellites, Weber et al. (1977) have
for the first time determined two dimensional position of the hecto- and kilometric
burst sources without assuming any density model, as shown in Figure 46a. Only
assumption they made was that the emission is at the second harmonic of the local
plasma frequency. They determined burst positions for the 28 March 1976 event,
from which they obtained the speed of the slower exciter electrons as (0.13 +0.03)c,
which is consistent with other measurements of exciter speeds between 0.1 to 0.2¢
for burst peaks (Fainberg et al., 1972; Lin et al., 1973). The positions obtained from
direction finding by the spin modulation of Helios-1 and -2 agree well with the arrival
time determinations. This shows that corrections due to propagational effects such as
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Fig. 46b. Out-of-ecliptic observation of a type III burst trajectory on 23 June 1973 (from Fitzenreiter
etal., 1977).

refraction and scattering are not large even if simple geometrical path lengths are
assumed.

Using RAE-1 satellite data of hectometer U burst, Stone and Fainberg (1971)
have inferred existence of closed magnetic field line extending up to 35R . Using two
spinning spacecraft, IMP-6 and RAE-2, whose spin axis were almost perpendicular
to each other, Fitzenreiter et al. (1977) mapped a line of force of the interplanetary
magnetic field which originated in the northern hemisphere of the Sun. This line of
force crossed the ecliptic plane at about 0.8 AU from the Sun and reached a point
south of the ecliptic at 20° heliocentric latitude, delineating out-of-ecliptic type III
burst trajectory as shown in Figure 46b. More details of hecto- and kilometric burst
observations and stereo radio astronomy experiment may be found in Fainberg and
Stone (1974) and Steinberg (1977) respectively.

The IMP-6 satellite was the first to provide the observations of high sensitivity and
accurate directions of radio sources using spin modulation technique. Accurate
aspect information of >1° was obtained from optical sensors. It also provided an
opportunity for the simultaneous observations of energetic particles (protons and
electrons) and radio emission. An extensive study of IMP-6 and IMP-8 plasma and
radio wave data showed that electron plasma oscillations are seldom observed in
association with solar electron events and type III radio bursts at 1 AU. (Gurnett and
Frank, 1975). These authors have shown that neither the type II radio emissions nor
the radiation from the upstream of the bowshock can be adequately explained by the
current theory for the coupling of electron plasma oscillations to the electromagnetic
radiation. For the first time, a sweep frequency receiver in the range 4-2 MHz with
time resolution of 2 s and frequency resolution of 20 kHz was flown on OGO-3,
which detected many type III bursts but observations of type I bursts were
inconclusive (Haddock and Graedel, 1970).
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Fig. 47. Dynamic spectrum - in the range of 4-2 MHz — of polarization of type III burst. Hatched
indicating high degree of circular polarization recorded on Intercosmos-Kopernick 500. The ionospheric
cut off levels are indicated with arrows (from Hanasz et al., 1977).
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The Soviet-Polish Inter Cosmos — Kopernik satellite has detected for the first time
— high degree of circular polarization (70% ) of intense type III burst at 2.3 MHz as
shown in Figure 47. Also irregular structure has been discovered in the initial phase
of type III burst in the range 6—4 MHz, which has been identified as type I1Ib-III
burst. A lower limit of type ITIb burst so far observed is found to be 4 MHz (Hanasz et
al., 1978).

In the STEREO-5 experiment Poquerusse and Steinberg (1978) have simul-
taneously observed type IIIb (shown in Figure 48a) and III (shown in Figure 48b)
solar radio bursts at 30 and 60 MHz from the Earth (Nancay) and from Planetary
Space Probe Mars 7. As seen from Figure 48b the peak intensities of the two records
show large differences up to 3 dB even when the angle between probe-Sun—Earth is
3°. This effect is found to be stronger at lower frequency 30 MHz than at 60 MHz.
They claim that these observed differences in peak intensity are due to ionospheric
scintillations.

Weber et al. (1977) reported on first burst directivity measurements of a low
frequency burst from two quite different viewing directions, from Helios A and B
which were within 20° and 70° away from the source respectively. They observed
intensity variation at Helios A and Helios B by an amount 3 to 10 dB as the angle
between the spacecraft varied from approximately 60° to 70°. This variation is
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Fig. 48a-b. Simulataneous observations of solar radio bursts at 30 MHz from the Earth (Nancay) and
from a planetary space probe (Mars 7). Probe — Sun — Earth angle is (a) Type IIIb burst, and (b) record of
type III noise storm portion (from Poquerusse and Steinberg, 1978).

consistent with that observed at 169 MHz by Stereo-1 experiment (Caroubalos et al.,
1974).

6. Refraction and Scattering Effects in the Corona

Once electromagnetic waves are generated at the source in the corona they have to
propagate through the overlying magneto-ionic medium. Near the source, refraction
and scattering effects will dominate and will have to be taken into account for the
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determination of source sizes and their positions. During subsequent propagation,
differential absorption, mode coupling, Faraday rotation, dispersion effects will
modify the spectral and polarization characteristics of the radiation.

Refraction in the corona arises because of the large scale gradients in the electron
density in the corona. Neglecting the effect of magnetic field and collisions, the effect
of refraction has been estimated (Fokker, 1965a). It can be shown that the emission
which originates close to the limb will appear to be shifted towards the center of the
disk, as sketched in Figure 49. On the other hand, for sources close to the center of
the disk there will be negligible shifts in position. Also refraction is more for the
emission near the plasma level as compared to the scattering effect. Harmonic
radiation follows closely the path of unscattered refracted radiation (Fokker, 1965a;
Fokker and Rutten, 1967; Steinberg et al., 1971; and Riddle, 1972).

