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1 Introduction

The Sun is the nearest star to the Earth, therefore the research of the Sun
gives mankind a unique opportunity to study the physical parameters and
properties of a star. The intensity and the spectral composition of the light
emitted by the Sun as well as other particles that escape from the Sun play
a vital role for the life on Earth. Since people are using more and more
complicated electronic devices both on the Earth and in Space and some
of these devices are connected in large (global) networks, it is necessary to
understand how and when the phenomena on the Sun can harm them.

A very nice popular-scientific article on the danger of a massive solar
flare including information about the March 1989 flare can be found in
[dGre12]. A scientific article on this topic is given for instance in [cSta02].
Current electronic devices are even more sensitive than those in 1989.

Among the methods of the solar corona research, imaging methods
play a crucial role. Due to the problems described in Chapter 2, sophisti-
cated image processing techniques are necessary for taking full advantage
of the current mechanical and optical systems for both Earth-based and
space-born observations. Among them is the Normalizing-radial-graded fil-
ter (NRGF), which was the inspiration for the Fourier normalizing-radial-
graded filter (FNRGF) proposed, implemented, and tested on many types
of data as part of my Ph.D. study and described in Chapter 3. The fil-
ter brings new possibilities for studying the corona, some faint structures
are enhanced better than with any of the previous methods. Chapter 3
contains the principle of the filter and many examples of images processed
with this filter. Chapter 4 is the Conclusion, followed by the Bibliography,
author’s CV and the abstract.
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2 Imaging the solar corona

2.1 The solar corona
The Sun can be divided into the interior and the atmosphere. The inte-
rior consists of the core, which is the source of the Sun’s energy, the place
where hydrogen is transformed to heavier elements in thermonuclear re-
actions, the radiative zone, where energy is transmitted by radiation, and
the convective zone. The Sun’s magnetic field has its origin in the transi-
tion layer between the radiative and the convective zone. The tops of the
convective cells form a layer called the photosphere, which is also the bor-
der between the interior and the Sun’s atmosphere. We often refer to the
interior and the photosphere as ‘the Sun’, since the edge is clearly defined.
The photosphere is what we see when we look at the Sun during a sunny
day (with a suitable filter, otherwise we would risk damaging our eyes).

The solar atmosphere, which is above the photosphere, has only a fuzzy
transition to the interplanetary space. The solar atmosphere comprises the
chromosphere, the transition region, the corona, and the heliosphere. The
chromosphere is a thin layer of variable thickness containing mainly neutral
hydrogen.

Since the corona is composed of maily of charged particles, the features
that are visible in the corona from the extra-ultraviolet part of the spectrum
to the infrared are driven by the magnetic field that is generated in the
convection zone. The corona is extremely faint relative to the visible disk
of the Sun, having a maximum brightness ratio of ≈ 1 : 106, decreasing to
≈ 106 within a single diameter away from the visible limb [cGoP10]. This
is the reason why the corona cannot be observed directly from the Earth
without any special instruments – that it is too faint next to the bright
photosphere. Section 2.2 is devoted to the possibilities that we have to
observe the corona. An example of an image of the inner corona observed
in the ultraviolet part of the spectrum can be found in Figure 2.1.

2.2 Imaging possibilities for the solar corona
Total solar eclipses have been providing unique opportunities for exploring
the properties of the plasma in the inner corona, since the photosphere,
which is about one million times as bright as the inner corona, is obscured
by the Moon and the sky brightness is significantly reduced. The invention
of the coronagraph by Bernard Lyot in 1930 [cLyo32] brought completely
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Figure 2.1: An image of the inner corona as observed by the Atmospheric Imaging As-
sembly, which is part of the Solar Dynamics Observatory (NASA) in the ultraviolet part
of the spectrum – 171 Å. Image downloaded from [dVso13], in negative.

new possibilities by enabling daily observations of the inner corona in visi-
ble light and in specific spectral lines as well as in polarized emission. Cur-
rent cosmic probes such as SOHO LASCO [cBHK95] use coronagraphs.
However, due to diffraction on the edge of the occulter, the innermost part
of up to 1.05 solar radii (1.05 R�) the corona still remains unobservable
with coronagraphs.

A possibility to observe the innermost corona is imaging in the ultra-
violet, extra-ultraviolet (EUV) and X-ray wavelength ranges, where the
photosphere is completely black. This has to be done from outside the
Earth’s atmosphere, which filters out these wavelengths. However, spec-
tral lines of heavy ions in these wavelength ranges are only collisionally
excited and cannot be observed as far away from the Sun as emission from
Fe X 637.4 nm e.g., that has a radiative component and significantly longer
wavelength.

Even though there are sophisticated methods for continuous observa-
tions of the solar corona, the rare occasions of total solar eclipses are still
the only times when the innermost corona can be observed in the visible
part of the spectrum with orders of magnitude cheaper equipment than
spaceborne observatories and with high resolution.
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2.3 Methods of compensation
for the brightness gradient

Remark 2.1. The term radial gradient is commonly used among solar
astronomers. It means that the brightness gradient of the image is a vector
whose direction is approximately radial, i.e. there is a high directional
derivative of the image in the radial direction.

