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[1] We extend a model for type II radio bursts to investigate emission from the quiet
corona, as well as the emission relating to structures in the corona and interplanetary
medium. The most notable effect for the quiet corona is the weakening or disappearance of
emission near a peak in the heliocentric Alfvèn speed profile. By inserting various
structures into the coronal and interplanetary plasma, most observed type II features are
produced. Specifically, multiple-lane events, differing frequency drift rates, emission
which turns on and off, and narrowband and broadband emission can be produced.
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1. Introduction

[2] Type II radio bursts are associated with propagating
shock waves and are characterized by emission which drifts
slowly to lower frequency with time. Observations are
typically categorized by their wavelength as metric, deca-
metric/hectometric (DH), or kilometric. The dynamic spec-
tra of type II classically consist of two bands of emission
separated by approximately a factor of 2 in frequency. The
lower-frequency band is interpreted as emission at approx-
imately the local plasma frequency fp, while the upper band
is at 2fp. Accordingly, type II with metric, DH, and kilo-
metric wavelengths correspond, approximately, to radial
distances of �1–2 R�, �2–10 R�, and 10 R�, respectively.
The typically negative drift rate of these emission bands is
ascribed to the motion of the source region away from the
Sun, and thus to regions of lower number density and local
plasma frequency.
[3] In practice, most observations show the bands to

fluctuate dramatically in intensity, bandwidth, and drift rate.
Disentangling the details of the underlying physics from the
observed spectra is made difficult by features such as a lack
of continuous emission, and frequency fine structures such
as broadband versus narrowband emission, multiple lanes of
fundamental or harmonic emission, and herringbone bursts
[e.g., Roberts, 1959; Nelson and Melrose, 1985; Cairns and
Robinson, 1987]. It should be noted that there are three
subclasses of events which contain multiple bands of
fundamental or harmonic emission. The first occur simply
as a result of multiple global shocks that each produce type II
emission. The second, called multiple-lane events, can
have a variety of frequency separations and differing drift
rates. They are usually attributed to distinct source regions
associated with different portions of the one global shock.
The third, known as split-band events, consist of lanes
which drift at the same rate with a frequency separation of

�10%. Split-band events are most commonly attributed
either to emission from upstream and downstream of the
shock or to a plasma processes which results in emission
slightly above and slightly below a characteristic frequency
[e.g., Roberts, 1959; Smerd et al., 1974]. Herringbone bursts
each last for a few seconds and occur in groups, and their
frequency drift rates have much larger magnitudes (^ a factor
of 10) than the type II backbone. They are not discussed
further here.
[4] Only recently have the first in situ observations of a

type II source region enabled confirmation and refinement
of our understanding of the source of this emission [Bale
et al., 1999]. Further, recent observational correlations
between pre-existing plasma structures and enhancements
in emission levels have highlighted the influence of
upstream plasma conditions on the observed spectra
[Reiner et al., 1998; Gopalswamy et al., 2001c]. These
correlations essentially rely on being able to show that
the type II shock and the structure with which it is
interacting have a spatial and temporal relation. It is vital
to strengthen these characterizations with explicit calcu-
lations of the effect such structures have on the observed
emission, as performed here.
[5] This paper is the fourth in a series that deals with the

development and investigation of a theoretical model for
type II radio emission. The four main theoretical compo-
nents which lead to type II radio emission are (1) electron
reflection and acceleration at a shock, via a process known
as shock drift acceleration (SDA) [e.g., Toptyghin, 1980;
Webb et al., 1983; Holman and Pesses, 1983; Wu, 1984;
Ball and Melrose, 2001]; (2) the formation throughout the
foreshock (Figure 1) of electron beams due to time-of-flight
effects [Filbert and Kellogg, 1979; Cairns, 1986, 1987];
(3) the growth of Langmuir waves driven by electron beams
and described by stochastic growth theory (SGT) [Robinson,
1992; Robinson et al., 1993; Cairns and Robinson, 1997,
1999;Cairns et al., 2000]; and (4) Langmuir wave interaction
via nonlinear wave-wave processes, to provide the remotely
observed radio emission [Melrose, 1985; Cairns, 1988;
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Robinson and Cairns, 1993; Robinson et al., 1994]. This
model, with appropriate modifications for the specific details,
has also been successfully applied to Earth’s foreshock
[Kuncic et al., 2002], and global merged interaction regions
propagating through the outer heliosphere and into the
interstellar medium [Cairns et al., 2004; Mitchell et al.,
2004].
[6] The first paper [Knock et al., 2001], henceforth

referred to as paper 1, developed the basic theoretical model
by combining relevant theories for points 1–4 above. These
theories had been developed, largely independently, since
the discovery of type II some 50 years ago. Paper 1 also
made a first tentative comparison with observation, which
was found to be in reasonable agreement. A more detailed
comparison is currently underway. The second paper
[Knock et al., 2003a], henceforth referred to as paper 2,
presented a refined version of the model which was used to
explore the level of type II emission as a function of plasma
and shock parameters. These trends provided theoretical
support for a number of observational features, for example
the positive correlation between the size and speed of the
driving shock wave and the level of emission [see also
Cairns et al., 2003]. The third paper [Knock et al., 2003b],
henceforth referred to as paper 3, investigated the influence
of global shock structure and presented the first theoretically
predicted type II dynamic spectra. The calculations of
paper 3, which covered a radial distance of �10 R� to
1 AU, reproduced a number of characteristic type II
features, including reasonable emission intensities, band-
widths, and frequency drift rates. Multiple-lane events,
resulting from distinct source regions at different helio-
centric distances, were also reproduced. It was found that
the frequency and temporal structures within a dynamic
spectrum depend on observer location, particularly in the
fundamental component, due largely to frequency blocking
of emission. While small shifts in solar wind and shock
parameters can significantly alter the observed emission
intensity, random fluctuations ultimately average and lead
to relatively smooth continuous dynamic spectra. Therefore
it was suggested that coronal and solar wind structures,
which are a source of correlated shifts in upstream plasma
conditions relevant to emission, as opposed to random