In addition to smooth variation of the electron density small scale density
fluctuations are also present in the corona which give rise to scattering. Effects of
scattering have been estimated by using numerical approach and assuming spheri-
cally symmetrical corona without considering the effect of magnetic field. This was
done initially by Fokker (1965) and Fokker and Rutten (1967) assuming isotropic
inhomogeneities and neglecting regular refraction, which was taken into account by
Steinberg et al. (1971). Riddle (1972) extended this treatment to anisotropic
inhomogeneities, radially elongated, and computed the effect on the position and
size of type III source at 80 MHz with the following conclusions:
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TO EARTH

Fig. 49. Coronal refraction of a radio ray on its trajectory to the Earth. ‘A’ indicates the actual source
position, ‘A’ the apparent position (from Gergely, 1974).

(i) The directivity decreases drastically for the fundamental compared to that of
the harmonic radiation.

(ii) In the transverse plane, source size increases but in the radial direction its
change is small since in this plane systematic refraction always reduces the apparent
source size.

(iii) The effect on sizes of harmonic radiation is obviously small up to 60° longitude
from CMP. Beyond 60° longitude they become comparable with that of the
fundamental and are large for sources on the limb.

(iv) Position shift of fundamental and second harmonic is shown to be away from
the centre and towards the centre respectively due to scattering. But refraction which
is dominant at fundamental will shift position of the source towards the centre. Thus,
while estimating relative position of fundamental and second harmonic, ray path
effects are additive and for isotropically emitting sources, true differences in position
of fundamental and harmonic tend to get cancelled out.

(v) Life time of sources will increase since the observed duration is the burst
duration plus the scattering duration.

Studies of type I1I burst made by McLean (1971) and Stewart (1972) are consistent
with these conclusions. Riddle (1972) further modified this model without spherical
symmetry and studied the influence of a streamer when the source is located in it.
Fokker (1971) argued that in the presence of scattering effects, radiation from a point
source reaches the observed with different time delays, which should randomize any
linear polarization. The current status of the validity of linear polarization is given in
Section 2.4.

Recently, Smith and Riddle (1975) have developed a model for type III burst
considering the effect of scattering of radiation in the source itself. The most
important result is that the scattering in the source does not always hamper the
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amplification of the fundamental due to propagation along the fibre-like irregu-
larities in the corona. They have argued that the interpretation of type IIIb-III bursts
with their intricate fine structure in the first trace is simple in terms of amplification
process in small scale inhomogeneities. This can happen if the source is extremely
inhomogeneous and small regions exist with very high level of energy density in
plasma waves, this then allows the fundamental to be amplified in spite of scattering
and contribute little to emissivity of the harmonic.

As electromagnetic wave propagate out in the corona, other propagation effects
will also affect the radiation characteristics. Amplitude of the e.m. radiation can be
damped either by collisional damping or in case of plasma waves by collisionless
damping (Landau damping) (Aubier and Boischot, 1972; Harvey and Aubier, 1973;
Aubier, 1974). Investigation of the damping processes has led to the understanding
of the temperature of the corona and the nature of exciter function (Solar Radio
Group, Utrecht, 1974; Barrow and Achong, 1975; Achong and Barrow, 1975).

Abranin et al. (1976) have measured the source size of stria burst in the range of
26-24 MHz, and have given an upper limit of the order of 10’ of arc. Leblanc (1973)
has given the estimates of source sizes at 60 and 30 MHz, which are comparable at
both the frequencies. Source size increases in the presence of scattering from 4’ of arc
to 5' of arc respectively as the source moves from CMP to limb. These values are
obtained by assuming spherically symmetrical corona. The analysis performed at
80 MHz, for source position on the axis of streamer leads to somewhat smaller values
(~2') than the values obtained by assuming spherically symmetrical corona. This
effect will also decrease the predicted source size at 30 MHz (~4' arc). Investigations
of source sizes of type I burst by Kerdraon (1973) and Bougeret and Steinberg (1977)
suggest that the scattering should take place near the source, since different source
sizes were observed at the same longitudes, considering the effect of scattering within
the source itself due to small scale irregularities.

In order to understand core and halo structure of type III burst, Figure 50 shows
two models taking into account emission at source and subsequent propagation
effects. The first sketch, Figure 50a, shows scattering model for point source and the
second, Figure 50b, reflection model for the extended source (Chen and Shawhan,
1978, and references therein). In the case of point source, no significant change takes
place by varying the scattering parameters. Results of scattering calculations at
different frequencies are summarized in Table VII. It can be seen that the source size
increases from the center to the limb at all listed frequencies and also source size
becomes larger at lower frequencies.

In the case of extended source reflection model, halo is a natural consequence of
extended region, with E-W size determined by electron sector extent at the
harmonic plasma level. The core arises from spherical mirror focussing effect which
leads to 3:1 halo to core size ratio as observed.

Sizes of type I sources as small as 0.7’ are needed in order to account for the
measured 25° beamwidth of type I sources (Steinberg, 1977, and references therein),
since there exist a relationship between scattered image and the final beamwidth of
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Fig. 50. Pictorial representation of models to explain the source brightness distribution for type III
bursts at 26 MHz near the heliographic longitude 0° and 90°; (a) point source with scattering, (b) extended
region with reflection (from Chen and Shawhan, 1978).

the observed radiation. Primary sources of 0.7’ are broadened by overdense
filaments while preserving its directivity in the plane containing the fibre. Thus, the
source sizes as small as 1 to 10 arc sec reported by Takakura and Yousef (1975) and
Sawant et al. (1976a, b) with excess electron density (~1-2%) around 1 to 2R
above the photosphere are plausible.

