Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2021 d0i:10.20944/preprints202107.0062.v1

Article
Identification of the planetary magnetosphere boundaries with
the wavelet multi-resolution analysis

Mauricio José Alves Bolzan '*(©, Ezequiel Echer (), Adriane Marques de Souza Franco *

3’

and Rajkumar Hajra

Federal University of Jatai, Jatai, Brazil

Instituto Nacional de Pesquisas Espaciais (INPE), Sdo José dos Campos, Brazil
Indian Institute of Technology Indore, Simrol, Indore 453552, India
Correspondence: mauricio-bolzam@ufj.edu.br

¥ oW N =

Abstract: The Haar wavelet decomposition technique is used to detect the planetary magneto-
sphere boundaries and discontinuities. We use the magnetometer data from the CASSINI and
MESSENGER spacecraft to identify the abrupt changes in the magnetic field when the spacecraft
crossed the magnetospheric bow shocks and magnetopauses of Saturn and Mercury, respectively.
The results confirm that the Haar transform can efficiently identify the planetary magnetosphere
boundaries characterized by the abrupt magnetic field changes. It is suggested that this technique
can be applied to detect the planetary boundaries as well as the discontinuities such as the shock
waves in the interplanetary space.
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1. Introduction

Planetary magnetospheres are created owing to the interaction between the solar
wind and the planetary body magnetic field and plasma environment. When a planet
has an intrinsic magnetic field, its interaction with the impinging solar wind creates
an “intrinsic” magnetosphere. For a non-magnetic planet, the solar wind is deflected
by the ionized atmosphere (ionosphere) and a magnetosphere is “induced” due to the
generation of currents in its atmosphere/ionosphere by the solar wind magnetized
plasma flow [1].

As the planetary magnetospheres in the heliosphere are embedded in the super-
magnetosonic, magnetized plasma (solar wind) that continuously escapes from the
Sun’s atmosphere, a stand bow shock (BS) is formed ahead of them. Following the BS,
the solar wind plasma is shocked, decelerated, heated and deflected in a region called
magnetosheath. This region extends from the shock to the magnetopause (MP), the latter
being the outer boundary of the planetary magnetosphere where the planetary magnetic
field and plasma dominate [2,3]. The magnetospheric shape, size and the positions of
the boundaries (BS and MP) depend on the solar wind and internal (magnetosphere)
conditions and can be highly variable depending on solar wind variations [3].

The magnetospheric size (or the MP location) is mainly determined by the planetary
magnetic field intensity and the solar wind density in the planet orbit [4]. As the solar
wind density at Mercury’s orbit is very high (Mercury being the nearest planet to the
Sun, at ~0.4 astronomical unit (au) distance) and the magnetic dipole of the planet is
weak, the magnetosphere of Mercury is very small and its magnetopause is generally
found about 2 Ry, (Mercury radii, ~2438 km) upstream the planet [5]. The solar wind
Mach number (M;s, the ratio of the solar wind speed to the local magnetosonic speed)
at Mercury is very low (~2 to 5, for comparison, M,;s near Earth varies between ~5 and
15), and consequently the properties of BS and magnetosheath are very susceptible to
the variations in the upstream solar wind [6].
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The Saturn’s magnetosphere (at ~9.5 au from the Sun) is a complex system that has
components from multiple physical sources [7]. The magnetosphere is fast rotating and
has a strong internal source of material from the moons deep within the planetary system.
Furthermore, the planet is embedded in the solar wind, and there are momentum,
energy and mass exchanges with the solar wind [8]. Internal plasma sources of the
Kronian magnetosphere include the rings, icy satellites and Titan and Saturn’s upper
atmosphere and ionosphere. Recently, Jackman et al. [9] analyzed 13 years of the
CASSINI measurements in order to study the Saturn’s BS and MP boundaries. They
indicated the difficulty to determine the BS and MP under a range of solar wind driving
conditions. This is suggested to be significantly contributed by the moon Enceladus
which acts as a significant internal source of plasma [10].

In the preset work, we present a wavelet technique to identify the abrupt changes
in the magnetic field at the magnetospheric boundary crossings. This technique decom-
poses the magnetic field data in frequency levels using the multi-resolution analysis
(MRA). For this purpose, we analyzed the magnetic field measurements by CASSINI
during its Saturn orbit insertion in 2004, and by MESSENGER during its first Mercury
flyby in 2008. Both Saturn and Mercury are planets with intrinsic magnetospheres. The
main aim of this work is to develop and demonstrate a technique to efficiently identify
the planetary (magnetospheric) boundaries and discontinuities in the redspace plasmas,
which can be used as an important tool in space research.

