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ABSTRACT

Jupiter is a complex radio source in the decameter wavelength range. The emission
is anisotropic, intrinsically variable at milliseconds to hour timescales, and modu-
lated by various causes at longer timescales, from ∼10h to months or years (Jovian
day and year, season, solar activity and solar wind, and - for ground-based observa-
tions, terrestrial day and year). As a consequence, long-term observations and their
statistical study have proved necessary to disentangle and understand the observed
phenomena. We have built a database from the available 26 years of systematic,
daily observations carried on at the Nançay Decameter Array and recorded in dig-
ital format. This database contains all observed emissions, classified with respect
to their dominant circular polarization, time-frequency morphology, and maximum
frequency. We perform a first statistical analysis of its content. We confirm the ear-
lier classification in Io-A, -A’, -B, -C, -D and non-Io-A, -B, -C types, but we also
identify new emission components: Io-A”, Io-B’ and non-Io-D. We determine the
exact contours of all emission components in the CML−ΦIo (Central Meridian Lon-
gitude versus Io Phase) plane, providing representative examples of their typical
time-frequency shapes, and the distribution of emission’s maximum frequency as
a function of ΛIo (Io’s Longitude). We present general statistical results on each
component’s occurrence rate, duration, intensity and polarization. We also develop
a study of the long-term variabilities (declination, solar activity and synodic period)
and we show how they can affect the occurrence probability in the CML-ΦIo plane
and their implication.

Keywords: Jupiter. Decameter Radio emissions. Catalog. Io-DAM. non-Io-DAM. Io
controlled emissions. Io independent emission. Long-term Variability. Declination.
Solar activity. Synodic period.
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ESTUDO DA VARIABILIDADE DAS EMISSÕES JOVIANAS DE
RÁDIO DE ALTA LATITUDE USANDO 26 ANOS DE DADOS DO

ARRANJO DECAMÉTRICO DE NANÇAY

RESUMO

Júpiter é uma complexa fonte de rádio na faixa decamétrica. As emissões são aniso-
trópicas, intrinsecamente variáveis na escala de tempo de milissegundos a horas, e
moduladas por diversos processos em escala de tempo mais longas, de ∼10h a meses
ou anos (dia e ano Joviano, sazonalidade, atividade solar e vento solar, e para obser-
vações terrestres, dia e ano terrestre). Como consequência, as observações de longo
prazo e seu estudo estatístico requerem a necessidade de separar e compreender os
fenômenos observados. Nós construímos um catálogo a partir de 26 anos de dados
disponíveis de observações sistemáticas, diariamente realizadas pelo Arranjo Deca-
métrico de Nançay e gravados em formato digital. Esta base de dados contém todas
as emissões observadas e classificadas levando em conta a sua polarização circular,
morfologia no plano tempo-frequência e máxima frequência. Realizamos uma pri-
meira análise estatística de seu conteúdo. Nós inicialmente validamos a classificação
das fontes Io-A, -A’, -B, -C, -D e non-Io-A, -B, -C, mas também identificamos novas
componentes de emissão: Io-A”, Io-B’ e non-Io-D. Nós determinamos os contornos
exatos de todas as componentes de emissão em CML-ΦIo (Longitude do meridiano
central versus Fase de Io), fornecendo exemplos representativos de suas formas típi-
cas de tempo-frequência, e a distribuição de frequência máxima de emissões como
uma função de ΛIo (Longitude de Io). Apresentamos resultados estatísticos gerais,
sobre cada componente, da taxa de ocorrência, duração, intensidade e polarização
das emissões. Também desenvolvemos um estudo das variabilidades de longo pe-
ríodo (declinação, atividade solar e período sinódico) e mostramos como elas podem
afetar a probabilidade de ocorrência no plano CML-ΦIo e suas implicação.

Palavras-chave: Júpiter. Rádio. Emissão decamétrica. Catalogo. Io-DAM. non-Io-
DAM. Emissões controladas por Io. Emissões não controladas por Io. Longos perío-
dos. Variabilidade. Declinação. Atividade Solar. Período sinódico.
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1 INTRODUCTION

The decametric radio (DAM) emissions from Jupiter were discovered in 1955 by
Burke and Franklin (1955). Shortly thereafter, it was observed that the emissions
are strongly modulated by planetary rotation. A rotating Jovian longitude system
called System III was defined, which shows a current period of 9 h 55 min 29.71 s
(HIGGINS et al., 1997). Bigg (1964) discovered that the Io satellite controls a large
part of the DAM emissions. For convenience, these emissions are called Io-emissions
and the others (not controlled by Io) are called non-Io-emissions. Soon after, Bigg
(1966) found a possible effect from Europa satellite in Io-emissions. However, it
was argued that due to the observation geometry it would take over 20 years of
homogeneous records to determine the combined effects of the satellites, which even
so could be disguised by unrelated long-period changes (BIGG, 1966). The Voyager
and Galileo spacecraft data have shown a possible control of Europa, Ganymede
and Callisto in non-Io-DAM with frequency less than 6 MHz (MENIETTI et al., 1998;
MENIETTI et al., 2001; HIGGINS et al., 2006). However, no evidence of effect or control
of the other Galileo satellites in DAM emissions, in ground-based observations, have
been found to the present day.

Wu and Lee (1979) proposed a generation mechanism, called Cyclotron Maser Insta-
bility (CMI), to explain the Earth’s Auroral Kilometric Radiation. Soon, this mech-
anism has been convincingly identified as responsible for generating the DAM emis-
sions from Jupiter (ZARKA, 1998; TREUMANN, 2006). Carr et al. (1983) showed four
typical shapes of Io-Jupiter radio arcs that may be observed in the time-frequency
plane, related to the so-called Io-A, -B, -C and -D "sources". Queinnec and Zarka
(1998) deduced, from a 3D geometrical analysis of a few arc shapes, that these four
shapes are caused by the anisotropic beaming generated by CMI at large angles
from the local magnetic field, and the source-observer geometry. These sources ac-
tually correspond to the vicinity of the northern (A & B) and southern (C & D)
Io flux tube footprints, seen from either side of the radio emission cone, i.e. when
Io is at the eastern (A & C) or western (B & D) limbs of Jupiter (ZARKA, 1998;
HESS et al., 2008). Identical Io-Jupiter-observer geometries lead to identical radio arc
shapes observed. Currently, this idea is used in the Exoplanetary and Planetary Ra-
dio Emission Simulator (ExPRES) to simulate the arc shapes from Jupiter, Saturn
and exoplanets (HESS et al., 2008; LAMY et al., 2008; HESS; ZARKA, 2011).

Since the late 70s, several evidences have been showing that non-Io DAM and Hec-
tometric (HOM) emissions seem to respond to solar wind variations (TERASAWA et

1



al., 1978; BARROW et al., 1986; ZARKA; GENOVA, 1983; GENOVA et al., 1987; ZARKA;

GENOVA, 1989; BOSE; BHATTACHARYA, 2003; ECHER et al., 2010b; HESS et al., 2012;
HESS et al., 2014), however, the precise positions of the non-Io DAM sources are
unknown.

Due to the high variabilities in DAM emissions (in source region, observation geom-
etry and interplanetary medium), systematic observations have been carried out at
various ground based radio observatories since shortly after the discovery of Jovian
DAM, in Boulder (WARWICK et al., 1975), at Florida station (THIEMAN et al., 1975)
and at Nançay (BOISCHOT et al., 1980) and several catalogs of the detected emissions
were built until the early 90s (WARWICK et al., 1975; THIEMAN, 1979; LEBLANC et al.,
1981; LEBLANC et al., 1983; LEBLANC et al., 1989; LEBLANC et al., 1990; LEBLANC et

al., 1993). However, no catalog was built after the 90s, but, systematic observations
are still developed by Nançay Decametric Array (NDA), France, in digital format.

Consequently, this thesis proposes to use the arc shape properties to create a new
catalog of the detected emissions using 26 years (1990-2015) of data from NDA, and
to develop a statistical study to validate it. We also propose to develop a study of
long-term variabilities of DAM emissions. To achieve this goal, this thesis is struc-
tured as follows: Chapter 2 introduces the DAM emissions and the magnetospheric
processes that can trigger it; Chapter 3 describes the NDA, the catalog building
process and the classification criteria of emissions; Chapter 4 shows the catalog, the
statistical analysis as well as the conclusion of this part; Chapter 5 develops a long-
term variability study in the DAM emission as well as the conclusion of this study.
Finally Chapter 6 summarizes the contribution of the work as well as new prospects
for the future.
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2 AURORAL RADIO EMISSION

In the solar system all magnetized planets, i.e., Earth, Jupiter, Saturn, Uranus and
Neptune emit auroral radio emissions (AREs). AREs are intense and non-thermal
emissions and extend from few kHz to tens of MHz (ZARKA, 1998). Figure 2.1 shows
the average spectra of all AREs, including Io-Jupiter emissions (Io-DAM) and S-
bursts (S for Short). It is observed that the AREs from Jupiter are the most intense
and show a broader spectral range. However, due to the Earth’s ionosphere cut-off
at ∼ 10 MHz (see dotted line in Figure 2.1) only the decameter range from Jupiter
is detected from the ground-based observations.

Figure 2.1 - Spectra of auroral radio emissions from all magnetized planets in the solar
system. Average emission levels are sketched, normalized to a distance of 1
AU from the source.

The dotted line indicates the cut-off of the Earth’s ionosphere.
SOURCE: From Zarka (1998).

2.1 Decametric radio emission from Jupiter

The Jupiter DAM emission has been studied, from the ground-based observations
since 1955, when it was discovered by Burke and Franklin (1955). Later, observations
from space, through missions such as Voyager 1 and 2, Ulysses, Galileo, Cassini,
Wind and Stereo, extended the observations to lower frequency. Since then, Jupiter
has shown to be a complex and variable source of DAM emission, consisting of
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several components modulated at all timescales from milliseconds to weeks or months
(LECACHEUX et al., 2004, e.g):

• Milliseconds to seconds: S-bursts (GALLET, 1961; RYABOV et al., 2014);

• Seconds to minutes: interplanetary and ionospheric scintillations (GENOVA

et al., 1981), modulation lanes (IMAI et al., 1992);

• Minutes to hours: arcs in the time × frequency plane (BOISCHOT; AUBIER,
1981; HESS et al., 2007);

• Tens of hours: planetary rotation (HIGGINS et al., 1997);

• Days to months: response to solar wind (HESS et al., 2012) and possibly
seasonal variations (not identified yet).

Figure 2.2 - An example of an arc of DAM emission observed at Nançay and Wind Space-
craft over their whole frequency range.

SOURCE: Adapted from Queinnec and Zarka (1998).

In special, at a timescale longer than ∼1 minute (from this point in this thesis it
will be treated only this type of emissions), most of the observed variations in DAM
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emission (but, not all, e.g. solar wind influence on the Jovian magnetosphere - (HESS

et al., 2012)) are related to visibility effects, i.e. by Io-Jupiter-observer geometries.

Figure 2.3 - The number of emissions observed at Boulder and at Nançay as a function of
CML.

SOURCE: Adapted from Genova et al. (1989).

In the time × frequency (t-f) domain, DAM emissions are sporadic and observed
in form of arcs (BOISCHOT; AUBIER, 1981; HESS et al., 2007). Figure 2.2 shows an
example of a typical DAM emission detected at NDA and Wind Spacecraft. The
events are similar to "storms", and they are mostly organized as a function of the
Jovian Central Meridian Longitude (CML) or observer’s Jovicentric longitude, as
shown in Figure 2.3. The definition of CML is shown in Figure 2.4. The observations
of DAM emissions over a long period of time gives an accurate estimate of the planet
rotation time1: 9 h 55 min 29.71 s (HIGGINS et al., 1997). This characteristic is known
as modulation by planetary rotation.

Another important feature of DAM emissions occurs due to the electrodynamic
interaction between the Io satellite and the Jovian magnetosphere, where Io controls
a large part of the DAM emissions (BIGG, 1964). This modulation is clear when the

1Jupiter has three systems of rotation: System I (defined from the clouds near equator), System
II (defined from the clouds in high latitude) and System III (defined from the magnetospheric
rotation).

5



Figure 2.4 - Definition of CML (defined by the System III (1965) of rotation), Io phase ΦIo

and longitude ΛIo, lead angle δa, phase and longitude of the radio-emitting
"active" field line.

CML is shown in green; ΦIo is shown in blue; ΛIo is shown in black and δa is shown in
red.

SOURCE: From Marques et al. (submitted to A&A).

occurrence of emissions is shown as a function of the phase of the Io2 (ΦIo). In
Figure 2.5, the DAM occurrence shows two strong peaks at the Io Phase ∼90◦ and
∼240◦, revealing the existence of an Io-Jupiter electrodynamic interaction which
causes electron acceleration and consequently DAM radio emission (more detail will
be shown later).