It is interesting to note that Tyler et al. (1977) have observed spectral
broadening of radio signals from Viking spacecraft indicating a progressive increase

TABLE VII

Size of scattered image at different frequencies®

f(MHz) L/f n?/h Half-power width in min of arc
L=0° L =45° L=75°
169 0.92 8 3 3.5 4
80 0.975 5 1.8 2 3
60 0.92 8 4 4 5
30 0.92 8 4 4 5

* From Elgaroy (1977).
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in scale sizes between 1 and 100 km of plasma irregularities from 2R towards the
photosphere. They derived this result from the Viking-Solar Corona experiment
when the Viking spacecraft was occulted by the Sun in 1976 at solar minimum
by observing 3.5 and 13 cm wavelength radio wave scintillations at NASA Space
Network.

6.1. CHARACTERISTICS OF SMALL SCALE CORONAL DENSITY
IRREGULARITIES

The interpretation of the various decametric burst parameters, mentioned in Section
3 suggest the presence of small scale size irregularities (~1" to 10” of arc) in the
corona at 2R (Melrose, 1974; Takakura and Yousef, 1975; Sawant et al., 1976,
1977; Sawant, 1977). The excess electron density in the irregularity of 1-2% over
ambient are predominant, but occasionally irregularities having 1000% excess are
also inferred. Scintillation of galactic radio sources due to inhomogeneities in the
solar wind also suggest electron density fluctuations of the order of 1 to 5%.
(Dennison and Hewish, 1967; Cohen and Gundermann, 1969; Hewish, 1971).
‘Echo-like’ events suggest fast motions of the irregularities towards and away from
photosphere (Bhonsle et al., 1977; Sawant, 1977). Estimated high velocities (—1000
to +2000kms™', away and towards the photosphere respectively) of the irre-
gularities deduced from ‘echo-like’ events are in agreement with the suggestion of
Parker (1958) and Ivano and Livshit (1968). Also observations of Dennison and
Hewish (1967) suggest the increase in velocities of irregularities as one approaches
towards the Sun.

The generation of small irregularities (10°~10* km) with fluctuations in electron
density 1-4% and with life time ~1 s is discussed by Baikov and Lotova (1970) and
Melrose (1975) by considering different plasma instabilities generated due to
anisotropy in temperature and magnetic field. ‘Slipping instability’ is considered
responsible for the generation of such small inhomogeneities within R ~ 30 (Baikov
and Lotova, 1970).

The structure of the Sun’s corona has been observed over a large range of
electromagnetic spectrum for example, in X-rays (Vaiana et al., 1973a, b) and
Neupert et al. (1974); in UV (Withbroe et al., 1971; Withbroe, 1972), in EUV
(Brueckner and Barotoe, 1974); in short radio waves (Kundu, 1971; Butz et al.,
1975); and in long radio waves (Leblanc, 1970; Sheridan, 1970; Aubier ez al., 1971).
All these observations imply the existence of magnetic loop structure at Ro~2,
which are unresolved. Observational resolution limit on the above mentioned
observations is 2000 km in UV including EUV suggesting existence of still finer
structure.

The observations of the quiet Sun and burst component in the decameter range
also support the existence of small scale irregularities. The low values of brightness
temperatures (0.6 x 10° K) deduced from the observations of the quiet Sun can be
accounted for by considering the effects of scattering by small scale irregularities.
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7. Energetics of Noise Storms

At meter wavelengths, typical maximum flux densities of single storm bursts (type I)
are estimated to be about 5x 107>' W m ™2 Hz ' (Wild, 1951; Hauge, 1956; Fokker,
1960; Kundu, 1965; de Groot, 1966; Steinberg et al., 1974). Following Elgaroy
(1977), for a typical source size (5% 10° km), energy density of the electromagnetic
wave and of the Langmuir wave, assuming plasma hypothesis and conversion
efficiency for 1- ¢ process of the order of 10~° (Wild er al., 1963), turns out to be
E.n=10""? erg cm™> and E;=10"°ergcm™>, respectively. For typical plasma
parameters in the corona such as magnetic field H =3.5 G (Kai, 1970), electron
density N, = 10® cm > and temperature T = 10° K, magnetic (E.n) and thermal E,
(nKT) energies are 0.5 ergcm > and 0.1 erg cm ° respectively. Thus, it is seen that
the energy in the burst component (E.n,) is quite small and so also is the energy in the
background continuum as compared to the magnetic and thermal energies in the
source region. Though the noise storm is a long duration phenomenon, the energy
released in storms is only a fraction of the energy stored in large coronal volumes in
the form of magnetic and thermal energy. Even if all the burst energies are combined,
they are still much less compared to the magnetic and thermal energies available in
the corona. Obviously, energetics of noise storms alone are not sufficient to formu-
late a theory for the observed burst intensities but theories should be consistent with
energetics of the processes involved.

Following classification for electron acceleration phenomena is proposed by
Boischot (1974), (i) associated with flash phase flare, (ii) non-associated with flare,
and (iii) acceleration in the wake of shock and in front of the shock. In case of flash
phase of the flare an impulsive acceleration with duration of a few seconds to minutes
may give rise to 1-100 keV electrons. In case of large flares a second phase of
acceleration, more gradual and lasting longer (minutes to hours), takes place giving
rise to 100 keV to a few MeV electrons and occasionally these electrons get trapped
into a special moving structure giving rise to molIV burst. These bursts may also occur
due to possible acceleration in the wake of the moving shock. In case of type II burst,
acceleration can take place in front of the shock or in the wake of a shock wave. Non
flare acceleration is likely to be responsible for noise storms. So far as decametric
noise storms are concerned, Boischot (1974) has pointed out that there is no
sufficient information on the number and energy of the accelerated electrons.
Because of the long duration of decametric noise storms, one must look for a
quasi-continuous acceleration process. It is difficult to think of such a process in
association with a flare which is essentially a transient phenomenon. Hence, it is
essentially a transient phenomenon. Hence, it is almost certain that the source of
energetic electrons of long duration must lie in the corona.

