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Abstract

The Mg Il index is a (core to wing) ratio of the chromspheric emission core at 280 nm to the
wing absorption of the photospheric radiation [Viereck et al., 2004]. The Mg Il index is a
commonly used proxy of solar variability owing to the fact that it is just one number and simple
to measure. It also correlates very well with the spectral solar irradiance at many ultra-violet
(UV) wavelengths. This proxy, composed of many satellite data-sets; has a long record reaching
back to the late 1970s. Furthermore, it is not possible to have a consolidated long term record
of the solar spectrum available at all wavelengths since the satellite instruments are sparse in
time and wavelength coverage from extreme UV to near infrared (NIR) . The objective of this
study is to determine the errors for the daily Mg Il indices of the satellite instruments SCanning
Imaging Absorption spectroMeter for Atmospheric CHartographY, “SCIAMACHY”, Global Ozone
Monitoring Experiment, “GOME” and Global Ozone Monitoring Experiment-2, “GOME-2". This
work is the very first attempt to provide an error estimation of the Mg Il indices for the above
mentioned instruments. We provide the error analysis by taking into account the optical
degradation of the instrument over time. Such errors enable us to estimate the uncertainties
caused by the degradation of the instrument due to exposure to the harmful radiation in space.
The simple error calculation model built in this study uses the error propagation technique. The
model is applied on the datasets from GOME for the time span 1995-2011, SCIAMACHY for
2002-2012 and GOME-2 from 2007 till present. The calculated errors for all the three
instruments are not constant but vary over time (magnitude of the errors increase as sensor
ages). These results have enabled us to provide an estimate of the long term stability of the Mg
Il index time series.



Introduction/Motivation

In the early 17" century; scientists opened a new phase of our understanding of the sun, by
establishing the telescope. The telescopes were the first authentic source providing the
existence of sunspots on the sun's surface (although the sunspots were known before the 17"
century they had no convincing source to claim it). This discovery brought a revolution, it was
learnt that the sun is a rotating variable star, which exhibiting a periodic 11 years cycle in its
activity. This raised another question, “Is there any relationship between the solar terrestrial
climate and the solar cycle?” Many theories were presented, predictions about the sun mostly
proved to be inaccurate.

When the satellite era began, the scientists realized that our understanding of the sun is not
complete enough to forecast. The sun was monitored from space, on a time scale of minutes to
decades, at almost all emission wavelengths of the sun and different solar proxies were derived
for the solar variability. A clearer picture of the sun was put forward and the understanding
about the sun improved. As the basic physical processes on the sun's surface were observed
i.e., luminance, solar magnetism, solar flares, solar plages, sunspots, sun controlled solar winds
and many other parameters, their systematic studies on a long term basis began.

An important solar parameter, the total solar irradiance, has been measured from several
satellite missions dating back to late 1970s. The 11 year solar cycle and the solar variability have
been studied. The effect of the solar variability on the earth’s climate has been investigated.

The solar radiation traverses the space and reaches our atmosphere [Viereck et al., 2004]. 30%
of the solar radiation is reflected back to space, mainly by clouds (20%), by atmosphere (6%)
and by the earth's surface (4%), the remaining 70% is absorbed, specifically by the earth's
surface (50%), the atmospheric constituents (e.g. ozone and green house gases) (16%) and by
clouds (4%). Earth absorbs the shortwave radiations and re-emits them back to space as long
wave (thermal infrared) radiations. Ozone, in the stratosphere, is the main absorber of the
short wave radiation (2 < 310 nm). The green house gases absorb the infrared radiation emitted
by the surface. The radiative balance of the earth’s atmosphere has been disturbed by
manmade activities leading to global warming. The solar variability influences the global ozone
production which shields the earth from the biologically harmful UV radiation, total ozone
changes by 2-3% during a solar cycle [World Meteorological Organization, WMO, 1999]. It has
been observed that when the sun activity reaches its maximum, the ozone production
dominates ozone destruction [Dikty et al., 2010]. Long term as well as short term variations in
the earth’s climate, e.g. temperature variations in the stratosphere, ozone depletion and



production, the green house effect, cloud formation over the pacific ocean, response of
phytoplankton to UV radiations (uptake and release of carbon dioxide) etc. have been linked to
the solar activity [Benestad, 2002].

Heath and Schlesinger (1986) suggested a unique index of solar UV activity called the Mg Il
index and defined it as the core to wing ratio of the unresolved h and k absorption feature in
the emission core of ionized Mg at 279.9 nm. The Mg Il absorption is overlaid by a narrow
doublet line of emissions that actually evaluate the UV flux variations of the sun's
chromosphere. Variability of the sun's spectrum can be observed from short to long time scales
(from days to decades) e.g. 9, 13.5, and 27 days (sun's rotational period) and 11 years (solar
cycle), respectively. The pivotal importance of Mg Il index lies in its ability to reconstruct the
solar spectral irradiance (SSl). The advantage of the Mg Il index over other indices is that it is a
ratio of irradiances which cancels out attenuation in the received signal over time. As the
instrument ages, the Mg Il index gets unstable. This instability is caused by the optical
degradation. Degradation is a phenomena bound to happen on the sun observing instruments
exposed to the solar radiation. By taking optical degradation of the instrument in account; this
thesis presents a first attempt of the error calculations of the Mg Il indices from SCanning
Imaging Absorption spectroMeter for Atmospheric CHartograpHY “SCIAMACHY”, Global Ozone
Monitoring Experiment “GOME” and Global Ozone Monitoring Experiment-2 “GOME-2".