Based on the Io effect, Bigg (1964) and others (CARR et al., 1983; GENOVA et al.,
1989) split DAM in two groups, one related to Io (and called "Io-DAM") and other
that is not related to it (non-Io-DAM). Furthermore, when the emission occurrence
is plotted as a function of CML and ΦIo, Io-DAM appears clearly in 4 main regions
of enhanced occurrence probability limited in both CML and ΦIo, whereas non-Io-
DAM appears in intervals of CML independent of ΦIo. Those regions have been
labelled A, B, C and D as shown in Figure 2.6.

Further studies showed that these occurrence regions actually correspond to two
physical sources, one in each hemisphere. Furthermore, they showed that the emis-
sions are strongly anisotropic, being produced by each point source along the walls

2The convention is to count the phase of Io along its orbit in the direct sense from an origin
located in the anti-observer direction, see Figure 2.4.
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Figure 2.5 - The number of emissions observed at Boulder and at Nançay as a function of
Io phase.

SOURCE: From Genova et al. (1989).

of a hollow cone centered on the magnetic field line in the source, whose aperture
varies with frequency but is wide in most of the DAM frequency range (QUEINNEC;

ZARKA, 1998; HESS et al., 2007). The sources are distributed along Jovian magnetic
field lines, where precipitation of electrons (with keV energies) occurs, caused ei-
ther by Io-Jupiter electrodynamic interaction or by the auroral activity. At each
altitude, the emission is produced at/near the local electron cyclotron frequency
(ZARKA, 1998; HESS et al., 2007).

In the decameter range, these sources extend from the planetary surface to an al-
titude of a few tenths of Jovian radius. The generation mechanism has been con-
vincingly identified as the Cyclotron Maser Instability, similar to the generation
mechanism of Earth’s Auroral Kilometric Radiation (WU; LEE, 1979; ZARKA, 1998;
TREUMANN, 2006).

2.2 Cyclotron Maser Instability

The Cyclotron Maser Instability (CMI) is a resonant interaction created due to an
electron distribution with a relativistic speed ~v gyrating around magnetic field lines
with a cyclotron frequency ωc (where ωc = eB0/m, and B0, e and m are respectively
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Figure 2.6 - CML × Io phase of DAM emissions observed at Boulder and at Nançay.

Io-DAM emissions appear like irregular shaped regions in the diagram while non-Io-DAM
emissions are distributed in vertical bands. Those regions have been labelled A (A’ only
for Io-emissions), B, C and D.

SOURCE: From Genova et al. (1989).

the magnetic field strength, modulus of the charge and mass of the electron) and
an elliptically polarized wave, with frequency ω and wave vector ~k. Wu and Lee
(1979), Wu (1985) and Galopeau et al. (2004) have calculated the CMI growth rate
ωi shown here,

ωi =
ω2
p

8

∫ +∞

0
v2
⊥dv⊥

∫ +∞

−∞

∂f

∂v⊥
δ

(
ω − k‖v‖ −

ωc
γ

)
dv‖, (2.1)

where f(v‖, v⊥) is the normalized electron distribution function, ωp is the plasma
frequency (ω2

p = ne2/mε0, where n is the electron density), γ is the relativistic
Lorentz factor and the subscripts ‖ and ⊥ refer to the direction of the local magnetic
field in the source and perpendicular to it, respectively. If the reader is interested
in to get more details of how we can obtain the growth rate of the CMI, please see
APPENDIX A.
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The wave-particle resonance is reached when the Doppler shift frequency of the
wave in the electron reference frame (ω − k‖v‖) is equal to the gyrofrequency of the
resonant electron (ωc/γ). The resonant condition is:

ω − k‖v‖ = ωc/γ. (2.2)

In the weakly relativistic approximation (γ−1 ' 1− v2/2c2) the resonance condition
represents a circle in the velocity plane (v‖, v⊥) with the center v0 and the radius R
given by:

v0 = k‖c
2

ωc
= ω

ωc
cN

~k · b̂
k
' c

~k · b̂
k

= c cos(θ), (2.3)

R =
[
v2

0 + 2c2
(

1− ω

ωc

)]1/2
, (2.4)

where b̂ is the magnetic field unit vector (i.e. the CMI depends on the magnetic
field direction) and N is the refraction index (' 1). θ indicates the direction of wave
propagation, i.e., it is the radio beaming angle relative to the magnetic field in the
source.

The dependence of the CMI on the magnetic field direction allows to observe a
difference in the sense of polarization. In a northern magnetic hemisphere, ~B0 points
outwards so that the angle (k̂, ~B0) is acute and the polarization of the emitted radio
wave (relative to k̂) is thus the same as the polarization of the magneto-ionic X
mode generated by the CMI, i.e. Right Hand (RH) sense. In a southern magnetic
hemisphere, ~B0 points inwards so that the angle (k̂, ~B0) is obtuse and the RH wave
(relative to B0) generated by the CMI is Left Hand (LH) sense relative to k. The
observed polarization is thus LH in that case.

It was assumed that the radio emission occurs at the local electron cyclotron fre-
quency ωc = ω = eB0/m. So this linear relation between the emission frequency, or
the instantaneous maximum frequency, and the magnetic field strength permits to
obtain the amplitude of the magnetic field at or/near the footprint of the emitting
field line. However, due to the long wavelengths of the radio emissions, a very low
angular resolution is obtained, so that we cannot pinpoint accurately the position
of the radio source (ZARKA, 2004). Even without angular resolution, the radio emis-

9



sions can give the minimum values of the magnetic field strength at the surface
of the planet. For example, if we take a determined longitude of Io, the maximum
emitted frequency cannot be larger than the electron cyclotron frequency at the top
of the Jovian ionosphere.

By integrating equation (eq. 2.1) along the resonant circle (eqs. 2.3 and 2.4), the
growth rate of the wave is obtained, given by the relation:

ωi =
ω2
pc

2

8ωc

∫ 2π

0
v2
⊥(θ)∇v⊥f(~v0, ~R(θ))dθ. (2.5)

The growth rate arises only if the gradient∇v⊥f(~v0, ~R(θ)) takes positive values along
at least a part of the resonant circle. Therefore, the distribution function plays a
very important role in the amplification of radio waves by the CMI. In the Earth’s
auroral region, three electron distribution functions which obey the CMI condition
are commonly observed:

a) Loss cone distribution function: implies in collisions in the atmosphere of
electrons which penetrate almost parallel to the magnetic field;

b) The horseshoe/shell distribution, resulting from the acceleration, parallel
to the magnetic field (steady state, possibly due to static electric fields);

c) The ring distribution, caused by acceleration parallel to the magnetic field
at high latitudes (possibly impulsive, for example, due to Alfvén waves).

Galopeau et al. (2004) and Galopeau et al. (2007) used the loss cone distribution
and the O6 model of Jupiter’s magnetic field (CONNERNEY, 1993) to calculate the
maximum rate of amplification generated by the CMI as a function of Io’s longitude.
The authors showed that some Jovian longitudes in the northern and southern
hemispheres favor the radio decametric emissions and lead to a higher occurrence
probability.

Hess et al. (2008) obtained the radio beaming angle using the equation (2.3) for a
loss cone distribution:

θ = arccos
[
(v/c) / (1− ωc/ωc,max)1/2

]
. (2.6)
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They used this result to develop the ExPRES model to simulate the t-f arc shapes,
shown in Figure 2.7, as a function of emission beaming, lead angle between the radio
emitting field line and the instantaneous Io’s field line and the electron energy.

Figure 2.7 - Dynamic spectra of typical arc shapes simulated for Io-emission.

(a-c) typical Io-Jupiter arc shapes observed by Nançay and Wind Spacecraft and (d-f) arc
shapes simulated for Io-emission using the equation (2.6). Black arcs are generated with
RH polarization and grey with LH polarization. (g-i) the same that (d-f) except that θ(f)
is taken constant and equal to 82◦.

SOURCE: From Hess et al. (2008).

In both studies the authors described a complex source structure (sources being dis-
tributed in a complex Jovian magnetic field, with strong contribution of multipolar
terms in the range of altitudes corresponding to DAM). The anisotropic beaming
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combined with the planetary rotation, the orbital motion of the Io and the variable
latitude of the observer during the Jovian year cause the observed modulations in
the emissions.

It was also observed, from CMI, that the magnitude and orientation of the mag-
netic field in the source region are important parameters in DAM emission. Thus,
it is essential to know about the magnetic field in auroral region, although, the
emissions are triggered in different parts of the magnetosphere and mapped by in-
duction of field aligned currents to the auroral region. Hence, the auroral activity is
a projection of magnetospheric processes (communicated via precipitating energetic
particles) onto the atmosphere and thus they allow the studies of global processes
not yet accessed by spacecraft (BAGENAL, 2007). Thus, Jupiter magnetosphere and
its processes that can lead to acceleration of electrons, which in turn, generates the
appropriate condition to CMI, will be briefly discussed below.

2.3 The Jovian magnetosphere and its processes

Because of its rapid rotation, strong magnetic field, with a magnetic moment of 4.2
G/R3

J (i.e. almost 18 times the Earth’s magnetic field)3 and an internal source of
plasma, Jupiter creates the largest and most active planetary magnetosphere in the
solar system, with wide dimensions and a large population of energetic particles that
move in its magnetic field (KHURANA et al., 2004).

This powerful magnetosphere is strongly dominated by the rotation of the planet. It
shows some structures similar to the ones observed in the Earth’s magnetosphere and
some unique structures in the solar system, for example, the plasma torus created by
the Io satellite. Traditionally, Jupiter’s magnetosphere is divided into three regions:
inner (< 10 RJ), middle (10 - 40 RJ) and outer (> 40 RJ) magnetosphere (KHURANA

et al., 2004). Each of these regions has distinct processes that can trigger the auroral
emissions. Figure 2.8 shows a sketch of the magnetosphere (KHURANA et al., 2004).

The Jovian auroral region, shown in Figure 2.9, is responsible to display through
the radio emissions, as well as by the ultraviolet (UV) and infrared (IR) emissions,
the different processes occurring in the magnetosphere. It exhibits three regions: (1)
Jovian magnetic footprints of the Galilean satellites; (2) a persistent and continu-
ous auroral oval of emission encircling the magnetic pole; and (3) a time-variable
and spatially-structured "polar cap" emission that partially fills the continuous oval,
particularly its dusk half. These regions are apparently independent and physically

3Jupiter equatorial radius, where 1 RJ = 71492 km
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Figure 2.8 - Sketch of the noon-midnight meridian of Jupiter magnetosphere.

SOURCE: From Khurana et al. (2004).

separated from each other (CLARKE et al., 2004). They also show an asymmetry be-
tween the dawn and dusk sides of the northern aurora, which in part is due to an
anomaly in the magnetic field caused by the rapid rotation of Jupiter.

2.3.1 Inner magnetosphere

The inner magnetosphere is the region extending up to 10 RJ . It is the main region
of plasma production for the magnetosphere and also hosts the inner radiation belts.
The magnetic field close to the planet is totally dominated by the field created by
currents in the planetary interior (KHURANA et al., 2004).

The dense plasma torus created by the volcanic activity of Io is located between
5.2 and 10 RJ near the magnetic equator plane. It is the main source of plasma in
the jovian magnetosphere, which is estimated to throw ∼1 tons−1 of plasma in the
magnetosphere (KHURANA et al., 2004).
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Figure 2.9 - Hubble Space Telescope UV image of Jupiter northern auroral zone showing
the satellite footsprints (Io, Europa and Ganymede), the main and polar ovals,
and also an asymmetry of the magnetic field.

All regions are indicated in figure.
SOURCE: From Clarke et al. (2004).

The electromagnetic interaction between Io and Jupiter’s magnetosphere is respon-
sible for the most intense satellite-driven auroras which control a large part of the
DAM emissions (BIGG, 1964), as well as bright UV spots and its downstream coro-
tational wake at/near the Io flux tube (IFT) ionospheric footprints (PRANGÉ et al.,
1996), seen in Figure 2.9. It is considered a secondary "auroral" source, occurring at
slightly lower latitudes than the non-Io-DAM (ZARKA, 1998). That is, in the title
of the thesis, "high latitude" was used instead of "auroral".