fluctuations, should play a major role in the observed
structure in type II dynamic spectra.
[7] In the current paper, as with papers 1–3, we aim to

provide a theoretical framework which will elucidate the
underlying mechanisms relevant to type II radio emission.
By extending the calculations of paper 3 into the corona and
explicitly incorporating spatial structure into the plasma
parameters, a link is made between the diversity in observed
spectral morphologies of type II radio bursts and the
underlying theory.
[8] The remainder of this paper is structured as follows.

Section 2 briefly reviews the model developed thus far,
and then describes the specific additions and refinements
for the work presented here. Section 3 presents results for
emission from a quiet corona and solar wind, emphasizing
the effect of a peak in the Alfvèn speed, the importance
of lateral expansion of the shock, and difficulties inter-
preting the frequency drift rate. Section 4 presents the
results of introducing large-scale, but localized, plasma
structures into the corona and solar wind, emphasizing
their effects on intensity and frequency structure in
dynamic spectra. Finally, section 5 summarizes the results
and outlines some implications for the interpretation of
type II observations.

2. Type II Model

[9] As mentioned in section 1, the model used here has
been developed and presented in detail in papers 1–3 [see
also Cairns et al., 2003]. This section begins with a very
brief summary of that model. It then outlines modifications
to the basic heliocentric models used for the plasma and
shock parameters in paper 3, and mentions briefly an issue
related to the initial conditions. Finally, an overview is
given of how simple plasma structures are incorporated into
the corona and solar wind.

2.1. Overview of the Model

[10] The foreshock, defined as the region between the
shock front and its tangential magnetic field lines, is the
source of type II radio emission (Figure 1). Electrons are
reflected and accelerated near the magnetic tangent, with

Figure 1. Schematic of a two-dimensional slice of a shock ripple, including identification of the tangent
point and two local foreshock wings. B and U are upstream magnetic field and upstream flow speeds,
respectively. The two coordinate systems (R, x) and (X, Y) are also defined in this figure.
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beam distributions subsequently forming via time-of-flight
effects. This physics is treated using Liouville’s theorem
and conservation of magnetic moment in the deHoffman-
Teller frame. The electron beams constitute a source of free
energy for the growth of Langmuir waves, which undergo
nonlinear interactions to produce freely propagating radio
emission. This physics is treated using marginal stability,
the convective derivative of available free energy, and the
known nonlinear conversion efficiencies from Langmuir
waves to radiation. Since more details are given in papers
1 and 2, they are not repeated here.
[11] A global parabolic shock is defined to consist of

many small ripples (Figure 1), whose scales are determined
by the local magnetic correlation length. The shock has an
equatorial trajectory with ripples packed on the one-
dimensional slice of the shock surface which lies in the
equatorial plane. Cylindrical symmetry is then employed to
form a global three-dimensional shock front. The calcula-
tion of the emission from each ripple is performed using the
local plasma and magnetic field variables. Relevant quan-
tities include Ne, Vsw, Te, Ti, B, the magnetic field orientation
qBU, and the level of nonthermal electrons, which is param-
eterized by k, the exponent of the electron distribution
function’s asymptotic velocity dependence f(v) / v�(k+1).
The radial dependence of the plasma parameters is
determined by analytic heliocentric models, which were
discussed in paper 3 and are summarized in Table 1.
Additionally, Gaussian-distributed fluctuations are imposed
on these radial variations to achieve a more realistic model
solar wind. Type II dynamic spectra are then produced by
summing over the emission from individual ripples at
progressive time steps.
[12] The type II physics of electron acceleration and beam

formation, as well as subsequent emission processes, are
independent of what causes the shock. The only influences
that a particular shock driving mechanism has on the
observed dynamic spectra are from the acceleration and
continued propagation of the shock. In regard to a shock’s
acceleration, blast wave shocks should have a very rapid,
almost instantaneous, initial acceleration and most likely a
relatively quick deceleration due to the lack of a continued
source of driving energy. However, observations of CMEs
show that they, and thus their associated shock waves,
continue to accelerate through the corona before subse-
quently decelerating as they propagate through the solar

wind. In regard to a shock’s continued propagation, en-
countering a peak in the heliocentric Alfvèn speed VA
profile can lead to a weakening of the shock, potentially
preventing its propagation to greater radial distances and
lower emission frequencies. With these points in mind, it
should be noted that the calculations of this paper begin by
turning on the shock with a given speed, similar to a blast
wave. However, the shock’s propagation, irrespective of any
intermediate weakening, is allowed to continue. Further, a
slight deceleration is incorporated, based on observations of
CMEs [Gopalswamy et al., 2001a].