2. Database and Method of Analysis

In order to identify the magnetospheric BS and MP boundaries of Mercury and
Saturn, we used two conjugate approaches, namely, the wavelet analysis to decompose
the magnetic field vector component time series in dyadic scales, and the variance by
scale analysis to identify the scales with the maximum energy. The variance by scale is an
important approach to identify the sharp/abrupt changes in the magnetic field, and can
be used to remove the long-term periodicities of the time series [see 11]. Bolzan et al.
[11] used the Daubechies wavelet as this is more efficient in removing scales compared to,
for example, the Haar wavelet [12]. However, the Haar wavelet is able to better identify
the sharp changes in the time series compared to the Daubechies function. Thus, Haar
wavelet decomposition technique will be used in the present work.

2.1. Wavelet analysis

Similar to the Fourier analysis, which decomposes a signal in sine wave components
of different frequencies, the wavelet transform decomposes a time series in translated
and scaled (dilated or compressed) versions of the mother wavelet, each one multiplied
by an appropriate coefficient [13,14].

Recently, wavelet analysis has been widely employed to study the non-stationary
process in the time series analysis, such as the interplanetary shocks [15] and waves/
turbulence in the planetary magnetospheres [16-21]. Of special interest are the orthonor-
mals, discrete wavelet transforms, which are used in multi-resolution analysis (MRA)
[13,22].

The wavelet transform is a very powerful tool to analyze the non-stationary sig-
nals, and it is used to obtain expansions of a signal using the time-localized functions
(wavelets) that have good properties of localization in time and in frequency domain
[13,23]. The wavelet transform may be continuous or discrete. While the continuous
wavelet transform calculates coefficients at every possible scale, the discrete wavelet
transform chooses scales and positions based on the power of the dyadic scales and
positions. Thus, the discrete wavelet is a subsampling of the continuous one at just the
dyadic scales 2j — 1, j = 1,2, ..., etc. Therefore, the discrete wavelet transform may be
used in MRA, which is concerned with the study of signals or processes represented at
different resolutions, and the development an efficient mechanism for going from one
resolution to another [23].
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Figure 1. The Haar wavelet function.

In MRA (or multiple level decomposition), a signal (S) is broken down interactively
into many lower resolution components. This decomposition process, with successive
approximations being decomposed in turn, is called the wavelet decomposition tree. S is
split into an approximation A and a detail D. D contains the high-frequency part of the
signal, whereas A contains most of the characteristic frequencies in S. In the first step of
the decomposition, S = A1+ D1. In the next step, the approximation itself is split into a
second level approximation: A1 = A2 + D2, and so on. The process is equivalent to a
filtering procedure: in the first step, the signal has a low-pass filtered component (A1),
and a high-pass filtered component (D1). A1 is then itself split, and one has the D2 level
as a band-pass filtered data. The numbers of the allowed levels depend on the length
of the signal that corresponds to the dyadic order as mentioned. Thus, if a signal has 8
numbers, it is possible to decompose in three levels in order to obey the dyadic relation
given by 23 = 8 numbers.

2.1.1. Haar wavelet

In this work, the Haar wavelet is used to decompose the magnetic field vector data.
Figure 1 shows a plot of this wavelet function. Since it is a discontinuous function,
it should be an adequate basis to study the abrupt, discontinuous variations such
as the planetary BS and MP crossings. The Haar wavelet is one of the most used
orthogonal wavelet families that are used for filtering/decomposition of the time series.
The Haar function is orthogonal, with dilation being dyadic in the form: a = 27/, and
its translations occur in discrete steps, in the form: b = 277k, where j and k are integers.
This wavelet function is given by:

212 27Tk <t<27Tk4+1/2
Yir(t) =9 —2/2 27Tk <t<27ik+1 1)
0 , all other values of t

The Haar wavelet function is inserted inside the Wavelet Transform (WT) in order
to decompose any non-stationary time series in dyadic scales according to equation:

WT = / F¥ (Dt )

where f(#) is the time series and ¥ (t) is the Haar wavelet function.
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2.2. Magnetometer data

The high-resolution (5 s) CASSINI fluxgate magnetometer data [24], and the MES-
SENGER magnetometer data [25] explored in this work are obtained from NASA’s
Planetary Data System (PDS, http://pds.jpl.nasa.gov/). This resolution was selected
because it is high enough to investigate the BS and MP crossings. At the same time, these
can eliminate the very high frequency noise/oscillations that can appear in the higher
resolution data. The interplanetary magnetic field (IMF) measurements are performed
in the radial tangential normal (RTN) coordinate system, where R is directed from the
Sun to the spacecraft, T=0QxR/ | x f{|, where Q) is the solar rotation axis, and N
completes the right-hand system.