The mechanical and optical methods of compensation for the brightness
gradient are treated in the full version of the doctoral thesis. Here, we stick
to the mathematical methods – methods of digital image processing.

Since the 1980s, the increasing power of computers enabled software
implementation of mathematical image-processing techniques. They have
become more and more complicated with more powerful computers. Apart
from classical high-pass filters with relatively small kernels of 3×3 or 5×5
pixels, which brought about significant noise enhancement, other methods
of digital image processing were proposed, e.g. the MaD Max II method
introduced by Olga Koutchmy and her colleagues [cKKN88].

In late 1990s, the increasing power of computers made possible the
use of larger kernels for filters and went together with the development
of image processing software for common users. In 2000 Fred Espenak
described a powerful technique for visualization of coronal structures in
digitized images which uses a common image-processing software – Adobe
Photoshop [cEsp00]. This technique (described in the full version of the
doctoral thesis in Section 5.1) and its variations have been commonly used
since that time.

The method proposed and implemented by myself and by my father
Miloslav Druckmüller [bDru03, aDru05, cDRM06] in the Corona software
gives results that are closer to human vision during the total solar eclipse
(TSE), because they use multiple two-dimensional direction-invariant ker-
nels with different sizes. This method, which is later referred to as the
Adaptive Circular High-pass Filter (ACHF) is described in Section 5.2 in
the doctoral thesis.

The Normalizing-radial-graded-filter (NRGF) was published by Huw
Morgan and his colleagues in 2006 [cMHW06]. It is completely automated,
therefore it has been used as a standard tool for processing images from
coronagraphs.

During my Ph.D. study I proposed and implemented the Fourier norma-
lizing-radial-graded filter (FNRGF), which was first published in [aDMH11]
and is the core of my doctoral thesis. It is inspired by the NRGF. The
FNRGF is described in Chapter 3.
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3 Fourier normalizing-
radial-graded filter

This chapter contains the main contribution of the doctoral thesis - the
newly developed Fourier normalizing-radial-graded filter (FNRGF). The
filter is inspired by the Normalizing-radial-graded filter.

3.1 Normalizing-radial-graded filter
The normalizing-radial-graded filter [cMHW06] solves the problem of the
steep radial gradient of image brightness and structure contrast by seg-
menting the corona into narrow circular regions centered on the center of
the Sun, and by calculating an average and standard deviation of brightness
for each region. Each pixel is processed according to its height (distance
from the photosphere) within the image by subtracting the average (thus
removing the steep radial gradient) and dividing by the standard deviation
(thus removing the radially decreasing brightness contrast) of values of all
pixels in the region.

In this chapter, we will assume that we have an image showing the solar
corona off the edge of the solar disk with linear dependence of pixel value
on coronal brightness which is a result of the sequence of steps starting
from image acquisition including image calibration, registration and com-
position in one high-dynamic-range image. This image will be called the
original image f and will be indexed both in Cartesian coordinates [x, y]
and heliocentric polar coordinates [r, ϕ].

The resulting image g is computed as (using the notation from [cLiM83])

g(r, ϕ) =
f(r, ϕ)− f(ρ, ϕ)|ρ=r

S(f(ρ, ϕ)|ρ=r)
=

f(r, ϕ)− E(r)√
1

Nr−1
∑

ρ=r(f(ρ, ϕ)− E(r))2
, (3.1)

with E(r) =
1

Nr

∑
ρ=r

f(ρ, ϕ),

where Nr denotes the number of pixels in the image that have the rounded
distance from the center of the Sun in the image equal to r. Formula (3.1)
is applied only to circles in the image that lie completely in the corona. An
example of an image processed with the NRGF is in Figure 3.8 on page 24.
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3.2 The principle of the filter
The NRGF approach applies the same transformation to all pixels in each
circle. Therefore, it cannot compensate for a different contrast of struc-
tures at the same height. However, there might be both sections with
relatively low contrast and fine structures and relatively high contrast and
prominent structures on one circle. This is typical for the solar corona in
the minimum of the solar cycle, where the polar regions are quiet (darker
and with lower contrast) and the active regions with higher brightness and
contrast are in a belt of latitudes around the equator (most images of the
corona here are from the minimum to the rising phase of solar activity in
years 2006 to 2010). The NRGF does not visualize these fine structures,
because their contrast is too low compared to the rest of the circle. The
aim of the FNRGF, which was proposed as part of my Ph.D. study, is to
eliminate this drawback, i.e. to propose a filter which is inspired by the
NRGF (normalizing by subtracting the average and dividing by the stan-
dard deviation) but offering higher adaptivity. The proposed filter with
its principle, with all parameters involved, and the results are described in
this chapter. The FNRGF was implemented in the FNRGF software (see
Section 3.4).

The idea of the filter is as follows: instead of subtracting one number
from all values of pixels on one circle and then dividing all of them by
the same number, these numbers are computed adaptively, being differ-
ent for different position angles on one circle. The basic principle of the
filter is described in Section 3.2.1. The filter uses trigonometric polyno-
mials to estimate the local averages and local standard deviations of pixel
values. However, it turned out that the trigonometric polynomials had to
be modified – attenuated with increasing order of the Fourier coefficients.
The attenuation coefficients used for this purpose, their function and their
settings are treated in Section 3.2.2. The noise contained in the processed
images has an impact on the filter, which can be compensated for as is
discussed in Section 3.2.3.