2.3.2 Middle magnetosphere

The middle magnetosphere is controlled by the magnetic field created due to the ring
and sheet currents carried in the corotating plasmasheet that flows radially from the
Io torus throughout the magnetosphere. It extends from 10 RJ to the region where
the corotation of the plasma sheet breaks down completely, about 40 RJ (KHURANA

et al., 2004; BAGENAL, 2007). This region creates a persistent and continuous oval of
emissions (main oval) that circles the magnetic pole, shown in Figure 2.9, and it is
mapped along magnetic field lines to 20-30 RJ at the equator in the magnetosphere,
deeply inside the magnetopause. Thus the main aurora is not directly connected
with the solar wind boundary (HILL, 2001).
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The middle magnetosphere also hosts the other Galilean satellites (Europa,
Ganymede and Callisto). Several studies used the Galileo and Voyager spacecraft
data have shown a possible control of Europa, Ganymede and Callisto of non-Io-
DAM emissions at frequencies lower than 6 MHz (MENIETTI et al., 1998; MENIETTI et

al., 2001; HIGGINS et al., 2006). These results are consistent with the UV emissions at
the footprints of Europa and Ganymede, shown in Figure 2.9. This demonstrates an
electromagnetic connection between the satellites and Jupiter’s magnetic field. This
is explained by precipitating electrons and other particles moving on magnetic field
lines which pass through the satellite. Additionally, it was discovered by Kivelson
et al. (2004) that Ganymede has an intrinsic magnetic field, i.e. a separate magne-
tosphere. However, this possible control has not yet been observed to frequencies
higher than 10 MHz, i.e., in ground-based observations.

Recently, Louarn et al. (2014) have observed in data from Galileo spacecraft a global
disturbance of the magneticdisk responsible for energy and particle injection in the
auroral regions. Figure 2.10 shows the sketch of this event. Such events have been
observed in HOM emissions. However, it has been considered that non-Io-DAM
and HOM emissions could be the same radio component, but emitted at different
latitudes, i.e., along field lines with magnetic-L-shell = 7-9 for HOM, and L-shell >
9 for non-Io-DAM (LADREITER et al., 1994; ZARKA, 1998; ZARKA, 2004). Therefore,
these events are strong candidates to trigger a part of the non-Io-emissions.

Figure 2.10 - Sketch of global disturbance of the magneticdisk.

SOURCE: Adapted from Louarn et al. (2014).
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2.3.3 Outer magnetosphere

For distances > 60 RJ (or beyond the corotating plasmasheet) the magnetosphere is
highly distorted due to the solar wind influence. This region exhibits the form of a
teardrop that extends 100 RJ upstream (subsolar magnetopause distance), 200 RJ

transverse to the solar wind, and beyond the Saturn’s orbit downstream (magneto-
tail). However, it shows large spatial and temporal variations as a direct response to
changing solar wind pressure (SMITH et al., 1978; KRUPP et al., 2004). Several stud-
ies have shown the relationship between the solar wind variations and non-Io-DAM
emissions (TERASAWA et al., 1978; BARROW et al., 1986; ZARKA; GENOVA, 1983; GEN-

OVA et al., 1987; ZARKA; GENOVA, 1989; BOSE; BHATTACHARYA, 2003; ECHER et al.,
2010b; HESS et al., 2012; HESS et al., 2014), however, this relation is complex.

As it was lastly discussed, the dependence of the solar wind conditions, the possible
control by the other three Galileo satellites, with a correlation of HOM and UV
auroral emissions, suggest that non-Io-DAM originates from Jovian magnetic field
lines at higher invariant latitude than the Io-DAM. However, the precise positions
of the non-Io-DAM sources are unknown.

2.4 Observation effects on DAM-emissions

Because the radio beaming occurs at a large angle from the magnetic field in the
source and taking into account the planet rotation, each of these two sources may
be observed from two viewing geometries, near each limb of the planet (QUEINNEC;

ZARKA, 1998; ZARKA et al., 2011). A & B emissions thus originate in the northern
hemisphere, respectively from the dusk and dawn sides of Jupiter as seen from the
Earth, and C & D symmetrically from the southern hemisphere and respectively
from the dusk and dawn sides.

The emission arc shapes were interpreted as resulting from the combination of the
topology of the Jovian magnetic field, the radio beaming and the observation geom-
etry (CARR et al., 1983; ZARKA, 1998; HESS et al., 2008). It exhibits an unique pattern
for each emission region. B & D arcs show a so-called "vertex-early" shape (i.e. like
an open parenthesis "("), whereas A & C arcs show a "vertex-late" shape (closed
parenthesis ")"). As discussed earlier, the emissions from the northern hemisphere
(A and B regions) show a dominant RH circular or elliptical polarization, whereas
emissions from the southern hemisphere (C and D regions) are LH polarized.

The Jovicentric declination of the Earth (DE), that varies by ±3.3◦ over Jupiter’s
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11.9-year solar revolution period, strongly affects the CML and the occurrence prob-
ability of DAM emissions. This effect is also a geometrical one, resulting from the
fact that the observers see different parts of a narrow emission beam that corotates
with Jupiter during different apparitions of the planet (CARR et al., 1983).

In Figure 2.11 we have shown a general sketch of the geometry and arcs of emissions
as viewed from the Earth.

Figure 2.11 - Schematic summary of geometry and arcs of DAM emissions as observed
from Earth.

SOURCE: From Marques et al. (submitted to A&A).

2.5 Catalog of DAM-emissions

As a consequence of the complex source structure described above, the determi-
nation of many emission properties, that in turn constrain the generation scenario
and its relation to the Jovian magnetosphere dynamics, requires statistical studies
based on long-term observations, in order to disentangle the various phenomena
superimposed at various timescales. This is why systematic observations (synoptic
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monitoring programs) have been carried out at various ground based radio observa-
tories since shortly after the discovery of Jovian DAM, e.g., in Boulder (WARWICK

et al., 1975) and in Florida station (THIEMAN et al., 1975) and Nançay (BOISCHOT

et al., 1980). Several catalogs of the detected emissions were built (WARWICK et al.,
1975; THIEMAN, 1979; LEBLANC et al., 1981; LEBLANC et al., 1983; LEBLANC et al.,
1989; LEBLANC et al., 1990; LEBLANC et al., 1993).

As discussed in chapter 1, the proposal of this thesis is to use the emission properties
(discussed above) to create a new catalog of the detected emissions using 26 years
(1990-2015) of data in digital format from NDA. Thus, this catalog will fill a gap
in the period from 1990 to 2015. In the next chapter (3) will be described the
instrumentation and the classification methodology adopted in this work.
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3 INSTRUMENTATION & METHODOLOG

This chapter describes the Nançay Decameter Array (NDA) and the catalog building
process as well as the classification criteria of emissions.

3.1 Nançay Decameter Array (NDA)

The Nançay Decameter Array, shown in Figure 3.1, is a moderate size phased array,
built in 1975-77, consisting of 144 loc-conical (so-called "Tee-Pee") antennae, sen-
sitive to the range ∼10-100 MHz (BOISCHOT et al., 1980; LECACHEUX et al., 2004).
The antennae have conical shape, with helical winding of the wires. 72 antennae
are circularly polarized in the Right-Hand (RH or RHC) sense distributed in the
form; 6 East-West x 12 North-South, and 72 in the Left-Hand (LH or LHC) sense.
Each of the 72-antennae array are phased in two steps: by groups of 8 antennae,
then through delay lines. Thus, NDA is effectively composed of two detection arrays,
i.e., waves with right and left polarization may be observed. Each antenna has an
effective area ∼ λ2/3, thus each polarized array of 72 antennae has an effective area
(A(m2)) iqual to ∼24λ2, limited to ∼3500 m2 due to the overlap of antenna effective
areas at low frequencies, i.e., it is equivalent to a parabolic dish of ∼67 m of diam-
eter. The surface of this collector provides a gain of about 25 dB at 25 MHz. The
system noise (System Equivalent Flux Density - SEFD) of the NDA is dominated by
the galactic background noise (T ∼ 60λ2.55), and it is ∼104 Jy at 40 MHz. However,
NDA has low angular resolution (about 7◦ × 14◦), which prevents the direct location
of radio emission sources in the observed environment. Moreover, the compensation
comes from the possibility to measure different polarizations (BOISCHOT et al., 1980;
LECACHEUX et al., 2004).

Thus, the sensitivity of the instrument is limited. It has been largely dedicated to
the systematic observation of the strong and variable decameter radiosources that
are Jupiter and the Sun. Observations are carried out 8 hours/day for each target,
i.e., from -4h to +4h of their times of meridian transit, when these times are distant
enough. When Jupiter and the Sun are less than 8h apart in Right Ascension1,
priority is given to one target or the other according to the situation (high Solar
activity, high probability of Io-emission, support observation campaign for a space
mission).

Systematic/survey/synoptic observations of Jupiter at the NDA, called "Routine"

1It is the angular distance measured eastward along the celestial equator from the vernal equinox
to the hour circle of the point in question (KEPLER; SARAIVA, 2004).
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Figure 3.1 - Nançay Decameter Array.

observations, are performed since September 1990 by a swept-frequency analyzer
that scans across the band 10-40 MHz, measuring alternately one spectrum of LHC
polarized intensity and one spectrum of RHC polarized intensity (not full polariza-
tion). It is connected to a PC that ensures digitization and data acquisition. The
sweep takes 500 msec per spectrum, i.e. 1 sec between two consecutive spectra of
the same polarization. 400 frequencies are explored, i.e. a frequency step of 75 kHz,
with a filter width equal to 30 kHz. They are scanned consecutively, i.e. ∼1.2 msec
/ channel, hence a low sensitivity (SEFD/(30000×0.0012)1/2 ∼SEFD/6∼103 Jy).

"Routine" data consist of 2 dynamic spectra, i.e., intensity shown as a function
of time and frequency, with 1 sec × 75 kHz resolutions in LHC & RHC for ∼8
hours, each day, see Figure 3.2. Every hour, a calibration sequence (4 steps of 10
sec each) with broadband noise (from noise sources) is inserted instead of the sky
signal at 4 different levels (lowest than sky, and the 3 others = +10 dB each, start-
ing with strongest) at 8-antenna blocks. The data represent ∼3 Mbytes/second
and they are stored on a disk, with quick-looks, built immediately after the ob-
servation. They are distributed via the NDA web server at the Nançay Radio Ob-
servatory (http://realtime.obs-nancay.fr/dam/data_dam_affiche/data_dam_
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affiche.php?init=1).

Figure 3.2 - Example of NDA "Routine" dynamic spectra.
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3.2 The construction of the catalog

As explained in chapter 2, the determination of many DAM properties, constraining
its generation scenario and its relation to the Jovian magnetospheric dynamics, re-
quires statistical studies based on long-term observations. Several catalogs of Jovian
DAM have been constructed from the NDA data since the start of its operations
(LEBLANC et al., 1981; LEBLANC et al., 1983; LEBLANC et al., 1989; LEBLANC et al.,
1990; LEBLANC et al., 1993), from the visual examination of recorded dynamic spec-
tra in printed form (on paper or 35 mm film). The listed information in the catalogs
is generally restricted to the spectral range covered, (start & end) times and (min-
imum & maximum) frequencies as well as (start & end) positions in the CML-ΦIo

plane.
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In order to build a more informative digital database of Jupiter emissions over
about ∼54.578 hours of observations by NDA recorded from September 18 of 1990
to December 31 of 2015, a specific tool was designed for interactively displaying and
cataloguing the emissions. This software, illustrated in Figure 3.3, was developed by
the Paris Observatory. It displays both dynamic spectra (LH and RH), simultane-
ously, with a time-integration and a contrast (that may be adjusted manually), thus
enabling to catalog the emissions that they contain.

Figure 3.3 - Construction of the catalog: interactive step #1.

Emission recognition is visual, because no automated procedure is available at
present to recognize efficiently Jupiter emissions and distinguish them from Radio-
Frequency Interference (RFI - e.g. radio broadcast stations, RADAR, lightning, etc.).
Following visual identification of an emission on the dynamic spectrum of the po-
larization (LH or RH), where this emission is more intense, a polygonal contour
is drawn around each emission (with the mouse) and the emission type is selected
following the criteria.

The method to recognize emissions consists in using the shape of the emission along
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Table 3.1 - Criteria for cataloguing each emission type adopted in this work

Maximum Dominant Arc
Source Frequency polarization curvature

(MHz) (vertex)
Io-A 38 RH late
Io-B 40 RH early
Io-C 30 LH late
Io-D 30 LH early

non-Io-A 38 RH late
non-Io-B 38 RH early
non-Io-C 32 LH late
non-Io-D 24 LH early

Figure 3.4 - Example of Io-emission arcs used in the construction of the catalog.

SOURCE: Adapted by Hess et al. (2010) from Queinnec and Zarka (1998).

with its polarization and maximum frequency, as described in chapter 2, to discrim-
inate the emissions from different sources. The method allows to separate emissions
of different types that are located in overlapping regions in the "CML-ΦIo" dia-
gram. After extensive examination of hundreds of emissions and crossing the above
described parameters and comparing observations with known emission types dis-
cussed in the literature, the basic criteria was defined to catalogue each emission
type, as listed in Table 3.1. In Figure 3.4, examples of the Io-emission arcs, which
have typical shapes, are shown. They were well described by Queinnec and Zarka
(1998). Unfortunately non-Io-emissions are highly variable, so, they do not exhibit
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a characteristic emission envelope like the Io ones. Therefore we have used only the
curvature of the arcs together with the other properties listed.

