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Abstract

Coronal mass ejections (CMEs) are the most powerful eruptive events in the solar
system. These massive magnetized plasma structures, which arise from instabilities
in the solar magnetic field, are expelled from the Sun to interplanetary space with
speeds in the range of some 100 km s−1 up to > 3000 km s−1. Their ability to
trigger strong geomagnetic storms underscores their importance as main sources of
disturbances in space weather.

Coronal dimmings are the most distinct phenomena related to CMEs. They
manifest as regions of reduced extreme ultraviolet (EUV) or soft X-ray (SXR) emis-
sion and occur during the early eruptive phase of a CME, indicating a decrease
in density due to mass loss or rapid coronal expansion. Historically, coronal dim-
mings have been recognized as indicators for Earth-directed CMEs. However, their
enormous diagnostic potential has yet to be adequately explored.

We develop a comprehensive methodology for dimming analysis, from the first
steps of data preprocessing to advanced methods that relate dimming evolution to
the properties of CMEs. We apply these methods to highlight the potential of using
dimmings observations to improve the estimations of the mass, speed, trajectory of
CMEs, as well as to track the recovery of the solar corona after eruption.

We study coronal dimmings that were observed above the limb by STEREO/EUVI
and compared their properties with the mass and speed of the associated CMEs.
The unique position of satellites allowed us to compare our findings with the results
from Dissauer et al. [2018b, 2019], who studied the same events observed against
the solar disk by SDO/AIA. Such statistics is done for the first time and confirms
the relation of coronal dimmings and CME parameters for the off-limb viewpoint.

Coronal dimmings remain evident throughout the entire lifecycle of a CME,
providing insights into the post-eruption recovery of the corona and the permanent
connection of magnetic structures to the Sun. We propose two advanced methods for
detailed analysis of the dimming recovery time, allowing tracking both the recovery
time of the total dimming region and differentiation between core and secondary
components. We demonstrated that dimmings in general recover within 1 day,
showing 2-step trends. Some parts of the dimming regions (probably, core dimmings)
do not recover within 3 days, whereas the outer regions (secondary dimmings) show
a full recovery.

As markers of CMEs in the lower corona, coronal dimmings not only indicate
the onset of eruptions but also provide insights on their initial trajectory. We have
introduced a method to determine the dominant direction of dimming based on its
area evolution. For the event under study, 28 October 2021, the dominant propaga-
tion of the dimming growth reflects the direction of the erupting magnetic structure
(filament) low in the solar atmosphere. At the same time, the overall dimming mor-
phology closely resembles the inner part of the CME reconstruction, validating the
use of dimming observations to obtain insight into the CME direction.

In summary, coronal dimmings provide valuable insights into the dynamics and
the early evolution of CMEs. Solar observations with EUV imagers promise to
refine the characterization of CMEs directed toward Earth, a critical component in
improving space weather forecasting.
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Introduction

Overview

Earth-directed CMEs are one of the main drivers of space weather effects, which

can trigger a range of effects in geospace, including power network knockouts, dis-

turbances of the radio signal, and various anomalies in the functionality of satellites

[e.g., reviews by Pulkkinen, 2007, Koskinen et al., 2017, Temmer, 2021]. However,

Earth-directed CMEs are the most difficult to measure through observations from

instruments along the Sun-Earth line, due to strong projection effects [Burkepile

et al., 2004, Gopalswamy et al., 2000]. In addition, their initiation and early accel-

eration are also difficult to observe as these regions are blocked by the coronagraph’s

occulter disk. The analysis of CME manifestations in the low corona is therefore

important for our understanding of the initiation mechanism and the early evolution

of CMEs.

Coronal dimmings are transient regions of strongly reduced emission in soft X-

rays (SXR) [Hudson et al., 1996, Sterling and Hudson, 1997] and extreme-ultraviolet

(EUV) [Thompson et al., 1998, Zarro et al., 1999a] wavelengths that occur in asso-

ciation with CMEs. In general, they are interpreted as density depletion caused by

mass loss during the CME eruption [Webb et al., 2000]. During the history of their

observations, coronal dimmings were widely acknowledged as reliable indicators of

front-side CMEs [Thompson et al., 2000], as they appear on the visible part of the

solar disk. More detailed monitoring [Mandrini et al., 2007, Wills-Davey and Attrill,

2009, Temmer et al., 2011, Dissauer et al., 2018b] and simulations [Downs et al.,

2012, Prasad et al., 2020] show that the locations of the so-called “core” dimmings

map the footpoints of the erupting structure, while the spatial growth of the more

15



Overview Overview

wide-spread secondary dimmings indicates the expansion of the overlying magnetic

field of the CME expansion in the low corona.

Existing research has already established correlations between various aspects

of coronal dimmings (such as intensity, area, and magnetic flux) and key charac-

teristics of the accompanying CMEs, including their mass and speed [Harrison and

Lyons, 2000, Harrison et al., 2003, Zhukov and Auchère, 2004, Mason et al., 2016,

Krista and Reinard, 2017, Dissauer et al., 2019]. However, despite these established

connections, the absence of a unified theoretical structure underscores the need to

incorporate additional data and conduct further research to achieve a comprehensive

understanding of the intricate relationships between these phenomena.

Therefore, the primary objective of our project is to develop further and refine

our understanding of the connections between CMEs and coronal dimmings and to

develop a framework for the coronal dimming analysis using multi-viewpoint obser-

vations of the solar corona.

This dissertation addresses the following research question:

How can we use coronal dimmings to estimate properties of the coronal

mass ejections (CMEs)?

• Relation to CME mass and speed (q1): How can we use dimmings to

estimate the mass and speed of CMEs?

• Dimming lifetime (q2): How and when does the solar corona recover after

a CME eruption?

• Relation to CME direction (q3): How is the evolution and morphology

of dimmings connected to the early propagation direction of CMEs?

In this study, we use data from cutting-edge solar missions, including SDO,

STEREO, Solar Orbiter, to investigate coronal dimmings and their associated CMEs

from different perspectives. A particular focus is made on analyzing off-limb dim-

mings observed by STEREO satellites—an aspect important for forthcoming L5

missions and early space weather predictions. Based on regression analysis, we con-
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firm the relation of coronal dimmings and CME parameters for the off-limb view-

point, for certain parameters obtaining even higher correlation coefficients than were

reported before for dimmings observed on-disk.

Furthermore, we introduce effective methods for studying dimming lifetimes.

Our approach considers the evolution of both total dimming regions and their indi-

vidual components, enabling the independent tracking of core and secondary dim-

mings evolution. The outcomes provide valuable insights into the processes of coro-

nal recovery after a CME eruption, helping to study how long CMEs are connected

to the Sun.

Multi-viewpoint observations of the events also allowed us for the first time

to relate the morphology of dimmings to the 3D reconstruction of CME/filament

directions. Additionally, we pioneer methods proposing the use of dimmings as an

early indicators of the initial CME direction.

These novel contributions advance our understanding of coronal dimmings and

their relation to CMEs. Furthermore, they carry substantial implications for the

field of space weather forecasting and modeling.

Thesis Outline

Chapter 1 is a comprehensive examination of the Sun, addressing its characteristic

features and structural composition. In addition, this section serves as a starting

point for the discussion of Space Weather research and highlights present-day open

questions in solar physics. We also spotlight the ongoing missions specifically de-

signed to investigate these questions.

Chapter 2 introduces the Coronal Mass Ejections (CMEs), one of the most

energetic and disruptive phenomena on the Sun. We will take an in-depth look

at the key parameters of CMEs that are critical for their accurate predictions and

explore the subtleties that make such predictions a complex endeavor.

Chapter 3 provides an overview of coronal dimming phenomena, including their

nature, formation processes, the historical evolution of observations, and the various

detection algorithms used for their analysis. It also highlights the importance of
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coronal dimmings for understanding and characterizing the associated coronal mass

ejections, which provides a foundation for the subsequent chapters of this thesis.

In Chapter 4, we establish a comprehensive framework for coronal dimming

analysis dimmings data acquisition, calibration, preprocessing, and implementation

of our dimming detection algorithm. We emphasize the versatility of this method-

ology, which considers both on-disk and off-limb data sources and ensures the relia-

bility and consistency of our analyses. The chapter serves as an essential reference

point for further research on coronal dimmings and a detailed roadmap for handling

and processing the data. We illustrate the application of these basic techniques with

practical examples and show how effective they are in identifying and characterizing

coronal dimmings. This methodology forms the basis for the in-depth investigations

and findings presented in the following chapters.

Chapter 5 addresses research question q1 and aims to statistically correlate the

properties of dimmings detected on the solar limb with key CME attributes such as

mass and speed. This chapter embarks on a detailed statistical analysis of dimming

events associated with CMEs directed toward Earth. By focusing on the coronal

dimming events observed by STEREO /EUVI above the limb, we compare their

properties and the mass and velocity of the associated CMEs and match our results

with those of Dissauer et al. [2018b, 2019], who investigated the same events on the

solar disk from the viewpoint of SDO/AIA. The content of this chapter is based on

publication in the Astrophysical Journal [Chikunova et al., 2020].

Chapter 6 delves into the study of dimming recovery time (q2). We track four

coronal dimming events and introduce two new methods to investigate the recovery

process and discuss the possible limitations. The study aims to investigate how long

we can reliably track coronal dimmings using single-point observations (both for on-

disk and off-limb). We present our results in the collaborative study in Astronomy

& Astrophysics [Ronca et al., under review].

In Chapter 7 we examine the intricate relationship between the evolution of the

dimming region, the direction of the filament eruption, and the CME propagation for

the X1.0 flare/CME event of October 28, 2021. To establish relationships between

the coronal dimming, eruptive filament, and CME, we present a method for deriving
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the dominant direction of dimming, 3D reconstructions of the low-lying eruptive

filament, and a developed CME at heights of 6 solar radii. This approach allowed

the first investigation of the relationship between the direction of dimming, the

trajectory of the filament eruption, and the motion of the CME (q3). The results

are presented in Astronomy & Astrophysics [Chikunova et al., 2023].

In answering the various research questions, we consistently interweave the study

of dimmings with other signatures of CMEs. This integrated approach ensures

that as we explore specific aspects of CMEs in each project, we simultaneously

expand our understanding of how dimmings relate to and are influenced by other

eruptive signatures of a CME. This symbiotic exploration provides a comprehensive

perspective on the multi-faceted nature of solar events.

Finally, in Chapter 8, we provide a general discussion of the findings, and

highlight the potential implications and future directions.
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"I’ll stare directly at the Sun, but

never in the mirror"

Taylor Swift, 2022

Chapter 1

Basics of Heliophysics

The Sun, an irreplaceable source of life-sustaining energy for our planet, also holds

the potential for unprecedented violence and disruption. As inhabitants of the Earth,

understanding the intricate workings of the Sun and its processes is not only a

scientific goal but a critical undertaking to protect our technological infrastructure

and our way of life. By unraveling the questions of solar activity, identifying its risks,

and attempting to predict its behavior, we embark on a mission of great importance.

To understand the nuances of Space Weather, we must begin with a compre-

hensive understanding of Heliophysics — a discipline that is the cornerstone of our

quest.

1.1 An Overview of the Sun

1.1.1 Sun as a star

The Sun, a star of spectral type G2V, is at the center of the solar system and

triggers local space weather phenomena. Its gravitational dominance comprises

99.86% of the Solar System’s mass and controls the motions of celestial bodies such

as planets, asteroids, and comets. The fusion of hydrogen and helium powers the

Sun. Each second, the Sun fuses approximately 600 million tons of hydrogen to

helium, converting about 4 million tons of matter to energy.

According to Burgess et al. [1995], the elemental composition of the Sun is 74%
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hydrogen, 24% helium, and trace amounts of oxygen (0.77%), carbon (0.29%), iron

(0.16%), neon (0.12%), nitrogen (0.09%), silicon (0.07%), magnesium (0.05%) and

sulfur (0.04%). Positioned at about 25,000 light years from the galactic center, the

Sun follows an orbit of 220 km s−1 around the core of the Milky Way.

The main characteristics of the Sun:

Solar Parameter Value

Radius 696000 km
Mass 1.989 · 1030 kg
Luminosity 3.86 · 1026 W
Solar age 4.57 · 109 yr
At the surface of the Sun
Blackbody temperature 5770 K
Gravitational acceleration 274 m s−2

Density 2.07 · 10−7 g cm−3

Composition 70% H, 28% He, 2% (C, N, O, ...)
Escape velocity 618 km s−1

At the center of the Sun (modeled)
Central temperature 15.6 · 106 K
Central density 150 g cm−3

Central pressure 2.477 · 1011 bar

Table 1.1: Relevant Solar parameters.

Apart from its astrophysical properties, the central role of the Sun in sustain-

ing life and creating space weather effects underlines its exceptional status from a

human perspective. Understanding the properties and behavior of solar-type stars,

especially our own Sun, provides astronomers with valuable insights into the broader

universe. By studying our nearest star, we gain insights into the fundamental pro-

cesses that govern stellar life cycles, energy production, and the potential habitability

of planets, allowing us to appreciate our place in the universe better.

1.1.2 Solar interior

The interior of the Sun consists of the core, the radiation zone, the convection zone,

and a transition layer known as the tachocline [Vita-Finzi, 2008].
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At the heart of the Sun lies the core, a region about 200 000 km wide [Moldwin,

2008], where the superior process of nuclear fusion generates the star’s primary

energy production. In this zone, hydrogen nuclei fuse to form helium, releasing

immense energy.

The radiation zone extends from about 0.3 to 0.7 R⊙ and serves as a channel

for transferring the energy produced in the core. Electromagnetic photons play a

dominant role in the transfer of this energy through radiative processes. Remarkably,

the radiation zone exhibits a unique behaviour: It rotates like a coherent solid body,

as shown by helioseismology [Gizon, 2004].

As the energy moves outward, it enters the convection zone, where heat is

transported mainly by convective motion. This region extends from the radiative

zone’s outer boundary to the Sun’s surface. Convection involves hot plasma rising

and cooler plasma sinking, facilitating the movement of energy.

The tachocline is a transition layer between the radiative and convective zones

characterized by differential rotation. This means that its rotation rate varies with

depth, making it different from the solid rotation of the radiation zone and the

differential rotation of the convection zone. This layer is believed to be a component

of the solar dynamo, which is connected with the solar cycle [Spiegel and Weiss, 1980,

Gilman, 2000].

1.1.3 Atmosphere of the Sun

The solar atmosphere is defined as the layers from which radiation can escape di-

rectly into space. The atmosphere of the Sun consists of three main layers: photo-

sphere, chromosphere, corona, and a transition region between the chromo-

sphere and the corona.

The lowest layer, photosphere, is about 500 km thick. High-resolution close-up

images of the photosphere show its "granulation structure" (see Fig.1-1). Shad-

owed lanes of cooler, downward-flowing solar plasma encircle upward-moving plasma

(granules). The granules are about 1000 km in size and live ≈ 5-10 minutes. The

bright regions are typically 500 K hotter than the dark regions [Moldwin, 2008].

The images for Figure 1-1 were produced by the largest ground-based telescope,
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D. Inouye Solar Telescope [DKIST, Rimmele et al., 2020], and released in

May 2023, previewing solar data taken during the telescope’s first year of operations

during its commissioning phase. The exceptional ability of the DKIST telescope to

acquire data in unprecedented detail is poised to significantly enhance the compre-

hension of solar scientists regarding a better understanding of the Sun’s magnetic

field and the drivers of solar activity.

Closely examining the photosphere, we can unveil prominent dark structures,

such as sunspots, that originate within it. The sunspots are cooler and darker than

the quiet-sun regions because of the strong concentrations of magnetic field, which

prevents convection. The lifetime of individual sunspots or their groups can vary

from a few days to months. Usually, they occur in pairs with opposite magnetic po-

larity [Hoyt and Schatten, 1998]. Sunspots have two parts: the central umbra, which

is dark and where the magnetic field is approximately perpendicular to the solar sur-

face, and the surrounding penumbra, which is brighter and where the magnetic field

is more inclined [Beckers and Tallant, 1969].

For most of the solar photosphere, the average intensity of the magnetic field is

a few Gauss, increasing to a few thousand Gauss for the active regions around the

sunspots. Today, we can measure the intensity of the magnetic field on the surface

of the Sun with space-based instruments such as the Helioseismic and Magnetic

Imager (HMI) [Scherrer et al., 2012] at the Solar Dynamics Observatory [SDO;

Pesnell et al., 2011].

The next layer, the chromosphere (literally, "color sphere"), emits the rosy

red color that we can observe only during solar eclipses. The density of the chro-

mosphere is only 10−4 times that of the photosphere, making it nearly invisible

without special equipment (normally the chromosphere is observed in the H𝛼 and

Ca II wavelengths). The chromosphere may play a role in conducting heat from the

interior of the Sun to its outermost layer, the corona. It ranges from about 4100 K

in the region of temperature minimum at an altitude of 500 km (the boundary with

the photosphere) to about 10000 K at an altitude of 2000 km [Avrett, 2003].

Different complex and dynamic phenomena can be observed in the chromosphere:

solar flares, prominence and filament eruptions. We will describe them in the next
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Figure 1-1: A mosaic of solar images in visible light produced by DKIST, showing
sunspots and quiet-sun regions of the solar photosphere. Credit: NSF/AURA/NSO.

chapters.

Between the chromosphere with a temperature of about 104 K and the extremely

hot corona with temperatures of about 106 K lies a crucial region known as the tran-

sition region. This region, which spans only a few hundred kilometers, exhibits a

remarkably rapid change in temperature and density. Across this thin layer, as seen

in Fig. 1-3, temperature values increase by two orders of magnitude while density

decreases by nearly four orders of magnitude [Peter, 2002].

The outermost atmospheric layer of the Sun, the corona, forms the final stage.

At temperatures as high as 106 K, even hydrogen and helium, the predominant

elements, are stripped of electrons and completely ionized. Heavier elements such as

iron and calcium can retain only a fraction of their electrons at this extreme heat.

Due to very low density, the corona is much less bright than the photosphere.

That is why it is being studied by special instruments, coronagraphs, which cover

the disk and filter all the bright light coming from the photosphere. Nowadays, sci-

entists obtain data from the Large Angle and Spectrometric COronagraph [LASCO;

Brueckner et al., 1995] onboard the Solar and Heliospheric Observatory [SOHO;

Domingo et al., 1995] satellite and COR1/COR2 coronagraphs [Thompson et al.,

2003] onboard the Solar TErrestrial RElations Observatory [STEREO-A;
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Figure 1-2: Profiles of the mean value of temperature and density as a function
of height in the solar atmosphere according to the VAL model (courtesy Eugene
Avrett, Smithsonian Astrophysical Observatory).

Kaiser et al., 2008] satellite.

Figure 1-3 depicts an assembly comprising the coronagraphic observation via

LASCO, the EUV imagery from Solar Ultraviolet Imager [SUVI; Darnel et al., 2022]

onboard Geostationary Operational Environmental Satellites (GOES-16),

and the processed ground-based image of the August 21, 2017 solar eclipse. This

arrangement elucidates the interrelation between the configurations within the ex-

tensive corona and their corresponding source regions on the solar disk. This com-

position shows the connections between coronal structures and the source regions on

the solar disk and effectively bridges the informational void typically encountered

in coronagraphic observations.

The solar corona extends very far into space. Because of the high temperature,

the particles of the corona move at very high speed, large enough to escape the

gravity of the Sun (the escape velocity is 618 km s−1 for the low corona). These

particles generate a stream - the solar wind. The solar wind pulls the coronal

magnetic field out into the heliosphere, forming the Interplanetary Magnetic Field

(IMF), the crucial link between the solar atmosphere and the Earth system [Owens

and Forsyth, 2013]. Eugene Parker, a physicist from the University of Chicago,
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Figure 1-3: A combination of the August 21, 2017 solar eclipse image between an
EUV image from GOES-16/SUVI at 195 Å and an image from the LASCO C2
coronagraph, occulting up to 2.5 R⊙ from Pasachoff et al. [2018].

was the first to develop the solar wind concept. Today, we have the Parker Solar

Probe [PSP; Raouafi et al., 2023] mission, traveling through the solar corona

since 2018 to explore the fundamental origins of this phenomenon.

Why the corona is so hot is still an open question. Energy cannot move from

the cooler photosphere to the hotter corona through regular heat transfer because

that would break the rules of thermodynamics. Among the numerous proposed

theories, two prominent mechanisms have been considered for the transmission of

heat from lower regions to the corona: 1) wave heating, in which different types

of waves create turbulence in the convection zone; 2) magnetic heating, in which

energy is released by magnetic reconnection in the form of solar flares of different

sizes [Erdélyi and Ballai, 2007]. Scientific discourse goes around the observation

that, with the exception of Alfvén waves, most waves dissipate or refract before

reaching the corona. Alfvén waves, in contrast, demonstrate resilience within the

corona. Consequently, the efficacy of the first theory becomes apparent only when
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considering a non-uniform corona characterized by density fluctuations. Meanwhile,

the development of the second theory requires an approach, separating the magnet-

ically closed corona (encompassing the quiet Sun and active regions) from the open

corona (encompassing coronal holes and the solar wind) [Klimchuk, 2015]. How-

ever, the microflare heating may not offer sufficient power, whcih introduces a layer

of complexity to the ongoing scientific inquiry. Consequently, additional research

efforts and new missions are imperative to address these outstanding questions to

advance our understanding of the coronal heating.

1.1.4 Solar cycle

There is a periodic 11-year change in the Sun’s activity and appearance, which can

be noticed by the observations of sunspots. Theoretically, the average period of the

solar cycle is 11.2 years, but its duration can vary between 8 and 15 years. For the

first time, the solar cycle was determined by Heinrich Schwabe in 1843 [Khazanov,

2016]. His discovery initiated the work of Johann Rudolf Wolf to conduct daily

observations of the Sun and extend the works of previous years [Wolf, 1861]. He

invented a method for the calculation of the solar activity cycle based on counting

the number of sunspots 𝑅:

𝑅 = 𝑘 · (10𝐺𝑛 + 𝑆𝑛), (1.1)

Here, 𝐺𝑛 is the number of sunspot groups (regions), 𝑆𝑛 is the total number of

individual spots in all the groups, and k is a scaling factor that corrects for seeing

conditions.

The formula 𝑅 is still being used in solar cycle predictions and analysis (detailed

report about solar cycle studies with the history perspective in Clette et al. [2014].

This choice isn’t necessarily due to the agreement on its superiority but rather stems

from the extensive historical data it offers. Increasing efforts are being made in solar

physics to reconcile the differences in sunspot numbers and provide a reliable record

from 1610 to the present. The cyclical behavior of the number of sunspots and

differences in calculation can be seen in Fig.1-4.
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Figure 1-4: Sunspot number revisions. Yearly sunspot numbers as reported by Wolf
[1861] (red line), Wolf [1877] (blue), Hoyt and Schatten [1998] (green), and by SILSO
in 2013 (black). These sunspot numbers have disagreements as late as 1900. The
plot from Hathaway [2015].

Solar cycles have been designated with numbers since 1761, and presently, we

are at the inception of the 25th cycle that started in December 2019. The peak

point of sunspot counts is termed solar maximum. During this phase, sunspots

mark zones with robust magnetic fields, which lead to occurrences like solar flares

and coronal mass ejections, thereby releasing heightened radiation and energy from

the Sun. Conversely, the period when only a limited number of sunspots emerge is

called solar minimum.

At the beginning of the solar cycle, sunspots are usually at mid-latitudes in both

hemispheres (opposite polarities in the hemispheres), and as the cycle progresses,

they appear increasingly at lower latitudes until there are no sunspots at the end of

the cycle. In the next cycle, the process repeats, but the orientation of the sunspots

reverses. Therefore, the magnetic sunspot cycle is 22 years.

Forecasting the solar activity behavior became the subject of many scientific

papers to predict the solar cycle 25 behavior [Li et al., 2015, 2021, Yan et al.,

2021, Benson et al., 2020]. Cycle 25 comes after the weak Cycle 24 (low number
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of sunspots), which came after the deep minimum [Russell et al., 2010]. Mostly,

the scientists expected a similarly underwhelming performance for the current cycle.

Surprisingly, it gained momentum in 2022, steadily outpacing the official predictions

(see Fig.1-5). Figure 1-5 shows daily observational sunspot number, monthly mean

sunspot number, and its prediction for Cycle 25: official by NOAA/NASA/ISES

predicted in 2019 and the current updated method by McIntosh et al. [2023], based

on defining the solar cycle not by peaks, but by so-called terminator event. Various

reviews of methods of predicting solar activity have been published for the last solar

cycles [e.g., Hathaway, 2010, Pesnell, 2012, 2020, Petrovay, 2020].

Figure 1-5: Daily updated predictions for the sunspot numbers for solar cycle 25, by
theNOAA/NASA/ISES panel (from 2019) and from a prediction by McIntosh et al.
[2023]. The plot is from Helio4cast.

1.1.5 Magnetic field of the Sun

The average magnetic field strength on the solar surface is about 1 Gauss. However,

the strongest magnetic fields occur near sunspots and reach about ≈ 3000 G. The

sunspots result from the pairing of opposite magnetic polarities [Hale, 1908] and

serve as markers for the solar cycle. The solar wind carries charged particles beyond

the solar surface, interacting with the Earth’s magnetosphere and causing magnetic

disturbances.

The current explanation for the nature of the solar cycle comes from the field of
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magnetohydrodynamic (MHD) dynamo theory. This theory deals with the compli-

cated nonlinear process that governs the generation and transformation of magnetic

fields. It involves a complicated interplay between the plasma currents in the solar

interior and the magnetic field itself. The solar cycle arises from the generation and

cyclic replenishment (fed by the energy in the plasma motions) of two magnetic field

components: the toroidal and poloidal components [Muñoz-Jaramillo et al., 2009].

The first component arises from the stretching of an originally poloidal field due to

the differential rotation of the Sun, a phenomenon known as the dynamo Ω-effect

[Parker, 1955]. The sunspots that appear on the poloidal field (whose radial com-

ponent is observed as a vertical field on the solar surface) must be regenerated from

this toroidal field in a process traditionally called the dynamo 𝛼-effect.

Typical magnetic field strengths, as detected by HMI, for various parts of the

Sun are:

Part of the Sun Magnetic Field Value

Polar Field 1 − 2 G
Sunspots 3000 G
Prominences 10 − 100 G
Chromospheric plages 200 G
Bright chromospheric network 25 G

Table 1.2: Magnetic field strengths for different parts of the Sun.

Figure 1-6 shows the magnetic field lines overplotted on the SDO AIA 193 Å im-

age on August 26, 2017. The highest density of magnetic fields is concentrated

around the prominent bright areas observable on the Sun, known as magnetically

strong active regions. Many of these magnetic field lines establish connections be-

tween different active regions. Spacious dark regions, coronal holes, represent the

regions of open magnetic fields where the solar wind escapes the Sun into space

at high speeds. The location and population of coronal holes also change with the

solar cycle. During the solar maximum phase, a reversal of magnetic fields occurs

on the Sun, leading to the formation of new coronal holes near the poles with op-

posite magnetic orientations. These coronal holes subsequently expand in both size

and quantity, moving farther and farther away from the poles as the Sun again
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approaches the solar minimum phase [Harvey and Recely, 2002].

Figure 1-6: The illustration of the magnetic field lines of the Sun overplotted the
193 Å image from SDO on August 26, 2017. Imagery provided courtesy of NASA.

The goal of the international collaborative mission between ESA and NASA, So-

lar Orbiter [SO; Müller et al., 2020], launched in 2020, is to take unprecedented

close-up images of the Sun, including for the first time its polar regions, analyzing

the composition of the solar wind and establishing a link between its origin on the so-

lar surface and its properties. Solar Orbiter’s magnificent high-resolution data have

already contributed to a significant discovery: scientists have identified numerous

tiny jets of material emerging near the coronal hole [Chitta et al., 2023]. These jets

have a relatively short duration, between 20 and 100 seconds, and eject plasma at a

speed of about 100 km s−1. The researchers found that these jets provide enough

energy and plasma to potentially drive a significant portion of the solar wind, at

least during quiet periods, challenging previous assumptions that the solar wind

forms only in a steady, continuous flow. As the mission progresses, the spacecraft

will gradually incline its orbit toward the polar regions, giving us an entirely new

perspective.
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1.2 Space Weather and its effects

The term Space Weather generally refers to conditions on the Sun, in the solar wind,

and within Earth’s magnetosphere, ionosphere, and thermosphere that can influence

the performance and reliability of space-borne and ground-based technological sys-

tems and can endanger human life or health [Schwenn, 2006].

The activity of the Sun results in cyclic variations that cause more to less frequent

active events on the observable solar surface. These high-energy events, resulting

from shifts in the Sun’s magnetic field, travel through our solar system and interact

with the atmospheres of the planets. These interactions can cause geomagnetic

disturbances with modern societal impacts.

Short bursts of extreme ultraviolet (EUV) rays and X-rays from the Sun reach

Earth within 8 minutes. These rays heat and ionize the upper layers of the atmo-

sphere, triggering disturbances that affect the propagation of radio signals. Such

changes can disrupt shortwave signals, and even strong radio bursts associated with

solar flares can introduce interference into wireless communications systems [Lanze-

rotti, 1999].

Solar energetic particles (SEPs) can be rapidly ejected from the Sun, acceler-

ating in the corona and reaching Earth with significant energies within 1-2 hours.

These particles, often produced by shock waves associated with CMEs or solar flares

[Cliver, 2008], pose a threat to astronauts, spacecraft integrity, and computer sys-

tems. Recent research has identified widespread SEP events that have the potential

to fill the entire heliosphere [Dresing et al., 2012, Gómez-Herrero et al., 2015, Lario

et al., 2016, Dresing et al., 2023]. Specifically, 10 October 2017 documented as a

widespread event that marked the first ground level enhancement (GLE) observed

simultaneously on the surface of two planets, Earth and Mars [Guo et al., 2018].

Moreover, on 28 October 2021, a rare GLE event was recorded simultaneously on

Earth, the Moon, and Mars [Guo et al., 2023].

Occasionally, the Sun’s surface erupts a large part of the solar atmosphere, con-

taining magnetized plasma. These eruptive events, called coronal mass ejections

(CMEs, we fully introduce them in Section 2), contain large amounts of material
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and move it away from the Sun at velocities up to 3000 km s−1 [Vršnak and Žic,

2007, Gopalswamy et al., 2009] and can reach Earth even within 15-18 hours. This

entire study is devoted to gaining a deeper understanding of their initial evolution

to improve the accuracy of space weather predictions. Earth-directed CMEs can

create severe magnetic storms that lead to a multitude of space weather effects in

geospace, including power network knockout, disruption of the Earth’s navigation

systems, and various anomalies of satellites [e.g., reviews by Pulkkinen, 2007, Kosk-

inen et al., 2017, Temmer, 2021].

During the declining phase of the solar cycle in October 2003, a complex group

of sunspots caused an unexpected increase in solar activity, resulting in several

CMEs and solar flares [Pulkkinen et al., 2005]. These events triggered geomagnetic

storms that disrupted radio frequency communication systems (HF) causing multi-

ple flights rerouting, induced fluctuations in the power grid, and affected satellite

networks [Xue et al., 2023]. In total, 47 satellites experienced service disruptions,

while Global Positioning Satellite (GPS) users experienced failures that resulted in

service outages.

An accidental reentry of 38 Starlink satellites occurred in early February 2022

during not severe but moderate geomagnetic storms. The unresolved complex struc-

tures of coming CMEs caused the magnetic disturbances at unexpected timing. This

loss underscores the importance of better understanding the minor CME structures

to improve current space weather prediction capabilities. During this event, an in-

crease in drag of about 50% was detected at an altitude of about 200 km, which

affected the normal safety operation of the satellites [Kataoka et al., 2022].

At the same time, solar storms play the role of Earth’s shield by Forbush de-

creases, diminishing the intensity of energetic particles streaming in from the Galaxy

[Forbush, 1946]. During the maximum of the solar cycle, the Earth is affected by

strong and intense space weather disturbances while experiencing enhanced pro-

tection from cosmic rays. The enhanced solar magnetism plays a crucial role in

protecting our planet.

Human technologies have advanced considerably in the last century, making

society more sensitive to solar activity. We live in the era of satellites and global
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Figure 1-7: Schematic of solar wind structures caused by solar activity from
Petrukovich et al. [2020], including a fast mode shock of increased magnetic field,
a CME shown as a flux rope structure, a sheath between the shock and leading
edge of the CME, the fast/slow streams of the solar wind and corotating interaction
regions.

communications, airplanes, electrical power, and, hopefully space travel. All of these

things can be affected by the solar eruptive phenomena [Feynman and Gabriel, 2000].

Therefore, understanding and predicting hazards posed by solar active events has

become increasingly important to modern human civilization. Nowadays, not only

the scientists involved but the society in general recognize the impact of Space

Weather effects on the world economy. As a result, the supply of space weather

information and services is growing rapidly [Crooker, 2000]. International space

agencies such as ESA and NASA have launched programs, such as ESA’s Space

Situational Awareness (SSA) and NASA Living With a Star (LWS), to improve

our understanding of the Sun and its activity. They provide ongoing funding for

fundamental research and further development of prediction tools. A new generation

of space-based instruments has emerged (we already mentioned some of them) that

will allow us to expand our knowledge of processes near the Sun, in interplanetary

space, and in the near-Earth environment [Koskinen et al., 2017].
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2.1 Overview of CMEs

Coronal Mass Ejections (CMEs) are one of the most violent and dangerous eruptive

phenomena on the Sun and are also considered the main drivers of space weather

effects. CMEs are huge masses of magnetized plasma that are ejected from the

Sun into interplanetary space at velocities ranging from a few 100 km s−1 to >

3000 km s−1 [Gopalswamy et al., 2009, Webb and Howard, 2012]. They can eject

≈ 1015 g of coronal material and have an embedded magnetic field (frozen in flux)

stronger than the usual interplanetary magnetic field ejected by the Sun. CMEs are

formed by the large release of magnetic energy in a coronal loop (~104 km), expand

to cover a significant portion of the solar surface, and then enlarge from the lower

corona into interplanetary space, becoming the largest eruptive phenomenon in the

solar system.

