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ABSTRACT
We report ground-based, low-frequency (<100 MHz) radio imaging, spectral, and polarimeter observations of the
type II radio burst associated with the solar coronal mass ejection (CME) that occurred on 2013 May 2. The spectral
observations indicate that the burst has fundamental (F) and harmonic (H) emission components with split-band
and herringbone structures. The imaging observations at 80 MHz indicate that the H component of the burst was
located close to leading edge of the CME at a radial distance of r ≈ 2 R in the solar atmosphere. The polarimeter
observations of the type II burst, also at 80 MHz, indicate that the peak degree of circular polarization (dcp)
corresponding to the emission generated in the corona ahead of and behind the associated MHD shock front are
≈0.05 ± 0.02 and ≈0.1 ± 0.01, respectively. We calculated the magnetic field B in the above two coronal regions
by adopting the empirical relationship between the dcp and B for the harmonic plasma emission and the values are
≈(0.7–1.4) ± 0.2 G and ≈(1.4–2.8) ± 0.1 G, respectively.
Key words: solar–terrestrial relations – Sun: activity – Sun: corona – Sun: coronal mass ejections (CMEs) –
Sun: magnetic fields – Sun: radio radiation

associated coronal mass ejection (CME). The characteristics
and detailed description of the solar type II bursts can be found
in Roberts (1959), Wild et al. (1963), Nelson & Melrose (1985),
and Mann et al. (1995).
Plasma emission in the presence of a magnetic field is split
into ordinary (O) and the extraordinary (X) modes. Due to the
differential absorption of these two modes in the medium, a net
degree of circular polarization (dcp) can be observed (Melrose
& Sy 1972). The latter is related to the strength of the magnetic
field in the source. The polarization of the second harmonic
plasma emission is directly related to the field strength thereby
making it a better diagnostic tool to estimate the latter (Melrose
et al. 1978). Estimates of the coronal magnetic field from the
observations of circularly polarized harmonic type III solar
radio bursts, which are also due to plasma emission, have been
widely reported (Suzuki & Sheridan 1978; Dulk & Suzuki 1980;
Mercier 1990; Ramesh et al. 2010a; Sasikumar Raja & Ramesh
2013). Though observations of circularly polarized harmonic
type II bursts have also been reported, estimates of the coronal
magnetic field from the observed circular polarization are not
available (Komesaroff 1958; Stewart 1966; Suzuki et al. 1980).
Also, simultaneous ground-based, low-frequency (<100 MHz)
radio imaging, spectral, and polarization observations of type II
bursts are rare. In view of the close spatio-temporal association
between the type II bursts and the CMEs (Stewart et al. 1974b,
1974a; Gopalswamy & Kundu 1992; Manucso & Raymond
2004; Lin et al. 2006; Gopalswamy et al. 2009; Liu et al. 2009;
Ramesh et al. 2010b, 2012a; Cho et al. 2008, 2013; Ma et al.
2011), we explored the possibility of estimating the strength of
the magnetic field in the corona ahead of and behind a CME,
particularly from the dcp of the associated harmonic type II radio
burst, with proper justifications. Note that only the estimates of
the coronal field strengths ahead of the CMEs, and those too
from non-polarization observations, have been reported so far
(Smerd et al. 1975; Dulk et al. 1976; Dulk & McLean 1978;
Vršnak et al. 2002; Bastian et al. 2001; Mancuso et al. 2003;
Ramesh et al. 2003; Cho et al. 2007; Gopalswamy et al. 2012).