Figure 3.5 - Construction of the catalog: merging polygons and computing fmin and fmax
at 1-min resolution (step #2).

For each emission, the software calculates the minimum and maximum frequencies,
the start and end times, the average intensity (<I> in dB above the background) of
the emission inside the contour, the average intensity in the symmetrical contour in
the dynamic spectrum of opposite polarization, and the circular polarization ratio
(Stokes parameter V, computed as (<ILH>-<IRH>)/(<ILH>+<IRH>)). Average
intensities and polarization are computed over the pixels above the background in-
side the emission contour. The background corresponds to the Galactic background
and is computed at each frequency from the whole daily observation file. True in-
tensity may be reconstructed from the value in dB and the background flux density
S = 2kT/A with T (K) ∼ 60λ2.55 and A(m2) = min(24λ2, 3500). All these parame-
ters characterizing globally the emission are stored in the database. All this process
was developed during the visit in Paris Observatory and took a year.

After this step, each contour is interpolated at t-f envelope at 1 min resolution and
merged in a simple emission, with global characteristics recomputed accordingly,
for emissions of the same type on the same day separated by less than 10 minutes.
For this step we developed a program in IDL language. The interpolated frequency
shows an accuracy estimated to be better than ±300 kHz (4 channels, resulting
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from the uncertainty in the visual determination of the emission limits and the
subsequent interpolation of the contour). This step is illustrated in Figure 3.5. All
these parameters together with the observation parameters are stored in a database.
When the emissions are not detected during an observation, only the observation
parameters are stored.

Finally, the complete ephemeris (CML, phase and longitude of Io, and of the other
Galilean satellites and Amalthea, Jovicentric latitude of the Earth (usually noted
DE) and of the Sun, Right Ascension) are computed for each observation and emis-
sion at a timescale of 1 minute and stored in the database, in order to be easily
available when exploiting the catalogue. Ephemeris were calculated using JPL’s
Horizons system (http://ssd.jpl.nasa.gov/horizons.cgi).

The phase of the Io (ΦIo), or of any other Jovian satellite, is the departure of
its superior geocentric conjunction, measured in projection on Jupiter’s equatorial
plane. It was computed in four steps: (1) the CML, i.e. the Earth’s Jovicentric
longitude, is obtained from the ephemeris server, at consecutive observation times
at Earth tE, taking into account the light travel time between Jupiter and Earth dtE ;
(2) Io’s longitude ΛIo is obtained similarly, setting Io as the observer, at consecutive
times at Io tIo with a light travel time dtIo ; these angles are recomputed as a
monotonously increasing series over the 26 years studied ; (3) ΛIo is re-interpolated
from a time axis tE to a time axis tE− (dtE−dtIo), to correct for the different travel
times ; (4) the phase, e.g. of Io, is derived as ΦIo = CML− ΛIo + 180◦, and angles
are restored in the range [0◦, 360◦]. We also developed all this process using IDL
language.

During the construction of the database, a few percent of the emissions appeared
with all characteristics of a given emission type but with opposite polarization, or
even sometimes when an emission started in one dominant polarization and then
switched to the opposite polarization. The origin of the problem was identified as a
desynchronization of the swept-frequency analyzer with the acquisition PC, resulting
in a missing spectrum in the sequence of spectra recorded alternatively with LH
and RH polarization, and thus to an apparent inversion of the polarization of the
emission (only the rank of the spectrum in the file defines its polarization). This
problem appears only at a few occasions during the 26 years studied, corresponding
to specific observation set-ups (due to its rarity, that remained unnoticed until this
work). This problem was solved by relying only on the other characteristics defining
each emission type, and - in these particular cases only - on the occurrence in the
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CML-ΦIo plane. As a result the fraction of erroneously catalogued emissions were
estimated in the final database, due to the polarization, to be ≤ 1%.
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4 THE NDA JUPITER CATALOG

In this chapter the catalog and its validation will be shown through statistical anal-
ysis. These results will be compared, whenever possible, with the literature. We will
also discuss the implication of the adopted classification criteria and the description
the radio sources.

4.1 Catalog

The catalog is composed of 8163 observations that correspond to 54.578 hours of
measurements. Figure 4.1 shows the distribution of the duration of the observations.
The broad variation, from 1 hour (or less) to 10 hours, depends on various factors
(technical and/or observational), but the vast majority lasted for ∼7.5 hours (the
standard duration of a daily Routine observation). Longer observations occurred at
specific occasions (e.g. the collision of debris from the comet Shoemaker-Lely 9 with
Jupiter in 1994), while shorter ones depend on the competition with NDA Solar
observations or technical factors.

Figure 4.2 shows the occurrence of observations as function of CML and ΦIo. Obser-
vations are decomposed into consecutive 1 minute intervals, and the figure displays
the number of minutes of observation per 5◦ × 5◦ bins. This number varies between
505 and 798 across the entire plane, over the 26 years interval analyzed. Inhomogen-
ities of coverage results from previous knowledge about Io emissions: when Jupiter
and the Sun are less than 8h apart in Right Ascension, priority is given to one tar-
get or the other according to the context. Jupiter was generally the priority when
the observation track crossed a region of enhanced Io emission probability in the
CML-ΦIo plane, hence the coverage of Figure 4.2.

4.1.1 Emission tracks in the CML-ΦIo plane and overall occurrence prob-
abilities

In Figure 4.3, we show the catalog of emission tracks as function of CML and ΦIo

together with the corresponding overall emission occurrence probability versus CML
(top) and ΦIo (right). The source regions are indicated with different colors for each
emission type as recorded in the catalog. The occurrence probability corresponds to
the number of minutes of emissions per 5◦ bin of each coordinate and it has been
normalized by the total number of observations in the same bin (see Figure 4.2).
Addition results are shown in Appendix B.1.

From Figure 4.3, two important effects of DAM emissions can be seen. The first
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Figure 4.1 - Duration of observations.
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Figure 4.2 - Coverage of the CML-ΦIo plane with observations.

28



Figure 4.3 - Distribution of all emissions in the CML-ΦIo plane. Tracks −→ possible over-
lap of some emissions.

effect is related to the fast rotation of the Jupiter’s magnetic field. This may be seen
in the occurrence probability as a function of CML, with peaks at ∼150◦, ∼240◦ and
∼320◦, corresponding to the source regions A, B and C (Io and non-Io). The second
effect is caused by the Io-Jupiter interaction, it restricts most of the emissions in
two specific regions of ΦIo, with peaks at ∼90◦ and ∼240◦ corresponding to Io-B/-D
and Io-A/-C emission regions, respectively. Both effects observed have been shown
to be consistent with previous work (CARR et al., 1983; GENOVA et al., 1989).

In Figure 4.4, we show the emissions separated in Io-DAM and non-Io-DAM. The
well-known emission regions can be clearly seen. In the case of Io emissions, the
two secondary peaks around ∼50◦ and ∼190◦ which corresponds to new Io-emission
regions, labeled Io-A” and Io-B’. For non-Io-emissions, the faint band of purple tracks
between CML ∼60◦ and ∼300◦ reveals another new emission region, labeled non-
Io-D. In addition, the large database (Figure 4.3) showed that with the adopted
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Figure 4.4 - Distribution of Io (a) and non-Io (b) emissions in the CML-ΦIo plane. Tracks
−→ possible overlap of some emissions.

classification criteria, it was possible to distinguish the emissions between Io-DAM
and non-Io-DAM even in regions dominated by Io. However the same criteria created
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overlapping regions between different types of emissions and consequently changes
in the CML and ΦIo boundaries on emission region when they are compared with
published values. These boundaries as well as the three new regions will be discussed
in more details below.

4.2 Statistical anaysis

In order to check the relevance of the catalog we carried out a statistical analysis
of four parameters, computed for each of the 6203 emission events of the database,
which can provide important informations to the DAM emission mechanism and
scenario:

• average intensity is related to the emitted power; because the galactic
background is bright at decameter wavelengths, the phased beam of the
NDA is large (∼ 6◦ × 10◦), and DAM is very bursty, average emission
intensities are only a few dB above the background in spite of the fact that
individual bursts can exceed 20-30 dB.

• overall emission duration results from the convolution of the source extent
– in longitude and latitude as well as vertically along the active field lines
(according to the frequency extent of the emission) – and the solid angle
in which emission is beamed from every point source; emission duration is
also affected by intrinsic time variations of the emission.

• maximum frequency constrains the source location, as discussed in sec-
tion 2.2; it may be slightly underestimated when the signal/noise ratio is
low; the minimum emission frequency may not be constrained using NDA
observations due to prominent radio interference at the lowest observed
frequencies, as well as the Earth’s ionospheric cutoff at ∼10 MHz, however
it may be accessed via spacecraft measurements (ZARKA et al., 2001).

• dominant circular polarization reveals the hemisphere of origin of the emis-
sion, as discussed in section 2.2; a quantitative measurement of the circular
polarization ratio (Stokes parameter V , computed as explained in chapter
3) provides a finer constrain on the emission mode, mechanism and propa-
gation; as shown below, the determination of V from Routine data is very
approximate due to the low average emission intensities.

In Figure 4.5 we show the distributions of power (dB), duration (min.), maximum
frequency (MHz) and circular polarization parameter (V) for All, Io and non-Io
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Figure 4.5 - Histograms of emission power, duration, maximum frequency, and circular
polarization parameter (Stokes V) for All / Io / non-Io emissions.
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emissions (from Figures 4.3 and 4.4). Figures 4.6 and 4.7 show the same analysis.
However, the distributions are further separated in Northern/Southern hemisphere
sources (from the dominant circular polarization sense), and in Dawnside/Duskside
sources (from the arc vertex - cf. Figure 2.11), respectively. The corresponding nu-
merical results are summarized in Table 4.1, together with occurrence probabilities
for each data selection.

During the 26 years of observations, Jovian DAM was detected 10.4% of the time.
Io emissions are visible for a larger fraction of time than non-Io ones (respectively
5.9% versus 4.5%, cf. Table 4.1), which confirms earlier results (CARR et al., 1983;
GENOVA et al., 1989; ZARKA, 1998; HESS et al., 2008). But the number of non-Io
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Figure 4.6 - Histograms of emission power, duration, maximum frequency, and circular
polarization parameter (Stokes V) for Io (left) and non-Io (right) in terms of
NH and SH emission.
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emissions is larger and consequently their duration shorter. This may be due to the
fact that Io arcs are longer than non-Io ones, likely, due to a combination of the
visibility of the source (taking into account its anisotropic beaming) and the orbital
motion of Io. The latter depends on the rotation of Jupiter, which is ∼4 times faster
than Io’s orbital motion. But the source of Io emissions is a restricted set of field
lines close to the Io flux tube (IFT), whereas non-Io emissions could be produced
anywhere in the auroral (or even polar) regions (cf. discussion in section 2.3). If
non-Io comes from an extended source, the visibility of the source that results from
the convolution of its extent in latitude and longitude with its beaming pattern
(ZARKA, 2004) would cause emissions with longer duration. The fact that it is not
the case suggests that non-Io emissions are related to small-scale, possibly bursty
auroral structures, seen e.g. as bright spots in the UV (PRANGÉ et al., 1998; GÉRARD

et al., 2013), rather than being the radio counterpart of the main auroral oval as a
whole. One reason for the lack of main oval radio emissions may be related to the
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energy of precipitating electrons there ('100s keV (GÉRARD et al., 2014; GUSTIN

et al., 2016)), which is larger than optimal for the CMI. Conversely, the Io-Jupiter
electrodynamic interaction appears more steady than the mechanism at the source
of non-Io emissions.

Figure 4.7 - Histograms of emission power, duration, maximum frequency, and circular
polarization parameter (Stokes V) for Io (left) and non-Io (right) in terms of
the dawn and dusk emissions.
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Intensities of Io and non-Io emissions are very similar. Io-emissions have a higher
maximum frequency (∼ 39 MHz) than non-Io-emissions (∼37 MHz). Although they
may occasionally reach (∼ 37 MHz) the vast majority of non-Io emissions have a
maximum frequency ≤28 MHz, as already reported by (BARROW; DESCH, 1980).
Both types of emissions have very similar distributions of circular polarization ratio.
V reaches marginally higher values for non-Io emissions. The most common value of
|V | is ∼0.4 to 0.5, which implies partially polarized or elliptical emission. The latter
is more likely (DULK et al., 1992; DULK et al., 1994; QUEINNEC; ZARKA, 2001). We find
here a more symmetrical distribution of LH and RH polarizations than discussed
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in these papers, but as they addressed a limited number of cases, this question will
need a more in-depth study, component by component. The same four parameters
discussed above will be analyzed for each Io and non-Io component.

