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Interplanetary coronal mass ejections (ICMEs) can reach the Earth's magnetosphere causing magnetic
disturbances. For monitoring purposes, some satellites measure the interplanetary parameters which are
related to energy transfer from solar wind into magnetosphere, while ground-based magnetometers
measure the geomagnetic disturbance effecss. Data from the ACE satellite and from some representative
magnetomesers were examined here via discrete wavelet transform (DWT). The increase in the
amplitude of wavelet coefficients of solar wind parameters and geomagnetic field data is well-
correlated with the arrival of the shock and sheath regions, and the sudden storm commencement
and main phase, respectively. As an auxiliary tool to verify the disturbed magnetic fields identified by the
DWT, we developed a new approach called effectiveness wavelet coefficient (EWC) methodology. The
first interpretation of the results suggests that DWT and EWC can be effectively used to characterize the
fluctuations on the solar wind parameters and their contributions to the geomagnetic field. Further, this
kind of technique could be implemented in quasi real-time to facilitate the identification of the shock and
the passage of the sheath region which sometimes can be followed by geoeffective magnetic clouds. Also,
the technique shows to be very useful for the identification of time intervals in the dataset during
geomagnetic storms which are associated to interplanetary parameters under very well defined
conditions. It allows selecting ideal events for investigation of magnetic reconnection in order to
highlight in a more precise manner the mechanisms existing in the electrodynamical coupling between
the solar wind and the magnetosphere.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

designated as an interplanetary coronal mass ejection (ICME). The
term magnetic cloud (MC) is used to characterize an ICME having a
specific configuration such as an enhanced magnetic field

An important kind of solar phenomenon is the coronal mass
ejection (CME) because it can cause geomagnetic storms. This
event can easily reach space regions close to 1 AU and it can be
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strength, a smooth rotation of the magnetic field vector and low
proton temperature and plasma density (e.g., Burlaga et al., 1981;
Klein and Burlaga, 1982; Gosling, 1990).

Near 1 AU, MCs have approximately 0.25 AU radial sizes with
an average duration of 27 h, an average peak magnetic field
strength of 18 nT, and an average solar wind speed of about
420 km/s (e.g., Klein and Burlaga, 1982; Goldstein, 1983; Lepping
and Berdichevsky, 2000). Inside ICMEs, the measured plasma
velocity has typically a linear variation along the spacecraft
trajectory. However, a much higher velocity is present in the front
of the MC than in its rear which indicates expansion (Démoulin
and Dasso, 2009). Burlaga and Behannon (1982) found consistency
between the expansion speed estimated from in situ observations
and the increase of their typical size obtained from measurements
with different spacecraft located between 2 and 4 AU. The MCs
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closer than 1 AU to the Sun presented higher plasma densities
than the surrounding solar wind. Thus, the density inside the flux
tubes has a rapid decrease with the increasing distance from the
Sun where the cloud undergoes a radial expansion.

When the MC is moving faster than the surrounding solar wind
(SW), plasma and magnetic field accumulate, in principle, in front
of it, forming a disturbed region called sheath region. The studies
on the dynamics of those kinds of electrodynamic structures are
among the current concerns of the space community (Bothmer
and Schwenn, 1994; Ojeda et al., 2005, 2013; Chian and Mufioz,
2011). Many studies about the characteristics of MCs have been
carried out over the last three decades (e.g.. Klein and Burlaga,
1982; Lepping et al., 1990; Dasso et al, 2005; Ojeda et al,, 2013).
Many authors summarized the occurrence of interplanetary cor-
onal mass ejection (ICME) in the near-Earth solar wind (Bothmer
and Rust, 1997; Bothmer and Schwenn, 1998; Mulligan et al., 1998;
Lynch et al,, 2003; Wu et al,, 2003; Huttunen et al., 2005; Nieves-
Chinchilla et al., 2005; Cane and Richardson, 2003; Richardson and
Cane, 2010). In this paper, we analyze solar plasma records
concerning to the occurrence of ICMEs using an alternative
wavelet technique algorithm developed by Mendes et al. (2005)
and applied in Mendes da Costa et al. (2011) to study the
geomagnetic ssorm behavior. Motivated by these earlier works,
we deal with time variations of solar wind parameters due to
solar events to verify their behaviors immediately before
reaching the Earth, the “cause”, and the “effect” of the solar
wind-magnetosphere interaction, the geomagnetic storin, in
ground magnetograms.