Chapter 1: The sun as a star

1.1 The sun

The sun is the nearest star to the earth, located at a distance of 93 million miles. It takes 8
minutes 20 seconds for the solar radiation to travel from the sun's surface through space to the
earth. The sun is mainly made up of plasma.

The stars are classified as O, B, A, F, G, Kto M on the basis of their temperature, where “0” is
the highest temperature and “M” being lowest respectively. Numerical numbers are assigned
to these classes e.g., G2, indicating a further subdivision based on size. Among a host of 100
billion other stars, the sun is categorized as a G2 star [see Benestad, 2002 for details].

1.2 Size and rotation of the sun

The mass of the sun is about 1.989x103%kg. Compared to the earth's mass of 5.897x10%*kg, it
is 332,900 times as massive as the earth. The sun contains around 99% of the mass of our solar
system [Tapia, 2005]. The sun is 4.6 billion years old and it is believed to live for 5 more billion
years. As the sun is getting older, its mass decreases due to fusion reactions taking place in the
core that convert hydrogen to helium and release energy. The reduction in mass is fairly small
and could only be observed over millions of years.

The diameter of the sun is 1.39x10°m, the earth's diameter is 109 times smaller and the
volume of the sun is 1,299,400 times the volume of our earth [Zell, 2012].

The sun is made up of self gravitating plasma which pulls itself together and gradually spins up.
The plasma does not have a regular magnetic field. Instead, it has a very complex and twisted
magnetic structure. The magnetic field of the sun is therefore a tangled web where each
magnetic structure has its own North and South Pole unlike the earth which has only two
magnetic poles. Moreover, the sun has a differential rotation which gives rise to an even more
complex magnetic field.

Figure 1.1 [Zell, 2012], illustrates the differential rotation of the sun. The equator of the sun
moves faster than the poles. At 0° latitude, the sun rotates around in 25.6 days while close to
equatorial regions it rotates around in 26 days. At about 60° latitude, this rotation around its

4



own axis has a period 31 days and at the poles, it takes 35 days. The sun rotates
counterclockwise as the earth does whereas it’s tilt is 7.25°. Generally, the solar rotational
period is taken to be 27 days. The sun orbits around the Milky Way galaxy and it takes 230

billion years to complete a revolution around our home galaxy [Zell, 2012].

Figure 1.1: An illustration of the sun’s differential rotation [Zell,2012]

1.3 Configuration of the sun

As stated earlier, the solar material is composed of plasma. The plasma contains positive
and negative ions, charged particles and electrons. Plasma is a peerless conductor because of
the excess of free charges. According to the electromagnetic theory, conductors do not possess
a steady electric field since the charges cancel each other’s effect [Benestad, 2002]. The sun’s
plasma does not hold an electric field. Nevertheless, the magnetic field of the sun is
a consequence of an electric current present in the solar interior. A pronounced feature of the
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sun is its magnetic field. The sun's configuration mainly consists of three parts (Fig. 1.2)
[Barnes, 2006].

e Interior of the sun including the core, radiative zone and convective layer
e Atmosphere of the sun including the photosphere and chromosphere
e Theinner and outer corona

streamer

Figure 1.2: Different parts of the sun [Barnes, 2006]



1.4 Interior of the sun

The sun is is mainly made up of hydrogen (71.0%) and helium (27.1%). About 98.1% of the sun's
total mass is the sum of these two elements with the remaining 1.9% being made up of Oxygen
(0.97%), Carbon (0.40%), Nitrogen (0.096%), Silicon (0.099%), Magnesium (0.076%), Neon
(0.058%), Iron (0.014%) and others (0.040%) [Benestad, 2002]. The conversion of hydrogen to
helium fuels the sun. At present the sun has 5 more billion year’s worth of fuel, after that it
will run out of hydrogen [Liou, 2002].

The interior of the sun starts at the core, extends to the radiative zone and ends at the
convective layer. These three components constitute almost 99% of the sun's volume. These
regions are characterized by very high temperatures and pressures and are responsible for the
production and transport of energy. The environment in the interior of the sun is ideal for a
nuclear fusion. Two hydrogen atoms fuse together, to form helium (a heavier element) and
energy. Mass is converted to energy; E = mc?, where E = energy, m = mass and ¢ = speed of
light per second.

In the sun's core, about 700 million tons of H, are being fused to 695 million tons of He and the
rate of conversion of mass to energy is 5 million tons of mass per second.

1.5 Core

The inner 25% of the sun's radius is considered the core. This part is of extreme importance as
in this region most of the energy production takes place. Temperatures here are of the order of
millions of Kelvin (1.56x107K) [Liou, 2002], the corresponding pressure is 2.5x10%! atm. It has a
density of 150 g/cm? which is 8 times the density of gold. At such high density, it should be
solid. But, very high temperatures transform it into plasma creating a perfect environment for
the thermonuclear energy production [Barnes, 2006]. The high temperature, pressure and
density compel protons to overcome their electric repulsion and fuse to form heavier elements
and emit energy as gamma rays.

Figure 1.3 [Jefferson, 2011] illustrates the nuclear fusion taking place at the sun’s core. The
reaction takes place in three steps.
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Figurel.3: Fusion reaction in the sun's core [Jefferson, 2011]

First, the formation of deuteron [2H] takes place by the reaction two protons of hydrogen
[*H] + [*H] which collide thermally. In this step, a positron [e*] and a neutrino [v] is also
produced. The positron reacts with an electron and annihilates into two gamma [¥] rays
photons. Energy is produced in the first step.

In the second step, the deuteron [?H] produced in the previous step collides thermally with a
proton [1H] and fuses to form [3He] Helium-3 emitting a gamma ray [¥]. Energy is produced
again [Jefferson, 2011].