8. Salient Features of Theories

8.1. NOISE STORMS

Noise storms which consist of burst component and continuum radiation are
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characterized by high intensity (T, ~10° K), high degree of circular polarization
(0-mode), source sizes of a few minutes of arc, and high directivity of emission.
Denisse (1960) first proposed a plasma mechanism to explain the origin of
continuum radiation. Properties of continuum radiation are similar to type IVmB
burst (Boischot, 1974). Many attempts have been made to explain the origin of burst
components; type I at metric wavelengths and type III at decametric wavelengths
(Elgaroy, 1977).

Several theories have been put forward explaining type I bursts observed in the
meter wavelength region and their chains (Takakura, 1963; Trakhtengerts, 1966;
Fung and Yip, 1966; Zaitsev and Fomichev, 1973; Sy, 1973; Vereshov, 1974;
Manganey and Veltri, 1976a, b). Interpretation of noise storms proceeded along two
lines, invoking either gyrosynchrotron or plasma process. Zaitsev and Fomichev
(1973) proposed a theory for the generation of type I and type III storm radiation.
This theory assumes that the same electron stream, ascending in the solar corona can
generate successively type I and type III bursts. An attractive feature of this theory is
that since emission occurs at a frequency well above the plasma frequency, diffuse
type III bursts ‘growing out’ of chains of type I bursts at the decametric wavelengths
may be explained as plasma emission from accelerated electrons escaping along open
field lines. The theory explains type I bursts and their chains by a single mechanism
and also all other observed properties of type I bursts such as short duration,
frequency drift, polarization, narrow bandwidths, and frequency splitting. Recently,
Aubier et al. (1978) extended Mangeney and Veltri’s (1976a, b) theory of type I
storms and accounted for chains of type I bursts and associated decametric type 111
bursts, as described in Section 8.5.

The change in the characteristics of a decametric noise storm from those of metric
noise storm may be due to change of magnetic field configuration from closed field
lines to open field lines in the region R~ 1.5 to 2 above the photosphere due to the
solar wind pressure exceeding the magnetic pressure. In the decametric range, type
IIT bursts and their fine structure constitute the burst component (‘BF’) of noise
storms. In particular, dominating fine structure of type IIl is type IIIb. Chains of stria
or split pair or triplets may constitute type IIIb burst. Hence, it is expected that any
theory of type IIIb burst should also explain the individual element of these chains.

8.2. ‘BF‘ TYPE BURSTS

It is generally known that plasma hypothesis which is basic to any theory of ‘BF’ type
bursts involves a beam of fast electrons moving out in the corona exciting longi-
tudinal plasma oscillations which are subsequently converted to electromagnetic
radiation by scattering on local inhomogeneities. In what follows, we shall briefly
give theories of different varieties of ‘BF’ type bursts.

8.2.1. Split Pairs

Ellis and McCulloch (1967) and Ellis (1969) suggested that frequency splitting
observed in split-pairs might be attributed to plasma frequency and upper hybrid
resonances as suggested earlier by Sturrock (1961) and further developed by Tidman
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et al. (1966). This suggestion is supported by an appearance of ‘triplets’ and increase
of frequency separation between their elements with increase in frequency in the
burst spectra. Also the observation of harmonically related pair of type III bursts and
appearance of bursts showing frequency splitting, both in fundamental and harmonic
chains, provides further evidence in its favour. This theory implies that the frequency
interval between the middle element and lower and higher frequency elements
should not be equal. However, the experimental evidence does not support this
theoretical prediction (de la Noé, 1975).

Yip (1973) suggested that in a strongly nonisothermal plasma, thermal fluctuations
of the electron density will produce emission at two frequencies and subsequent
conversion would generate two pairs near fundamental and second harmonic
radiation. But strong circular polarization and triplet bursts cannot be explained by
Yip’s theory.

8.2.2. Type IIIb Bursts

Takakura and Yousef (1975) have developed a theory to explain most of the
observed features of type IIIb bursts. This theory with some modifications has been
adopted by Sawant et al. (1976) to explain the observed microscopic spectral features
of decametric bursts. According to Takakura and Yousef, as the stream of electron
passes through the corona, and if it happens to traverse a slightly overdense (<10%
above the ambient density) filament, its density gradient is first decreased and then
increased. In that case, effective interaction length of the source is increased, which
will enhance the radiation and opposite will be the effect when the stream of
electrons leaves the filament. This will generate a stria in a type IIIb burst. Further,
Takakura and Yousef have used estimates of Melrose (1974) for brightness
temperatures observed in case of fundamental and in second harmonic emission
assuming the process of induced scattering for the conversion of Langmuir waves to
transverse waves. In that case, fundamental emission will grow exponentially with
the effective interaction length (of a source) which is inversely proportional to the
density gradient and second harmonic radiation will be linearly proportional to the
effective interaction length. Even if the brightness temperature within the filament is
much larger than that outside the filament, the cross-section of the filament may be
much smaller than the total cross section of the electron exciter beam. It follows that
the contrast between the emission from the filament and from ambient corona will
make the burst appear as type IIIb, or type III. This interpretation explains most of
the observed features of type IIIb burst such as:

(i) F-H relationship observed in case of type IIIb-type III;

(ii) Appearance of type IIIb at both the fundamental and second harmonic
frequency; and

(iii) Similarity in positions and of source sizes of type IIIb and associated type III
burst.