Coronagraphs are used in the study of CMEs. These instruments are designed to

obstruct the intense direct white light emanating from the photosphere as it passes

through the solar disk.

The first CME was discovered by the coronagraph aboard the Orbiting Solar

Observatory, OSO-7 [Koomen et al., 1975], in 1971, 112 years after solar flares were

first observed. This delay resulted from many conflicting theories identifying the

source of various shock wave-related phenomena (EIT waves, Moreton waves, type

II radio bursts, and other space weather disturbances) [Gosling, 1993].
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The white light emissions from the solar corona result from Thomson scattering

of photospheric radiation by the free electrons in the corona. Increased brightness

values indicate a localized increase in coronal electron density along the observer’s

line of sight. It is worth noting that the intensity of Thomson scattered radiation

depends on two key factors: the incident photospheric radiation interacting with the

electrons and the angle formed between the direction of incidence and the observer’s

line of sight. Therefore, CMEs are preferentially observed when they are closer to

the plane of the sky.

Continuous observation of CMEs by a variety of ground- and space-based corona-

graphs has enabled the compilation of an extensive database of thousands of recorded

CME events, which has paved the way for comprehensive statistical analyses of the

properties of CMEs, as shown in Chen [2011].

Also, other observations indicate that CMEs can be observed in different wave-

lengths, such as soft X-rays, extreme ultraviolet, radio, and others [Hudson and

Cliver, 2001] (see Section 2.5 for more details).

The importance of CME research transcends the boundaries of solar physics for

several reasons. First and foremost, these eruptions are linked to disturbances of the

solar wind, which subsequently have noticeable effects on planetary magnetospheres,

comets, and cosmic rays. This connection not only improves our understanding of

the Sun’s influence on the heliosphere more broadly but also highlights the impor-

tance of CMEs in the context of space weather and its potential impact on various

space-based systems and the terrestrial environment.

The possibility of analogous mass ejections occurring on other stars stimulates

thought about their potential impact on exoplanetary environments. These consid-

erations extend beyond the boundaries of the solar system and stimulate interest in

their applicability in a broader astrophysical context.

Thus, studying the CMEs represents an important area of research, not only

because of their profound implications for solar physics but also because of their

far-reaching consequences in the field of space weather and astrophysics, which ul-

timately shed light on the dynamic interplay between stars and their environments.
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Figure 2-1: A rare observation of the coronal mass ejection during the natural
total solar eclipse on 14 December 2020 from Argentina. The image is a processed
composite of 55 calibrated exposures ranging from 1/640 to 3 seconds. Credit:
Miloslav Druckmuller, Andreas Moller, published in NASA’s Astronomy Picture of
the Day.

2.2 Properties of CMEs

Scientists measure various properties of CMEs, including their occurring rates, loca-

tion, angular width, velocity and acceleration, energy, and mass (Webb et al. [2004],

Vourlidas et al. [2011a]). For over 25 years, LASCO coronagraph [Brueckner et al.,

1995] onboard SOHO has been diligently observing the Sun. Its continuous observa-

tions initiated the development of five catalogs of CMEs, including manual CDAW

[Yashiro et al., 2004], and automatic CACTus [Robbrecht et al., 2009], SEEDS

[Olmedo et al., 2008], ARTEMIS [Boursier et al., 2009], and CORIMP [Byrne, 2015].

This marked the beginning of studying the dependence of CME properties on the

solar cycle [Gopalswamy et al., 2004]. Furthermore, coronagraphs COR2 A and B,

located on the twin probe STEREO, conducted synchronized dual-point stereoscopic

observations of CMEs from 2007 to 2014 until the loss of the STEREO-B.
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CME observations suffer strongly from projection effects, i.e., they are 3D struc-

tures projected in two dimensions in an optically thin medium [Burkepile et al.,

2004]. This leads to distortions in their appearance and complicates the theoretical

interpretation and determination of their properties.

2.2.1 Morphology

One of the fundamental properties of CMEs is their morphology close to the Sun,

as interpreted from direct observations in white light by coronagraphs.

Although the term "mass ejection" suggests that a CME’s primary and critical

component is matter, the CME is a magnetic structure. There is a standard three-

part model of their appearance, identified before the SOHO coronagraph observa-

tions era: a bright front, a dark cavity, and a bright core [Illing and Hundhausen,

1985, Harrison et al., 1990]. This structure is interpreted as a flux rope, i.e., a

magnetic configuration of twisted field lines that fill the dark cavity region.

• The bright front mowing away from the Sun is interpreted as outward moving

structures with densities higher than the surrounding medium.

• The cavity is dark, as inside the flux rope, the gas pressure and density are

lower due to additional magnetic pressure 𝐵𝑚 = 𝐵2/8𝜋.

• The bright core is the innermost part of the flux rope, often identified as an

erupting filament material [Vourlidas et al., 2012], upheld against gravitational

forces by the upward Lorentz force at the low points or dips.

Figure 2-2 shows a clear three-part CME structure for 27 February 2000 event,

observed by LASCO C3 coronagraph.

This three-part structure is the standard model for morphology of CMEs. How-

ever, observations show that only ≈ 30% of CMEs have all three parts [Webb and

Hundhausen, 1987]. Some events do not begin to form a filament in the structure

before the event or are not even associated with the filament at all [Chen, 2011,

Howard et al., 2017]. Recent studies [e.g., Howard et al., 2017, Veronig et al., 2018,
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Figure 2-2: Looking like a light bulb, this classic image from LASCO coronagraph
shows the core of the CME, surrounded by a cavity, and then bordered by the leading
edge of the CME on 27 February 2000. The solid disk in the center is the occulting
disk, and the white circle represents the solar disk. Credit: ESA/NASA/SOHO

Song et al., 2018] have also questioned the fundamental nature of the CME core and

its connection to the filament, suggesting that the core is a rising flux rope.

Moreover, this traditional model does not include the shock (see Fig.2-3) later

identified by sensitive observations of the solar corona from SOHO and STEREO

[Ontiveros and Vourlidas, 2009]. The shock front appears as a contour or boundary

delineating a faintly illuminated region containing displaced or bent coronal stream-

ers and rays [Gopalswamy et al., 2009], but as a faint structure, it can easily be

lost in the background corona. A shock forms when the speed of the CME ejecta

relative to the surrounding solar wind exceeds the velocity of the fast-mode wave.

2.2.2 Occurrence rate

The CME catalog in the NASA CDAW data center shows that the occurrence of

CMEs near the solar minimum is ≈ 0.5 per day and near the solar maximum is ≈ 6

per day (the result for more than 13000 CMEs during solar cycle 23). In parallel, for
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Figure 2-3: Forward model fitting of CME ejecta front and CME-driven shock front
of July 12, 2012 event based on STEREO-A COR2 (left) and STEREO-B COR
(right) images, along with (bottom) and without the raytrace mesh. The green
mesh shows the GCS fitting to the eject front, whereas the red mesh shows the
spheroid fitting to the shock front. Image from Zhang et al. [2021].

the same observation period with the automated software CACTus, the rate values

are about 2 per day during solar minimum and increase to about 8 per day near

solar maximum (Robbrecht et al. [2009]).

The collective evidence from observations over complete solar cycles consistently

confirms that the occurrence of CMEs is closely related to the solar activity cycle

[Webb and Howard, 1994, Robbrecht et al., 2009, Lamy et al., 2019]. This correla-

tion is shown in the middle panel of Figure 2-4, as well as the correlation of CME

occurrence with the total magnetic field and the radio flux at 10.7 cm.

It is also worth noting that CMEs vary in their occurrence rate as well as their

characteristics over different solar cycles. In contrast to flare rates and their asso-

ciated properties, which have remained relatively stable throughout previous solar

cycles, CME characteristics during Solar Cycle 24 have shown significant differences,

as illustrated by recent statistical findings presented by Lamy et al. [2019]. For the
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Figure 2-4: Temporal variation of the CME occurrence rate from 1996 to 2022 per
Carrington rotation compared with those of the total magnetic field (TMF), the
sunspot number (SSN), and the radio flux at 10.7 cm (F10.7) expressed in Solar
Flux Unit (1022 W m−2 Hz−1). Credit: Lamy and Gilardy [2022]

solar minimum of Solar Cycle 25 the base level of the occurrence rate of CMEs was

significantly larger than during the two previous minima [Lamy and Gilardy, 2022].

2.2.3 Angular width

Categorically, two types of CMEs can be distinguished based on their angular width:

narrow CMEs with an angular span of less than 20° [Bronarska et al., 2018] and

normal CMEs exceeding this threshold, i.e., very narrow CMEs have an elongated

jet-like shape, whereas normal CMEs resemble closed loops. Through statistical
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analysis, it was found that during solar maximum, narrow CMEs tend to have higher

velocities compared to normal CMEs. However, it is noteworthy that their maxi-

mum velocity remains lower. This observation suggests that there can be different

acceleration mechanisms for these two CME categories [Yashiro et al., 2003].

On average, from the LASCO coronagraphs field of view, CME fronts reveal an

angular width of about 30°-65°. For the last cycles, CMEs were found to be wider

compared to solar cycle 23 [Lamy et al., 2019].

Halo CMEs, extending to nearly 360°for the view from LASCO, can propagate

toward or away from the Sun-Earth line. When halo CMEs erupt from a direction

aligned with the Earth, they pose a significant risk of forming geomagnetic storms

[Cid et al., 2012]. These events, which are extremely important for space weather,

are the most complicated to study with data from a single spacecraft because of

strong projection effects. Previously, the halo appearance of CMEs was thought to

be due to geometric projection effects, but Kwon et al. [2015] discovered that 66%

of events are observed as halos from different angles in SOHO, STEREO-A, and

STEREO-B when they occur in quadrature configuration from 2010 to 2012.

Figure 2-5: The example of full-halo CME on 21-Jun-2015 by LASCO chronograph
in white-light (left) and base difference (right) images. Credit: ESA/NASA/SOHO
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2.2.4 Mass

Knowing the Thomson scattering nature of the intensity observed by the corona-

graphs, the mass of the CME can be calculated (Billings [1966]), assuming that all

CME parts are in the plane of the sky. Thus, if only the CME is located exactly on

the solar limb, the CME mass can be estimated correctly. Otherwise, the method

provides only an underestimation of mass (Chen [2011]).

In general, the average mass of a CME falls in the range of 1014 - 4×1016 g, with

an average of 3×1015 g [Hudson et al., 1996b, Vourlidas et al., 2010, 2011b, Lamy

et al., 2019].

2.2.5 Speed and energy

On average, the CME velocity (projected in the plane of the sky) is 300-500 km s−1,

and some events can reach 3500 km s−1 [Vourlidas et al., 2010, Lamy et al., 2019].

The kinetic and potential energies, in general, are 1022-1025 J [Emslie et al., 2004].

Despite the Sun’s escape speed of about 618 km s−1, many CMEs with lower speeds

still escape into the space. The trajectory of these CMEs defies simple ballistic

motion, as the interplay of various forces becomes evident. Close to the Sun the

magnetic reconnection is believed to be dominant driver of the initial propagation

of a CME, while aerodynamic drag takes over at larger heights [Michalek et al.,

2015]. Notably, some studies [e.g., Lewis and Simnett, 2002] suggest that slow

CMEs are primarily lifted by the surrounding solar wind, even independently of

magnetic energy amount in the pre-event corona.

2.2.6 Acceleration

Statistical studies by Vršnak et al. [2007], Bein et al. [2011] obtained values for the

maximal accelerations of CMEs of 10–1000 m s−2, mean values of about 800 m s−2,

respectively. The acceleration phase duration is proportional to the source region

dimensions; i.e., compact CMEs are accelerated more impulsively [Vršnak et al.,

2007]. The most powerful events reach accelerations ≈ 5000 m s−2 [e.g., Bein et al.,

2011, Vršnak et al., 2007, Temmer et al., 2008, Veronig et al., 2018].
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2.3 Initiation mechanisms

For more than three decades, the quest to comprehend the mechanisms behind the

rapid formation of CMEs has presented a challenge to solar physicists. These ener-

getic eruptions consistently originate within filament channels, where essential free

energy is stored, and are typically accompanied by multi-ribbon flares, prominence

eruptions, interplanetary shocks, and the release of solar energetic particles. The dis-

tinct magnetic configuration of filament channels, characterized by intense magnetic

nonpotentiality tightly aligned along a polarity inversion line (PIL) [Martin, 1998],

plays a pivotal role in these events, yet the precise topology of this configuration

remains a subject of controversy.

Eruption initiation is attributed to two principal mechanisms. On one hand,

there is the notion of a loss of equilibrium or ideal instability, a concept put forth

by Forbes and Isenberg [1991], Török and Kliem [2005] and extensively discussed by

Démoulin et al. [2002], Kliem et al. [2014]. This instability arises from forces like the

magnetic pressure force or Lorentz self-force, induced by the curvature of a flux rope

[Titov and Démoulin, 1999]. Alternatively, the trigger for eruptions is attributed to

the magnetic reconnection [Amari et al., 2000, Moore et al., 2001, Roussev et al.,

2007, Titov et al., 2008]. While the ideal instability models necessitate the presence

of a pre-existing twisted flux rope, the reconnection models can accommodate either

a twisted flux rope or a sheared arcade [Forbes et al., 2006, Mackay et al., 2010].

The reconnection may involve the transformation of restraining overlying flux into

the flux of the erupting sheared core or flux rope. Alternatively, it can generate

highly bent magnetic field lines within a rope, resulting in high acceleration.

The implosion conjecture, as proposed in [Hudson, 2000], offers an alternative

perspective on the release of magnetic energy. This proposed mechanism is charac-

terized by a decrease in the coronal volume (𝑉 ) and the associated drop in mag-

netic pressure, with the released energy being proportional to
∫︀
𝐵 𝑑𝑉 2. The rate of

coronal loop contraction, found to be closely correlated with emissions from flares

[Simões and Kontar, 2013], supports this conjecture. This alternative viewpoint

suggests that in understanding solar eruptions, one should not solely concentrate on
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processes leading to outward expansion. Instead, it encourages consideration of the

potentially significant role played by implosive forces.

Notably, two processes—instability and reconnection—often occur in tandem and

exhibit close interplay. However, their distinct contributions to the acceleration of

the eruption remain uncertain, likely contingent on various parameters and specific

scenarios. Untangling their respective roles is a non-trivial challenge for modelers

in the field [Gou et al., 2023].

2.4 CME modeling with GCS

Richardson et al. [2015] highlighted that even in the most reliable catalogs there are

significant differences in CME parameters, with velocity differences reaching hun-

dreds of km s−1. The determination of CME widths is inconsistent across catalogs

as it is affected by projection onto the plane of the sky and interpretation of coro-

nagraph images. Higher accuracy of estimates can be achieved by aligning SOHO

and STEREO observations with 3D CME models.

The Graduated Cylindrical Shell (GCS) model (see Fig. 2-6) is an empirical

geometrical model of a flux rope defined by Thernisien et al. [2006b], Thernisien

et al. [2009, 2011]. It has been widely used in the quantitative analysis of CMEs and

allows precise characterization of their 3D features, including shape, size, location,

and orientation [Dumbović et al., 2019]. This 3D geometric framework includes

a central tubular section representing the core of the flux rope and two conical

extensions symbolizing the "legs" connected to the solar surface. In this model,

the bright front shell corresponds to the flux rope’s surface, while the inner cavity

represents the flux rope’s body, consistent with the conventional view [Cremades

et al., 2006]. A central axis of rotation passes through the curved tube and conical

legs, imparting rotational symmetry to the flux rope’s shell surface at each cross-

section perpendicular to the axis, defining its geometric plane.

The GCS model includes six key parameters: (1) propagation longitude, (2)

propagation latitude, (3) tilt angle of the curved central axis (which defines the

plane of the flux rope), (4) height of the leading edge of the front, (5) half angle
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Figure 2-6: Plane sections of the GCS model (left and middle panels) showing the
different parameters and a schematic of the model structure (right panel). From
Kouloumvakos et al. [2022].

between the axes of the legs, and (6) aspect ratio, which is the ratio between the

cross-sectional radius of the shell and the distance between the center of the sun and

the outer edge. While the first three parameters characterize the geometry, the last

three relate to the morphology and size of the CME.

It is noteworthy that the CME geometry changes significantly near the Sun while

it remains relatively constant in interplanetary space. Conversely, the morphology

of the CME remains self-similar in the corona but undergoes significant distortions

as it propagates through the interplanetary medium.

Liu et al. [2010] compared the GCS modeling with the flux rope reconstruction

using in situ measurements at 1 AU and showed that the model can be used to

obtain estimations of CME position, direction, three-dimensional extent, and speed.

A comprehensive review on the GCS and other CME reconstruction methods is

published in Mierla et al. [2010].

2.5 Associated Phenomena

Coronagraphs have traditionally been an indispensable tool for the observations of

CMEs, with modern instruments such as SOHO/ LASCO and STEREO-A/EUVI.

However, a critical challenge is the limited lifetime of these instruments, as evidenced

by the lack of data from the STEREO-B satellite.

Even with the help of coronagraphs, studying the early evolution of CMEs di-
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rected toward Earth, which manifest as halo events when observed from our planet,

remains a difficult endeavor. These events are of most importance in the context

of space weather. However, halo CMEs suffer from substantial measurement in-

accuracies due to severe projection effects. The occulting disk in coronagraphic

observations obscures the lower corona, so we lack important information about the

initial propagation and acceleration phases of CMEs.

Complementary to direct coronagraphic observations of CMEs is the opportunity

to study associated activities in the lower solar atmosphere. These activities include

filament eruptions, solar flares, posteruptive arcades, large-scale coronal EUV waves,

and coronal dimmings as explained by Hudson and Cliver [2001]. Observation of

these solar disk phenomena is essential to identify whether a halo CME originates

from the front or back of the Sun relative to the observer [Shugay et al., 2022].

Studying the evolution of these associated phenomena provides valuable insight into

the early stages of CME development and contributes to improved estimation of

their parameters.

In addition to using white-light imaging, detecting CMEs is possible by imaging

their signatures in extreme ultraviolet (EUV) or soft X-ray (SXR) light. This ca-

pability likely results from the compression and heating processes that make CMEs

detectable in filtergrams optimized for high-temperature phenomena, as discussed

in Glesener et al. [2013].

Satellite missions equipped with EUV instruments that have a wide field of

view provide a valuable opportunity to complement white light coronagraph data

effectively. This approach allows for comprehensive tracking of CME structures

and derivation of their kinematic profiles, especially during the primary acceleration

phase of the CME evolution.

Nowadays we have regular high-cadence high-resolution imaging of the solar EUV

corona by the Atmospheric Imaging Assembly [AIA; Lemen et al., 2012] onboard

SDO, the Extreme Ultraviolet Imager [EUI; Rochus et al., 2020] onboard Solar Or-

biter, the Solar Ultraviolet Imager [SUVI; Darnel et al., 2022] onboard the Geosta-

tionary Operational Environmental Satellites (GOES), Sun Watcher using Active

Pixel System detector and Image Processing [SWAP; Berghmans et al., 2006] on
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Figure 2-7: EUV image from Proba-2/SWAP combined with a LASCO/C2 coro-
nagraph image covering a field of view up to around 4 R⊙, roughly covering the
edge of the middle corona. The overlaid boxes show the relative nominal FOV
of different EUV observing instruments: FSI (Full Sun Imager is part of the EUI
suite aboard Solar Orbiter), future EUVI-LGR, and SOHO/EIT. STEREO/EUVI,
Proba-2/SWAP, GOES/SUVI are instruments with the largest field of view of about
1.7 R⊙. Image reproduced from https://middlecorona.com/instruments.

Proba-2 [Santandrea et al., 2013], as well as the STEREO-A Extreme-Ultraviolet

Imaging Telescope [EUVI; Wuelser et al., 2004] (see Figure 2-7). ESA’s Lagrange L5

mission [Vigil; Palomba and Luntama, 2022] planned for 2028 will have the EUVI-

LGR with an extended field of view (FOV) to the western limb of the Sun, tracking

the evolution of the earth-directed events on the limb. These observations provide

us with various possibilities to monitor the CME low coronal signatures, increasing

the chances of detecting the potential geoeffective eruptions at a very early stage,

i.e., even before their front reaches the field of view of coronagraphs.

2.5.1 Flares

Flares are abrupt bursts of electromagnetic radiation in the radio, visible, ultraviolet,

and X-ray regions that occur in certain regions of the Sun. Flares usually accompany
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Figure 2-8: Multiwavelength observations of a solar flare observed in six EUV filters
of SDO/AIA on the eastern limb on March 9, 2011. From Joshi [2022].

the CMEs as they are caused by the same magnetic processes in the Sun [Harrison,

1995]. It is important to note, however, that while CMEs and flares frequently occur

together, they do not correspond one-to-one.

Evidence presented in several published studies suggests a strong correlation

between the intensity of CMEs and the magnitude of accompanying flares. Powerful

CMEs coincide statistically with strong flares, as evidenced by the studies of Aarnio

et al. [2011] and Gopalswamy et al. [2009]. The observations also confirm the close

association between the energy release in a flare and the dynamics of the associated

CME [Temmer et al., 2008].

Moreover, several CME parameters, including velocity, acceleration, and kinetic

energy, show robust correlations with indicators of flare strength, such as peak soft

X-ray flux or integrated flux associated with the flare [Vršnak et al., 2005, Temmer

et al., 2010, Bein et al., 2012].

Although there is a high probability of more than 80% that an X-class flare is

associated with a CME [Yashiro et al., 2006], it is important to acknowledge the

existence of exceptions in observed cases [Wang and Zhang, 2007].

2.5.2 Filaments and Prominences

Prominences and filaments consist of cooler material extending along magnetic field

lines. This material becomes visible in EUV and H𝛼 wavelengths when observed
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Figure 2-9: Erupting prominence observed by EUI/FSI aboard Solar Orbiter in the
He II 304 Å passband on 15 February 2022, at 22:14 UT. The off-limb emission has
been enhanced with a radial filter. From [Mierla et al., 2022]

near the solar limb, where it appears brighter compared to the surrounding corona

(Fig. 2-9). When the perspective changes and these structures are viewed against the

solar disk instead of against the background of space, they appear dimmer. In this

context, they are called solar filaments, as described by Galsgaard and Longbottom

[1999].

These structures mark the launch site of CMEs. It is noteworthy that the disap-

pearance of a filament or the eruption of a prominence often occurs in association

with CMEs [Hundhausen, 1999], and part of this material is thought to form the

core of a "three-part" CME [Vourlidas et al., 2013].

EUV telescopes typically observe the early phases of prominence eruptions near

the Sun, while white-light coronagraphs detect the subsequent propagation phase of

CMEs [Mierla et al., 2013]. Efforts to combine low-corona EUV with high-corona

white-light observations include studies by Byrne et al. [2014], O’Hara et al. [2019].

The cutting-edge Full Sun Imager (FSI) on Solar Orbiter boasts a unique, large

field of view (FOV) of 3.8°×3.8°, crucial for tracking prominences deep into the

solar corona. Mierla et al. [2022] notably studied a remarkable solar prominence

extending up to 6 R⊙ (Fig. 2-9).
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2.5.3 EUV waves

EUV waves are large-scale disturbances propagating in the corona and appear as

moving fronts of enhanced EUV emission (Fig. 2-10). These waves typically have

velocities of 200-400 km s−1, although velocities of up to 1000 km s−1 have also

been observed, as documented in studies [Nitta et al., 2013, Muhr et al., 2014,

Thompson and Myers, 2009].

It is important to emphasize that EUV waves have often been misidentified

as CMEs in the literature due to their strong association and similar expansion

phenomena. Although both structures can manifest as wavefronts on images, their

behavior and interpretation differ significantly. To account for this dual nature, the

authors proposed specific definitions: EUV wave refers to a disturbance propagating

along the EUV coronal surface at a considerable distance from an eruption, while

a CME is a magnetic disturbance, often characterized as a magnetic flux rope,

propagating outward from the solar corona [Patsourakos and Vourlidas, 2012].

Figure 2-10: 10 September 2017 CME event observed by SUVI. Left: direct 195 Å
image, right: base-difference image. The arrow indicate the EUV wave observed
above the limb and on the disk. From [Veronig et al., 2018]

The use of multiple perspectives, by STEREO independently or in combination

with SOHO or SDO, can provide crucial geometric details of EUV waves and their

associated CMEs in three-dimensional space, including their lateral extents [Bem-

porad, 2009, Temmer et al., 2011, Podladchikova et al., 2019b]. As was mentioned
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before, it has been observed that powerful events, characterized by significant com-

pression, can be consistently detected as halo CMEs regardless of the observer’s

vantage point [Kwon and Vourlidas, 2018, Kwon et al., 2015]. In this context, data

from STEREO have shown a strong agreement between the outermost shock com-

ponent of CMEs and the solar surface structure of coronal EUV waves [Kienreich

et al., 2009, Veronig et al., 2010, Kwon and Vourlidas, 2017, Veronig et al., 2018].

2.5.4 Coronal dimmings

The most distinct phenomena associated with CMEs are coronal dimmings. These

are localized regions in the low corona, characterized by reduced emission in the

EUV [Thompson et al., 2000] and the soft X-ray [Jiang et al., 2007] wavelengths.

They are typically interpreted as indicators of density loss due to either mass loss

or the rapid expansion of the overlying corona during the initial phase of the CME

lift [Cheng and Qiu, 2016].

In the coming chapters, we will fully explore the nature of coronal dimmings,

explain the methods used for their detection and analysis, and highlight their close

association with CMEs.
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Coronal Dimmings

Coronal dimmings are transient regions of strongly reduced emission in soft X-rays

(SXR) [Hudson et al., 1996, Sterling and Hudson, 1997] and EUV [Thompson et al.,

1998, Zarro et al., 1999a] wavelengths that occur in association with CMEs. In

general, they are interpreted as density depletion caused by mass loss during the

CME eruption [Webb et al., 2000].

Coronal dimmings can be observed both on the visible solar disk close to the

eruption site (referred to as on-disk dimmings) and above the solar limb (off-limb

dimmings) from lateral perspective. On-disk dimming observations involve inte-

grating the emission along the line-of-sight of CME propagation, corresponding to

a projection of the cross-section of the CME from a top view. Conversely, off-limb

dimming observations offer a line-of-sight integration across the CME.

3.1 Nature of appearance

According to Attrill and Wills-Davey [2010], Mason et al. [2014] there are two gen-

erally accepted mechanisms of dimming formation:

• Mass-loss dimming: a density reduction due to plasma evacuation. It is

caused by the eruption of the local magnetic field, which leads to a considerable

expansion of the magnetic loops into the surrounding space. The larger the

expansion volume, the more the plasma density is reduced. Such dimmings

are observed as a decrease in several EUV emission lines simultaneously.
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• Temperature dimming: The decrease in intensity can also be caused by

temperature changes - the plasma is heated or cooled, the ionization fraction

changes, and thus, the emission intensity changes. Such dimmings can be easily

distinguished separately from mass loss dimmings by checking the emission of

cospatial lines - thermal causes could be misidentified as mass loss if only one

spectral line is observed. In addition, Hudson et al. [1996a] has shown that the

time scale of the dimming observed in the Yohkoh/SXT data is much faster

than the corresponding times of conductive and radiative cooling, suggesting

that the dimmings are primarily a consequence of density depletion rather

than a temperature effect.

Other physical processes can also cause the observation of dimmings [Mason

et al., 2014]: some filaments moving between the bright material and the observer,

the propagation of EUV waves (dimmings are observed far from the eruption site)

[Veronig et al., 2018, Podladchikova et al., 2019a], Doppler shift due to resonant

fluorescence of a plasma cloud. Therefore, it is important to understand the initial

process of the observed event and to find approaches to verify the results.

3.2 Formation of Coronal Dimmings

Coronal dimmings can be differentiated into two types: core [Webb et al., 2000] and

secondary dimmings [Mandrini et al., 2007].

Core dimmings

Core dimmings are characterized by localized regions of strongly reduced emission,

which impulsively drops by up to 90% with respect to the pre-event emission on

time scales of some 10 minutes [Vanninathan et al.] and are associated with the

footpoints of the evacuated flux rope [Sterling and Hudson, 1997]. They are typically

found close to the eruption site on the solar surface and occur in regions of opposite

magnetic polarities.

One of the challenges in studying core dimmings is their limited extent. Because

of their close proximity to the flare or CME source, it can be difficult to determine
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their boundaries accurately. In some cases, core dimmings can manifest as distinct

bipolar dimmings where both footpoints of the flux rope are clearly visible, but such

cases are relatively rare [Dissauer et al., 2018a].

These dimmings are closely associated with the initiation and evolution of solar

eruptions and provide valuable insight into the magnetic and dynamic processes

occurring near the eruption site.

Secondary dimmings

Secondary dimmings are more widespread regions of reduced emission in the solar

corona. Unlike core dimmings, secondary dimmings result from expanding the CME

body and associated overlying magnetic fields as the CME erupts and expands into

the surrounding solar corona [Thompson et al., 2000, Attrill and Wills-Davey, 2009].

These dimmings are more diffuse and extended, encompassing a greater portion

of the corona than core dimmings. Typically, they appear less intense, develop more

gradually, and recover quicker than core dimmings [Vanninathan et al.]. Essentially,

they reflect the CME expansion in the lower corona, offering valuable insights into

the CME dynamics and its interactions with neighboring magnetic fields [Mandrini

et al., 2007].

secondary dimming              

CME                                               

Figure 3-1: Cartoon depicting the process of mass-loss dimming. Core dimmings
represent the footpoints of a flux rope. During and after the eruption the loops are
brighter and reconfigured, a CME is ejected, and a void forms in the coronal plasma
- a signature of a secondary dimming.

55



Chapter 3. Coronal Dimmings 3.3. Historical Overview

3.3 Historical Overview

Coronal dimmings, initially observed in the 1970s with data from Skylab, were

initially referred to as "transient coronal holes" due to their reduced emission re-

sembling CHs and their relatively short lifespans compared to typical CHs, as doc-

umented in Rust [1983]. Subsequent advancements in observations, such as those

made possible by the Yohkoh Soft X-ray Telescope [SXT; Kosugi et al., 1992], pro-

vided a deeper understanding of dimming sources in the inner corona and their

temporal characteristics.

Further insights into the nature of dimmings came from studies employing in-

struments onboard SOHO. Harrison and Lyons [2000] used the Coronal Diagnostic

Spectrometer (CDS) to perform the first-ever spectroscopic observation of dimmings.

They showed that a large portion of the CME mass could be originated from the

dimmings. Harra and Sterling [2001] observed notable blueshifts in the coronal and

transition region lines related to CME-associated dimmings, suggesting the pres-

ence of mass outflows. The Extreme-ultraviolet Imaging Telescope (EIT) on SOHO

enabled consistent observations of dimmings associated with CMEs. These studies

reinforced the link between dimmings and CMEs, emphasizing that coronal dim-

mings serve as reliable markers for the apparent footpoints of white-light CMEs, as

detailed in Thompson et al. [2000].

The availability of high-resolution imaging data in seven different EUV filters

from the SDO/AIA instrument enabled a deeper exploration of the plasma properties

within the coronal dimming regions. This was achieved by applying differential

emission measurement techniques as described in Vanninathan et al..

3.4 Relations to the CME parameters

Dimmings offer valuable insights into several characteristics linked to coronal mass

ejections, as documented in the literature:

1. Estimating CME mass: Dimming volume and emission measure calcula-

tions can be used to estimate the amount of ejected plasma during the eruption
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[López et al., 2017, 2019, Aschwanden et al., 2017].

2. Analysis of angular extent: Information on the spatial extent of coronal

dimmings allows the study of the angular extent of associated CMEs [Thomp-

son et al., 2000, Attrill and Wills-Davey, 2010]. There is also a correlation

between the extension of the CME and the CME mass [Dissauer et al., 2019].

3. Properties of the Magnetic Cloud: The structure of the Magnetic Cloud

(MC) at 1 AU can be associated with coronal dimmings, as they are thought

to mark the footpoints of erupting flux ropes [Mandrini et al., 2007].

4. Analysis of CMEs at onset and after eruption: The study of coronal

dimmings provides information on the early stages of CMEs [e.g., Qiu and

Cheng, 2017] and their post-eruption evolution, including insights into the

recovery phase [e.g., Attrill et al., 2008].

5. Interactions of CMEs with surroundings: The spatial distribution, emer-

gence, and contribution of magnetic flux from dimmings to associated CMEs

help to understand the interaction of CMEs with their environment during

early development [Mandrini et al., 2007, Chertok et al., 2013, Jin et al., 2022].

The importance of coronal dimmings for the study of solar CME/flares, as well

as the latest significant results in this area, are discussed in Kazachenko et al. [2022].

3.5 Detection Algorithms and Dimming Analysis

The analysis of coronal dimmings is challenging due to their diverse appearances and

the potential for other physical processes that might resemble false dimmings. As

a result, researchers continually develop new methods for detecting and extracting

dimmings, with a particular focus on automated algorithms. Below, we will highlight

some of these notable automated dimming detection methods.
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NEMO algorithm (Podladchikova and Berghmans [2005])

Data and Data Preprocessing: SOHO/EIT data (on-disk measurements) are

used. Running difference (RD) and base difference (EIT) images are computed.

RD images represent the difference between consecutive images, while BD images

subtract a fixed reference image from each subsequent image.

Dimming Detection Method: The Novel EIT wave Machine Observing (NEMO)

algorithm detects coronal dimmings and EIT waves. It is based on the analysis of

statistical properties and an understanding of the physics of eruptive events. Two

masks are extracted: one consists of seed pixels, which represent the darkest pixels

of the image, while the second mask is made of pixels that decreased in intensity

and are detected using a certain thresholding level. The final dimming region is

formed by using the seed pixels for a region-growing method in the second mask.