In the third and final step of the chain, the helium-3 takes tens of thousands of years to find
another Helium-3 to eventually fuse into helium-4. This final step gives away two hydrogen
protons as well.

This multistep reaction behind the sun’s fusion cycle is responsible for the releases of power of
about 3.9x10%° W,

Overall, the reaction can be summarized as follows.

4(*H) + 2(e™) —» *He+6(¥) + 2(v) (1)

This over all reaction gives off 26.7 MeV of energy and is accountable for 85% of the total
nuclear fusion happening in the sun’s core. The remaining 15% can be attributed mainly to the



formation of berilium-7 and lithium-7, see the reaction chain in Fig. 1.4 [Zabludoff,
2011] showing the possibilities of nuclear fusion that could happen in the sun’s core.
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Be* » ‘He +He

85 %

He+p ~ ‘He+er + v,

Figure 1.4: Fusion possibilites in the sun's core [Zabludoff,2011]

1.6 Radiative zone

The radiation zone stretches out of the core of the sun (0.25 of the solar radius) to the
convection zone (0.70 of the solar radius). This part contributes to 45% of the sun’s total radius
and to around 32.7% of the sun's volume. This section is responsible for the transport of
radiation. Energy created in the core gets absorbed in this region and is re-emitted many times.
Around 102%° absorptions and re-emission happen before a photon can reach the surface.
Though, photons move at the speed of light, the extremely high density at the core influences
the motion of individual photons which consequently exhibit a random motion. As a result, it
takes them millions of years to escape through the core and reach the radiative zone. The
density falls, dramatically from 150 g/cm® to 0.2 g/cm? (less than the density of water),
decreasing all the way to the top of the radiative zone. Figure 1.5 depicts the density profile for
different regions of the sun [Hathaway, 2012].
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Figure 1.5: Density profile of the sun’s interior [Hathaway, 2012]

1.7 Convective zone

The convective zone is the external portion of the sun’s interior. Here, the energy is transported
by convection. This region comprises the outer 30% of the sun’s radius. Here, the temperature
is less and the density is smaller compared to the inner zones. At the surface of this zone, the
density is 2 x 10~7gm/cm?3, which is 1/10,000th of the density of air at sea level. The density
rapidly decreases from core to convective zone. The cooler temperature and low density allows
heavier ions of carbon, nitrogen, iron and calcium to have a hold on their electrons. These
conditions make this region opaque, which is very resistive to let the radiation passing through.
The hot solar material at the bottom of the convection zone (or at the top of the radiation
zone) travels upwards and cooler material consequently descends. Hot material reaches the
surface, loses its energy, cools down and sinks continuing the cycle. These vertical convective
cells are fast heat carriers. It just takes one and a half weeks to carry energy to the surface (the
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features that support these cells are; low density and sudden drop in temperature). As the
convection current establishes itself in the convective zone, granulation happens which is a
visible boiling effect on the surface [Benestad, 2002].

1.8 Atmosphere of the sun

The atmosphere of the sun is located above the convective zone. Like the earth, the sun also
has an atmosphere. It has many unique features which are observable from our home planet,
e.g., sunspots, granules, super-granules sunspot pores, bright faculae, large scale flows, solar
flares, post-flare loops. The atmosphere of the sun can be divided into three further sub-
classes:

e Photosphere
e Chromosphere
e (Corona

Corona will be discussed as an individual branch.

1.9 Photosphere

The photosphere is a well known segment of the sun. The reason is that we can see this portion
(luminous visible surface), directly from the earth. Energy or light we receive on earth mainly
comes from the photosphere. The photosphere contains sunspots (regions with strong
magnetic fields), granules, faculae etc. It is the coolest part of the sun; with a mean
temperature of about 5770 K (the number mostly agreed upon in the scientific community).
Such a low temperature is the reason why only 0.1% of gas exists here in plasma state.

This portion of the sun is almost 100 km in depth below the chromosphere. The density reaches
upto 2 x1077 gm/cm?. The temperature of the photosphere can be derived assuming the
properties of a black body, this character is very important regarding the solar spectral
irradiance. The sun does not only radiate energy in the visible region; but also in different
wavelength ranges, which directly or indirectly affect our climate. Consequently, it is essential
to observe the solar emission spectrum and a good understanding of the processes in the
photosphere is essential.
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1.10 Chromosphere

The chromosphere is the layer of the sun above the photosphere. This region is not as bright as
the photosphere, has a high temperature (20,000 K), and is less dense than the photosphere. At
such high temperatures hydrogen starts emitting reddish light which is called the “H-alpha
emission”. Owing to this reason, it is called the chromo-sphere, meaning color-sphere. During a
total solar eclipse, when the moon passes between the earth and the sun and blocks the light
coming from the photosphere, colorful light emissions can be observed as prominences
(suspended material like dense clouds on top of the surface of the sun). Chromospheric
features include filaments, plage, spicules, chromospheric network and prominences [Morsink,
2011]. Figure 1.6 [Morsink, 2011] shows highlights the prominences and a solar eclipse.

