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Abstract

The principal objective of this study is to analyze structures of Coronal Mass Ejections (CMEs) using a wavelet technique. We use
data measured with the SOHO/LASCO coronographs C2–C3, EIT and STEREO COR1A–B, COR2A–B. We have found that different
structures show up in a CME at different spatial scales of wavelets. We also study the orientation of the most intense flux and find the
orientation of the structures in the CME.
� 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Coronal mass ejections (CMEs) are large eruptions of
plasma and magnetic field from the Sun. Although only
discovered in the early 1970s (Tousey, 1971; MacQueen
et al., 1974), the effects of CMEs have been seen indirectly
at Earth for thousands of years. Since their discovery, sev-
eral thousand CMEs have been observed (Howard et al.,
1985; Kahler, 1992; Webb et al., 1992; Hundhausen,
1997; Gosling, 1997; Bemporat et al., 2007) with a wide
variety of instruments. White-light coronographs in space
provide the bulk of the observations. The earlier observa-
tions from the OSO-7, Skylab, Solar Maximum Mission
(SMM), and Solwind coronagraphs have been reviewed
and compared with the current coronagraph observations
from the Large Angle and Spectrometric Coronographs
(LASCO) on Solar and Heliospheric Observatory (SOHO)
by Gopalswamy et al. (2003). Yashiro et al. (2004) empha-
sized the LASCO CME annual variations, and Gopalsw-

amy et al. (2004) empasized the mission – cumulative
statistics.

Material ejections are a common phenomenon of the
solar corona. Nevertheless, the mechanisms that cause a
CME and the forces acting on it during its subsequent
propagation through the corona are largely unknown.
CMEs are massive ð1014–1017 gÞ clouds of plasma that
are ejected from the Sun. One of the scientific objectives
of LASCO is to understand why these events occur.

The LASCO (coronograph spacecraft) onboard the
SOHO (Fleck et al., 1995 and Brueckner et al., 1995),
launched in December 1995, provides to date unprecedented
coronal images, due to its high cadence and spatial resolution
of the Sun’s corona. For the first time the Sun was observed
continuously by SOHO, thanks to its vantage point in L1. At
present two simultaneous corona images are also provided
by STEREO (Solar Terrestrial Relations Observatory). This
mission employs two nearly identical space-based observato-
ries – one ahead of Earth in its orbit, the other trailing behind
– to provide the first-ever stereoscopic measurements to
study the Sun and the three-dimensional structure, this is
the main target of the STEREO mission.

A few previous papers have used wavelet analysis tech-
niques to study solar phenomena. (Stenborg et al., 2008)
develop a technique to enhance EUV features based on
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their multiscale nature. Using EIT data they showed the
existence of some features that are not revealed with stan-
dard image-processing techniques, Stenborg and Cobelli
(2003) used the wavelet analysis for the reduction of local
noise and interactive weighted recomposition, they used
data from LASCO-C1, C2 and C3. This approach repre-
sents a major advance towards unambiguous image inter-
pretation and provides a means for the quantification of
stationary and dynamic coronal structures required for
morphological studies. Recently, Byrne et al. (2009)
applied multiscale methods to enhance the visibility of
the faint CME fronts. This enables an ellipse characterisa-
tion to study the changing morphology (width, orientation)
and the kinematics (height, velocity, acceleration) of a sam-
ple of events imaged by LASCO and STEREO.

SOHO white-light images show that CMEs can have a
variety of structures accordingly they can be clasified as:
(1) Halo CME, (2) Helix CME and (3) Jets CME (Kahler,
2006; Gopalswamy et al., 2004; Cremades and Bothmer,
2004). The observed variety of structures is most likely
due to the integration along the line of sight and to projec-
tion effects. The origin of a CME and its complex morphol-
ogy are still not well understood.