Daigne and Moller-Pedersen (1974) compared peak intensities observed at two
harmonic frequencies with the theoretical model of Melrose (1974) and concluded
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that the latter model requires certain assumptions regarding the source structure to
explain F-H pairs. However, any conclusion drawn on the basis of measurements of
burst intensities carried out on the Earth should be considered as tentative in view of
the effect of ionospheric scintillations on the burst intensities as reported from
Stereo-5 experiment (Poqueresse and Steinberg, 1978).

8.2.3. Type IIIb-III Relationship

(1) According to de la Noé and Boischot (1972), type IIIb is a precursor i.e., first a
stream of fast electrons propagates outwards in the relatively smooth corona, where
the conversion of plasma waves into electro-magnetic waves is not very efficient.
They excite only sporadic emissions or stria bursts, or no emission at all, but
presumably create turbulence along their path. This paves the way for the following
stream to give the usual featureless type III burst. If this were the case, every type 111
burst would have to be preceded by a type IIIb burst and also one does not
understand why on some occasions only type IIIb’s are observed and on some other
occasions only type III’s are observed. If one accepts the mechanism of plasma
oscillations for the generation of type IIIb-III bursts, then they can be explained as
F-H related pairs (Takakura and Yousef, 1975). Melrose and Sy (1972) have
considered the plasma emission by taking into account the effect of a weak magnetic
field (wpe > wy) On the conversion process of /-wave to t~-wave. They have shown that
the emission at the fundamental frequency can be 100% polarized in the sense of
0-mode which is generated near the plasma frequency, when it is restricted to
frequencies below the cut-off for X-mode. This condition will be satisfied if the
magnetic field in the filament is stronger or temperature of the filament is lower than
that of the ambient plasma (Takakura and Yousef, 1975). According to this theory, if
type IIIb-III bursts are F-H related, then the type IIIb-III, and type IIIb bursts
should be more strongly polarized than the isolated type III. This prediction appears
consistent with observations.

(ii) Smith and de la Noé (1976) have proposed a theory of type IIIb bursts by
considering the space time evolution of an electron beam injected into the corona.
The strong beam-plasma interaction occurs at the leading edge of the beam, giving
rise to the amplification of a quasi-monochromatic large amplitude plasma wave that
stabilizes itself by trapping the beam particles. The oscillation of trapped particles in
the wave troughs amplifies main electrostatic waves with sidebands, which
subsequently decays into electromagnetic waves through the parametric decay
instability. The elementary stria bursts can be produced by this process which may
repeat at a finite number of discrete plasma levels, producing chains of bursts. These
authors have shown that this theory accounts for all the observed spectral properties
of type IIIb bursts (de la Noe, 1975, but they have also remarked that understanding
of the three individual processes such as beam-plasma interaction, the parametric
sideband intensity and the parametric decay instability is not yet complete and the
sequential evolution of these three processes has not yet been observed in laboratory
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plasmas. Further work on theoretical and experimental aspects of these instabilities
is necessary.

(iii) Baselyan er al. (1977) have investigated the collisionless deceleration of
electron streams which are responsible for type I1Ib bursts. They have shown that the
electron streams with initial velocities of the order of 0.8¢—0.4¢ undergo decelera-
tion up to 0.35¢ between 25 and 6.25 MHz plasma levels and after that deceleration
stops. The deceleration is caused by the induced scattering of plasma waves which
produce energy losses through collisionless mechanism of the fast electron streams.
The deceleration stops when a quasi-linear expansion of the stream takes place.
Thus, according to Baselyan et al., the mean velocity of streams responsible for type
IIIb burst generation is about 0.46¢ between 25 and 12.5 MHz plasma levels and
0.38¢ between 12.5 and 6.25 MHz plasma levels.

8.3. MICROSCOPIC SPECTRAL FEATURES

(i) Theoretical basis for C.B.’s were explained by Sawant et al. (1975) in the
following manner. The radiation is assumed to be generated by a plasma process
throughout the source region. Emission gap of the first component may be explained
by the trapping of the electromagnetic radiation over the corresponding frequency
range. The occurrence of the delayed second component may then be attributed to
the subsequent release of the electromagnetic radiation trapped in duct-like struc-
tures or cavities in the corona. The escape of radiation from the duct may be triggered
by some secondary disturbance, destroying the condition of trapping of the radiation.
The enhancement of the intensity observed in the second component can be
attributed to the wave particle interaction in the trapping region. Fokker (1960) has
invoked existence of such cavities to explain the production of type I burst. The
narrow bandwidth of the trapped radiation in the first component implies that these
duct-like structures or cavities are highly selective with Q (= f/ 4f, where Af is the
observed emission gap in the first component and f is the centre frequency of the
emission gap) is of the order of 100 to 1000, a rather stringent condition (Sawant,
1977).

Takakura (1977) suggested that if the radiation is generated at fundamental and
the radiation corresponding to the gap propagates through an electron density
irregularity whose cross-section is less than the linear extent of the source, then the
generation of C.B.’s can be explained. This suggestion was pursued further for
quantitative studies of C.B.’s by Sawant (1977). The delays of the order 1-10s
observed in the second component are explained if the size of irregularities are of
10°-10* km with excess electron density of 1-4% over the ambient.

(ii) The curvatures observed in different types of bursts along the frequency axis of
their dynamic spectra may be attributed to large group delays suffered by different
parts of the bursts. The group delays experienced by different frequencies in a given
‘striation’ are determined by the transverse gradient and orientation of the coronal
electron density irregularity in the propagation path.