According to Farrugia et al. (1993), MCs can be used for the
study of the solar wind energy input to the magnetosphere since
the interplanetary magnetic field (IMF) components vary smoothly
with time and retain the polarity for relatively long intervals. This
is the main purpose of this work which provides an assessment to
the electrodynamical coupling by investigating the level of reg-
ularity in “source” signal and “effect” signals. The efforts intend to
verify the increase of wavelet coefficient amplitudes in signals
associated to ICMEs propagation and to relate the effectiveness of
this period of non-regularity with the development of geomag-
netic storms. The proposed approach can be an auxiliary tool in
the future for the investigation of solar wind energy transfers to
the magnetosphere in periods of well-identified behavior. Thus,
here, the discrete wavelet transform (DWT) has been applied to
detect small (and nonlinear) transients in solar parameters and
geomagnetic data. In order to develop this study, one year of data
was investigated. The period of April 2001 which corresponds to
the events during the solar maximum of the 23rd solar cycle was
analyzed and presented as an example. Most of these magnetic
storms in April 2001 were associased with MCs occurrence
although shocks have also been observed.

The content of the paper is organized as follows. Section 2 is
devoted to give a brief introduction on geomagnetic storms,
showing an example of solar-interplanetary-magnetosphere cou-
pling. Section 3 presents the data and the analyzed period, and the
methodology implemented. Section 4 gives the results and a
discussion on them. Finally, Section 5 brings the conclusion of
this work.

2. Geomagnetic storm

The primary causes of geomagnetic storms are supposed to be
strong dawn-to-dusk electric fields associated with the passage of
southward directed interplanetary magnetic fields, Bs, passing the
Earth for sufficiently long time intervals. The solar wind energy
transfer mechanism is the magnetic reconnection between the
IMF and the Earth’s magnetic field (Dungey, 1961; Gonzalez et al.,

1994). The most commonly used coupling function for the solar
wind-magnetosphere interaction related to electric field is
Ey = VBq, see Gonzalez et al. (1994) for more details.

As a consequence, the level of magnetosphere activity varies
widely. Geomagnetic activity is classified by intensity and usually
described by the variation of indices to distinguish between a
quiet and a disturbed day (occurrence of storms or substorms).
The index mostly used in order to quantify the effects on low
latitudes is the Dst index (Sugiura and Kamei, 1986), and more
recently, Sym-H (lyemori, 1990). Dst represents the variations of
the H component due to changes of the ring current. The Sym-H is
essentially a 1-min version of the traditional hourly Dst index. The
main characteristic of the 1 min time resolution Sym-H index is
that the effects of solar wind dynamic pressure variation are more
clearly seen than in indices with lower time resolution (Wanliss
and Showalter, 2006). Its calculation is based on magnetic data
provided by eleven stations on low and medium latitudes. Each
month only six stations are used for its calculation, some stations
can be replaced by others depending on data conditions (lyemori,
1990).

The principal defining property of a magnetic storm is the
enhancement of the ring current due to the increase of the trapped
magnetospheric particle population. These particles present a drift
due to magnetic field curvature and gradient which leads the ions
to move from midnight to dusk and electrons from midnight
soward dawn surrounding the Earth close to the dip equator
(Gonzalez et al., 1994).

The geomagnetic storms consist of four phases: sudden com-
mencement, initial phase, main phase and recovery phase
(Gonzalez et al., 1994). The characeeristic signature of a magnetic
storm is a depression in the horizontal component of the Earth's
magnetic field (H) which is used to calculate the Dst index. In
general, geomagnetic storms begin with a sudden impulse due to
the arrival of the interplanetary shock structure (Sudden Storm
Commencement - SSC) what generally coincides with the
increased ram pressure and, consequently, an increase of the Dst
values (initial phase) followed by a “negative excursion” in the Dst
index which indicates sustained southward interplanetary fields
(main phase) and the return to normal conditions (recovery phase)
as discussed in Gonzalez et al. (1994).

3. Dataset and analysis methodology

In this section, we present the ACE satellite data used to
characterize the variations of solar parameters due to ICMEs
propagation. We will also present the data used to analyze the
effects of the magnetospheric activity identified on the ground.
Our study consists in verifying the magnetic events that occurred
in April 2001. These solar events occurred during the solar
maximum of the 23th solar cycle. The method used here is based
on the Discrete Wavelet Transform (DWT) to verify the increase of
wavelet coefficient amplitudes in the signals associated to the
ICMEs propagation and to relate the effectiveness of this period of
non-regularity to the development of geomagnetic storms,

3.1. ACE satellite data

In this paper, the effects of the solar activity upon the Earth and
the space close to it were studied using ACE satellite data and the
Sym-H index. Both of these datasets are available at the NOAA web
site (SPIDR, 2008). The data for ground behavior analysis will be
presented in the next section.