1. INTRODUCTION
Solar type II radio bursts are the electromagnetic signatures
of magnetohydrodynamic (MHD) shocks propagating outward
in the solar atmosphere. They often occur as two relatively
slow drifting emission bands (fundamental and harmonic) with
a frequency ratio of ≈1:2. The frequency drift from high to low
frequencies (typically ∼0.5 MHz s−1 ) results from the decrease
of electron density (Ne ) and hence the plasma frequency, with
increasing radial distance (r) in the solar atmosphere. The
observed drift rate can be converted into the shock speed if the
density distribution Ne (r) is known. The widely accepted steps
in the type II radio burst emission models are (1) acceleration
of electrons by an MHD shock, (2) excitation of Langmuir
(plasma) waves by the accelerated electron streams, and (3)
conversion of the Langmuir waves into escaping radiation at the
local electron plasma frequency (F) and its harmonic (H). The
spectral observations indicate that the appearance of the type II
bursts can vary. At times, fine structures resembling type III
bursts may emerge from the principal type II bands (backbone)
and drift rapidly to lower and/or higher frequencies. These
are called the herringbones and are generally interpreted as
signatures of electron streams that propagate away from and/or
toward the Sun along open magnetic field lines after acceleration
in the corona ahead of and/or behind the MHD shock front
responsible for the type II burst. Type II bursts with herringbone
structures are less frequent (≈20%) and are observed mostly at
low frequencies. Another variant is the type II bursts that exhibit
split-band structure. Either or both the F and H components of
the burst are split into two sub-bands (the upper band U and
the lower band L) with a separation in frequency, usually small
compared to the frequency separation between the F and H
components themselves. The L/U band is considered to be due
to emission generated in the corona ahead of/behind the MHD
shock front. The corresponding coronal region is referred to
as either the upstream/downstream corona or the pre-shock/
post-shock corona, with respect to the leading edge (LE) of the
1
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Figure 1. Dynamic spectrum (85–25 MHz) of the type II radio burst from the solar corona obtained with the GLOSS on 2013 May 2 during the period 05:06–05:18 UT.
The F and H components of the type II burst with band-splitting and herringbone structures (from the FU band) are clearly noticeable. The labels FL , FU , HL , and HU
on the backbone of the type II burst represent the lower and upper bands in the F and H components of the type II burst. The white horizontal straight line indicates
the 80 MHz observations in the spectrum. The other horizontal lines in the spectrum are due to local radio frequency interference.

is ≈2 MHz, the same as GRAPH. The radio source(s) responsible for the circularly polarized emission observed with the
GRIP are identified using the two-dimensional radioheliograms
obtained with the GRAPH around the same time. The spectrograph antenna system (Gauribidanur LOw frequency Solar
Spectrograph, GLOSS) is a total power instrument and it operates in the frequency range 85–15 MHz. The half-power width
of the response pattern of GLOSS at a typical frequency like
80 MHz is ≈90◦ × 6◦ (R.A. × decl.). The integration time is
≈100 ms and the observing bandwidth is ≈300 kHz at each
frequency. The width of the response pattern of the GLOSS in
R.A. is nearly independent of frequency. The Sun is a point
source for both the GRIP and the GLOSS. All the above instruments observe the Sun everyday during the interval 4–9 UT. The
minimum detectable flux densities of the GRAPH, GRIP, and
GLOSS are ≈20 Jy, 200 Jy, and 3000 Jy, respectively (1 Jy =
10−26 W m−2 Hz−1 ). We used images obtained with the COR1
coronagraph and 195 Å Extreme UltraViolet Imager (EUVI) of
the Sun–Earth Connection Coronal and Heliospheric Investigation (SEECHI; Howard et al. 2008) on board the Solar TErrestrial RElations Observatory (STEREO), and the Large Angle and Spectrometric Coronagraph (LASCO; Brueckner et al.
1995) on board the Solar and Heliospheric Observatory (SOHO)
for information on the CMEs.
Figure 1 shows the dynamic spectrum of a typical splitband type II burst observed with the GLOSS on 2013 May
2 during the interval 05:06–05:18 UT over the frequency range
85–25 MHz. The splitting of the F and H components into lower
(L) and upper (U) bands, i.e., FL , FU , HL , and HU , can be clearly
noticed in the spectrum. The onset frequencies of the FL and FU
bands are ≈50 MHz and ≈60 MHz, respectively, at ≈05:06 UT.