Now using the relationship between the group path delay and columnar electron
density (Lawrence et al., 1964), for typical difference of delay of about 100 ms
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between the middle and extreme frequencies of a striation, the radiation would have
to traverse a density irregularity containing ~10"7 electrons cm ™2 column. In order
to permit transmission at 35 MHz through such an irregularity one can put an upper
limit of ~10” cm™> on the electron density, assuming that the burst generation
occurred at the second harmonic of the local plasma frequency. The group path
length corresponding to the delay of 100 ms, then turns out to be 9 x 10* km. This is
the lower limit on the linear scale of the irregularity in the propagation path.

(iii) The observed bandwidths (50 kHz+ 10 kHz) of ‘dot’ emissions provide an
evidence that they might indeed be generated by the process of induced scattering of
plasma waves as they are in good agreement with the theoretically predicted value
given by Af = 107> x f, where Af is the instantaneous bandwidth and fin MHz is the
center frequency of the ‘dot’ emission (Kaplan and Tystovich, 1969; Melrose, 1974).

(iv) Frequency drift rates of the microscopic ‘U’ bursts are explained by the
change in the sign of the local electron density gradients which the exciter electron
beam would encounter as it traverses an individual electron density irregularity
(Sawant et al., 1976). Now, following Melrose (1974) who has assumed the process of
induced scattering of Langmuir waves by thermal ions to be responsible for their
conversion into electromagnetic waves, the spatial variation of brightness tempera-
ture 75, of the fundamental type III emission is given by

T, = T1(0)(e"" - 1), (2)

where T;(0) is the minimum brightness temperature at the source required for the
induced scattering process to dominate over the spontaneous scattering and is equal
to 10° K, w is the amplification factor, and L is effective interaction length. (Kaplan
and Tystovich, 1969; Melrose, 1974).

The effective interaction length, L, over which the induced scattering of plasma
waves will take place,, is inversely proportional to the density gradient (Takakura
and Yousef, 1975). As a result the intensity of these bursts at their ‘turnover’ points is
enhanced. This may be due to longer interaction length which the exciter encounters
at the crest or trough of a coronal electron density irregularity, where the density
gradient is negligible with consequent amplification of radiation (Melrose, 1974).

Computed coronal interaction lengths where microscopic ‘U’ and ‘inverted U’
bursts originate turn out to be ~10* km, assuming an exciter velocity of 0.3¢ (where ¢
is the velocity of light) and burst duration of about 1s. These scales of interaction
length are one order of magnitude greater than the minimum length required for
induced scattering of Langmuir waves (Melrose, 1974) and shown to be consistent
for striations in type IIIb bursts (Takakura and Yousef, 1975).

The ‘inverted U’, ‘U’, and ‘partial U’ bursts show intensity variation with
frequency, which may be indicative of density gradients smaller in spatial extent than
those required for type IIIb striations. Thus, the emission gaps observed in these
events could be caused by extremely small interaction lengths corresponding to very
high density gradients. Furthermore, the interaction length can be used to estimate
the excess electron density in the coronal region, which comes to about 2-3% over
the ambient (Sawant et al., 1976).
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8.4. DrIFT PAIRS (DP)

(i) The original hypothesis by Roberts (1958) is that a DP represents the direct
radiation and reflected radiation from underlying corona at the harmonic frequency.
However, only on a few occasions, single trace was observed at the fundamental and
hence cannot be taken as a general evidence for the DP to occur at second harmonic
(de la Noé and Moller-Pedersen, 1971). Riddle (1974) pointed out the difficulty in
maintaining the identity of the two traces of a DP due to different scattering effects of
the two rays and this adds further difficulty to Roberts’ hypothesis. Theories based on
magnetic splitting of the ray are also not realistic since observations show that the
displacement of the second trace in a DP is a true time delay.

(ii) In the ‘hill’ theory proposed by Zheleznyakov (1965) a stream of electrons
encounters a hump in the plasma density curve, which is untenable because of the
large size hump of the order of 1R ¢ required to explain the observed reduction in the
frequency drift and the duration of DP. In addition, this theory does not explain the
origin of the two traces and the constancy of the observed characteristics of DP’s
from one storm to another.

(iii) Moller-Pedersen et al. (1978) have worked out a theory to explain most of the
features observed in DP bursts. Here, the two components of DP are explained by
the presence of two shock fronts propagating through identical low-8 regions on
either side of the symmetrical streamer. The forward moving shock gives the first
component of the DP. The shock moving in the reverse direction passes through the
streamer and gives the second component after traversing the neutral sheet (high-
region) where no emission takes place. Typical time delays of the order of 1-2 s of
DP’s can be explained by assuming for the thickness of the streamer and the velocity
of the shocks inferred from other measurements.

(iv) Elgaroy (1977) and Abranin et al. (1977) have suggested different fast
electron streams to explain echo events and also drift pairs (which may be considered
as echo-type events) or even multiple events. Bhonsle et al. (1977) have similarly
explained ‘echo-like’ events on the basis of independent exciters.

8.5. TYPE I-1II BURSTS

Gordon (1971) has proposed a mechanism for the acceleration of electrons which
give rise to type I bursts initially and subsequently type III’s by a nonlinear process.
Aubier et al. (1978) have extended the theory of Manganey and Veltri (1976) for
explaining the metric type I and decametric type III bursts on the basis of trans-
formation of perpendicular momentum of the electrons, after generating type 1
burst, to parallel momentum as the exciter moves out along decreasing magnetic field
lines. Type III emission then occurs when the parallel velocity component reaches a
critical value. This model which is consistent with observations is discussed later.