35



Ta
bl
e
4.
1
-S

ta
tis

tic
al

pa
ra
m
et
er
s
of

A
ll,

Io
an

d
no

n-
Io

em
iss

io
ns
.

O
cc
ur
re
nc
e

Po
we

r
D
ur
at
io
n

M
ax

.f
re
qu

en
cy

St
ok
es

V
of

Ty
pe

pr
ob

ab
ili
ty

[d
B]

[m
in
.]

[M
H
z]

em
iss

io
n
ev
en
t

[%
]

Av
g.
(M

ed
.)±

σ
Av

g.
(M

ed
.)±

σ
Av

g.
(M

ed
.)±

σ
Av

g.
(M

ed
.)±

σ
M
ax

.
M
ax

.

A
ll
ev
en
ts

10
.4

2.
25
(2
.1
9)
±
0.
79

55
(4
2)
±
45

25
.1
(2
5.
0)
±
5.
3

-0
.2
0(
-0
.3
3)
±

0.
37

30
0.

38
.9

A
ll

5.
9

2.
31
(2
.1
9)
±
0.
80

74
(6
5)
±
49

28
.1
(2
8.
3)
±
5.
3

-0
.2
0(
-0
.3
3)
±
0.
35

30
0

38
.9

N
H

4.
1

2.
20
(2
.1
9)
±
0.
76

69
(5
9)
±
46

30
.2
(2
9.
9)
±
4.
2

-0
.3
6(
-0
.3
8)
±
0.
20

30
0

38
.9

Io
-

SH
1.
8

2.
64
(2
.5
6)
±
0.
84

90
(8
1)
±
54

21
.9
(2
2.
0)
±
2.
8

0.
31
(0
.3
3)
±
0.
20

28
2

29
.4

D
aw

n
2.
6

2.
33
(2
.1
9)
±
0.
85

80
(6
8)
±
52

28
.9
(2
9.
4)
±
6.
1

-0
.1
8(
-0
.3
2)
±
0.
35

30
0

38
.9

D
us
k

3.
3

2.
29
(2
.1
9)
±
0.
77

70
(6
1)
±
47

27
.6
(2
7.
9)
±
4.
6

-0
.2
1(
-0
.3
3)
±
0.
36

28
2

38
.6

A
ll

4.
5

2.
22
(2
.1
9)
±
0.
77

41
(3
1)
±
35

23
.0
(2
3.
5)
±
4.
1

-0
.2
1(
-0
.3
3)
±
0.
38

22
2

37
.4

N
H

3.
3

2.
21
(2
.1
9)
±
0.
78

41
(3
0)
±
35

24
.3
(2
4.
7)
±
3.
6

-0
.3
9(
-0
.4
2)
±
0.
21

22
2

37
.4

no
n-
Io
-

SH
1.
2

2.
26
(2
.1
9)
±
0.
74

42
(3
2)
±
34

19
.1
(1
8.
8)
±
3.
0

0.
32
(0
.3
3)
±
0.
21

20
8

28
.5

D
aw

n
1.
1

2.
07
(1
.8
7)
±
0.
78

36
(3
0)
±
29

23
.1
(2
3.
1)
±
4.
5

-0
.1
8(
-0
.3
3)
±
0.
40

20
8

37
.4

D
us
k

3.
4

2.
27
(2
.1
9)
±
0.
76

43
(3
1)
±
36

22
.9
(2
3.
6)
±
3.
9

-0
.2
2(
-0
.3
3)
±
0.
36

22
2

35
.9

36



Figure 4.6 shows the same distributions, separately for Io and non-Io emissions.
Further, we split emissions by hemisphere of origin (according to the emission type,
A & B from the northern hemisphere (NH) and C & D from the southern hemisphere
(SH)). I can be seen that Northern emissions are more frequent than southern ones.
This higher northern "activity" might be due to stronger Pedersen currents and
magnetic field amplitude in the northern hemisphere (NICHOLS et al., 2009, e.g.),
and/or to the fact that stronger magnetic field amplitude in the northern hemisphere
results in more keV electrons reflected back by mirror effect, generating more CMI
radio emission (ZARKA et al., 1996). The latter suggestion is supported by the fact
that the UV spot at the southern end of the IFT (or rather of the active flux tube
close to the IFT) is stronger than the northern one (BONFOND et al., 2013), thus there
are more precipitated and less reflected electrons in the South. However, southern
emissions surprisingly appear to reach higher intensities than northern ones.

For the main oval, the UV brightness is rather higher in the North (CLARKE et al.,
2009) but, as discussed above, non-Io-emissions may be related only to hot spots,
along the main oval or at higher latitude (cf. discussion in section 2.3). A puzzling
feature of Figure 4.6 is that while northern non-Io emissions are more frequent
than southern ones for all intensities and durations, northern Io emissions are more
frequent than southern ones mainly for low intensity and low duration values.

Maximum frequencies reach, for non-Io-emissions, ∼37 MHz in the North, ∼28.5
MHz in the South. For Io emissions reach ∼39 MHz in the North and ∼28 MHz
in the South. These high frequency limits provide strong constraints on source lo-
cations and magnetic field models (GENOVA; AUBIER, 1985; HESS et al., 2011). The
polarization is consistent with X-mode emission: mainly RH from the North, and
LH from the South (cf. discussion in section 2.2). Polarization with an opposite sign
is observed in ∼1% of the cases, which we attribute to instrumental errors (cf. chap-
ter 3) rather than detection of O-mode (that is expected to be much weaker than
X-mode (WU, 1985)).

Figure 4.7 displays histograms for Io and non-Io emissions, separated by local time
of origin (according to the emission type, B & D from the dawn side of the planet
and A & C from the dusk side). For Io-DAM no significant difference between the
dusk and dawn sides is observed. But for non-Io-DAM, dusk emissions dominate in
number, intensity and duration. The higher dusk "activity" might be due to emissions
triggered by fast forward interplanetary shocks (FFS), as demonstrated by Hess et
al. (2012) and Hess et al. (2014). These authors showed that FFS-triggered DAM
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emissions onset in the afternoon sector. These results suggested that the relatively
empty "cushion" on the dawn side of Jupiter’s magnetosphere absorbs FFS-triggered
compressions, whereas dusk emissions were favored by compressions of the thick
current sheet on that side of the planet (KIVELSON; SOUTHWOOD, 2005), possibly
heating the plasma via viscous interaction or adiabatic compression.

We note in Figure 4.7 that the highest observed maximum frequencies of DAM
emissions are slightly higher on the dawn side that on the dusk side. Distributions
of V are similar for Io and non-Io emissions, and for dawn and dusk sources.

The properties deduced from histograms are statistical and global. Their detailed
analysis, in the context of our present knowledge of radio and UV emissions from
Jupiter’s aurora and Jupiter-Io interaction, must take into account the temporal
variations of the parameters studied, that may depend on the solar wind fluctuations,
seasonal variations of the ionospheric conductivity, Io’s volcanic outbursts, and the
way all these fluctuations affect the solar wind/magnetosphere/ionosphere/satellite
couplings and consequently the magnetospheric activity. The study of these time
variations is made possible using our catalog, and it will be discussed later.

4.3 Distributions versus CML and Io longitude

Another way of considering the variations of the four above parameters character-
izing DAM emissions is to plot them as a function of the periodic coordinates that
may affect emission generation and visibility.

In the case of Io emissions, this coordinate is the Jovicentric longitude of Io (ΛIo

where ΛIo = CML - ΦIo + 180◦), i.e. the position of the satellite in the rotating
Jovian magnetic field, that modulates the Alfvénic current intensity and topology
(SAUR et al., 2004, e.g.) and the maximum frequency at the foot of the active field
line. The corresponding plots are displayed in Figure 4.8. From Figure 4.8, it can
be seen that Io emissions are mainly detected for 90◦ ≤ ΛIo ≤ 340◦ and that the
distribution of maximum frequency is well structured versus ΛIo. This structure is
discussed in more details below.

In the case of non-Io-emissions, the periodic coordinate is the CML, which is related
to the longitude of dawn or dusk sources via their beaming angle. The corresponding
plots are displayed in Figure 4.9. We recognize easily the emission regions from
Figure 4.4 (especially A, B, and C) as separate blobs of points, and the quasi-absence
of emissions for 180◦ ≤ CML ≤ 200◦. Non-Io-A emissions have the highest intensity
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Figure 4.8 - Io-emissions’ power, duration, maximum frequency, and polarization ratio as
a function of ΛIo.

Io emissions

0 100 200 300
ΛIo (

o)

0

2

4

6

8

10

A
ve

ra
ge

 In
te

ns
ity

 (
dB

 >
 b

ac
kg

ro
un

d) Io emissions

0 100 200 300
ΛIo (

o)

0

100

200

300

400

D
ur

at
io

n 
(m

in
ut

es
)

Io emissions

0 100 200 300
ΛIo (

o)

10

15

20

25

30

35

40

M
ax

im
um

 F
re

qu
en

cy
 (

M
H

z)

Io emissions

0 100 200 300
ΛIo (

o)

-1.0

-0.5

0.0

0.5

1.0

V
 S

to
ke

s

and longest duration (albeit with a large scattering), followed by non-Io-B and non-
Io-C components. A and B emissions, well identified as the RH (V < 0) blobs
on the bottom right panel in restricted CML ranges, reach maximum frequencies
above 30 MHz in similarly restricted CML ranges (respectively ∼ 220◦ − 300◦ and
∼ 80◦ − 180◦). This can be interpreted as the passage of a single source region
respectively near the duskside and near the dawnside limbs. Elementary 2D geometry
points at a source at the midpoint of the above CML ranges, i.e. ∼ 195◦, located
on the negative gradient (downwards slope) of the strong magnetic field anomaly
in Jupiter’s northern hemisphere relative to the rotation of the planet (HESS et al.,
2011). Along such a negative gradient, part of the electron population mirroring on
the magnetic anomaly now precipitates deeper, being eventually lost by collisions
and generating a loss-cone distribution than can drive radio wave generation by the
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Figure 4.9 - non-Io-emissions’ power, duration, maximum frequency, and polarization ratio
as a function of CML.
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CMI. With a source at ∼ 195◦, the center of each CML range above implies an
emission at ∼ 65◦ from the magnetic field, consistent with the CMI widely open
hollow cone beams. Of course the problem must be studied in 3D geometry, and the
non-Io sources are extended or rather spread over a broad longitude range, so that
the above values are only indicative. In the southern hemisphere, LH (V > 0) non-Io
emissions are more uniformly spread at all CML, and their maximum frequency is
lower. This is consistent with the weaker and more even magnetic field in Jupiter’s
southern hemisphere, without any magnetic anomaly comparable to the northern
one.

Note that for Io and non-Io emissions, scatter plots of any of the above 4 parame-
ters against any each other do not show any significant correlation, suggesting that
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the histograms of Figures 4.5 to 4.7 and the scatter plots in Figures 4.8 and 4.9
summarize well the statistical properties of these emissions.

Figure 4.10 - Maximum frequency versus ΛIo for Io and non-Io emissions.

Each emission component is color coded as in Figures 4.3 and 4.4.

Figure 4.10 focusses on the distribution of maximum frequencies of Io and non-
Io emissions, similar to the bottom left panels of Figures 4.8 and 4.9, but with
two major differences: each emission component is color coded as in Figures 4.3
and 4.4, and instead of a single point per emission event, the complete variation
of the maximum frequency during each emission is plotted, at the time resolution
of 1 minute. The plots are thus more densely populated and accurate. Figure 4.11
shows the same result as in Figure 4.10, but, it was divided in components for
better understanding. Figures 4.10(left) and 4.11(Io-A/A’/A”, Io-B/B’, Io-C and
Io-D) display the Io emissions versus the ΛIo, showing that Io-A and Io-B emissions
reach the highest frequencies (up to 39 MHz) and demonstrating clearly the distinct
natures of Io-A’ and Io-C emissions as well as Io-B and Io-B’ emissions. Figures
4.10(right) and 4.11(non Io-A, non Io-B, non Io-C and non Io-D) display the non-Io
emissions versus the ΛIo, highlighting Figure 4.11(non Io-D) which shows the non-
Io-D component. From these figures it can be seen that Io-emissions cluster in a
limited range of Io’s longitude (∼ 120◦−300◦ for northern sources (Io-A/A’/A” and
Io-B/B’) and ∼ 70◦ − 360◦ for southern ones (Io-C and Io-D)), with an envelope
that draws an overall high-frequency limits as a function of ΛIo.
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Figure 4.11 - Maximum frequency versus ΛIo for Io and non-Io components.
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Each emission component is color coded as in Figures 4.3 and 4.4.