2. OBSERVATIONS
The radio data reported were obtained on 2013 May 2 with the
heliograph (Ramesh et al. 1998, 1999b, 2006b), the polarimeter
(Ramesh et al. 2008), and the spectrograph (Ebenezer et al. 2001,
2007; Kishore et al. 2014) at the Gauribidanur observatory,3 located about 100 km north of Bangalore in India (Ramesh 2011).
The heliograph (Gauribidanur RAdioheliograPH, GRAPH) is
a T-shaped radio interferometer array, which produces two- dimensional images of the solar corona with an angular resolution of ≈5 × 7 (right ascension, R.A. × declination, decl.)
at 80 MHz. The integration time is ≈250 ms and the observing
bandwidth is ≈2 MHz. The polarimeter (Gauribidanur Radio Interference Polarimeter, GRIP) is an east–west, one-dimensional
array operating in the interferometer mode at 80 MHz. It responds to the polarized flux density from the “whole” Sun.
GRIP observations correspond primarily to the circularly polarized emission since linear polarization, if present at the coronal
source region, tends to be obliterated at low radio frequencies
because of the differential Faraday rotation of the plane of polarization within the typical observing bandwidths (Grognard
& McLean 1973). The half-power width of the response pattern (“beam”) of the GRIP is ≈2◦ × 90◦ (R.A. × decl.). This is
broad compared to the size of the Sun. Therefore a plot of the
GRIP data (i.e., the time profile) for observations in the transit mode is essentially the “east–west beam” of the array with
amplitude proportional to the strength of the emission from the
“whole” Sun, weighted by the antenna gain in that direction.
The integration time is ≈250 ms and the observing bandwidth
3
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Figure 2. Close-up view of the 55–35 MHz range of the FU band in the dynamic spectrum in Figure 1. The herringbone structures drifting toward higher frequencies
from the backbone can be clearly noted.
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Figure 3. Spectral profile of the type II burst in Figure 1 at ≈05:10 UT.

They are last noticed at ≈25 MHz and ≈ 30 MHz at ≈05:12 UT
and ≈05:15 UT, respectively. The HL and HU bands are observed
from ≈05:06 UT and ≈05:08 UT, respectively, at 85 MHz. They
are last noticed at ≈35 MHz and ≈55 MHz at ≈05:18 UT. The
frequency ratio of the FL , FU , HL and HU bands estimated from
the mid-frequencies (fl , fu , hl and hu ) of the corresponding
bands in the spectrum at ≈05:10 UT are fl : hl ≈ 1:2 and
fu : hu ≈ 1:1.8 (see Figure 3). The ratio of the corresponding
instantaneous bandwidths FL : HL and FU : HU are ≈1:1 in
both the cases. However, the ratio of the bandwidths of the
lower and the upper bands within the F and H components,
i.e., FL : FU and HL : HU are in the ratio ≈1:2. Zimovets
et al. (2012) had recently reported HL : HU ≈ 1:3 for the highfrequency (≈150–450 MHz) split-band type II burst observed by

them. In addition to the split-band structure of the type II burst,
one can observe rib-like features emerging particularly from the
FU band in the present case (Figure 2). These are the herringbone
structures mentioned in Section 1. The herringbones from the
other bands are probably too weak to be noticed. The higher
intensity of the FU band in Figure 3 indicates this. Similar higher
intensity of the upper band as compared to the lower band in
a split-band type II burst was recently reported by Zimovets
et al. (2012). The presence of herringbones in the FU band,
and its likely harmonic components in the HU band, could be a
reason for their larger bandwidths compared to the FL and HL
bands. The drift of the herringbones toward higher frequencies
in the present case is an indication of energetic electrons
escaping along magnetic field lines behind the MHD shock front
3
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Figure 4. Composite of the 80 MHz GRAPH radioheliogram of the type II burst (05:08 UT) in Figure 1, SDO-AIA 193 Å image (≈05:34 UT), and SOHO-LASCO
C2 image (≈05:36 UT) obtained on 2013 May 2. The peak Tb of the radioheliogram is ≈3.7 ± 0.3 × 109 K and the contours are in interval of 10% of the peak
Tb . The white circle (radius = 1R ) at the center indicates the solar limb. The larger, concentric gray circle (radius ≈2.2R ) represents the occulting disk of the
SOHO-LASCO C2 coronagraph. Solar north is straight up and solar east is to the left in the image. The enhanced emission above the northwest quadrant of the
coronagraph occulting disk corresponds to the white light CME discussed in the text.