2.2. Changes to the Model

[13] In order to extend the calculations of paper 3 into the
corona, some of the heliocentric models needed to be
refined. Specifically, this paper includes different heliocen-
tric models for electron number density Ne, ion temperature
Ti, and ripple curvature, parameterized by b. Further, the
ability to modify the flow speed, and thus the strength, of
the flanks of the global shock was incorporated, in order to
capture the effects of lateral expansion.
[14] In the dynamic spectra calculations presented in this

paper, the heliocentric dependence of Ne takes the form
[Saito et al., 1977]

Ne rð Þ ¼ a1
r

R�

� �c

þ a2
r

R�

� �d

; ð1Þ

where, a1 = 1.36 	 1012 m�3, a2 = 1.68 	 1014 m�3, c =
�2.14, and d = �6.13 are the values which fit to the
equatorial background. The motivation for changing the
heliocentric model for Ne, from that used in paper 3, is
twofold. First, the model of Saito et al. [1977] is more
widely used in the literature, particularly in observational
analyses relating frequency drift rates to shock speeds.
Second, the combination of the Saito Ne model and the
Parker spiral magnetic field strength produce a peak in VA at
approximately 3–4 R�. Accordingly, using this combina-
tion of models enables us to predict the observable effects
on type II spectra should such a peak exist. It should be
noted that the different power laws followed by Ne in a
number of other models, for example the one we previously
used, based on type III observations, does not produce a
peak away from the solar surface; this can be seen in Figure 4
in section 3.1 and is discussed further in section 3.
[15] The heliocentric model for Ti in this paper’s calcu-

lations takes the form

Ti rð Þ ¼ 0:5	 105
r

AU

� ��0:67
; ð2Þ

in units of K, where r is the radial distance. The change in
exponent, relative to that used in paper 3, for the
heliocentric dependence of Ti was to more closely match
observational evidence that implies coronal Ti is often
equivalent to or exceeds the electron temperature Te; this is
converse to the situation in the solar wind in which Te
typically exceeds Ti. In paper 3, Ti had the same radial
dependence as Te.
[16] In this paper, as in our previous work, the ripple

curvature b is based on the magnetic correlation length hli.
Previously, we used the observational values at 1 AU

Table 1. Summary of Plasma and Magnetic Field Heliocentric

Models, as Well as the Gaussian-Distributed Fluctuation About

These Modelsa

Heliocentric Models
Fluctuations

(Standard Deviation)

Vsw(r) = 4.0 	 105 r
AU

� �0:19
m s�1 ±30%

Te(r) = 1.5 	 105 r
AU

� ��0:42
K ±30%

B1(r) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B0R

2
�

r2

� �2

þ B0
2p
T
R2
�Vswr

� �2r
, B0 = 1.8 	 10�4 T ±10%

qBVsw
(r) = 2p � tan�1 2pr

TVSWR
1:0� R

r

� �h i
±50%

bgs(r) = r�1 r
AU

� ��0:3
m�1, XH = r � bgsYH

2 ±0%

k = 2.5 ±30%

Ne(r), see equation (2) ±20%
Ti(r), see equation (3) ±30%
b(r), see equation (4) ±20%

aHere r refers to radial distance, and the subscripts sw and gs refer to the
solar wind and global shock, respectively. The symbol T in the equations for
B1(r) and qBVsw

(r) is the solar rotation period.
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obtained by Collier et al. [2000] and assumed a heliocentric
dependence based on the scale length of electron density
fluctuations given by Robinson and Cairns [1998]. This is a
reasonable approximation in the solar wind but becomes
rapidly worse closer to the Sun. In contrast, a flux tube
model for hl(r)i agrees well with observations from low
heliocentric distances to 1 AU [Hollweg et al., 1982;
Mancuso and Spangler, 1999; Collier et al., 2000]. There-
fore, in this work, we use a ripple curvature given by

b ¼ hli�1 ¼ 7:3	 10�6
ffiffiffiffiffi
B1

p
m�1; ð3Þ

where B1(r) is the equatorial magnetic field strength given
by Parker’s model.
[17] Previously, the flow speed Un̂ normal to the global

shock was considered to be the same across the entire shock
front. This was reasonable for a large shock front in the
interplanetary medium. However, for our purposes here it is
useful to be able to change between an expanding shock and
one which only sees an upstream flow aligned with the axis
of the parabola, as is the case in the ripple calculations. Thus
here the flow speed Un̂ used for the calculation of emission
from a ripple is

Un̂ ¼ Ugs cosags þ e� e cosags

� �
� Vsw cos qr � ags

� �
; ð4Þ

where (see Figure 2) qr is the angle between the solar wind
flow direction (radial from the Sun) and the axis of the
global parabolic shock front, ags is the angle between a
tangent to the global shock front and a line perpendicular to
the global shock axis (i.e., tangent to the global shock’s
leading edge), and e selects between no expansion and full
expansion, corresponding to values between 0 and 1,
respectively. It should be noted that the size of the parabola
(bgs) defining the global shock and the rate of expansion (e)
are not necessarily tied to one another.

2.3. Incorporating Structure

[18] Simple representations of solar wind and coronal
structures are incorporated into the calculations presented
here by defining spatial regions in which the plasma and
magnetic field variables are modified relative to the values
predicted by the heliocentric models. Relevant quantities
include Ne, Vsw, Te and Ti, B, magnetic field orientation
qBU, and k which parameterizes the level of nonthermal
electrons.
[19] We have defined spatial regions that are qualitatively

similar to common coronal and solar wind structures and
imposed changes in plasma and magnetic quantities repre-
sentative of the structures they are mimicking. Specifically,
three types of spatial regions, which are defined only by their
two dimensional cross section, are considered: (1) circular
regions, which can be considered to be either crude approx-
imations to the magnetic clouds of slower pre-existing CMEs
or simply fluctuations in the solar wind plasma conditions on
spatial scales larger than those imposed on the heliocentric
models; (2) spiral regions, defined to lie between spiral arms
emanating from the Sun (these regions consist of three
subregions where variables are modified in accordance with
the typical profiles of corotating interaction regions (CIRs)
[e.g., Mann et al., 2002]); and (3) horseshoe shaped regions
connected to the Sun that are intended tomimic coronal loops.