This envelope is a strong constraint on the magnetic field model and lead angle of
the active field line close to the IFT (GENOVA; AUBIER, 1985; ZARKA et al., 2002;
HESS et al., 2011). It also shows the distinctive character of the various Io-DAM
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components, that can have distinct maximum frequency envelopes at the same ΛIo.
Full understanding of each component characteristics will deserve a specific study.
Finally, non-Io-emissions versus ΛIo show, as expected, no modulation in ΛIo, except
the lack of points around 230◦ that corresponds to the gap at the Io-A/C phase on
Figure 4.4b. It also illustrates differently the statistical distribution in Figure 4.6
of RH (Northern) and LH (Southern) maximum frequencies of ∼36 MHz and ∼27
MHz, respectively.

4.4 Description of source regions

In order to investigate each type of emission we display in Figure 4.12 examples
of dynamic spectra of all DAM components of Io and non-Io emissions in their
dominant polarizations. In Figure 4.13, we show statistical analysis of the same
emission parameters as in Figures 4.5, 4.6 and 4.7, but separated by component.
Table 4.2 lists statistical values, as in Table 4.1, by components.

43



Figure 4.12 - Examples of dynamic spectra of Io and non-Io arc shapes components in its
dominant polarizations.
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Figure 4.13 - Histograms of emission power, duration, maximum frequency, and polariza-
tion ratio, per emission component.
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Io-A emission characteristics derived here are consistent with previously published
ones (CARR et al., 1983; GENOVA et al., 1989; QUEINNEC; ZARKA, 1998; HESS et al.,
2008). It is mainly observed within CML=180◦-310◦ and ΦIo=180◦-280◦, and is com-
posed of multiple vertex late arc structures with RH dominant polarization, average
duration of 71 min, and maximum frequency of 38.6 MHz. Io-A’ emission is com-
posed of vertex late arcs (also RH) with very weak curvature (CARR et al., 1983),
and covers the range CML=190◦-300◦ and ΦIo=150◦-200◦. It exhibits a maximum
frequency of 33.4 MHz, higher than the value given in Carr et al. (1983). Our clas-
sification criteria allowed us to identify a new emission region with unique spectral
characteristics. The emission often exhibits only one vertex late arc with RH domi-
nant polarization, maximum frequency up to 35.2 MHz and an average duration of
50 minutes. We observed it within CML=270◦-360◦ and ΦIo=210◦-270◦, overlapping
with Io-C. It was previously described as "Io-C RH" by Boudjada et al. (1995), who
suggested that this component comes from the same source in the same hemisphere
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as Io-C. But this suggestion is incompatible with the now well established theoret-
ical modeling by Hess et al. (2008), so we concluded that it is an emission coming
from the northern hemisphere and we called this newly identified component Io-A”.
We show a representative example in Figure 4.12.

Figure 4.14 - Occurrence probability of Io emissions versus CML-ΦIo per component.
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Io-B emission displays two types of morphology. The classical Io-B great arc with
precursor fringes and a long t− f tail has been described by Carr et al. (1983) and
studied in details by Queinnec and Zarka (1998). It is RH polarized and we find here
an average duration of 77 min. for its main part (see Figure 4.12 and Table 4.2).
Figures 4.4 and 4.5 show that the Io-B emission regions start at lower CML that
previously thought. It reaches a maximum frequency ∼38.9 MHz, slightly below
that derived from Voyager observations (CARR et al., 1983), but this may be due
to the lower sensitivity of NDA compared to Voyager at Jupiter. Below the Io-B
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Figure 4.15 - Contours of the Io-emission regions computed from 10%, 25% and 50% oc-
currence levels with bins 5◦ and all frequencies included.
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emission region (i.e. at lower values of ΦIo) we have noticed a series of narrowband
emissions with t − f characteristics different from Io-B, that we have labeled Io-
B’. This emission generally consists of two consecutive groups of vertex early arcs
separated by a gap without emission, such as the example shown in Figure 4.12.
Both groups have similar envelopes with a maximum frequency up to 34.3 MHz and
dominant RH polarization. Leblanc (1981) and Clarke et al. (2014) discussed similar
cases which they observed in the same CML-ΦIo region.

We have noted in Figures 4.4 and 4.5 that the Io-C emission starts before the
CML=280◦ mentioned in Carr et al. (1983). This has also been seen by Clarke et al.
(2014) in their analysis of a single Io-C event. However, as discussed below in Figures
4.14 and 4.15, the extension of the Io-C region to CML < 270◦ (down to CML∼240◦)
corresponds to occurrence probabilities <10%. The Io-C emission is predominantly
LH polarized, made of vertex late arcs, of highest average intensity of all Io emissions
(cf. Table 4.2). Average duration is 1.5 hour and maximum frequency reaches 29.4
MHz. This is much lower than the 36 MHz noted by Carr et al. (1983), and is due to
the fact that we have distinguished and removed the new RH component A”, now
clearly distinct of Io-C.
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Figure 4.16 - Occurrence probability of non-Io emissions versus CML-ΦIo per component.
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The Io-D emission is composed of a single vertex early arc with a maximum fre-
quency up to 27.9 MHz (Figure 4.12). This maximum frequency is much higher
than the 18 MHz described in Carr et al. (1983), and corroborates statistically the
example shown in Queinnec and Zarka (1998) and modelled in Hess et al. (2008).
Io-D emission is predominantly LH polarized and may last up to 1.5 hour too. It
has been detected beyond CML ∼200◦, and its new boundaries are shown in Figures
4.14 and 4.15. The values in Table 4.2 confirm the histogram of Figure 4.6, i.e. that
southern Io emissions reach higher intensities than northern ones.

Non-Io emissions have envelopes less extensive than Io ones, i.e. few emissions exceed
∼28 MHz (they may reach ∼ 37 MHz in the northern hemisphere, cf. Table 4.2 and
Figures 4.10b and 4.13). But the arc shapes are repeatable and recognizable. This
allowed us to separate to a large extent Io and non-Io emissions overlapping in the
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CML-ΦIo plane (Figure 4.4). With our new database, the CML boundaries of non-Io
emissions have been modified when compared to previous studies (CARR et al., 1983;
GENOVA et al., 1989). For example, non-Io-C starts at CML=255◦ (and even down
to ∼ 240◦ at very low occurrence level) and ends at CML=95◦ (up to ∼ 140◦ at
very low occurrence level). The maximum frequency of non-Io-C (28 MHz) is also
lower than previously thought for the same reason as Io-C (distinction and removal
of embedded Io-A” emissions).

Non-Io-A emissions have maximum frequencies of 35.9 MHz, quite consistent with
the literature. Non-Io-A events are by far more numerous. They include a "zoo"
of various arc types (Figure 4.12), possibly from different elementary sources, that
may include emissions induced by satellites other than Io, not identified until now.
Non-Io-B have the highest maximum frequency (37.4 MHz), also consistent with
the literature, and the strongest circular polarization (cf. Table 4.2 and (QUEINNEC;

ZARKA, 2001)).

We have identified around 289 events (∼0.4% occurrence) with LH polarization,
vertex early arcs and maximum frequency about 28.5 MHz, distributed over a very
broad range of CML (10◦ - 340◦) for all ΦIo (see limits in Table 4.2). This new
component has all the required characteristics for being identified as the non-Io-D
emission. It is actually mentioned in the review by Bose et al. (2008) (within the
CML range ∼ 0 − 200◦) but without any supporting observation. Being much less
frequent than the other non-Io components and diluted over a broad range of CML
overlapping with other non-Io components, the large statistical basis of the catalog,
discussed here, was necessary to clearly establishes its existence and characteristics.

Figure 4.14 shows the occurrence probability as a function of CML and Io phase
for each Io emission component. It is obtained by dividing the number of minutes
of emissions of a given type, in bins of 5◦ × 5◦ in the CML−ΦIo plane, by the
number of minutes of observations per bin of Figure 4.2. Io emissions are grouped
by hemisphere and limb, and maximum probability (in %) is indicated at the top of
each plot. Northern hemisphere emissions reach very high occurrence probabilities in
restricted areas. Figure 4.15 shows the overall limits in CML and ΦIo of the region,
for each component, corresponding to an occurrence probability ≥10%, 25% and
50% (where occurrence reaches high enough values), for Io-emission.

Figure 4.16 provides similar informations for non-Io components. As their occurrence
probability is generally weaker, Table 4.2 lists the minimum and maximum CML
value of each non-Io region (without any dependence in ΦIo of course) determined
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from its integrated occurrence versus the CML.

4.5 Summary & Conclusion

We have carried out a statistical analysis of the database, developed in this work,
focussing on occurrence rates, intensity, duration, maximum frequency and polar-
ization of the events. This study suggests a number of results listed below, the
confirmation of which will motivate specific in-depth analyses:

• non-Io-DAM appears to be related to small-scale, possibly bursty auroral
structures;

• northern emission are more frequent but southern ones are more intense;

• in the case of Io emissions, the excess of northern emissions specifically
concerns low intensity and low duration emissions;

• in the case of non-Io emissions, dusk emissions dominate dawn ones by
occurrence, intensity and duration;

• the distribution of non-Io emissions versus the CML suggests that
radiosources are preferably located above auroral regions where
d|B|/dCML<0;

• the distribution of the maximum frequency of Io emissions is densely clus-
tered versus Io’s longitude ΛIo; its t − f envelope imposes a strong con-
straint on the Io-Jupiter interaction mechanism (lead angle), provided that
the Jovian internal - and surface - magnetic field is well known.

The results obtained for each emission type are generally in good agreement with
previous works, but a few new results can be highlighted:

• two new Io-induced radio emission types were discovered or identified: Io-
A” and Io-B’, that have spectral characteristics distinct of other emission
types;

• the CML−ΦIo contours and maximum frequency of known emission types,
especially Io-C and Io-D, are redefined (differently from the values in the
literature); Io-C is detected at lower CML, has a maximum frequency ∼29
MHz and exclusively LH polarization; Io-D is observed beyond published
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limits and has a maximum frequency higher than described in previous
works;

• the non-Io-D type was discovered in a broad CML range (and all Io phases),
with LH polarization, maximum frequency ∼28 MHz, and low occurrence
probability.

These new results are due to the exceptional length of the database, the digital data
format, the new classification method adopted (with a set of consistent, minimum,
necessary and sufficient criteria), and the care and accuracy in its application. This
catalog will be the basis for the next chapter and future works.
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5 THE LONG-TERM VARIABILITIES ON DAM EMISSIONS

In this chapter, we show a preliminary analysis of the long-term variabilities of
the DAM emission and how they can affect the occurrence probability in CML-ΦIo

plane.

5.1 Distribution of DAM occurrence probability in the time

In order to analyse the variabilities for catalogued emissions, shown in Figures 4.3
and 4.4 and discussed in chapter 4, we organized the catalog as two time series
of occurrence probability per observation, shown in Figure 5.1, as following: Io-
emissions (Figure 5.1 tob panel) and non-Io-emissions (Figure 5.1 bottom panel).
The occurrence probability per observation was calculated by the ratio between the
duration of emission and the duration of observation and it was distributed in the
mid-point of each observing or activity time.

As discussed in section 4.2 and seen in Figure 5.1, Io emissions are visible for a larger
fraction of time than non-Io ones, which explains the higher values of occurrence
probability per emission than non-Io. However the number of non-Io emissions is
larger and consequently their duration shorter. We also observe a horizontal line
with values of occurrence probability equal to zero that correspond to 89.6% of the
observation time which emissions were not detected. Without any spectral analysis,
it can be noted clearly two strong long-term periods in the DAM emission, one with
∼400 days and another with ∼12 years. The first one is known as Jupiter’s synodic
period, which is caused by the conjunction of Jupiter with the Sun-Earth line, and
the second is believed to be a contribution of two effects with periods that are very
close, the declination of the Earth with respect to the Jovigraphic equatorial plane
(DE) with ∼11.8 years and the solar activity with ∼11 years. Although not visible
in time series, the DAM emission exhibits strong short-term periodicities related to
the rotation of the Jupiter’s magnetosphere (9.9249 h, System III), Io orbital period
(42.46 h), already discussed in chapter 4, as well as the beat period between System
III and Io orbital period, 12.95 h (BIGG, 1966; CARR et al., 1983; KAISER, 1993;
QUEINNEC; ZARKA, 1998). The background observation also introduces two strong
short-term periodicities in the series, the first one comes from the size of observation
windows ∼8 h (seen Figure 4.1 in section 4.1) and another is caused by the interval
between observations (∼1 day). Although we have highlighted here the short-term
variabilities, the focus of this chapter is the study of long-term variability and how
they can affect the occurrence probability in CML and ΦIo.
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Figure 5.1 - Distribution of the occurrence probability for emissions at observation day.
Io-emissions (top panel) and non-Io-emissions (bottom panel).
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In order to search the long-term periodicities in DAM emissions and analyze how
they can affect the emissions, it was studied Io and non-Io emissions separately.
The reason for this approach is that each type of emission (Io and non-Io) exhibits
different behaviour, as shown in chapter 4, for example, Io emissions are strongly
dominated by the Io’s orbital period and it can suppress the others effects.