8.6. COLLECTIVE MODES OF OSCILLATIONS IN PLASMA

It must be remembered that the solar flare and noise storm phenomena are normally
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treated in the framework of linear or quasi-linear plasma physics. Of late, there is
growing realization of the fact that a great solar flare with a time constant of the order
of minutes to hours involves large volume of space and energy and hence it is very
likely to be a highly non-linear phenomenon of high density and high temperature
plasma in a strong magnetic field. The theory shows that these parameters lead to the
excitation of strong collective modes of oscillation. Such modes have been invoked
recently to explain some of the microstructures in the radio spectrum of the Sun
(Pratap, 1974a, b).

Prasad (1976) proposed a mechanism for the coherent emission of radio waves
from a warm uniform plasma by the process of coherent Raman Scattering of plasma
waves. The intensity of enhanced emission at twice the plasma frequency, its
directivity and the threshold condition have been computed and found to be in
agreement with the laboratory observations of radiation output from DC discharges
in argon gas and from a helium theta-pinch plasma. It would be interesting to extend
Prasad’s ideas to explain some of the observed characteristics of solar bursts from
millimeter to kilometer wavelengths.

9. Models of Noise Storm Sources

Various models have been proposed to explain observational features of noise
storms. Common to all models is magnetic loops or arches extending up 1 to 2R in
the solar corona above the active regions of opposite polarity (Kai, 1970; Lantos and
Jarry, 1970; McLean and Sheridan, 1972; Stewart and Labrum, 1972; Wild and
Smerd, 1972; Kai and Sheridan, 1974; Kai and Nakajima, 1974). Gergely and
Kundu (1975) have given an empirical model showing association of centimeter and
decimeter continuum and type I burst as shown in Figure 51. They have shown the
position of decametric continuum radiation above of closed field lines. ‘On-fringe’
bursts are generated from the same place as decametric continuum radiation.
‘Off-fringe’ bursts are generated from the place where particles generated in
chromospheric flares have direct access to open field lines.

Kai (1970) with the availability of positional and polarization observations of type
I and type III burst at 80 MHz suggested that type I sources are often bipolar and
type III sources are unipolar. The type III sources tend to avoid the centers of type I
activity, which originate in strong magnetic fields whereas type III sources originate
in the region of weak magnetic field along open field lines. Wild and Smerd (1972)
proposed a model for the generation of type III, V and inverted ‘U’ bursts based on
the position, angular size measurements at 80 MHz and the possible magnetic field
configuration. Combining radioheliograph, spectral and optical observations of
radio emission at 80 MHz and related active centers, Stewart and Labrum (1972) put
forward a model for the first time to explain type I-type III relationship; the type I1I
burst starts at the low frequency side of type I burst. Their suggested model is shown
in Figure 52. In this model, the type III bursts originate at the local plasma frequency
level along the open field lines above stable dark filaments which indicate the

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System



.24..259B

1979SSRv. .

336 R. V. BHONSLE ET AL.

Continuum +
"On-fringe" Type Il's

Type I
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cm - Wave
Sources

Fig. 51. Empirical model of noise storm region indicating position of storm type ‘On-fringe’
and ‘Off-fringe’ type III burst, together with noise storm activity in other regions (from Gergely
and Kundu, 1975).

presence of neutral magnetic sheet high up in the corona. Filaments are associated
with the reversal of the longitudinal photospheric magnetic field (Howard, 1959). A
correlation between plage, filaments and type III bursts has been reported by
Mercier (1973). Type I sources are embedded in a closed loop configuration and also
at lower heights than that of type III burst. This explains the observed type I-type III
frequency relationship. However, Aubier et al. (1978) re-examined the data used by
Stewart and Labrum (1972) and found that type I and type III bursts were not
associated as these bursts were originated from different active regions. The dis-
placement of positions of type I and type III shown by Stewart and Labrum (1972)
in their model is questioned by Aubier et al. (1978), who, in turn, proposed a model
as shown in Figure 53. In this model, the positions of type I-type III sources are
shown almost identical since according to their theory the same electron stream is
responsible for both. The observed features of type I-type III bursts can be explained
fairly satisfactorily by this model.

Observations carried out during the period 19 October to 2 November 1972 by the
Culgoora radio-heliograph have further increased our understanding from the
simultaneous observations of multiple sources of type I bursts and random shifts of
their source positions. A model for the multiple sources of type I bursts has been
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Fig. 52. Model showing observed relationship of type I and type III burst (from Stewart
and Labrum, 1972).

proposed by Kai and Sheridan (1974) who have shown that type I sources occur in
magnetic loops formed by closed magnetic field lines associated with a particular-
sunspot group. Observed random shifts in positions of type I bursts may be because
of the complex nature of the magnetic fields of multiple sunspot groups.

10. Models of Decametric Noise Storm (Bursts)

In the frequency range 60-20 MHz, transition of metric type I burst to decametric
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Fig. 53. Schematic representation of the magnetic field configurations in the source regions, showing
when type I and or type III storms take place (from Aubier et al., 1978).

type III burst takes place. It is also confirmed that decametric noise storms are always
associated with metric noise storms.

