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Abstract

Different observations of the Sun provide a vast array of measures of solar activity, in-
cluding solar irradiance, which has been used in this thesis. The Sun's irradiance, total
solar irradiance (TSI) and spectral solar irradiance (SSI), incident at the top of the Earth's
atmosphere and normalized to one astronomical unit, have been measured with space-
borne instruments continuously since 1978. The irradiance varies on several timescales,
ranging from minutes up to decades, and likely lasting even longer. This temporal vari-
ability of SSI signi�cantly alters the Earth's atmospheric density distribution and tem-
perature, which drive variations in many upper atmospheric processes including satellite
drag, ground-space communications, and GPS precision. Long-term TSI variability is es-
sential in understanding past and future global climate changes. Direct measurements of
the solar irradiance are available over the last four decades and are too short to derive
conclusions about any possible long-term changes in solar irradiance and their possible
in�uence on climate. It is, therefore, necessary to use models of solar output to deduce
variations at earlier dates. One type of solar irradiance model is an empirical model, fre-
quently called a proxy model, that is derived using linear relationships between a proxy
of solar activity and direct observations of the solar irradiance.

The main driver of the irradiance variations on time-scales of days to decades, and
possibly longer, is believed to be associated with solar magnetic activity located in the
active photospheric regions of sunspots and faculae. Empirical models incorporating the
effects of magnetic features (both sunspots and faculae) are suf�cient to account for most
of the observed changes in TSI. However, proxy based empirical model outputs and ob-
served TSI comparison do not support this conclusion; the model fails to explain the de-
pletion that was observed in TSI since 2005. Conventional regression approach does not
have the features that can address this kind of temporal variations. Therefore, a method
aligning the empirical model with the observation in an adaptable manner is needed. This
means that in order to accurately estimate the detailed characteristics of TSI, including TSI
variability before 1947, an adaptive and more robust model is essential. In this thesis, a
data-driven method of solar irradiance modeling from magnetic features is presented.

The thesis employs a neural network (NN) modeling approach to reconstruct both to-
tal and spectral irradiance temporal dynamics using the solar proxy as the input drivers
for the variations. The physical basis of this model is that all variations in solar irradiance
are caused by changes in surface magnetic activity. To �nd the nonlinear mapping be-
tween solar magnetic features and solar irradiance, feed-forward neural networks were
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used due to their simplicity, �exibility, and ease of use. To determine the critical combi-
nation of magnetic features, we explored the in�uence of magnetic features on the solar
irradiance variations by means of network-based empirical modeling. To train the neural
network, the photometric sunspot index (PSI) and the magnesium II core-to-wing ra-
tio (Mg II index) were used in the input space while the Physikalisch-Meteorologisches
Observatorium Davos (PMOD) composite used as a target of the network. In order to fa-
cilitate the learning process, two training algorithms have been implemented: Levenberg-
Marquardt and Bayesian approach. Using these approaches, we separately developed
two TSI models. The performance of the network was estimated quantitatively by means
of cross-validation and learning curve analysis on the data from the PMOD composite.
The ability of the networks to model the TSI variations was also independently tested
by comparing its performance with TSI data obtained from semi-empirical and linear
regression models. The results indicate that the NN TSI model proposed has a good
performance in representing TSI variations compared to the linear regression model. To
deduce solar output variation prior to the satellite era, �rst, we estimated the Mg II in-
dex variation from F10.7 cm solar �ux back to 1947 using NN modeling approach. By
incorporating the PSI and the modeled Mg II index effects, we extend the TSI estimation
back to 1947. The extrapolated TSI result indicates that the amplitudes of Solar Cycles 19
and 21 are closely comparable to each other, and Solar Cycle 20 appears to be of lower
irradiance during its maximum.
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Chapter 1
Introduction

1.1 Background

Solar radiation is the primary source of energy for planet Earth. In the beginning, the

in�uence of the Sun on Earth had been considered as an unaltered. However, sightings of

spots on the solar surface were hinting that this was not the case and the Sun is a variable

star (Abbot, 1958). Chinese astronomers had observed the existence of sunspots on the

surface of the Sun dated back over 2000 years (Clark and Stephenson, 1978; Wittmann and

Xu, 1987; Zhentao, 1990). Johannes Fabricius, Galileo Galilei, and Christopher Scheiner

were among the �rst to study about sunspots (called Maculae or blemishes) and their de-

velopments using telescope (Foukal, 2004). An index called the sunspot number has been

utilized to measure the plenitude of spots. Later it was found that the number of sunspots

increases and decreases cyclically with an average period of 11 years and this is referred to

as the solar cycle. This indicates that the Sun's radiation is not unchanged, but varies with

time. Its cyclical variation was �rst observed in the mid 19th century by Schwabe (1844).

The intensity of Sun's activity was then categorized by the number of a sunspot on its

surface leading to the creation of an index, sunspot number. Other parameters that indi-

cate the Sun's activity include solar �ares, coronal mass ejections, high-speed solar wind

(high-speed stream), solar energetic particles (SEPs), and solar irradiance; all these vary
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with solar cycle (Hathaway, 2010). Nearly every dynamics process in the Earth system,

from atmospheric circulation to ocean current circulation, from weather phenomenon to

Earth's climate system, is driven by solar variability (Rottman, 2006; Lean and Rind, 2008;

Hathaway, 2010; Gray et al., 2010; Haigh, 2011; Coddington et al., 2016). The dynamics of

the Earth's atmosphere occur mainly through the changes in the radiative properties of

the Sun namely, total solar irradiance (TSI), solar spectral irradiance (SSI), and energetic

particle precipitation and galactic cosmic rays (e.g., Thuillier et al., 2004a). TSI and SSI are

de�ned as spectrally-integrated and wavelength-resolved solar energy �ux at the top of

the Earth's atmosphere at a mean distance of one astronomical unit from the Sun.