Figurel. 6: Solar prominence during solar eclipse [Morsink,2011]
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1.11 Corona (inner and outer corona)

The outermost region of the sun’s atmosphere is called corona. It can be further subdivided
into inner corona and outer corona (the outer corona is the outer most part of the exterior of

the sun, stretching to our earth and even beyond). This region is also visible during a total solar
eclipse as shown in Fig. 1.7 [Morsink, 2011]:

Figure 1.7: Solar corona during solar eclipse [Morsink,2011]

This layer extends millions of kilometers into the space. It has a higher temperature but less
density compared to the photosphere and chromosphere. The temperature can get as high as
10 K. The very high temperature causes the x-rays emissions. The important details about the
corona can only be observed in the x-ray part of the spectrum. The reason of coronal heating is
not very well understood until now. As we move away from the heat source, temperature
decreases, according to the second law of thermodynamics. The heating in this region does not
follow this law, as corona is far away from the core and has a temperature up to millions of
Kelvin. A number of theories are presented to explain the reason of coronal heating (extremely
high temperatures). Two of them, ion-cyclotron waves and micro-flare, are well agreed upon
and known commonly.
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The appearance of corona changes as the sunspot 11 year solar cycle changes. It appears very
bright as the sun cycle approaches its maximum activity, and can appear dim as activity
becomes minimum. The features that are observed as dark regions, because of their relatively
lower density are termed coronal holes. They are mostly found at the poles of the sun and are
characterized by open magnetic fields (when a magnetic line of force stretches so far that,
before coming back it approaches earth-sun system, is called open). The streams of charged
particles (electrons and protons) coming out of these coronal holes give rise to solar winds.
Their presence can be seen at North and South Pole of the earth as these winds interact with
the earth magnetic field and cause “auroras”. Earth’s magnetosphere is not strong enough to
resist the solar winds. Solar particles move along the earth’s magnetic field lines, concentrate in
the polar regions and excite the constituents of the earth’s atmosphere whose de-excitation
results in the emission of light (aurora).

Features of the corona are polar plumes, coronal loops, helmet streamers, solar winds and
coronal mass ejections (CMEs). CMEs are the gigantic bubbles of gas surrounded by very strong
magnetic fields. They are produced from the sun’s corona on the time scales of few hours.
These ejections are mostly associated to the prominence and solar flares, which can sometimes
also happen in their absence. These eruptions contain super heated plasma moving at a speed
of 1300 to 1450 kilometers per second and contain enormous amount of material. If it is
ejected in the direction of earth, it can be of danger to our planet. Such a big super heated
mass, approaching our home planet at such a high speed (could take 16 hours to reach earth)
can have serious consequences. It can damage our satellites, destroy our earth’s magnetic field
and create extremely bright auroras. It can cause health hazards (strong radiations) to the
passengers travelling in airplanes close to the poles. It can also interact with the magnetic field
of our power stations and destroy them. CMEs cannot be predicted. We can only monitor the
sun and alert the people to minimize the destruction, if the CMEs are approaching the earth
[Morsink, 2011].
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Chapter 2: Solar activity

Solar activity is the result of the fluctuating solar magnetic field. Solar activity and magnetism of
the sun are two connected terms leading the existence of the “sunspots”. Sunspots are
photospheric features which are accompanied by prominences, plages, granules, faculae,
spicules, chromospheric networks etc. this means that the solar activity is also deeply
connected to the chromospheric features. The solar activity can cause solar flares, CMEs
(coronal mass ejections), solar winds etc affecting the climate of the earth [Schmitt, 2004].

2.1 Sunspots

Sunspots are regions in the photosphere with dark appearances associated to a very strong
magnetic field and are comparatively cooler than the photosphere. The dark regions
characterize the central part of the sunspot known as “umbra” where as the outer part of the
core is less dark known as “penumbra” as shown in Fig. 2.1 [NASA, 2012]. Generally the
diameter of the umbra ranges between 10,000 km to 20,000 km (the largest sunspots can have
an umbra with a diameter of up to 50,000 km). A sunspot (penumbra plus umbra) can reach a
radius of 20,000 km and 35,000 km [Barnes, 2006].

Figure 2.1: Sunspot along with umbra and penumbra [NASA, 2012]

Sunspots originate as sunspot pores, which later develop penumbral structures around
themselves and get bigger to reach their final form. Conversely, when a sunspot is small enough
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and its penumbral structure is negligibly small, with a diameter smaller than 2500 km, it is no
longer a sunspot but rather a sun pore. Pores are associated with a weak magnetic field in
comparison to the sunspots. Most of the time, sun pores exist in groups, but sometimes
isolated structures of pores are observed. They have life times of a few hours up to several
days. On the solar disk, sunspots appear in groups most of the time, and within a group, every
sunspot has the same magnetic field structure. The strongest part of the magnetic field is
affiliated with the umbra where weaker fields are observed in the outer part of the sunspot i.e.
penumbra [Barnes, 2006].

Hale was the first Solar Physicist who found that sunspots are cooler than the photosphere. He
studied the solar spectra using a photographic technique and discovered that in contrast to the
normal photosphere, the sunspots have low intensity line spectra. The temperature of the
photosphere is measured to be 5770 K and from reliable measurements (from different satellite
missions) sunspots have temperatures in the range of 3000 to 4000 K [Liou, 2002].

The cooling of the sunspots can be explained on the basis of magnetic theory. The magnetic
field emerges as a result of inconsistent or fluctuating motion of the rotating fluid (plasma). The
differential motion of the plasma near the solar surface incites turbulent convection. The
convection is mobilized by heating from below i.e. the convective zone. The rotating fluid twists
the magnetic fields many times in such a way that a gigantic web of magnetic lines of forces
bursts out from the surface of the sun. This contains a large number of North and South Poles.
The resultant turbulent convection reduces the transfer of radial energy that is responsible for
the sunspot heating. With the drop in the radial energy, the temperature of the sunspots is
reduced [Benestad, 2002].

As discussed in the previous section (convective zone), granules come into existence as a result
of convection. Convection cells bring hot solar material upwards, giving off energy,
consequently cooling and sinking down. The sunspots suppress the granules. Observations have
shown weak granules inside the sunspot. However convection cannot be suppressed fully. It is
concluded in different studies that the suppression of convection can explain the low
temperatures of sunspots [NASA, 2012].

