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Abstract The Sun is a natural laboratory for plasma pro-
cesses. A myriad of instruments aboard satellites and on
ground record(ed) the plasma emission in different ranges
of the electromagnetic spectrum to help understand such
processes. In particular, in the outer part of the solar
atmosphere, the solar corona, we can observe a multitude
of electrodynamical phenomena. There, the faint corona
emission and the associated dynamic plasma structures
(e.g., coronal mass ejections—CMEs) recorded in white-
light images can be used as basis for some insight of
this physical scenario. In order to characterize the dynam-
ics and morphology of such structures in a better way, it
seems crucial that some features of those images should
be enhanced. To deal with this need, a new approach
using a complex wavelet transform methodology was devel-
oped. With the proposed methodology, we can highlight
the plasma ejections improving the identification of those
structures.
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1 Introduction

The Sun has been constantly monitored primarily due to
its potential harmful effect on Earth. Coronal mass ejec-
tions [11, CMEs], magnetic clouds [3, 4] and corotating
interaction regions (CIRs) are examples of the main fea-
tures rising from the complex solar dynamics that may cause
geomagnetic disturbances and also affect the space tech-
nologies on which our society is dependent [10]. Among
other experiments designed for Sun’s monitoring (e.g.,
STEREO,1 SDO2), the large angle and spectrometric coron-
agraph (LASCO) on board of the Solar Heliospheric Obser-
vatory (SOHO) spacecraft has greatly collaborated with the
remote sensing of the Sun and the magnetized plasma-made
structures ejected from it.

LASCO [2] comprises three coronagraphs, LASCO/C1,
C2, and C3 that provide pictures of the solar corona from
near the solar surface through 32 R� (R� Sun radius). These
data are particularly well suited to study the kinematic prop-
erties of CMEs such as position, velocity, and acceleration
[13].

Although the LASCO experiment has provided unique
observations of CMEs evolution, the LASCO raw images
include the contributions from the K- and F-corona, instru-
mental noise, and stray light. Therefore, the visualization
of the plasma structures of interest (i.e., K-coronal struc-
tures) is contingent on the removal of the background
contribution.

Some efforts have been attempted in order to improve
plasma structures visualization of LASCO images, mainly
on CMEs. The most popular and simple method is the
time differencing, or running difference images. In this

1http://stereo.gsfc.nasa.gov/
2http://sdo.gsfc.nasa.gov/

http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s13538-015-0349-4-x&domain=pdf
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method, one can see bright regions corresponding to fea-
tures observed at time t = t1, while the dark regions
correspond to the features observed at time t = t0,
both at the same frame (see, e.g., [9]). One drawback of
this technique is that sometimes the mixture of features
in the same frame becomes too difficult to disentangle,
which may lead to ambiguous interpretations of the studied
phenomena.

Other modern techniques supported on the so-called
multiscale analysis, in particular the wavelet transforms,
have largely been used to enhance the appearance of
CMEs and its internal structures on coronagraph obser-
vations [5, 7, 22–24]. As discussed in [22], solar images
present hierarchical structures. From the analysis of dif-
ferent scale sizes, a myriad of new plasma structures
may be found. Thus, choosing image-processing techniques
based on multiscale properties such as wavelet transforms
becomes a natural choice. One benefit of this kind of
technique is that only independent images are analyzed
without any need for time differencing. However, as pointed
out by [24], diffraction, interference patterns, and defects
of the optics like dust particles and/or imperfection of
the lenses are magnified together with the structures that
we are seeking to highlight. Nevertheless, in the prelim-
inary analysis carried out here, these side effects can be
neglected.