Our interest is to characterize the variations on the solar
parameters related to the ICMEs propagation. For that reason,
we selected the IMF components (Bx, By, Bz in GSE coordinase),
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plasma density (N) and velocity (Vx component). We also use the
Sym-H index to verify the global magnetic field reductions during
storms. All datasets used in our analysis have 1 min resolution.
Although one year of data was investigated, a short period was
chosen to illustrate the application here developed. In April 2001,
several solar disturbances happened which were detected by ACE
instruments. Some ICMEs that caused geomagnetic disturbances
in this period were previous studied by Wu et al. (2003), Huttunen
et al. (2005), and Richardson and Cane (2010).

Table 1 is a slightly modified table from the work of Richardson
and Cane (2010) and it is arranged as follows: column 1 gives the
studied events defined by the letters from a to h. Column 2 gives
the time of passage of an interplanetary shock at ACE and Column
3 gives the arrival of the ICME-driven shock at Earth. In this case,
the time given is typically that of the geomagnetic storm sudden
commencement (SSC), frequently accompanied by a shock reach-
ing the Earth's magnetosphere since this provides a spacecraft-
independent arrival time, which is also appropriate for compar-
ison with phenomena at Earth. Column 4 gives the disturbance
time to the start time of the ICME; if no upstream disturbance is
evident, then the disturbance time listed corresponds to the start
time of the ICME, otherwise they are different. Column 5 shows
the ICME end time. Columns 6 and 7 give the offsets (in hours) of
the magnetic cloud leading and trailing boundaries relative to the
ICME boundaries (tmc—Zjome), based primarily on the WIND
magnetic cloud list. Additional events identified by Huttunen
et al. (2005) are also included and identified by a # notation. A
“2” in Column 8 indicates that the ICME includes a MC reported on
the WIND magnetic cloud list or in Huttunen et al. (2005). A “1”
indicates that there is evidence of a rotation in the magnetic field
direction, but overall, the magnetic field characeeristics do not
meet those of a magnetic cloud. Even®% with no magnetic cloud-
like magnetic field features are indicated by “0”. The minimum
geomagnetic Dst value is given in Column 9.

3.2. Ground magnetic data

The magnetic stations considered in the analysis are Honolulu
(HON), San Juan (SJG), Vassouras (VSS), Hermanus (HER) and
Kakioka (KAK). We examine how the effects within the magnetic
storms in April 2001 look like. They are consequence mainly of the
global space and time configuration of the ring current at low-
latitudes and the additional variations of the H-component related

3.3. Discrete orthogonal wavelet transform (DWT)

The discrete orthogonal wavelet transform is a linear multiscale
transform that can deal with non-stationary signals and, specially
here, helps on the study of its local regularity. Namely, the discrete
wavelet coefficients are given by the square integrable functional
space 2 inner-product

M

where the function y is the analyzing wavelet function, and j and
k are the scale and position parameters, respectively. In this work,
we choose the Daubechies order-2 analyzing wavelet. A good
generic review on that transform can be found in Hubbard (1990)
and there are many good textbooks on this subject, for instance
Daubechies (1990) and Mallat (1997).

The multiscale aspects of this transform help us to study
specific phenomena scales associate to central frequencies (also
called pseudo-frequency) and how they change as the time
evolves. Therefore, this wavelet orthogonal transform can be used
to detect disturbances in specific scales using its propriety of local
regularity detection based on the decay of the square wavelet
coefficient amplitudes. In the first part of Appendix A, it is
described briefly the multiresolution tool, the so-called Mallat
pyramidal algorithm, and the theorem that defines the local
regularity. Related to the last feature, the key aspect is that the
amplitude of the wavelet coefficients can be associated to the local
polynomial approximation error. The larger those coefficients are,
more disturbed the signal is. By choosing an analyzing wavelet
function, we define which local polynomial approximation we
have, and so the local error obtained in this approximation is
stored in the wavelet coefficients (Mendes et al., 2005). Those
errors could also detect the local regularity of high order deriva-
tives of the analyzing function. Normally, that feature cannot be
seen by visual inspection. This property is presented in the last
part of Appendix A.

During the visual inspection of a signal, someone can easily lost
some disturbances, specially in large datasets, and/or also it could

Table 2
INTERMAGNET network of geomagnetic stations used in this study.