2.2 Sunspot solar cycle

Schwabe observed the periodicity of the sunspots over time and discovered after prolonged
observations that the number of the sunspots exhibit a continuous cycle of maxima and minima
(sometimes, even no sun spot). He explained that over a period of 11 years the number of
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sunspots fluctuates. This number could reach up to 254 (as observed on October 1957) during
the maximum and occasionally no sunspots could be witnessed over the minimum of the solar
activity. Hence to honor the discovery of this 11 years sun cycle it is called the “Schwabe cycle”
[Benestad, 2002].

According to the latest results, the scientific community agrees that the Schwabe solar cycle is
not fixed to 11 years, but can fluctuate between 10 and 12 years. During the 11 year cycle
sunspots are most likely to appear in the spot zone (+35° from the equator). There are times
when sunspots have been traced at 75°, but this is not usually the case. The sunspot cycle
generally is initiated with a small number of the sunspots near 30° latitude. As the solar activity
proceeds, they move closer and closer to the equator and have been reported at latitudes of
+15°. Before the cycle ends, sunspots move even closer to the equator (+8°).

On the surface of the sun, the sunspots are observed above or below the equator. Sunspots in
both hemispheres have a different polarity i.e. the northern set of sunspots may generate a
positive magnetic field, while the southern hemispheres sunspots have a negative magnetic
field. This phenomenon is reversed after each solar cycle, meaning that in the next cycle the
positive magnetic field will become negative and vice versa. This is the reason why it is called
the 22 year cycle. Every 22 years, the magnetic field returns back to its original polarity in the
respective hemisphere. Another aspect is that the number of the sunspots is not necessarily
identical in both hemispheres. Most of the time, one hemisphere of the sun will have more
sunspots than the other hemisphere, hence the one with more sunspots will be the more active
region during the solar cycle [Barnes, 2006].

Counting the number of sunspots is not as straightforward as it may seem. To be able to count
sunspots we need a telescope by which one can observe the sun’s surface. Sunspots often
appear in groups. To count the number of sunspots, one has to first count the number of the
sunspot groups and later the number of exclusive sunspots. The formula, first introduced by
Rudolph Wolf (1848), to count the number of sunspots is given below:

R =k(10g +5s)

Where R is the sunspot number, k denotes the scaling factor (most of the time less than 1), g is
the number associated to sunspot group number and s, the number of individual sunspots
[Naoj, 2012].

Generally every sunspot group contributes to approximately 10 sunspots. The formula works
reliably even when it is hard to decide whether smaller sunspots should be counted as sun
pores or sunspots. Figure 2.2 [Naoj, 2012] depicts the sunspot number time series 11 solar
cycles for the last 80 years.
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Figure 2.2: Time series of sunspot numbers from the last 80 years( upper panel) and the Sunspot
appearing at different latitudes forming butterfly diagram (lower panel )[Naoj, 2012]

The upper panel of Fig 2.2 presents time series of the sunspot numbers. It is obvious that every
cycle has different amplitude and on a closer look one can see that the time period for every
solar cycle varies. The lower panel shows the time series of occurrence of the sunspots at
different latitudes. It can be seen that during the sun’s 11 year cycle most of the sunspots
appear close to the equator and up to latitudes of £60°. The highest density is at £30°. As the
activity goes down, they get dissolved. Due to its shape this time series is often called a
butterfly diagram [Naoj, 2012].

2.3 Solar irradiance and sunspots

The solar cycle corresponds to a periodic variation of the sun spots. Periods of low and high
solar activity correspond to low and high sunspot numbers respectively. Observations have
shown that the luminosity of the sun correlates with the 11-year solar cycle. This leads to a
corresponding rise and fall of the total solar irradiance ‘TSI’ (the total amount of the sun radiant

energy integrated over the entire wavelength range, reaching earth’s atmosphere per second)
[IPCC, 2007].
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Figure 2. 3: Solar irradiance correlation with the sunspots [Humlum, 2007]

Figure 2.3 [Humlum, 2007] depicts the correlation of the solar radiation with the sun spots.
The daily irradiance is plotted in red and the sunspot numbers in blue. The thick lines for both

measurements show the annual mean. A correlation between the sunspots and total solar
irradiance can be clearly observed.

As the sunspots are the regions that appear dark in comparison to the surroundings, it could be

expected that as more sunspots appear on the solar disk; it would get darker and the luminosity
of the sun decreases [Pagaran, 2011].

The sunspots are photospheric features. Due to the magnetic lines extending upwards (above
sunspots) the above lying chromosphere gets heated (plages, faculae) and they cause
brightening (mainly in the UV). This increase corresponds to 0.1% (1.3 W/m?) of the solar
constant S = 1367 W/m?[Humlum, 2007].
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2.4 Solar spectrum

The solar spectrum is similar to that of the black body (perfect absorber and emitter) at a
temperature of 5770 K. The sun is an emitter of electromagnetic radiation. The solar
electromagnetic spectrum comprises of many different wavelengths. Starting from gamma rays
(1075 to 1072 nm), x-rays (1073 to 10~ nm), UV (100-400 nm), visible from violet to red (400-
700 nm), near Infrared (780 nm-3 um), far infrared (3 pm-50um) and radio waves (up to 100m)
[Rieke, 2010].