In the aforementioned works, two common charac-
teristics can be found: (1) the usage of pre-processing
techniques to deal with the unwanted background effects
quoted earlier and (2) real wavelet transforms are used
for image processing. As a novelty, we use in this work
a two-dimensional (2D) version of a complex, quasi-
orthogonal, wavelet transform known as dual-tree [15, 21]
to better visualize CMEs overall structures in LASCO/C2
field-of-view. Among other characteristics, the dual-tree
possesses the property of directional selectivity which has
been shown very useful in our search for the highlight
of sharp edges and distinct contours of plasma struc-
tures on LASCO/C2 images once it allows one to analyze
features in the image at six well-defined orientations. On
the other hand, the often used Daubechies’s biorthogonal
wavelet transforms (DWT, e.g., [5]) can efficiently analyze
only horizontal and vertical features once there is a mix-
ture between the diagonal orientations (see [21] for more
details).

Here, the images are processed without any pre-
processing technique. All of them did not have a background
removal. Even with this limitation, the achieved results are
promising. We do not intend in this work to describe the
physics underlying the events represented in the images
shown here. Our proposal presents the potential of a mod-
ern and somewhat recent wavelet tool that may further help

solar physicists to unambiguously interpret the physical
phenomena depicted in solar images.

This paper is organized as follows: Section 2 describes
the dataset used in this work. In Section 3, the complex
wavelet transform is presented, along with the approach
used for processing the images. After that, Section 4 shows
the results and discussions, and conclusions are given in
Section 5.

2 Dataset

The Solar Heliospheric Observatory (SOHO) is a space-
craft that orbits the First Lagrangian Point L1, at a distance
towards the Sun of about 1.5 million kilometers away
from the Earth. Aboard SOHO, there are many instru-
ments designed to study the Sun from its deep core to
the outer corona and the solar wind. Among them is
the large angle and spectrometric coronagraph (LASCO),
which produces images of the corona in the visible spec-
trum. A detailed description of this instrument is found
in [2].

LASCO comprises three coronagraphs, C1, C2, and C3
(C1 internally occulted and C2 & C3 externally occulted
coronagraphs) that together image all plasma phenomena
taking place at a distance off the Sun’s center ranging
from 1.1 to 32 R�. LASCO/C2 telescope covers a dis-
tance from 1.5 to 6 R� and its pixel size is 11.4 arc-
sec. The level 0.5 raw images used in this work were
provided by this telescope and related to the following
events:

Event 1 (E1): Eruptive prominence on June 02, 1998 at
13:31 UT;

Event 2 (E2): CME on November 23, 2000 at 21:30 UT;
Event 3 (E3): CME on October 06, 2001 at 08:06 UT;
Event 4 (E4): CME on August 13, 2002 at 10:54 UT.

Level 0.5 images are raw images that have been rotated
to put the solar north at the top of the image without
corrections for instrument response, stray light, etc.

Each chosen event evolves mainly in a quadrant in
LASCO/C2 field-of-view. E1–E4 in South-West, South-
East, North-West, and North-East quadrants, respectively.
We seek, in this way, to test our wavelet technique ability
of detecting the main directional features present in those
images. It is worthwhile to note that when analyzing solar
images, the observer is considered to lie on the Sun surface.
Therefore, the right (left) part of the image corresponds to
West (East).

An occulter disk together with a white annulus to indi-
cate Sun’s surface are added in all images. They have a full
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resolution of 1024 × 1024 pixels and are available in FITS
format.

3 Methodology

The so-called discrete wavelet transforms (DWT) are com-
monly used in image compression and extraction of infor-
mation from time series and images. One possible way to
perform multiscale image decomposition by means of the
DWT is by using a tree of low-pass and high-pass filters [8,
12, 18]. The DWT also has found usage to highlight coronal
features present on solar images (e.g., [5]).

The dual-tree complex wavelet transform (DTCWT) as
designed by [15, 16] has been successfully applied in several
areas of image processing. For more general informations
concerning the DTCWT and its applications to motion esti-
mation and compensation, denoising and deconvolution,
texture analysis and synthesis, segmentation and classifica-
tion, and watermaking, the reader is referred to [17]. To date,
however, no work has been reported using the DTCWT for
enhancing such coronal structures.