3.2.1 The basic idea of the filter
The steps of the computation of the filter are enumerated below, the same
numbering is kept for expressing the process in formulae, as described below
in this section.

(1) Which pixels are processed? Only pixels on Sun-centered circles
that lie completely in the corona are processed (not partially obscured
by the Moon, not partially out of the image). Let us denote this set
of pixels by M�.
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(2) Angular and radial segments. The content ofM� is split into one-
pixel thick Sun-centered circles and those in tens of non-overlapping
angular segments (ns is the number of segments). Different segments
contain generally a different number of pixels, because the number of
pixels in each segment increases with height r and also the circles are
discrete, which means that pixels are not spread evenly in segments
on one circle. Figure 3.1a is an illustration of an image being split
into segments.

(3) Averages, standard deviations, Fourier approximations. Two
quantities are calculated in each segment – the average pixel value
and the standard deviation of pixel values. Thus we obtain two func-
tions of two discrete variables, each of them a function of height r
and segment index s. These functions are then approximated with a
trigonometric polynomial of order ω. Approximation by the trigono-
metric polynomial was selected due to its 2π-periodicity. Figure 3.1b
gives an idea of this approximation (the attenuation coefficients men-
tioned there will be described below).

(a)
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Figure 3.1: Illustration of the computation of the FNRGF. Figure (a) shows an image
being split in circles and angular segments. The figure is simplified in the sense that in
practice the annuli are only one pixel wide and there are more angular segments. Figure
(b) documents the computation. The black line represents original image values, the red
bars represent the averages in each of the 50 segments, and the blue line is a Fourier
approximation of these averages with a trigonometric polynomial of order ω = 10 with
attenuation coefficients set to A0 = 1, A1 = 0.9, A2 = 0.8, . . . , A10 = 0. The attenuation
coefficients are discussed in Section 3.2.2. Figure prepared for [aDMH11].
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(4) Normalization. Now, the concept of the NRGF is used and further
developed. Each pixel in the image is processed by subtracting the
Fourier approximation of the average and dividing by the Fourier
approximation of the standard deviation, at the particular height r
and position angle ϕ of that pixel.

(5) Combination with the original image. Finally, the image filtered
with the algorithm described above is combined with the original im-
age to keep some information (feeling) about the absolute brightness
of the corona in the image. Pixels that lie out of M� are not pro-
cessed, they are left black in the resulting image.

The steps above are described more precisely and in steps and in the
formulae that follow.

(1) The set M� is the set of all pixels [r, ϕ] in the image with ro ≤ r ≤
rc, where ro is the radius in pixels of the smallest circle that lies
completely in the corona and rc = min{ox, oy, w− 1− ox, h− 1− oy}
is the radius of the largest circle that has its center in the center of
the Sun in the image and lies completely in the image. (O = [ox, oy]
is the center of the Sun in the image, w is the image width, h the
image height.)

(2) The content of M� is split into segments. s = 0, 1, . . . , ns − 1 are in-
dices of the segments, which are evenly spread on each circle, there-

fore pixels with ϕ ∈
〈
2π
ns
s, 2πns (s+ 1)

)
belong to the sth segment.

The number of segments ns much be at least as high as the number
of Fourier coefficients involved in the filter, which is 2ω + 1. Fur-
thermore, the number of segments must be several times lower (it is
advised to be ten times) than the circumference of the smallest circle
in the image that lies completely in the corona (2πro) so that the
standard deviations of pixel values in the segments are trustworthy
numbers. In the radial direction, the segments are indexed with their
height r in pixels.

(3) In this step, the average values and the standard deviations of pixel
values in each segment are computed. Let us denote the average of
values in segment s at height r by Es(r). With the notation inspired
by [cLiM83], it can be written as

Es(r) = f(ρ, ϕ)|ρ=r,ϕ∈〈 2πns s, 2πns (s+1)) =
1

Nr,s

∑
ρ=r

ϕ∈〈 2πns s, 2πns (s+1))

f(ρ, ϕ),
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where Nr,s is the number of pixels in the image whose rounded dis-
tance from the center of the Sun is equal to r and which belong to
the sth segment, the initial version of the filter could be described
by the following formulae:

ar,0 =
2

ns

ns−1∑
s=0

Es(r) (3.2)

ar,k =
2

ns

ns−1∑
s=0

Es(r) cos
2πk(s+ 1

2)

ns
, k = 1, 2, . . . , ω (3.3)

br,k =
2

ns

ns−1∑
s=0

Es(r) sin
2πk(s+ 1

2)

ns
, k = 1, 2, . . . , ω (3.4)

Coefficients ar,0, ar,1, . . . , ar,ω, br,1, . . . , br,ω are coefficients of the tri-
gonometric polynomial of the function given by values of the average
pixel value in each segment at each height r. Integrals which would
be necessary for the analytical computation of these coefficients are
computed numerically by means of the rectangular rule. Coefficients
cr,0, cr,1, . . . , cr,ω, dr,1, . . . , dr,ω for the standard deviation are computed
in analogy with those for the averages [cLiM83].