The method works with the assumption that dimmings are connected areas, and

their area is much larger than other areas of reduced intensity. The detection is

hard to apply for the events without EUV waves.

Main Results: The NEMO algorithm successfully detects and extracts dim-

ming regions in SOHO/EIT data. It provides information about dimming coordi-

nates, area, and intensity changes, aiding in the study of eruptive solar events.

Bewsher et al. [2008]

Data and Data Preprocessing: The study involved the examination of dimmings

occurring at the solar limb, specifically in the Fe XVI and Mg IX spectral lines,

representing temperatures of 2 × 106 K and 1 × 106 K, respectively. To facilitate

the tracking of dimmings, mosaic images were generated, and base-difference images

were created by subtracting a pre-event frame from each event image. The selection

of CMEs for analysis was based on the CDAW and CACTus CME lists.

Dimming Detection Method: Dimming detection involved limiting the spa-

tial extent of the dimmings of interest using a minimum group size criterion equal

to 1% of the mosaic area. Pixels were classified as dimming regions if their base-

difference intensity value exceeded twice the error threshold. Subsequent analysis

of neighboring pixels was conducted to establish the complete extent of a given
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dimming event.

Main Results: A statistical association between dimmings and CMEs was

established, affirming that a substantial percentage of dimming events are linked

to CMEs. Specifically, the research indicates that up to 55% of dimming events

were associated with CMEs. Furthermore, it was found that up to 84% of CMEs in

their dataset could be traced back to dimmings, reinforcing the relationship between

these two solar phenomena. The study also provided insights into the spatial extent

and statistical properties of dimmings, contributing valuable information to our

understanding of these solar events.

Reinard and Biesecker [2008]

Data and Data Preprocessing: A statistical analysis of 96 CME-associated EUV

coronal dimmings between 1998 and 2000. Base-difference images with selected

subregions of dimming locations.

Dimming Detection Method: A thresholding algorithm is applied: pixels

are flagged as dimmed if their intensity is below the chosen threshold of 1𝜎. The

detection method allows to derive dimming location and their area and brightness.

Main Results: The study reveals that coronal dimmings often occur near active

regions and exhibit rapid intensity decrease followed by gradual recovery. All fast

CMEs are observed with dimmings. The mean lifetime of the dimmings is around

8 hours (see Chapter 6 for more details).

Attrill et al. [2006], Attrill and Wills-Davey [2010]

The detection part was developed with the NEMO algorithm as the base, where

running-difference images were used for the detection; each of them was divided by

16 times for a fast real-time detection procedure. The segmentation part is based

on the thresholding method.

Data and Data Preprocessing: Base-difference SDO/AIA images from seven

EUV passbands, with a pre-event image selected 5 minutes before the detected

dimming event.

Dimming Detection Method: BD images are subjected to a 1𝜎 threshold
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based on the mean value of the pre-event image in each passband to identify dimmed

pixels and a median filter is applied for smoothing. Dimming regions are defined by

clustering pixels in a neighborhood, discarding any regions smaller than 1 arcmin2 to

ensure noise removal.

Main Results: The method can also be implemented for off-limb dimmings

detection and even with original, non-difference data.

Kraaikamp and Verbeeck [2015b]

Solar Demon is a software package that detects and characterizes flares, dimmings,

and EUV waves in SDO/AIA images.

Data and Data Preprocessing: Running-difference and Percentage running-

difference images from SDO/AIA 211 Å.

Dimming Detection Method: Dimming detection method uses a combination

of high and low thresholding on running-difference and percentage running-difference

images by only keeping clusters identified by both masks to identify coronal dimming

regions. Each subsequent image is compared to the base image. A mask identifies

pixels with intensity loss relative to the base image, extracting dimming attributes

such as location and intensity changes over time. Tracking of dimming regions is

limited to half an hour after the last detected brightness decrease, reducing noise-

related false statistics. Tracking durations vary from 30 minutes for small events to

several hours for larger ones due to the Sun’s dynamic nature.

Main Results: SolarDemon algorithm stands as the only dimming detection

method actively employed in operational mode for the real-time identification of

solar dimmings. The dimming detector produces near real-time output with a 15-

minute delay using synoptic quick-look data and synoptic science output with a

longer delay of 7 days.

Mason et al. [2016]

The study delves into various physical processes that can be interpreted as dimmings

and provides a spectroscopic analysis of mass-loss coronal dimmings.
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Figure 3-2: Creating a dimming characterization mask. From Kraaikamp and Ver-
beeck [2015b].

Data and Data Preprocessing: The analysis revolves around dimmings iden-

tified from spatially unresolved SDO/EVE full-disk irradiance light curves. This

dataset encompasses 37 dimming events that occurred during two distinct two-week

periods in the year 2011.

Dimming Detection Method: The method employed for dimming detection

involves the removal of the gradual phase peak in the EVE dimming time series.

This is achieved by temporally aligning the peak in the nondimming line with that

in the dimming line. Subsequently, the nondimming peak is scaled down to match

the intensity of the dimming peak, and the renormalized nondimming time series is

subtracted from the dimming series. This approach offers the advantage of dealing

solely with percentage changes, thus avoiding direct irradiance alterations. Con-

sequently, it allows for the isolation and removal of the cooler coronal emission

associated with dimmings, utilizing simultaneous measurements of warmer coronal

lines. The authors emphasize that relying solely on a single dimming spectral line

is insufficient for reliably predicting the occurrence of a CME. Instead, it is ideal to

observe spectral lines spanning a wide range within an ionic sequence.

Main Results: The highest correlation was identified between the depth in

the SDO/EVE light curve related to dimming and the CME mass. Furthermore,

a correlation was established between the intensity drop rate in SDO/EVE profiles

and the speed of the CME. The significance of observing dimmings in EUV light

curves lies in their potential to establish connections between solar observations and

their relevance in the context of stellar phenomena.
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AIA 171 Å Dimming image 171 Å corrected by 284 Å  

Figure 3-3: Comparisons of EVE and AIA light curves for M1.0 flare on 2010 August
7. Left panel: SDO/AIA EUV full disk images with coronal dimmings identified as
regions of interest. Right panel: SDO/EVE spatially integrated irradiance measure-
ments. The EVE corrections that make the light curves most closely match AIA
mass-loss dimming are shown. The vertical arrows indicate the time where slope
and depth are calculated in comparison to a time step prior to flare. Adapted from
[Mason et al., 2014].

CoDit (Krista and Reinard [2017])

The authors conducted a comprehensive statistical investigation of 154 dimmings,

along with their associated flares and CMEs, spanning the entire year of 2013. Their

focus was on exploring the physical and morphological characteristics of these solar

phenomena.

Data and Data Preprocessing: The dataset consists of 154 dimming events

observed in 2013. These observations were made using original non-difference SDO

AIA 193 Å observations and HMI magnetograms, transformed to Lambert cylindri-

cal equal-area projection maps.

Dimming Detection Method: The authors utilized a semi-automated tool

called the Coronal Dimming Tracker (CoDit) for dimming detection. In a departure

from the conventional use of base difference images, the authors adapted the Coro-

nal Hole Evolution detection algorithm (CHEVOL, Krista et al. [2011]) to identify

dimmings in original EUV images. This novel approach involved locating pixels

with intensities lower than that of the quiet Sun. This method enabled the study

of dimmings as the footpoints of CMEs, in contrast to the larger, diffuse dimmings

typically observed in difference images, representing the projected view of the rising
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and expanding plasma.

Main Results: The study revealed several significant relationships among the

physical properties of dimmings, flares, and CMEs. Larger dimmings were found to

have longer lifetimes, indicating that it takes more time for extensive open magnetic

regions to "close down." During the growth phase, smaller dimmings tend to be-

come more unipolar than larger dimmings, highlighting differences in their magnetic

characteristics. The intensity of dimmings in EUV images was observed to correlate

with the amount of plasma removed during the event and the energetic nature of

the eruption.

Figure 3-4: CODIT detection products example. Top left: AIA 193 Å Lambert
map (1 Oct 2011, 10:16 UT) with dimming region (magenta) and intensity threshold
regions (white). Top right: Close-up of AIA image with dimming. Bottom left: HMI
magnetogram with dimming; yellow/blue contours show magnetic field strength >50
G and <-50 G. Bottom right: Histogram of a magnetic field in dimming (magenta)
vs. surrounding regions (black). From Krista and Reinard [2017].

Dissauer et al. [2018a,b, 2019]

A thorough methodological approach and comprehensive statistical analysis of the

characteristic properties of coronal dimmings, and their relation to the decisive pa-

rameters of the associated CMEs and flares has been presented in a series of papers.
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Data and Data Preprocessing: The dataset encompasses 62 dimming events

occurring between 2010 and 2012, where dimmings were observed on-disk by SDO/AIA

and HMI. To minimize projection effects, the kinematics of CMEs during the impul-

sive acceleration phase were studied near the limb using STEREO/EUVI and COR.

Logarithmic base ratio images were constructed for dimming segmentation.

Dimming Detection Method: The dimming detection method employs a

region-growing thresholding algorithm. A pixel is classified as a dimming pixel if

its logarithmic base-ratio intensity decreases below a threshold of −0.19 DN. Mor-

phological operators are employed to smooth the extracted regions. This smoothing

process helps eliminate small noise-induced features and fills minor gaps and holes.

It subsequently facilitates the identification of seed pixels for a region-growing algo-

rithm. The final dimming region is then extracted from the detected pixels that are

connected neighbors to the seed pixels [Dissauer et al., 2018a]. With this method,

the core dimming regions can be identified in the broader dimming region.

Dimming parameters: Characteristic dimming parameters are extracted through

the cumulative summation of dimming pixels over time. This approach enables the

comprehensive description of dimming regions, including their dynamics, morphol-

ogy, magnetic properties, and brightness.

Main Results: The study’s main outcomes reveal significant correlations be-

tween dimming properties and CME characteristics. Specifically, dimming area,

total unsigned magnetic flux, and total brightness, which describe the dimming re-

gion in its final extent, exhibit the highest correlations with CME mass (correlation

coefficients around 0.6-0.7). In summary, CME mass displays the most robust cor-

relations with primary coronal dimming parameters, while the maximum velocity

of the CME is strongly correlated with secondary dimming parameters. For events

where a CME occurs concurrently with a flare, the statistical analysis demonstrates

that coronal dimmings capture properties of both phenomena.

The methodology created in this dissertation was designed in accordance to this

study, making it the most relevant to current research project.
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Figure 3-5: Detection of the coronal dimming regions around 22:49 UT on 2011
September 6 in seven EUV filters of SDO/AIA covering a temperature range from
0.5 to 10 𝑀𝐾 (top to bottom). The direct image (left) is plotted together with
its corresponding logarithmic base-ratio image (middle) and the detected dimming
pixels (indicated in red in the right panel). From Dissauer et al. [2018a].
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Methodology of the dimming analysis

4.1 Data and instruments

In this section, we provide an overview of the main instruments used in our study

to analyze coronal dimming. Although our research includes several tools for each

of the solar phenomena, the focus of this section is to present the data sources that

have proven to be particularly valuable and informative for our study of coronal

dimmings: SDO/AIA and STEREO /EUVI instruments for on-disk and off-limb

dimming observations, respectively.

4.1.1 SDO mission

The Solar Dynamics Observatory [SDO; Pesnell et al., 2011] was launched on Febru-

ary 11, 2010, as part of the Living With a Star program from NASA. The primary

goal of the SDO mission is to deepen our understanding of the Sun’s behavior, par-

ticularly for solar variability and its effects on Earth and near-Earth space. SDO has

the unique capability to observe the solar atmosphere on small spatial and temporal

scales at multiple wavelengths simultaneously. This allows scientists to study the

generation and structure of the solar magnetic field, as well as the conversion and

release of magnetic energy in the heliosphere, which takes the form of solar wind,

energetic particles, and solar irradiance variations. The mission’s focus on observ-

ing small-scale phenomena has great potential to improve our predictive capabilities
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regarding solar activity.

Key features of the SDO mission are:

Spacecraft and Orbit: The SDO spacecraft is 4.5 m high and has dimensions of

more than 2 m on each side. At launch, it weighed about 3100 kg, including pro-

pellant. The spacecraft operates in a semi-autonomous mode pointed at the Sun,

providing nearly continuous observations of the Sun. It is in a 28° inclined geosyn-

chronous orbit that provides a continuous data downlink to the SDO ground station

in New Mexico. The data transmission rate reaches an impressive 130 Mb s−1.

Science Instruments: The SDO mission is equipped with three science instru-

ments:

• Atmospheric Imaging Assembly (AIA): the AIA provides high-resolution im-

ages of the entire solar disk, including the corona and the transition region up

to 0.5 R⊙ above the solar limb. It achieves a spatial resolution of 1.5 arcsec and

a temporal resolution of 12 seconds. AIA operates in ten different wavelength

intervals that include a broadband white light channel, two UV channels, and

seven EUV channels, centered on the following spectral lines: Fe XVIII (94

Å), Fe VIII, XXI (131 Å), Fe IX (171 Å), Fe XII, XXIV (193 Å), Fe XIV (211

Å), He II (304 Å), and Fe XVI (335 Å), providing a temperature diagnostics

over the range from 6 · 104 K to 2 · 107 K [Lemen et al., 2011].

• EUV Variability Experiment (EVE): EVE measures the solar extreme ultra-

violet spectral irradiance to understand time variations that influence Earth’s

climate and near-Earth space [Woods et al., 2012].

• Helioseismic and Magnetic Imager (HMI): HMI observes the full solar disk at

6173 Å with a resolution of 1 arcsecond to study oscillations and the magnetic

field at the solar surface [Scherrer et al., 2012].

Figure 4-1 illustrates SDO/AIA observations at the different wavelengths, also

highlighting which part of the atmosphere is better observed at each wavelength.

Data Accessibility: The SDO mission promotes open science by making its data

products publicly available. SDO data can be obtained in either Level 1.5 or Level

67



Chapter 4. Methodology of the dimming analysis 4.1. Data and instruments

Figure 4-1: How SDO sees the Sun: each wavelength observed by AIA and HMI
instruments onboard SDO. Courtesy of NASA/SDO/GSFC.

1.0 formats, with the ability to upgrade Level 1.0 data to Level 1.5 using user

software. Several software packages, including SolarSoft (IDL) and SunPy (Python),

provide routines for this purpose.

AIA Data cadence: SDO/AIA is characterized by its high temporal resolution.

It can capture one frame per second, with a general temporal resolution of about

10 to 12 seconds. This frequent data acquisition allows scientists to observe rapid

changes in solar activity.

Data volume: The SDO mission generates an astounding amount of scientific

data, with over 1.5 terabytes of data collected daily, becoming one of the most

informative projects in history. This huge data set provides researchers with an

unparalleled resource for studying the Sun’s dynamic behavior.
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4.1.2 STEREO mission

The Solar TErrestrial RElations Observatory [STEREO; Kaiser et al., 2008] mis-

sion, consisting of two nearly identical spacecraft, was launched on October 25,

2006, as part of the Solar Terrestrial Probes (STP) program from NASA. This mis-

sion revolutionized our understanding of the Sun and its interactions with Earth

by providing the first stereoscopic view of the Sun and its dynamic atmosphere.

The two spacecraft STEREO, STEREO-A and STEREO-B (until 2014), located in

heliocentric orbits, with one flying ahead of Earth and the other trailing behind,

providing a unique 3D perspective of solar phenomena. The main scientific goals of

the STEREO mission are to study the causes and mechanisms leading to the forma-

tion of CMEs, to understand how CMEs propagate in the heliosphere, to study the

acceleration of energetic particles in the solar corona, and to improve our knowledge

of the structure of the solar wind.

Key features of the STEREO mission:

Stereoscopic observations: STEREO-A and STEREO-B provide a stereoscopic

view of the Sun and its atmosphere. Combined with data from ground-based obser-

vatories and observatories in low-Earth orbit, this dual perspective allows scientists

to track the buildup and release of magnetic energy from the Sun. It also facilitates

the construction of 3D trajectories for Earth-based CMEs, improving our under-

standing of their behavior.

Communication and separation: STEREO-A, which is in a faster and closer

orbit around the Sun than STEREO-B, has gradually separated from its twin, mov-

ing 44° per year apart. Unfortunately, on October 1, 2014, communication with

STEREO-B was lost due to hardware anomalies that affected the spacecraft’s ori-

entation control. Although contact was restored with STEREO-B in 2016, recovery

efforts were unsuccessful, and the spacecraft has been out of contact. STEREO

Ahead continues to operate nominally and currently provides our only images from

the far side of the Sun.

Technological Overview: The two STEREO observatories are nearly identical in

that each is a solar-powered satellite with 3-axis stabilization. They had a launch
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mass of about 620 kg, including propellant. Communication with the spacecraft is

via the Deep Space Network of NASA, with mission operations based at the Applied

Physics Laboratory (APL).

Instrumentation: Each STEREO satellite is equipped with four instrument pack-

ages:

• Sun Earth Connection Coronal and Heliospheric Investigation [SECCHI; Howard

et al., 2008]:

– Inner Coronagraph (COR1) and Outer Coronagraph (COR2):two white-

light coronagraphs to observe the inner (1.3-4 R⊙) and outer (2.5-15 R⊙)

corona at high temporal and spatial resolution, and provide polarization

information [Thompson et al., 2003, Howard et al., 2008].

– Heliospheric Imager (inner HI1 and outer HI2): these are externally oc-

culted coronagraphs that image the inner heliosphere between the Sun

and the Earth between 12-215 R⊙ Eyles et al. [2009].

– Extreme UltraViolet Imager (EUVI): EUVI is of particular importance

for studying coronal dimmings. EUVI observes the chromosphere and

lower corona in several EUV emission lines, including He II 304 Å, Fe

IX 171 Å, Fe XII 195 Å, and provides high-resolution spatial and tem-

poral data critical to understanding large-scale perturbations in the solar

corona [Wuelser et al., 2004].

• STEREO/WAVES (SWAVES): SWAVES is designed for 3D localization and

tracking of radio emissions associated with streams of energetic electrons and

shock waves associated with CMEs [Bougeret et al., 2008].

• In-situ measurements of particles and CME transients (IMPACT): IMPACT

contributes multipoint measurements of solar wind, suprathermal electrons,

interplanetary magnetic fields, and solar energetic particles. It consists of

seven individual sensors which are packaged into a boom suite, and a SEP

suite [Acuña et al., 2008].
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• PLAsma and supraThermal ion composition (PLASTIC): PLASTIC mass

spectrometer is providing measurements of kinetic properties and composi-

tion for solar wind and suprathermal ions solar wind and suprathermal ions

in the energy-per-charge range of ∼0.3 (0.2) up to ∼80 (100) keV/e [Galvin

et al., 2008].

Data Accessibility: The STEREO mission data products are publicly available.

SolarSoft IDL package can be used for calibration routines. Unfortunately, at this

moment there are no calibration routines in Sunpy (Python).

EUVI Data cadence: From to 2.5 minutes in the 171 Å channel to 20 minutes in

the 284 Å filter. Typical cadence of 195 Å is 5 minutes.

4.2 Dimming detection

For the dimming detection procedure, we start by loading and calibrating solar

images, followed by differential rotation to match them with the pre-event image.

Using an automatic thresholding algorithm based on region-growing, we segment the

dimming regions. We adapted an algorithm from Dissauer et al. [2018a] The code

was translated from SolarSoft IDL to Python and extended for off-limb detection,

enabling comprehensive analysis of coronal dimming from multiple viewpoints.

4.2.1 From SolarSoft IDL to Python and Sunpy

For calibration, differential rotation, and visualization, we use the SunPy open-

source software package The SunPy Community et al. [2020]. SunPy debuted in

March 2011 and grew out of the collaborative efforts of a small group of scientists

and developers at NASA’s Goddard Space Flight Center. Over time, SunPy has

evolved into a Python package with a thriving and dedicated community that en-

sures continued development and frequent updates (including several version changes

throughout this project).

While most scientists have traditionally relied on the IDL language’s SolarSoft

(SSW) library, recent trends show a shift. A 2020 survey of solar physicists found
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that 73% of respondents preferred IDL in their research, while 66% chose Python

Bobra et al. [2020]. Certainly, these tools are often used together: about 45% of

respondents use Python and IDL in their work. SolarSoft remains essential for sup-

porting cutting-edge Heliophysics System Observatory missions such as the Parker

Solar Probe, Solar Orbiter, SDO, GOES 16, and GOES 17.

Because of its versatility, flexibility, and open-source nature, SunPy has grown

significantly over nearly a decade. This growth is further fueled by a robust commu-

nity that actively shares insights and contributions. In addition, the popularity of

Python in the broader computer science landscape, particularly in machine learning

and computer vision, has fueled the adoption of SunPy.

Despite this change, the solar physics community continues to value SolarSoft.

There is a growing trend toward creating a seamless interface combining SolarSoft

and SunPy tools to facilitate research in a single environment. Efforts are underway

to enable SSW support for execution in Jupyter notebooks and to develop Jupyter-

based interactive tutorials [Hurlburt et al., 2021].

4.2.2 Loading and calibration

Choice of wavelengths

The dimmings are seen in all coronal AIA filters, emphasizing the multithermal

aspect of this phenomenon [Vanninathan et al.]. As recommended by Dissauer

et al. [2018a] and Kraaikamp and Verbeeck [2015a], the most effective observation

of coronal dimming occurs at wavelengths sensitive to the coronal temperatures of

the quiet Sun, such as 195 Å, 171 Å, and 211 Å. We propose to use these wavelengths

for dimming detection and analysis.

Loading data

To search for and download data, we use the primary interface sunpy.net.Fido,

which provides SDO/AIA data at Level 1.0. Obtained data can be conveniently

stored in the FITS (Flexible Image Transport System) file format. FITS is an open

standard that defines a digital file format widely utilized for storing, transmitting,
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and processing data in the fields of astronomy and solar physics.

Calibration of SDO/AIA images

Sunpy has an affiliated package aiapy for SDO/AIA data calibration. The pre-

processing of the SunPy maps for the data analysis involves several methods from

aiapy.calibrate (analog for SolarSoft aia_prep.pro routine):

1. Checking the exposure time metadata, discarding maps outside the selected

threshold. We use images with exposure time ranging from 2.9 to 3 s.

2. Update pointing information in the header: update_pointing function.

3. Correct the metadata for heliographic longitude and latitude:

fix_observer_location function.

4. Convert a full level 1 AIA map to a level 1.5 AIA map (rotating the North

to align with the y-axis, adjust the resolution to 0.6 arcsec/pixel, correct the

center of the solar disk, etc.):

register function.

5. Normalize image to the exposure time such that the units of the image are

[DN/pixel/s]:

normalize_exposure function.

6. Resample from 4096× 4096 to 2048× 2048 pixels, adjusting metadata accord-

ingly (resolution changes from 0.6 arcsec/pixel to 1.2 arcsec/pixel).

Calibration of STEREO/EUVI images

Currently, there are no reliable functions for calibrating STEREO/EUVI data in

Python. All calibration files are distributed as part of the SECCHI software package

in IDL SolarSoft. Thus, we use standard SolarSoft routines for the preprocessing of

this data:

1. Load EUVI data with secchi_vso_ingest.pro routine.
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2. Check the exposure time of each image.

3. To ensure the accurate storage of STEREO coordinates, it is better to use the

register_stereo_spice_dlm.pro routine (automatic handling of this process

in IDL may not work reliably).

4. Convert from raw EUVI Level 0 images to calibrated Level 1 images, turning

raw detector signals in data numbers (DN) into the number of photons per sec

[ph/s] units: secchi_prep.pro.

5. Resample images if needed.

4.2.3 Differential rotation

The Sun is known to rotate differentially, meaning that its rotation rate varies

across its surface. Near the poles, the rotation period is about 35 days, while near

the equator, it is about 25 days. This phenomenon results from the fact that the

Sun is not a solid body. Although the exact mechanisms behind it are not fully

understood, the Sun’s varying rotation is well documented [Howard et al., 1990] and

must be taken into account for observations of solar features over time.

Figure 4-2 shows an SDO/AIA 171 Å image with overplotted lines of constant

longitude (white) with their differentially rotated pairs (blue) in the Heliocentric

Earth Equatorial (HEEQ) coordinate system. The period of rotation is 27 days.

Note that the differentially rotated lines are plotted in the original coordinate frame,

so it doesn’t account for any motion of the observer over 27 days.

For tracking the evolution of coronal dimmings, we retrospectively rotate each

image to a pre-event one, which is taken 30 minutes before the flare onset, the so-

called "basemap".

Sunpy: transform_with_sun_center function. This function always removes

the off-limb data.

SolarSoft: drot_map.pro. KEEP_LIMB keyword should be used not to re-

move the off-limb data after rotation.
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Figure 4-2: SDO/AIA 171 Å image with HEEQ constant longitudes before differen-
tial rotation (white) and after differential rotation for 27 days (blue).

An example of the map, differentially rotated on three days back is shown in Fig-

ure 4-3. From the central map, two observations are evident. First, the differential

rotation process omits off-limb data, leaving only on-disk measurements. Second,

there’s a distortion on the solar disk’s right side, causing it to lose its circular shape.

This distortion arises because those pixels were located on the back side of the solar

sphere, and their information is lost during rotation correction.

Figure 4-3: Left panel: base map on 6 June 2011 00:52. Middle panel: map on 9
June 2011 after it was differentially rotated to the time of the base map. The red
contour indicates the solar limb of the base map. Right panel: original map on 9
June 2011 00:52.

75



Chapter 4. Methodology of the dimming analysis 4.2. Dimming detection

4.2.4 Data preprocessing

Data preprocessing plays a crucial role in identifying the size and brightness of the

dimming regions. To analyze dimming events, the initial step is to determine the

dimming region. Typically, Base Difference (BD) images are used to detect coro-

nal dimmings [Reinard and Biesecker, 2008, Attrill and Wills-Davey, 2010, Podlad-

chikova and Berghmans, 2005]. These are created by subtracting the image before

the event from the image at a given time:

𝐵𝐷 = 𝐼𝑛 − 𝐼0, (4.1)

where 𝐼𝑛 and 𝐼0 are the intensity of the image at the time 𝑡𝑛 and the base image

at the time 𝑡0 respectively. BD images emphasize the absolute changes in intensity,

facilitating the identification of regions with significant variations, such as active

regions and coronal loops.

However, coronal dimmings, especially secondary dimmings, often occur in quiet

solar regions characterized by low coronal intensity. Absolute intensity values alone

cannot effectively detect such changes. For off-limb dimming detection, it is even

more crucial, as in the upper corona, density is lower compared to regions closer

to the solar surface. To address this problem, we use logarithmic base ratio (LBR)

images, which form a ratio between the images and the base image (see comparison

in Figure 4-4). This approach highlights relative changes and ensures that variations

in both high-intensity regions (e.g., coronal loops) and low-intensity regions (e.g.,

quiet sun) are equally accounted. The logarithmic operation further enhances the

visibility of these variations:

𝐿𝐵𝑅 = 𝑙𝑜𝑔(𝐼𝑛/𝐼0) = 𝑙𝑜𝑔(𝐼𝑛) − 𝑙𝑜𝑔(𝐼0), (4.2)

where 𝐼𝑛 and 𝐼0 are the intensity of the image at the time 𝑡𝑛 and the base image at

the time 𝑡0 respectively.
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Figure 4-4: Advantages of using LBR images for detecting coronal dimming regions.
From left to right: logarithmically scaled SDO/AIA 211 Å filtergrams before and
during a coronal dimming event on 2011 October 1, the corresponding BD and
LBR images. Image scaling is adjusted, with no-change levels set at 0.0 for base-
difference and 1.0 for base-ratio images. Regions that increase in intensity over time
are saturated, while dimming regions, where intensity decreases, are more distinct
and visible. The white arrows point to a observed coronal dimming region. From
Dissauer et al. [2018a].

4.2.5 On-disk dimming detection

After the preprocessing steps, we crop the images for the region of interest to study

a subfield of, e.g., around 1000 × 1000 arcsecs around the center of the eruption to

restrict the dimming detection.

We identify coronal dimming pixels by applying a thresholding algorithm to

logarithmic base ratio images. A pixel is classified as a dimming pixel when its log-

arithmic (𝑙𝑜𝑔10) intensity ratio drops below -0.19, which corresponds to a decrease

of about 35% in linear space. This threshold was determined empirically by com-

paring the intensity distributions of images before the dimming appearance and the

maximum dimming extent for different events [see Dissauer et al., 2018a].

Seed pixels for the region-growing algorithm are the 30% of the darkest pixels in

the LBR image. This percentage value is chosen after a trial and error procedure

and is the percentage that guarantees that the extracted area is not very noisy (due

to the presence of small areas) nor suffers the loss of significant areas, which may

not be detected with a too small number of seeds. For more accurate dimming

extraction, i.e., to remove small areas and fill gaps, median filtering can be applied

to the obtained seed pixels. This filter functions optimally within a 3×3 square

window, evaluating the median pixel intensity in local neighborhoods.

77



Chapter 4. Methodology of the dimming analysis 4.2. Dimming detection

The region growing method is easily available in IDL with the routine region_grow.

Sunpy does not provide a built-in function for this particular task, and there are

no documented procedures for implementing this method in Python. Therefore, we

have developed a Python algorithm that follows the IDL routine to address this

need.

Guided by the IDL routine region_grow.pro, the algorithm evaluates the four

connected neighbors (left, top, right and bottom pixels) to grow from the seed points

or, alternatively, the 8-connected neighborhood (which counts also the diagonal pix-

els), adding them to the dimming region if their intensity is lower than a predefined

threshold of -0.19. This process iteratively expands the dimming region, creating a

binary dimming map while preserving the original metadata. Ultimately, only con-

tiguous neighboring pixels of these seed pixels are retained as final dimming regions,

reducing the detection of small-scale fluctuations and removing misidentified pixels.

The resulting binary map serves as an instantaneous dimming pixel mask, de-

noted as 𝑆𝑚(𝑝𝑖, 𝑡𝑚), which we introduce in Section 4.3. This mask identifies dimming

pixels, represented as 𝑝𝑖, at each time step 𝑡𝑚.

Finally, the suggested parameters for the algorithm are: thresholding level for

logarithmic base ratio data (𝑡ℎ𝑟𝐿𝐵𝑅), the amount of darkest pixels extracted from

LBR data (𝑑𝑎𝑟𝑘_𝑝𝑖𝑥), the size of the square of median filtering for seed pixels

(𝑠𝐿𝐵𝑅):

thrLBR = −0.19 DN,

dark_pix = 30%,

sLBR = [3, 3].

(4.3)

These parameters are recommended for extracting coronal dimmings and are

suitable for statistical analysis, but they can be customized for each case study

depending on the specific disturbances around the active region and the overall

objectives of the dimming analysis.
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4.2.6 Off-limb dimmings detection

We adapt the dimming segmentation approach also for dimmings detected off-limb

with STEREO/EUVI 195 Å data.

The main difference of the algorithm is that the segmentation is based on both

log base-ratio and base-difference data. This dual approach is necessary because

ratio images can introduce significant noise, especially in the region outside the

limb, which can hinder dimming extraction. By using base difference data alongside

ratio images, we can effectively reduce this noise and improve the accuracy of our

dimming analysis.

First, we threshold base-difference data by -1.0 DN and extract 30% of the

darkest pixels from it. In this way, the number of pixels with an intensity drop of

more than -1.0 DN form the array of seed pixels for the region-growing algorithm (see

Fig. 4-6d). We use the darkest pixels in base-difference data because this criterion

is independent of a fixed threshold and is therefore not affected by the changes in

the mean intensity in the overall corona over time. In BD threshold optimization,

it’s more effective to increase the number of darker pixels rather than raising the

threshold level for base-difference data. This approach minimizes the growth of

misidentified noise in the lower corona without interfering with logarithmic base

ratio data. Overly strict thresholding for base-difference data can lead to the loss of

genuine dimming pixels in some instances.

In the next step, we select the thresholding level for logarithmic base ratio data:

all pixels with a logarithmic base ratio intensity decrease below a value of -0.19

are identified as dimming pixels (cf. Fig. 4-6e). This threshold was also found

empirically from the histograms by qualitatively checking different images during

different development states of the dimming for several events. The thresholding

level appeared to be the same as found in Dissauer et al. [2018a] for SDO/AIA

data, as it performed well to separate the dimming pixel distribution from random

noise within the majority of histograms investigated for the STEREO/EUVI data.

In Figure 4-5, we show for two sample events, the intensity distribution of the

logarithmic base ratio images for two different time steps, one before and one during

the dimming. The state before the dimming formation is presented as a black
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histogram and shows a small variance in values; the dimming state at the time close

to its maximal extent is presented as green histogram and reveals a systematic shift

to negative intensity values, indicating the dimming pixels. The chosen thresholding

level of -0.19 (blue vertical line) provides a basic, first-level separation of the non-

dimming fluctuations in the image and the dimming pixels.

Figure 4-5: Intensity distributions of logarithmic base-ratio images for dimming
events that occurred on 2011 October 1 (left) and 2012 March 6 (right). The
black histogram is calculated from an image during a pre-event time step (i.e.
non-dimming state), and the green histogram is from an image during the time
of maximal extent of the dimming. Note the shift toward negative intensity values
for the distribution during the dimming state (green). The value used for first level
thresholding is shown by the blue vertical line.

In order to reduce noise and the number of misidentified pixels, morphological

operators (with a kernel of 3 × 3 pixels) are used to smooth the extracted regions

and remove small-scale features. It also helps in situations, where gaps need to be

filled in order to let seed pixels grow to more distant dimming parts. Finally, only

pixels of LBR data, that represent direct neighbors of the seed pixels in BD data

create the dimming region (cf. Fig. 4-6f), and are subsequently used to extract the

properties (area, intensity) of the dimming regions.