The principal objective of this work is to analyze the
morphological structures of a CME seen from different
angles with different instruments, using the wavelet analysis
technique. In Section 2, we describe the wavelet analysis
technique used in this study. The observations details are
given in Section 3. In Section 4 we give the results. In Sec-
tion 5, we describe the orientation of the most intense flux
that is present in a CME. Discussion and conclusions are
given in Section 6.

2. Wavelet analysis

The main objective of this work is to use a wavelet anal-
ysis technique to study structures inside of CMEs at differ-
ent spatial scales. The wavelet transform is essentially a
convolution of one function with a set of base functions.
As the base function we use the Mexican hat defined as

gðrÞ ¼ Cð2� r2Þer�2=2; ð1Þ
where r ¼ ½x2 þ y2�1=2

=a; C ¼ ð2a2Þ�1=2, and a is the scale
length of the wavelet. C is a normalization constant. The
transform is obtained using the following: define a system
of coordinates with y axis along the length, and x along
the width of the box. The convolution is performed for
the entire box (in this case the entire image) using the
equation:

T aðx; yÞ ¼
Z Z

Iðx0; y0Þgaðr0Þdx0 dy0; ð2Þ

where Iðx; yÞ is the observed map, and gðr0Þ is the isotropic

Mexican hat, with r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þ ðy � y0Þ2

q
=a. These

convolutions are calculated using a standard FFT
algorithm.

The Mexican hat functions have null integrals
ð
R R

gaðr0Þdx0 dy0Þ for all values of a. Therefore, if a region
of the image has intensity variations over scales aIm � a,
the transform will satisfy the condition T aðx; yÞ � 0. Anal-
ogously, if the intensity variations have scales aIm � a, the
transform will also have very low values. Therefore, the
T aðx; yÞ has large (positive or negative) values only in the
regions of the image with intensity variabilities over spatial
scales aIm � a.

In this way, we can then choose a set of different values
for the scale a of the wavelet, and compute the correspond-
ing transforms (Eq. (2)) of the image. These transforms are
representations of the image which only show the struc-
tures which have spatial scales similar to the scale a of
the wavelet that has been used.

3. Observations

Fig. 1 shows a CME event observed by SOHO/LASCO
(C2 and C3 cameras), EIT and STEREO (COR1, COR2
cameras, which are separated in space by an angle of
44�). The date of the event January 2, 2008. The event
has been classified in the catalogue of LASCO as Partial
Halo . The white-light image of this CME shows the typical
three-part structure that was first described by Illing and
Hundhausen (1983) (see Fig. 1A and D).

The pixel sizes of the C2 and C3 coronagraphs of
LASCO are 11.4 and 56 arcsec, respectively, and the fields
of view (FOV) range from 1.5 to 6 R� for C2, and 3.7 to
30 R� for C3, while the typical time resolution is around
12 min, to full resolution images of 1024 	 1024 pixels in
FITS format. An important fraction of CMEs show a
three-part structure consisting of a frontal structure (bright
leading edge), a cavity (dark void), and a core (bright core)
(Hundhausen, 1999; Gopalswamy et al., 2004). The leading
edge contains compressed, overlying coronal material and
the dark void has a cavity with low density . The core
may correspond to an erupting prominence . These features
are readily distinguished in white light. The chosen data
correspond to a three-parts CME (Kahler, 2006). Data
from the Extreme-Ultraviolet Imaging Telescope (EIT)
onboard SOHO, (Delaboudinière et al., 1995), were used
to investigate the CMEs source regions. EIT has a FOV that
covers the solar disk and the corona up to 1.5 R�, with a
pixel size corresponding to 2.6 arcsec. Images in the line
of 195 Å were essential for viewing the source region. EIT
has four different filters, He II 304 Å, Fe XII 195 Å Fe
IX/X 171 Å and Fe XV, 284 Å. The temperature-sensitive
ratio is (Fe XII 195 Å)/(Fe IX/X 171 Å) (Defise et al., 1995).