Station IAGA code Geographic coord. Geomagnetic coord,

. . Lat, (°) Long (°) Llat.(°) Long. (%)
to the effect of equatorwards penetration of electric fields from the
field-aligned current (Wu et al, 2004). The selected magnetic Honolulu (United States) HON 2132 -15800 2159 —89.70
stations are used to calculate the Dst index, except by VSS. f,a“ Juan (1:;9“{1])‘“(0) \S/]s?s ;gz -22-255 g'-:: 2‘75-:5)2
: : : : assouras {brazi. — L4 —43. —-13. B
. Another.pom; of mter;st dlS thle correlatlic_)n of the responses of Hermanus (South Africa) HER “3441 e et Bies
chosen statlon§ ue to the deve (?pment o geomagnetlc. storms. Kakioka (Japan) KAK 3623 14018 2746 —150.78
The geographic and geomagnetic localization of stations are
shown in Table 2. Source: http:fjwdc kugi.kyoto-u.acp/igrf/gggm/index.html (2010).
Tahle 1
Near-Earth ICMEs in 2001, April.
Column1 2 3 4 5 6 7 8 9
Event Shock (ACE) mon/day UT  Disturbance mon/day UT  ICME Start mon/day UT  ICME End mon/day UT  Start MC End MC MC?  Dst (nT)
2001
a 04/04 1422 04/04 1455 04/04 1800 04/05 1200 0 -4 2 —-50
b 04/08 1032 04/08 1101 04/08 1400 04/09 0400 0 -59
c 04/11 1314 04/11 1343 04/11 2200 04/13 0700 +10 -13 2 -27n
d 04/13 0706 04/13 0734 04/13 0900 04/14 1200 0 -77
e 04/15 1700 04/15 1700 04/16 0100 (] -36
f 04/18 0015 04/18 0046 04/18 1200 04/20 1100 (] -114
g 04/21 1508 04/21 1601 04/21 2300 04/23 0300 0 2* —-102
h 04/28 0431 04/28 0501 04/28 1400 05/01 0200 +12 2° —-47

Source; adapted from Richardson and Cane (2010),
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be lead to different interpretations and classifications of the same
signal, specially when the disturbs are associated to a higher order
derivatives. This square amplitude of the wavelet coefficient
representation associated to the chosen scale is an efficient and
objective way to deal with it. Therefore, this tool provides a
quantitative measure by squaring the amplitude of the wavelet
coefficients of these local approximation errors.

This kind of methodology to identify disturbances is popular in
wavelet adaptive numerical modeling to automatically identify
structures in the solution and refine the grids only in these
regions, see for instance Miiller (2003) and Domingues et al.
(2009, 2011, 2008). As well as, this technique can be applied in
different areas with wider detection purposes, a proper choice of
the analyzing wavelet function, the scale, and the kind of dis-
turbance associated to the wavelet coefficient amplitudes are very
important.

Moreover, as this is an orthogonal transform the square
amplitudes represent also the local signal energy in I? sense,
therefore we can also analyze it as a multiscale energy contribu-
tion in the total signal energy. This energy conservation follows
the same idea as the so-called Paserval theorem in Fourier
analysis.

In this paper, we only study the discrese scales j=1, 2, and
3 which are associate to the central frequencies of 3, 6, and 12 min,
respectively. These central frequencies values are obtained due to
our analyzing wavelet choice and to the data sample rate of 1 min
time resolution, more details in Abry (1997), Mendes et al. (2005)
and Appendix A. From the physical point of view, on the ACE
dataset, these pseudo-periods may be related to turbulent mag-
netic fields due to the passage of the sheath region and, on the
ground magnetogram data, these pseudo-periods may be related
to Pci 5 pulsations.

In order to enhance the visualizations of the integrate local
energy contributions in the wavelet coefficients, we construct the
daily index EWC - Effectiveness Wavelet Coefficients, with the
following expression

@

where the k-summations are for one day, N=1440, considering
our original signals with 1 min resolution. The EWC is weighted
according to the scale decomposition levels to better highlight the
small scale disturbances. The daily interval was chosen to allow
classifying the behavior in a complete day. The parcels are
weighted to enhance irregularities in shorter periods.

The empirical choice of the weighted values 4, 2 and 1 is based
on the DWT computation where the signal is reduced by half
length in each level of decomposition. Also, we decided to use one
day resolution because the EWC is only an estimator of the
parameter disturbances. This was done in order to facilitate the
visualization of the three levels of the wavelet decomposition
which have a resolution of 1 min. In other words, the EWC is just
the integration of the wavelet coefficients during 24 h {one day),
however any other kind of resolution can be applied.