The amount of the solar radiative energy �ux entering the climate system is mainly

affected by changes in the Earth's orbital parameters as well as changes in solar activ-

ity (Muscheler et al., 2004; Haigh, 2011). The orbital parameters such as eccentricity,

obliquity, and precession cause changes in total and seasonal insolation on time scales

of 104 to 105 years (e.g., Feng and Bailer-Jones, 2015). Changes in solar activity can cause

more complex and shorter-term change.

The variability of solar irradiance (i.e., TSI and SSI) can be observed using ground-

based instruments (Abbot et al., 1913). However, because of the complex and time-

varying Earth's atmospheric interference and attenuation, small variations of solar irra-

diance can be hard to detect with ground-based instruments (Hoyt, 1979; Fr öhlich and

Lean, 2004). This problem has been tackled by using instruments onboard satellite mis-

sions. Accurate and continuous measurement of TSI and ultraviolet (UV) SSI have be-

come available with space-based instruments since November 1978 (Willson and Hudson,

1981b, 1991; Fr̈ohlich and Lean, 2004; Kopp, 2014). TSI varies between the solar minimum

and maximum on the order of 0.1 percent in apparent association with the Sun's 11-year

activity cycle (Willson and Hudson, 1991; Lean, 1997; Fröhlich, 2006; Kopp, 2014); larger

variations, to the order of 2-3 times, occur on shorter time scales and are associated with
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the Sun's 27-day rotation (Fröhlich and Lean, 2004). The SSI changes are wavelength-

dependent, and may vary by orders of magnitude more in the UV wavelength range (e.g.,

Rottman, 2006). The spectral irradiance variation (in particular in the UV but also in the

visible and infrared wavelengths), and its effect on the chemistry and dynamics of the

Earth's atmosphere is widely available in scienti�c publications (e.g., Haigh, 2007; Haigh

et al., 2010; Gray et al., 2010). Variation of solar extreme UV (EUV) radiation is the pri-

mary agent responsible for the formation of Earth's ionosphere. The ionosphere alters

and modulates radio wave propagation and affects communications and position loca-

tion services (e.g., Floyd et al., 2002). EUV and solar far UV (FUV) wavelengths, also play

a fundamental role in the maintenance of the thermal and composition structure of the

thermosphere and ionosphere. Thermal expansion of the upper atmosphere over the so-

lar cycle changes the drag on low-Earth orbiting spacecraft (Lean, 2000b; Fuller-Rowell

et al., 2004).

The most powerful signatures of solar activity in terms of energetic particles are the

SEP events. SEPs are accelerated and injected into the heliosphere by solar �ares and

coronal mass ejections (Reames, 2015; Dierckxsens et al., 2015). The population of ener-

getic particles in the heliosphere is modulated by the solar activity, as a result of their

population changes from solar maximums to solar minimum (Lario and Simnett, 2004).

This variation can cause changes in the constituents of the Earth's middle atmosphere.

The highly energetic protons cause ionization, excitations, dissociations, and dissociative

ionization of the background constituents (Jackman and McPeters, 2004).

Reliable and continuous determination of the magnitude of solar irradiance (i.e., TSI

and SSI) magnitude determination that impinges on the Earth is one of the important

concerns of space weather and climate since these energies are the driver of the phys-

ical process within the Earth's atmosphere. However, solar irradiance measurements

extend only over a period of fewer than �ve decades even that with gaps in time and
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wavelength coverage. Moreover, due to the challenge in instrument calibration, recon-

ciling the differences between the records from various monitoring missions remains in-

tractable (Fröhlich, 2012; Deland and Cebula, 2008; Ermolli et al., 2013; Kopp, 2014). Solar

irradiance models have been introduced to �ll gaps in the observations and also to ex-

tend the time series back in time by applying these models for extrapolation. Two main

kinds of models, proxy and semi-empirical, have been developed (e.g., Yokoyama et al.,

2006; Crouch et al., 2008; Yeo et al., 2014a). The basis for both approaches is the relation

between solar variability and the evolution of the solar surface magnetic �eld, though

each has generally been designed and implemented independently and has many unique

aspects.

Empirical models (e.g., Willson and Hudson, 1981a; Foukal and Lean, 1986; Lean and

Foukal, 1988; Lean et al., 1997; Lean, 2000a; Foukal, 2002; Jain and Hasan, 2004; Fröhlich

and Lean, 2004; Coddington et al., 2016; Thuillier and Bruinsma, 2001; Deland and Ce-

bula, 1993) make use of solar surface magnetic features and apply regression analysis

to link the direct measurements of TSI and SSI. Magnetic features, bright (faculae, net-

work) and dark (sunspots), are the main input parameters for the models. The impact of

sunspots on irradiance is characterized by the parameter known as photometric sunspot

index (PSI) (Hudson et al., 1982; Fr̈ohlich et al., 1994; Lean et al., 1997, and references

therein), which utilizes the area, hemispheric location, and contrast of sunspots as well

as center-to-limb variations. The chromospheric indices (Keil et al., 1998; Heath and

Schlesinger, 1986; Tapping and DeTracey, 1990) are used as a measure of facular brighten-

ing. Sunspots cause de�cits in the irradiance while faculae and network cause excesses.