It should be noted that none of these structures are currently
endowed with realistic internal structure, but instead are
simple first approximations. Even so, they provide useful
insights into the sort of correlations one should expect
between specific plasma structures and observed dynamic
spectra.

3. Predictions for Shocks Moving Through a
Quiet Corona and Solar Wind

[20] This section investigates the nominal case of a quiet
corona and solar wind in which the only variation in plasma
and magnetic variables from the values predicted by the
heliocentric models are Gaussian-distributed fluctuations.
The calculations presented in this section are for a shock
initialized at a heliocentric distance of 1.1 R�. Calculations
are stopped when the shock reaches 1 AU (Figure 3a). In
each calculation a deceleration ags = 5.4 	 10�6Ugs �
2.193 m s�2 is incorporated, consistent with Gopalswamy et
al. [2001a]. Other relevant parameters can be found in Table 1
and the captions of Figure 3 and of Figure 5 in section 3.2.
[21] The Alfvèn speed VA plays a vital role in the

formation and strength of fast mode collisionless shocks,
and thus in predictions for type II emission [Mann et al.,
1999; Gopalswamy et al., 2001b; Mann et al., 2003]. For a
given shock speed, different heliocentric profiles in VA
should influence the wavelength domains for which a
type II will be observable (above the detection threshold):
for example, a relatively strong type II could weaken, even
turning off, as the shock approaches a peak in the VA profile
and weakens (thereby reflecting fewer electrons), only to
strengthen as the local VA decreases again at larger heights.
Naturally, if VA is higher than the speed of the propagating
disturbance, then no fast mode shock will form, and thus no
type II emission should be possible. It should be remem-
bered that, based on the findings of paper 2, a shock
propagating at less than twice VA is ineffective at reflecting
and accelerating electrons capable of producing significant
radio emission. Previous workers [e.g., Mann et al., 1999;
Gopalswamy et al., 2001b; Mann et al., 2003] have dis-
cussed, qualitatively, the effect of a peak in the VA profile on
type II emission. Here we provide an explicit quantitative

Figure 2. A schematic depicting the angles ags and qr
relevant to equation (4). Vsw and n̂ represent solar wind
direction (radial from the Sun) and global shock normal,
respectively. The faint shaded X and Y axes are parallel
those of the global parabolic shock.
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calculation of the type II burst dynamic spectra associated
with a given VA profile.

3.1. Effects Due to the Alfvèn Speed Profile

[22] Figure 3 presents dynamic spectra which, as in the
rest of the calculations presented in this paper, uses the Ne

model of Saito et al. [1977]. This model was chosen for
both the presence of a VA peak and the fact that it produces
values of Ne in reasonable agreement with those observed,
from the corona to 1 AU. A weakening of emission is
clearly seen, in Figure 3, over the range of frequencies
corresponding to the peak in VA. The diminution is more
noticeable for slower shocks, with emission turning off
entirely for a shock propagating at or below the VA peak
(Figure 3c). That is, this theory clearly predicts that a spatial
peak in VA can cause a type II burst to turn off and then on
again at lower frequencies.

[23] The existence or not of a break in the type II burst,
and the degree of diminution, depends upon the details of the
VA profile and the shock speed. For calculations of signifi-
cantly faster shocks, there is often little or no weakening,
despite the presence of a peak in VA, while slower shocks
tend to weaken and turn off over larger frequency ranges.
[24] In order to quantify this effect, we briefly consider

four models for Ne and their implications for the VA profile
near the Sun. Of the four models considered, two are based
on white-light data and widely used in the literature: the
Newkirk [1961] model with

Ne rð Þ ¼ N0 	 10
4:32=ð r

R�
Þ ð5Þ

and N0 = 4.2 	 104 m�3, and equation (1) [Saito et al.,
1977]. The other two [Reiner et al., 1998; Robinson and
Cairns, 1998] are power law fits to an observation of a type II
burst,

Ne rð Þ ¼ 23	 106
r

AU

� ��2:86
m�3; ð6Þ

and observations of type III bursts,

Ne rð Þ ¼ 7:0	 106
r

AU

� ��2:19
m�3; ð7Þ

respectively. The model used in paper 3 is that of Robinson
and Cairns [1998]. It should be noted that the Robinson and
Cairns density model is of questionable validity below a few
R�, due to its derivation assuming r 
 R�. Equation (7) is
similar to the first term in equation (1); this suggests a
relatively straightforward hybridized model combining
equation (7) and the second term in equation (1). While the
resultant model would be similar to that of Saito et al. [1977],
it has the useful property that the term which dominates the
density in interplanetary space is normalized to a 1 AU value
while the term which dominates the coronal density is
normalized to a coronal value. Nevertheless, the Saito et al.
[1977] model is used below.
[25] Here only one magnetic field strength profile is

considered, that of an equatorial Parker spiral. However, it
should be remembered that different B profiles will lead to
similar effects on VA as the different density profiles. The
four resulting VA profiles are shown in Figure 4. Newkirk’s
model produces a VA profile which peaks between 2 and
3 R� at �400 km s�1. Saito et al.’s [1977] model also
produces a peak; however, it is centered between 3 and 4 R�
with a peak height �850 km s�1. Neither of the other
models [Reiner et al., 1998; Robinson and Cairns, 1998]
result in a VA peak above the solar surface.
[26] In the current context, what is important is the