4. Results and discussion

In this section, we first analyze the solar wind parameters to
verify ICME behaviors before reaching the Earth, the “cause” of the
geomagnetic storms. Second, we verify the “effect” of the solar
wind-magnetosphere interaction, the geomagnetic storm, in
ground magnetograms. Following, we examine the correlations
between the “cause” and the “effect”.

4.1. ACE

Fig. 1 is divided in to four panels. At top left, it shows the
behavior of the solar wind parameters (IMF components (Bx, By,
Bz in GSE coordinate), plasma density and velocity (VX)) for April
2001. At top right, bottom left and bottom right, the panels show
the behavior of the square wavelet coefficients for these solar
wind parameters at the three firstlevels j=1, 2 and 3, denoted by
d', d? d, respectively. The horizontal axis of each panel has one
day time resolution. In all panels, we highlighted the events listed
in Table 1. We used continuous lines to indicate the start and the
end of each ICME event (from “a” to “h"). We also used dashed
lines in red to indicate the shock arrival time at ACE, in green, for
the MCs arrival time and in light blue, for MCs stop time.

As mentioned in the methodology (see Section 3.3) the wavelet
coefficients are able to identify the variations of the ACE para-
meters due to solar wind events with different properties and
degrees of disturbance. The MCs events shown in Table 1 were all
identified by the decrease of wavelets coefficients at the three
decomposition levels that followed the increase of wavelets
coefficienss due to the shock and the turbulent fields of the sheath
region.

In Fig. 1, the MC event “a” was not identified by Huttunen et al.
(2005), however this MC was published by Wu et al. (2003) /WIND
list (with quality: 1=excellent), and also reported in the work of
Nieves-Chinchilla et al. (2005). It is a bipolar cloud with a flux rope
type NWS and the observed angular variation of the magnetic field
is left-handed. Some features related to the ICME classified as MC
in April 04-05 were reported by Richardson and Cane (2010):
Vicve =650 km/s, Vicme is the mean SW speed in the ICME;
Vmax =780 km/s, the maximum SW speed in the post disturbance
region; B=9 nT, the mean field strength; and V; = 1020 km/s, the
transit speed. The Dst index shows one geomagnetic storm, with
Dstp; = —50 nT caused by this MC, It is possible to identify, in the
MC event “a”, an increase in the amplitude of the wavelet
coefficients at the three levels of decomposition due to the shock
and to the passage of the sheath region in Fig. 1.

The MC event of WNE-type (event “c”) was identified by the
simultaneous decrease in the amplitude of the wavelet coefficients
at the three decomposition levels after their increase provoked by
the shock and the passage of the sheath region. The Dst index
shows one geomagnetic storms with Dsty;, = —271 nT caused by
the plasma sheath (Huttunen et al., 2005). A great number of
wavelet coefficienss presenting an increase of amplitude was
found between the shock and the MC starting time at all three
levels of decomposition. These wavelet structures are associated to
the sheath, region of solar wind bounded by the shock front
and the ICME leading edge (Owens et al, 2005). Also, the
Bz-component has the same sign during the MC propagation
and it has the axis highly inclined to the ecliptic (Unipolar MCs).

The MC event with WSE flux rope type (event “g”) was also
detected by the decrease of wavelet coefficient amplitude after
their increase due to the shock and sheath region. This event
caused medium degree of disturbance of Dst index according to
NOAA classification (Dst,;, = —103 nT). The plasma density pre-
sented wavelet structures during the shock and the sheath region
at all three levels of decomposition.

This could be a consequence of the low values of plasma density
associated with this particular event in the solar wind. The shock and
the passage of the sheath region preceding the MC event of SEN-type
(event “h") were also identified by an increase in wavelet coefficient
amplitude. Their wavelet structures were very similar to the second
MC (event “c”). However, these events were considered of low degree
of disturbance by Dst index (Dst,n;, = —33 nT).

Apart from the MCs events, the wavelet coefficients also
presented an increase of amplitude during other periods of time.
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Fig. 1. ACE: (a) Magnetic field components (X, Y and Z), plasma density, velocity (X-component); and (b-d) the wavelet coefficienss (&) for j=1, 2, 3, respectively. The
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this figure caption, the reader is referred to the web version of this article.)

This fact could be associated to the ICMEs occurrence and,
consequently, to their driven shock as it propagates towards the
ACE satellite.