The Sun–Earth Connection Coronal and Heliospheric
Investigation (SECCHI; Howard et al., 2000) instrument
suite for the STEREO spacecrafts. The STEREO instru-
ment suite consists of five telescopes covering a broad
range of fields of view. The COR1 and COR2 corona-
graphs image the inner and outer corona from 1.4 to
15 R�. COR1 A, B has a resolution of 7.5 arcsec/pix and
field of view ð1:4–4 R�Þ. COR2 A, B has a resolution
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14.7 arcsec/pix and field of view ð2–15 R�Þ. The Heliocen-
tric distances (AU) for STEREO-B, STEREO-A and the
Earth were 1.011295, 0.967365 and 0.983281, respectively,
at the time of observation (2008/01/02, 11:30 UT).

Fig. 1 shows the images taken on 2 January, 2008 by
LASCO with cameras C2, C3, and by STEREO with cam-
eras COR1A, COR1B, COR2A and COR2B, when the
CME intensity was at its maximum and EIT observations
at 195 Å. The observations with the different instruments
basically correspond to the same time with a small time dif-
ference of around 12 min.

4. Results

Fig. 1 shows the three parts that are characteristic of
some CMEs – frontal structure, cavity and a core – in A,
B, C, D and E images.

The three parts are best seen on the LASCO C2 and
STEREO COR2A images (Fig. 1A and E), whereas on
the LASCO C3 image the frontal structure is seen as an
arc (Fig. 1B). In STEREO COR 1A and STEREO COR
1B, we also see the CME with a three part structure
(Fig. 1C and D, respectively). From the COR 2A image,

it can be seen that the core is formed of several loops
and arcades (Fig. 1E). The observations with EIT at
195 Å show the active region associated with the CME.
We show the active region (Fig. 1G and H). Panel 1I shows
the H/G ratio image to clearly illustrate this active region.

We have performed a wavelet analysis of all these
images. The results from this analysis are presented in
Figs. 2–7. Fig. 2 shows the active region seen in the
SOHO/EIT images at 195 Å. A zoomed image of the active
part observed by SOHO EIT is shown in the right panel,
where we can see that the active region is characterized
by complex structures. In panel A, we show a superposition
of EIT and SOHO images, where we can see the relation-
ship between the active region and CME. In panel B, we
show the wavelet analysis of this region over a scale of
2 pixels, which shows a very complex structure. Thus, the
active region seems to contain the seeds that grow into
complex CME structures with expanded loops.

Figs. 3–7 have the following format: the first image on
the upper left panel corresponds to the original white light
image, followed by images showing structures at chosen
wavelet scales of 3, 5 and 7 pixels, respectively, in panels
(A), (B) and (C).

Fig. 1. A CME observed on 2 January 2008 with a characteristic three-part structure is shown at different projection angles as observed with different
instruments – (A) LASCO C2, (B) LASCO C3, (C) STEREO COR1A, (D) STEREO COR1B, (E) STEREO COR2A, (F) STEREO COR2B. An active
region can be seen at the extreme right of the images (G) and (H) LASCO EIT (with a time difference of 1 h). In panel (I) we show the H/G ratio image to
clearly illustrate this active region.
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In the LASCO C2 image (Fig. 3), all of the three parts of
the CME can be seen very well (original image). At the 3-
pixel scale = 0.035 R� (Fig. 3A), we can see the complex
structures in the core that suggest “intertwined” magnetic
field lines forming arcs and also jet-like structures defining
the boundary of the CME (denoted by letters (a, b)). Nar-
row arcs are also seen in the frontal structure forming var-
ious circular sectors. In (B) (5 pixels = 0.059 R�), the core
shows distorted filamentary structures (a). Further to the
right (in the box), the arcs seen at the 3 pixel scale are also
seen in the 5-pixel scale (b). The arcs are seen at higher con-
trast at this scale. In (C) (7 pixels = 0.083 R�), we can see
all the structures seen in (B). An additional structure can
be seen in this image, which is denoted by letter (c). From
this analysis, we can see that the core has a complex struc-
ture, possibly formed by several magnetic arcades where
the field appears to be twisted. It can also be seen that
the frontal structure is made up of several concentric arcs.