In this work, the DTCWT represents an improvement
of the DWT due to its shift invariance and multidirec-
tional selectivity in the analyzed images [15, 16]. It gen-
erates complex wavelet coefficients by using a dual-tree
of wavelet filters to obtain their real (r) and imaginary
(i) parts. The complex (c) wavelet coefficients d

j
c,n are

obtained by the projection of the signal f (x) ∈ L2(R) onto
2−j/2ψc(2−j x − n)

d
j
c,n =

〈
f, 2−j/2ψc(2

−j x − n)
〉
= d

j
r,n + i d

j
i,n, (1)

where i = √−1 is the imaginary unit, and

ψc(x) = ψtree1(x) + i ψtree2(x) (2)

is a complex approximately analytic wavelet, i.e., ψtree2 is
the approximate Hilbert pair of ψtree1 , denoted by ψtree2 ≈
H

{
ψtree1

}
.

The complex scaling functions φc(x), which act as low-
pass filters, are similarly defined

φc(x) = φtree1(x) + i φtree2(x). (3)

We explore the two-dimensional (2D) case which is well-
suited for analyzing and processing oriented singularities in
images, i.e., edges [21].

Applied on an image the 2D DTCWT generates as
outcome six subimages (at each scale j ) constituted by

complex wavelet coefficients d
j(θ)

c

d
j(θ)

c =
〈
f,ψ

j(θ)

c (x, y)
〉
. (4)

These subimages are strongly oriented at the angles
θ = 15◦, 45◦, 75◦, −75◦, −45◦, and −15◦. Each one of
these orientations is associated with either real or imagi-
nary parts of the following six two-dimensional complex

wavelets ψ
j(θ)

c (x, y) ∈ L2(R2)

ψ
j(15◦)

c (x, y) = ψ
j
c (x) φ

j

c (y),

ψ
j(−15◦)

c (x, y) = φ
j
c (x)ψ

j
c (y), (5a)

ψ
j(45◦)

c (x, y) = ψ
j
c (x)ψ

j

c (y),

ψ
j(−45◦)

c (x, y) = ψ
j
c (x)ψ

j
c (y), (5b)

ψ
j(75◦)

c (x, y) = φ
j
c (x)ψ

j

c (y),

ψ
j(−75◦)

c (x, y) = ψ
j
c (x) φ

j
c (y), (5c)

where

ψ
j
c (·) = 2−j/2ψc(2

−j · −n), (6a)

φ
j
c (·) = 2−j/2φc(2

−j · −n), (6b)

and ψc(·) and φc(·) obey (2) and (3), respectively. Here, the
dot stands for either x or y.

The website of Prof. Nick Kingsbury3 has information on
how to obtain the DT CWT codes, and most of the available
material on it.

Our approach is based on enhancement of the complex

wavelet coefficients d
j(θ)

c over the different scales j . This is

achieved by multiplication of d
j(θ)

c by a factor α
j
θ ∈ R, at a

scale j and at an orientation θ . By increasing these coeffi-
cients, the oriented singularities in the image, i.e., the edges,
are highlighted. This follows from the fact that the magni-
tude of the wavelet coefficients is related to abrupt changes
in the signal, or “details” [8, 18].

In this process, there might be some directions (θ ) that
hold more information about the plasma structure. For this
reason, the corresponding wavelet coefficients undergo a
higher amplification than the other ones. Therefore, we
establish a way for quantifying the amount of informa-
tion contained in a specific direction in order to indicate
the orientation whose wavelet coefficients should be more
amplified. We do this by means of the following ratio

R =

∑
subimage

∣∣∣dj(θ)

c

∣∣∣
2

∑
all subimages

∣∣∣dj(θ)

c

∣∣∣
2
, (7)

where the numerator represents the sum of all squared
wavelet coefficients absolute values for a given subimage
(orientation) and the denominator is the sum of all squared
wavelet coefficients absolute values for all subimages. This

3http://www-sigproc.eng.cam.ac.uk/Main/NGK

http://www-sigproc.eng.cam.ac.uk/Main/NGK
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Fig. 1 Scheme showing how
the 2D DTCWT outcomes
(subimages) are visualized. The
color-coded regions specify in
which resolution level (scale)
the subimages are seen: red
stands for scale j = 1; green
j = 2, and blue j = 3. At the
top center, the original image
being analyzed is seen on the
scale j = 3. Subimages sizes
(Nsub × Nsub) are scaled as
Nsub = N/2j , where N = 1024
is the number of pixels in one
dimension of the original image
size (N × N). The top center
panel is seen out of scale for
visualization convenience

ratio is calculated for the current scale j . It represents a
fraction of the total amount of relevant information, i.e., the
“details,” contained in the current scale j .