Some of the ‘BF’ type spectral features originate in the source region itself such as
chains of ‘dot’ emission, microscopic families of ‘U’ burst, type IIIb burst, etc. While
some of the fine structure showing curvature along the frequency axis and C.B.’s
appear to be propagational effects imposed on the original radiation while propagat-
ing from the source to the observer. A model to explain decametric III and ‘BF’ type
bursts proposed by Sawant et al. (1978) is shown in Figure 54. Closed magnetic loop
structures are observed up to 1 to 1.5R above the photosphere, beyond which the
magnetic field lines are generally open. Energetic electrons required for generation
of decametric type 1II bursts and for ‘BF’ type bursts are assumed to be accelerated
by MHD waves (Takakura, 1963; Trakhtengerts, 1966; and Zaitsev and Fomichev,
1973). Consistent with smith and Pneuman’s (1972) suggestion, the most likely place
for energetic electrons to travel is along the edges of the streamer rather than the
center of the streamer. The sources of bursts are density irregularities with excess
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Fig. 54. Empirical model for decametric noise storm (burst component). F — represents the filaments.

Thin hatched 1 to 3 sections show the source region of decametric bursts with excess electron density of

1-2% over the ambient. ‘A’ represents dense irregularity in the line of sight between the source and the
observer, which is responsible for propagational effects (from Sawant et al., 1978).

density of 1-2% and sizes of 10> to 10* km which are assumed to lie along the path of
the exciter and are shown by hatching in Figure 54. For generation of burst radiation,
plasma hypothesis is assumed. Induced scattering process is assumed for the con-
version of Langmuir waves to transverse waves. Bursts are assumed to be generated
at fundamental of the local plasma frequency. Depending upon the scale length of
irregularity (L) and density gradient 8N/ 8p: (i) chain of ‘dot’ emission (L ~ 10> km,
8N/8p = 0), (ii) stria burst (L ~ 10* km, 8N/8p = 0), and (iii) families of MiCroscopic
‘U’ burst (more than three irregularities with L = 10° km and having ON/ép = 0) are
generated. Following Takakura and Yousef (1975) the relative magmtude of the
area of the beam and the area of the irregularities determine whether type I1Ib or III
bursts are genrated even though two different exciters travel along the same path.
This also explains same observed positions for type IIIb and type III burst. The
complexity of magnetic field lines (loops) connecting different active centers situated
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nearby and far away from each other on the solar disk is observationally supported
and different models depicting the same have been proposed by Lantos and Jarry
(1970), McLean and Sheridan (1972), Kai and Nakajima (1974), and Kai and
Sheridan (1974). For simplicity one such loop connecting other active centers little
away from the main active center is shown in the same figure. An irregularity (shown
by ‘A’) occasionally may delay part of the radiation generated in the nearby source
region giving rise to group delay effect observed on burst profile as curvature along
the frequency axis.

11. Concluding Remarks and Suggestions for Future Work

This review paper emphasizes the significance of high resolution solar decametric
observations for the exploration of solar corona. The latest high sensitivity
measurements of the decametric quiet Sun at different frequencies have enabled the
determination of spectral index and existence of the slowly varying component. The
occurrence of decametric noise storms and bursts provides an important link
between metric phenomena on the one hand and hecto-kilometric phenomena on
the other. This gives credence to the idea that just as the metric continuum serves as
the energy reservoir for the decametric noise storm bursts, similarly the decametric
continuum serves as the energy reservoir for the hecto-kilometric noise storm bursts.
Recent work on the details of the decametric burst component has improved our
understanding of different physical processes including the role of electron density
irregularities intrinsic to the source and along the propagation path. These results
support the mechanism of induced scattering of plasma waves on thermal ions
together with the interaction of energetic electron beams with small scale irre-
gularities for the generation of decametric bursts. Salient features of existing theories
and models for type I-III bursts have been reviewed. A plausible model that
incorporates generation of ‘BF’ type burst ié suggested.

Having reviewed the high resolution 'observations obtained in recent years
regarding noise storms and the varieties of bursts in the decameter range, their
interpretations and theories, we come to the conclusion that more concerted efforts
are necessary to obtain as complete information on these enigmatic solar phenomena
as possible both on short term and long term basis in order to arrive at better
quantitative understanding than has been possible so far. Specifically:

(i) Inthe coming years, it would be desirable to organize intense efforts on global
scale, to make spectral and polarization observations in a systematic manner of
decametric noise storms and bursts with high resolution in time, frequency coupled
with high angular resolution and sensitivity. The decametric radio heliographs
similar to those at Culgoora (Australia) and Clark Lake (U.S.A.) with high time
resolution and operating over a wide frequency range will definitely help in delineat-
ing the morphology of the burst sources and their dynamics in the solar corona where
the solar wind builds up. Such heliographs need to be established in different parts of
the globe in order to achieve continuous surveillance of the solar activity.
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(ii) Although some work on polarization at decameter wavelengths has been
carried out, there is pressing need to incorporate polarimeters on satellites as almost
no information is available at present on the polarization properties of hecto- and
kilometric storms and bursts.

(iii) It would be worthwhile to confirm small scales (1-10 arc sec) of the irregu-
larities in the vicinity of the Sun by long baseline interferometry (LBI) in the
decametric range.

(iv) Inorder to verify the low frequency limit of type IIIb bursts, sweep frequency
receiver with adequate frequency resolution should be included on future space
missions.

(v) It would be desirable to track type II shock waves, in the vicinity of the Sun,
using wide band decametric spectroscopy and, in the interplanetary medium, using
interplanetary scintillation technique to study 3-dimensional evolution of inter-
planetary shock waves.

(vi) Systematic observations of the quiet Sun and the slowly varying component in
the decameter range have just begun to appear. Hence, they need to be carried out
for at least one complete solar cycle in coordination with high resolution optical
studies of the Sun.

(vii) On theoretical front, since there are many gaps in our understanding of the
coronal plasma processes, it appears that still there is scope for development of
satisfactory theory of type III solar radio bursts and their variants over the entire
meter to kilometer wavelength range, taking into consideration non-linear plasma
instabilities in turbulent warm and hot plasma.
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