(Wild et al. 1963). An inspection of the e-CALLISTO solar radio
spectrometer (Benz et al. 2009) observations at the Gauribidanur
observatory in the frequency range 45–440 MHz revealed that
the above type II burst was limited to frequencies 150 MHz.
Figure 4 shows the GRAPH observations of the type II burst
at 05:07 UT superposed on the SOHO-LASCO C2 and the
SDO-AIA difference images obtained at ≈05:36 UT and
05:34 UT, respectively. The centroid of the burst is at ≈2 ±
0.2 R and its peak Tb is ≈3.7 ± 0.3 × 109 K. Since the dynamic range of the GRAPH is limited to ≈20 dB (Ramesh et al.
1999b), radio emission from the “background” corona is not
noticeable in the GRAPH observations. The half-angular width
of the burst is ≈9 . This is consistent with the size of the type II
bursts at 80 MHz reported in the literature (Nelson & Melrose
1985). A comparison with Figure 1 indicates that type II burst
in Figure 4 corresponds to the HL band. We also generated a radioheliogram using GRAPH data obtained around ≈05:09 UT,
the epoch during which the 80 MHz emission is from the HU
band of the type II burst (see Figure 1). Given the coarse angular
resolution of the GRAPH, we did not observe any significant
shift in the location of the centroid of the burst compared to
that in Figure 4. Having said so, we would like to note here
that even the spatially resolved observations indicate only ≈1

separation between the two sub-bands in a split-band type II
burst (Zimovets et al. 2012). The enhanced whitelight emission
above the occulting disk of the coronagraph in Figure 4 corresponds to a CME. It was associated with a 1N class Hα flare and
M1.1 class GOES soft X-ray flare from AR 117314 located at
N10W25.5 The first appearance of the CME in the coronagraph
field of view (FOV) was around ≈05:24 UT. The LE of the CME
was at ≈2.7 R at that time. Its central position angle (measured
counter clockwise from the solar north) was ≈344◦ . The CME
exhibited an acceleration of ≈1.1 m s−2 . The second-order fit to
the height–time measurements of the above CME indicates that
its LE was at r ≈ 2 R around ≈05:07 UT. We verified this
independently with the STEREO observations. Figure 5 shows
the composite of the STEREO A-COR1 and STEREO A-EUVI
195 Å images obtained around ≈05:10 UT on 2013 May 2. The
intense patch of emission seen to the left of the coronagraph occulting disk corresponds to the CME. Its LE is around ≈2.1 R .
Note that STEREO A was ahead of Earth at ≈W135 during the
above epoch.6 So the flare location corresponds to ≈ E110 from
4
5
6

4
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Figure 5. Composite of the STEREO A-COR1 and the STEREO A-EUVI 195 Å images obtained on 2013 May 2 at ≈05:10 UT. The gray circle (radius ≈ 1.4R )
represents the occulting disk of the COR1 coronagraph. The enhanced emission to the left of the coronagraph occulting disk corresponds to the white light CME
discussed in the text.