In semi-empirical models (e.g., Krivova et al., 2003; Ermolli et al., 2013; Yeo et al.,

2014a,b) solar observations are used to derive information on the locations and areas cov-

ered by magnetic features. The intensity spectrum of solar surface features is calculated

from models of their atmospheric structures with spectral synthesis codes from semi-
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empirical model atmospheres. The advantage of employing radiances computed from

the semi-empirical model atmospheres is that they allow computations of solar irradi-

ance at different wavelengths (i.e., spectral irradiance) (Yeo et al., 2014a,b); however, this

is not straightforward for linear regression models, because the regression coef�cients

need to be estimated from observations (Ermolli et al., 2013). Semi-empirical models pro-

vide more insight into the causes of the solar variability and better links to the solar image

results; however, the quiet Sun network and active region faculae representation in the

models are a subject of controversy in the literature (Yeo, 2014; Chatzistergos, 2017). Fur-

ther, accurate reconstruction of TSI in the past is limited by the lack of direct observations

of faculae, plages, and bright network. In contrast, empirical models that relate the vari-

ability of proxies to the solar irradiance variability are easy to explain and implement.

Relating solar irradiance variations to the evolution of solar magnetic activity using

empirical and semi-empirical models have shown a similar fundamental conclusion: the

irradiance variability on days-up to solar-rotation timescales is mainly due to the oppos-

ing effects of sunspot darkening and facular brightening. However, evidence has shown

that there is a disagreement between proxy-based multiple linear regression model out-

puts and observed TSI, particularly, it fails to explain the depletion that was observed

since 2005 (Fr̈ohlich, 2009). As a result, Fröhlich (2009) suggested an additional compo-

nent in the form of a linearly decreasing trend in order to match the observations with

model results. This component is attributed to the global temperature of the photosphere

and not to magnetic phenomena.

The regression approach �nds functional relationships between selected chromospheric

indices and observed TSI. Conventional multiple regression assumes, without justi�ca-

tion, a linear relationship. Hence, this method has numerous drawbacks that hamper its

effectiveness as statistical tool (Hill et al., 1996). Detienne et al. (2003) describe some of

the common faults of linear multiple regression analysis. These include, e.g., its inability
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to deal effectively with nonlinearity. In addition, the model designed with multiple linear

regression approach strongly depends on the time resolution. Thus, the choice of period

for model design also the main source of limitations (Usoskin, 2013). For instance, outliers

can lead to biased estimates of model parameters. The functional relationship between

chromospheric indices and TSI, however, is not stationary but depends on temporal ele-

ments (Fröhlich, 2013). Conventional regression approach does not have the versatility to

address this temporal variation. Therefore, an adaptable technique is needed.

Neural networks can overcome or, at least, be less subject to these limitations and of-

fer the possibility of �nding input-output correlations (e.g. Hornik et al., 1989). Unlike

traditional regression models incorporating a �xed algorithm to solve a particular prob-

lem, neural networks utilize a learning technique to develop a desirable solution such

that the network is �exible and adaptive to different datasets. The neural network mod-

eling technique has been intensively employed in solar physics and geospace time series

data analysis. Modeling of solar activity indicators (e.g., Conway et al., 1998; Hansen

et al., 1999; Vieira et al., 2011) and modeling of ionospheric parameters under multivari-

ate conditions (e.g., Williscroft and Poole, 1996; Cander, 1998; Lamming and Cander, 1999;

Tulunay et al., 2006; Maruyama, 2007; Habarulema et al., 2011) are among the examples.

Neural networks have the following useful features (e.g. Hornik et al., 1989; Detienne

et al., 2003; Haykin, 1999): (1) they have excellent generalized mapping capabilities; (2)

they �lter noise from data; and (3) they can perform classi�cation as well as function ap-

proximation. On the other hand, the NN model development process has complicated

nonlinear optimization tasks. There are various ways and algorithms available for imple-

menting NNs (Haykin, 1999; Chow and Cho, 2007) (see, section 3.1.2). Thus, the synergy

of observational data with data-driven learning techniques can potentially lead to sub-

stantial improvement of short and long term operational forecasts of the solar activity.

Therefore, in order to capture the detailed temporal, seasonal, and solar cycle variability
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of TSI, we have developed a new data-driven NN model, which has not been utilized.

1.2 Motivation

The limitation associated with the existing solar irradiance models motivates to look at

an alternative method to model solar irradiance variability using solar activity indices.

The aim of this thesis is to investigate the variabilities of solar irradiance and �nd an ap-

propriate model that can capture these characteristics including making a prediction. In

this context, here we have used data-driven approach, known as neural network (NN)

model and dark and bright components of the magnetic features in order to model solar

irradiance variations between 1978 and 2013. The model is built with a vision of future

development when new �ndings and information become available. The implications

we have made to reach the formulas and how we estimate optimal weighting coef�cients

and how we build the neural network structure are presented in detail. The training of

the model is a critical part of our analysis and it has been done by taking enough data sets

(enough is measured here by the reliability of the model). The reliability of our model in

terms of describing the data sets outside the training and also its prediction accuracy has

been investigated. We have shown that our model can predict with an accuracy of the

correlation coef�cient, R � 0.94 and it can be improved further by taking different neu-

ral network con�gurations and weights. Our model is named Washera Solar Irradiance

Model (WaSIM) and we shall continuously upgrade it.

The thesis has two speci�c objectives. The �rst objective is to investigate whether the

feed-forward NNs model can explain the recently observed decrease trend in the TSI.

The knowledge of magnetic features of the Sun, such as sunspots and facular brightening

are important parameters in understanding the effect of magnetic �ux on the variation of

TSI. In this thesis, the two most commonly used basic indices: the Photometric Sunspot
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Index (PSI) and Mg II index are used as proxy data for solar magnetic activity. Mg II

index is treated as the long- and short-term components, Mg II lt and Mg II st, respectively.

As pointed out by de Toma et al. (2004) patches of the bright network have a longer

lifetime than active region plages. Thus, Mg II lt is associated with the chromospheric

network, and Mg II st describes the short-term variability in plages. This investigation has

been carried out for the time interval of 1978 to 2013, which represents nearly four solar

cycles. The investigation was focused on daily values of TSI variability analysis using a

Levenberg-Marquardt learning algorithm of the feed-forward neural network approach.