implications these four VA profiles have for type II emission.
Therefore, assuming other relevant conditions are favorable
and remembering that shocks with speeds less than twice VA
are unlikely to produce observable emission (paper 2), what
follows is a summary of the speed constraints on observable
type II emission for the VA profiles shown in Figure 4. For
the Newkirk and Saito density models, the lowest and
highest minimum speeds within the metric, DH, and kilo-
metric wavelength domains are quoted. Since neither of the
other two models [Reiner et al., 1998; Robinson and Cairns,
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Figure 3. Dynamic spectra of type II bursts from a quiet
corona and interplanetary medium. The heliocentric Alfvèn
speed profile is plotted as a function of fundamental
frequency. (a) Ugs = 2000 km s�1, (b) Ugs = 1300 km s�1,
and (c) Ugs = 800 km s�1. For each spectrum the times
corresponding to radial heights of 10, 50, 100, and 200 solar
radii are indicated.
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1998] produces a peak in VA, only the highest minimum
speed of the wavelength domains are quoted.
[27] Using Newkirk’s density model the type II theory

implies that an observable metric type II requires a shock
speed (where ranges in the wavelength domains are
quoted) U ^ 200–800 km s�1, while observable DH bursts
require U ^ 200–900 km s�1, and observable kilometric
bursts could be produced by U^ 600–1300 km s�1 km s�1,
for the plotted region. It should be noted that Newkirk’s
model is not considered valid above 30 R�, and thus the
situation in which a strong shock can form for a disturbance
traveling �100 km s�1 and drive kilometric emission
probably does not occur in practice. Saito’s density model
with its higher VA peak requires U ^ 600–1300 km s�1 in
order to drive significant metric emission, with U ^ 1000–
1700 km s�1 required for significant DH emission, and U ^
400–1000 km s�1 for kilometric emission from the plotted
region. For the Reiner et al. [1998] and Robinson and
Cairns [1998] density models, metric emission requires U
800 and 8000 km s�1, respectively, while DH requires U
600 and 5000 km s�1, and kilometric requires U 200 and
1100 km s�1, respectively. This shows quite clearly that
differing heliocentric models for Ne, and also B, can lead to
significant restrictions on the speed at which a disturbance
is required to propagate in order to produce significant
type II radio emission.
[28] Significant differences in the required driving speeds

for type II emitting shocks are clearly evident in the above

discussion. Remembering that all four of the Ne models
considered have their basis in observation, it is apparent that
the variability of plasma conditions near the Sun has
considerable implications for the relationship between
shock speed and type II emission. Specifically, it implies
that spatial and temporal variations in Ne, B, and Vsw, due to
unusual solar activity, positionally related phenomena such
as the slow (equatorial) versus the fast (polar) wind, or
periodic fluctuations like the solar cycle, need to be taken
into account when interpreting statistical relationships be-
tween type II emission and shock speed.

3.2. Effects Due to Lateral Expansion

[29] In a quiet corona, the magnetic field is essentially
radial in Parker’s solar wind model, and thus a radially
propagating shock is quasi-parallel. As shown in paper 2,
quasi-parallel shocks do not generate significant type II
emission. Therefore the type II emission from a parabolic
shock in a quiet corona should be dominated by the quasi-
perpendicular flanks of the shock. In order for the flanks of
the shock to be strong enough to reflect and accelerate
electrons capable of driving type II emission, the propagat-
ing disturbance needs to be expanding laterally. This is due
to the shock strength being strongly dependent on the
normal component of the flow speed of the shock.
[30] Thus the lateral expansion of the shock wave deter-

mines the heliocentric extent of the source region close to
the Sun and in the absence of magnetic structures. In the
situation of a strong lateral expansion this leads to very
broadband type II emission, to the extent that it can be
difficult to distinguish between the fundamental and har-
monic frequency bands. Specifically, the case shown in
Figure 5b is for a shock which expands as rapidly as it rises
through the corona. This produces emission which is so
broadband that the upper edge of the fundamental band is at
a higher frequency than the lower edge of the harmonic
frequency band. Alternatively, the case shown in Figure 5a
is for a shock with no significant lateral expansion. This
means emission isn’t dominated by the legs/flanks of the
shock, leading to an emission region of limited radial extent,
and thus a narrowband type II. However, for nominal
coronal parameters, this significantly weakens the emission,
thus requiring optimized parameters to produce strong
narrowband emission. Such optimal parameters occur for
certain coronal structures (e.g., for loop structures, as shown
in section 4), implying they are probably the dominant
source of intense narrowband metric type II emission.
[31] The lower frequency edge of the emission in Figure 5

drifts at a rate which coincides with that of the shock’s
leading edge, shown by the two lines labeled ‘‘fundamen-
tal’’ and ‘‘harmonic.’’ However, this is not always the case:
For a weaker burst or a higher minimum intensity, the lower
frequency edge often drifts at a rate which is noticeably
slower than that of the shock’s leading edge. This is partly
due to the VA profile and partly due to the magnetic field
orientation near the shock’s leading edge. The higher
frequency edge drifts slowly due to the shock’s lateral
expansion, and thus the lower radial speed of the base of
the shock’s flanks.
[32] One aspect of the broadband nature of the type II

emission generated by a strongly expanding shock is the
apparent velocity determined via the frequency drift rate.