3. Results and Discussions
3.1. Original data

The CASSINI spacecraft reached the near-Saturn environment during the end
of June 2004 and made its first crossing of the planetary orbit [24,26]. Saturn’s mag-
netosphere is characterized by large variations in its BS and MP boundaries due the
internal factors and the solar wind pressure [9]. According to Dougherty et al. [26],
were measured a total of 17 bow shock and 7 magnetopause crossings on the inbound
and outbound passages. But it is important to note that the bow shock crossings were
identified by abrupt increases in the magnetic field magnitude where the solar wind
was compressed and decelerated. So, identification of these physical boundaries in the
automatically way is important to study and understand the internal factors like the
planetary periodic oscillations.

Figure 2 shows the magnetic field components measured by the CASSINI magne-
tometer during its inbound trajectory between 27 and 29 June 2004. The BS and MP
crossings are indicated by the red and green lines, respectively. The Saturn magne-
tosphere size was observed to be highly variable during this period, with 7 BS and 3
MP crossings [26,27]. The BS crossings can be identified by the abrupt jumps in the
magnetic field magnitude B. The region downstream of the BS exhibits large fluctua-
tions in magnetic field components, indicating the magnetosheath. The MP crossings
are identified by an enhancement in B and by abrupt directional changes in the mag-
netic field components. Most of the BSs crossed during this period was found to be of
the quasi-perpendicular type [27]. The BS and MP subsolar distances were found be
~40—49 Saturn radii (Rs) and ~30-34 R, respectively [26].

The MESSENGER spacecraft made the first of its three flybys of Mercury on 14
January 2008 [20,28], and measured the near-Mercury magnetic field [25]. This is shown
in Figure 3. MESSENGER, in its inbound trajectory, detected a BS, which was crossed at
18:08:38 UT (inbound) and 19:18:55 UT (outbound) on 14 January. Before the inbound
MP crossing at 18:43:02, the last extended interval of the southward magnetic field ended
at 18:38:40. After MESSENGER exit the magnetosphere, the magnetic field was observed
to be generally northward.

3.2. Decomposed data

The MESSENGER magnetic field magnitude B and vector components Br, Bt, Bn
during the ~1 h Mercury flyby were decomposed in orthonormal frequency levels using
the Haar wavelet transform. The magnetic field data were decomposed in 14 scales
according to data length used. We performed the variance by scale in order to identify
the scale with the maximum energy. Figure 4 shows the variance by scale for the wavelet
coefficients A and D (CAs and CDs) of B and components Br, Bt, Bn. It can be clearly
seen that most of the energy for the wavelet coefficients (CAs and CDs) is concentrated
at large scales, between the scales 11 and 14.

As the maximum energy is found to be concentrated between the scales 11 and 14,
CAs and CDs for the scales from 1 to 10 are assigned the value 0. This implies that the
scales 1-10 do not contribute significantly to the total energy. However, the coefficients


http://pds.jpl.nasa.gov/
https://doi.org/10.20944/preprints202107.0062.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2021 d0i:10.20944/preprints202107.0062.v1

50f 14
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Figure 2. Near-Saturn magnetic field measurements by the CASSINI spacecraft during its inbound
trajectory between 27 and 29 June 2004. The BS and MP crossings are indicated by the red and
green vertical lines, respectively.
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14 January 2008, MESSENGER
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Figure 3. Near-Mercury magnetic field measurements by the MESSENGER spacecraft during its
first Mercury flyby on 14 January 2008. The BS and MP crossings are indicated by the red and
green vertical lines, respectively.
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Figure 4. Variance by scale for the magnetic field measurements by MESSENGER during its
Mercury flyby shown in Figure 3. Left and right panels show the variances of CAs and CDs,
respectively.

CAs and CDs were maintained from scale 11 onward. The magnetic field time series
is reconstructed accordingly using the CAs and CDs for scales 11-14. Figure 5 shows
the reconstructed magnetic field (in red) along with the original measurements (blue).
The sharp changes in the magnetic field corresponding to the BS and MP crossings can
be clearly identified in the reconstructed data using the coefficients CAs and CDs from
scale 11 to 14.

We applied the same procedure, as above, to the CASSINI magnetic field data
(for Saturn encounter). Due the greater length of the CASSINI data (compared with
MESSENGER data), we decomposed it in 15 scales. Figure 6 shows the variance by scale
of the CAs and CDs coefficients (of the three magnetic field components and magnitude).
The magnetic field variances increase from scale 11 and attain the maximum at scale
15 for both wavelet coefficients. This implies that most of the energy is concentrated at
large scales, from 11 to 15.