Figure 2.4 [Lean, 2010] shows the solar spectral irradiance (which provides the TSI or solar
constant by integration over all wavelengths) in dark blue, the variability over an 11 year solar
cycle in green, and the atmospheric absorption in light blue [Lean, 2010]. Also shown, is the
black body spectrum at 5770 K in red. The solar spectrum shown here is measured at the top of
atmosphere. Spectral irradiance and the scaled black body curve are in a good agreement (note
that the black body curve has been scaled according to the distance of the earth from the sun,
the factor is the solar radius squared divided by 1 AU). The light blue curve shows the solar
spectrum at sea level, meaning after passing through the earth’s atmosphere.

Different absorption bands can be seen. These bands are due to absorption at different
wavelengths by the atmospheric constituents like nitrogen, oxygen, ozone, water and carbon
dioxide. The green colored curve shows the change in solar radiation trend during the 11 year
solar cycle, the dashed line is the changes in TSI which is actually the relative difference
between the solar maximum and minimum [Lean, 2010].

TOTAL Irradiance :jSPECTRAt_ Irradiance ~ 1366 wWm >

y ¢ A 3. ¢ o
Ny, O, O O, O O &

4 2 2 3 3

'O
“Jy

10 EWV IR
TE - spectral irradiance .
£ \\
E 10— m
=
E
S8  10°F ~
=
o - Ry R
- 10_2 - “LI-(&; l l\»:c %
oz 1,J-J \
= e & o | e s e il vt e
“ dl v : R
10 11 1 aaaml 22 s sxaasl SO s oiaagaal L1 B
) - S
10" 102 10° 104 10°

WAVELENGTH (nm)

Figure 2.4: Solar spectrum, variabilty and atmospheric absorption [Lean, 2010]
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2.5 Solar activity UV emissions & the stratosphere

At the top of the atmosphere the total power of the sun’s spectrum is 1367 W/m?, which is
divided into three major wavelength regions: 50% infrared, 40% visible and 10% UV (ultra
violet) [Benestad, 2002]. When measured at ground level, 48% of the sun’s electromagnetic
energy is focused in the Vvisible fraction of the spectrum, around 1% (15.5
W/m? out of 1367 W/m?) comes from the UV and the remaining 51% is associated with the

infrared radiation. Wavelengths below 100nm undergo a fractional change (%) of 10% to 20%

during a solar cycle. The integrated spectral Irradiance (Al = I,;,.x —Imin), however, changes on a
very small scale that is 1.3 W/m?, corresponding to 0.1% [Lean, 1998]. The UV radiation
contributes only 9% to the total solar irradiance but over a solar cycle fluctuations of up to 32%
have been recorded. This fractional variation in the UV radiation affects the chemical process
occurring in the earth’s stratosphere. UV radiation affects the local heating as it is absorbed in
the stratosphere by ozone and influences its photo chemistry. Another important consequence
of the UV radiation in the stratosphere is its influence on the wind circulation [Lockwood et al.,
2011].

The main constituents that absorb UV above the troposphere are oxygen, nitrogen and ozone.
Hence a small portion of radiation reaches the surface. Different studies have observed the
changes in stratospheric ozone as the solar irradiance varies over 11 years. Observations show
an increment of 1% to 2% in the total ozone column at solar maxima. A good agreement has
been observed between ozone column and the solar activity [Haigh, 2007]. In summary the
solar activity has a great influence on the chemistry, circulation and thermal structure of the
atmosphere. That is why long term observations of the solar activity are required to set up
reliable computer models to estimate the affect of solar variability on our climate.

2.6 Latest solar cycle and prediction techniques

In the middle of the 18™ century, the first attempt to plot the sunspot number against time was
made, it is named as the solar cycle number 1. Every solar cycle afterwards was numbered
incrementally. The current solar cycle is number 24.

The current solar cycle is unique. In a way it resembles with the solar cycle number 14, which
occurred during (1902-1914). The common feature during these two solar cycles is a similar
magnitude of maximum solar activity. Cycle 14 reached its maximum in 1906 and had a
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maximum of 64 sunspots. The cycle 24 has given a smoothed number of sunspots 66 as of
February 2013. These two cycles are the lowest recorded solar cycles ever since 1902
[Hathaway, 2013].

Solar cycle 24 lasted 4 years (started peaking in March 2013), since it started at the end of
2008. This cycle will probably reach its maximum during fall 2013 and then descend. Predictions
are difficult.
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Figure 2.5: Solar cycle no 24 until March 2013 [Hathaway, 2013]

Figure 2.5 [Hathaway, 2013] shows the sunspot numbers during solar cycles 23 and 24. The
solid line and the dotted lines show the mean prediction and its possible variation [Hathaway,
2012].

Different techniques are used to predict the 11 year solar cycle [Hathaway et al., 1994]. NASA
introduced a technique in which the sun’s minimum can be related to a geomagnetic index
which is then correlated to the following maximum of the solar cycle. This model also has some
shortcomings which scientists are trying to improve [Hathaway, 2013].
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Figure 2. 6: Solar cycle lenthgs altering from 10 to 12 years [Watts, 2012]

Figure 2.6 [Watts, 2012] the length of the solar cycles from 1902-2008 representing about 10
solar cycles. It is apparent that solar cycle does not have a length of exactly 11 years but

instead the cycle length varies with a standard deviation of roughly 14 months [Hathaway,
2010].