Figure 4. (top, middle) Spatial profiles of the Alfvèn
speed and electron number density for the four different
density models discussed in the text. (bottom) Spatial
profile of the equatorial magnetic field strength given by
Parker’s model.
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The apparent drift rate is drastically reduced due to emission
being dominated by regions of the shock that move primar-
ily laterally, through plasma with relatively constant fp. Such
situations make determination of the shock speed based on
frequency rate very difficult, with an estimation based on
the center frequency of the emission band highly erroneous.
A better approach would be to consider the drift rate of the
lower frequency edge of the emission, as in the absence of
structure this should track most closely the leading edge of
the emission region, which one would expect to consist
primarily of a radial component of motion, as in Figure 5.
However, as mentioned above, this can also have problems
when a VA peak exists or the conditions for emission from

the shock’s leading edge are otherwise unfavorable. It is
clear that interpretation of frequency drift rates in terms of a
simple shock speed, and even fundamental versus harmonic
bands, is fraught with difficulty.

4. Predictions for Shocks Moving Through a
Structured Corona and Solar Wind

[33] Observations suggest [e.g., Reiner et al., 1998;
Gopalswamy et al., 2001c], and theory predicts (paper 3)
[see also Cairns et al., 2004] that type II dynamic spectra
depend strongly on upstream plasma and magnetic field
conditions, notably Te and the magnetic field orientation.
This section explores some possible manifestations of
coronal and solar wind structure, such as coronal loops,
CIRs, and magnetic clouds. The calculations presented in
this section are for a shock initialized at a heliocentric
distance of 1.1 R� with a speed Ugs = 1100 km s�1. A
deceleration ags � 3.2 m s�2 is incorporated, as per
Gopalswamy et al. [2001a]. The shock is considered to be
expanding below its radial speed, with e = 0.5. Other
relevant parameters can be found in Tables 1 and 2.

4.1. Coronal Structure

[34] As mentioned above, the primary structure which we
are trying to mimic in the solar corona is that of coronal
loops. Those with high temperature and density relative to
the background corona, based on papers 2 and 3 and the
calculations presented below, should provide a source of
enhanced emission that should be clearly visible in radio
dynamic spectra. In contrast (not shown here), relatively
cool dilute loops should lead to relative voids in dynamic
spectra.
[35] Figure 6 shows the plasma parameters and the

predicted fundamental and harmonic emission as a function
of location. The parameters inside the spatial structures are
modified from the heliocentric model values. Details of the
modifications to plasma and magnetic field parameters in
spatial structures are given in Table 2.
[36] Figure 7 is the dynamic spectrum predicted for the

structures in Figure 6, as seen by an observer at (XH, YH) =
(100, �100) Gm, which is a position approximately 1 AU
from the center of the Sun. Emissions are labeled as either
fundamental or harmonic. The frequency drift rates of the
fundamental and harmonic emission at the leading edge of
the shock wave are also shown.
[37] By adding and removing the imposed spatial

structures, as well as separating the fundamental and

Figure 5. Dynamic spectra for type II bursts from a quiet
corona. The two curves in each panel indicate the
fundamental and harmonic frequency drift rate of the
shock’s leading edge. The only difference in the initial
conditions is that in Figure 5a the shock has no significant
lateral motion, that is e = 0, while in Figure 5b the shock is
expanding at its radial speed, that is e = 1.

Table 2. Description of Modifications to the Plasma and Magnetic Field Variables Within the Regions of Imposed Spatial Structurea

Quantity

Structures

Loop1 Loop2 Cloud1 Cloud2 CIR1 CIR2

(X, Y), Gm (0.65, �0.3) (0.65, 0.25) (40, �10) (70, �30) upper lower
Te "80% "190% "70% 0% "200%; "60%; "20% "300%; "90%; "30%
Ti "60% "100% "30% #30% "100%; "30%; #10% "100%; "30%; #10%
B1 #40% "30% #15% "100% "180%; 0%; #30% "180%; 0%; #30%

VSWR #100% #100% #30% "30% "104%; "40%; "13% "56%; "14%; "7%
k "20% #30% #30% "10% #30%; #30%; "30% #30%; #30%; "30%
Ne "300% "130% "70% "50% "40%; "40%; #40% "50%; "50%; #50%
q loop-aligned loop-aligned #25% #10% #10%; #10%; #10% #10%; #10%; #10%

aThese modifications are relative to the values determined by the heliocentric models outlined in Table 1 and section 2.
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harmonic components of the emission, the source of
spectral features can be easily identified. In Figure 7
the emission from the background plasma is dominated
by fundamental emission while the loop-related emission
is dominated by harmonic emission. The highest frequency
band corresponds to harmonic emission from the loop in
the negative YH region of Figure 6. The next highest
frequency band and most intense emission in the spectrum,
due largely to the harmonic emission’s stronger depen-
dence on Te, is harmonic emission from the loop in the
positive YH region of Figure 6. The intensification of
emission from this loop does not occur for the entire loop
due to unfavorable magnetic field orientation near the
loop’s apex. The weak patches of emission, extending
over a similar time period, at a slightly lower frequency
(just below the dashed line) are fundamental emission
from the loop in the negative YH region, while the loop
in the positive YH region fails to produce significant
fundamental emission.
[38] The large region of emission extending from 0.13 to

0.43 hours and from �100 down to �15 MHz is entirely
composed of fundamental emission from the background
plasma, even though a large fraction of it lies above the

harmonic frequency for the shock’s leading edge. The
splitting of this emission into two regions is a result of
emission from the two loops being shifted to higher fre-
quencies, thereby leaving relative voids in the dynamic
spectrum, that somewhat resembles a split-band type II
burst.
[39] The differences in duration of the gap in the back-

ground fundamental emission relative to the loop-related
emission is due to the loop’s magnetic field orientation
being quasiparallel to the shock front beyond time t ’
0.2 hours. This decrease is expected based on the qUB
dependence of emission in paper 2.
[40] It is interesting to notice that observers might easily

mistake the harmonic background emission, that is, the
weak patches between 0.19 and 0.32 hours and from
�200 down to �100 MHz, for a continuation of the
fundamental emission from the higher density loop struc-
ture. This illustrates the difficulty in distinguishing funda-
mental from harmonic emission, based on frequency alone,
in a structured source region.
[41] It should be noted that while the specific example

shown here leads to an increase in the intensity of
harmonic emission associated with the structures, both