S2
s(r) = S2

(
f(ρ, ϕ)|ρ=r,ϕ∈〈 2πns s, 2πns (s+1))

)
=

=
1

Nr,s − 1

∑
ρ=r

ϕ∈〈 2πns s, 2πns (s+1))

(f(ρ, ϕ)− Es(r))
2 (3.5)

cr,0 =
2

ns

ns−1∑
s=0

√
S2
s(r) (3.6)

cr,k =
2

ns

ns−1∑
s=0

√
S2
s(r) cos

2πk(s+ 1
2)

ns
, k = 1, 2, . . . , ω (3.7)

dr,k =
2

ns

ns−1∑
s=0

√
S2
s(r) sin

2πk(s+ 1
2)

ns
, k = 1, 2, . . . , ω. (3.8)

The Fourier approximations of the mean and the standard deviation
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in each pixel are computed as

Ff(r, ϕ) =
ar,0
2

+
ω∑
k=1

(ar,k cos kϕ+ br,k sin kϕ) (3.9)

FS(f)(r, ϕ) =
cr,0
2

+
ω∑
k=1

(cr,k cos kϕ+ dr,k sin kϕ). (3.10)

Note that the sines and cosines in the formulae for ar,0, ar,k, br,k, cr,0,
cr,k, dr,k (Equations (3.2)–(3.4) and (3.6)–(3.8)) and the sines and
cosines in the Fourier approximations (Equations (3.9) and (3.10))
have different arguments. This is correct, because the former refer
to values in ns segments, the values are known only in tens of evenly
spread points, whereas the latter refer to angles in the interval 〈0, 2π).

(4) The filtered image g is computed as

g(r, ϕ) =

{
f(r,ϕ)−Ff (r,ϕ)
FS(f)(r,ϕ)

if [r, ϕ] ∈M�
0 else.

The formula involves division, but there is no need to treat division
by zero. Standard deviations of pixel values in a real image (with
noise) are always strictly positive and their Fourier approximations
as well (the Fourier approximation cannot be lower than the lowest
value in the sequence). Note that setting the number of angular
segments ns = 1 (which means that ω = 0) converts the FNRGF
into the NRGF.

(5) To preserve some information about the absolute brightness of image
f , the filtered image g is then linearly combined with the original
image to create image

h(x, y) =

{
h(x, y) = K1 · f(x, y) +K2 · g(x, y) if [x, y] ∈M�
0 else,

where K1, K2 > 0.

3.2.2 Attenuation coefficients
When the above described filter was implemented, it turned out that a
trigonometric polynomial can approximate the pixel values and the local
contrast of the original image too well. The filtered image contained only
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structures of a particular size (not the most prominent, but also not the
finest as e.g. from the ACHF – depending on the order of the trigonomet-
ric polynomial ω) and then some deviant pixel values caused by stars or
impulse noise, therefore the contrast of the visualized structures was very
low. The necessity to treat information on different spatial frequencies in
a different manner was inevitable.

This is the reason why I introduced the attenuation coefficients – Equa-
tions (3.9) and (3.10) were changed to

Ff(r, ϕ) = A0
a0
2

+
ω∑
k=1

Ak(ar,k cos kϕ+ br,k sin kϕ)

FS(f)(r, ϕ) = C0
c0
2

+
ω∑
k=1

Ck(cr,k cos kϕ+ dr,k sin kϕ),

with attenuation coefficients A0, . . . , Aω, C0, . . . , Cω ∈ 〈0, 1〉. The series of
Ak and the series of Ck should be non-increasing so that the filter treats
information on different spatial frequencies in a monotonous way. There
are 2ω attenuation coefficients in total, involved in the filter.

Correct values of attenuation coefficients
The proper setting of the attenuation coefficients depends on the size of the
image, on its quality (signal : noise ratio) and the distribution of structures
in the image. At present, these parameters have to be set manually, the
FNRGF software only contains a tools for setting more coefficient values
together. Examples of suitable settings of the attenuation coefficients can
be found in Section 3.3.1.

An illustration of an incorrect (too high) setting of the coefficients can
be found in Figure 3.2. If the Aks are set too high (Figure (a)), it causes
artificial brightenings in the low-contrast parts of the image. They are
false glimmers of the higher-order sine and cosine functions. These may not
appear in every image, as they depend on the distribution of the structures
in the image. Another indicator that the Aks are set too high is that we
are losing contrast in the image, especially at lower spatial frequencies.
We are enhancing only the finest details that can be visualized with the
FNRGF with one setting of ω, not the full range of structure sizes. Setting
Ck too high (Figure (c)) may have destructive effects on the image. Some
structures become strongly enhanced and if the coefficients are enhanced
even more, these artifacts will dominate the whole dynamic range of the
image.
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(a) (b) (c) (d)

Figure 3.2: Illustration of proper and improper setting of attenuation coefficients, using
the 2010 total solar eclipse observations of Fe XIV emission ((a), (b)) and Fe X emission
((c), (d)). The attenuation coefficients for the average are too high in Figure (a), but are
close to optimal in (c). Similarly, the parameters for the standard deviation are too high
in Figure (b) and are close to optimal in (d). Figure prepared for [aDMH11]

On the other hand, too low values of the coefficients are not as fatal
as too high values provided they are low for both Ak, Ck. They only do
not make use of the full advantage of the FNRGF, i.e. the structures are
not visualized as much as they could. If the coefficients are around the
optimum, a slight increase of Ak decreases the local contrast, whereas a
slight increase of Ck increases the local contrast (including noise). The
optimal setting of the coefficients seems to have Ak decreasing more slowly
than Ck.