After successive tests, we identified that where R <

0.200 the corresponding wavelet coefficients are amplified
by the same factor α

j
θ . Otherwise, they undergo a larger

amplification.
All images representing Events E1−E4 are decomposed

by the 2D DTCWT into four scales (j = 1 to 4). Their
outcomes (subimages) are visualized following the scheme
depicted in Fig. 1. For space convenience, only three scales
j = 1, 2 and 3 are shown. As a consequence of the down-
sampling process, i.e., reduction of the image size by half,
subimages sizes, Nsub×Nsub, scales as Nsub = N/2j where
N = 1024 is the number of pixels in one dimension of the
original image size (N × N). At the top center panel, the
original image being analyzed is seen on the scale j = 3. It
is shown out of scale only for visualization convenience.

4 Results and Discussion

In this section, we discuss (i) the dual-tree’s directional-
ity property jointly with the choice of the α parameter in
order to indicate which wavelet coefficients should undergo
a higher increase prior to image’s reconstruction, and after-
wards (ii), the reconstructed images are shown as results
from the analysis carried out in (i).

Dual-Tree’s Directionality Property and the Choice
of the α Parameter Following the visualization scheme
depicted in Fig. 1, Fig. 2 shows the outcomes from a four
scale (only three are shown) 2D DTCWT applied on the
image related to E1. For the panels showing the subimages
at the scale j = 1, i.e., the largest panels, one is able to
note that few features can be seen from the plasma struc-
ture, which is indicated at the top center panel bounded
by a white rectangular box. This characteristic was found

Fig. 2 Outcomes from a three
scale 2D DTCWT
decomposition performed on the
image related to E1. They are
organized as shown in Fig. 1.
The white rectangular box in the
top center panel bounds the
plasma structure being analyzed
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in the whole set of images analyzed in this work. Features
present themselves very faint at this particular scale. This
is probably associated with the large level of noise often
found at the scale j = 1. We would like to avoid noise.
Then, as a first step in the image processing, we multiply
all the wavelet coefficients of the subimages pertaining to
this scale by a factor α

j=1
θ , where 0 ≤ α

j=1
θ < 1. We

do not use the R parameter values for this particular scale
to guide our analysis since we do not want to enhance the
corresponding wavelet coefficients, instead we try to mini-
mize the noise effect by reducing their absolute values. It is
noticeable in Fig. 2 for the subimages at scales j = 2 and
3, the plasma structure becomes more highlighted, mainly
at θ = ±15◦ orientations. This visual tendency is main-
tained even for the subimages at scale j = 4 (not shown).
This is a qualitative indicator that the wavelet coefficients
associated with these scales and orientations contain more
information related to the plasma structure, whose visual-
ization we are seeking to enhance. Therefore, we adopted
that, in general, the coefficients at scale j = 3 undergo
a higher increase than those at scale j = 2. Scale j =
4 coefficients, however, did not undergo an enhancement
greater than or equal to scale j = 3 coefficients. Instead,
they underwent a multiplication by a factor α

j=4
θ so that,

for E1, 1 < α
j=4
θ < α

j=2
θ . In this way, the recon-

structed images were better visualized. The α
j
θ values were

chosen in such a way that the reconstructed images pro-
vided a good contrast between the plasma structure and the
background.