The second objective is to extend the work of NN time series analysis to provide es-

timates of TSI and SSI prior to the Satellite era, which is crucial for the modeling of the

scienti�c community. Thus, the overlapping measurements of Mg II and F10.7 cm solar

radio-�ux observation from 1978 to 2013 were used to extended and calculate the Mg II

index prior to 1947. The designed model was used to extrapolate and analyze the daily

variability of TSI prior to the spacecraft era from estimated Mg II index and PSI values.

Understanding and successfully quantifying solar activity index is important for model-

ing the TSI variability in the pre-satellite period. Here, two-step approaches were em-

ployed to study the TSI variation. The regularization mechanism that we implemented

in the training process helps to compare the results as a result of the two techniques.

1.3 Outline of the thesis

This thesis contains 4 chapters. Chapter 1 presents the background and motivation for

this thesis. Chapter 2 deals with the Sun. In this part, solar interior, solar atmosphere,

magnetic activity such as active features and solar cycle, solar irradiance and measure-

ments of total solar irradiance and its energy are brie�y discussed. Chapter 3 describes

the arti�cial neural network that we have implemented for solar irradiance variability
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modeling. Here, the network architecture, and the learning mechanism and regulariza-

tion techniques brie�y are described. Chapter 4 presents the summary and outlook of

future work. The results of the thesis are already published in peer-reviewed journals

and our published papers are attached at the end of the thesis.
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Chapter 2
The Sun

Human �rst knowledge about the Sun was gained from observations which are made on

the Earth. Nowadays much of the information about the Sun comes from space probes

that have been sent on the mission to observe the Sun. Sun's temperature, atmosphere,

composition, magnetic �eld, �ares, coronal mass ejections (CMEs), sunspots, electromag-

netic radiation, solar wind, and internal dynamics are among the observed information.

The data collected using satellite missions help us better understand the various pro-

cesses in the Sun and their effects on the Earth climate system. In this chapter theoretical

background on the Sun's structure, solar irradiance energy (i.e, wavelength integrated, or

spectral based), magnetic �eld, solar cycle, and related observed phenomenon are brie�y

described. The basics of the energy generation mechanism as well as the description of

irradiance variability are discussed.

2.1 Introduction

The Sun is the only star in the universe close enough to the Earth that its features can

be studied in �ne detail and its space environment can be probed with in-situ observa-
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tions. This makes it serve as a proxy for understanding conditions in other stars. The Sun

is also the heat source that drives the Earth's atmosphere including patterns of weather

and climate. It is a huge ball of plasma (Jagoo, 2013), hot ionized gas and contains over

300,000 times more mass than the Earth. The Sun is a G-type main-sequence star (G2V)1

based on its spectral class. The Sun, a middle-aged star approximately 4.5 billion years

old (e.g. Bonanno et al., 2002; Lean, 2017) with a mass estimate of M = 2� 10 30 kg and a

diameter of 1.4 million km (109 times larger than that of Earth) (Wilkinson, 2012), radiates

electromagnetic energy from gamma-ray to radio wavelengths and beyond with a spec-

trum similar to that of a black body at 5770 K (Lean, 2017). It mostly consists of hydrogen

and helium (75% and 24% by mass, respectively) with a few heavier elements providing

the remaining 1% in mass (e.g., Bolonkin and Friedlander, 2013). The temperature of the

Sun decreases from a central value of about 55� 106 K to about 5800 K at the surface. The

density within the Sun falls off very rapidly with increasing distance from the center. The

central density is about 150 g
cm3 , and at the surface, it is about 10� 7 g

cm3 (e.g., Lang, 2009;

Bolonkin and Friedlander, 2013). The Sun's volume can be divided into its interior and

the outer solar atmosphere.

2.1.1 Solar interior

There are three fundamental parts to the Sun's interior (which has a radius of 7.4 �

105km) (Hughes et al., 1988): the core (occupying 25% by radius), the radiative zone (ac-

counting for 45% of the Sun's radius), and the convective zone �lling up the �nal 30% of

the Sun's radius), where the radius of the Sun (R � ) is 6.96� 105 km (Hotta, 2015) (Figure

2.1). The core is the central region of the Sun where nuclear reactions convert hydrogen

into helium (Gombosi, 1998). The energy produced through fusion in the Sun's core pow-

1G stars have a surface temperature of 5300 to 6000 K and a G2 star is a narrower band within this,
around 5800 K (e.g., Bolonkin and Friedlander, 2013). The V tells us the Sun is a main sequence star .
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ers the Sun and produces all of the heat and light that we receive here on Earth (Hughes

et al., 1988). Both the temperature and density decrease outwards from the center of the

Sun. Surrounding the core is the radiative zone. Its name is derived from the way en-

ergy is carried outward through this layer, carried by photons as thermal radiation. The

high-energy gamma-ray photons are knocked about continually as they pass through

the radiative zone, some are absorbed, some re-emitted and some are returned to the

core (Lockwood, 2005; Lang, 2009) and in this journey, the photons may take around 10

million years to �nd their way through the radiative zone. At the outermost boundary

of the radiative zone, the temperature is about 1.5 million degrees, and the density is

about 0.2 g
cm3 . This boundary is called the interface layer or tachocline (Spiegel and Zahn,

1992). It is believed that the Sun's magnetic �eld is generated by the magnetic dynamo

in this layer (Charbonneau, 2010). The changes in �uid �ow velocities across the layer

can stretch magnetic �eld lines of force and make them stronger. There also appears to be

sudden changes in chemical composition across this layer.