Fourier-analysis explanation for attenuation coefficients
The sense of attenuation coefficients can also be described in terms of the
Fourier analysis. The Fourier coefficients ar,k, br,k, cr,k, dr,k contain informa-
tion on different spatial frequencies. The setting of attenuation coefficients
attenuates information on the corresponding frequencies – they form a low-
pass filter for the unsharp mask, which is used in the high-pass filter. In
fact, the FNRGF cannot be simply expressed as subtracting an unsharp
mask, but we can intuitively use the idea. This can be, in principle, al-
ways done in two ways – by multiplication in the frequency domain and
by convolution in the spatial domain. Here I chose the first option due to
the use of the trigonometric polynomials. Expressing the attenuation by
means of convolution can be a tricky task once it is done in the frequency
domain. Computing the Fourier transform analytically is in general non-
trivial. However, what is necessary is for the filtration to be monotone with
respect to frequencies, i.e. the sequence of attenuation coefficients must be
non-increasing.
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3.2.3 Influence of additive noise

Every image produced from frames acquired with a camera (i.e. not com-
puter graphics) contains additive noise, its amount depends on the tem-
perature, lighting of the scene, on the camera sensor and in the case of
images composed from more images also on the number of images used. If
the image is composed from images with different exposure settings, the
amount of noise in different parts of the image is different. In TSE images
of the solar corona, most of the noise comes from the noise in the eclipse
images, much less from calibration images, because it is possible to take
many calibration images after totality to reduce the noise in the calibration
data.

The noise in the image increases the standard deviation of pixel values
that is computed as part of the FNRGF computation. Each image f
can be written as a sum of an ideal noiseless image i and the noise n,
f(x, y) = i(x, y) + n(x, y). If we consider i and n as two random variables,
the mean of f is Ef = Ei+ En (both for the whole image and locally). If
the noise has normal distribution with zero mean (a standard assumption),
the mean of f equals to the mean of i and we can conclude that the mean
of f is not affected by the noise (in the ideal, asymptotic case).

If we further assume that i and n are independent, the variance of f is
the sum of variances of i and n, Df = Di + Dn. The presence of additive
noise with a constant variance throughout the image causes a constant
increase of the local variance used in the FNRGF. Since the FNRGF divides
by the local standard deviation, the division by a higher number causes
lower enhancement in the whole image. However, removing the effect of
additive noise by subtracting its variance before using the local standard
deviation in the FNRGF (as published in [aDMH11]) is a misleading idea.
If there is a part in the image that contains only noise, this idea of dividing
by the local

√
Di instead of

√
Df leads to infinite amplification in this part

of the image (infinite amplification of noise).

The solution that is implemented in the FNRGF software is inspired
by the method used in the NAFE [cDru13]. The problem is that extreme
amplification in low-contrast areas leads to loss of details in these parts
of the image (because they will be dominated by noise). In extreme cases
the amplified noise has higher contrast than the prominent structures in
the inner corona causing the additive noise to set the range of the image
pixel values and decrease the contrast of these prominent structures in the
filtered image.

The solution is exactly the opposite – adding noise instead of subtract-
ing it. Artificial noise that is independent from the image and the image

17



noise, added to the original image adds a constant to the local variances
throughout the image and decreases the relative contrast of the original
noise. In parts of the image which are dominated by noise, this decreases
the amplification, i.e. decreases the influence of the noise. The noise that
is added has a negligible effect in parts of the image with prominent struc-
tures since the structures lead to high local variances. If the noise is added
in the image, we need a random generator and a new image matrix in the
computer memory to keep both the original image and the image with ar-
tificially added noise. A more efficient solution is to add the variance of
the artificial noise to the local variances only in the computation of the
FNRGF, i.e. Equations (3.6) - (3.8) are changed to

cr,0 =
2

ns

ns−1∑
s=0

√
S2
s(r) + Vn

cr,k =
2

ns

ns−1∑
s=0

√
S2
s(r) + Vn cos

2πk(s+ 1
2)

ns
, k = 1, 2, . . . , ω

dr,k =
2

ns

ns−1∑
s=0

√
S2
s(r) + Vn sin

2πk(s+ 1
2)

ns
, k = 1, 2, . . . , ω,

where Vn is the variance of the artificial noise. Decreasing the relative
contrast of the original noise and its amplification allows a bigger part of the
dynamic range of the filtered image for the contrast of the coronal details
thus allowing higher attenuation coefficients and higher enhancement of
coronal structures.