STEREO A view. This is just behind the limb, so the CME measurements in STEREO A-COR1 are less affected by projection
effects (Gopalswamy et al. 2013). The height of the CME LE
in the STEREO A-COR1 FOV at ≈05:10 UT agrees with the
location of the centroid of the type II burst at 80 MHz around
≈05:08 UT (Figure 4) and the extrapolated CME LE location
in the SOHO-LASCO C2 FOV around ≈05:08 UT. The close
spatial correspondence indicates that projection effects on the
location of the type II burst and the CME LE (as inferred from
SOHO-LASCO C2 observations) can also be assumed to be
minimal. The type II burst seems to be spatially associated with
the nose of the frontal structure of the CME.
Figure 6 shows the time profile of the Stokes I and V radio
emission from the solar corona at 80 MHz as observed with the
GRIP on 2013 May 2 during the interval 05:06–05:18 UT. A
comparison of Figures 1 and 6 indicate that the enhanced Stokes
I and V emission at 80 MHz corresponds to the H component of
the type II burst similar to the GRAPH observations of the type II
burst in Figure 4. The GRIP observations during the interval
≈05:06–05:08 UT and ≈05:09–05:17 UT relate to the HL and
HU bands, respectively, in Figure 1. The slightly longer duration
of the event at 80 MHz in Figure 6, particularly the HL band, as
compared to Figure 1 is likely due to the better sensitivity of the
GRIP over GLOSS. The Stokes V flux density of the HU band in
Figure 6 is larger by a factor of ≈2 compared to that of the HL

band. This is likely due to the presence of the herringbones in
the FU band (see Figure 2). It is possible that there is enhanced
polarization at the type II burst location when the emission is
from the corresponding harmonic, i.e., the HU band (Suzuki
et al. 1980).
The peak Stokes I and V flux densities in Figure 6 are ≈22
sfu7 and ≈1 sfu for the HL band, and ≈28 sfu and ≈3 sfu for
the HU band. The corresponding dcp (= |Vflux|/Iflux, in the
present case) for the HL and the HU bands are ≈0.05 ± 0.02
and ≈0.1 ± 0.01, respectively. Note that the type II bursts
without the herringbone structures (i.e., the bursts with only
the backbone present) and the H component of type II bursts
with herringbone structures are both weakly polarized with
dcp  0.2 (Suzuki et al. 1980; Stewart & Magun 1980; Cairns
& Robinson 1987). Therefore, it is possible that the Stokes V
emission in Figure 6 could be due to either one or both of them.
Note that any error in the position of the type II burst in
Figure 4 due to ionospheric effects and/or scattering (irregular
refraction due to density inhomegeneities in the solar corona)
is expected to be minimal (0.2 R ) and within the angular
resolution limits of the GRAPH because (1) positional shifts
due to ionospheric effects is expected to be 0.2 R at 80 MHz
in the hour angle range ± 2 hr (Stewart & McLean 1982).
7

5

sfu = solar flux unit = 10−22 Jy.
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Figure 6. GRIP observations at 80 MHz on 2013 May 2 during the period 05:06–05:18 UT. The upper and lower panels correspond to the Stokes I and V, respectively.
There is noticeable circularly polarized emission during the corresponding 80 MHz type II burst period in Figure 1.

≈1.7 R . This is in agreement with the typical CME height
at the onset time of the metric type II bursts (Gopalswamy
et al. 2013). Constraining the electron density model of the
solar corona based on the above height-time measurements,
i.e., the 60 MHz plasma level should be located at a distance
of ≈1.7 R , we find that five × the Baumbach–Allen model
(Baumbach 1937; Allen 1947) is the appropriate choice for the
present case. For the 40 MHz plasma level, the corresponding
radial distance is ≈2.0 R . The location of the centroid of the
type II burst at 80 MHz (H emission) in Figure 4 is consistent
with this. Having identified the appropriate coronal electron
density model, we calculated the shock speed from the onset
time difference between the occurrence of the type II burst at
the same frequency in the F and H bands (see Figure 1) and their
corresponding radial distances. The value is ≈1320 km s−1 . This
is consistent with the CME speed estimated from the STEREO
A-COR1 observations.
Melrose et al. (1978), Melrose et al. (1980), Zlotnik (1981),
and Willes & Melrose (1996) had shown that when the Langmuir
waves are collimated in the direction of the magnetic field,
weakly polarized H radiation results with the sense of the O
mode, and the magnetic field strength (B) near the source region
of a solar radio burst (H component) is related to the observed
dcp as
fp × dcp
B=
,
(1)
2.8 a(θ )