Figure 6. (a) Structures defined in the corona; (b) angle q between the magnetic field and the local
normal for the global shock; (c) electron number density Ne; (d) magnetic field strength B; (e) ion
temperature Ti; (f) electron temperature Te; (g) solar wind speed Vsw; (h) level of nonthermal electrons,
parameterized by k; (i) received, frequency integrated, fundamental emission as a function of location;
and (j) received, frequency integrated, harmonic emission as a function of location. The semi-circle in
each panel denotes the solar surface, and the small black parabola, centered on YH = 0, is the initial shock.
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increases and decreases in either fundamental or harmonic
emission are possible. Predicted variations in emission
due to variations in Ne, Te, Ti, qUB, k, U, and B are
described in detail in paper 2.

4.2. Interplanetary Structure

[42] Here we present the dynamic spectra predicted for
two types of solar wind structure, namely, spiral bounded
regions which mimic CIRs and circular regions which
crudely mimic the magnetic clouds of slow pre-existing
CMEs.
[43] Figure 8 shows the plasma parameters, the location

of the structures, and the fundamental and harmonic fluxes
as a function of location. There are two structures which
mimic CIRs. The upper one remains in the positive Y region
of the plots while the lower one lies close to the X axis,
crossing into the negative Y region of the plots beyond
about X = 70 Gm. The location of the observer is marked
with a star in the lower right corner of the fundamental and
harmonic emission plots.
[44] The various manifestations of the plasma structures

in Figure 8 can be seen in the predicted dynamic spectrum
(Figure 9). Discussion here focuses on the DH-kilometric
emission beyond t ’ 2 hours, since Figure 7 shows the
higher-frequency emission in detail. Apparent in Figure 9,
as in Figure 3, is the drop in emission associated with the
peak in VA.
[45] This dynamic spectrum extends over 33 hours,

corresponding to the shock’s propagation from 1.1 R� to
a radial distance of approximately 93 Gm (�130 R�).
Beyond t ’ 33 hours, emission from the shock, now
traveling at �650 km s�1, drops below �10�22 W m�2

Hz�1 sr�1 (1 sfu).

[46] Emission due to the background plasma begins at
about 1 MHz in both the fundamental and harmonic bands,
starting at t ’ 2 and 4 hours, respectively. This emission
follows fairly closely the frequency drift of the shock’s
leading edge and weakens to insignificant levels beyond t ’
17 hours.
[47] The most intense emission in the DH-kilometric

range, reaching a peak of approximately 10�18 W m�2

Hz�1 sr�1, is that associated with the cloud structure located
at (X, Y) = (40, �10) Gm in Figure 8. Here the increased
emission is primarily due to the low k and high Te for
fundamental and harmonic components, respectively.
[48] Most of the rest of the discernible structure in the

dynamic spectrum is a result of the two CIR-like structures.
Visible in its harmonic component, the source region due to
the upper CIR produces the very narrow, highest frequency,
emission lane. This lane drifts at a rate similar to the leading
edge, though at a higher frequency due to the source
region’s position on the flank of the shock being at a
smaller heliocentric distance. The lower CIR produces an
emission lane at a slightly lower frequency which drifts
faster than the leading edge drift rate prior to t ’ 18 hours.
This is due to the source region moving up the flanks of the
shock, toward the shock’s leading edge. As the curvature of
the CIR takes it across the X axis at X ’ 75 Gm the source
region starts moving away from the leading edge, causing
the frequency drift rate beyond t ’ 18 hours to drop below
that of the leading edge.
[49] The fundamental emission associated with the CIRs

is absent due to frequency blocking prior to t ’ 18 hours,
when both CIRs are on the far side of the global shock.
Beyond t ’ 18 hours the fundamental emission associated
with the lower CIR becomes visible, drifting at a rate below

Figure 7. Dynamic spectrum of a metric type II burst from a structured corona; the two solid curves are
the fundamental and harmonic frequency drift rate of the shock’s leading edge. The dashed line separates
the predicted fundamental (below) and harmonic (above) emission.
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that of the shock’s leading edge, as for the harmonic
emission. Here the clear difference between the temporal
extents of the fundamental and harmonic emission bands
emphasizes the dependence of dynamic spectra on observer
location.

5. Discussion and Conclusions

[50] Here this paper’s results are reviewed in the context
of papers 1–3. The implications these results have for
observational interpretations of type II bursts are then
discussed.