5.2 Long-term periodicities

In order to analyze the long-term variability effects in the catalogued emissions, Io
and non-Io-emission time series were subjected to a Lomb-Scargle analysis to search
for periodicities in the range 100-9000 days (LOMB, 1976; SCARGLE, 1982). In the
Lomb-Scargle periodogram for Io and non-Io emissions, shown in Figure 5.2, three
main periods can be observed for Io and non-Io-emissions, as indicated, with higher
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significance levels at 99.9999999%.

Figure 5.2 - Lomb-Scargle periodogram for Io-emissions (top panel) and non-Io-emissions
(bottom panel) time series (shown in Figure 5.1) in the range 100 to 9000
days.
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The horizontal lines show the significance levels for the method, following bottom-up, 90%,
95%, 99%, 99.9%, 99.99% and 99.9999999%.

The period of about of 4600 days is possibly caused by the DE. This effect is re-
sponsible for the long-term variability in the occurrence probability as well as in the
shift in Io-A, Io-B and Io-C positions in the CML-ΦIo diagram (CARR et al., 1970;
CARR et al., 1983; BOUDJADA; LEBLANC, 1992; LEBLANC et al., 1993). However, DE

period is close to the long-term solar activity period (11 years cycle) which can also
induce variabilities, mainly, in non-Io-emissions (TERASAWA et al., 1978; BARROW et
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al., 1986; ZARKA; GENOVA, 1983; GENOVA et al., 1987; ZARKA; GENOVA, 1989; BOSE;

BHATTACHARYA, 2003; ECHER et al., 2010b; HESS et al., 2012; HESS et al., 2014).
Unfortunately, the catalog covers only two cycles, cf.Figure 5.2, preventing the sep-
aration of the two periods by spectral analysis. The periods around ∼400 days are
possibly caused by successive conjunctions of Jupiter with the Sun-Earth line, i.e.,
a period where Jupiter is blocked by the Sun. This period is known by Jupiter’s
synodic period (398.88 days). The 365 d period is the Earth year. The subsequent
periods (around 200 days) are harmonics of this synodic period. The variabilities of
the found periods are discussed separately in the following sections.

5.2.1 Declination and Solar activity effects on DAM-emissions

As discussed early, theDE and the solar activity exhibit close periods which prevents
one to distinguish both, from the catalog (two solar cycles), by spectral analysis.
Thus, in Figure 5.3 we show a comparison of the Io and non-Io time series with the
DE and the solar activity (from sunspot number - Sn). The maximum and minimum
values of the DE and solar activity are indicated by the red and blue vertical lines,
respectively.

It can be seen an increase in the number of emissions during the maximum values
of the declination and the solar activity. The opposite behaviour is observed during
the minimum values of declination and solar activity. Nevertheless, if we carefully
analyze the non-Io-emission time series, it can be observed a difference in the number
of emissions between the two minima. This difference may be caused by the smaller
minimum of solar activity in 2009 (ECHER et al., 2011, e.g.).

In Figure 5.4, we show the occurrence probability as function of the DE and the
sunspot number for Io-emissions (top panel) and non-Io-emissions (bottom panel).
It can be noted that the occurrence probabilities are distributed in bands, in both
cases, possibly due to viewing geometry of observation which could favor them. In
Appendix C.1, we show each band of occurrence probability distributed in CML-ΦIo

plane. We can also observe a trend of increasing emission density and the maximum
value of the occurrence probability with declination. However, the same behaviour is
not observed in occurrence probability as function of the sunspot number. Moreover,
when we compare Io and non-Io emissions it can be seen a significant increase in
the number and maximum value of non-Io-emission occurrence probability around
of the mean value reached in the maximum solar activity (indicated by red arrows).
This enhancement is more significant during the last maximum solar cycle (sunspot
number mean value reached equal to 90), perhaps due to the longer duration when it
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Figure 5.3 - Comparison between the declination and solar activity with Io- and non-Io-
emission time series (cf. Figure 5.1).

The dotted lines show the minimum values for DE (red) and sunspot number (Sn) (blue)
and the continuous lines show the maximum values, respectively. The sunspot number is
from SILSO (Sunspot Index and Long-term Solar Observations) in web (http://sidc.
be/silso/home).

is compared to the other maxima. We also observed a decrease in emission numbers
in the solar minimum period.

In Figure 5.5, we use the phase of the Jupiter’s orbital period (4330.595 days) to
analyze the effect of the two periods for Io and non-Io time series. The 0◦ of the
phase of Jupiter’s orbital period (ΦJupiter′s orbital period or Jupiter’s longitude in helio-
centric system) points to the centre of the galaxy at Sagittarius A. In both cases, it
can be observed a dependence of occurrence probability with the ΦJupiter′s orbital period

with maximum occurrence probability reaching ∼15% for Io-emission and ∼22% for
non-Io-emission at 65◦, that corresponds to the maximum declination and solar ac-
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Figure 5.4 - Occurrence probability as function of DE (left) and Sn (right) for Io (top
panel) and non-Io emission (bottom panel).
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Time series for non-Io-emissions
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Time series for non-Io-emissions
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The red arrows indicate the mean value reached in the solar maximum.

tivity. However, the minimum values in both emissions, seem to follow the minimum
DE. It can also be noted in non-Io-emission that the declining phase of occurrence
probability is more active than the ascending phase.

Figure 5.6 shows the occurrence probability as function of phase of the Jupiter’s
orbital period for Io (left) and non-Io (right) emissions separated by northern (top
panel) and southern (middle panel) hemisphere. It can be observed that the northern
hemisphere is more active in both cases, as shown in section 4.2, and also more
affected by long-term variability, mainly for Io-emission. However, non-Io-emission
shows, in both cases, that the declining phase of occurrence probability is more
active than the ascent phase.

Finally in Figure 5.7, we show the occurrence probability as function of
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Figure 5.5 - Occurrence probability, DE and sunspot number as function of
ΦJupiter′s orbital period for Io and non-Io emissions with 0◦ points to the
centre of the galaxy at Sagittarius A.

The dotted and continued vertical lines show the minimum and maximum values of the
occurrence probability, respectively.

ΦJupiter′s orbital period, CML (left) and ΦIo (right) for Io (top panel) and non-Io (bot-
tom panel) emissions. It can be noted a contraction of the emission region in CML
and ΦIo, mainly in CML, during the minimum (solar and declination), especially in
the dawn side (i.e. Io-B/B’ and Io-D). It can also be observed a drift in the maximum
value of occurrence probability in ΦIo for Io-emission and CML for non-Io-emission,
in the dusk side. As shown in section 4.2, the dusk side of Jupiter has a more active
emission region.

The previous results indicate that there is an increase of source region (increase
in the occurrence probability) as well as an increase of activity (increase in the
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Figure 5.6 - Occurrence probability, DE and sunspot number as function of
ΦJupiter′s orbital period for Io (left) and non-Io (right) emissions separated
by northern hemisphere (top panel) and southern hemisphere (middle panel)
with 0◦ points to the centre of the galaxy at Sagittarius A.

The dotted and continued vertical lines show the minimum and maximum values of the
occurrence probability, respectively.

number of events) with enhancement of the declination and solar activity for both
types of emission (Io and non-Io). However, the DE effect comes from the fact that
we observe different parts of a narrow emission beam that corotates with Jupiter
during different apparitions of the planet (CARR et al., 1983), i.e. it is an effect from
geometry of observation. This effect is known to increase the occurrence probability
(cf. Figures 5.4 and 5.5) as well as in the drift in the maximum value of occurrence
probability in the CML-ΦIo diagram (cf. Figure 5.7).

On the other hand, several spacecraft that visited Jupiter in different conditions of
solar activity (Pioneer 10 and 11 during solar minimum, Voyager 1 and 2 close to
solar maximum, Ulysses during the declining phase, Galileo covered an entire ascend-
ing phase from minimum to maximum, and Cassini flew by the planet during solar
maximum) showed that in general, the magnetosphere tends to be more expanded
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Figure 5.7 - Occurrence probability as a function of ΦJupiter′s orbital period, CML (Left) and
ΦIo (right) for Io (top panel) and non-Io (bottom panel) emissions.
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during solar minimum and compressed during solar maximum, as expected (KRUPP

et al., 2004, and references therein). Furthermore, several observations have shown
that during times of higher solar wind pressure the auroral and radio emissions are
enhanced (cf. Figure 5.4) (BARROW et al., 1986; GENOVA et al., 1987; ZARKA; GEN-

OVA, 1989). Moreover, other works show that radio emissions are also triggered by
interplanetary shocks (TERASAWA et al., 1978; BOSE; BHATTACHARYA, 2003; ECHER

et al., 2010b; HESS et al., 2012; HESS et al., 2014) which are associated with corotat-
ing interaction regions (CIRs) (SMITH; WOLFE, 1976; ECHER et al., 2010a; ECHER et

al., 2010b, and references therein) present during the declining and minimum solar
activity (cf. Figures 5.5 and 5.6) which plays a dominant role as a source of geo-
magnetic disturbances. Coronal mass ejections (CMEs or ICMEs) are also the main
interplanetary phenomena which cause magnetic storms around solar maximum.
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5.2.1.1 Summary & Conclusion

The results showed in this section suggest that the occurrence probability of the Io
and non-Io emissions are affected by the declination and solar activity, as shown in
literature. A few other results can be highlighted:

• Io-emissions seems to be modulated by the declination effect mainly in the
northern hemisphere;

• long-term solar activity seems to relate to non-Io-emissions in two situa-
tions: high solar activity and declining phase;

• the results suggest that Io-emissions can also be related to the solar activity
during high solar activity.

The most notable result is the possible relation between Io-emissions and the solar
activity during high solar activity. However, this result needs further studied to be
confirmed.

5.2.2 Synodic period effect on DAM-emissions

Jupiter’s synodic period is the length of time during which Jupiter makes one orbit
of the Sun relative to the Earth. At some point of this period, DAM-emission is
blocked by the Sun (conjunction1) and we expect a decrease in the number of emis-
sion. Figure 5.8 shows the occurrence probability as function of ΦJupiter′s synodic period

for Io (left) and non-Io (right) emissions. The ΦJupiter′s synodic period was calculated
by the difference between right ascension of the Sun and Jupiter with 0◦ at the
conjunction period. It can be clearly seen that both emissions have the maximum
occurrence probability during the opposition, at 180◦, of the ΦJupiter′s synodic period

and it decreases when it goes to the conjunction. It can also be observed a peak at
330◦ of the ΦJupiter′s synodic period for Io-emission and a less intense for non-Io-emission,
created due to the period when Jupiter and the Sun are less than 8h apart in right
ascension, as discussed in section 4.1.

Figure 5.9 shows the minimum frequency (MHz) as function of the
ΦJupiter′s synodic period. It can be observed that the cut-off frequency due to the in-
terplanetary plasma closer to the Sun is responsible to cut-off emissions with low

1conjunction occurs when two astronomical objects have either the same right ascension or the
same ecliptic longitude, usually as observed from Earth.
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frequency as consequence the occurrence probability decrease. The cut is more ef-
fective for non-Io-emission that for Io-emission due to its low frequency, as shown
in chapter 4.

Finally, in Figure 5.10, we show the effect of the synodic period on the CML (left)
and the ΦIo (right) for Io (top panel) and non-Io (bottom panel) emissions, through
the occurrence probability. It can be noticed a significant contraction of the emission
source in the dawn side during the conjunction, however, no significant contraction
and/or expansion was observed in the dusk side. non-Io-emissions exhibit a drift
to the maximum value of occurrence probability to hight CML. Any contraction
and/or expansion was observed to non-Io-emission for ΦIo.

Figure 5.8 - Occurrence probability as function of ΦJupiter′s synodic period for Io and non-Io
emissions with 0◦ at the conjunction period.
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5.2.2.1 Summary & Conclusion

The synodic effect is due to the geometry of observation. However, it shows a cut-
off frequency due to the the plasma surrounding the Sun which explains the gap
observed in the time series distribution (cf. Figure 5.1). This study is unpublished,
thus, all results are highlighted:

• cut-off frequency due to the the plasma surrounding the Sun;

• cut-off is more effective for non-Io-emission;

• contraction of the emission source in the dawn side during the conjunction.
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Figure 5.9 - Minimum frequency as function of ΦJupiter′s synodic period.
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These results show important implications for detecting radio emissions from exo-
planets, as highlighted bellow:

• they confirm the theoretical prediction made by Hess et al. (2011) that the
star can attenuate the radio emissions of the planet;

• they also suggest that the occurrence probability depends on the position
of the planet (source) and star with respect to the observed.