The GRAPH observations are within this hour angle range since
the transit of the Sun over the local meridian at Gauribidanur
occurs around ≈06:30 UT; (2) the effects of scattering are
considered to be small at 80 MHz compared to lower frequencies
(Aubier et al. 1971; Bastian 2004; Ramesh et al. 2006a). High
angular resolution observations of the solar corona indicate that
discrete radio sources of angular size ≈1 –3 are present in
the solar atmosphere from where low-frequency radio radiation
originates (Kerdraon 1979; Lang & Willson 1987; Willson
et al. 1998; Ramesh et al. 1999a; Ramesh & Sastry 2000;
Ramesh & Ebenezer 2001; Ramesh et al. 2012b; Mercier et al.
2006; Kathiravan et al. 2011); and (3) the positional shift of
discrete solar radio sources due to scattering is expected to
be 0.2 R at 80 MHz (Riddle 1974; Robinson 1983). Ray
tracing calculations employing realistic coronal electron density
models and density fluctuations show that the turning points
of the rays that undergo irregular refraction almost coincide
with the location of the plasma (“critical”) layer in the nonscattering case even at 73.8 MHz (Thejappa & MacDowall
2008). Obviously the situation should be better at 80 MHz.
3. ANALYSIS AND RESULTS
From an inspection of the STEREO A-COR 1 and STEREO
A-EUVI 195 Å composite movie close to the onset phase of the
above CME, we inferred that its LE was at ≈1.6 R around
≈05:05 UT. Note that CMEs in extreme ultraviolet (EUV)
images often appear similar to their white light counterparts
(Dere et al. 1997; Gopalswamy et al. 2012). In the STEREO
A-COR1 image obtained around ≈05:10 UT, the CME LE was
at ≈2.1 R (Figure 5). The above height–time measurements
indicate a linear speed of ≈1160 km s−1 for the CME. Note that
the latter was nearly a limb event for the above two instruments
as mentioned in Section 2. The close agreement between the
above mentioned location of the CME LE at ≈05:10 UT and
the type II burst in Figure 4 at ≈05:08 UT reinforces the close
spatio-temporal association between the CMEs and the metric
type II bursts mentioned in Section 1. Also it indicates that
any projection effects on the location of the type II burst in
the present case is minimal. The onset of the type II event in
Figure 1 was around ≈05:06 UT at a frequency of ≈60 MHz
(F emission). Estimation based on the above speed of the CME
indicates that its LE at ≈05:06 UT was likely to be around

where fp is the plasma frequency (fundamental component)
in MHz and B is in G. a(θ ) is a slowly varying function
of the angle θ between the magnetic field and the viewing
direction. We adopted Equation (1) in the present case to
estimate B since the observed circular polarization at 80 MHz
in Figure 6 corresponds to the H component of the type II burst
in Figure 1 and is also weakly polarized (dcp  0.1). The
sense of polarization was assumed to be the O mode because of
the following reasons. (1) Both the type II and type III radio
bursts are due to plasma emission and their polarization is
predominantly in the O mode for the F and H components
(Melrose 1980); (2) the X mode emission experiences greater
absorption than the O mode during propagation through the
solar corona (Fomichev & Chertok 1968; Thejappa et al. 2003);
and (3) the polarization characteristics of the F–H type II bursts
with herringbone structures are similar to that of the F–H type III
6
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can result (Holman & Pesses 1983), it is possible that the
present observations (where the type II burst has backbone
with band splitting and herringone structures) could be due
to the propagation of a curved shock front (with minimally
gradual curvature) in an environment where the upstream
magnetic field is inclined to the coronal density gradient (a
geometry intermediate to those shown in Figures 2(b) and 2(c)
of Holman & Pesses 1983). This would imply that the energetic
electrons though being in the upstream region, similar to the
interplanetary type II bursts, could still propagate downward
toward the photosphere. However, the geometry of shock
front and magnetic field lines could be more complicated
than is usually considered in the models. Band-splitting and
herringbone structures might also result due to other reasons
(Stewart & Magun 1980; Holman & Pesses 1983; Zlobec
et al. 1993).