The FNRGF software allows the user to set
√
Vn – the standard de-

viation of the artificial noise. Experiments with images taken in spectral
lines of Fe ions during the 2010 TSE show that the optimal values of

√
Vn

are about 10 to 15 percent of the standard deviation of the noise originally
contained in the image. This standard deviation is estimated as the median
of standard deviations in all radial and angular segments that are close to
the outer edge of the processed corona. Pixels in the 10 outermost rings
are taken into account. The number of 10 to 15 percent is in accordance
with a test made with the NAFE [cDru13] on SDO AIA data. Figure 3.3
illustrates the effect of Vn on the filtered image. The decreasing amount
of noise in the filtered image with increasing Vn is clearly visible. Other
parameters are identical for all three images.
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(a) (b) (c)

Figure 3.3: Illustration of the effect of artificially added noise in the FNRGF on a section
of the Fe XIV image taken during the 2010 TSE.

√
Vn was set to 0 (a), 7.5 % of the noise

in the original image estimated from 2.618 to 2.68 R� (b), and 15 % of the noise in the
original image (c). The attenuation coefficients Ak were linearly decreasing with a step
of 0.03, Ck with a step of 0.04. The filtered image was mixed with the original image in
the ratio of 7 : 1 after being both of them normalized to 〈0, 1〉.

3.3 Results

3.3.1 Application to total solar eclipse observations

The FNRGF was originally designed for images from spectral line emission
taken during total solar eclipses, which were also its first testing data.
Figure 3.4 is a complete collection of images of emission of heavy ions as
observed by the team of prof. Habbal during the 2010 TSE. The images
were processed with the latest version of the FNRGF software with the
highest possible number of segments ns and the highest possible order of
the trigonometric polynomial ω, for most of the images, ns was set to 100
(101 was the highest possible if we estimate the number of pixels in each of
the segments in the smallest circle in the corona to 10 by setting ns equal
to one tenth of the circumference of this circle). For these images, the
attenuation coefficients Ak were set to (1, 0.97, 0.94, . . . ), the coefficients
Ck were (1, 0.96, 0.92, . . . ). The images were processed up to a height of
2.5 R�. The only two images that were processed up to the height of
only 2 R� are Fe IX and Ni XV (Figures (a) and (f)), which also had a
lower number of segments (50) and their trigonometric polynomials were
attenuated more (Aks set to (1, 0.95, 0.90, . . . ), Cks to (1, 0.94, 0.88, . . . )).
These images have lower signal to noise ratio, the Ni XV line is relatively
weak. In the case of Fe XIII it is caused by the low quantum efficiency
of the camera at this wavelength, only approximately 1.5 percent. That is
why the structures in these images cannot be enhanced as much as in the
other images.

At present, these are the best images showing the fine structure of
the corona in emission from coronal forbidden lines from heavy ions. The
high quality of the data, the high adaptivity of the FNRGF due to higher
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(a) (b)

(c) (d)

(e) (f)

Figure 3.4: A complete set of images of radiation from heavy ions observed during the 2010
TSE [aHDM11] and processed with the FNRGF. (a) Fe IX 435.9 nm, (b) Fe X 637.4 nm,
(c) Fe XI 789.2 nm, (d) Fe XIII 1074.7 nm, (e) Fe XIV 530.3 nm, (f) Ni XV 670.2 nm. All
images are shown as negatives. To compare the results with processing with the NRGF
and ACHF see [aHDM11].
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order terms and the separate processing of each circle enables the filter to
compensate for the enormous brightness gradient and visualize structures
further from the Sun.

For application of the FNRGF to a white-light image from a total solar
eclipse see page 26 – Comparison with the ACHF in Section 3.3.3.

3.3.2 Application to space-based observations
The FNRGF is of course not limited to eclipse images. I show here how
the application of this tool significantly improves the depiction of coronal
structures in coronagraph and extreme ultraviolet (EUV) images.

Figure 3.5 shows the application of the FNRGF to an EUV observation
from the EUV Imaging Telescope (EIT) aboard the Solar and Heliospheric
Observatory (SOHO), which observes the chromosphere and low corona
in collisionally excited emission lines of highly ionized iron. The 195 Å
bandpass is dominated by Fe XII at a formation temperature of around
1.5 MK, and in Figure 3.5 I present an image taken in this bandpass about
five minutes after the eclipse observations of the team of prof. Habbal dur-
ing the 2010 TSE. The outer part of the image was processed by means
of FNRGF to enhance details in the solar corona. Before applying the
filter, impulse noise (for example, faulty pixels, or hits of the sensor by
high-energy particles) was filtered out from the original image by means
of a one-pass median filter. The image reveals fine-scale structures in the
innermost corona, as well as their connections to structures on the solar
disk, which were completely invisible in the original image.