In the LASCO C3 image (Fig. 4), the characteristic three
parts of the CMEs are not seen. Instead only the frontal
structure is seen as a thick arc in all the plotted scales (3,
5 and 7 pixels corresponding to physical scales of 0.175,
0.292 and 0.409 R�, respectively).

The wavelet analysis of the COR 1A image is shown in
Fig. 5. At the 3 pixel = 0.023 R� scale (Panel A), we can see
the internal structure of the core. It can be noticed that the
core is resolved into several radially complex structure, sur-

rounded by arch-shaped structures. Further out extended
arcades bound the CME, with several radial structures sur-
rounding it on either side. At higher wavelet scales 5 pix-
els = 0.039 R�, panel B and 7 pixels = 0.054 R�, panel C,
the external arcades and the flanks become increasingly
pronounced. The internal arc to jet contrast is also larger
in these higher wavelet scale images. These images suggest
that the magnetic configuration inside the core is very dif-
ferent that in the external parts of the CME.

Fig. 5C shows the wavelet analysis (7 pix-
els = 0.054 R�), we observe the same structures as in A
and B, there are more flanks in the internal structures
clearly and structures are the biggest.

Fig. 6 corresponds to the COR 1B image, which has the
same physical scale as that for COR 1A, but seen from
another location. We can recover all the structures that
are seen in the wavelet analysis of COR 1A. However,
the external rainbow of arcades is seen almost projected
onto the internal arcs (or core) at this orientation. This
illustrates that our analysis is able to pick out the basic
internal structures even when seen from two different
orientations.

In the COR2A image (Fig. 7), we can see a broad view
of the CME. The details of the frontal structure associated
with the three-part CME are better seen in this image. In
Panel A (3 pixels – 0.046 R�), we can see the structure of
the core. At the resolution of this instrument the flanks

Fig. 2. Wavelet analysis of EIT 195 Å observed on 2 January 2008. We can to see the active region. We show the relationship between CME and the active
region.
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seen in the COR1A image are not visible, but the arcs sur-
rounding these flanks are clearly seen. In Fig. 7B (5 pix-
els = 0.076 R�) and C (7 pixels – 0.107 R�), the arcs
become more prominent – which is very similar result to
the analysis of the COR 1A and COR 1B images. Between
the internal arc and the external rainbow structure of
arcades (frontal structure), several concentric arcs are seen.

5. Orientation of the most intense flux

Another study that was carried out was to measure the
direction or angle of a structure immersed in a CME. To do
this, we have taken an elliptical diaphragm (with a major
axis of 80 pixels and a minor axis of 20) centred on a given
pixel of the image, with its major axis at an angle / with
respect the x-axis. We have then computed the total flux

I/ðx; yÞ ¼
Z Z

sð/;x;yÞ
Iðx0; y 0Þdx0dy 0; ð3Þ

within the diaphragm. In this equation, sð/; x; yÞ represents
the surface enclosed by the elliptical diaphragm (centred in
x; y, and at an angle /). We then associate the direction of
the structures at the position of the central pixel with the
angle /m for which we obtain the maximum over all / of
I/ðx; yÞ. This procedure is repeated with the elliptical dia-
phragm centred on each pixel of the image.

Through this process, we obtain directions (associated
with the values of /m) which point along the axes of bright,
filamentary structures. In regions corresponding to “val-
leys” limited by two filamentary structures, the directions
associated with the values of /m point towards the neigh-
bouring filaments, bridging the bottom of the valley.

Then, for each pixel ðx; yÞ of the image, we obtain a
“preferred orientation” /mðx; yÞ, which we plot as lines of
equal moduli at the corresponding positions and orienta-
tions. These “arrow plots” are shown in Fig. 8. The arrows
in this figure show the orientation of the emitting struc-
tures. The results are illustrated for the images from
LASCO C2 and STEREO COR 2A (see Figs. 8 and 9),
in which all three parts of the CMEs are seen.