In Figure 4-6, we illustrate all the major steps of the dimming detection algo-

rithm. The top panels show the original data (a), the BD image (b) and the LBR

image (c). The masks of the extracted regions for each step are shown in the bottom

panels: the darkest pixels derived from the BD image (d), which are used as the seed

pixels in the thresholded LBR data (e) by applying the region-growing algorithm to
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form the final dimming region (f). As it can be noticed, the noise in the LBR data

is mostly present in regions higher up in the corona and does not overlap with the

noise of BD data in the low corona. Thus, the chosen approach combining the two

types of data is effective for the dimming extraction above the solar limb.

Figure 4-6: Dimming detection for the event on 2011 October 1. The top panels
present original EUVI/STEREO 195 Å filtegrams (a) together with base-difference
(b) and logarithmic base-ratio (c) data. The bottom panels highlight pixels identified
during the different steps of the detection: the darkest pixels extracted from base
difference data (d), logarithmic base ratio data thresholded by level -0.19 (e), the
final dimming region segmented for this time step in logarithmic base ratio data (f).
The coordinates are given in arcsec from Sun center.

Finally, the chosen parameters for the algorithm are: thresholding level for loga-

rithmic base ratio data (𝑡ℎ𝑟𝐿𝐵𝑅), thresholding level for base difference data (𝑡ℎ𝑟𝐵𝐷),

the amount of darkest pixels extracted from base difference data (𝑑𝑎𝑟𝑘_𝑝𝑖𝑥), the

size of the square for the smoothing functions for base difference and logarithmic

base ratio data (𝑠𝐵𝐷 and 𝑠𝐿𝐵𝑅, respectively):
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thrLBR = −0.19 DN,

thrBD = −1.0 DN,

dark_pix = 30%,

sLBR = [3, 3],

sBD = [3, 3].

(4.4)

To remove small areas from the final extracted region, e.g., distant parts not con-

nected to this dimming, we suggest to use the label function from skimage.measure

library in Python. The routine adds an index to all dimming areas that were finally

extracted and deletes all areas where the number of pixels is less than, e.g., 10% of

the number of pixels in the biggest region.

For illustration, we show Figure 4-7 as an example of the detection and different

appearance of the dimming event that occurred on 2011 October 1, observed on-disk

by SDO AIA [Dissauer et al., 2019] and off-limb by the STEREO-B satellite. We

show the direct SDO AIA 211Å (top) and the STEREO-B/EUVI 195Å (bottom)

images close to the time of maximal extent of the dimming, the corresponding

logarithmic base-ratio images and the timing maps. The colors in the timing maps

encode for each dimming pixel the time of its first detection.

4.3 Characteristic dimming parameters

With our developed algorithm, we can extract and analyze various parameters as-

sociated with coronal dimming regions and their temporal evolution, providing a

comprehensive understanding of their physical properties. Our analysis focuses on

key parameters that characterize the dynamics, morphology, and brightness of these

dimming regions. In particular, we investigate both the area and brightness param-

eters for the BD and LBR data and their corresponding derivatives.

Identification of dimming pixels: At each time step, denoted by 𝑡𝑚, we system-

atically identify the dimming pixels, represented as 𝑝𝑖. Tracking of these pixels

is critical to understanding the evolving dimming regions within the data.
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Figure 4-7: Illustration of the dimming evolution from two different viewpoints for
the event of 2011 October 1. The top panels represent on-disk dimming observa-
tions: SDO AIA 211Å filtegram (left), logarithmic base-ratio map (middle), timing
map (right), that marks when each dimming pixel was detected for the first time
(presented in hours after the flare onset). The bottom panels show the same for the
off-limb dimming observations by STEREO-B/EUVI.

Instantaneous dimming mask: To visualize the dimming regions at a given time

𝑡𝑚, we create a mask for instantaneous dimming pixels, denoted as 𝑆𝑚(𝑝𝑖, 𝑡𝑚).

This mask is binary and assigns a value of 1 to pixels that are inside the

dimming regions and 0 to pixels that are outside these regions. This mask

represents all the dimming pixels at a given time step 𝑡𝑚.

Cumulative dimming mask: To track the evolution of dimming regions over

time, we accumulate all pixels identified as dimming pixels from the initial

time point to a specific time point, denoted 𝑡𝑛.

The cumulative dimming pixel mask 𝐶(𝑝𝑖, 𝑡𝑛) is created over time by combin-

ing the instantaneous dimming pixel masks identified from 𝑡0 until 𝑡𝑛,

𝐶(𝑝𝑖, 𝑡𝑛) = 𝑆𝑛(𝑝𝑖, 𝑡𝑛) ∪ 𝑆𝑛−1(𝑝𝑖, 𝑡𝑛−1) ∪ . . . 𝑆0(𝑝𝑖, 𝑡0). (4.5)

C(𝑝𝑖, 𝑡𝑛) - the cumulative mask, which contains every pixel which was flagged
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as dimming pixel by the time period [𝑡0,𝑡𝑛]

With the cumulative masks, we can observe the full extent of the total dimming

region over time.

Cumulative masks allow us to study the full extent of the total dimming region

over time. Figure 4-8 shows the evolution of the cumulative dimming masks for the

example event 2011 October 1. The left and middle panels show snapshots of the

original and LBR STEREO/EUVI images. The corresponding dimming cumulative

masks, extracted by our algorithm, are presented in the right panels. Green pixels

show the newly detected dimming regions, while gray pixels represent all pixels that

were extracted as part of the dimming region during previous time steps.

4.3.1 Dimming area

By using the extracted masks, the evolution of coronal dimming regions is studied by

the instantaneous and cumulative areas: the instantaneous area 𝐴𝑖𝑛(𝑡𝑛) represents

the number of pixels identified as dimming pixels at a certain time step 𝑡𝑛, the

cumulative area 𝐴𝑐𝑢(𝑡𝑛) is determined by combining the number of all dimming

pixels detected up to time 𝑡𝑛:

𝐴𝑐𝑢(𝑡𝑛) =
∑︁
𝑖

𝐶(𝑝𝑖, 𝑡𝑛)𝑎𝑖, (4.6)

where 𝑎𝑖 is the area of each dimming pixel 𝑝𝑖 within the cumulative dimming

pixel mask 𝐶(𝑝𝑖, 𝑡𝑛). In Section 4.4, we introduce the novel method to eliminate

the projection effects and calculate 𝑎𝑖 as a surface area of a sphere for every pixel,

significantly improving the accuracy of the area estimation.

With this parameter, we capture the full extension of the dimming region until

the time 𝑡𝑛. With the time evolution of both quantities, we can study the spatial

and temporal morphology of the dimming region in detail.

The corresponding area growth rate 𝑑𝐴/𝑑𝑡(𝑡𝑖) characterizes how fast the dim-

ming is developing; it is calculated as the corresponding time derivative of 𝐴𝑖𝑛(𝑡)

or 𝐴𝑐𝑢(𝑡) [see also Dissauer et al., 2018a]. The time evolution of these quantities
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Figure 4-8: Coronal dimming evolution for the 2011 October 1 event. From left to
right: direct EUVI/STEREO-B filtergrams, LBR images, and cumulative dimming
pixel masks. In the right panels, the green pixels on top of the cumulative dim-
ming pixel masks (gray regions) represent all newly detected pixels compared to the
previously shown time step. The white contour indicates the solar limb.

allows us to study the dynamic evolution of the dimming region and to determine

its impulsive phase.

4.3.2 Dimming brightness

According to Mason et al. [2016], it has been observed that CMEs associated with

dark and large dimming regions tend to be more massive. The analysis of dimmings

on-disk by Dissauer et al. [2019] proves this statement. Consequently, the total

brightness parameter becomes a valuable tool for quantifying the extent of plasma

evacuation during CME events.
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It’s important to note that the approach chosen for defining the dimming region

significantly impacts the information we can extract from the parameter’s temporal

evolution.

The total instantaneous brightness 𝐼𝑖𝑛 of the dimming region at time step 𝑡𝑚, is

calculated as the sum of dimming pixels intensities at the time step 𝑡𝑚:

𝐼𝑖𝑛(𝑡𝑚) =
∑︁
𝑖

𝐼(𝑝𝑖, 𝑡𝑚)𝑆𝑚(𝑝𝑖, 𝑡𝑚), (4.7)

where 𝐼(𝑝𝑖, 𝑡𝑚) is the intensity at 𝑡𝑚 for a dimming pixel 𝑝𝑖 in the instantaneous mask

𝑆𝑚(𝑝𝑖, 𝑡𝑚). This equation quantifies the total brightness within the dimming region

at a particular moment in time. It allows us to track how the brightness changes

instantaneously as the dimming event progresses. Whether a maximum dimming

area or minimum pixel intensity contributes to the minimum value of instantaneous

brightness can be uncertain. To mitigate this uncertainty and create a parameter

that solely depends on pixel intensity, we calculate the cumulative brightness:

𝐼𝑐𝑢(𝑡𝑚) =
∑︁
𝑖

𝐼(𝑝𝑖, 𝑡𝑚)𝐶(𝑝𝑖, 𝑡𝑛), (4.8)

where 𝐼(𝑝𝑖, 𝑡𝑚) is the intensity at 𝑡𝑚 for a certain dimming pixel 𝑝𝑖 within a fixed

cumulative dimming mask 𝐶(𝑝𝑖, 𝑡𝑛). Here, the dimming area is the same for the

full-time range because it is defined as all dimming pixels that have been identified

from the start 𝑡0 to time 𝑡𝑛. This cumulative brightness parameter is particularly

valuable for tracking the overall increase or decrease in dimming intensity over the

entire duration of the event, especially for investigating the recovery phase.

After defining the instantaneous and cumulative brightness, we calculate their

change rates. The corresponding time derivative gives the brightness change rate:

𝑑𝐼

𝑑𝑡
=

𝐼(𝑡𝑚) − 𝐼(𝑡𝑚−1)

𝑡𝑚 − 𝑡𝑚−1

, (4.9)

Furthermore, for each type of total brightness, we extract the mean intensity of

the dimming by dividing the total dimming brightness 𝐼(𝑡𝑖) by the area 𝐴(𝑡𝑚) at

the same time step for instantaneous and by the constant area 𝐴(𝑡𝑛) for cumulative:
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𝐼 𝑖𝑛(𝑡𝑚) =
𝐼𝑖𝑛(𝑡𝑚)

𝐴(𝑡𝑚)
, 𝐼𝑐𝑢(𝑡𝑚) =

𝐼𝑐𝑢(𝑡𝑚)

𝐴(𝑡𝑛)
. (4.10)

4.3.3 Impulsive phase of the dimming

Coronal dimmings typically begin to form concurrently with the early stages of

CMEs and may persist for several hours following their inception [e.g., Dissauer

et al., 2018b, Vanninathan et al., 2018]. Our analysis primarily focuses on the

impulsive phase of coronal dimming evolution, as characterized by the area growth

rate profile 𝑑𝐴/𝑑𝑡.

To identify this impulsive phase, we adopt the definition established in Dissauer

et al. [2018a] and Dissauer et al. [2018b]. We pinpoint the start of the impulsive

phase, denoted as 𝑡𝑠𝑡𝑎𝑟𝑡, as the local minimum occurring closest in time before the

highest peak of 𝑑𝐴/𝑑𝑡. Subsequently, we determine the end of the impulsive phase,

marked as 𝑡𝑒𝑛𝑑, as the moment when the value of the area growth rate falls below

15% of its maximum, as indicated by the following equation:

�̇�(𝑡) ≤ 0.15 · �̇�max. (4.11)

The duration of the impulsive phase for the coronal dimming event can then be

estimated as the time difference between 𝑡𝑒𝑛𝑑 and 𝑡𝑠𝑡𝑎𝑟𝑡:

𝑡𝑑𝑢𝑟 = 𝑡𝑒𝑛𝑑 − 𝑡𝑠𝑡𝑎𝑟𝑡. (4.12)

This parameter, 𝑡dur, characterizes the duration of the impulsive phase and pro-

vides crucial insights into the temporal dynamics of coronal dimming events.

4.3.4 Magnetic flux

When paired with observations of flare ribbons, coronal dimmings serve as a diag-

nostic instrument for exploring the magnetic configuration of solar eruptions. This

is particularly valuable because the detailed structure and positions of dimmings

can provide additional insight into the diverse flux systems involved in the eruption
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process.

To comprehensively understand the magnetic properties of coronal dimmings,

we use the following approach to extract the positive and negative magnetic fluxes

up to time 𝑡𝑛:

Φ+(𝑡𝑛) =
∑︀

𝑖 𝐵+(𝑝𝑖)𝐶(𝑝𝑖, 𝑡𝑛)𝑎𝑖,

Φ−(𝑡𝑛) =
∑︀

𝑖 𝐵−(𝑝𝑖)𝐶(𝑝𝑖, 𝑡𝑛)𝑎𝑖.
(4.13)

Assuming closed loops , we can calculate the total unsigned magnetic flux as

the mean of the absolute values of the reconnection fluxes in both polarity regions

[Tschernitz et al., 2018]:

Φ(𝑡𝑛) =
(Φ+ + |Φ−|)

2
. (4.14)

This extraction process is performed from cumulative masks 𝐶(𝑝𝑖, 𝑡𝑛) exclusively

with pixels where the magnetic field density in the line of sight exceeds the SDO/HMI

720 s noise threshold (|𝐵| > 10 G). According to Couvidat et al. [2016], the HMI 720

s LOS magnetograms have a photon noise of 3 G at the solar disk center. To address

the increasing noise levels toward the limb, we use a threshold of 10 G [similar to

Tschernitz et al., 2018].

In addition, we calculate the time derivatives for each parameter to quantify the

corresponding rates of change in magnetic flux.

Studying these magnetic properties helps us understand the amount of magnetic

flux present in the dimming region and subsequently ejected into interplanetary

space by the CME to determine whether it is in equilibrium and whether it originates

from isolated, magnetically strong regions.

4.3.5 Recovery time

The recovery time of coronal dimmings refers to the duration required for the solar

corona to restructure and replenish itself after the occurrence of a CME.

During a CME event, the intense energy and material ejected by the Sun can lead

to the formation of dimming regions as plasma and magnetic fields are temporarily
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removed or redistributed. The recovery time indicates how quickly the solar corona

recovers from these perturbations and restores the typical plasma and magnetic field

configurations from before the CME.

The recovery parameter can provide insights into the natural processes of solar

restructuring. Depending on the research question, this metric can be defined in

differently: as the time of dimming area decrease or increase of brightness; for the

total dimming region or its core/secondary parts. We define and investigate this

parameter further in the following chapters. As it will be seen, different metrics

provide different timescales.

4.4 Area correction

The methods of dimming analysis described in this work strongly rely on the dim-

ming area parameter. The images of the Sun provide only a 2D representation of

the actual 3D solar surface. Projection effects lead to the different weights of each

pixel; e.g., closer to the limb, the pixel area is larger than for pixels closer to the Sun

center. Therefore, for an accurate definition of the area, we present a method to

identify the surface area of a sphere for each pixel. All the code is publicly available

on GitHub1.

The equation of the sphere is given by

𝑥2 + 𝑦2 + 𝑧2 = 𝑅2. (4.15)

Here, 𝑅 is the radius of the sphere in kilometers, and (𝑥, 𝑦, 𝑧) are the coordinates

of points of a sphere. The surface of a sphere can be described as a function of two

variables:

𝑧 = 𝑓(𝑥, 𝑦) =
√︀
𝑅2 − 𝑥2 − 𝑦2. (4.16)

The projection of the sphere onto the 𝑋𝑌 plane is a circle belonging to the 𝑋𝑂𝑌

plane, where 𝑂 is the center of the sphere. The surface area of a sphere that has the
1https://github.com/Chigaga/area_calculation
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region 𝑆 as its projection onto the 𝑋𝑂𝑌 plane is given by [Bronshtein et al., 2007]

𝜎 =

∫︁
𝑆

∫︁ √︃
1 +

(︂
𝜕𝑧

𝜕𝑥

)︂2

+

(︂
𝜕𝑧

𝜕𝑦

)︂2

𝑑𝑥𝑑𝑦. (4.17)

As follows from Equation (4.16),

𝜕𝑧
𝜕𝑥

= − 𝑥√
𝑅2−𝑥2−𝑦2

𝜕𝑧
𝜕𝑦

= − 𝑦√
𝑅2−𝑥2−𝑦2

.
(4.18)

Therefore, using Equation (4.18), Equation (4.17) can be rewritten as

𝜎 = 𝑅

∫︁
𝑆

∫︁
1√︀

𝑅2 − 𝑥2 − 𝑦2
𝑑𝑥𝑑𝑦. (4.19)

Further, we present how to estimate the surface area of a sphere, where projection

𝑆 onto the 𝑋𝑂𝑌 plane has a size of 1 pixel. Figure 4-9 shows the scheme of a

solar image, where the outer square shows the boundaries of a solar image from

a spacecraft. The marker C in the top left corner indicates the pixel with the

coordinates (1,1), and 𝑖 and 𝑗 mark row and column numbers. The marker C’ also

shows the pixel with the coordinates (1,1), but in a new coordinate system with

rows 𝑖′ and columns 𝑗′ derived from 𝑖 and 𝑗 in the following way:

𝑖′ = 𝑖− 𝑇𝑜𝑝

𝑗′ = 𝑗 − 𝐿𝑒𝑓𝑡.
(4.20)

Here, the Top/Left show the distance (in pixels) from the top/left border of the

image to the beginning of the Sun.

𝑃 is a pixel area which we are estimating, and (𝑖
′
𝑝, 𝑗

′
𝑝) are the coordinates of its

center. Pixel 𝑃 is a square with a side 𝑎, the size of which is defined as

𝑎 =
𝑅

𝑅𝑃

. (4.21)

Here, 𝑅 is the radius of the Sun in kilometers, 𝑅𝑃 is radius of the Sun in pixels.
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Figure 4-9: Scheme of a solar image. The outer square shows the boundaries of a
solar image from a spacecraft. The marker C at the top left corner indicates the
pixel with the coordinates (1,1), 𝑖 - row number, 𝑗 - column number. The marker
C’ also shows the pixel with the coordinates (1,1), but in a new coordinate system
with rows 𝑖′ and columns 𝑗′ connected to 𝑖 and 𝑗 via Equation (4.20). “Top”/“Left”
show the distance (in pixels) from the top/left border of the image to the beginning
of the Sun. 𝑃 is a pixel, and (𝑖

′
𝑝, 𝑗

′
𝑝) are the coordinates of its center.

A coordinate 𝑌 of the lower pixel boundary is defined by

𝑎(𝑅𝑃 − 𝑖′ − 0.5). (4.22)

A coordinate 𝑌 of the upper pixel boundary is given by

𝑎(𝑅𝑃 − 𝑖′ + 0.5). (4.23)

A coordinate 𝑋 of the left pixel boundary is determined as

𝑎(−𝑅𝑃 + 𝑗′ − 0.5). (4.24)

A coordinate 𝑋 of the right pixel boundary is defined by

𝑎(−𝑅𝑃 + 𝑗′ + 0.5). (4.25)

Taking into account Equations (4.22–4.25), and replacing the calculation of the
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double integral by the successive calculation of two simple integrals, Equation (4.19)

can be rewritten as

𝜎 = 𝑅

∫︁ 𝑎(−𝑅𝑃+𝑗′+0.5)

𝑎(−𝑅𝑃+𝑗′−0.5)

𝑑𝑥

∫︁ 𝑎(𝑅𝑃−𝑖′+0.5)

𝑎(𝑅𝑃−𝑖′−0.5)

1√︀
𝑅2 − 𝑥2 − 𝑦2

𝑑𝑦. (4.26)

Further, we solve the internal integral from Equation (4.26) analytically and

the external one numerically. The internal integral from Equation (4.26) can be

rewritten as ∫︁ 𝑎(𝑅𝑃−𝑖′+0.5)

𝑎(𝑅𝑃−𝑖′−0.5)

1
√
𝑅2 − 𝑥2

√︁
1 − 𝑦2

𝑅2−𝑥2

𝑑𝑦. (4.27)

Let us use the change of variables in Equation (4.27):

𝑢 = 𝑦√
𝑅2−𝑥2

𝑑𝑢 = 𝑑𝑦√
𝑅2−𝑥2 .

(4.28)

Thus, Equation (4.27) can be rewritten as

∫︁ 𝑎(𝑅𝑃−𝑖′+0.5)√
𝑅2−𝑥2

𝑎(𝑅𝑃−𝑖′−0.5)√
𝑅2−𝑥2

1√
1 − 𝑢2

𝑑𝑢. (4.29)

The solution of the integral represented by Equation (4.29) is given by

𝑎𝑟𝑐𝑠𝑖𝑛(
𝑎(𝑅𝑃 − 𝑖′ + 0.5)√

𝑅2 − 𝑥2
) − 𝑎𝑟𝑐𝑠𝑖𝑛(

𝑎(𝑅𝑃 − 𝑖′ − 0.5)√
𝑅2 − 𝑥2

). (4.30)

Further, we solve the external integral of the resulting function given by Equa-

tion (4.30) using the mean rectangle method [Hughes-Hallett et al., 2017]. First, we

divide the integration interval by N regions:

𝑑𝑥 = 𝑎/𝑁. (4.31)

Here, 𝑁 = 1000. Then we calculate the integral by finding a sum of the areas of 𝑁

rectangles defined by

𝐴𝑘 = 𝑅(𝑎𝑟𝑐𝑠𝑖𝑛( 𝑎(𝑅𝑃−𝑖′+0.5)√
𝑅2−(𝑥𝑘+

𝑑𝑥
2
)2

) − 𝑎𝑟𝑐𝑠𝑖𝑛( 𝑎(𝑅𝑃−𝑖′−0.5)√
𝑅2−(𝑥𝑘+

𝑑𝑥
2
)2

))𝑑𝑥. (4.32)
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Here, 𝑘 = 1, 2, · · · , 𝑁 ; 𝐴𝑘 is calculated at the middle of each region, and 𝑥𝑘 takes

the values within integration limits from 𝑎(−𝑅𝑃 + 𝑗′−0.5) to 𝑎(−𝑅𝑃 + 𝑗′ + 0.5) and

for each 𝑘 is estimated as

𝑥𝑘 = 𝑎(−𝑅𝑃 + 𝑗 − 0.5) + (𝑘 − 1)𝑑𝑥. (4.33)

The resulting area of a pixel is defined by the sum of 𝑥𝑘.

With this method, we calculate the area of every pixel of the solar disk and

construct a correction map, where each pixel is weighted by its area (Figure 4-10).

The color bar shows the ratio of each pixel area to the square pixel in the center

of the solar disk. Any mask of the dimming region can be applied to this map to

obtain the final dimming area. We can see that the suggested calibration creates

significant changes in the area values. For this reason, we use the derived spherical

projections of the pixels to derive the area parameter.
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Figure 4-10: Correction area map for the full solar disk for SDO/AIA observations
of 28 October 2021. The colorbar shows the ratio of every pixel area to the average
pixel and increases closer to the limb.

We propose adopting this approach for a precise correction of all on-disk pixels.

In particular, it will be useful for the pixels located close to the limb (beyond 60∘),

which are disregarded in the classical correction method using a factor of 1/ cos𝛼

[Hagenaar, 2001]. By implementing this alternative method, we can achieve en-
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hanced accuracy in the correction process for solar images.

4.5 Examples of dimming analysis

Here we present two published case studies as examples of the analysis of coronal

dimmings as the diagnostic tool for solar eruptive events. These examples show the

importance of observing coronal dimming to gain insight into the early stages of

CME development and how the analysis of dimmings with other CME signatures

provides various information about the event. They also highlight how the choice

of parameters for dimming analysis can reveal different insights into the progression

of these events. We show only the parts related to the coronal dimmings, but the

studies presented here examine many more signatures and processes during these

events.

4.5.1 International Women Day event - 8 March 2019

In Dumbović et al. [2021] study, we address a fascinating event that defies conven-

tional expectations in the field of solar phenomena. In particular, we examine a C1.3

flare with a double-peaked profile that occurred on March 8, 2019, during a period

of solar minimum that fittingly coincided with International Women’s Day (SOL-

2019-03-08T03:07C1.3). Despite its relatively low GOES classification, this flare

exhibited various features typically associated with stronger solar flares. These in-

cluded coronal dimmings, the appearance of two EUV waves, type II and III bursts,

and the ejection of two coronal loops that interestingly occurred in pairs.

For the dimming analysis in this research, we define a more strict thresholding

level to focus on the darkest parts within the dimming region. Given the dual

characteristics of the event, we analyze two distinct segments within the dimming

region.

Note, that in Section 6 we show the recovery time analysis for this event, where

a more shallow dimming region was segmented.
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Dimming analysis

To segment the dimming regions, we use logarithmic base ratio images created from

SDO/AIA 211 Å frames with a reference image taken at 02:39 UT. For the de-

tection algortihm we applied a logarithmic threshold of -0.38 and calculated the

corresponding areas on the spherical solar surface. Our main focus was to iden-

tify the spatial distribution of these dimming regions and to follow their temporal

evolution, especially with respect to the two-stage behavior of the studied flare.

Figure 4-11 shows the progression of the coronal dimming using SDO/AIA 211

Å filtergrams, log base ratio images, and detection masks. At 03:10 UT we observe

two distinct dimming centers in the lower corona near the core of the active re-

gion and two more on its western edge. In particular, the northern center at about

(x,y)=(20”,280”) is clearly identified as the origin of the erupting large loops. There-

after, two dimming regions emerge: one east and one west of the AR, that coincide

with the endpoints of the observed flare ribbons (Fig.2 in the associated paper).

Crucially, the evolution of the primary dimming is a distinct two-stage pattern,

with the western dimming region expanding first, followed by the eastern one. This

feature can also be seen in the timing map in Figure 4-12, which shows the initial

rapid development phase of the dimming during the first hour of its development.

Thus, we divided the dimming region within the active region into an eastern and

western segment, with the division at 𝑥 = 50′′. We then monitored the instantaneous

dimming area and brightness in each of these detected dimming regions separately,

comparing their dynamics with flare flux.

Results

Figure 4-13 shows a comparative analysis of the (a) area, (b) brightness and (c) its

derivatives within two dimming regions together with (d) GOES 1–8 Å flux in soft

X-ray light and time derivative of the 0.5–4 Å flux. The dimming area and brightness

in the western part rapidly increase between 03:10 and 03:16 UT, coinciding with

the impulsive phase of the first flare peak in GOES soft X-rays. At the same time,

the eastern part also develops, but at a slower pace. Subsequently, there is a sudden

increase in eastern dimming between 03:32 and 03:38 UT, coinciding with the second
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Figure 4-11: Coronal dimming evolution as observed in SDO/AIA 211 Å filtergrams:
a) direct images, b) logarithmic base ratio images scaled to [−1, 1], c) logarithmic
base ratio images scaled to [−0.7, 0] to highlight the pixels that decreased in intensity,
d) segmented dimming masks applying a logarithmic threshold level of −0.38. From
Dumbović et al. [2021].

Figure 4-12: Timing map of the coronal dimming region indicating when each dim-
ming pixel was detected for the first time. The color bar in the timing map gives
the time (in minutes) after 03:00 UT. From Dumbović et al. [2021].

96



Chapter 4. Methodology of the dimming analysis 4.5. Examples of dimming analysis

peak of the derivative of the GOES flare.

Thus, our dimming analysis decisively indicates the occurrence of two eruptions.

Nevertheless, it is important to note that we cannot definitively distinguish between

core and secondary dimmings for all observed dimmings. Based on the dimming

analysis alone, we cannot provide a conclusive determination. Together with a

comprehensive analysis of all detected CME signatures in the low corona (flare,

EUV waves, coronal loops), the double nature of the event was stated.

At the same time, the coronagraph observations do not clearly confirm the exis-

tence of two distinct CMEs. Only a single entity can be observed, likely consisting

of two sheared and twisted structures consistent with the two eruptions observed in

the lower corona.

Conclusion

Our detailed analysis of the 8 March 2019 event, focusing in particular on the coronal

dimming, has revealed a distinct two-stage pattern indicative of two separate erup-

tions. The dimming regions, both east and west, exhibited dynamics that closely

followed the flare flux, adding to the evidence for a double eruption.

Coronal dimmings can provide insights into the double nature of magnetic struc-

tures during their initial phases, which can help to identify and understand the

initial magnetic configuration and dynamics before they evolve or combine at higher

altitudes. This understanding can be crucial for modeling CME parameters and

predicting their potential geoeffectiveness.

4.5.2 2 November 2021

In Thalmann et al. [2023] we investigate the magnetic dynamics of a solar eruptive

event using various modeling techniques, revealing insights into its evolution from

the solar source to interplanetary space, to emphasize the significance of both pre-

eruptive and eruptive magnetic properties.

It is widely accepted that the acceleration of a solar flare results from magnetic

reconnection, and this principle allows us to use flare ribbons as indicators to track
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Figure 4-13: Time evolution of the derived coronal dimming parameters: a) in-
stantaneous dimming area and b) brightness, calculated separately for the eastern
(orange) and western (green) components of the dimming region. c) Time derivative
of the dimming brightness plotted in panel b. d) GOES 1–8 Å soft X-ray light curve
and 0.5–4 Å time derivative of the flare emission. Two vertical dashed lines mark
the peaks in GOES derivative. The curves are smoothed with a forward-backward
exponential smoothing method [Brown, 1963]. From Dumbović et al. [2021].
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local reconnection rates and, consequently, flare reconnection flux [as discussed in

Priest and Forbes, 2002]. Similarly, coronal dimmings, as demonstrated in Thomp-

son et al. [1998, 2000], Dissauer et al. [2018a, 2019], can serve as valuable tools for

estimating global reconnection rates. Dimmings reflect the evacuation of plasma in

the lower corona along the magnetic field lines of an arcade originally located above

a pre-existing flux rope. These field lines are then closed by magnetic reconnection

following a coronal mass ejection. In this context, coronal dimmings tend to develop

before magnetic reconnection occurs.

Event description

We study a series of connected events – a confined C4.5 flare, a flare-less filament

eruption, and a double-peak M-class flare – that originated in NOAA active region

(AR) 12891 on late 2021 November 1 and early 2021 November 2.

Active region 12891 was the first geo-effective AR of the current solar cycle 25

when it produced a long-duration M-class flare (SOL-2021-11-02T01:20M1.7; peak

time 03:01 UT; heliographic position N16W09) preceded by a smaller C-class flare

(SOL-2021-11-01T23:35C4.5; peak time 23:40 UT; heliographic position N17E04).

An extended filament partially erupted during successive activity.

Dimming analysis

For the analysis of coronal dimmings, we use sequences of AIA 211 Å maps corrected

for differential rotation to the reference time 1 November 23:05 UT. We extract the

cumulative dimming area 𝐴(𝑡) and its derivative 𝑑𝐴/𝑑𝑡 using the standard threshold-

ing level in the detection algorithm (Sec. 4.2.5). We estimate the total cumulative

dimming flux and corresponding flux change rate using HMI LOS magnetograms

within the “magnetic dimming region”, i.e., where the flux density exceeds 10 G

[Dissauer et al., 2018a].

To calculate the flux from the flare ribbons for comparison, we use sequences of

AIA 1600 Å maps, corrected for differential rotation to the same reference time of

01 November 23:05 UT. Following Veronig and Polanec [2015], we segment the flare

ribbons and derive the positive, negative, and total magnetic reconnection flux and
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the corresponding flux change rates (time derivatives) from the derived flare ribbon

masks.

Both for the dimming and flare ribbon analysis, we apply a ±5% change to the

threshold level and compute the mean values and corresponding standard deviation

of the reconnection flux for further comparison.

Results

Figure 4-14 shows the spatial evolution of coronal dimmings together with the flare

ribbons. During the early phase of the M1.6 flare, extended flare ribbons developed

after ∼02:14 UT yet lacked the signatures of an erupting structure. The latter

appeared only after ∼02:20 UT and was directed toward south. At that time,

pronounced X-ray sources also developed and the maximum growth rate in dimming

area was reached (≈ 4×107 km2 s−1).

The mean magnetic flux in coronal dimmings (black solid curve in Figure 4-15(c))

exhibits no obvious response to the C4.5-class flare, while the strongest responses

occur before the ribbon-associated fluxes, during the early impulsive phase of the

M1.6 flare. From the mean cumulative flare ribbon flux (black dashed curve in

Figure 4-15(b)), we estimate that a total of ≈ 1.5 ± 0.1 × 1021 Mx was liberated

between 01 Nov 23:40 UT and 02 November 04:00 UT, i.e., during the course of the

C4.5 and M-class flares. Similarly, from the cumulative dimming flux (black dashed

curve in Figure 4-15(c)), we estimate a total of ≈ 9.7 ± 0.5 × 1021 Mx.

Comparison of the relative timing of dimming reconnection fluxes reveals a pe-

riod of significant contribution to the latter during which no significant contribution

is observed from flare ribbons. This can indicate that during the flare-less filament

eruption and the early phase of the double-peak M-class flare, between 02 November

∼01:00–02:00 UT, magnetic reconnection was taking place high in the solar corona,

too weak to produce a measurable imprint onto the low solar atmosphere where

the flare ribbons have been tracked (using AIA 1600 Å images). This is also sup-

ported by the fact that the flare ribbons were much more pronounced and exhibited

larger spatial extents when observed in AIA 304 Å. Therefore, the ribbon-based

estimate likely represents a lower limit of the total reconnection flux. As discussed
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Figure 4-14: Spatial and temporal evolution of coronal dimmings and flare ribbons.
Area newly occupied by coronal dimmings during individual episodes, color-coded
according to time: (a) the C4.5 flare and a subsequent (flare-less) partial filament
eruption (01 November 23:05 – 02 November 01:20 UT), (b) the early phase of the
M1.7 flare (01:20 – 02:05 UT), (c) the impulsive phase of the M1.7 flare (02:05 –
02:40 UT), and (d) the early decay phase of the M1.7 flare (02:40 – 05:48 UT). The
corresponding total area occupied by flare ribbons is outlined as a black contour.
Adapted from Thalmann et al. [2023].

in Forbes and Lin [2000], Lin et al. [2004], when magnetic reconnection occurs at

higher heights in the solar corona and does not create sufficiently energetic radiation

to produce visible signatures in the near layers of the solar atmosphere, the magnetic

flux enclosed by the dimming regions should be used as a more accurate estimate of

the reconnection flux compared to the flux enclosed by the flare ribbons.