Altogether, the wavelet structures were increased during the shock
and the sheath region at all three levels of decomposition for all the
MC events mentioned above, and also, for all ICME shock events.

Fig. 2 shows EWCs in April 2001 for the ACE datasets. On the
vertical axis, each panel presents the weighted geometric mean of
the square wavelet coefficients per hour. in other words, the EWCs,
and, on the horizontal axis, the time resolution of a day. Also, we
highlighted the events listed in Table 1 in the same way we did in
Fig. 1. On the analysis of the IMF components, the wavelet
coefficients present higher amplitudes during the shock and the
sheath region of the events “c” and “h”. However, the event “g”
was better detected by EWCs of plasma density than by the IMF
components, during its shock and sheath region. There was also an
increase of EWCs amplitude of all solar parameters during the
event “h” shock and sheath region.

It can be noted an increase of EWCs on the IMF components
that correspond to the shock and sheath region propagation on the
events “a”, “b”, “c”, “f”, “g” and “h”. On events “d” and “e", the
EWCGs also presented a slight increase in amplitude. As noticed in
Fig. 2, the larger EWC amplitudes of these solar wind parameters
occur during the shock and sheath region.

4.2, Ground magnetic data analysis

Fig. 3 shows four panels presenting (a) the ground magneto-
grams and (b-d) the first three decomposition levels.

Each panel displays, from top to bottom, the data or results for
the magnetic stations of Honolulu (HON), San Juan (SJG), Vas-
souras (VSS), Hermanus (HER) and Kakioka (KAK). The horizontal
axis of each panel has time resolution of one day.

In the four panels, we highlight the evenss listed in Table 1. We
used continuous lines to indicate the start and the end of each
ICME event (from “a” to “h"). We also used dashed lines in light
green to indicate the geomagnetic storm sudden commencement,
and in orange, the main phase.

In Fig. 3(a), we observe a magnetic signature of few geomag-
netic storms with different magnitudes. The major geomagnetic
storms of April 2001 were defined as: event “a” started in April 4,
2001 with Dstpy, = —50 nT at 08:00 UT in April 5, event “b”
started in April 8, 2001 with Dst,,, = — 63 nT at 07:00 UT in April
9, event “c” a very-intense magnetic storm with
Dstpin = —271 nT at 24:00 UT in April 11, 2001, event “f” — an
intense magnetic storm in April 18, 2001 with Dst i, = —114 nT at
08:00 UT, event “g” — other intense storm started in April 21, 2001
with Dstg;; = —102 nT, and event “h” occurred in April 28, 2001
with Dst;, = —47 nT.
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We observe an increase in coefficient amplitudes during the
SSC, and also during the main phase of geomagnetic storms. It is
possible to note that the wavelet coefficien®s presented an increase
by the arrival time of the ICMEs when it reaches Earth’s magneto-
sphere. All the magnetic stations showed similar patterns of
magnetic behavior response to the storms with just a few
singularities in the three levels of wavelet decomposition. As
Mendes et al. (2005) suggested, this behavior may be related to
differences in the magnetic coordinates, type of magnetometer
used, local time, ground conductivity and Sq currents effects.

In Fig. 4, where the EWCs for the month April 2001 are
presented, it is also possible to notice that the higher EWC
amplitudes are related to the SSC, and to the main phase of
geomagnetic storm.

4.3, ACE and ground data correlation analysis

In the ACE parameter analysis, there was an increase of wavelet
coefficient amplitudes and EWCs of the IMF components during
shock and sheath region. They can start a geomagnetic storm
because during the passage of a sheath, the shock compression,
turbulence, magnetic field draping or shock heliospheric current
sheet may lead to southward magnetic fields (Badruddin, 2002).
As Gonzalez and Tsurutani (1987) discussed, a geomagnetic storm
occurs when the interplanetary magnetic field turns southward
and remains southward for a prolonged period of time.

In April 2001, the ACE satellite detected solar wind events
about 30-80 min before they arrived to the Earth’s magneto-
sphere. The delay values can be obtained from Space Physics
Interactive Data Resource (SPIDR, 2008) site.