The third and �nal region of the solar interior is named the convective zone. In this

region, energy is carried to the surface by a process of convection. It extends from a

depth of about 10,000 km up to the visible surface and occupies about 30% of the Sun's

radius (Rempel, 2011). In this zone, plasma gas, heated by the radiative zone beneath,

rises in giant convection currents to the surface. Once the plasma gas reaches the surface

of the Sun, it cools and settles back into the Sun to the base of the convection zone, where

it receives more heat from the top of the radiative zone. The process then repeats itself.

The photons escaping from the Sun, have lost energy on their way up from the core and

changed their wavelength so most emission is in the visible region of the electromagnetic

spectrum. The lower temperatures in the convective zone allow heavier ions, (such as

carbon, nitrogen, oxygen, calcium, and iron), to hold onto some of their electrons. This

makes the material more opaque so that it is harder for radiation to get through. This
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traps heat that ultimately makes the �uid unstable and it starts to a boiled or convects.

Figure 2.1. Solar interior: core, radiative zone, convection zone. After National Aeronautics and
Space Administration (NASA)/Marshal Space Flight Center (MSFC).
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2.1.2 Solar atmosphere

The solar atmosphere is the observable part of the Sun which surrounds the unobservable

interior. It contains regions that vary in temperature and density: photosphere, chromo-

sphere, transition region and corona (Figure 2.3). The photosphere (meaning ”sphere of

light”) is a thin shell of hot, ionized gases or plasma about 400 km thick, the bottom of

which forms the visible surface of the Sun (Wilkinson, 2012). Below this layer, gas is so

opaque that it is impossible to see through (Jenkins, 2008). The photosphere serves as

a boundary between the Sun's interior (opaque region) and overlaying relatively trans-

parent material called the solar atmosphere. Various features such as sunspots, bright

faculae, and granules are observed on the photosphere. It is the source of most of the

solar radiation. The visible (VIS:400–800 nm), UV and infrared (IR) radiation come from

the photosphere. In the photosphere, the temperature (T), as well as the density (r ), de-

creases with increasing height. The temperature of the photosphere varies between about

6500 K at the bottom and 4000 K at the top (Foukal, 2004) and its minimum temperature

serves to mark the base of the next layer. In contrast to the layers below the solar sur-

face, in the atmosphere, the energy is dominantly transported by radiation rather than

convection (Wiegelmann et al., 2014).

Sunspots, dark regions appearing on the surface of the Sun, were the �rst features to be

observed on the Sun long before the invention of the telescope. Figure 2.2 shows Sunspots

on the Sun's surface which is captured by the Solar Dynamic Observatory (SDO) on Oc-

tober 23, 2014. Sunspots are cooler, relatively dark areas on the Sun's bright surface (the

photosphere). The darker central region of a sunspot with vertical magnetic �elds known

as umbra (the plural form is umbrae). The outer, slightly brighter region, that consists of

many radially oriented �laments with a horizontal �eld, is called the penumbra. A dark

region without a penumbra is named a pore. Granulation is low contrast, high-resolution
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feature, which covers the entire photosphere of the Sun. Sunspots and faculae are the

most easily seen effects of solar active regions (Chapman, 1980).

Figure 2.2. Sunspots on the Sun's surface captured by SDO on October 23, 2014. After
NASA/SDO.

The layer of the Sun's atmosphere immediately above the photosphere is the chromo-

sphere (sphere of color). This layer has a density much less than that of the photosphere.
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The chromosphere is more transparent than the photosphere. It appears reddish-pink

because its emission is mainly gaseous hydrogen alpha light. The chromosphere can be

observed during short phases of total solar eclipses when the Moon just covers the photo-

sphere. During the total eclipse, the Moon hides the photosphere and makes way for the

reddish chromosphere to be seen. The temperature in the chromosphere varies between

about 4000 K at the bottom and 8000 K at the top. Density decreases continuously by

height in the chromosphere, but temperature which reaches a minimum at the top of the

photosphere increases slowly and reaches a value of 9,000 K at 2,000km or so (Brekke,

2012). Flares sometimes appear as a sudden brightening of an existing plage (a bright

patchy region within the chromosphere). They are also known to eject particles of mat-

ter in addition to electromagnetic radiation. Flares are associated with sunspot groups.

During a solar �are, temperatures in a compact region reach �ve million degrees. Such

�ares usually last for 20 minutes. Ultraviolet and x-ray radiation from a �are takes about

8 minutes to reach Earth, while CMEs from them arrive a day or two later. These particles

interfere with radio communications and often produce intense auroras in the Earth's at-

mosphere. The boundary next to the chromosphere is known as the transition zone. The

transition zone is relatively shallow but the temperature increases several orders of mag-

nitude to around a million degrees. Above the transition zone is the corona, the outer

atmosphere of the Sun. It can only be seen during a total solar eclipse. It appears as white

streamers or plumes of ionized gas that �ow outward into space. The corona is fully ion-

ized and has a density around n e=108� 9 particles per cm3 and the temperatures exceed

two million degrees (e.g., Sakurai, 1996; Pontieu et al., 2011).

The Sun's strong gravity prevents most of the ionized gas in the corona from escap-

ing into outer space. The supersonic out�ow of plasma into the interplanetary space

from the Sun's corona known as solar wind, which is the consequence of the supersonic

expansion of the Sun's hot outer atmosphere, the solar corona (e.g., Parker, 1963). The
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Figure 2.3. The solar atmospheric layers and their temperatures. Spectral lines used for observing
different regions of solar atmosphere are marked at respective locations. After Yang et al., 2009.

solar wind does �ow radially outward. Because the Sun rotates on its axis, the magnetic

�eld around the Sun is pulled into a spiral shape within the plane of the Sun's equator.