Conclusion

In combination with flare ribbon observations, coronal dimmings represent an im-

portant diagnostic tool to study and understand the magnetic dynamics of solar

eruptions, especially since their fine structure and position could provide additional

information about the different flux systems involved in the eruption.
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Figure 4-15: Time evolution of (a) STIX count rates at 4–11 keV (purple), 11–
16 keV (blue), and 16–28 keV (green) energies together with the GOES 1–8Å SXR
flux (black). (b) Reconnection flux rate (solid) and cumulative reconnection flux
(dashed) in flare ribbons. (c) Reconnection flux rate (solid) and cumulative recon-
nection flux (dashed) in dimmings. Gray-shaded vertical bands mark the impulsive
phases of flares. The panels cover the time around the eruptive activity (01 Novem-
ber 23:00 UT – 02 November 04:00 UT). Adapted from Thalmann et al. [2023].
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Chapter 5

Relation to the CME speed and mass

This chapter is dedicated to answering research question Q1:

How can we use coronal dimmings detected off-limb to estimate the mass and speed

of coronal mass ejections?

5.1 Project summary

Although previous research has recognized the relationship between coronal dim-

ming and CME mass/speed, there has been no holistic statistical analysis that si-

multaneously evaluates both off-limb and on-disk observations. In this Chapter, we

present a statistical analysis of 43 coronal dimming events associated with Earth-

directed CMEs that occurred during the quasi-quadrature period of the SDO and

STEREO satellites. We investigated coronal dimming events observed above the

limb by STEREO/EUVI and compared their properties with the mass and velocity

of the associated CMEs. The unique position of the satellites allowed us to com-

pare our results with those of Dissauer et al. [2018b, 2019], who studied the same

events observed by SDO/AIA against the solar disk. Such statistic, including multi-

viewpoint observations, is performed for the first time and confirms the relationship

between coronal dimmings and CME parameters for the off-limb viewpoint. The

research detailed in this Chapter has been published in The Astrophysical Journal

[Chikunova et al., 2020].
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5.2 Literature review

The mass-loss nature of appearance of coronal dimmings is supported by the presence

of plasma outflows detected in spectroscopic observations in the EUV [e.g., Harrison

and Lyons, 2000, Harra and Sterling, 2001, Tian et al., 2012, Veronig et al., 2019] and

the intensity decrease observed at multiple wavelengths [Zarro et al., 1999b, Chertok

and Grechnev, 2003]. Moreover, differential emission measure (DEM) diagnostics

reveal impulsive drops in coronal dimming regions by up to 70% of the pre-event

values [López et al., 2017, Vanninathan et al., 2018, Veronig et al., 2019].

The automated algorithms allow to process a large number of events and create

a statistical basis of coronal dimmings and their associated CMEs. However, there

exist only a few statistical studies of coronal dimmings [Bewsher et al., 2008, Reinard

and Biesecker, 2008, Aschwanden, 2016, Mason et al., 2016, Krista and Reinard,

2017]. A thorough methodological approach and comprehensive statistical analysis

of the characteristic properties of coronal dimmings, and their relation to the decisive

parameters of the associated CMEs and flares has been presented in a series of

papers by Dissauer et al. [2018a,b, 2019]. In these studies 62 dimming events were

analyzed using multi-viewpoint observations by the SDO and STEREO satellites in

quasi quadrature: coronal dimmings were observed on-disk by SDO/AIA [Lemen

et al., 2012] and the related magnetic fluxes were obtained using SDO/HMI, while

the kinematics and the mass of the associated CME was observed in STEREO

EUVI and COR data close to the limb, minimizing projection effects. These studies

revealed that the CME mass shows high correlations with the dimming area, its

total brightness, and magnetic flux, whereas the maximal speed of the CME is

strongly correlated with their corresponding time derivatives (i.e. area growth rate,

brightness change rate, and magnetic flux rate) with correlation coefficients in the

range of 𝑐 ∼ 0.6 − 0.7 [Dissauer et al., 2018b, 2019].

5.3 Methodology

We study the evolution of off-limb coronal dimmings and their corresponding CMEs.

We derive characteristic dimming parameters, such as its area, brightness and dura-
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tion, using observations, where the coronal dimmings and the associated CME are

observed off-limb by STEREO/EUVI.

We study the same data set as in Dissauer et al. [2018b], but now extract the

coronal dimming properties and their evolution from STEREO/EUVI, which ob-

serves the dimmings above the limb. This approach allows us for the first time to

compare the results of on-disk and off-limb observations of coronal dimmings, and

also to study how the viewing position affects the derived properties.

5.3.1 Data and Data preprocessing

In this study, we used STEREO/EUVI filtergrams of the 195 Å passband with

a cadence of 5 minutes (except for individual events where it can vary from 1.5

min to 10 min). According to Dissauer et al. [2018a], Kraaikamp and Verbeeck

[2015a], coronal dimmings are best observed in wavelengths sensitive to quiet Sun

coronal temperatures (e.g. 195 Å, 171 Å, 211 Å). 195 Å has the highest cadence for

STEREO/EUVI and therefore we use this wavelength.

Event selection

We study the time range between May 2010 and September 2012 when SDO was in

quasi-quadrature with the STEREO-A and STEREO-B satellites, increasing their

separation angle to the Sun-Earth line during this period from ±75∘ to ±125∘. We

focus on 43 events in which coronal dimmings and their associated Earth-directed

CMEs were observed off-limb by at least one of the two STEREO satellites. 39 of

these events overlap with the event set from Dissauer et al. [2018b, 2019] who studied

the same dimmings as observed on-disk by AIA instrument on-board NASA’s SDO

satellite [Lemen et al., 2012]. Four events were excluded in the Dissauer et al. [2018b,

2019] studies, due to filament material that partially obscured the on-disk dimming

detection. This was not the case for the STEREO off-limb observations, and thus

they are included in the present work. However, for 23 events of the overall data set

of 62 events, the off-limb dimming extraction was not possible due to only partial

visibility of the dimmings by the STEREO satellites or the activity of multiple active

regions at the same time. One event (2012 July 2) was excluded from the statistics
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due to its complexity (disappearance of trans-equatorial loops) revealed during the

comparative analysis from the two viewpoints.

CME kinematics

The kinematical CME parameters used for comparison with the derived dimming

properties are from the STEREO/EUVI and COR measurements in Dissauer et al.

[2019]. The fastest event in the data set occurred on 2012 March 6 with a maximal

velocity of ∼3700 km s−1 and mass of 1.83×1016 g. For the other events the maximal

velocities of the CMEs vary from 370 km s−1 to 2000 km s−1, and the values of CME

masses lie between 2.03 × 1014 g and 1.78 × 1016 g.

Data Preprocessing

For each event we analyze a series of STEREO EUVI images, which begins 30

minutes before the associated flare and lasts for 12 hours in total. All EUVI images

of the data set were checked for the exposure time, prepared with standard SolarSoft

routines (secchi_prep.pro) and corrected for differential rotation (drot_map.pro).

Unfortunately, reliable equivalent routines for calibrating the STEREO data have

not yet been developed within the Python Sunpy environment. The images were

cut automatically by half (either East or West hemisphere), depending on which

satellite observed the event better, STEREO-A or STEREO-B.

Dimming detection

The detection approach that we created for this study is fully described in Section

4.2.6. We used both BD and LBR data for the thresholding algorithm based on

region-growing with the same set of parameters.

5.3.2 Characteristic dimming parameters

The set of parameters that we derive to characterize coronal dimmings and their

evolution is extracted by the same approach as described in Dissauer et al. [2018b]

and in Section 4.3. We derive instantaneous 𝐴𝑖𝑛(𝑡) and cumulative 𝐴𝑐𝑢(𝑡) dimming
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areas from LBR data, instantaneous 𝐼𝑖𝑛(𝑡) and cumulative brightness 𝐼𝑐𝑢(𝑡) from

both, BD and LBR data, their derivatives and the duration of the impulsive phase

of the dimming 𝑡𝑑𝑢𝑟, i.e. the time range when most of the dimming region develops.

The mean dimming brightness parameters 𝐼 𝑖𝑛(𝑡) and 𝐼𝑐𝑢(𝑡) are derived from the

same time steps as the corresponding total brightness.

To estimate the uncertainty of the extracted parameter values, caused by using

a specific threshold for segmenting the dimming regions, we applied a ±5% change

to the logarithmic threshold level of -0.19 and then calculated the mean value and

the standard deviation 𝜎 for all the dimming parameters (see Figure 5-1).

5.4 Results

We study a set of 43 coronal dimming events that are observed above the limb by

the STEREO-A or STEREO-B EUVI instruments in the 195 Å passband (cf. Table

5.1). These events have been observed during a period where the STEREO s/c

were in quasi-quadrature with spacecraft located along the Sun-Earth line, and the

same dimming events have been studied in observations against the solar disk by

the SDO/AIA instrument in Dissauer et al. [2018b, 2019]. For 37 events in our list,

we have also the CME mass, and for 27 events the CME maximum velocity derived

from STEREO EUVI and COR data in Dissauer et al. [2019]. In Sect. 5.3.2 we

present the temporal evolution of the dimming characteristics and their distribution.

In Sect. 5.4.2 we relate our findings for the off-limb dimmings observed by EUVI

to the results obtained for the corresponding on-disk dimming events observed by

SDO/AIA from Dissauer et al. [2018b]. In Sect. 5.4.3 we study the correlations of

the decisive parameters describing off-limb coronal dimmings that we derived with

the speed and mass of their associated CMEs.

All the plots presented in the following sections show the mean values of the

derived parameters, while the error bars represent the 1𝜎 standard deviation. The

plots are presented in logarithmic space. The Pearson correlation coefficient 𝑐 as

well as the linear regression fits shown are also derived in logarithmic space, i.e.

log(𝑦) = 𝑑+𝑘 · log(𝑥). The values of the obtained correlation and fit parameters are
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annotated in each of the scatter plots shown. To obtain the mean and the standard

deviation of 𝑐 we apply a bootstrap method [Wall and Jenkins, 2012]: we select

random data pairs with replacements and repeat the procedures, calculating the

Pearson coefficient 10000 times. In the same way as Kazachenko et al. [2017] and

Dissauer et al. [2018b] we classify the level of correlation as: 𝑐 = [0.2, 0.4] - weak,

𝑐 = [0.4, 0.6] - moderate, 𝑐 = [0.6, 0.8] - strong, 𝑐 = [0.8, 1.0] - very strong.

5.4.1 Evolution and distribution of the dimming parameters

Figure 5-1 shows the time evolution of the coronal dimming parameters for two

example events. Panels (a-b) show the instantaneous 𝐴𝑖𝑛 and the cumulative 𝐴𝑐𝑢

area (black), respectively, together with the corresponding area growth rates (green).

Panel (c) shows the total cumulative brightness I𝑏𝑟,𝑐𝑢 and its change rate (red). We

note that the evolution of the total brightness is representative of the different

brightness definitions, as they all are similar to each other, reaching their minimum

at the same time (only six events from our data set reveal a significant difference in

time of the minimum of instantaneous and cumulative brightness, one of them is the

example event of 2012 March 6). The gray shadow bands represent the 1𝜎 range.

Vertical lines indicate the start and the end time of the dimming impulsive phase

(orange lines), the maximum of the area growth rate (green), the maximum of the

instantaneous area and the minimum of the brightness (blue) and brightness change

rate (red). In each event, the intensity decreases rapidly when the dimming area

expands. The same tendency can be seen for the cumulative parameters, indicating

that at this time the dimming regions become not only bigger but also darker.

Studying the time evolution of the coronal dimming characteristics we extract

parameters for the statistics and comparison with the CMEs quantities. We define

the dimming size 𝐴 by the cumulative area at end of the impulsive phase of the

dimming 𝑡𝑒𝑛𝑑. The maximum of the instantaneous area 𝐴𝑚𝑎𝑥 is defined as the largest

size of the dimming region during the 6 hours after the start of the impulsive phase.

The area growth rate parameters are obtained by the maximum of the 𝑑𝐴𝑐𝑢(𝑡)/𝑑𝑡

and 𝑑𝐴𝑖𝑛(𝑡)/𝑑𝑡 profiles, respectively.

Figure 5-2 compares the values of the parameters 𝐴𝑚𝑎𝑥 and 𝐴. The black line
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Figure 5-1: Time evolution of the dimming parameters for the events that occurred
on 2011 October 1 (left) and 2012 March 6 (right): (a) instantaneous area 𝐴𝑖𝑛

(black) and its growth rate (green), (b) cumulative area 𝐴𝑐𝑢 (black) and its growth
rate (green); (c) cumulative brightness from LBR maps I𝑏𝑟,𝑐𝑢 (black) and its change
rates (red). The light gray bands show the uncertainty ranges for each parameter
(1𝜎). Orange boundaries represent the start and the end time of the impulsive phase,
green vertical lines show the maximum of the area growth rate, blue lines show the
maximum of the instantaneous area or the minimum of the brightness, and red line
marks the minimum of the brightness change rate.

represents the linear regression fit to all data points. The coefficients of the fitting

line are presented in the bottom-right corner (𝑘 = 0.97, 𝑑 = 0.41). The correspond-

ing correlation coefficient is given in the top-left corner (𝑐 = 0.99 ± 0.01). The

high positive value of 𝑐 and the slope of the fitting regression line 𝑘 ∼ 1 illustrates

that the two different approaches for identifying the dimming area provide almost

identical results.

We also extract the minimum of the total brightness for base-difference (in-

stantaneous 𝐼𝑏𝑑,𝑖𝑛 and cumulative 𝐼𝑏𝑑,𝑐𝑢) and logarithmic base-ratio (instantaneous

𝐼𝑏𝑟,𝑖𝑛 and cumulative 𝐼𝑏𝑟,𝑐𝑢) data. Because 𝐼(𝑡) usually reaches the minimum after

the dimming impulsive phase, we searched for their minimum in the time range

of 6 hours after 𝑡𝑠𝑡𝑎𝑟𝑡. The mean dimming brightness parameters 𝐼 𝑖𝑛 and 𝐼𝑐𝑢 are

derived from the same time steps as the corresponding total brightness. Figure 5-3

shows that the instantaneous and cumulative brightness extracted from logarithmic

base ratio maps (the same is also true for base-difference data) are almost identical
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Figure 5-2: The maximum of the instantaneous dimming area 𝐴𝑚𝑎𝑥 against the
cumulative dimming area 𝐴 at the time 𝑡𝑒𝑛𝑑 of the impulsive dimming evolution
in logarithmic space. The black line represents the linear regression fit to all data
points. For this and subsequent correlation plots: the correlation coefficient 𝑐 is
given in the top left corner; the fit parameters 𝑘, 𝑑 of the linear regression log(𝑦) =
𝑑 + 𝑘 · log(𝑥) are given in the bottom right corner.

(𝑐 = 0.99; 𝑘 = 0.98, 𝑑 = 0.10). This means that we can use one approach to describe

the dimming brightness for the comparative analysis.

In addition to the characteristic dimming parameters listed above, we estimated

the recovery time of the dimmings. We describe the results of this analysis in the

next Chapter 6.

In Table 5.1, we summarize all dimming parameters derived in our analysis.

For each event we list the STEREO satellite, which was used for the analysis, and

the derived dimming properties: the maximum of the instantaneous dimming area

𝐴𝑚𝑎𝑥, the cumulative area 𝐴, the maximal cumulative area growth rate �̇�, the total

dimming brightness from logarithmic base-ratio data: cumulative 𝐼br,cu and instan-

taneous 𝐼br,in, the total dimming brightness from base-difference data: cumulative

𝐼bd,cu and instantaneous 𝐼bd,in, the mean instantaneous brightness |𝐼𝑏𝑟,𝑖𝑛|, the bright-

ness change rate 𝐼br,in and the duration of the impulsive phase of the dimming 𝑡𝑑𝑢𝑟.

The CME quantities such as the mass 𝑚𝐶𝑀𝐸 and the maximal speed 𝑣𝑚𝑎𝑥 are listed

in the last columns of the table.

Figure 5-4 shows the distributions of the main dimming parameters derived from

the whole data set: the cumulative dimming area 𝐴 and its growth rate 𝑑𝐴/𝑑𝑡, the
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Figure 5-3: Absolute values of the cumulative total brightness |𝐼𝑏𝑟,𝑐𝑢| versus absolute
values of the instantaneous total brightness |𝐼𝑏𝑟,𝑖𝑛| of the dimming regions, calculated
from logarithmic base-ratio maps. The black line represents the linear regression fit
to all data points.

absolute mean intensity from logarithmic base ratio data 𝐼𝑏𝑟,𝑖𝑛 and the duration of

the impulsive phase 𝑡𝑑𝑢𝑟 (note, that panels (a-c) are shown in the logarithmic scale).

The dimming areas range from 7.0×109 km2 to 5.5×1011 km2, with the mean value

of 1.33±1.23×1011 km2. The area growth rate 𝑑𝐴/𝑑𝑡 varies from 2.7×106 km2 s−1

to 2.9 × 108 km2 s−1, with the mean value of 7.41 ± 6.96 × 107 km2 s−1. The mean

brightness decrease of the total dimming regions varies in the interval [-0.41, -0.18],

the mean value is −0.28 ± 0.05 (note, that values of brightness are calculated from

LBR data). The duration of the impulsive dimming phase varies from 25 to 155

minutes. On average, it lasts for 66 ± 28 minutes.
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a)

b)

c)

d)

Figure 5-4: Distributions of characteristic dimming parameters: a) maximum of the
cumulative dimming area 𝐴, b) maximum of the cumulative area growth rate 𝑑𝐴/𝑑𝑡,
c) absolute values of the mean intensity from logarithmic base ratio data |𝐼𝑏𝑟,𝑖𝑛|, d)
duration of the dimming impulsive phase 𝑡. Panels (a-c) are presented in logarithmic
space, panel (d) in linear space.

5.4.2 Relation between off-limb and on-disk dimmings

We compare the dimming parameters that we obtained from the STEREO/EUVI

195 Å off-limb observations with the corresponding outcomes for the dimmings ob-

served on-disk by SDO/AIA 211 Å in Dissauer et al. [2018b, 2019]. Figure 5-5 shows

the scatter plot between the dimming areas derived from on-disk and off-limb ob-

servations, which reveal a strong correlation (𝑐 = 0.63± 0.10). For the events under

study, off-limb dimmings tend to be larger than their corresponding on-disk coun-

terpart: only 8 events reveal a smaller dimming area for the off-limb observations

compared to the on-disk areas.

To investigate whether the position of the STEREO satellites significantly affects
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Figure 5-5: Scatter plot of the dimming areas derived off-limb by STEREO/EUVI,
𝐴off-limb, and on-disk by SDO/AIA, 𝐴on-disk in logarithmic space. The black line
represents the linear regression fit to all data points. The orange line is the identity
line 𝑦 = 𝑥.

the derived dimming area via projection effects or by obscuring parts of the dimming

region behind the limb, we studied the dimming areas as a function of source region

location with respect to the observing spacecraft. Figure 5-6 shows the ratio of

the off-limb area 𝐴𝑜𝑓𝑓−𝑙𝑖𝑚𝑏 and on-disk area 𝐴𝑜𝑛−𝑑𝑖𝑠𝑘 against the central meridian

distance of the CME source region for the STEREO spacecraft. The coordinates of

the dimming sources are derived from the heliographic positions of the associated

flares given in Dissauer et al. [2018b]. We can notice, that all the events were

observed with a central meridian distance (CMD) in the range [60∘, 130∘], but

there is no significant dependence of the area ratio between the off-limb and on-disk

observations on the CMD. Also, there is no obvious change at a CMD of > 90∘, i.e.

for events where for STEREO the associated flare is located behind the limb, and

thus part of the dimming regions may be obscured.

Figure 5-7 shows the scatter plot of total instantaneous brightness calculated

from off-limb and on-disk observations by using base-difference (left panel) and

logarithmic base-ratio (right panel). The correlation coefficients result in 𝑐 = 0.60±

0.14 and 𝑐 = 0.77 ± 0.09, respectively. The regression lines (in black) have a slope
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Figure 5-6: Ratio of the extracted off-limb and on-disk dimming areas versus the
central meridian distance of the source region from the STEREO satellite. The
orange horizontal line indicates a ratio of 1.

coefficient close to 1 (𝑘 = 0.98 and 𝑘 = 1.06) and are therefore almost parallel to

the 1:1 correspondence lines (orange), indicating that both parameters are linearly

related.
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Figure 5-7: Comparison of the total instantaneous brightness from base-difference
data (left panel) and from logarithmic base-ratio data (right panel) for on-disk and
off-limb observations, presented in absolute values. The black line represents the
linear regression fit to all data points. The orange line is the identity line 𝑦 = 𝑥.
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5.4.3 Relation between off-limb dimming and CME parame-

ters

Figure 5-8 shows the cumulative off-limb dimming area 𝐴 against the mass (left

panel) and maximum speed (right panel) of the CME. We obtain a very high cor-

relation between the dimming area and CME mass: 𝑐 = 0.82 ± 0.06 (in logarithmic

space), i.e. the larger the area of the dimming, the more mass the associated CME

contains. This correlation provides strong support of the physical interpretation

of the appearance of the dimming as a density depletion due to the evacuation of

plasma. These results are in agreement with the findings for the on-disk coronal

dimmings by Dissauer et al. [2019], where 𝑐 = 0.69±0.10. We also find a high corre-

lation between the area of the dimming 𝐴 and the speed of the CME (𝑐 = 0.67±0.10

in logarithmic space).
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Figure 5-8: Cumulative area of the coronal dimming 𝐴 against the CME mass 𝑚𝐶𝑀𝐸

(left) and the CME maximal speed 𝑣𝑚𝑎𝑥 (right) in logarithmic space. The black line
represents the linear regression fit to all data points.

In addition, we also investigated the relation between the dynamic evolution

of the dimming, as described by the peak of its area growth rate 𝑑𝐴/𝑑𝑡, and the

parameters of the associated CME (Figure 5-9). The correlation coefficient in log-

arithmic space are 𝑐 = 0.76 ± 0.08 and 𝑐 = 0.59 ± 0.14, respectively, indicating a

close connection between the dimming growth rate with the mass and speed of the

associated CME.

Figure 5-10 shows the correlation plots of the absolute values of total instan-
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Figure 5-9: Correlation of the area growth rate 𝑑𝐴/𝑑𝑡 of the coronal dimming ob-
served off-limb and the CME mass (left) and CME maximal speed (right). The
black line represents the linear regression fit to all data points.

taneous dimming brightness calculated from LBR data against the CME mass

(left panel) and maximal speed (right panel). The correlation coefficients are 𝑐

= 0.75 ± 0.08 and 𝑐 = 0.63 ± 0.11, respectively, indicating a strong correlation. In

addition, in Figure 5-11 we show the correlation between the mean instantaneous

brightness |𝐼𝑏𝑟,𝑖𝑛| and the CME speed (𝑐 = 0.48 ± 0.14).
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Figure 5-10: Absolute values of the total instantaneous dimming brightness |𝐼𝑏𝑟,𝑖𝑛|
against the mass (left panel) and the maximum velocity (right panel) of the corre-
sponding CME in logarithmic space. The brightness is calculated from LBR data.
The black line represents the linear regression fit to all data points.

We also obtained a strong correlation between the dimming brightness change

rate and the maximal speed of the CME: the faster the total dimming brightness is

changing, the higher is the velocity of the associated CME. Figure 5-11 shows the
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absolute values of the instantaneous brightness change rate calculated from LBR

data against the CME maximal speed. The correlation coefficient is 𝑐 = 0.61±0.12.
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Figure 5-11: Mean instantaneous dimming brightness |𝐼𝑏𝑟,𝑖𝑛|(left panel) and instan-
taneous brightness change rate |𝑑𝐼𝑏𝑟,𝑖𝑛/𝑑𝑡| (right panel), calculated from LBR maps,
against the maximum velocity of the associated CME in logarithmic space. All pa-
rameters are presented by their absolute values. The black line represents the linear
regression fit to all data points.

5.5 Summary and Discussion

We have developed a robust automated algorithm for the segmentation of coronal

dimmings above the solar limb in STEREO/EUVI 195 Å images. The method is

based on the combination of base-difference and logarithmic base-ratio data using a

region-growing algorithm. This segmentation algorithm was applied to 43 off-limb

coronal dimming events, and characteristic parameters describing their dynamic evo-

lution, size, and brightness were derived. The events under study occured between

May 2010 and September 2012, where the two STEREO satellites were close to

quadrature position with respect to the Sun-Earth line. This unique setting allows

us to derive the properties of the coronal dimmings above the solar limb in the

STEREO/EUVI data, and for the first time to compare them with parameters of

the same dimmings observed against the solar disk by SDO/AIA as well as with the

associated CME kinematics and mass derived above the limb (minimizing projection

effects) in Dissauer et al. [2018b, 2019]. This approach provides us with important
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insight into the different projections of the coronal dimmings, and how they relate

to the associated CME properties.

The off-limb dimming observations give us a line-of-sight integration across the

CME from a lateral perspective. Thus, they provide us with a good view of its lateral

expansion but the radial view is limited in height by the FOV of the EUVI imagers.

The on-disk dimming observations are an integration of emission along the line-

of-sight of the CME propagation, and thus correspond to a projection of the cross-

section of the CME from a top view. However, they are affected by the “background”

emission of the lower atmosphere layers, which makes it difficult to extract faint

dimming regions and their effects higher up in the corona. On the other hand,

on-disk dimmings provide us with the earliest insight into Earth-directed CMEs

in observations from the Sun-Earth line, before the CME front reaches the FOV

of white-light coronagraphs. Thus, comparing the properties of coronal dimmings

observed simultaneously from different views in their on-disk/off-limb projections

as well as their relation to the CME velocity and mass, allows us to assess the

potential of using coronal dimmings for early CME characterization from satellites

located either at L1 or L5.

Our main findings are as follows:

1. The derived off-limb dimming areas range from 7.01 × 109 km2 to 5.48 × 1011

km2 (Fig. 5-4). For the overlapping 39 events, which were studied also in

Dissauer et al. [2018b, 2019], the mean value is 1.24 ± 1.23 × 1011 km2, while

the on-disk observations give 3.51 ± 0.71 × 1010 km2. Only for 8 events the

dimming area observed against the disk shows larger values than for the off-

limb observations (see Fig. 5-5), with a correlation coefficient of 𝑐 = 0.63±0.10.

2. We compared the total dimming brightness calculated from LBR and BD data

with the corresponding brightness extracted against the disk (Fig. 5-7). The

correlation coefficients are 𝑐 = 0.60 ± 0.14 and 𝑐 = 0.77 ± 0.09, respectively,

and the slopes derived from the fits in logarithmic space are close to 1. This

means that the entire decrease in the intensity of the dimming region observed
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on-disk and off-limb are linearly related to each other (with respect to the

logarithmic space), but in most cases the on-disk dimming intensity is smaller

(darker).

3. We also checked the duration of the impulsive dimming phase of 43 events

obtained from off-limb observations (see panel (d) in Fig. 5-4). Although

the time cadence of the STEREO data is much lower than the cadence of

SDO/AIA, the duration parameter both for on-disk and off-limb observations

is on average ∼ 60 - 70 minutes.

4. The CME mass shows the strongest correlation with the parameters, reflecting

the total extent of the dimming, i.e. its area and total brightness: 𝑐 = 0.82 ±

0.06 and 𝑐 = 0.75± 0.08, respectively (see Fig. 5-8 and Fig. 5-10). This result

demonstrates that off-limb observations are able to provide a more accurate

estimation of the CME mass.

5. The maximal CME speed correlates with the parameters describing the dy-

namics of the coronal dimmings: 𝑐 = 0.59 ± 0.14 for the correlation with the

area growth rate 𝑑𝐴/𝑑𝑡 (see Fig. 5-9), 𝑐 = 0.61± 0.12 for the correlation with

the instantaneous brightness change rate, derived from LBR data (Fig. 5-11).

In addition, there is also a moderate correlation (𝑐 = 0.48± 0.14) of the CME

maximal velocity and the mean brightness of the dimming (see also Fig. 5-11).

Figure 5-5 shows that for the events under study, off-limb dimmings tend to

be larger than their corresponding on-disk counterparts. Due to the line-of-sight

integration, the density depletion higher up in the corona may not be detected for

on-disk observations due to brighter lower-lying regions. Base-ratio images, show-

ing relative changes in intensity, allow us to detect these regions from the off-limb

perspective. At the same time, the area parameters show a strong correlation (𝑐 ∼

0.63), which may indicate that mostly large dimmings are also detected in the higher

corona.

Although typically the area of the dimming observed off-limb is larger than on-

disk, the absolute total brightness obtained from off-limb base-difference data is
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lower than the one obtained from the on-disk data (see Fig. 5-7). Dimming regions

detected higher up in the corona, show less significant intensity decrease compared

to dimming regions detected close to the surface where the density of the corona is

higher. The biggest area contribution of dimming regions detected off-limb results

from these regions higher up, but they do not contribute much to the overall intensity

decrease of the dimming region.

We found a very strong correlation between the CME mass and the dimming

area, which confirms the relation of coronal dimmings and CME physical properties

for the off-limb viewpoint. This is similar to the previous findings from the on-disk

study [Dissauer et al., 2019]. More massive CMEs evacuate more plasma and create

larger regions of EUV density depletion, which we detect from different lines of

sight (see Fig. 5-8). The correlation coefficient revealed an even higher value than

for on-disk results (𝑐 = 0.82 ± 0.06 for off-limb against 𝑐 = 0.69 ± 0.10 for on-disk).

This may be related to the fact that the CME parameters were also extracted from

STEREO data. Thus, the projection effects may cause similar uncertainties for the

dimming quantities and the CME parameters derived.

The maximal area of the dimming also demonstrates a high correlation coefficient

with the speed of the CME (𝑐 = 0.67± 0.10 in logarithmic scale). This relationship

supports the finding that faster CMEs are usually also more massive [Mason et al.,

2016, Aschwanden, 2016, Dissauer et al., 2019] and therefore are also associated with

a larger coronal dimming region. The correlation of the area growth rate with the

CME speed and mass (𝑐 ∼ 0.6-0.7) supports this statement (Fig. 5-9).

According to Mason et al. [2016], CMEs that are associated with dark and large

dimmings, tend to be more massive. The analysis of the dimmings on-disk by

Dissauer et al. [2019] supports this statement: the correlation coefficient is 𝑐 ∼

0.6 for the correlation between the dimming total brightness and the CME mass.

In the off-limb case the total dimming brightness |𝐼𝑏𝑟,𝑖𝑛| reveals an even stronger

correlation with the CME mass (𝑐 ∼ 0.75). Thus, dimmings can provide a measure

of the amount of plasma evacuation in the CME: darker dimmings indicate a larger

density depletion.

Furthermore, we found a moderate correlation (𝑐 = 0.48 ± 0.14) of the mean
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instantaneous brightness |𝐼𝑏𝑟,𝑖𝑛| with the CME speed (Fig. 5-11). As the coronal

plasma density strongly decreases with height, this correlation may indicate that

faster CMEs tend to develop lower in the corona. This is consistent with studies

of the CME source region characteristics and the fact that low in the corona also

the magnetic field and thus the driving Lorentz force is stronger [Vršnak et al.,

2007, Bein et al., 2011]. The same correlation from the on-disk observations reveals

𝑐 = 0.68 ± 0.08.

5.6 Conclusion

We performed a statistical analysis of 43 coronal dimming events that occurred

during the time range between May 2010 and September 2012 that were observed

simultaneously on-disk by SDO and off-limb by the STEREO satellites. The unique

location of these satellites allowed us for the first time to look into the connection

of the coronal dimmings and their associated Earth-directed CMEs statistically and

to compare the results obtained from multi-viewpoint observations. Based on re-

gression analysis, we confirm the relation of on-disk coronal dimmings and CME

parameters presented in Dissauer et al. [2019] also for the off-limb viewpoint, for

certain parameters providing even higher correlation coefficients than with the re-

ported dimmings observed from on-disk by SDO AIA. Parameters describing the

total dimming extent, i.e. area and the total brightness strongly correlate with the

CME mass (𝑐 ∼ 0.7-0.8). The derivative of these parameters, i.e. the area growth

rate and the brightness change rate show a high correlation with the CME speed

(𝑐 ∼ 0.6), indicating the close relation between the CME and dimming dynamics.

In our observation range chosen (May 2010 - September 2012), the -A and -B

satellites were located close to an L5/L4 configuration. The results from our study

have therefore also relevant implications for the planned future L5 space weather mis-

sion, where Earth-directed CMEs, which are the most geo-effective, will be observed

off-limb. The observations of coronal dimmings by solar EUV imagers may help us

to obtain a better characterization of Earth-directed CMEs, which is relevant for

space weather applications. The distinct statistical relations derived between dim-
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ming parameters and decisive CME quantities for the different scenarios of L1 and

L5 satellite locations (with correlation coefficients up to 0.8), provide a profound

basis to improve early calculations of speed and mass of Earth-directed CMEs by

including also the information of coronal dimmings.
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Chapter 6

Dimming lifetime

This chapter is dedicated to answering research question Q2:

How and when does the solar corona recover after a CME eruption?

6.1 Project summary

Our first attempt to track the dimming recovery is based on use of 12-hour timeframe

of the STEREO observations of the 43 dimmings events detected offlimb. We use a

metric centered on a 50% reduction in the maximum dimming area. This analysis

indicates a bimodal distribution of recovery times, categorized as less than or more

than 6 hours, and suggesting two classes of the corona replenishment. To arrive at

a definitive conclusion, we conduct a detailed study with a longer-term observation

of dimming events.