bursts. In the case of the latter, both the F and H components
are polarized in the O mode (Stewart 1966; Suzuki et al. 1980;
Dulk & Suzuki 1980).
Since we are discussing the H component, fp = 40 MHz in
Equation (1). The peak dcp of the type II burst in Figure 6
for the HL and HU bands are ≈0.05 ± 0.02 and ≈0.1 ± 0.01,
respectively (see Section 2). We assumed a(θ ) ≈ 1 since the
burst in Figure 4 is close to the solar limb (Dulk & McLean
1978). Substituting the different values in Equation (1), we get
B ≈ 0.7 ± 0.2 G and ≈1.4 ± 0.1 G for the HL and HU bands,
respectively. Considering that Langmuir waves can be present
up to an angle of 30◦ to the magnetic field lines for weakly
polarized second harmonic plasma emission in the O mode
(Melrose et al. 1978), we find that a(θ ) ≈ 0.5–1 (Melrose et al.
1980). The above arguments indicate that B ≈ (0.7–1.4) ± 0.2
G and ≈(1.4–2.8)±0.1 G for the HL and HU bands, respectively,
and the ratio of the field strengths in the coronal region ahead
of and behind the MHD shock front is ≈1:2. We independently
verified the latter from the shock compression ratio, i.e., the
electron densities corresponding to the mid-frequencies of the
FU and the FL bands (see Figure 3). We also confirmed the
above B value for the HL band (i.e., emission from the coronal
region ahead of the MHD shock front) using the often used
technique to estimate the magnetic field in the upstream corona
ahead of a CME from the split-band structure of the associated
type II bursts (Smerd et al. 1975; Vršnak et al. 2002; Cho et al.
2007). Assuming five × the Baumbach–Allen coronal electron
density model for the type II burst in Figure 1 due to the reasons
mentioned earlier (see the first paragraph in this section), we
find that B ≈ 1.6 G at r ≈ 2 R , the location of the type II
burst in Figure 4. There is a reasonable agreement between
the B values estimated using the two different methods. This
strengthens the case of estimation of the coronal magnetic field
strength from circular polarization observations of solar radio
bursts, particularly when the latter is due to harmonic plasma
emission. We also calculated the Alfvén speed (vA ) at r ≈ 2R ,
i.e., at the location of√the type II burst in Figure 4 using the
relationship vA = B/ 4π MNe , and the value is ≈628 km s−1
for the post-shock corona (behind the MHD shock front) and
≈314 km s−1 for the pre-shock corona (ahead of the MHD shock
front). Here M = 2 × 10−24 g is the mass ascribed to each
electron in the coronal plasma (includes 10% He). We assumed
Ne = 1.98 × 107 cm−3 , the electron density corresponding to
40 MHz, since the observed type II burst at 80 MHz is the H
component.
We note here that in the case of interplanetary type II
bursts, the emission is mainly found in the upstream region
of interplanetary shock waves driven by the CMEs (Reiner
et al. 1998; Bale et al. 2009; Hoang et al. 2007). In situ
measurements indicate that the electron plasma waves required
for the type II burst emission are also mainly generated in the
upstream region of interplanetary shocks (Lengyel-Frey et al.
1997; Bale et al. 2009; Thejappa & MacDowall 2000; Pulupa
& Bale 2008). Moreover, energetic electrons accelerated at
the shocks should be preferentially reflected to the upstream
region according to the theories (Cairns et al. 2003). However,
physical conditions in the corona are different from those in
the interplanetary medium. Figure 2 indicates the propagation
of energetic electrons downward (toward the photosphere)
from the coronal shock. Such spectral features are rare in the
interplanetary type II bursts compared to the coronal type II
bursts (Vršnak et al. 2001). Considering the examples of
geometries in which a type II burst with different features