Large uncertainties are associated with the predictions about a solar cycle. Figure 2.7 [Dikpati et
al., 2006] is an illustration of the predictions about the cycle number 24, according to which,
the amplitude of the current cycle would have been large but it turns out to be the lowest
amplitude over 100 years. Hence making prediction about the solar cycle still remains a
challenge.
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Chapter 3: Mg Il index and error
estimation

3.1 Importance of Fraunhofer lines

The series of spectral lines (dark features in the solar spectrum) that are actually absorption
lines are known as “Fraunhofer lines”. Joseph Fraunhofer, a German physicist, discovered these
absorption lines in 1814. He was able to sketch about 570 lines over different wavelength
ranges. Satellite based measurements of sunlight revealed thousand of additional spectral lines.
He sub-divided absorption features from letter “A” to “K”, where A and K corresponds to higher
and lower wavelengths respectively. The dominant Fraunhofer absorption lines lettered A to K
from the right in the solar spectrum are depicted in Fig. 3.1 [Coffey, 2010].
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Figure 3. 1: Fraunhofer lines showing different absorption lines from A to K [Coffey, 2010]

Forty-five years later Kirchhoff extended the work of Fraunhofer and found out that these dark
lines in the solar spectrum were caused by the absorption of different chemical elements
present in the sun’s atmosphere. These absorption features (dark lines depicting light loss) are
acquired as a result of a cold and dilute gas being in between the photon source (the source of
broad spectrum) and the detector. Photons are absorbed and light is re-emitted in different
directions. This leaves a prominent decrease in the intensity of light in the frequency range and
the direction of the incident photon.

A typical temperature profile of the solar atmosphere and for the altitude range where
Fraunhofer line absorption occurs is displayed in Fig. 3.2 [Liou, 2002].
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Figure 3.2: Temperature profile of solar atmosphere and Fraunhofer absorption lines
at different altitudes [Liou,2002]

As discussed in chapter 1, the copiously found element in the sun is hydrogen. This abundance
makes it special as it can absorb in neutral as well as in the ionic state. All other elements, e.g.
H, He, C, Si, Ca, Mg. etc., which are shown in Fig. 3.2 are also present in the sun’s atmosphere,
absorbing at different wavelengths, altitudes and temperatures. The Roman numbers | and Il
stand for neutral and single ionized atoms, respectively [Liou, 2002].
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3.2 Mg and Mg II (Magnesium Doublet)

Magnesium (Mg) is the 8th most abundant element in the Earth’s crust and making up 13% of
the earth’s mass. lons of Mg are highly soluble in water. It is the 9" most commonly found
element in Universe. In fact the sun contains one Mg atom for every 28,000 atoms of H,
[Armstrong, 2006]. Mg has an atomic number of 12 and its atomic mass is 24.305 amu, its core
consists of 12 protons and 12 neutrons. Mg has an oxidation number of +2 and can therefore
lose two electrons. Hence the magnesium cation is represented by Mg*2. It has a density of
1.738 g/cm?® and a melting point and boiling point of 923K and 1380K, respectively
[Bandyopadhyay, 2013].

The main reasons for the existence of Mg in stellar atmospheres are its high boiling and melting
point. Magnesium has three isotopes; their abundances are 78.98% for?*Mg, 10.03% of 2°Mg
and 11% of 2°Mg [Catanzaro et al., 1966].

From Fig. 3.2 it is evident that some lines exist in pairs which are called “doublets”. Each line in
that doublet has its own individual identity, given by specific letters. The Fraunhofer spectrum
encompasses the Ca Il (lonized calcium or calcium doublet) emission lines termed by “H” and
“K”. Mg Il emission doublet lines are designated by “h” and “k”. In order to keep the distinction
between Ca Il and Mg Il authors have used “h” and “k” for the ionized magnesium emission
lines where h represent emission at 280.27 nm and k at 279.55 nm [Anderson et al., 1988].

Mg Il is more sensitive to chromospheric heating than Ca Il, the reason is that the Mg Il h and k
lines are higher in altitude than the Ca Il H and K doublet hence more sensitive to temperature
[Skumanich et al., 1973]. The magnesium doublet is a result of its unique electronic
configuration. This produces two closely packed emission lines at 280 nm. The atomic number
of Mg is 12, as stated above, and its electron configuration is written as 1s2, 2s2, 2p®, 3s2. To
get to a stable state, Mg can lose the two outer most electrons and achieve the stable state
of 1s2,2s2,2p®. The other process is rather difficult and occurs when an electron from the 3s
shell is excited and moves to the higher energy shell 3p. The electric field of the nucleus and
spin motion of electron interacts with each other electromagnetically causing “spin-orbital-
interaction” which is responsible for two splitting energy states within the orbit of 3p. This
reforms new sets of the quantum numbers. Total angular momentum is represented as “j” and
in the same way “m;” represents total angular momentum, m; represents magnetic quantum

number and mq represents projection quantum number.
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The newly formed two different energy states in the 3p orbit (Fig. 3.3) will have different values
of m; that are ; and 23, at the same time quantum number of 3s state is % , see Fig. 3.3

[Skumanich et al., 1973]. This way, the transition from 3p to 3s will have two probabilities.
Those are 3p;/,to 3sy/, and 3ps/, to3s,,,. These transitions yield emission lines at 4.40ev

with 0.01ev spacing. This is the main principle of the two emission lines at 280 nm by ionized
magnesium.

3.3 Mg Il Index

From the preceding discussions it could be expected that, the Mg Il will have two distinctive
lines of absorption. But this is not the case since these lines overlap quite well with each other
and appear to be a single line. The origin of these absorption lines is the photosphere of the
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sun. The Mg Il emission lines are narrower as they originate in the less dense chromosphere
[Skumanich et al., 1973].

Absorption happens when radiation comes out from the radiative and convective zone and is
trapped by the photosphere and by the upper atmosphere of the sun. The chromosphere is the
source of emission as it gives rise to faculae. They are responsible for temperature variations in
the chromosphere. These emission lines appear at the exact same central position of the
absorption line.