In order to proceed with the wavelet coefficients
enhancement, it is necessary to check, for a specific scale,
whether the orientations θ = ±15◦ being discussed in
the analyzed case (E1) indeed hold more information, i.e.,
larger R values, about the plasma structure. Table 1 shows

both R and α
j
θ values for E1 − E4. By inspection of E1

(top left) table, one can see that R values are indeed larger
for θ = ±15◦ orientations on both scales j = 2 (R+15◦ =
0.466, R−15◦ = 0.480) and j = 3 (R+15◦ = 0.417,
R−15◦ = 0.415). Furthermore, their values are greater than
the established threshold (R ≥ 0.200) for the R parame-
ter. Therefore, the corresponding wavelet coefficients will
undergo a higher enhancement factor, as shown in Table
1 top right table: α

j=2
±15◦ > α

j=2
{±45◦,±75◦} and α

j=3
±15◦ >

α
j=3
{±45◦, ±75◦}.

It is important to notice that although we have observed,
in the scale j = 4, that subimages associated with θ =
±15◦ orientations appeared to hold more information about

Table 1 R parameter and the enhancement factors α for E1 − E4

+15◦ +45◦ +75◦ −75◦ −45◦ −15◦ +15◦ +45◦ +75◦ −75◦ −45◦ −15◦

R for E1 α
j
θ for E1

1 − − − − − − 0 0 0 0 0 0

2 0.466 0.009 0.020 0.019 0.006 0.480 14 12 12 12 12 14

3 0.417 0.031 0.051 0.052 0.031 0.415 15 14 14 14 14 15

4 0.238 0.094 0.229 0.199 0.067 0.170 9 8 9 8 8 8

R for E2 α
j
θ for E2

1 − − − − − − 0.1 0.1 0.1 0.1 0.1 0.1

2 0.283 0.024 0.115 0.161 0.107 0.307 11 10 10 10 10 11

3 0.280 0.081 0.130 0.132 0.092 0.283 14 13 13 13 13 14

4 0.239 0.113 0.238 0.192 0.062 0.155 12 11 12 11 11 11

R for E3 α
j
θ for E3

1 − − − − − − 0 0 0 0 0 0

2 0.491 0.039 0.070 0.069 0.038 0.291 11 10 10 10 10 11

3 0.339 0.037 0.128 0.126 0.032 0.336 14 12 12 12 12 14

4 0.242 0.111 0.239 0.191 0.061 0.155 9 8 9 8 8 8

R for E4 α
j
θ for E4

1 − − − − − − 0 0 0 0 0 0

2 0.432 0.004 0.058 0.110 0.084 0.310 12 9 9 9 9 12

3 0.361 0.054 0.091 0.089 0.057 0.346 16 14 14 14 14 16

4 0.235 0.114 0.240 0.196 0.065 0.149 10 9 10 9 9 9
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the plasma structure, this visual inspection was not entirely
confirmed by the R values calculated for these subimages.
As shown in Table 1, the larger R values, which sur-
pass the established threshold, correspond to θ = 15◦ and
75◦ orientations. Thus, their wavelet coefficients undergo a
higher enhancement factor: α

j=4
{15◦, 75◦} > α

j=4
{−15◦, ±45◦, −75◦}.

Hence, not only the visualization of the 2D DTCWT out-
comes suffices to determine which wavelet coefficients
should be enhanced, but the joint usage with the pro-
posed R parameter, have shown to play a fundamental
role for providing an improvement of the plasma structures
visualizations.

Analogous procedures were employed to enhance the
wavelet coefficients on the subimages related to E2, E3,
and E4. Both the R values and the enhancement factors α

j
θ

for these events are shown in Table 1. After the wavelet
coefficient treatments, the images were reconstructed.

Images Reconstruction The 2D DTCWT was tested on
the level 0.5 images which have no corrections for instru-
ment response, stray light, etc. No background removal
technique was used for the whole set of images analyzed
in this work. The results provided by the wavelet analysis
technique proposed are gathered in Fig. 3. In all images,
an artificial occulter disk and a white annulus to represent
the Sun’s surface were added. At the left panels of Fig. 3
the original images representing Events E1 − E4 are seen,
whereas the reconstructed 2D DTCWT images are shown in
the right panels. Next, each event is discussed.