The arcs and flanks associated with the CME that are
seen with the wavelet analysis can also be seen in these
two vector diagrams.

6. Discussion and conclusions

It can be seen that the loop structures inside a CME are
better defined in the processed wavelet images than in the
original images. At small scales (3 and 5 pixels), the core
is the only part that is seen, while the bright edge is the
dominant structure at large scales (7 pixels), and traces
an almost circular loop. On closer examination, we can

Fig. 3. LASCO C2 image of a three-part CME observed on 2 January 2008. Panels (A–C) show the diferents scales of the analysis wavelet and we show
the different structures of the CME found with the wavelet analysis.
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Fig. 4. LASCO C3 image of CME observed on 2 January 2008, only the leading edge is seen as a thick arc in all the plotted scales (3, 5 and 7 pixels).The
bright ring inside the dark disk indicates the location and diameter of the Sun. The outer edge of the disk lies at �3.5 solar radii.

Fig. 5. COR 1A image of the CME shows in Fig. 1. Panels (A–C) show the results from wavelet analysis at three selected scales.

D.I. González-Gómez et al. / Advances in Space Research 46 (2010) 22–30 27



Author's personal copy

Fig. 6. The same as in Fig. 5, but for the COR 1B image.

Fig. 7. Results of wavelet analysis of COR 2A image. We can see a series of arcs one behind the other emanating from the core of the CME in all scales (3,
5 and 7 pixels).
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see intertwined loop sub-structures inside the core. Also,
the circular loop seems to be located in a plane behind
the core. The circular pattern or twisted observed within
the cavity of the CME suggests the existence of helical
magnetic features (Chen et al., 1997; Dere et al., 1999;
Wood et al., 1999), commonly known as flux ropes, and
used extensively by CME modelers.

In the three-part CME studied in this work, substruc-
tures can be clearly seen in the core and in the frontal struc-

ture. The core is formed by several radially complex
structure surrounded by an arc, whereas the frontal struc-
ture is split into a series of concentric rainbow-like arcades.
The observed structure of the CME confirms that coronal
loops are often reconfiguring via reconnection, and sug-
gests that the core magnetic structures are twisted and
more complex than in the outer part of the CME. In the
ultraviolet image of the active region, we find many com-
plex sub-structures, similar to those found in the CME.

In Figs. 3–7, we have demonstrated that we can recover
the three-part structure of the CME irrespective of the
image used to analyze it. However, different instruments
have different image scales, which should be taken into
account in comparing these images.

The availability of images of the same CME event
observed by different cameras in different satellites has
allowed us to carry out a study to compare and differenti-
ate the structures of the CME as seen from different angles
and with different scales. Using the wavelet analysis tech-
nique, we have illustrated that different sub-structures of
the CME stand out at different scales. Wavelet decomposed
images taken with different cameras look very similar when
they are matched to the same physical scale.

Our study has shown that the bright leading edge of a
CME is constituted of a series of loops, one behind the
other. The core is also resolved into intertwined filamen-
tary structures.

To summarize, the present study is an illustration of the
results that can be obtained from wavelet analyses of satel-
lite images of CMEs. This is a first step in understanding
the results from such analyses, leading towards the devel-
opment of more quantitative evaluations of the morphol-
ogy of CMEs based on their spectral characteristics. The
eventual aim of these studies would be to be able to classify
the observed CME images based on a wavelet analysis of
the observed images. This would provide a quantitative
method for classifying images of CMEs.

However, one should keep in mind the limitations of
such a classification. While a wavelet analysis method can
in principle provide a quantitative evaluation of the spatial
characteristics of the structures seen in an image (e. g., by
studying the fluxes at given positions obtained for different
a scales), this kind of method will only provide a purely
morphological description of CMEs. A more realistic,
physical classification of course will depend on future stud-
ies of the physical properties (e. g., density, temperature,
flow velocity) of the ejected material.
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