There are two different magnetic zones in the solar corona that have fundamentally dif-

ferent properties: open-�eld and closed-�eld regions. The corona is not always evenly

distributed across the surface of the Sun. During quiet periods, the corona is more or

less con�ned to the equatorial regions of the Sun, while coronal holes covering the polar

regions. Coronal hole (CH) regions are dark in comparison to the quiet Sun (QS) at coro-

nal temperatures. However, at chromospheric and transition region temperatures, the QS

and CHs are hardly distinguishable (Kayshap et al., 2018). The difference between the

two types of structures is thought to be a product of the different magnetic topology, with

�eld lines being mainly closed, loop-like structures in the QS, while they possess an open

funnel-like con�guration in CHs. CHs are the source of open magnetic �eld lines that
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move way out into space. Such holes may appear at any time during a solar cycle but

they are most common during the declining phase of the cycle (Vr �snak et al., 2007). The

high-speed solar wind originates from the CHs (Kuperus et al., 1981). They are sources

of many disturbances in Earth's ionosphere and geomagnetic �eld. On X-ray and EUV

images of the Sun, coronal holes appear as dark regions because they do not emit much

radiation at these wavelengths (Ito et al., 2010), while the surrounding regions (closed

structures) do.

2.1.2.1 Eruptive phenomena

Active region magnetic �elds are responsible for a large number of dynamic process that

produces solar radiation over the full electromagnetic spectrum as well as acceleration

of the solar plasma. Many of these occur on a short time scale of minutes to hours and

generate effects that produce disturbances in the terrestrial environment and beyond.

Eruptive phenomena show violent and large-scale plasma motions in the solar at-

mosphere and these phenomena embrace a variety of eruptions, including �ares, solar

energetic particles, and radio bursts (e.g., Webb and Howard, 2012). A �are is a sudden

large energy release (1029� 32 erg in 102� 3 s) in a magnetic active region (Moore and Rabin,

1985a; Gombosi, 1998). It is a localized explosive release of energy that appears as a sud-

den, short-lived brightening of an area in the solar atmosphere. Solar �ares release their

energy mainly in the form of electromagnetic radiation and energetic particles. It is gen-

erally accepted that the source of energy for �ares comes from the magnetic �eld. Flares

mostly occur in closed �eld line regions, their plasma emission is usually not very sig-

ni�cant. However, �ares generated energetic particle events, their propagation through

interplanetary space, and their interaction with the Earth's space environment pose prob-

lems on various space-based activities. Flares also produce short-term ionospheric dis-

turbances that can affect radio communication and navigation (Gopalswamy, 2011)
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CMEs are sudden expulsions of dense clouds of plasma from the outer atmosphere

of the Sun into interplanetary space and represent the conversion of stored magnetic en-

ergy into plasma kinetic energy and �are thermal energy (e.g., Gopalswamy et al., 2010).

It is believed that �ares, eruptive prominences, and nonequilibrium magnetic �eld con-

�gurations or reconnection 2 are among the postulated origins of CMEs (Wagner, 1984;

Gopalswamy, 2011). In CMEs coronal material is ejected with speeds ranging from 50 km
s

to as high as 2,000km
s (Gombosi, 1998). Figure 2.4 shows an eruptive prominence, which is

located at the interior portion of a CME. Prior to the CME eruption, a helmet streamer was

visible for a few days. As the helmet streamer swells in the initial stage of the ejection, a

dark cavity comes into view. CME events originate in closed magnetic �eld regions in the

corona (Gopalswamy et al., 2010), where the magnetic �eld is strong enough to constrain

the plasma from expanding outward. These closed �eld regions are active regions and �l-

ament regions. Coronal streamers overly the closed �eld regions. Closed �eld regions can

be found in polar regions also (polar crown �laments). It is believed that the low-speed

solar wind (typically < 400 km
s ) originates near magnetically closed coronal structures and

the streamer belt, while high-speed solar-wind streams (HSS (typically > 600 km
s ) emanate

from solar coronal holes which have an open magnetic �eld structure (e.g., Baloghi et al.,

1999; Kavanagh and Denton, 2007). As the streams travel away from the Sun, the HSS

eventually overtake the slow-speed �ows and create regions of enhanced density and the

magnetic �eld known as co-rotating interaction regions (CIRs) (Gosling and Pizz0, 1999).

A CIR is characterized by an increase and then a decrease in the proton density, an in-

crease in the velocity and kinetic temperature of the protons, an increase in the strength

of the interplanetary magnetic �eld (e.g., Shugay, Yulia et al., 2018). The HSS is one of the

main drivers of geomagnetic storms (Tsurutani et al., 1995, 2006) and its geoeffectiveness

2Magnetic reconnection is a fundamental plasma physics process that is essential to many phenomena
on the Sun, such as solar �ares, CMEs, coronal heating, nano/micro�ares, X-ray bright points, explosive
events, and the solar dynamo (Parnell and Haynes, 2010)
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is governed by the speed, duration, and magnetic �eld parameters. Spatial variation in

the solar wind out�ow from the Sun is a consequence of the solar magnetic �eld, which

modulates the coronal expansion.

Figure 2.4. Coronal mass ejection captured by SDO on August 31, 2012. After NASA/SDO.

2.1.3 The Sun's magnetic �eld and solar activity cycle

The magnetic �elds on the Sun are generated by dynamo action, ultimately driven by

convective motions beneath the Sun's surface and the differential rotation of the Sun.