E1: Eruptive Prominence on 02 June, 1998 This event
is well known by the solar physics community. Its physical
description can be found for instance in [20]. It was also
used by [22] for validation of their wavelet technique.

Concerning the occurrence of artifacts by the image treat-
ment, they can be identified as small dark points with
white dots inside and some diffraction rings (which are also
enhanced by the technique) around the periphery of the
occulter disk.

In the reconstructed image (Fig. 3, E1, right panel),
one can see that near the occulter disk there are some
kinds of plasma threads (not seen in the original image)
that appear to connect the outgoing structure with the solar
photosphere. This characteristic indicates further that this
structure is indeed a prominence. In addition, both its inter-
nal fine structure and twisted core are well resolved by this
technique.

E2: CME on 23 November, 2000 According to [6], this
event is referred to as a structured CME because, among
other features, it reveals inherent fine structure discernible

Fig. 3 The original images are at the left panel, and reconstructed 2D
DTCWT images using the enhancement factors of Table 1 at the right
panel. E1: Eruptive prominence on Jun. 02, 1998 at 13:31 UT, E2:
CME on Nov. 23, 2000 at 13:31 UT, E3: CME on Oct. 06, 2001 at
08:06 UT, and E4: CME on Aug. 13, 2002 at 10:54 UT

from the ambient corona. This characteristic can be bet-
ter visualized when our technique is applied (Fig. 3, E2,
right panel). The edges become sharpened, which facili-
tates its tracking. In particular, the leading edge is readily
discernable.

In contrast with the eruptive prominence shown in the
previous section, this CME evolves mainly in the South-
East quadrant of LASCO/C2 field-of-view, whereas the
former plasma structure is in the South-West quadrant. It is
shown that the 2D DTCWT can efficiently analyze features
in the image independently of the structure’s direction of
propagation in the plane of sky.

E3: CME on 06 October, 2001 This CME evolves mainly
in the North-West quadrant of LASCO/C2 field-of-view. It
is also categorized as a structured CME according to the
definition of [6]. In the reconstructed image (Fig. 3, E3,
right panel), it is possible to see that the CME three-part
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structure, defined by [14] as a bright core within a dark
lunette surrounded by a bright featureless loop, is better
resolved by our technique. Its internal structure, although
faint, is clearer than in the original image.

E4: CME on 02 August, 2002 The E4 left panel in Fig. 3
shows this CME which evolves in the North-East quadrant
of LASCO/C2 field-of-view. It is classified as a structured
CME and presents the typical three-part structure. Their
contours and fine structure are well resolved when our tech-
nique is applied. One can appreciate the sharpened edges
appearing in the whole structure as well as in the North-East
quadrant.

Our method was able to reduce the large level of noise
contained in LASCO/C2 images. This could be achieved by
means of a proper choice of the enhancement factors α

j
θ

particularly for the scale j = 1.

5 Conclusions

In all treated images, highlighting and sharpening of edges
as well as enhancement of CMEs bright cores visualiza-
tions were obtained. These results help solar physicists,
for instance, in an unambiguous identification of CMEs
three-part structures. The determination of plasma-structure
kinematic properties can also be facilitated by the employed
technique. As a natural consequence, morphological studies
can be carried out more easily.

In this work, our wavelet methodology has shown the
ability to identify in a precise way diffuse coronal struc-
tures by enhancing both their boundaries and internal fea-
tures based on multidirectional analysis. For future work,
exploratory analysis to deal with different angle orienta-
tions can be done with 2-D continuous wavelet transform
[1], for instance. However, in this case, the computational
cost is much larger than the DT CWT, and the complexity
of the analysis and the redundancy of the data are greatly
enhanced.

Much of the DTCWT’s potential can still be exploited
due to the inherent multiscale nature of solar images. We
have shown that even with the limitation of no usage of
both pre-processing and background removal techniques, a
great improvement in the visualizations of the plasma struc-
tures in LASCO/C2 images was achieved. Therefore, our
method can be improved by applying models to get rid of
undesirable background and side effects.
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