4. SUMMARY
We estimated the magnetic field strength in the solar corona
ahead of and behind the MHD shock front associated with the
CME (at r ≈ 2 R ) that occurred on 2013 May 2, from the
noticeable circular polarization exhibited by the H component
of the associated split-band type II burst with herringbone
structures. The corresponding peak values are B ≈ (0.7–1.4) ±
0.2 G and ≈ (1.4–2.8) ± 0.1 G, respectively. Estimates of the
field strength in the coronal region ahead of the CMEs using
other techniques have been reported by several authors. We find
that the present result is consistent with them. Smerd et al. (1975)
and Vršnak et al. (2002) derived B ≈ 0.3–4 G at r ≈ 2 R
for the upstream corona near the LE of the CMEs from the
split-band type characteristics of the associated coronal type II
bursts. In a comparatively recent similar study, Cho et al. (2007)
obtained B ≈ 0.6 G at r ≈ 2 R . Mancuso et al. (2003) obtained
upper limits to the coronal Alfvén speed and the magnetic field
strength near the LE of a CME assuming that the shock speed
estimated from the coronal type II bursts must be greater than
the local magnetosonic speed. The results indicate that B ≈ 0.9
G at r ≈ 2 R . Adopting a similar approach, more recently
Gopalswamy et al. (2012) had reported B ≈ 1.3 G at r ≈ 1.5 R
from EUV observations of the MHD shock front at the LE of a
CME and the associated type II radio burst. In all of the above
cases, there were no imaging observations of type II bursts to
identify its location with respect to the associated CME. Also,
our results are from the polarization observations and hence
are independent of any coronal electron density model. Moving
to estimates of the field from non-type II burst observations,
again in the corona ahead of the CME LE since there are no
reports on the field strength behind the CMEs, we find that
Dulk et al. (1976) had estimated the average field to be in the
range ≈3.1–0.7 G over r ≈ 1.8–3.1 R by assuming gyrosynchrotron emission for the continuum radio burst located
above the associated CME. Bastian et al. (2001) had derived
B ≈ 1 G at r ≈ 2 R through observations of synchrotron radio
emission from the expanding CME loops. Ramesh et al. (2003)
had obtained B ≈ 0.86 G at r ≈ 2.7R from the enhanced
thermal radio emission associated with the LE of a CME.
Comparing the above B values with that estimated using the
widely used general relationship provided by Dulk & McLean
(1978), we find that the coronal magnetic field strength ahead of
the CMEs seem to be generally higher. At r ≈ 2 R ahead of a
CME, the results indicate that B ≈ 0.6–4 G. Compared to this,
B ≈ 0.5 G in the absence of a CME (Dulk & McLean 1978).
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We also obtained the coronal magnetic field strength at the above
location for AR 11731 using the potential-field source-surface
extrapolation scheme in Solar Software (Schrijver & De Rosa
2003) and the value is B ≈ 0.2 G.
Magnetic field strength in the solar atmosphere is routinely
measured only in the photospheric and chromospheric layers
at present. The coronal magnetic field is estimated from such
measurements using extrapolation techniques. Estimates of the
coronal magnetic fields through observations at microwave and
infrared wavelengths are available (Lin et al. 2000; Lee 2007),
but these correspond to regions very close to the base of the
corona. To our knowledge, there are no published reports,
particularly on the magnetic field near the LE of a CME in
the middle corona, i.e., 1.2 R  r  3.0 R , other than those
mentioned in the previous paragraph. Acceleration of energetic
particles by CME driven shocks occur typically in the above
distance range (Gopalswamy et al. 2012). Given the paucity of
coronal magnetic field measurements at present, particularly
in close temporal and spatial association with a CME, our
results provide useful constraints on the magnetic field strength
involved in shock acceleration theories.
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