5.1. Results of the Model

[51] It has been shown, in papers 1–3 as well as in this
paper, that a considerable number of type II radio burst
properties can be produced with a relatively simple theo-
retical model. In particular, the calculations in sections 3
and 4 show that the theoretical model can produce features
strongly reminiscent of coronal and interplanetary observa-
tions [e.g., Nelson and Melrose, 1985; Reiner et al., 1998;
Gopalswamy et al., 2001c], including (1) reasonable emis-

sion intensities for both fundamental and harmonic frequency
bands; (2) both broad and narrow bandwidth emission;
(3) type II-like frequency drift rates; and (4) shocks which
produce emission below the detection threshold and thus
appear radio quiet. Further, it has been found that predicted
dynamic spectra can (1) be dominated by localized source
regions; (2) be different for distinct observer locations,
especially in the fundamental component; and (3) have
frequency drift rates which depend not just on the shock
speed but also on the relative motion of the source region
with respect to the global shock, for example, due to lateral
expansion, motion along a CIR or other structure, or other
transverse motions relative to Vshock. These calculations
also support previous interpretations of interplanetary data
in terms of interactions with of CIRs and preexisting CME
material [Reiner et al., 1998; Gopalswamy et al., 2001c],
multiple-lane events in terms of multiple emitting portions
of a shock [McLean, 1985] and/or interactions with local-
ized structures [Reiner et al., 1998], and the effects on
bandwidth of shock expansion and radial extent [Weiss,
1963]. While previous interpretations of split-bands in terms
of upstream/downstream [Smerd et al., 1974] or intrinsic

Figure 8. (a) Structures defined in the solar wind; (b) angle q between the magnetic field and the global
shock normal; (c) electron number density Ne; (d) magnetic field strength B; (e) ion temperature Ti;
(f) electron temperature Te; (g) solar wind speed Vsw; (h) level of nonthermal electrons, parameterized by
k; (i) received, frequency integrated, fundamental emission as a function of location; and (j) received,
frequency integrated, harmonic emission as a function of location. The observer location is marked by an
asterisk in Figures 8a and 8j.
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emission physics may be viable, Figure 7 suggests that split-
bands may potentially result from a deficit of radiation
resulting from a localized structure: Note that if the loop
were colder and denser, then it might produce no observable
emission.
[52] Whether or not type II emission will occur over the

metric, DH, and kilometric wavelength ranges depends on
the spatial profiles of Ne and B, and subsequently VA, as well
as the time varying shock speed. If a peak is present in VA
along the path of a type II emitting shock, then, provided
U ] 2VA, it should be observable in its dynamic spectra.
This potentially makes type II a useful further constraint
on coronal Ne and B models.
[53] In the corona, rapidly expanding shocks can

produce very broad emission bands. Narrowband emis-
sion in the corona requires localized emission sources.
However, reducing the size of the source region gener-
ally reduces emission levels. Therefore, intense narrow-
band emission should most often be associated with
localized structures which provide favorable conditions
for emission. One notable consequence of the influence
that Ne, Vsw, and magnetic field direction have on type II
bursts is that emission should be more favorably pro-
duced by equatorial shocks than more poleward shocks,
which would encounter the typically lower density fast
solar wind.
[54] The ratio of fundamental to harmonic emission in a

type II event can give insight into the underlying conditions.
Fundamental emission at an observer can be significantly
weaker due to either unfavorable source conditions or
difficulty in the produced emission reaching the observer.
Harmonic emission is considerably less affected by propa-

gation difficulties, and is thus mostly modulated by source
conditions.
[55] As well as the observed properties mentioned above,

a useful quantification of the conditions relevant to type II
emission has been built up. Specifically, the following
conditions all prove favorable for emission: fast shocks
(speed relative to the upstream plasma); large shocks;
expanding shocks, particularly relevant in the corona; high
upstream Te; weak upstream B; qUB � 90� or equivalently
270�; high upstream Ne; and low upstream k (more non-
thermal electrons). High Ti acts to increase fundamental
emission while decreasing harmonic emission.

5.2. Implications for Observational Interpretation

[56] It should be remembered that while individual char-
acteristics, such as CME width and rate of expansion, are
capable of strongly influencing the ability of a given driver
to produce radio emission, no single parameter can describe
all aspects relevant to the type II emission process. For
example, a large fast (strong) shock can be radio poor if
there are insufficient nonthermal electrons available to be
reflected and accelerated, or if qUB � 0�. Equivalently, a
shock which produces electron beams can still fail to
produce significant type II emission if parameters, such as
Te, which influence the growth of plasma waves and their
conversion to radio emission, are unfavorable. Further, due
to the variability in VA and Vsw in time and space, it is
possible for a disturbance traveling in a given direction at a
given time to produce observable emission while an equiv-
alent (speed, size) disturbance traveling in a different
direction or at a different time can be radio quiet. What
this all means is that one cannot expect to interpret type II

Figure 9. Dynamic spectrum of a type II burst. The two solid curves are the fundamental and harmonic
frequency drift rate of the shock’s leading edge. The structures responsible for various spectral features
are indicated.
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observations in detail while considering only a subset of the
influencing factors.
[57] While investigations into the statistical relationships

between one property, such as the size or the speed of a
shock, and the associated occurrence of type II emission
have been useful, it is fundamentally limited as a method of
detailed interpretation due to the other aspects of the
emission process being ignored. Only through detailed
consideration of the many aspects of the emission, and the
use of alternative (e.g., white light) determinations of source
conditions, such as Ne, can conclusive observational rela-
tionships hope to be determined.
[58] Finally, the possibilities for inverting the results of

this work, and thus determining the nature of coronal and
solar wind structures based on observed type II spectra, are
limited at present. The difficulty arises due to the potential
for multiple combinations of plasma variables to produce
similar levels of emission. Further, details of the global
shock structure are currently very poorly constrained ob-
servationally and will probably remain so for the foresee-
able future. However, despite these limitations, it is possible
that when combined with the available observations, this
theoretical model may be able to further constrain the
type II source region and global shock structure. As an
example, broadband emission in the absence of notable
upstream density fluctuations is most likely dominated by
the heliocentric extent of the type II source region, and as
the source region is tied to the shock front the bandwidth
can provide a constraint on the global shock structure.
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