Figure 3.6 shows the application of the FNRGF to an observation by the
Large Angle and Spectrometric Coronagraph (LASCO) C2 coronagraph
near to the time of the eclipse observations of the team of prof. Habbal
during the 2010 TSE. A significant amount of impulse noise was filtered
from the image by means of a one-pass median filter before application of
the FNRGF and still some impulse noise is visible in the images. Since the
FNRGF subtracts the local average of brightness, it enhances structures in
the darker polar regions, thus revealing polar plumes at all heights within
the field of view. These would otherwise remain invisible - even with the
NRGF processing, which basically enhances the structures with the highest
contrast at a given height. Other interesting structural details are revealed
in the equatorial streamer region.

Among successful application of the FNRGF is the visualization of the
comet C/2011 W3 (Lovejoy) in 171 Å images acquired by the Atmospheric
Imaging Assembly aboard the Solar Dynamic Observatory (SDO AIA)
shortly after the comet reached perihelion (Figure 3.7). None of the pre-
viously used filters were able to visualize the comet and the surrounding
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(a) (b)

Figure 3.5: (a) A SOHO EIT (Extreme Eltraviolet Imaging Telescope aboard the Solar
and Heliospheric Observatory) 195 Å observation taken near to the time of the total solar
eclipse observation by the IfA UH team on July 11, 2010. The off-limb field of view is
cropped to 1.3 R�. (b) The same image with off-limb regions processed by the FNRGF
to enhance structural details. The solar disk is taken from the original image. Figure
prepared for [aDMH11], in negative.

corona in a similar way to show the tail of the comet enhancing emission
along the magnetic field lines intercepted by the passage of the comet.
The high adaptivity of a high-order FNRGF allowed the fine details to be
visualized. These results are being prepared for publication.

3.3.3 Comparison with other methods

Comparison with the NRGF

The predecessor of the FNRGF, the NRGF was described in Section 3.1.
Compared to the NRGF, the FNRGF gives much more detailed images,
visualizes finer structures. On the other hand, it is computationally slower
and requires user setting of parameters. The NRGF is automatic and fast.

The FNRGF software enables the user to process images with the
NRGF, even though it is an overkill. It requires setting ns = 1, ω =
1, A0 = C0 = 1, A1 = C1 = 0. The mathematically logical solution would
be ω = 0, but the FNRGF software is designed in a way that it needs the
trigonometric polynomial of at least order 1 (there is a for cycle for k from
1 to ω).

Figure 3.8 compares the application of the NRGF and the FNRGF to
the Fe XIV 530.3 nm observation of the team of prof. Habbal of the Institute
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(a) (b)

Figure 3.6: a) A LASCO/C2 white light brightness observation taken near to the time of
the total solar eclipse on July 11, 2010. The inner limit of the field of view is ∼2.2 R�,
as dictated by the occulting disk. The outer field of view extends to ∼6 R� at the center
of the image edges. (b) The same image processed by the FNRGF to enhance structural
details. Regions outside the annulus which were processed are set to white (black in the
processed image). Figure prepared for [aDMH11], in negative.

(a) 00:43:36 UTC (b) 00:45:12 UTC (c) 00:47:48 UTC

Figure 3.7: A series of images of comet C/2011 W3 (Lovejoy) shortly after it reached
perihelion on 2011-12-16 in 171 Å images as observed by the SDO AIA. The whole images
were processed with the FNRGF, but only small sections are shown here as negatives.
The original images were downloaded from [dVso13], in negative.

for Astronomy, University of Hawaii during the 2010 TSE. Figure (a) shows
the application of the NRGF, Figure (b) the FNRGF.

Comparison with the ACHF

The Adaptive circular high-pass filter (ACHF) is given in the full version of
the thesis and in articles [bDru03, aDru05, cDRM06]. It has a completely
different principle from the FNRGF as it is based on adaptive convolution
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(a) (b)

Figure 3.8: The same original image processed by NRGF (a) and FNRGF (b). The
original image is an image of Fe XIV emission as observed by the team of prof. Habbal
during the 2010 TSE. Figure (a) prepared for [aDMH11], in negative.

with several kernels. What can be compared based on the principle of the
filters is the size of the enhanced structures. Both filters have a techniqu to
control the size of the enhanced structures. In the ACHF, it is the param-
eters of the Gaussian functions used for the kernels, in the FNRGF, it is
the order of the trigonometric polynomial and the attenuation coefficients.
An important advantage of the ACHF compared to the FNRGF is that it
can process the whole image, the FNRGF can only process pixels in M�
(defined in step (1) on page 12).

A comparison of an image processed with the ACHF and the FNRGF
is given in Figure 3.9. Even with the highest possible setting of the order of
the trigonometric polynomial, the FNRGF cannot enhance as fine details
as the ACHF. The advantage of the FNRGF compared to the ACHF is
visualization of details in the corona at higher heights. As the FNRGF
processes each circle separately, it is more successful in compensating for
the high brightness gradient in the image.

A complete set of observations in lines of heavy ions of the team of
prof. Habbal from the 2010 TSE processed with the ACHF can be found
in [aHDM11] – compare with Figure 3.4.