The SSC occurs due to the sudden impulse received in the
arrival of the interplanetary shock structure which generally
coincides with the increased ram pressure (initial phase) followed
by the decrease of geomagnetic field (main phase) which indicates
sustained southward interplanetary fields in the sheath region or/
and during the MC propagation (Gonzalez et al.,, 1994). It was
possible to note a simultaneous increase of EWC values in

Figs. 2 and 4, respectively at the shock and SSC regions; and at
the sheath and main phase regions. The EWC hourly values
disguises the arrival delay of the shock and sheath region at the
Earth's magnetospause. On the analysis of ground magnetograms,
the highest coefficient amplitude was coincident in time, showing
that the whole magnetosphere is globally affected, at least in the
time resolution considered as discussed in Mendes et al. (2005).
The amplitude of the EWCs is related to geoeffectiveness of solar
events. It is also worth to mention that the small amplitudes of the
wavelet coefficients mean that the energy transfer process is
smooth; while the large amplitudes indicated that there were
impulsive energy injections superposed to the smooth background
process.

This paper brings a new alternative way to visualize the wavelet
coefficients based on the integration of local energy contributions of
these coefficients in each seale, the Effectiveness Wavelet Coeflicients
(EWC). The EWC fadlitates the analysis of wavelet coefficients
because it presents a simple representation instead of the traditional
discrete wavelet transform (DWT) that has many levels (in our ease,
we choose three levels of the wavelet decomposition).

The wavelet coefficients algorithm was developed by Mendes
et al. (2005) and used in the following work of Mendes da Costa
et al. (2011) to study geomagnetic storm behaviors. On their work,
this technique proved to be very efficient to detect local irregula-
rities on ground magnetograms due to geomagnetic storms. Here,
we advance the use of wavelet coefficients to study, as well, the
local irregularities of interplanetary parameters (Bx, By, Bz, Vx and
Density). By applying DWT on the interplanetary parameters, we
were able to analyze the fluctuations in each parameter, and after,
we compared them with the fluctuations on the ground magneto-
grams. The DWT, and consequently the EWC, desected the shock
and sheath region passage, “cause”, and on the ground, the SSC
and the main phase of geomagnetic storm, “effect”. One as
consequence of the other. For these reasons and with further
analysis, the DWT and EWC tools could be implemented in quasi-
real-time analysis to facilitate the identification of ICMEs and also
their corresponding geoeffectivity effects.
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5. Conclusions

In this work, we investigate the magnetic disturbances that
occurred in April 2001 using a new methodology based on the
amplitude of the discrete wavelet coefficients applied to solar
wind and magnetogram datasets. We explored the solar para-
meters detected by the ACE satellite and the H-component of
magnetic field measured by ground magnetometers at HON, SJG,
VSS, HER and KAK.

In response to the disturbances, the results show that the
increase of wavelet coefficient amplitudes associated with solar
wind parameters appears to occur at the same time with the
passage of shock and sheath regions. In the ground magnetograms
analysis, the increase of wavelet coefficient amplitude is associated
with the sudden storm commencement (SSC) and the main phase
of geomagnetic storm. The increase of wavelet coefficient ampli-
tudes due to the passage of shock and sheath regions always
occurs a few minutes earlier than the SSC and main phase and, one
is a consequence of the other.

The EWC approach aims to facilitate the analysis and charac-
terization of interplanetary phenomena and their interaction with
the Earth’s magnetosphere requiring minor effort. The shock and

the passage of sheath region, and also, the magnetic activity
measured on ground are characterized by the increase of EWC,
both easily detected even by untrained eyes. The advantage of
EWC is that it has a simple integrated representation while the
previous studies employed three decomposition levels. However,
this tool does not reduce the analysis effort to zero, it is always
assisted by the three levels of wavelet decomposition which
present lower resolution (in this case, 1 min) and a higher degree
of detail.

Our methodology could be used in an automatic way to
characterize the solar wind and ground magnetic disturbances. It
could be important to improve the knowledge of the peculiarities
and the effects produced by solar events on the Earth's magneto-
sphere and further it could be implemented to quasi-real-time
analysis to facilitate the identification of ICMEs, since it was able to
identify the shock and the passage of the sheath region, which
sometimes could be followed by geoeffective MCs. It could predict
a potential geomagnetic storm development.