Again, we used the same methodology (as applied to the MESSENGER data),
by assigning zero to the CAs and CDs for scales 1-10, and those for scales 11-15 are
maintained. The magnetic field time series is reconstructed accordingly using the CAs
and CDs of scales 11-15. Figure 7 compares the original and reconstructed magnetic
fields. Clearly, the magnetic field reconstructed using only scales 11 to 15 is able identify
the majority of the sharp changes associated with BS and MP crossings.

Figures 8 and 9 show the MRA decomposition levels only for the magnetic field
magnitude B from CASSINI and MESSENGER, respectively. The same for magnetic
field components is not shown for sake of brevity and to avoid repetition. The top
panels correspond to the original data, followed by different decomposition levels in the
lower panels and the reconstructed data in the bottom panels. A comparison between
the top and bottom panels confirms the identical shape (variation) of the original and
reconstructed data.
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100 - Br
—— 11th-14th scales
E 50
&
04
_50 1 T T T T T
14.76 14.78 14.80 14.82 14.84
100 4 Bt
—— 11th-14th scales
= 504
g
0 Pomany
_50 L T T T T T
14.76 14.78 14.80 14.82 14.84
100 4 Bn
_ —— 11th-14th scales
= 504
=
o g
750 L T T T T T
14.76 14.78 14.80 14.82 14.84
100 4 8
—— 11th-14th scales
E 50 A
@
o4
14.76 14.78 14.80 14.82 14.84
Time

Figure 5. Comparison between the reconstructed magnetic field (red) with the MESSENGER
measurements (blue) shown in Figure 3. The BS and MP crossings are indicated by the red and

green vertical lines, respectively.
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Figure 6. Variance by scale for the magnetic field measurements by CASSINI during its first Saturn

flyby shown in Figure 2. Left and right panels show the variances of CAs and CDs, respectively.
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June 2004, CASSINI
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Figure 7. Comparison between the reconstructed magnetic field (red) with the CASSINI measure-

ments (blue) shown in Figure 2. The BS and MP crossings are indicated by the red and green

vertical lines, respectively.
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Figure 8. The Haar wavelet decomposition levels for the CASSINI magnetic field magnitude. Top
panel shows the original measurement, followed by the MRA decomposition coefficients CA1
to CA10 (left panels), and CD1 to CD10 (right panels), and the reconstructed data in the bottom
panel.
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Figure 9. The Haar wavelet decomposition levels for the MESSENGER magnetic field magnitude.
The panels are in the same format as in Figure 8.
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4. Discussion and Conclusions

In this work we presented a wavelet technique to identify the abrupt changes in the
magnetic field at the magnetospheric boundary crossings. The Haar wavelet was used
to decompose the magnetic field data in different frequency levels. We analyzed the
magnetic field measurements by CASSINI spacecraft during its Saturn orbit insertion,
and by MESSENGER during its first Mercury flyby in 2008. The Haar wavelet multi-
resolution analysis (MRA) was employed in this work to decompose the CASSINI and
MESSENGER magnetometer data in orthonormal frequency levels. The objective was
to identify the abrupt changes in the magnetic field when CASSINI and MESSENGER
crossed the magnetospheric BS and MP of Saturn and Mercury, respectively. We have
found that the Haar transform can be used to identify this type of abrupt boundaries.

The methodology consisted in to perform the variance by scales in order to find
out the scale where the energy is maximum. After that, the CAs and CDs from 1 to
10 are assigned the value 0 for both spacecrafts. This implies that the scales 1-10 do
not contribute significantly to the total energy. Results from the variance analysis by
scale it was possible to note that the maximum energy were found different scales for
each spacecraft, 10 up to 11 scales (1 3 h) for MESSENGER and the 15 scale ( 10 h) for
CASSINLI. Thus, although CASSINI and MESSENGER have shown maximum energy in
different scales, but as the BS MPB are abrupt or quasi abrupt changes, the timescales to
detect them are similar.

The BS crossings have been identified from time-scales of ~10-20 s to ~10-40 min.
However, time-scales of ~10-40 min are more adequate to identify the BS crossings
because much of the magnetic oscillations due to the magnetosheath waves are removed
in these levels. On the other hand, multiple MP crossings are seen clearly only at ~3—
10 h time-scales. Further work should be conducted to use this technique to obtain
quantitative information about the magnetospheric boundaries. This technique can
be applied both to planetary boundaries as well as to detect discontinuities in the
interplanetary space.
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A Approximation

BS Bow shock

CA Coefficient A

CD Coefficient D

D Detail

IMF Interplanetary magnetic field
MP Magnetopause

MRA  Multi-resolution analysis

PDS  NASA’s Planetary Data System

Rie Mercury raii

R; Saturn radii

RTN  Radial tangential normal coordinate system
S Signal

UuT Universal time
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