Even though the FNRGF was designed for images with relatively low
signal to noise ratio, it can also be used for white-light images. The com-
putation shown in Figure 3.10 takes only several seconds on current com-
puters with the latest implementation of the FNRGF even though the
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(a) (b)

Figure 3.9: The same original image processed by ACHF (a) and FNRGF (b). The
original image is an image of Fe XIV emission as observed by the team of prof. Habbal
during the 2010 TSE. Figure (a) prepared for [aHDM11], in negative.

radius of the largest processed circle was about 900 pixels. This is at least
an order of magnitude faster that enhancement of large-scale structures
with the ACHF. However, the FNRGF can never enhance as fine details
as the ACHF. It is an option to use the FNRGF for enhancement of the
large-scale structures and the ACHF for fine details and then compose the
results. The advantage of the FNRGF is higher contrast of the enhanced
structures further from the Sun.

3.4 Software implementation
The FNRGF was first implemented in fall 2010 in the FNRGF software in
Borland Delphi and later also by Huw Morgan in IDL (a standard scientific
programing language used in astronomy, see http://www.exelisvis.com/
ProductsServices/IDL.aspx for details) as part of the Solar Software
CORIMP package. This has been completely recoded since spring 2013.
The new version is much faster, which allows testing with various parameter
settings. This has led to further improvements to the software and to the
filter. More detailed images showing fainter and smaller structures can be
enhanced.

The application can be run in Microsoft Windows operating systems
and in Windows emulators (such as Wine for Linux).

A detailed description of the software implementation of the FNRGF
– the FNRGF software – can be found in the full version of the doctoral
thesis.
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(a)

(b)

Figure 3.10: A white-light image of the inner corona as observed during the 2010 TSE by
the team of prof. Habbal processed with the FNRGF (a) with 150 angular segments and
attenuation coefficients Ak set to (1, 0.99, 0.98, . . . ), Ck to (1, 0.98, 0.96, . . . ) and with the
ACHF (b), both images are shown in negative. Image (b) downloaded from [dDru10].
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4 Conclusion

The short version of the doctoral thesis Application of Adaptive Filters in
Processing of Solar Corona Images gives an introduction to solar corona
imaging. The aim of the thesis was proposing, implementing and test-
ing new filters suitable for images which contain more noise than regular
white-light compositions of total solar eclipse images, i.e. images from coro-
nagraphs, from cosmic probes in both visible and shorter-wavelength part
of the spectrum and images taken during total solar eclipses in specific
spectral lines.

The filter described above was proposed, implemented, and tested on
various types of data. Many processed images can be found in the the-
sis. It is the Fourier-normalizing-radial-graded filter (FNRGF), which is
based on the nowadays commonly used Normalizing-radial-graded filter
and has much higher adaptivity than this filter. The filter was published
in [aDMH11] and after being fully recoded, the implementation was much
faster; it enabled testing of various parameters and improvement of the
filter to enhance even finer details than the original filter. The filter is a
numerical method for enhancing coronal structures in images both from
total solar eclipses and space-borne observations that is based on approx-
imating the local brightness and contrast with attenuated trigonometric
polynomials. The filter enables visualization of faint coronal structures in
images with relatively low signal to noise ratio while compensating for both
the steep decrease of brightness and contrast in the corona in the radial
direction and also for the local changes of these quantities in the azimuthal
direction. The processed images of emission from heavy ions during the
2010 total solar eclipse are nowadays the most detailed images showing the
inner corona in spectral lines with a dominant radiative component in the
visible wavelength range.

The doctoral thesis fulfills most of the goals set in the treatise.
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Abstrakt
Fotografováńı slunečńı koróny patř́ı mezi nejobt́ıžněǰśı úlohy astrofotografie
a zároveň je jednou z kĺıčových metod pro studium koróny. Tato práce
přináš́ı ucelený souhrn metod pro jej́ı pozorováńı pomoćı sńımk̊u. Práce
obsahuje nutnou matematickou teorii, postup pro zpracováńı sńımk̊u a
souhrn adaptivńıch filtr̊u pro vizualizaci koronálńıch struktur v digitálńıch
obrazech. Dále přináš́ı návrh nových metod určených předevš́ım pro obrazy
s vyšš́ım obsahem šumu, než je běžné u obraz̊u b́ılé koróny poř́ızených
během úplných zatměńı Slunce, např. pro obrazy poř́ızené pomoćı úzko-
pásmových filtr̊u. Fourier normalizing-radial-graded filter, který byl navržen
v rámci této práce, je založen na aproximaci hodnot pixel̊u a jejich vari-
ability pomoćı trigonometrických polynomů s využit́ım daľśıch vlastnost́ı
obrazu.

Abstract
Solar corona photography counts among the most complicated tasks in as-
trophotography. It also plays a key role for research of the solar corona.
This thesis brings a complete overview of methods for imaging the solar
corona. It contains the necessary mathematical background, the sequence
of steps for image processing, an overview of adaptive filters used for visual-
ization of corona structures in digital images, and new proposed methods.
It is especially suited for images which contain more noise than it is typical
for images of the white corona taken during total solar eclipses, e.g. im-
ages taken with narrow-band filters. The Fourier normalizing-radial-graded
filter method that I proposed during my PhD study is based on approxi-
mation of pixel values and their variability with trigonometric polynomials
using other properties of the image.
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