Similar results are obtained considering larger datasets, for
instance one year of data. As a general result, the technique helps
to identify data intervals with high regularity regime from inter-
vals with very low regularity. Although the presence of low
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regularity in the geomagnetic records on the ground for middle-
low latitude observatories corresponds to solar wind disturbance
acting upon the Earth’s magnetosphere, reciprocity is not always
valid. Other kinds of phenomena can be occurring upon the
magnetosphere-system, which motivate other new studies. Never-
theless, the technique shows to be very useful for the identifica-
tion of time intervals in the dataset during geomagnetic storms
that correspond to interplanetary parameters under behaviors
very well defined. It allows selecting ideal events for the investi-
gation of magnetic reconnection in order to highlight in a more
precise manner the mechanisms existing in the electrodynamical
coupling between the solar wind and the magnetosphere.
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Appendix A. Wavelet for local regularity analysis

Multiresolution analysis consists of a multiscale approximation
designed method. Under it, a functional squared integral space
12 is represented by a sequence of nested subspaces
-VPoV15V2... that satisfies certain self-similarity relations in
time and scale, as well as completeness and regularity relations.
This analysis was introduced in Mallat (1997).

Self-similarity in time demands that each subspace is invariant
under shifts, in this case, by inseger multiples of 2*, and self-similarity
in scale, j, demands that all subspaces are time-scaled versions of each
other. Regularity demands that the subspace V° be generated as the
linear hull of the integer shifts of a finite number of generating
functions @(t):=Y;h(k)¢(2t—k) that form a Riesz base of this sub-
space, where h is the low-pass filter. In most cases those functions are
piecewise continuous with compact support (Daubechies, 1990).
Completeness demands that those nested subspaces fill the whole
space 12, and their intersection should contain only the zero element.
Consequently, we have the complementary space W with a Riesz
basis w(t)=Xx(—1)*~Ph(1 -k}t —k), called wavelet function,
such that V=1 =V/ + W/, The W subspaces fill the whole space 1.2.

This tool helps in the construction of analyzing wavelet func-
tion based on this scale functions, with desired mathematical
proprieties, such as compact support, desired number of vanishing
moments, and local polynomial reproduction of a determined
order of approximation. For instance, a wavelet function has p
vanishing moments if and only if its scaling function can be
generated by polynomials up to degree p—1. This implies that
the wavelet coefficients are zero for polynomials of degree at most
p—1, that is, the scaling function alone can be used to represent
such functions locally. More vanishing moments mean that more
complex functions can be represented with a sparser set of
wavelet coefficients. The wavelet coefficient can be considered as
a local approximation error. As a result of such construction the
decay of the wavelet coefficients can be used as local indicators of
regularity of the analyzed signal as presented in the following
theorem.

Theorem. Considering p+1 the number of vanishing moments of
w(®). [ f{t) is an uniformly Lipchitiz function and f* is your derivative
function over the whole support of w(2't—k), where 0<s<p+1,
then the wavelet coefficients d} obtained in the discrete wavelet
transform are d,= [f(©y(2 —k) dt, satisfy || >c2~ K127
where c is a constant which depends of wand | f&’ Il is the norm of f©

in y4.
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Fig. Al. At top, the signal f{t) and, below ,the logarithm of the square of the first
three decomposition levels of wavelet coefficients (d2(¢), d2(¢) and dZ(t)).

Moreover based on that tool, Mallat designed a fast discrete
wavelet transform constructed with filter bank pyramidal
algorithms,

In this work, we use the Daubechies wavelet of order 2, that
approximate locally linear functions, i.e., p = 1. For this wavelet the
non-zero values of h filter are irrational numbers, namely, h =
[0.4829629131445341433748716, 0.836516303737807905575294,
0.224143868042013381025973, — 0.1294095225512603811744494],
fork=1-4.

This part illustrates the skill of wavelet technique (the Daube-
chies orthogonal wavelet of order 2) to identify regions of
regularity in signals as used in this work. If the signal can be
approximated locally by linear functions, then the wavelet coeffi-
cients are zero in those regions. Moreover, the amplitude of the
wavelet coefficients can be used in the detection of the local
discontinuities both in signal and in its high order derivatives. As
smaller is the amplitude of the wavelet coefficients, as smoother is
the signal.

In order to help understanding, someone can consider a
synthetic signal f{t), where t is the time in this example, given as
follows:

8.1¢l/4 e-1t-01/2 if e<},
fO={ 9e-t-/2 if% st<},
e~ t-0/DI(16:2-24t+18)  if t>3.

This function presents a discontinuity at t=1, a discontinuity in
the first derivative at t=%, and a discontinuity in the second
derivative at t =3. By visual inspection, it is possible to detect the
discontinuities in the signal and also in the first derivative.
However in the second derivative it is not possible (Fig. A1). Using,
for instance, the first three decomposition levels, someone using
the wavelet coefficients can detect all discontinuities. Thus, based
on the amplitude of the wavelet coefficient, it is possible to
quantify the kinds of disturbance levels that exist in the signal.
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