In the next study, we examine four specific cases (September 6, 2011, March 7,

2012, June 14, 2012, and March 8, 2019) in which coronal dimmings are associated

with flare/CMEs. Our goal is to gain insight into the long-term evolution and

recovery of these coronal dimmings, and we present two different approaches to

improve our understanding of the ongoing dynamics: the fixed mask approach and

the area box approach.

For each of these events, we employ a unified methodology using EUV image data

from both the SDO and STEREO satellites. Certain observational factors, such as

artifacts and derotation, may affect the observation of dimming recovery. However,
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our initial approach allows us to comprehensively track the overall evolution of

dimming regions despite these challenges. Moreover, the pixel box approach not only

complements existing studies, but also helps to investigate the different behavior of

core and secondary dimmings. In summary, our study provides a comprehensive

analysis of coronal dimming recovery in these particular cases and demonstrates the

potential of the proposed approaches for future studies.

This study is presented in Ronca et al. [under review].

6.2 Literature review

The analysis of coronal dimming recovery and the study of its duration aim to

understand the timing and mechanisms involved in the transition from an "open"

magnetic field to a closed configuration after a solar eruption.

Two primary mechanisms govern the recovery of dimmings: either they contract

in size or experience an increase in emission within their boundaries. The earliest

systematic study by Kahler and Hudson [2001] examined dimmings in Yohkoh/SXT

images and found that dimmings generally recovered through area contraction rather

than increased brightness. Attrill et al. [2008], studying SOHO/EIT data, discovered

that recovery involved both area shrinking and a progressive increase in emission.

This recovery process typically featured outward-to-inward contraction and exhib-

ited some inhomogeneity.

The difference in observations between Kahler and Hudson [2001] and Attrill

et al. [2008] can be attributed to the distinct temperature sensitivities of the in-

struments used. SOHO/EIT captures emissions at temperatures around 1.5 MK,

whereas Yohkoh/SXT primarily observes plasmas above 3 MK. This suggests that

dimming recovery processes may not heat the coronal plasma sufficiently to be de-

tected by Yohkoh/SXT.

Reinard and Biesecker [2008] conducted a statistical analysis of 96 dimming

events observed by SOHO/EIT during 1998-2000. They found that dimming recov-

ery typically featured a sharp rise from the minimum, followed by gradual recovery,

with an average recovery time of approximately 4-5 hours. Most cases exhibited a
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single linear slope in the recovery profile, while some displayed a two-step recovery

with an initial steeper slope.

The recovery of dimmings can vary based on their morphological types. For

instance, core dimmings may exhibit different recovery behaviors than secondary

dimmings. Vanninathan et al. reconstructed Differential Emission Measure (DEM)

maps and selected subfields within core and secondary dimmings separately and

analyzed the density and temperature changes. It was found that in the localized

core dimming regions, the density drops sharply within about 30 min and stays at

these low levels for > 10 hrs, whereas in the secondary dimming regions the density

drop is more gradual, and the corona starts with the recovery and replenishment

within 1-2 hrs. This finding was interpreted as evidence that the core dimmings are

a signature of a flux rope still connected to the Sun, thus preventing the refill of

coronal plasma in these regions.

Several theories exist regarding the physics behind dimming recovery. Jin et al.

[2009] proposed a mechanism involving a mass supply from the lower transition

region. Attrill et al. [2008] emphasized the role of interchange reconnection between

open magnetic fields of the dimming region, small coronal loops, and emerging flux

in facilitating dimming recovery. This process disperses open magnetic fields into

the surrounding quiet Sun, ultimately restoring dimming emission.

Another plausible mechanism involves the interaction of erupting flux with itself

or nearby preexisting open magnetic fields. This interaction can lead to a gradual

reduction in closed flux connected to the Sun, contributing to dimming recovery.

However, it’s important to note that research on dimming recovery is still limited,

and observations of dimmings disappearing before the associated MCs reach 1 AU

are based on only a few events. Other factors, such as global shock waves, can also

affect observations and complicate interpretations.

In summary, recovery of coronal dimmings is influenced by several factors, in-

cluding instrument sensitivity, morphological types, and the surrounding magnetic

environment. Although several mechanisms have been proposed, further research is

needed to fully understand the intricacies of dimming recovery and its implications

for solar and interplanetary physics.
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6.3 Statistical study

In the previous Chapter, we presented the statistical analysis of dimmings detected

off-limb. In addition to other characteristics defined by the dimming impulsive

phase, the time span of 12 hours allowed us to make the first attempts to track the

dimming recovery time. It is important to highlight that for off-limb observations,

it is impossible to distinguish between core and secondary dimmings.

For the presented data set of 43 events, we define a metric for the dimming

recovery time 𝑡𝑟𝑒𝑐 as the difference between the time of the maximal instantaneous

area 𝐴𝑖𝑛(𝑡) (= 𝐴𝑚𝑎𝑥) and the moment when the value of the instantaneous dimming

area 𝐴𝑖𝑛(𝑡) falls below 50% of its maximum (= 0.5 · 𝐴𝑚𝑎𝑥). For five events it was

impossible to calculate the recovery time because of subsequent CME eruptions from

the same active region during the dimming recovery. For 7 events of the sample,

the derived recovery times are underestimated, as the drop to a value of 0.5 · 𝐴𝑚𝑎𝑥

was not reached within the 12 hrs length of the time series that we studied for each

event.

The distribution of the parameter 𝑡𝑟𝑒𝑐 for the other 38 dimming events is plotted

in Figure 6-1. The recovery time varies from 0.7 hrs to 10.9 hrs. The histogram

indicates a bimodal distribution with one group of fast recovery (smaller than ∼ 6

hrs), and another group with longer recovery times of > 6 hrs.

The mean value is 4.6 ± 2.8 hrs, which supports the results by Reinard and

Biesecker [2008], where the mean of the recovery time 4.8 ± 0.3 hrs was reported

as well as with Krista and Reinard [2017] who found that the time from the area

maximum to when dimming fully disappears is on average ∼ 6 hrs.

The dimming recovery times are suggestive of a bimodal distribution, with one

group of 𝑡𝑟𝑒𝑐 values smaller than 6 hrs and another group with values of 𝑡𝑟𝑒𝑐 > 6 hrs.

This may indicate that there exist two different classes of dimmings as concerns the

replenishment properties of the corona in the aftermath of a CME eruption. We

also note that for 7 events in our sample, the recovery time defined by the decrease

of the instantaneous dimming area to 50% of its peak value was not reached within

the studied time range of 12 hrs, and may thus be even longer. These findings can
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Figure 6-1: Distribution of dimming recovery times derived from 38 events of our
sample. Note that for 7 events (light coloured bars), the derived recovery time gives
only a lower estimate.

be set in context with the study of Vanninathan et al. [2018].

However, to provide a definite conclusion on that, we would need to follow the

dimming events over an extended time range. However, measuring the dimming area

accurately presents a challenge due to the inherent limitations of single-viewpoint

observations, especially for off-limb observations.

Therefore, a novel approach is required, and we elaborate on it in this chapter.

6.4 Methodology

Here our analysis aims to determine, for specific events, the maximum time intervals

in which we can continue to detect coronal dimming signatures associated with a

CME - the dimming recovery time. This time interval provides information about

the time scale of coronal renewal following a solar eruption and the extent to which

a CME remains connected to the Sun through its legs.

A major challenge in the study of dimming recovery is the distortion effect that

occurs when images are aligned to a reference time to compensate for differential

rotation. This distortion leads to artifacts in segmenting the dimming region and

tracking its parameters. It remains an obstacle due to the limitations of single-point

observation.
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In our project, we propose an innovative approach to mitigate the effects of image

distortion in the analysis of coronal dimmings. In this approach, a fixed mask is used

to track the evolution of the solar corona while extracting critical parameters such

as instantaneous brightness and area. In this way, we aim to improve the accuracy

and reliability of our dimming analysis.

6.4.1 Event selection

2011 September 6

On September 6, 2011, NOAA AR 11283 produced a series of significant solar events.

First, at 22:20 UT there was an X2.1 class flare (N14 W18), accompanied by a halo

CME of a speed 990 km s−1(see Table 6.1). About a day later, at 22:38 UT, a

second X1.8-class occurred with a partial halo CME (angular width of 167∘). On

September 8, at 15:46 UT, a third M6.7-class flare originated from the same active

region, associated with CME with 37∘ angular width consortium and team.

The strong activity of NOAA AR 11283 during the rising phase of solar cycle

24, which occurred near the center of the solar disk, attracted the attention of

numerous scientists (e.g., Jiang et al. [2013b], Jiang et al. [2013a], Romano et al.

[2015] studied this AR and the related flares/CMEs, while Dissauer et al. [2016],

Vanninathan et al., Prasad et al. [2020] studied coronal dimmings).

This particular case stands out because of its position as the only one analyzed

within a 48-hour period. While its proximity to the center of the Sun (see Fig. 6-

2a) facilitates observation, it also leads to reprojection effects caused by differential

rotation in images taken more than two days after the reference time. Therefore,

the observation time was limited to a few hours after the occurrence of the third

eruption to mitigate these disturbances.

2012 March 7

NOAA AR 11429 produced five CMEs during the first two weeks of March 2012,

at the beginning of the maximum of solar cycle 24. The largest and most energetic

CME occurred on March 7 Liu et al. [2013]. Two notable flares were observed that
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day: an X5.4 class flare (N18 E31) at 00:24 UT and an X1.3 class flare at 01:14 UT

Ajello et al. [2014]. The first CME has a speed of 2680 km s−1; the second CME is

not visible because it closely followed the first in time.

We focus on the first X5.4 flare/CME event of March 7 to study the associated

dimming. We also consider the M6.3 class flare/CME at 03:58 UT on March 9,

which is also associated with a halo CME.

This active region is located in the northwest quadrant of the solar disk, near

the western edge (Fig. 6-2b). The dimming associated with these events is clearly

visible in the original images and represents the most prominent coronal dimming

event identified by SDO/EVE Veronig et al. [2020].

2012 June 14

On June 14, 2012, a long-lasting M1.9 class flare (S17 E06), accompanied by a halo

CME with speed of 990 km s−1was triggered by NOAA AR 11504 at 14:35 UT.

This event occurred close to the maximum of solar cycle 24 in June 2012. The

active region was located in the southern hemisphere, near the central part of the

solar disk (see Fig. 6-2c). This region of the Sun was quite densely populated with

various active regions, and there was also a prominent coronal hole to the left of the

AR of interest.

2019 March 8

On March 8 at 03:07 UT, a double-peaked C1.3-class flare (N09 W13) occurred

(as detailed in Section 4.5.1), with the second peak occurring at 03:47 UT. The

following day, on March 9 at 12:26 UT, a B6.2-class flare occurred. These solar

events originated from active region AR 12734. Each of these flares was associated

with a corresponding CME, with angular widths of 74∘ and 71∘, respectively. The

first CME exhibited a speed of 290 km s−1.

This active region was located in the upper half of the solar disk, precisely at its

center (see Fig. 6-2d). These eruptions occurred during the solar minimum phase

between cycles 24 and 25. Despite their relatively low GOES flux, the first flare

garnered scientific attention due to its association with various distinctive solar
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eruption phenomena, as discussed earlier [Dumbović et al., 2021]. The timing of the

first flare can be divided into two distinct stages: one from 03:07 to 03:20 UT and

another commencing after 03:20 UT.

Detailed information about all events can be found in Table 6.1, which also in-

cludes the time of the base map and the time of the fixed mask (maximum dimming).

Figure 6-2: Snapshots of events under analysis: (a) September 6 2011, (b) March 7
2012, (c) June 14 2012, (d) March 8 2019. Blue rectangles show the chosen regions
of interest, indicating the location of eruptions on the solar disk.
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Date NOAA Flare Flare Time (UT) Flare CME
AR Location Class duration speed

Start Peak End [min] [km/s]

2011/09/06 11283 N14 W18 X2.1 22:12 22:20 22:23 11 990
2012/03/07 11429 N18 E31 X5.4 00:02 00:24 00:40 38 2680
2012/06/14 11504 S17 E06 M1.9 12:51 14:35 15:56 185 990
2019/03/08 12734 N09 W13 C1.3 03:07 03:18 03:58 51 290

Table 6.1: Event Review: NOAA Active Region and flare location, flare class, GOES
flare time interval (from start to end, including the peak time), CME speed as listed
in the LASCO catalogue (https://cdaw.gsfc.nasa.gov/CME_list/), apart from
the CME speed of 2011 September 6 event, taken from Dissauer et al. [2016].

Time cadence

For each event, the SDO/AIA 211Å time series cover a 72-hour period, starting

30 minutes before the corresponding flare. Data are recorded at 5-minute intervals

for the first 24 hours and at 30-minute intervals for the following 48 hours. The

exception is the September 6, 2011 event, where a 5-minute cadence is maintained

for the entire 48-hour period.

In contrast, the STEREO/EUVI 195 Å data maintain a consistent 5-minute

cadence throughout the time interval.

For each event, we determine the time of onset, peak, and end of the flare

associated with a CME. We also examine whether other phenomena occur within

the 72-hour time window.

6.4.2 Data preprocessing

All the steps of data preprocessing of SDO/AIA and STEREO/EUVI are the same

as described in the introduced approach in Section 4.2.5: we load and calibrate data

using Python Sunpy routines, differential rotate every image to a pre-event base

map at 30 minutes before the flare onset. After that, we create base difference and

logarithmic base ratio images for the dimming extraction.

133

https://cdaw.gsfc.nasa.gov/CME_list/


Chapter 6. Dimming lifetime 6.4. Methodology

6.4.3 Dimming detection

In our approach to detecting dimming on disk, as described in Section 4.2, we

identify a pixel as a dimming pixel if its intensity falls below -0.19 in the logarithmic

ratio. After that we use an algorithm that uses the darkest 10% of pixels in each

logarithmic base ratio (LBR) image as the seed pixel. We do not apply median

filtering in this analysis to avoid inadvertently connecting artifacts in later time

steps. In addition, we do not fill the holes left in the images by the algorithm,

as this is more appropriate for cumulative parameters. However, in this analysis,

we use instantaneous masks, and these holes could potentially represent physical

variations between different regions of dimming.

For the off-limb dimming detection from STEREO/EUVI data we used the same

approach and set of parameters as described in Section 4.2.5. We used the classical

thresholding levels for the off-limb dimming detection from STEREO/EUVI data.

Figure 6-3 shows a snapshot of all four cases studied at a time when the main

eruption dimming is close to its maximum extent. The left column shows the origi-

nal SDO/AIA images followed by the corresponding LBR image at the same time.

The last two columns on the right show the original STEREO/EUVI image of the

Sun and the corresponding LBR image, respectively. The original SDO/AIA and

STEREO/EUVI images were calibrated and de-rotated to basemap time. The color

scale of the LBR images is based on the same interval, from −0.7 to 0.0 DN, to

allow good visualization of the dimming. The events shown in this figure, from top

to bottom, are 2011 September 6, 2012 March 7, 2012 June 14, 2019 March 8.

6.4.4 Calculation of coronal dimming parameters

Examining the long-term evolution is more challenging than analyzing the impulsive

phase of dimming because, over the course of days, the coronal structure itself un-

dergoes changes. This introduces uncertainty into the differential rotation correction

of individual coronal pixels, resulting in noise in the BD and LBR images.

We study characteristic parameters such as instantaneous area and brightness.

We identify the instantaneous dimming area 𝐴𝑖𝑛(𝑡) as described in Sec. 4.3 and
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Figure 6-3: Snapshot of all the four cases under study. From top to bottom: 2011
September 6, 2012 March 7, 2012 June 14 and 2019 March 8. The shown time instant
corresponds to when the dimming is close to its maximum extension. Left column:
original SDO/AIA image. Middle left column: LBR image corresponding to the
SDO/AIA direct image. Middle right column: original STEREO/EUVI image of
the Sun. Right column: LBR image corresponding to the original STEREO/EUVI.
The colorbar of both the LBR images is based on the interval from −0.7 to 0 DN.
Dimming detection procedure is based on the thresholding value of −0.19, so all
pixels belonging to the dimming region stretch from white to red regions.

135



Chapter 6. Dimming lifetime 6.4. Methodology

apply the pixels correction method (Sec. 4.4), calculating the spherical projection

of the pixels.

Use of the instantaneous brightness curves 𝐼𝑖𝑛(𝑡) (Sec. 4.3) is a conventional

method for studying dimming evolution over time. However, this approach is typi-

cally used for shorter time intervals following a solar flare or CME event. In contrast,

our current analysis spans an observation period of 3 days. With such a long obser-

vation period, there is a higher probability of artifacts associated with the differential

rotation process that are subsequently identified as coronal dimmings by the region-

growing algorithm. These artifacts are most pronounced in regions near the solar

limb.

Detecting seed pixels at each moment may include pixels associated with arti-

facts or the expansion of dimming regions triggered by subsequent flares or CMEs

occurring within the studied timeframe. Consequently, this results in a continual

fluctuation in the dimming area over time, no longer linked to the recovery process.

To mitigate the impact of dimming size variations and minimize artifact influ-

ence, we have concentrated our analysis on specific sections of the cropped image.

We propose two approaches for examining the duration of dimming events.

Fixed mask

The first approach involves applying a consistent dimming mask to each map. By

using an instantaneous fixed mask instead of a cumulative one, we can minimize the

inclusion of flaring regions within the mask that might impact our calculations.

This fixed mask is determined as the largest instantaneous dimming mask in

terms of the number of pixels among the LBR maps observed within the initial

two hours from the onset of flare/CME activity. This timeframe is considered suf-

ficient to encompass the impulsive phase of dimming, as supported by statistical

data in references Dissauer et al. [2018b] and Chikunova et al. [2020]. However, for

the June 2012 and March 2012 events, the chosen map represents a relative maxi-

mum rather than the absolute maximum extension. In both instances, the dimming

area continues to expand, especially during the prolonged flare activity that spans

approximately 3 hours in the case of June 2012.
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After the maximum dimming extension within the impulsive phase is identified

and used as a mask on top of BD maps, the instantaneous brightness 𝐼𝑓𝑖𝑥 of each

map (at time 𝑡𝑚) is computed as the sum of all the pixels’ intensities inside the

masked region:

𝐼𝑓𝑖𝑥(𝑡𝑚) =
∑︁

𝐼(𝑝𝑖, 𝑡𝑚)𝐶𝑓𝑖𝑥(𝑝𝑖, 𝑡𝑚𝑎𝑥)

where 𝐼(𝑝𝑖, 𝑡𝑚) is the intensity at 𝑡𝑚 for a certain dimming pixel 𝑝𝑖 within the

fixed dimming mask 𝐶𝑓𝑖𝑥(𝑝𝑖, 𝑡𝑚𝑎𝑥). In this case, it is not considered whether a pixel

is an instantaneous dimming pixel at the time 𝑡𝑚, but all the pixels of the fixed

dimming mask contribute to the calculation.

Regarding cumulative masks, it’s important to note that numerous other regions,

such as those associated with flares, are included in the calculations. When studying

the entirety of dimming regions, both core and secondary, this inclusion can make

long-duration light curves more unclear (see examples in Fig. 6-4 and Fig. 6-5).

Thus, it is better to track the maximum instantaneous mask.

Figure 6-4: Comparison of the dimming brightness within the maximum instanta-
neous (blue) and maximum cumulative mask for the 8 March 2019 event.

Figures 6-6 – 6-9 illustrate the time evolution of the four studied events. In each

figure, from left to right: AIA 211 Å snapshots at five different time points within the

analysis time range, the corresponding LBR images, the extracted dimming pixel

masks (red) on top of the LBR images. The color bar marks the LBR intensity.

Pixels that fall below the detection threshold (−0.19 DN) transition from white

to dark red, making the progression of dimming. A blue contour in the bottom
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Figure 6-5: The same as Fig. 6-4 but for the 7 March 2012 event.

right panel delineates the fixed mask. These images shows the effect of de-rotation

over longer observation periods, with Fig.6-7 serving as a prime example, where

red zones appear towards the eastern edge. The right panel also highlights the

difference between tracking the brightness within the detected dimming area and

the fixed mask approach: the artifacts of de-rotation can notably influence the

dimming brightness. In contrast, the fixed mask approach effectively mitigates this

impact.
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Figure 6-6: Evolution of coronal dimming region for September 6, 2011 event. Time
sequence of the original SDO/AIA 211 Å images (left), LBR images (middle), and
extracted dimming pixel masks on top of the LBR images. In the bottom right
panel, the blue contour of the fixed dimming mask is overlayed.
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Figure 6-7: The same as Fig. 6-1 for March 7, 2012 event.
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Figure 6-8: The same as Fig. 6-1 for June 14, 2012 event.
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Figure 6-9: The same as Fig, 6-1 for March 8, 2019 event.
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Area boxes

The second approach involves a focused investigation within a highly localized region

of the overall map. We divide this region into several 3 × 3 pixel boxes using the

original SDO/AIA images, BD images, and LBR images. Within each box, we

compute the mean intensity value of the pixels.

To determine the position of each box, we manually select them based on visual

inspection of the LBR images, where dimming regions can be easily seen, and on

the dimming binary maps. These boxes can be strategically placed either close to

the eruption center or further away to observe the evolution of brightness over time.

This approach offers great versatility. Its main advantage is the possibility to

observe different behaviors depending on the placement of the box. In addition, it

allows the study of local behavior within dimming regions that may be less affected

by the overall long-term evolution and data processing.

6.5 Results

In the following subsections, we address a comprehensive analysis of the evolution

of global dimming, focusing on both area and intensity for each of the four events

examined. For the 2011 September 6 and 2019 March 8 (Women’s Day) events,

we also examine area boxes within the overarching global dimming region. This

investigation aims to highlight the intricate structures within these dimming regions

and to contrast the long-term evolution of global dimming attributes with their

localized dynamics. Finally, we provide a comparative assessment of all events by

quantifying the evolution of global dimming intensity using the fixed mask method.
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6.5.1 2011 September 6

Figure 6-10 shows the analysis outcome for the 2011 September 6 event. The four

panels show the flare evolution using the GOES 1-8 Å soft X-ray flux (panel a), the

instantaneous dimming area 𝐴𝑖𝑛𝑠𝑡 (panel b), the instantaneous dimming brightness

𝐼𝑖𝑛𝑠𝑡 (panel c) and the instantaneous brightness 𝐼𝑓𝑖𝑥 of the region within the fixed

mask (panel d) as a function of time. These intensities are related to the observation

of the event in the base-difference images. Panels b and c also compare instantaneous

area and brightness between data from the SDO/AIA and STEREO/EUVI 195

Å instruments.

The GOES flux helps visualize the time of occurrence of the flares, which is

generally close in time to the onset of the associated CME [Maričić et al., 2007,

Bein et al., 2012]. The analysis spans 48 hours, and during this time, three flares

occur, each associated with a CME. The instantaneous brightness (Fig.6-10c) shows

a recovery, especially after the first and second flare, but never reaches a full recovery

to the pre-event level. The same is true for the instantaneous area (Fig.6-10b). Data

from EUVI aboard STEREO-A are also used and show a similar trend to the data

from AIA. In particular, the steep decrease (increase) associated with the dimming

brightness (area) shows similar behavior, and the peak periods are almost coincident.

There is also no complete recovery of the dimming.

Figure 6-10d shows the behavior of instantaneous brightness within the fixed

dimming mask. In this case, both dimming and non-dimming pixels are included in

the identified region for the time step under consideration, so bright pixels belonging

to the flares can also visibly contribute to the brightness calculation. In fact, the

three flares/CMEs appear like three peaks and after the first one a sharp brightness

decrease is observed, falling well below the level before the flare (corresponding to the

so-called "post-flare dimmings" in full-Sun observations; see Veronig et al. [2021a]).

The brightness decreases to a minimum point corresponding to the maximum extent

of the dimming region.

In the hours following the first eruption, a full recovery of brightness can be

observed at 14:57 UT on September 7, well before 24 hours have passed. Even when

the second flare occurs on September 7 (24 hours after the first), it has no significant
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effect on the intensity within the fixed dimming region identified in the first event.

One reason for this could be the location of the dimming and the direction of its

extension: The first dimming extended mainly toward the northwest of the eruption

site, while the second extended both in that direction and toward the northeast

and thus was partially outside the fixed dimming mask. The portion of the second

dimming that remains within the fixed mask is smaller than the first dimming, so

the overall brightness of the fixed region fluctuates around zero, with both dark

dimming pixels and brighter pixels present within the fixed mask region. Finally, a

smaller spike is observed on September 8, corresponding to the last flare. Dimming

is very small and overlaps with parts of the previous dimming regions that have not

yet disappeared.

Thanks to the brightness curve, we were able to determine that there is a recov-

ery process. Using the original SDO/AIA images, we investigated the mechanism

behind this recovery. We observed that the dimming recovers from the outer edges

inward and toward the center. In particular, the region farthest from the center

of the eruption is the first to recover, while some dark regions near the center of

the eruption still remain. This is further investigated by specifically analyzing the

recovery behavior of certain small regions using the 3 × 3 pixel box approach.

Figure 6-11 shows the LBR map on 2011 September 6 during the impulsive

dimming phase, with four colored diamonds marking the center of the 3x3 pixel

boxes. In particular, boxes 1 (yellow), 3 (red), and 4 (light blue) are near the

eruption site, while box 2 (pink) is farther away, in the middle of a very dark

dimming region, likely a secondary dimming region within a magnetic plage region.

The goal of the boxes is to track the ongoing dynamics and intensity behavior in

the selected regions.

Fig. 6-12 shows the evolution of the average LBR brightness of the four boxes.

It can be clearly seen that box 2 and box 3 already show a complete recovery

before the second flare occurred (marked by the dashed line). However, by observing

also the evolution of the original, BD and LBR images, it can be seen that there

are post-flare loops that gradually extend toward the dimming region of box 3.

Therefore, this recovery can be considered as a projection effect resulting from the
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line-of-sight integration of these loops over the dimming region. In contrast, the

recovery process of field 2 is related to the shrinkage of the overlying field. This

region recovers most rapidly to its pre-event intensity and exhibits linear, gradual

recovery behavior.

Box 1 shows a more complex evolution. Initially, it shows a similar recovery

rate as box 3. One possible reason for this could be that the same post-event

eruption loops propagate through this region, but from the opposite side. Thereafter,

however, the intensity within this field decreases. The region where the field is

located shrinks due to the expansion of the flare ribbons into this region, which

could indicate reconnection between the overlying field and the erupting flux rope.

Lastly, box 4 shows weaker intensity recovery during the first 12 h after the CME,

especially compared to box 2. This result is consistent with Attrill et al. [2008] and

therefore, it is reasonable from an observational point of view to classify this dimming

area as a core dimming region. It should be noted, however, that this region may

not represent the footpoints of an erupting flux rope in a classical sense. This box is

located within a dimming region that likely contains field lines that opened during

the eruption (Prasad et al. [2020]). By combining observations and data-driven

MHD simulations, Prasad et al. [2020] found that this dimming region spatially

coincides with the footpoints of the dome surface of a 3D magnetic null point. In

this study, a causal relationship was inferred between the magnetic reconnections at

the 3D null point and the dimming due to the transformation of field lines of the

inner spine to open field lines to the outer spine.
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Figure 6-10: Evolution of dimming area and brightness in the 2011 September 6
event. The data from STEREO, having a higher cadence, are smoothed. (a) GOES
1-8 Å soft X-ray flux. (b) Instantaneous dimming area evolution over time. Compar-
ison between SDO/AIA (blue curve) and STEREO/EUVI-A (red curve). (c) Instan-
taneous dimming brightness evolution over time. Comparison between SDO/AIA
(blue curve) vs STEREO/EUVI-A (red curve). (d) Instantaneous brightness evolu-
tion within the fixed mask.
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Figure 6-11: 2011 September 6 event. Four boxes of size 3x3 pixels are located on
the LBR image. Box 1: yellow marker. Box 2: pink marker. Box 3: red marker.
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6.5.2 2012 March 7

Figure 6-14 shows the evolution of dimming brightness and area for the 2012 March

7 event. Using the curves of instantaneous dimming area and brightness in the b

and c panels, one can observe a continuous growth of the dimming area with a

simultaneous decrease in brightness in both the SDO/AIA and STEREO -B/EUVI

data. It seems that the dimming formed after the flare/CME on March 7 does

not recover after two days, but increases continuously. At the time of the March 9

flare/CME, this trend is still present. The AIA and EUVI instrument data show

similar behavior, especially in the large increase (decrease) in area (brightness) and

the overall decrease in instantaneous brightness. However, there is a difference

between the observations of the two instruments: While the data from SDO/AIA

show a continuous growth of the area and a decrease of the brightness, the data

from STEREO-B/EUVI show a shrinkage of the dimming area (red line in the b

field) accompanied by a slight recovery trend of the brightness, followed by a nearly

constant value of both the instantaneous area and the brightness. This behavior is

maintained until the second flare after about 52 hours, resulting in a further decrease

in instantaneous intensity and an increase in area. A review of the original images

and the instantaneous dimming maps shows that the dimming expands near the

eastern edge and becomes larger with time. Because of the proximity of AR to the

eastern limb, this behavior is interpreted as an artifact of the differential rotation

procedure affecting the two regions of dimming: the northeast region closer to the

edge and the southwest region. Therefore, using the fixed mask curve is more reliable

for interpreting this event.

By looking at the development within the fixed dimming mask (Fig. 6-14-d), the

brightness does not recover. The second flare does not appear as a distinct intensity

peak, unlike what happens in September case (Fig. 6-10-d). This is partly because

the majority of the dark dimming pixels are still inside the fixed mask, but also

because the bright flare region is outside the fixed mask, unlike the 2011 September

6 event.

Another interesting aspect of the 2012 March 7 event is revealed when looking

at the original SDO/AIA images and the dimming evolution within the fixed mask.
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Figure 6-13: Snapshots from 2012 March 7 event at 02:32, 04:07 and 08:22 UT. The
red circle marks where brightenings are observed. These brightenings are not de-
tected in the segmentation process, meaning they are brighter than the surrounding
regions. They might indicate that there is flux emergence and interchange recon-
nection inside the dimming region.

As mentioned earlier, this dimming is composed of two regions. While the region

in the northeast does not recover within 72 hours of observation, the region in the

south does. In particular, it can be observed that the recovery is not only due to

the shrinking of the dimming boundaries but also that some flux from below the

photosphere occurs, which helps to replenish the region: brightenings are observed

at certain times within the southern part of the dimming, e.g., on 2012 March 7

at 04:07, 05:42, 08:22, or 09:17 UT. They are seen in the original AIA image, but

are also not included in the dimming region by the region growing algorithm, which

means that they are brighter compared to the surrounding region (i.e., the dimming):

some bright pixels actually appear below the dimming. The March case is the only

case in this study where the recovery is not only due to the shrinkage of the dimming

regions themselves, but also to flux emergence and interchange reconnection within

the regions.

150



Chapter 6. Dimming lifetime 6.5. Results

10 −6

10 −5

10 −4

0

10

20

30

40

−15

−10

−5

0

00:00
Mar 7, 2012

12:00 00:00
Mar 8, 2012

12:00 00:00
Mar 9, 2012

12:00
−10

−5

0

5

AIA

EUVI-B

AIA

EUVI-B

Time (UT)

G
O

ES
 fl

ux
 [W

 m
 -2

 ]
A i

ns
t  [

10
 9   k

m
 2  ]

I in
st
  [1

0 5   D
N

]
I f.m

.  [
10

 5   D
N

]

a)

b)

c)

d)

Figure 6-14: Same as in Fig. 6-10, but for event on 2012 March 7. EUVI data is
from STEREO-B.
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6.5.3 2012 June 14

The results for the 2012 June 14 case are shown in Figure 6-15. What is immediately

striking is the enormous discrepancy in the behavior of the curves obtained with the

instantaneous dimming masks of SDO/AIA and STEREO-A/EUVI (panels b and

c). The latter shows a complete recovery, while the former shows an incessant growth

of the dimming.

The 2012 June 14 event shows artifacts related to the differential rotation pro-

cedure that caused the dimming near the solar limb. By changing the observational

approach, i.e., restricting the observation to the region inside the fixed mask (panel

d), it is possible to see that the behavior of the corresponding intensity curve has

a similar trend to the instantaneous brightness obtained with STEREO-A. A full

recovery is registered at about 03:40 UT, which is followed by an oscillating behavior

of the average brightness.

Looking at the original images, one can conclude that there is some dynamic in

AR and in its surroundings that make the interpretation of this event challenging.

This complex dynamic could be related to ongoing reconnection activity, but to

prove this would require further analysis, which is beyond the scope of this article.

The oscillating behavior of the brightness evolution within the fixed mask supports

this interpretation, as dimming regions form throughout the course of the full 72-

hour period.

Also, the source AR 11504 is very close to a coronal hole. This makes things

more complicated, being partially responsible for the detection of darkening in the

western part of the image, mainly because bright loops that covered the CH before

the CME disappeared during the eruption, as seen in Figure 6-16. In addition, jet-

like features are also observed at the edge of the CH, indicating ongoing interchange

reconnection.
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Figure 6-15: Same as in Fig. 6-10, but for event on 2012 June 14.

Figure 6-16: Comparison of the dimming region observations at the start and at
the end of the time range (June 14 - June 17). The coronal hole can be seen after
disappearing loops (in red circle), being included into the dimming detection.
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6.5.4 2019 March 8

The results for the 2019 March 8 event are shown in Figure 6-17. Data from

STEREO-A/EUVI were not available for the entire analysis duration but only for

approximately 48 hours. For this case, the GOES class is low (C1), but the flare is

associated with a broad range of phenomena typical for eruptive flares (see Section

4.5.1), and it occurred during a period of solar minimum.
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Figure 6-17: Same as in Fig. 6-10, but for event on 2019 March 8 (International
Women’s Day event). For the comparison with STEREO-A data, there is no avail-
able information for the third day of the analysis.