64



Figure 5.10 - Occurrence probability as function of ΦJupiter′s synodic period and CML (Left)
and ΦIo (right) for Io (top panel) and non-Io (bottom panel) emissions.
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6 SUMMARY OF CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, we have built a database of 26 years of observations of the DAM emis-
sions conducted by NDA, using new criteria for the event classification into Io and
non-Io emission types (Table 3.1). The cataloguing of the DAM events was per-
formed in a way that allowed us to record extensive information on each emission.
Then we have carried out a statistical analysis of this database, focussing on occur-
rence rates, intensity, duration, maximum frequency and polarization of the events.
This study suggests a number of results listed below, the confirmation of which will
motivate specific in-depth analyses:

• non-Io-DAM appears to be related to small-scale, possibly bursty auroral
structures;

• northern emissions are more frequent but southern ones are more intense;

• in the case of Io emissions, the excess of northern emissions specifically
concerns low intensity and low duration emissions;

• in the case of non-Io emissions, dusk emissions dominate dawn ones by
occurrence, intensity and duration;

• the distribution of non-Io emissions versus the CML suggests that
radiosources are preferably located above auroral regions where
d|B|/dCML<0;

• the distribution of the maximum frequency of Io emissions is densely clus-
tered versus Io’s longitude ΛIo; its t − f envelope imposes a strong con-
straint on the Io-Jupiter interaction mechanism (lead angle), provided that
the Jovian internal - and surface - magnetic field is well known.

The results obtained for individual emission type are generally in good agreement
with previous works, but we have highlighted a few new results:

• two new Io-induced radio emission types were discovered or identified: Io-
A” and Io-B’, that have spectral characteristics distinct of other emission
types;

• the CML−ΦIo contours and maximum frequency of known emission types,
especially Io-C and Io-D, are redefined (differently from the values in the
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literature); Io-C is detected at lower CML, has a maximum frequency ∼29
MHz and exclusively LH polarization; Io-D is observed beyond published
limits and has a maximum frequency higher than described in previous
works;

• the non-Io-D type was detected in a broad CML range (and all Io phases),
with LH polarization, maximum frequency ∼28 MHz, and low occurrence
probability.

Moreover, the preliminary long-term study showed that the occurrence probability
is affected by the long-term variabilities as following:

• Io-emissions seem to be modulated by the declination effect mainly in the
northern hemisphere;

• long-term solar activity seems to relate to non-Io-emissions in two situa-
tions: high solar activity and declining phase;

• the results suggest that Io-emission can also be affected by the solar activity
during maximum solar cycle.

• cut-off frequency due to the the plasma surrounding the Sun is more effec-
tive for non-Io-emission;

• contraction of the emission source in the dawn side during the conjunction
period.

All these results, listed above, show important implications, as for examples, it may
be used in future theoretical studies of Jovian DAM (e.g. by Galopeau et al. (2004),
Galopeau et al. (2007)) or to extrapolate theoretical models to study radio emissions
from exo-planets, or to confirm the theoretical predictions made by Hess et al. (2011).
They can also be used as a reliable basis for future observations by professional as
well as amateur radioastronomers (CECCONI et al., 2015, e.g.) via the detailed plots
and tables of the occurrence probability of each component (Figs. 4.14 and 4.16,
Table 4.2. Furthermore, it provides a framework for the study of Jovian DAM with
the Juno mission (BAGENAL et al., 2014), as well as from reanalyses of past spacecraft
observations (Voyager, Cassini - cf. Louis et al., submitted). One expected major
outcome of the Juno mission should be a near-perfect Jovian internal field model,
that will remove all uncertainty on the surface magnetic field and provide a new and
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accurate frame for the analysis and interpretation of data from this database (e.g.
maximum frequency variations will directly provide the lead angle of the active field
line versus ΛIo and the radio beaming of Io emissions).

Finally, the present database will be the support of several future works, including
the control of Jovian DAM by satellites other than Io, long-term variations of the
emissions (season), Faraday rotation, the solar wind influence on the outer Jovian
magnetosphere, new periodicities, correlations with Spacecraft observations, and
more.
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APPENDIX A

A.1 Cyclotron Maser Instability (CMI)

The Cyclotron Maser Instability (CMI) is created due the interaction between the
electrons distribution with a relativistic speed ~v and an elliptically polarized wave,
with frequency ω and wave vector ~k. We have shown here a few details of how we
can obtain the growth rate of the CMI. If the reader are interested in to get more
details, please see Wu and Lee (1979), Wu (1985) and Galopeau et al. (2004).

To demonstrate the theoretical deduction of the CMI we should consider a magne-
tized plasma, which can be described by the Vlasov equation (eq. A.1) (each specie
of the plasma is characterized by its index α):

∂fα
∂t

+ ~v · ∂fα
∂~r

+ ~F · ∂fα
∂~p

= 0, (A.1)

as the medium of propagation of electromagnetic waves, described by the Maxwell
equations (eq. A.2):

∇ · ~E = ρ

ε0
,

∇× ~E = −∂
~B

∂t
, (A.2)

∇ · ~B = 0,

∇× ~B = µ0 ~J + ε0µ0
∂ ~E

∂t
.

The distribution function fα = fα(t, ~r, ~p) is defined in order that d6n =
fα(t, ~r, ~p)d3~rd3~v is the number of specie (ions or electrons) contained in a size box
d3~rd3~v in phase space (~r, ~p). The charge and current density are:

ρ =
∫ ∫ ∫ ∑

α

qαfα(t, ~r, ~p)d3~p,

~J =
∫ ∫ ∫ ∑

α

qαfα(t, ~r, ~p)~vd3~p, (A.3)
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where qα is the charge of specie α.

We assumed the plasma to be homogeneous and immersed in a uniform magnetic
field ~B0, with perturbation waves proportional to expi(~k·~r−ωt). So, taking into account
the considerations proposed and introducing the following notation:

E± = Ex ± iEy
E‖ = Ez

with the z axis parallel to the ~B0 (where E+ and E− denote the electric field cir-
cular left and right polarization, respectively), we can find the electric field of the
perturbation wave using the equations (A.1, A.2, A.3):

D(~k, ω) ·


E+

E−

E‖

 =


0
0
0

 , (A.4)

where D(~k, ω) is a square matrix:

D(~k, ω) =


k
2 −

iµ0ω
4 J+

k
2 −

iµ0ω
4 J− iµ0c

2k⊥R
k
2i −

µ0ω
4 J+ − k

2i + µ0ω
4 J− 0

0 0 K + iµ0c
2k‖R− iµ0ωJ‖

 , (A.5)

with

K =
(
k2 − ω2

c2

)
,

and

R = e2

2iπ

∫ ∫
D

∂f/∂p‖
γmω − k‖p‖

γmp⊥dp‖dp⊥,
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J± = e2

2iπ

∫ ∫
D

∂f/∂p⊥
γmω − k‖p‖ ±mωc

p‖p⊥dp‖dp⊥,

J‖ = e2

2iπ

∫ ∫
D

∂f/∂p‖
γmω − k‖p‖

p‖p⊥dp‖dp⊥,

where ωc = eB0/m, e and m being respectively the charge and mass of elec-
tron, γ referring to the Lorentz factor and the integration domain is D ={(
p‖, p⊥

)
∈ R×R+

}
. We have also assumed only a electron distribution function

fe = f .

The general dispersion equation of waves can be obtained by putting the determi-
nant of the matrix (eq. A.5) equals to zero. In the case described here, we consider
only the growth rate of waves with right-hand polarization, which has a stronger
interaction with the electron population with cyclotron motion. Thus, E+ = E‖ = 0
in the eq. (A.5), and we can assume that the electron distribution to be non rel-
ativistic, in other words, we can define ~p = m~v or γ = 1 in everywhere except at
the denominator where ω ' ωc. One can also introduce the distribution function in
velocity, f(v‖, v⊥) = m3f(p‖, p⊥). So we can rewrite the eq. A.5 as following:

k2 − ω2

c2 −
µ0e

2ω

4πm

∫ ∫
D

∂f/∂v⊥
ω − k‖v‖ − ωc/γ

v2
⊥dv‖dv⊥ = 0, (A.6)

with ω = ωr+iωi ∈ C. The imaginary part of the ω represents the growth rate of the
waves (ωi > 0 corresponds to an instability). Assuming that |ωi| << ωr, and apply
Plemelj’s formula1 to eq. (A.6) we derive the growth rate of the unstable waves:

ωi = ωp
8

∫ +∞

0
v2
⊥dv⊥

∫ +∞

−∞

∂f

∂v⊥
δ

(
ωr − k‖v‖ −

ωc
γ

)
dv‖, (A.7)

the distribution function (f(v‖, v⊥)) was normalized to unity and the plasma fre-
quency (ω2

p = ne2/mε0 being n the electron density) was introduced. This result was
derived for the first time by Wu and Lee (1979).

1P
∫ +∞
−∞

f(x)
x−x0

dx = limε→0+

[∫ x0−ε
−∞

f(x)
x−x0

dx+
∫ +∞
x0+ε

f(x)
x−x0

dx
]
, where P indicates the principal

value of Cauchy

83





APPENDIX B

B.1 Emission tracks in the CML-ΦIo plane - Additional results

Here, we show the emissions tracks as function of CML and ΦIo together with the
corresponding emission occurrence probability versus CML (top) and ΦIo (right) per
year of observation. The source regions are indicated with different colors for each
emission type as recorded in the catalog. The occurrence probability corresponds to
the number of minutes of emissions per 5◦ bin of each coordinate and it has been
normalized by the total number of observations held during the year in the same
bin.

Figure B.1 - Distribution of emissions in the CML-ΦIo plane detected in 1990.
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Figure B.2 - Distribution of emissions in the CML-ΦIo plane detected in 1991.

Figure B.3 - Distribution of emissions in the CML-ΦIo plane detected in 1992.

86



Figure B.4 - Distribution of emissions in the CML-ΦIo plane detected in 1993.

Figure B.5 - Distribution of emissions in the CML-ΦIo plane detected in 1994.
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Figure B.6 - Distribution of emissions in the CML-ΦIo plane detected in 1995.

Figure B.7 - Distribution of emissions in the CML-ΦIo plane detected in 1996.

88



Figure B.8 - Distribution of emissions in the CML-ΦIo plane detected in 1997.

Figure B.9 - Distribution of emissions in the CML-ΦIo plane detected in 1998.
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Figure B.10 - Distribution of emissions in the CML-ΦIo plane detected in 1999.

Figure B.11 - Distribution of emissions in the CML-ΦIo plane detected in 2000.
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Figure B.12 - Distribution of emissions in the CML-ΦIo plane detected in 2001.

Figure B.13 - Distribution of emissions in the CML-ΦIo plane detected in 2002.
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Figure B.14 - Distribution of emissions in the CML-ΦIo plane detected in 2003.

Figure B.15 - Distribution of emissions in the CML-ΦIo plane detected in 2004.
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Figure B.16 - Distribution of emissions in the CML-ΦIo plane detected in 2005.

Figure B.17 - Distribution of emissions in the CML-ΦIo plane detected in 2006.
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Figure B.18 - Distribution of emissions in the CML-ΦIo plane detected in 2007.

Figure B.19 - Distribution of emissions in the CML-ΦIo plane detected in 2008.
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Figure B.20 - Distribution of emissions in the CML-ΦIo plane detected in 2009.

Figure B.21 - Distribution of emissions in the CML-ΦIo plane detected in 2010.
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Figure B.22 - Distribution of emissions in the CML-ΦIo plane detected in 2011.

Figure B.23 - Distribution of emissions in the CML-ΦIo plane detected in 2012.
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Figure B.24 - Distribution of emissions in the CML-ΦIo plane detected in 2013.

Figure B.25 - Distribution of emissions in the CML-ΦIo plane detected in 2014.
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Figure B.26 - Distribution of emissions in the CML-ΦIo plane detected in 2015.
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APPENDIX C

C.1 Declination and Solar activity effects on DAM-emissions - Addi-
tional results

Here, we show the occurrence probability in the CML-ΦIo plane distribution in each
band of declination, discussed in section 5.2.1 (cf. Figure 5.4).

Figure C.1 - Distribution of emissions in the CML-ΦIo plane for declination range between
+4◦ and +3◦.
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Figure C.2 - Distribution of emissions in the CML-ΦIo plane for declination range between
+3◦ and +1◦.

Figure C.3 - Distribution of emissions in the CML-ΦIo plane for declination range between
+1◦ and -1◦.
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Figure C.4 - Distribution of emissions in the CML-ΦIo plane for declination range between
-1◦ and -2.7◦.

Figure C.5 - Distribution of emissions in the CML-ΦIo plane for declination range between
-2.7◦ and -4◦.
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