The Sun's magnetic �eld is the engine of all phenomena collectively de�ning solar ac-

tivity (Charbonneau, 2014). Many aspects of solar activity are accompanied by temporal

variability. On the global scale, this activity is responsible for the sharp temperature in-

crease above the solar photosphere. While on the local scale, a variety of discrete features,

including the dark sunspots and bright faculae of the photosphere, the emission plages

and network of the chromosphere, and the intricate structures of the solar corona can
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be produced. In general, the Sun shows us many astrophysically important phenomena,

nearly all connected with the causes and effects of solar magnetic �eld, such as the Sun's

differential rotation and global convection, its magnetic activity cycle, �ares, heating of

the corona, generation of the solar wind, and the magnetic structuring of all levels of the

solar atmosphere: sunspots, active regions, chromospheric network, coronal loops, and

coronal holes (Moore and Rabin, 1985b; Wiegelmann et al., 2014).

Sunspots were the �rst recognized evidence of the Sun's intriguing complexity. Sunspots

are formed when magnetic �eld lines emerge through the photosphere preventing heat

transport by convection. Sunspots are a major component and tracer of the magnetic

cycle. Their statistical properties (number, area, brightness, distribution in latitude and

longitude, average proper motions, and the variation of these properties over and among

cycles) are connected with the origin and effects of the cycle in the convective envelope

via global �ows and modulation of the Sun's luminosity (Moore and Rabin, 1985a). The

sunspot number R is de�ned as R = k(10g+ f ) with the number of groups g, the number

of spots f and a calibration factor k which accounts for instrumental and seeing condition

of the observation. At the beginning of a cycle the spots (few in number) are appear-

ing at higher latitudes (about 30 � from the Sun's equator). As the cycle progresses the

spots form closer and closer to the equator. Sunspot maximum is reached as the spots are

forming at about 15 � from the equator. The numbers of spots then decrease but continue

forming closer to the Sun's equator. During the period of each sunspot cycle, the Sun's

magnetic �eld reverses, so after 22 years the magnetic �eld returns to its original orien-

tation. This makes the number of sunspots to change with a period of 11 years (Figure

2.5). Early records of sunspots indicate that the Sun went through a period of inactivity

in the late 17th century. Very few sunspots were seen on the Sun from about 1645 to 1715.

When sunspots are plotted according to their latitude and longitude, a very clear butter�y

pattern develops within each cycle of approximately 11 years (Figure 2.6). The top panel
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of Figure 2.6 is a butter�y diagram for the period covering solar cycles 12-24. From the

butter�y diagram, one can also notice that around minima sunspots from both old (at low

latitudes) and new cycles (at higher latitudes) coexist. Hence, consecutive cycles appear

to overlap with each other during some periods.

Figure 2.5. Sunspot cycles. Taken from http://solarcyclescience.com/solarcycle.html.

The sunspots move from East to West on the solar disk. The rate of movement of

sunspots can be used to estimate the rotational period of the Sun (Thomas and Weiss,

2004). The differential rotation of the Sun indicates lower latitudes rotate faster than

higher latitudes. The period of differential rotation at the surface varies from approxi-

mately 25 days at the equator to 36 days at the poles. This must somehow result from the

redistribution of angular momentum by motions within the convection zone (Thompson

et al., 2003). Figure 2.7 shows the variation of magnetic �eld lines in the Sun due to the

differential rotation of the solar plasma.

The Sunspot number is commonly used as a measure of solar activity. Sunspot area

measurements are also one of the fundamental indicators of solar activity (Baranyi et al.,

2001; Balmaceda et al., 2009). The effect of very small spots, that are the toughest to mea-

sure, on sunspot areas are very limited. As a result, compared to sunspot numbers, the
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Figure 2.6. Butter�y diagram (top) and average daily sunspot area (bottom). After D. Hathaway
(http://solarscience.msfc.nasa.gov).

Figure 2.7. Solar magnetic �eld lines and differential rotation. After www.scienti�cgamer.com.

total sunspot areas are considered to be more reliable parameters for measuring solar ac-

tivity (Kiess et al., 2014). Besides, with respect to sunspot numbers series, sunspot area

data have extra information on the disc position of the observed features. This parameter

has been used to study various topics in solar physics including solar irradiance. So-
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lar irradiance variability is widely attributed to �ux de�cits produced by dark sunspots,

and excess �ux produced by bright faculae in both active regions and the network (e.g.,

Foukal and Lean, 1988). In addition to sunspot numbers, the eleven-year cycle is also

apparent in other solar activity indicators, such as the intensity of solar irradiance and

solar radio �ux. Foremost of this is the F10.7 cm radio �ux (e.g., Tapping and DeTracey,

1990, and references therein) that provides an indicator of solar activity since 1947 (solar

�ux units � 10� 22Wm2 Hz � 1). F10.7 radiation can penetrate the Earth's atmosphere and

be measured by ground-based observatories and it is one of the most common proxies

for solar EUV. This radio emission comes from the high part of the chromosphere and

low part of the corona. F10.7 radio �ux has three different emission mechanisms: thermal

bremsstrahlung (due to electrons radiating when changing direction by being de�ected

by other charged participles) and gyro-radiation (due to electrons radiating when chang-

ing direction by gyrating around magnetic �elds lines), and possible nonthermal emis-

sions (Tapping, 2013). The magnesium II core-to-wing ratio (Mg II index), another solar

EUV proxy (Viereck et al., 2001), is the ratio of the h and k lines of the magnesium �ux near

280 nm to the background solar continuum around these lines (Heath and Schlesinger,

1986). MgII index can be constructed from observations back to 1978. Thuillier and Bru-

insma (2001) and Deland and Cebula (1993) explain how the Mg II a measurement can

be extended back to 1947 through a proxy-model based on the coronal F10.7 radio �ux

measurement. The Mg II has been used as a proxy for the solar driver in studies of upper

atmosphere density modeling (e.g., Thuillier and Bruinsma, 2001). It also has been used

in models of total solar irradiance (Lean et al., 1997; Fröhlich and Lean, 2004). Figure 2.8

shows time series measures of these solar activity indices.
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Figure 2.8. Daily values of the time series of solar activity indices. From the top to bottom panels:
PMOD TSI, Mg II index, PSI, and F10.7 cm radio �ux. The red dashed line for each plot represents
the 181-day moving average.