In this case, the instantaneous brightness and area from AIA and EUVI show

similar behavior and neither of them shows recovery. The situation is different with

154



Chapter 6. Dimming lifetime 6.5. Results

the fixed mask brightness curve (Fig.6-17-d), where the bright emission of the second

flare is followed by a decrease in the total brightness, which recovers over a short

period (about 17 hours). In reviewing the original AIA images in both 211 Å and

193 Å growing loops appear to occur, especially in the western region, and it is

concluded that the main recovery mechanism for these dimming regions might be

simple loop refilling.

An interesting observation in this case is related to the application of the pixel

boxes (see Fig. 6-18) used to study the recovery trend of the southern secondary

dimming. The average brightness of pixel boxes 1, 2, 3, and 4, shown in Fig. 6-18

LBR image is plotted in Figure 6-19.
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Figure 6-18: 2019 March 8, 04:25 UT. Five boxes of size 3x3 pixels are located on
top of the LBR image. The colormap is in logarithmic scale to better visualize the
darkest pixels. Box 1 : yellow marker. Box 2 : pink marker. Box 3 : red marker. Box
4 : light blue marker. Reference Box : gray marker. The reference box is located
outside the dimming region, in a quieter region of the solar corona.

Box 1 shows a linear, gradual recovery, returning to pre-event intensity within

about 17 hours. Box 2, on the other hand, is located in the middle of the eastern

region of the dimming and shows a rapid recovery (about 8 hours) followed by a

nearly stationary intensity value until the second flare occurs. These results appear

to be consistent with what was suggested by Attrill et al. [2008]: It was possible

to identify a long-lived part within the dimming did not recover by the end of the

data set, implying that the internal recovery is slower than the process occurring
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Figure 6-19: Comparison of the brightness behavior for each of the chosen 3×3 pixel
box shown in Fig.6-18. The dashed vertical lines mark the peak time of each flare.
The dashed horizontal line marks the 0-brightness level. Top: intensity evolution
from the original AIA images. Bottom: intensity evolution from the LBR images.

in the peripheral regions. Therefore, box 2 could be part of a core dimming, while

box 1 belongs to the periphery. In addition, boxes 3 and 4 are located within the

western region of the dimming and at the boundary of the dimming region with the

solar corona. Box 3 shows a similar intensity decrease (maximum decrease) as the

pink marker, which does not recover. In this case, the rapid recovery may be due

to the flare ribbons sweeping across this dimming. The situation is similar for box

4. Finally, another box is placed on the image that is outside the dimming region

and far from the coronal hole to the east and the other AR to the northeast of the

region of interest. This box is used as a reference to compare the brightness inside

and outside the dimming region.

6.5.5 Comparison of the events

The four selected events differ greatly from each other based on the intensity of

the flare, their location on the solar disk, the speed of the associated CME, their
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duration, and their occurrence with respect to the solar cycle. The different sequence

of flares in the analyzed time interval also plays a role in the diversification of the

individual cases. For example, from 2011 September 6 three flares/CMEs occur

within 48 hours, while from 2012 June 14 only one long-lasting flare associated with

a CME occurs. As a result of these many factors, the intensity behavior and area

behavior of the coronal dimming are different for each case studied. Fig. 6-20 shows

the intensity curves of the fixed mask in the left column and the instantaneous area

evolution of the dimming within the fixed mask in the right column for all four

events. The gray rectangles mark the flare time interval and the time shown is

limited to 24 hours to focus on the behavior of the first flare/CME in each data set,

without the interference from subsequent eruptions.
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Figure 6-20: Evolution over 24h of the average brightness of the fixed mask region
(left) and of the instantaneous area of the dimming contained within the fixed mask
(right) for each of the events. The shaded rectangle marks the GOES flare duration.

In all four cases, the intensity decreases dramatically when the flare starts. This
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decrease does not occur in the same way for all events. 2011 September 6 and 2012

March 7 events initially show an increase in brightness due to the presence of the

bright flare emissions within the fixed mask regions, while 2012 June 14 and 2019

March 8 events show a slight decrease in intensity a bit earlier than the onset of the

flare. After the minimum intensity value is reached, recovery begins. Reinard and

Biesecker [2008] analyzed the period of increasing/decreasing area and brightness

of the dimming in their statistical work. They found that about a quarter of the

events showed a two-step evolution of the intensity and/or area recovery curves.

In our study, the intensity of the fixed mask shows a two-stage behavior in all

four cases, with a steep initial recovery slope followed by a flatter recovery. This is

particularly evident in the 2011 September 6 case, but this trend is also observed

in the other three cases. As for the instantaneous dimming area within the fixed

mask, this behavior is less striking, due in part to the 2019 March 8 case, where a

very sharp drop in area is followed by a milder recovery trend.

Of the four cases examined, three show full recovery of both brightness and area

before 24 hours have passed, while one does not return to pre-event intensity levels

within the 72-hour analysis period.

6.6 Discussion

This project aims to build upon existing knowledge of dimming recovery mechanisms

and to devise and evaluate techniques that can enhance our comprehension of the

physical processes underlying dimming recovery.

Four case studies were analyzed to conduct this research. Limitations were iden-

tified in terms of observation time for events near the western or eastern limb, as

they are subject to distortions and thus artifacts due to differential rotation. New

approaches have been identified to limit the analysis to very specific regions, by

applying the mask of maximum dimming area to the whole data set or by analyzing

pixel boxes located in the regions of interest within the dimming. The results ob-

tained show similarities to the work of Attrill et al. [2008] and Vanninathan et al.,

with the identification of core dimmings, which show a slow and sometimes never-
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ending recovery, and the secondary dimmings, located farther from the center of the

eruption, being the first regions to recover with an almost linear, gradual trend.

The first of the developed approaches is based on applying the same mask to all

dataset images. The application of this mask allows us to greatly limit the effects of

artifacts associated with the de-rotation of the image to correct for differential solar

rotation.

In addition, by limiting the region of interest, we can partially filter out the

influence of other dimmings that results from other events originating from the

same AR. When different dimmings occur at similar locations but propagate in

different directions, the fixed mask approach provides better discrimination of the

two areas of influence. However, when additional events partially overlap with the

location of the initial one, this has an impact on the intensity evolution (e.g., see

2011 September 6/7 events).

Applying this method to analyze the four cases studied, we found that in three

of them (2011 September 6, 2012 June 14, 2019 March 8) the total intensity fully

recovered within the fixed mask region before 24 hours passed. This result is con-

sistent with Reinard and Biesecker [2008]. As for the mechanism behind dimming

recovery, it appears that all four events studied recovered by shrinking the outer

boundaries. However, in the case of the 2012 March 7 event, some brightenings

were observed that could indicate a replenishment of the plasma emerging and re-

connecting inside the dimming region. However, a distinction between the behavior

of core dimmings and secondary dimmings is to be taken into account [Attrill et al.,

2008, Vanninathan et al.] and here the second approach comes into play.

The second approach focuses on analyzing a fixed small sub-region of the entire

image by selecting a small box of size 3x3 pixels. It is then possible to monitor the

mean intensity evolution of specific regions and compare different parts within the

same dimming region to detect local differences.

The advantage of this approach is its flexibility and the ability to distinguish and

better observe core dimming regions and secondary dimming regions. Care must be

taken as ongoing dynamics around the pixel box must be monitored. Indeed, recov-

ery of mean intensity within the box may be the result of loops covering the region
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of interest. Nevertheless, this approach can be integrated with recent studies and

help identify core dimming regions [for example Dumbović et al., 2021, , where

the authors did not distinguish between core and secondary dimmings] and inves-

tigate their recovery time (in accordance to Attrill et al. [2008] and Vanninathan

et al., where core dimming regions do not recover until the end of their analysis time

interval).

In the future, a systematic statistical analysis could be useful to quantify the

recovery time of coronal dimmings using the fixed mask approach, while the pixel box

method could be useful to understand the dynamics of different types of dimmings,

possibly by integrating the knowledge of previously analyzed events, but with a

stronger focus on the recovery phase of the dimming rather than its early evolution.

6.7 Conclusions

We examined recovery time for four coronal dimming events using EUV data both

from SDO and STEREO satellites. Three of the four cases showed complete recov-

ery within 24 hours post-flare/CME eruption. The major mechanism for recovering

appears to be shrinking from the outermost boundaries inwards. Brightness recov-

ery exhibited a two-step trend, with an initial steeper and quicker segment followed

by a slower one. Core dimmings persisted beyond the analysis period, indicat-

ing prolonged non-recovery, while peripheral regions (secondary dimmings) showed

complete recovery.

The two proposed approaches have been tested and validated in this study, prov-

ing their importance for the analysis of the recovery phase of coronal dimmings. The

first method allows to follow the dimming region development, mitigating the ar-

tifacts and derotation effects. The second, complementing, method offers insights

into the differential behaviors of core and secondary dimmings.
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Chapter 7

Relation to the CME direction

This chapter is dedicated to answer research question Q3:

How is the evolution and morphology of dimmings connected to the early propagation

direction of CMEs?

7.1 Project summary

In this study, we investigate the relation between the spatiotemporal evolution of the

dimming region and both the dominant direction of the filament eruption and CME

propagation for the 28 October 2021 X1.0 flare/CME event observed from multiple

viewpoints in the heliosphere by Solar Orbiter, STEREO-A, SDO, and SOHO.

We present a method for estimating the dominant direction of the dimming

development based on the evolution of the dimming area, taking into account the

importance of correcting the dimming area estimation by calculating the surface

area of a sphere for each pixel. To determine the propagation direction of the flux

rope during early CME evolution, we performed 3D reconstructions of the white-

light CME by graduated cylindrical shell modeling (GCS) and 3D tie-pointing of

the eruptive filament.

This research is published in Astronomy & Astrophysics [Chikunova et al., 2023].

As a separate part, we also demonstrate the first version of (Dimming InfeRred

Estimate of CME Direction) DIRECD method on the 1 October 2011 case study.
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This method, formulated through the combination of findings from the initial study,

is designed to estimate the initial direction of CME propagation by analyzing the

morphology of coronal dimmings. This study was accepted for publication in As-

tronomy & Astrophysics [Jain et al., 2023].

7.2 Literature review

In this study, we investigate an important aspect of the dimming–CME relationship,

namely the evolution of the dimming area (projected onto the 2D image plane) and

how it relates to the directivity of the different parts of the erupting magnetic

structure, namely the filament and the CME (both reconstructed in 3D using multi-

viewpoint observations).

In recent years, numerous studies have focused on the 3D reconstruction of CMEs

using dual and triple coronagraphic observations from the STEREO and SOHO

spacecraft. The tie-pointing method [Mierla et al., 2008, Byrne et al., 2010, Liewer

et al., 2011, Liu et al., 2010] identifies the same feature in images taken from dif-

ferent viewpoints and triangulation has been used to determine its position in 3D

[Thompson, 2006]. Epipolar geometry [introduced by Inhester, 2006] has also been

used to better constrain the tie-points to a given straight line and helps to reduce the

matching problem. Another approach involves the reconstruction of an associated

filament located within the CME flux rope and containing the material of the CME

bright core [Illing and Hundhausen, 1986, Li and Zhang, 2013]. Liewer et al. [2009]

used stereoscopic tie-pointing for the 19 May 2007 erupting filament reconstruction

and compared the filament appearance prior to and after the eruption to reveal the

place of magnetic reconnection. Susino et al. [2014] combined a 3D reconstruction of

the erupting filament with a polarization ratio technique [Moran and Davila, 2004]

for a better determination of the CME kinematics. To examine the 3D develop-

ment of CMEs resulting from nonradial filament eruptions, Zhang [2021] used a

cone model, placing the apex of the cone at the source region of an eruption instead

of the Sun center as in the traditional cone models. A different approach is forward

modeling from coronagraphic observations. Graduated cylindrical shell (GCS) mod-
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eling [Thernisien et al., 2006a, Thernisien, 2011] of CMEs uses a strongly idealized

flux rope structure composed of two cones, representing the legs of a CME, and a

torus-like structure connecting the two cones, making a so-called “hollow croissant”

shape. These and other methods of reconstructing the CME direction are described

and compared in detail in Mierla et al. [2010]. All of them require the presence of at

least two simultaneous observations of the CME from different vantage points and

significantly depend on the presence of the STEREO satellite.

We look closer at the source region of an event and try to understand whether

or not the single-point observations of the coronal dimmings can indicate the ini-

tial direction of the erupting filament and/or CME propagation. Coronal dimmings

can be observed in great detail by different EUV instruments 2.5, revealing crucial

information about the early configuration of the eruption and its initial parameters

[e.g., case studies by Möstl et al., 2015, Temmer et al., 2017, Dissauer et al., 2018a,

Heinemann et al., 2019, Dumbović et al., 2021, Thalmann et al., 2023]. The obser-

vations of dimmings provide us with various possibilities to monitor the CME low

coronal signatures, increasing the chances of detecting geoeffective eruptions at a

very early stage, that is, even before their front reaches the FOV of coronagraphs.

7.3 Data and event observation

The event under study took place on 28 October 2021 from NOAA active region

(AR) 12887. The CME and filament eruption were associated with an X1.0 flare

(start: 15:17 UT, peak: 15:35 UT) at heliographic position S28W01. The event also

produced a globally propagating EUV wave and a ground-level enhancement (GLE),

which were studied independently by different research groups [Devi et al., 2022, Hou

et al., 2022, Papaioannou et al., 2022, Klein et al., 2022]. The three-dimensional

velocity of the plasma outflows associated with the event was estimated in Sun-as-

a-star spectroscopic observations by Xu et al. [2022] resulting in 𝑣 ≈ 600 km s−1.

A data-driven simulation of the eruption was presented by Guo et al. [2023]. The

authors discuss their finding of good agreement with observations when including

the morphology of the eruption, the kinematics of the flare ribbons, EUV radiation,
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and the two components of the EUV waves predicted by the magnetic stretching

model.

The CME appeared as a halo in the SOHO/LASCO C2 field of view start-

ing at 15:48 UT. Figure 7-1 shows simultaneous observations of its evolution by

SOHO/LASCO C2 (left panels) and STEREO-A EUVI COR2 coronagraphs (right

panels). The brightest part of the CME (yellow arrows) propagates southward for

LASCO, while STEREO/COR1 shows the signatures of a three-part CME structure

[Illing and Hundhausen, 1986, Low and Hundhausen, 1995, Vourlidas et al., 2013,

Cheng et al., 2017, Howard et al., 2017, Veronig et al., 2018]. Around 16:36 UT, we

observe a second propagating part, namely a flank of the CME (red arrows). The

LASCO catalog1 reports a plane-of-sky speed of the CME of about 1500 km s−1.

The EUV low coronal signatures of the CME were simultaneously observed by

the SDO/AIA and STEREO-A/EUVI, separated by 37.6∘ in longitude at this date

(see Figure 7-2). The AIA instrument provides images of the Sun in seven EUV

filters with a pixel scale of 0.6 over a FOV of about 1.3R⊙. EUVI observes the Sun

through four EUV passbands over a FOV up to 1.7R⊙ providing images with a pixel

scale of 1.6.

For our analysis of coronal dimmings, we used AIA 193 Å filtergram images with

a 12s cadence. The selection of 193 Å for observing and extracting coronal dimmings

is motivated by the systematic study of Dissauer et al. [2018a], demonstrating that

this wavelength effectively captures both the quite and AR coronal plasma that is

expelled during CMEs. The same images effectively resolve the filament propagation

and we matched them with 2.5 min cadence sequences of 195 Å EUVI data for a

3D reconstruction of the filament. Both data series were calibrated and corrected

for differential rotation to a reference time of 28 October 15:05 UT using the Sunpy

library [The SunPy Community et al., 2020] in Python. The detection and analysis

procedures were also developed using Python.

Figure 7-3 gives an overview of the event as observed by the AIA original

193 Å filter showing direct images (left) and processed base-difference images (right).

The coronal dimming, eruptive filament, and EUV wave are well observed in base
1https://cdaw.gsfc.nasa.gov/CME_list/
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Figure 7-1: Snapshots of coronagraphic observations using JHelioviewer [Müller
et al., 2017]. Left column: SOHO/LASCO C2 white-light base difference images.
Right column: White-light base difference images from STEREO-A COR1. Yellow
arrows indicate the CME and red arrows show the propagated leg of the filament
eruption at time steps 16:36 UT and 17:36 UT, respectively.
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Figure 7-2: View of the ecliptic plane showing the various spacecraft positions on
28 October 2021. SDO is located along the Sun–Earth line, while the STEREO-A
and Solar Orbiter spacecraft are positioned 37.6∘ and 2.8∘ to the east, respectively.
The image was generated using the Solar-MACH tool [Gieseler et al., 2023].

difference data, originating at longitudes close to the disk center for the line of sight

(LOS) from Earth. The dimming is detected from the earliest time steps, start-

ing around 15:05 UT with quasi-circular propagation, which later dominates mostly

to the southeast, reaching the neighboring active region. The filament eruption

starts around 15:10-15:12 UT, propagating to the southeast and reaching off-limb

at 15:47 UT. Another part of the filament is visible off-limb around 15:35 UT to

the west. The EUV wave appears around 15:28 UT and is visible on the solar

surface up to 15:50 UT, showing an initially quasi-circular propagation, with dense

fronts toward the north (second and third panels, see also the accompanying movie).

Devi et al. [2022] presented a full analysis of the EUV wave evolution, reporting a

maximum speed of its propagation of about 700 km s−1.

The associated X1.0 flare was also detected in hard X-rays (HXR) by the Spec-

trometer Telescope for Imaging X-rays (STIX) [Krucker et al., 2020] on board Solar

Orbiter. During the 28 October 2021 event, Solar Orbiter was close to the Sun–

Earth line (2.8∘ east) at a distance of 0.80 AU from the Sun. As this was an X-class

flare, STIX detected significant emission in both the thermal and nonthermal energy

ranges, enabling insight into a broader range of the flare process. STIX uses a pair

of grids to indirectly reconstruct images of the HXR photons by producing Moire

fringes that deferentially illuminate different detector pixels. STIX images (Fig-
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Figure 7-3: Overview of the 28 October 2021 event, showing the dimming evolution
and eruption of the filament in AIA 193 Å. Left: Direct images. Right: Correspond-
ing base-difference images. Four time steps are shown, while the full evolution of
the event can be found in the accompanying movie.
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Figure 7-4: STIX images showing 50%, 70%, and 90% contours for energy bands 4
– 10 keV (red), 15 – 25 keV (blue), and 25 – 50 keV (dark blue). The STIX contours
are rotated to the point of view of SDO and overlaid on AIA images. The AIA
images are shown for two different time steps: Top row - 15:25 UT, and Bottom row
- 15:26 UT; and at two different AIA filters: Left column - 171 Å, and Right column
- 1600 Å.

ure 7-4) were produced in three energy bands: the thermally dominated 4–10 keV,

the intermediate 15–25 keV, and the nonthermal 25–50 keV band. For context and

comparison, these were overlaid on SDO AIA 171 Å and 1600 Å images after being

rotated to the SDO point of view. In order to accurately perform the rotation of

the STIX sources, estimates of the X-ray source heights must be made. For the

nonthermal footpoints, we used the equation in Aschwanden et al. [2002] relating

energy to height. For the thermal sources, we assumed a semi-circle connecting the

two ribbons. As there was no STIX aspect solution for this time, we applied a small

adjustment of [−40, 5] to align the STIX sources with the AIA ribbons. The STIX

observations were corrected for the difference in light travel time (94.58 s) from the

Sun to Solar Orbiter and from the Sun to Earth.
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7.4 Methods and results

Our approach consists of three steps. First, we developed a method for estimat-

ing the dominant direction of the dimming development (Section 7.4.1). Second,

to determine the direction of parts of the erupting structure and flux rope during

the early CME evolution, we performed 3D reconstructions of the eruptive filament

(Section 7.4.2) and a 3D CME reconstruction using GCS modeling (Section 7.4.3).

Finally, we studied the relation between the dominant dimming direction, the direc-

tion of the filament eruption, and the CME (Section 7.4.4).

7.4.1 Coronal dimming

Here, we present the method we used to estimate the dominant direction of the

dimming development, which includes the dimming segmentation (Section 7.4.1),

followed by our assessment of the evolution of the dimming area with the help of a

sector analysis (Section 7.4.1).

Dimming segmentation

For the dimming segmentation and analysis, we used a sequence of AIA 193 Å maps

within the 15:00-15:57 UT time range. For the algorithm, we created base-difference

images, indicating the absolute change in the intensity values with respect to the

pre-eruptive coronal state. We applied an automated detection technique based on

thresholding and region growing to these images (as described in Sec. 4.2.5). First,

we extracted all pixels with intensity dropping below −30 DN. The type of data

preprocessing and the thresholding level were selected empirically by qualitatively

checking images during different development stages of the dimming in order to also

include distant parts (see Figure 7-3). Second, we used 30% of the darkest pixels of

this set as seeds for the region-growing algorithm to connect all the separated parts

of the dimming region. To minimize the noise, we used median filtering with a 3×3

kernel.

We obtained the dimming masks for all the time steps from 15:05 to 15:57 UT

and united them into one cumulative dimming mask. This mask contains all pixels
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Figure 7-5: Total area of the dimming region. Left: Base-difference map at the
time of maximal dimming extent at 15:57 UT. Middle: Cumulative timing map of
the whole dimming extraction, color-coded in minutes from 15:05 UT. Right: Same
dimming map, but each pixel shows the ratio of its area to the area of the average
pixel in the center. Dashed curves and numbers represent the chosen sectors.

that have been flagged as dimming pixels during the chosen time range. However,

pixels of the erupting filament also show up in the mask as they have a similar

intensity level. To exclude these pixels, we used the same mask in a base-difference

image at one of the last time steps (when the filament was already gone) and refined

the mask by deleting all the pixels with intensity above −30 DN, subsequently filling

the gaps within the contour. The final cumulative dimming mask (Figure 7-5) was

then used for further dimming analysis.

Dimming sector analysis

To determine the main direction of the dimming expansion, we designed a spherical

polar coordinate system centered at the source region and divided the solar surface

into 16 angular sectors of ∆𝜑 = 22.5∘ width (counted counterclockwise). The source

location was defined in accordance with the center of the flare emission contours

from STIX (Figure 7-4). For each sector, we further calculated the surface area of

all pixels (see Sec.4.4).

Figure 7-5 (left panel) shows the dimming region at the times close to its maximal

extent [similar to the end of the dimming impulsive phase described in Dissauer et al.,

2018b], the cumulative dimming map, where each pixel is color-coded according to

the time of its first detection (middle panel) and also according to the ratio of each

corrected pixel area to the average (square) pixel area in the center of the Sun (right

panel) for each sector.

We define the main direction of the overall dimming development as the middle
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Figure 7-6: Dimming area on the plane (dashed black curve) and over the surface
(red curve) calculated for each sector.

longitude of the sector with the largest area. To estimate the uncertainty in the

area due to a specific threshold used for the dimming segmentation, we additionally

applied a ±5% change to the threshold level and computed the mean values and

corresponding standard deviation of the dimming area in each sector. The resulting

dimming areas for the different sectors together with the uncertainty ranges are

shown in Figure 7-7.

Figure 7-6 shows the difference between calculating the area from the number of

pixels and considering their spherical representation. We can see that the suggested

calibration creates significant changes in the total area values. For this reason, we

use the derived spherical projections of the pixels to derive the area parameter.

As can be seen, the dimming dominates in the southern sectors with the largest

area in sector no. 14. Furthermore, analyzing the cumulative timing map (the

middle panel in Figure 7-5), we observe a two-stage evolution of the dimming re-

gion. Initially, the dimming spreads around the source, as indicated by the presence

of blue and green pixels indicating evolution until ≈ 15:35 UT. Subsequently, the

southeastern part of the dimming region becomes more pronounced and dominates

the overall expansion.

In this particular case, the use of one cumulative mask in the dimming segmenta-

tion instead of tracking the dimming region over time helps to include the dimming

areas hidden by other coronal structures at different stages of their evolution; for

example, those initially covered by flare loops. At the same time, we note that

the sector analysis can also be successfully implemented on a sequence of dimming
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Figure 7-7: Dimming area calculated for each sector in the full cumulative map.
The shaded band indicates the error estimation using different threshold levels used
for the dimming segmentation. The largest dimming area is in sector no.14.

masks, which allows us to track the time evolution of characteristic dimming pa-

rameters (e.g., area/brightness/leading edge) during different parts of the dimming

evolution with respect to the eruption source. The dominant direction of the dim-

ming propagation can then be defined as the sector with the fastest dynamics; for

example, with the highest area change rate for the particular time step.

7.4.2 Eruptive filament

Here, we present 3D reconstructions of the eruptive filament (Section 7.4.2) and

study its kinematics (Section 7.4.2).

Three-dimensional reconstruction of the erupting filament

The dense and cool filament material is usually thought to be embedded in the dips

of a magnetic flux rope, where the magnetic tension force keeps it in balance against

the gravitational force. Therefore, the erupting filament can be analyzed in order to

locate the inner part of the erupting flux rope during the early stages of the eruption.

The use of dual-point EUV observations from SDO and STEREO-A allows us to

perform the 3D reconstruction of the eruptive filament using an epipolar geometry

approach (see full description in Inhester [2006], Podladchikova et al. [2019]). A
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point on the object and two observer positions create an epipolar plane, which, by

definition, is seen as an epipolar line in each of the observer’s images. At each time

step, we manually identify the highest points of the filament from SDO/AIA 193 Å

images and match these with the corresponding points on the epipolar lines located

in STEREO-A/EUVI 195 Å data. Thus, for every point of the filament there is

only one degree of freedom in placing the corresponding matching point in another

image. In order to enhance the contrast of the erupting or moving features, we use

base-difference images along with direct images for feature identification.

Figure 7-8 shows a sequence of SDO/AIA 193 Å (top) and STEREO-A/EUVI

195 Å (bottom) maps, where the colored markers highlight the propagation of the

erupting filament based on matching the same features on both AIA (blue) and

EUVI (red) images. We track the filament growth using direct images for the time

steps 15:05-15:32 UT (a) and base-difference images for 15:35-15:57 UT (b). For each

point of the filament, we obtain coordinates in HEEQ coordinate system, defining

its position in 3D.

We then determine the orthogonal projections of the reconstructed 3D points on

the solar surface —which reflect the projected direction of the filament eruption—

using the following equation:

𝑋𝑃 =
𝑅𝑆𝑢𝑛 ·𝑋√

𝑋2 + 𝑌 2 + 𝑍2
,

𝑌𝑃 =
𝑅𝑆𝑢𝑛 · 𝑌√

𝑋2 + 𝑌 2 + 𝑍2
, (7.1)

𝑍𝑃 =
𝑅𝑆𝑢𝑛 · 𝑍√

𝑋2 + 𝑌 2 + 𝑍2
.

Here, 𝑋𝑃 , 𝑌𝑃 , and 𝑍𝑃 denote the 3D cartesian coordinates of the orthogonal

projection on the solar surface, 𝑅𝑆𝑢𝑛 is the solar radius, and 𝑋, 𝑌 , and 𝑍 are the

3D coordinates of the reconstructed points of the filament.

Figure 7-9 represents the connection of the low coronal signatures (left pan-

els) with the CME propagation further out (right panels). The left panels show

snapshots of SDO/AIA 193 Å (top, 15:49:52 UT) and STEREO-A/EUVI 195 Å
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(a)

base diff

base diff

(b)

Figure 7-8: Evolution of the erupting filament between 15:12 and 15:32 UT in SDO
AIA 193 Å (top) and STEREO-A EUVI 195 Å direct images (a) and between 15:35
and 15:50 UT in base difference images (b). Blue markers show the upper tip of
the filament observed by SDO AIA, and red markers indicate the matching points
from the STEREO-A vantage point. Epipolar lines are shown in white. The yellow
arrows indicate another, central part of the filament eruption. We note that the
image scale of panels (a) and (b) is different. An animation of the reconstructions
of panel (b) can be found in the accompanying movie.
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(bottom, 15:50:00 UT) with matching points of the eruptive filament (blue and red,

respectively, the same points as in Figure 7-8b) and their orthogonal projections on

the surface (green for AIA and yellow for EUVI). A white grid shows the dimming

sectors on the solar surface. Solar EUV images show only the filament projections

along the LOS of the spacecraft, and, as can be seen from Figure 7-9 (left panels),

the LOS and the orthogonal (which is independent of the viewpoint) projections of

the filament are located in different sectors. At the same time, the distance between

the LOS and orthogonal projections is significantly greater for STEREO-A (bot-

tom) than for SDO (top), as STEREO-A, positioned 37.6∘ east of Earth, reveals the

location of the event in the southwestern quadrant of the hemisphere, whereas SDO

gives a view of the event in the southern hemisphere close to the disk center. We

note that the orthogonal projections of the filament are located in the sector with

the largest area of dimming (no.14).

The right panels of Figure 7-9 show later observations of the CME propagation

from SOHO/LASCO C2 (top) and STEREO-A COR2 (bottom) coronagraphs. This

visual representation shows that the filament trajectory appears differently from

these two viewpoints. The filament propagates almost as a straight line in the

view from SDO. At the same time, STEREO observations reveal that a part of the

filament structure decelerates and falls back to the solar surface.

To gain a deeper understanding of the filament trajectory, we calculate its de-

flection from the radial direction in 3D space. To do so, we define a linear fit to the

filament points constrained to the first reconstructed point with the lowest height.

The angle between the linear fit and the radial direction is 54∘. SDO/STEREO

observations allowed us to reconstruct only one “leg” of the filament (the eastern

one), whereas the coronagraphic observations indicate another filament part, ap-

pearing earlier. Xu et al. [2022] also revealed this double structure of the eruption

and estimated the velocities of the other part. We additionally analyzed the deflec-

tion of the filament propagation from radial by splitting the angle of deflection into

two components. To this end, we projected the linear fit and radial direction onto

equatorial and meridional planes and calculated the 2D angles between projections

in each plane. Both vectors (dark red and black lines, respectively) with their pro-

175



Chapter 7. Relation to the CME direction 7.4. Methods and results

17:36:07 UT

SOHO/LASCO C2

15:49:52 UT

SDO AIA 193 Å

14

16:36:18 UT

STEREO-A COR1

STEREO-A EUVI 195 Å

14

15:50:00 UT

Figure 7-9: Connection of the low coronal signatures with the CME propagation fur-
ther out. Left panels: SDO AIA 193 Å and STEREO-A EUVI 195 Å base-difference
images with reconstructed matching points of the eruptive filament (blue and red,
respectively) and their orthogonal projections on the surface (green and yellow). The
sector with the largest area of dimming is marked by its number (no.14). Right pan-
els: Propagation of the CME seen from SOHO/LASCO C2 (top) and STEREO-A
COR2 (bottom) coronagraphs at later time steps. Red arrows indicate the filament
development as the bright substructure of the CME. Coronagraphic observations
were obtained using JHelioviewer [Müller et al., 2017].
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Figure 7-10: Three-dimensional model of the Sun with the reconstructed filament.
Red points show the reconstructed heights of the filament. The dark red line shows
a linear fit and the red dashed lines represent projections onto equatorial (green)
and meridional (red) planes. The black line indicates the radial direction, and the
dashed black line shows its projection onto the equatorial plane. Equatorial and
meridional planes both go through the intersection of the linear fit with the solar
surface (filament origin). The radial direction is located in the meridional plane
by definition. For clarity, the heliocentric coordinates grid is shown in gray. The
inclination angle from the radial in the equatorial plane is shown as a yellow arc, and
the inclination angle in the meridional plane is shown as two red arcs, respectively.

jections (dashed lines) are presented in Figure 7-10. We derive that the linear fit to

the filament points is declined from radial by 64∘ (yellow arc) to the east and 𝑏𝑦38∘

(two red arcs) to the south.

Kinematics of the erupting filament

From the 3D reconstructions of the upper tip of the filament identified in each

frame, we estimate its height and speed. Figure 7-11 shows the time evolution of

the height (a), speed (b), and acceleration (c) of the filament in comparison to

the GOES soft X-ray (SXR) flux evolution of the associated flare and its change

rate (d) and the STIX hard X-ray count rates at different energies (e). In the

panel (a) we show the resulting filament heights with black dots, while the error
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bar represents a ±5 pixel shift in the AIA images in finding the matching point

along the epipolar line. To obtain the filament velocity and acceleration profiles,

we first smooth the filament height data and obtain the first and second direct

numerical derivatives. The smoothing technique which Podladchikova et al. [2017]

present and extend to nonequidistant data optimizes between two criteria in order

to find a balance between data fidelity and smoothness of the approximating curve

[see also the applications in Veronig et al., 2018, Dissauer et al., 2019, Gou et al.,

2020, Saqri et al., 2023]. Using the derived acceleration profile, we then interpolate

to equidistant data points (solid line in (c) panel) based on the minimization of

the second derivatives and reconstruct the corresponding velocity (solid line in (b)

panel) and height (solid line in the (a) panel) profiles by integration. We also

obtain the errors of kinematic profiles by representing the reconstructed filament

height, velocity, and acceleration as an explicit function of original errors of filament

height–time data (blue shaded areas). The dots in panels (b) and (c) give the first

and second time derivatives obtained directly from the height measurements. As

the eruption evolves, the upper filament parts start to become fainter from around

15:40 UT. Therefore, at later stages of observation, we may not be able to accurately

identify the highest points of the filament, but instead only the lower ones located

further inside it. Consequently, the measured heights and velocities at these times

may be underestimated. In panel (d), we calculate the change rate of the GOES

SXR flux as the first-order numerical derivative and smooth by a forward-backward

exponential smoothing method [Brown, 1963]. As can be seen from Figure 7-11,

the height of the filament increases up to 312±5 Mm within 37 minutes with a

maximum speed of ≈ 250 km s−1. The filament shows a slow rise from 15:12 until

15:25 UT, and then rapidly accelerates to ≈ 366 m s−2, reaching 52 Mm at 15:28 UT

with a further gradual increase in speed. The peak of acceleration is cotemporal with

peaks in the high-energy STIX curve and a rapid increase in GOES flux. The overall

evolution of the filament speed profile precedes the associated flare flux: the flare

started at ≈ 15:17 UT, reached its maximum around 15:35 UT, and then entered a

phase of decline.
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Figure 7-11: Kinematics of the erupting filament and associated flare evolution. (a)
Height estimations of the filament (black markers). The error bar presents the five-
pixel shift in finding the matching point along the epipolar line. The corresponding
black solid line indicates the smoothed height–time profile. (b) Speed and (c) ac-
celeration of the filament obtained by numerical differentiation of height-time data
(dots) and smoothed profiles (lines). The shaded areas give the error ranges. (d)
GOES 1 − 8 Å SXR light curve (black curve, left Y-axis) and the corresponding
change rate (gray curve, right Y-axis). (e) STIX HXR count rates at 4–10 keV
(red), 15–25 keV (blue), and 25–50 keV (dark blue) energies. The vertical dashed
lines mark the peaks in the 25–50 keV HXR curve (dark blue), the GOES SXR flux
(black), and its derivative (gray).
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7.4.3 GCS reconstruction of the CME

We also analyzed the associated 3D CME structure and direction using the GCS

model applied to the SOHO/LASCO C2 and STEREO-A/COR2 coronagraph data,

which have a FOV out to 6R⊙ and 15R⊙, respectively. The top panels in Figure 7-12

show the observations of the CME by STEREO-A COR2 (left) and SOHO/LASCO

C2 (right) coronagraphs. The bottom panels show the best fit (green mesh) resulting

from the GCS 3D flux rope model when requiring that the boundary of the GCS

model flux rope match the outer edge of the CME shape in COR2 (left) and LASCO

(right) white-light images.