2.1.4 Solar irradiance

The total output power of the Sun is about 3.846 � 1026 W, known as solar luminosity

(Ball, 2012). It is the radiative power emitted over the entire surface of the Sun. Irradiance

is the quantity that a solar radiometer observes at the annual mean Sun-Earth distance of

one astronomical unit (1AU =1.496 � 1011 m).

The absolute level of TSI was previously accepted by the solar science community to

be approximately 1365 Wm � 2 � 0.15% (Crommelynck et al., 1995). However, the SOlar

Radiation and Climate Experiment (SORCE) satellite with onboard Total Irradiance Mon-

itor (TIM) launched in 2003 had provided a new absolute TSI value which was approxi-

mately 5 Wm � 2 lower than the previous value (Kopp and Lean, 2011). In their calibration,

they showed that TSI value of 1360.8 � 0.5 W m� 2 is the best representative value of solar

minimum. SSI is the incident radiation observed within a particular wavelength interval
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measured in units of Wm � 3or Wm � 2nm � 1. The spectral distribution of stars can be ap-

proximated as a black body. Using Planck's radiation law, the spectrum can be used to

approximate the speci�c intensity by:

I ( l , T) =
2hc2

l 5
1

e
hc

lk T � 1
. (2.1)

where l is the wavelength of light (nm) , h is Planck's constant (=6.63 � 10� 34 Js), c is

the speed of light ( � 3� 108 m/s), k is Boltzmann's constant (=1.38� 10� 23 J/K), and T

is the temperature (K). For the Sun, TSI is best approximated for a blackbody with an

effective temperature of � 5770 K. SSI variability is the spectral decomposition of TSI

variability. Figure 2.9 shows a comparison between the solar spectral irradiance incident

at the top of the Earth's atmosphere and the spectral irradiance of a black-body source at

a temperature of 5,770 K. The contribution to TSI is roughly 70% from the VIS-IR spectral

region and less than 30% from UV (Pagaran et al., 2011). The solar output, composed of

particles and electromagnetic radiation (photons), is the main source of energy for plan-

etary atmospheres and, in particular, Earth's climate system (Thuillier et al., 2004b). The

Earth's atmosphere composition, thermal structure, and dynamics are the consequence of

the solar energy input on an atmosphere mainly made of oxygen and nitrogen. Reactions

such as photodissociation, photoabsorption, and photo-ionization are wavelength depen-

dent. For example, the EUV photons originate in the Sun's chromosphere, transition re-

gion, and corona and deposit their energy in the Earth's ionosphere and thermosphere,

thus directly connecting the Sun and Earth in just eight minutes. The solar output in the

EUV(10-121nm) and XUV(0.1-10nm) spectrum varies with solar activity from a factor of

two to several orders of magnitude depending on wavelength and on timescales from

seconds to minutes (�ares) and months (solar rotation) to years and decades (sunspot or

magnetic cycle) (Woods and Rottman, 2002).
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Figure 2.9. Spectral irradiance of the Sun compared with that of a 5570 K black body radiator.
The gray shaded region shows the spectrum of radiation reaching the surface of the Earth. After
Lean, 2017.

2.1.5 Measurements of TSI

TSI is a measure of the solar output. TSI is the amount of solar electromagnetic radiation

per unit area, integrated over all wavelengths, incident on the Earth's atmosphere. On

average, the rate of transport of total radiative energy per unit area that the Sun presently

provides at the top of Earth's atmosphere is 1361 Wm � 2. Before the satellite era, TSI

measurements from Earth suffered from the effects of the Earth's atmosphere such as

atmospheric extinction and turbulence that cause the limited radiative spectrum of the

Sun to be detected and image distortions, respectively. Instruments on satellites have

been measuring TSI and solar UV since 1978. However, the history of TSI observation

can be traced back to the 1960s. The individual TSI datasets in Figure 2.10 from 1978

to the present time include observations made by ERB on Nimbus-7; ACRIM-I (Active

Cavity Radiometer Irradiance Monitor) on SMM (Solar Maximum Mission), ACRIM-II

in UARS (Upper Atmosphere Research Satellite), and ACRIM III on ACRIMSAT (Active

Cavity Radiometer Irradiance Monitor Satellite); ERBS (Earth Radiation Budget Satellite)
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on the ERBE (Earth Radiation Budget Experiment) satellite; SOVA (SOlar VAriability) on

the EURECA (EUropean Retrievable CArrier); VIRGO (Variability of Solar Irradiance and

Gravity Oscillations) on SOHO (Solar and Heliospheric Observer); and TIM on SORCE.

Figure 2.10. a) The measurements from the succession of TSI radiometers sent into orbit since
1978 (colour coded) and the monthly mean of the sunspot number (black, lower right axis). After
G. Kopp (http://spot.colorado.edu/ � koppg/TSI/).

The overlap between successive instruments empowers the production of compos-

ite records of solar irradiance variability spanning over the space-borne measurement

era. Using this opportunity, three commonly used composites are produced (Willson and

Mordvinov, 2003; Fr öhlich, 2006; Dewitte et al., 2004) (see Figure 2.11). The different cal-

ibration techniques and mathematical algorithms make them different from each other.

This difference leads to different conclusions on the composites absolute level (Krivova

et al., 2011).

Along with solar irradiance observations with different instruments at different times

and different spectral ranges, efforts have been put forward to model the irradiance vari-

ability by estimating the effect of magnetic features such as sunspots, faculae, and the

network. Empirical model building (Willson and Hudson, 1981a; Foukal and Lean, 1986;
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