We obtain the following parameters of this reconstruction: heliocentric longitude

𝑙𝑜𝑛 = 357∘, heliocentric latitude 𝑙𝑎𝑡 = −30∘, height corresponding to the apex of the

croissant ℎ = 6R⊙, tilt of the croissant axis to the solar equatorial plane 𝑡𝑖𝑙𝑡 = 15∘,

half-angle measured between the apex and the central axis of a leg of the croissant

𝛼/2 = 60∘, and aspect ratio 𝑟 = 0.5. The footprint positions of the croissant are

located at [299°,−46°] and [55°,−14°]. As can be seen from Fig.7-12, the CME

according to GCS reconstructions propagates almost radially in the southeastern

direction.

7.4.4 Relationship between dimming, filament, and CME di-

rectivity

Using the Python code provided in von Forstner [2021], we plotted the GCS structure

on the 3D model of the Sun to compare it with the coronal dimming. Figure 7-13

reveals a match between the total dimming region (blue contour) and the recon-

structed shape and direction of the CME, represented by the GCS croissant (green

mesh). Notably, the dimming contour precisely aligns with the inner portion (blue

mesh) located between the two footpoints of the GCS croissant. Our tracking of the

dimming region extends from 15:00 UT up to 15:57 UT, while the CME structure

was reconstructed for 16:12 UT. Assuming the CME propagates without deflection

during this time span, our observations strongly suggest a spatial association be-

tween these features. To investigate this association more thoroughly, we compare
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Figure 7-12: Observations of the CME by SOHO/LASCO C2 (left) and STEREO-A
COR2 (right) coronagraphs with the GCS reconstructions (green mesh).
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Figure 7-13: Three-dimensional model of the Sun with the GCS croissant (green
mesh with blue inner part) and coronal dimming (blue contour).

both structures on the solar surface using the orthogonal projection of the inner part

(the closest one to the solar surface) and the location of the primary axis of GCS.

Figure 7-14 shows an AIA 193 Å image with the total cumulative dimming area

(blue contour) and the projected inner part of the GCS reconstruction (green mesh).

We mark the source point of the primary axis of the GCS croissant with a green

marker. As can be seen, the projections (green) are mainly concentrated in the center

of the dimming, which allows us to link the 2D dimming with the 3D CME bubble.

To explore this further, we also determined the center of mass of the dimming (red

marker in Figure 7-14). For each pixel, we consider its position vector r𝑖 = (𝑥𝑖, 𝑦𝑖)

and associate it with a weight 𝑎𝑖, where 𝑖 = 1, 2, . . . , 𝑛. The center of mass, denoted

rcm, is then computed using the formula:

rcm =

∑︀𝑛
𝑖=1 𝑎𝑖r𝑖∑︀𝑛
𝑖=1 𝑎𝑖

. (7.2)
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Figure 7-14: AIA 193 Å base difference image showing the dimming region (blue
contour) with an overlaid orthogonal projection of the inner part of the GCS bubble
(green mesh). The green marker indicates the source location derived from the GCS
reconstruction, and the red marker represents the center of mass of the dimming
region. The red mesh shows the orthogonal projection of the inner part of the GCS
reconstruction, with the source point shifted to the location of the center of mass.

Here, the weight of each pixel corresponds to its area on the solar surface. Con-

sequently, the larger the area, the more significant its contribution to the overall

dimming morphology. By analyzing the coordinates of the center of mass, we gain

insights into the propagation of the dimming relative to the eruption source (flare

coordinate) and can compare it to the primary axis footpoint of the GCS croissant.

The center of mass for the dimming has a heliographic longitude of 𝑙𝑜𝑛𝑐𝑚 = −8∘

and a heliographic latitude of 𝑙𝑎𝑡𝑐𝑚 = −28.8∘ and lies within the sector associated

with the dominant dimming propagation. The center of mass is located 5∘ to the

west and 1.2∘ to the north from the location of the primary axis of the GCS, which

is within the uncertainty range of the reconstruction.

We further create a modified GCS croissant with the same parameters but with

a shifted primary axis to align with the center of mass of the dimming area. The

orthogonal projection of this adjusted croissant is illustrated in Figure 7-14 with red

mesh. The full GCS croissant (green) with its shifted version (red) almost align in

the SOHO/LASCO 16:12 UT coronagraph image (Figure 7-15). Consequently, the

center of mass can serve as an additional validation measure for obtaining the CME

direction.
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Figure 7-15: Comparison of the two versions of the GCS reconstruction on the
SOHO/LASCO C2 16:12 UT image of the CME. The green mesh represents the
GCS reconstruction from coronagraph observations, and the red mesh represents
the same croissant with a changed location of source chosen by the dimming center
of mass.

Figure 7-16 combines all results of our event analysis in one visualization of

the studied eruptive features, shown from SDO and STEREO-A perspectives: the

dimming region (blue contour) with the dominant dimming direction (filled sector),

the reconstructed 3D filament motion (red points) with their orthogonal projections

(purple points), and the modeled CME according to GCS reconstructions (the inner

part of the GCS bubble is shown as blue mesh, the main axis as a green vector). The

dark red line shows a linear fit to the reconstructed 3D filament points constrained

to the first reconstructed point with the lowest height.

With this visual representation, for the first time we can directly compare and

relate the dimming evolution, the filament eruption, and the CME propagation to

one another:

• The orthogonal projections of the erupting filament, which reflect the projected

motion of this structure onto the solar surface, are located in the same sector as

the dominant direction of the dimming evolution. Orthogonal projections are

independent of the observation point, allowing us to establish a link between
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SDO STEREO-A

Figure 7-16: Three-dimensional model of the Sun observed from SDO (left) and
STEREO-A (right). The dimming borders are shown with blue contours and the
sectors are drawn as light blue lines (the filled area indicates the sector of dominant
dimming propagation). Red points mark the reconstructed filament heights, and
purple points are their orthogonal projections on the surface. The inner part of the
GCS reconstruction is plotted as blue mesh. The dark red line presents the straight
line fit to the reconstructed filament positions. The green line shows the axis of the
CME, which is represented by the GCS croissant.
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the 3D direction vector and the evolution of the dimming area on the solar

surface. Consequently, the morphology of the coronal dimming serves as a

reliable indicator of motion of the lower-lying signatures associated with the

eruption of the flux rope.

• Despite the prevailing southwestern direction of the dimming propagation, it

is important to consider the comprehensive dimming morphology, which also

exhibits its widespread evolution around the eruption source. A compelling

correspondence can be observed between the total dimming region and the re-

constructed shape and direction of the CME. Specifically, the dimming contour

reflects the inner part of the GCS croissant, indicating their spatial association.

• The angle between the fit to the reconstructed filament height evolution and

the apex of the GCS croissant is 50∘. This value roughly matches with the

CME half-width parameter of the GCS reconstruction (𝛼/2 = 60∘), which

represents the angle between the apex and the leg of the CME croissant.

This similarity suggests that the reconstructed filament can be reasonably

associated with the eastern leg of the GCS croissant, indicating a notable

correspondence between the two structures.

7.5 Discussion and conclusions

In this paper, we present a detailed analysis of the different features involved in

the eruption of the 28 October 2021 X1.0 event, namely the erupting filament, the

CME, and the coronal dimming evolution. Our research involves the reconstruction

of both the low-lying filament eruption and the CME structure at a height of 6R⊙ in

order to determine the direction of the initial flux rope propagation in 3D space.

Simultaneously, we define the dominant propagation of the dimming growth based

on an assessment of the evolution of the dimming area and the sector analysis on the

solar surface. To compare the directions, we calculated the orthogonal projections of

the reconstructed points (both filament and GCS), which enabled us to track their

motion projected onto the solar surface.
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We developed a method to estimate the dominant direction of the dimming de-

velopment based on our assessment of the evolution of the dimming area using sector

analysis. Initially, the dimming expansion spreads symmetrically around the source

region; subsequently, it undergoes further development toward the southeast. The

sector analysis of the cumulative dimming area clearly indicates that the dominant

direction of total dimming growth aligns with one of the southeastern sectors.

As we consider the dimming region on the solar sphere, we introduce a novel

technique that involves identifying the surface area for each pixel. This approach

effectively minimizes projection effects, as it takes into account the spherical pro-

jection of each individual pixel of the dimming area. We made the code for the

calculation of the correction publicly available on GitHub.

A filament was observed both by SDO and STEREO-A up to ≈ 312 Mm in

height, which allowed us to reconstruct its evolution in 3D. The erupting filament

starts to rise at a slow speed at ≈ 15:12 UT, and then rapidly accelerates between

≈ 15:25 and 15:30 UT, which coincides with a phase during which the flare rises

in the GOES 1–8 Å SXR flux, while the filament impulsive acceleration occurs

co-temporally with the HXR high-energy hard X-ray emission at 15–25 keV and

25–50 keV (see Fig. 7-11). The maximum speed and acceleration of the erupting

filament area ≈ 250 km s−1 and ≈ 366 m s−2, respectively. A similar filament

evolution was also reported in Devi et al. [2022], where the time–distance plots of

the filament heights in 2D were used to derive the height and kinematics profiles.

These authors also report a nonlinear acceleration at the same range, which they

relate to the presence of torus instability in the eruption behavior.

The reconstructed filament heights projected to the solar surface coincide with

the dominant direction of the dimming expansion. This allows us, for the first time,

to make a direct comparison of the dimming and filament directions within a unified

coordinate system. We find that the dimming precisely reflects the propagation of

the filament eruption low in the corona.

The significant inclination between the motion of the 3D filament and the radial

direction (64∘ to the east and 38∘ to the south) reveals a double structure of the flux

rope. Both filament parts are observed as the brightest and densest CME material in
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the coronagraph images (Figure 7-9, right panels). By modeling the propagation of

the flux rope using GCS reconstruction, we find that the CME primarily propagates

radially in the southeastern direction. We obtain a deviation of 50∘ between the

direction of the CME and the erupting filament. This indicates that the portion

of the filament used for the 3D reconstruction, which is clearly observed, does not

correspond to the apex of the CME flux rope. Instead, it is associated with one of

the legs of the flux rope. In addition, the close agreement between the deviation

angle value and the half-width parameter of the GCS reconstruction (𝛼/2 = 60∘)

further supports the correspondence between the reconstructed filament and the

eastern leg of the GCS croissant.

The strongly nonradial behavior of the erupting filament obtained from the 3D

reconstruction may also indicate a pronounced lateral expansion of the flux rope,

which contrasts with the assumption of self-similar propagation in the GCS recon-

struction of the CME. This would lead to nonradial propagation of the CME leg,

even if its apex is propagating radially. Hovis-Afflerbach et al. [2023] also discussed

whether the evolution of the filament in the low corona can be used as a predictor

of CME direction, as observed in coronagraph data.

We observed distinct signatures of both components of the flux rope in the

evolution of the dimming region. While the dominant propagation of the dimming

follows a southwestern direction, reflecting the filament evolution, it is important

to acknowledge the comprehensive morphology of the dimming, which shows an

extensive evolution around the eruption source. Our analysis reveals a compelling

relation between the total dimming region and the reconstructed shape and direction

of the CME. Specifically, the dimming contour closely aligns with the inner part of

the GCS croissant, while the center of mass of the dimming region is situated in

close proximity to the projection of the primary axis of the GCS reconstruction,

indicating a clear spatial association between the dimming and the CME.

At the same time, in our case study, we do not find the direction of the filament

eruption to be directly related to the direction of the CME expansion, evidenced by a

significant deviation angle between the reconstructed filament heights and the CME

(GCS) axis. The filament material is lying in the lower portion of the expanding flux
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rope [Cheng et al., 2014]. With that, we point out that the filament itself cannot

always be used as a reliable proxy to predict the main direction of CME propagation.

These findings highlight that the evolution of the dimmings reflects both the

direction of a low-lying erupting magnetic structure (filament) and the global prop-

agation of CMEs. Further research efforts need to consider both the dominant

dimming direction and the dimming morphology in order to understand the link

between 2D dimming information and the initial 3D direction of the CME/flux rope

and, therefore enhance our understanding of its early dynamics.
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7.6 Development of DIRECD method

Our exploration into the relationship between dimming and CME direction paved

the way for the creation of the DIRECD (Dimming InfeRred Estimate of CME Di-

rection) method. This technique estimates the initial CME propagation direction by

analyzing the morphology of coronal dimmings. We describe the full methodology

and our first results on the CME modeling from coronal mass ejections in collabora-

tive study Jain et al. [2023]. Here we outline only the main aspects of our approach

and encourage the reader to follow our paper and the project’s future advancements.

We show the 1 October 2011 event as an example of the method application.

7.6.1 Project summary

Initially, we simulate various CMEs in 3D using a geometric CME cone model [Zhao

et al., 2002, Xie et al., 2004, Mays et al., 2015], adjusting parameters like width,

height, source location, and deviation from the radial direction to understand their

impact on the CME’s projection onto the solar sphere.

Using the developed sector analysis, we identify the dominant direction of dim-

ming evolution. Then we address an inverse challenge to recreate a variety of CME

cones with diverse heights, widths, and deviations from radial movement.

Our ultimate goal is to determine which combinations of CME parameters lead

to orthogonal projections onto the solar sphere that best match the geometry of the

dimming at the maximum of its impulsive phase and allow us to determine the 3D

direction of the CME.

7.6.2 Methods and Analysis

Dimming analysis

Our analysis focuses on dimming at the end of the impulsive phase (see Section

4.3.3), when the connections between an expanding CME, and dimming are fully

established [Dissauer et al., 2018a]. We build a spherical polar coordinate system

centered at the source region and split the solar sphere into 12 angular sectors of 30∘
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Figure 7-17: Dominant direction of dimming expansion at the end of impulsive
phase for 1 October 2011. Cumulative dimming pixel mask outlined by gray with
red contours. The blue lines indicate the 12 sectors: the The dashed purple line
indicates the sector of dominant dimming development. The black dots show the
dimming edges (one of them being the source) in the sector of dominant dimming
which are used to generate the CME cones at different heights, associated widths
and inclination angles.

width each and derive the dimming area values 𝐴 in each sector. The sectors are

numbered in counterclockwise direction with sector 1 pointing towards the North.

Following sector analysis,we define the dominant dimming direction by the sector of

largest cumulative dimming area extent, which is in this case sector 6 (Figure 7-17).

Connecting the dimming and CME propagation direction

Once the dominant dimming direction is determined, we create an ensemble of CME

cones that originate at the source location and extend into 3D space such that

the edges of the cone’s orthogonal projections remain confined within the dimming

edges. We use two 3D lines: one linking the Sun’s center to the source, and the other

from the Sun’s center to the dimming edge in the dominant direction (Figure 7-18,

black lines). This approach ensures the CME cone projections fit to the dominant

dimming direction, with each cone possessing unique height, width, and inclination

parameters. The generated CME cones for 1 October 2011 are shown in Figure 7-19.
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Figure 7-18: Ensemble of cones of different heights, widths and inclination angle
bounded by the dimming edges C and E. The dotted lines outline the dimming
edges extended into space connected through the Sun center.

Figure 7-19 shows that the cone projections shrink significantly at heights be-

tween 0.27–1 R⊙ , with minor changes at higher heights. The dynamics of this

shrinkage can be illustrated in Figure 7-20 (red line, left Y axis) by comparing the

projections of cones at different heights. The optimal fit of the cone to the dim-

ming, taking into account the shrinking in the projection area, is chosen as 5% of

the peak of the red line. For the 1 October 2011 event it is a cone with the height

of 1.04 R⊙ , width of 48.7∘, and 24.3∘ for inclination. The next criteria is evaluation

of the dimming area within this projection (blue line, right Y axis). We accept

only the solutions with coverage larger than 95%. The empirical thresholds will be

validated in the future statistics. We note that if a CME parameter is known from

other sources, we can determine the full parameter set given the unique relationship

between the height, width, and inclination in our ensemble.

7.6.3 Resulted CME cone

We find that for the 1 October 2011 event the best fit of the CME projections to

the dimming extent is a CME cone with height of 1.04 R⊙ (a height at which the

CME still remains connected to the dimming), CME width of 48.7∘ and inclination

angle of 24.3∘. By projecting the obtained 3D direction onto the meridional and

equatorial planes, we obtained that the CME was directed towards the South-East

(21∘ South and 12∘ East).
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Figure 7-19: CME cones at heights of 0.58–2.11 R⊙for 1 October 2011 (columns 1
and 3) with associated widths and inclination angles and their orthogonal projections
onto the solar sphere (columns 2 and 4) bounded by the dimming edges. Columns
1 and 3 depict the side view to better show the reconstructed cones, columns 2 and
4 show the face-on view.
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Figure 7-20: Consecutive differences in projection area of the generated cones en-
semble (red, left Y-axis) and percentage of dimming area in projection to the total
projection area (blue, right Y-axis) at the end of the impulsive phase. Vertical
dashed line indicates the step, where consecutive differences differences reach 5%
of the maximum of the cone projection area, which also lies within 95% of the
maximum percentage of dimming area in projection.

Figure 7-21: Best fit CME cone for 1 October 2011 event: 3D model (green mesh,
left panel) and its projection on the solar surface (green dots, right panel). Red
boundaries indicate the segmented dimming together with the source location and
dimming edge along the direction of dominant dimming evolution (black dots). 3D
black lines connect the solar center with the source location and the edge of the
dimming along the dominant dimming direction (dashed), the main axis of the
resulted CME cone (solid line).
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7.6.4 Validation

The CME direction can be directly compared with the GCS reconstructions for

the studied events. Our outcome for 1 October 2011 event is in agreement with

the study by Temmer et al. [2017], where the authors used GCS reconstruction

from multi viewpoint coronagraph observations of the CME, and concluded that

the associated two-step filament eruption and the CME propagated towards the

South-East.

In Jain et al. [2023] we also validate the resulted cone with the reconstruction of

CME bubble at the similar height. We take the advantage of the multi-viewpoint

by the STEREO-A and STEREO-B spacecraft for this event and identify identical

features of the CME bubble from EUVI imagers onboard STEREO-A and STEREO-

B and employ an algorithm of 3D reconstructions based on epipolar geometry, a

similar one as we used for the filament reconstruction in Section 7.4.2.

7.6.5 Summary

This research proves that coronal dimmings can be proxies for the early CME propa-

gation direction. The DIRECD method offers early CME direction estimates before

it can be detected from coronagraph, operates without requiring multi-viewpoint

observations, and it is particular useful for Earth-directed events. However, it’s best

suited for CMEs initiated below 0.4 R⊙ and up to 3 R⊙ above the surface since

higher up no dimming footprint is detected anymore [Dissauer et al., 2019]. Further

work should involve a broader CME event sample and evaluations on the accuracy

and limitations of this method.

7.7 Conclusion

We introduced a methodology to estimate the dominant direction of dimming devel-

opment and compare it with the 3D reconstructed trajectory of CME and erupting

filament. This approach was applied in the case study of 28 October 2021 X1.0

flare/CME event.
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The dominant propagation of the dimming growth reflects the direction of the

erupting magnetic structure (filament) low in the solar atmosphere. At the same

time, the overall dimming morphology aligns with the inner part of the CME re-

construction. confirming the use of dimming observations to obtain insight into the

CME direction.

Building on these findings, we developed the DIRECD method to determine the

initial direction of CME propagation early in its evolution. This method simulates

a cone model from the dimming observations, considering both the dominant dim-

ming direction and its overall morphology. The reconstructed cone for case event

of 1 October 2011 was validated with 3D tie-pointing of the CME bubble and GCS

reconstruction higher up in the corona. Our study demonstrates a proof of concept

that coronal dimmings can be used as a proxy of the early CME propagation direc-

tion. It will allow us to gain early information about the direction of a CME even

before it becomes visible in the field of view of coronagraphs. This holds practical

significance for space weather forecasting and the proactive mitigation of potential

adverse impacts on Earth.
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Conclusions

The findings and outcomes of this study can be divided into two main groups. First,

we have developed a comprehensive methodology for dimming analysis in Python,

from data preparation to methods that relate dimming evolution to the properties

of coronal mass ejections and other eruptive signatures. Second, we have applied

the developed techniques to clearly demonstrate that dimmings not only indicate

the onset of the eruptive event, but also serve as a valuable diagnostic tool for

coronal mass ejections to provide the early estimates of their speed and mass, initial

trajectory, and the recovery of the solar corona after an eruption.

Methods and framework

The important contribution of this study is the development of a comprehensive

methodology for dimming analysis in Python. This framework is both robust, en-

suring accurate dimming analysis, and flexible, allowing application to different

research questions and objectives, including statistical analysis and case studies.

We detailed the steps of loading, calibrating, and necessary preprocessing of

the data using validated and adjusted routines from Python Sunpy library, rapidly

developing by the work of heliophysics community.

We have outlined methods for deriving characteristic dimming parame-

ters and adapting the detection and processing strategy to the specific analysis goals.
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To accurately determine the dimming parameters, especially those that strongly de-

pend on the area, we introduced a technique that calculates the surface area

for each pixel. This method adeptly reduces projection distortion by taking into

account the spherical projection of each pixel within the dimming area. We have

made the code for this correction publicly available on GitHub.

A major highlight of this work is the development of an automatic algorithm

for segmenting coronal dimming in Python that is suitable for both on-disk

and off-limb dimming extraction. The availability of consistent, high-cadence,

high-resolution imaging data from missions such as SDO/AIA, STEREO-A/EUVI,

GOES/SUVI, Proba-2/SWAP, and EUI on the Solar Orbiter enables us to continu-

ously observe and track coronal dimmings throughout the evolution of coronal mass

ejections. In addition, the off-limb dimming segmentation algorithm can be applied

to the observations of the next planned ESA’s L5 mission Vigil, where the Earth

directed events will be observed off-limb.

Moreover, we introduced two methods for tracking the dimming recovery time.

The first, using a fixed mask for all images in the dataset, effectively mitigates

the artifacts of differential rotation and allows to study the general trend of the

dimming region recovery. The second approach, area box analysis, focuses on

tracking mean intensity within a fixed subregion. It provides a granular view on

recovery patterns and can be quickly implemented in case studies to distinguish

between core and secondary dimmings.

To link the 2D dimming morphology to to 3D propagation of the erupting fila-

ment and coronal mass ejection, we have introduced a sector analysis method.

This approach allows us to identify the predominant direction of dimming propaga-

tion on the solar surface. By combining sector analysis and orthogonal projection

of reconstructed filament heights onto the solar surface, we, for the first time, are

able to compare the dominant direction of dimming propagation with the direction

of eruptive filament activity in one confined system of coordinates. To compare the

global morphology of the dimming region with the reconstructed CME, the center

of mass of the dimming region can be calculated and compared with the lo-

cation of the source region from the GCS reconstruction. The combination of the
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dimming morphology analysis techniques and the reconstruction methods initiated

the DIRECD method for the early estimation of the CME direction.

The framework with its multiple functionalities combines traditional knowledge

with innovative techniques. By applying the described methods, different aspects of

dimming evolution can be studied and related to associated CME observations, pro-

viding a more comprehensive understanding of these two phenomena. This method-

ology not only provides us with a solid foundation for ongoing and future solar

observations, but also expands our ability to explore and understand the intricate

dynamics of coronal dimming events in great detail.

Q1: Relation to CME speed and mass

We conducted a statistical study on 43 coronal dimming events between May 2010

and September 2012, observed concurrently on-disk by SDO and off-limb by the

STEREO satellites (Chapter 5). The unique positioning of satellites allowed us for

the first time to investigate the relation between coronal dimmings and their cor-

responding Earth-directed CMEs statistically and to compare the results obtained

from multi-viewpoint observations. Our analysis confirms the relation of coronal

dimmings and CME physical properties for the off-limb viewpoint.

Dimming parameters, reflecting properties of the total dimming region at its

final extent, area and total brightness, show strong correlations with CME mass,

with correlation coefficients 𝑐 ∼ 0.7-0.8. The correlation coefficient for dimming

area - CME mass relation revealed an even higher value than for on-disk results (𝑐

= 0.82±0.06 for off-limb against 𝑐 = 0.69±0.10 for on-disk). Derivatives of these pa-

rameters, such as area growth rate and brightness change rate have shown significant

correlations (𝑐 ∼ 0.6) with CME speed, indicating the close relation between the

CME and dimming dynamics. For the area-mass relation tere was obtained higher

correlation coefficients than were reported before for dimmings observed on-disk.

Together with Dissauer et al. [2019] analysis, this study represents the first multi-

point analysis of coronal dimmings. Comparing the properties of coronal dimmings

observed simultaneously from different views in their on-disk/off-limb projections

as well as their relation to the CME velocity and mass, allows us to assess the
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potential of using coronal dimmings for early CME characterization from satellites

located either at L1 or L5.

Q2: Dimming lifetime

We tracked the dimming region to investigate the recovery of the solar corona after

CME eruption for four cases (2011 September 6, 2012 March 7, 2012 June 14 and

2019 March 8) in Chapter 6. In our methodology, we take into account the progres-

sion of both complete dimming regions and their individual parts, facilitating the

independent tracking of both core and secondary dimmings evolution.

In three of the four cases analyzed, full recovery occurs within less than 24 hours

after the onset of the CME, consistent with the results of Reinard and Biesecker

[2008]. The primary mechanism causing this recovery appears to be a gradual

shrinking that begins at the outermost edges and progresses inward. We found

a distinct two-stage pattern in brightness recovery, which is characterized by an

initial steep and rapid phase followed by a gradual phase.

It is noteworthy that specific segments of the dimming, possibly indicative of

core dimmings, persist throughout the analysis period and do not return to their

initial brightness levels within 3 days. These core dimming regions exhibit distinct

recovery patterns compared to the peripheral regions - secondary dimmings, which

gradually undergo a full restoration of brightness.

Q3: Relation of the direction

In our study of the 28 October 2021 X1.0 event (Chapter 7), we explored the intricate

relationship between the erupting filament, the CME, and the coronal dimming

evolution. To determine the propagation direction of the flux rope during early

CME evolution, we performed 3D reconstructions of the white-light CME by GCS

and 3D tie-pointing of the eruptive filament. The sector analysis introduced for the

dimming area indicated the dominant direction of dimming propagation, which was

then related to the projected heights of the erupting filament on the solar surface.

For the event under study, the dominant propagation of the dimming growth

precisely reflects the direction of the erupting magnetic structure (filament) low in
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the corona. Also, the overall dimming morphology closely resembles the inner part of

the CME reconstruction. These results highlight that the evolution of the dimmings

reflects both the direction of a low-lying erupting magnetic structure and the global

propagation of CMEs.

The DIRECD method, formulated for estimating CME direction, was tested

on the observations of coronal dimmings ondisk by SDO. Our results prove that

coronal dimmings offer preliminary estimates of CME directions even before they

emerge in the field-of-view of coronagraphs, preserving the knowledge of the eruptive

source region. These estimations does not rely on multi-viewpoint observations or

coronagraphs, but require only one EUV instrument tracking the dimming evolution.

Additionally, if there is information on any of the CME parameters from the sources,

the method directly provides the full parameter set given the unique relationship

between the height, width, and inclination in the ensemble on the heights up to

≈3 R⊙ above the surface.

The dimming analysis is particularly advantageous for detecting events directed

towards Earth, which are difficult to assess using coronagraphs positioned along

the Sun-Earth line, as these primarily capture the CME expansion rather than its

progression.

Examining coronal dimmings alongside other CME signatures is crucial. The

dimmings provide invaluable insights into the dynamics of CME eruptions when

analyzed together with their eruptive counterparts.

Coronagraph observations do not always provide clear confirmation on the com-

plex structure of CMEs. What is typically observed is a single entity, also can be

consisting of two sheared and twisted structures consistent with the two eruptions

observed in the lower corona (Section 4.5.1). In this context, coronal dimmings com-

bined with other low coronal CME manifestations (e.g., flares, EUV waves, coronal

loops) are proving to be important diagnostic tools to unravel and redefine the

magnetic structure of the eruptions.

Their fine structure and precise position provide additional crucial information

about the different flux systems at play during the eruption process. In combina-

tion with flare ribbon analysis (Section 4.5.2), coronal dimmings are the important
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diagnostic tool to study and understand the magnetic dynamics of solar eruptions

Consequently, the synergy between coronal dimmings and other CME signatures

enhances our ability to explore and interpret these complex solar events on the very

early stages of evolution.

Plans and future work

Lifetime

We plan a systematic statistical analysis to quantify the recovery time using the

fixed mask approach. We also want to investigate the possibility of using the fixed

mask on the merged map from multi-viewpoint observations, i.e. synchronized EUV

image. Such an approach could extend the duration of dimming region observations.

However, merging data from distinct satellites necessitates advanced preprocessing

techniques, [e.g., as was discussed in the context of CH tracking by Caplan et al.,

2016]. Given the variety of observational tools currently in different orbits, this

exploration holds a significant potential. Our plan is to check the limitations and

refine the methodology.

We have plans in place to conduct an area box analysis on several events currently

under examination. Our primary aim is to delve deeper into the recovery phase of

the dimming, shifting our focus from its early evolution.

Development of the DIRECD method

We describe the methodology and our first results of reconstruction of the CME

direction with DIRECD method in 7.6. Development of this method will allow us to

provide information on the CME direction early on before it is derived from coron-

agraph observations, which is of practical importance for space weather forecasting.

Further steps need to include a larger statistical sample of CME events, which

would allow investigating the accuracy and limitations of the method in detail, as

well as a study of how often the early CME direction/deflection estimates using the

presented method reflect the CME’s behaviour further out in the heliosphere. We
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also intend to test the method using alternative instruments that observe the lower

solar corona in EUV.

Potential of the dimming research

Space Weather applications - new missions

Several upcoming solar missions promise to further our understanding of coronal

dimming. As this dissertation was being drafted, the L1 mission Aditya, equipped

with the Solar Ultra-Violet Imaging Telescope [SUIT; Tripathi et al., 2017], was

launched. Additionally, ESA’s Lagrange L5 mission, set for 2028, will focus on

the Sun’s western limb. This vantage point will capture Earth-directed CMEs off-

limb, along with associated dimmings, making them particularly relevant for geo-

effectiveness studies.

The Sun Coronal Ejection Tracker [SunCET; Mason et al., 2021] is a NASA

CubeSat mission featuring an EUV imager. It’s designed to study CMEs in the

middle corona, a region not extensively explored in the EUV. The SunCET mission’s

authors suggest that coronal dimmings could offer insights into the kinematics of

Earth-directed halo CMEs observed in EUV, as opposed to visible light.

Dimmings on the other stars

Recent research has successfully identified CME-associated coronal dimmings in

EUV and X-ray observations on late-type and solar-like stars. Veronig et al. [2021b]

introduced a novel method, leveraging coronal dimmings as indicators of CMEs on

solar-type stars. This technique broadens our capacity to delve into stellar physics.

It paves the way for detecting and characterizing stellar CMEs, enabling us to un-

derstand their properties and implications for space weather and the habitability of

exoplanets around these stars. Jin et al. [2022] employed a modeling approach to

simulate the dimming of stars, specifically focusing on M dwarf and young Sun-like

stars. While the possibility of variations in stellar dimming patterns exists, coronal

dimmings seem to be a common occurrence among G-M type stars. For the stars

with comparable mass, temperature, and magnetic field strength to the Sun, solar
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coronal dimming events can be used as valuable references in comparative studies

of stellar coronal dimmings.

In this context, planned missions focusing on stars and exoplanets in the EUV,

boasting enhanced sensitivity and extensive spectral coverage, are of immense sig-

nificance. The Extreme-ultraviolet Stellar Characterization for Atmospheric Physics

and Evolution [ESCAPE; France et al., 2022] is an astrophysics mission concept em-

phasizing ultraviolet spectroscopy. Its primary objective is to probe the high-energy

radiation environment in habitable zones around proximate stars. ESCAPE aims

to offer an unprecedented study of the stellar EUV and the impact of coronal mass

ejections on the habitability of terrestrial exoplanets.

The ongoing and forthcoming solar observations will continue to enhance our

knowledge of coronal dimming events, their intricate connections with coronal mass

ejections, and their relevance in advancing solar and solar-stellar connection studies.
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