The absorption feature emerging from the photosphere is less variable than the emission lines
emerging from the chromsphere. These emission lines (h and k) are more variable because
these are highly related to temperature fluctuations in the chromosphere. As more sunspots
appear on the surface of the photosphere at the maximum of the solar activity, more faculae
appear in the chromosphere above, hence raising the temperature. As a result of this, more
visible and strong Mg Il emission lines appear in the solar UV spectrum [Skumanich et al., 1973].

“The Mg Il core-to-wing index is a ratio of the Mg Il chromospheric emission at 280 nm to the
photospheric radiation in the line wings, and is used as an indicator of solar activity” [de Toma
Giuliana et al., 1997]. The Mg Il index is a monitor of solar chromospheric variability [Viereck et
al., 2004]. The chromospheric activity of the sun is highly influenced by the appearances of
plages and faculae, accountable for increases in UV radiation [Weber et al., 2013]. Mg Il time
series are available from satellite measurements since 1978 [Viereck et al., 2004, Weber et al.,
2013]. There are several different instruments at different spectral resolution measuring solar
irradiance at 280 nm. From Mg Il indices derived from different instruments it is fairly
straightforward to create a long term single time series called the Mg Il composite index. As this
proxy correlates extremely well with UV solar irradiance changes, it is a convenient proxy for
solar activity and has been successfully linked to atmospheric changes in ozone and
temperature. Also, spectral solar models have been derived from this proxy that can be used in
climate models to investigate the solar impact on climate and ozone [Viereck et al., 2004].

Figure 3.3 shows the Mg Il absorption and emission cores. As the solar cycle proceeds towards
its maximum activity and more sunspots appear on the photosphere appear consequently, hot
regions of plages and faculae erupt producing an emission core at Fraunhofer lines [Weber,
1999]. Hence, strong signals will be measured for the core of Mg Il while at the same time the
wings remain almost unchanged (less variable photosphere). As a ratio (Mg Il index), the
magnitude will increase towards the solar maximum. The balloon measurements at very high
spectral resolution nicely show the doublet structure of the Mg Il absorption and emission
[Anderson, 1988, see Fig. 3.4].
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Figure 3. 4: Satellite measurements from SBUV of Mg Il index from ballon measurments
at very high spectral resolution [Anderson, 1988]

In the same way as the solar activity goes down, the chromospheric temperature reduces and
emission lines get weaker, hence Mg Il index (as a ratio) decreases. The Mg Il index derived
form the core-to-wing ratio has the advantage that it cancels out to first order optical
degradation effects that many UV instruments in the space and also spectral solar irradiance
measurements suffer from.
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Figure 3.5: Mg Il Composite Index [Weber et al., 2013]

The composite Mg Il index has been retrieved from several different satellites over 32 years and
from solar cycle number 21 to 24. Figure 3.5 shows the University of Bremen composite Mg |l
index as updated from Weber et al, (2013) and available at <<www.iup.uni-
bremen.de/UVSAT/research/solarradiation>>. Different colors are representative of the
different satellites that dominate the composite time series in any given time period. e.g., dark
green color shows SBUV(/2), yellow for U/Solstice, blue for GOME, light red for SCTAMACHY and
light green for GOME-2. The black line shows the smoothed Mg Il index time series.

3.4 Other solar proxies

Three different solar proxies are to be compared with the Mg Il index: Lyman alpha, the
international sunspot number, and the F10.7 solar flux.

3.4.1 Lyman alpha

The Lyman alpha is a pronounced emission feature at 121.6nm. It is produced in the upper part
of the chromosphere, passing through corona and space and finally reaching our atmosphere.
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This line strongly contributes to ionization in the ionosphere. It changes up to 50% during the
11 year solar cycle. It is a good proxy of the sun cycle in the far UV range (120-200 nm).

Composite Lyman alpha is available from the LASP Interactive Solar Irradiance Data Center
(http://lasp.colorado.edu/lisird/lya/ last access date: 12.03.2013).

3.4.2 Daily sunspots

This is one of the oldest techniques to obtain a record of sun activity over a long period of time.
This is just a calculation of number of sunspots appearing on the face on the sun which are
observed by using authentic and advance optical devices. There are two international sunspot
publishers using the same formula for the measurements. The first one is the “Boulder Sunspot
Number” provided by NOAA (http://www.ngdc.noaa.gov/stp/solar/ssndata.html) in the United
States and second one is the “International Sunspot Number” by SIDC
(http://sidc.oma.be/sunspot-data/) in Belgium.

In this study, the daily sunspots are taken from (http://sidc.oma.be/sunspot-data/ last access
date: 12.03.2013).

3.4.3 The F10.7 cm solar flux

The F10.7 cm solar flux is one of the longest and oldest records of solar cycle observations.
Measurements by radio telescope started by the Dominion Radio Astrophysical Observatory,
Canada. The record is available since 1947 and it is a good indicator of changes in the solar
cycle over 11 years and it correlates with other proxies very well.

In this study the F10.7 cm solar flux is taken from National Oceanic Atmospheric Administration
under(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/Penticton_Observed/dai
ly/DAILYPLT.OBS last access date: 12.03.2013).

3.5 Error analysis

All measurements have uncertainties known as errors. This must be reduced by improving the
measurement techniques (or by repeating the experiment/measurement). An error can be
defined as a deviation between the measured value (results) and the real value, it is nothing but
the difference between observed and true value. Such errors still exist after improving the
measurement techniques and have to be estimated well to ensure the quality of results.
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The main challenge faced in the scientific results is the error generally introduced by random
fluctuations (random errors). On the other hand, accuracy and precision are always constrained
by systematic errors. These uncertainties in measurements are called errors and different ways
to estimate them are referred to as error analysis [Robinson, 2003].

3.5.1 Accuracy and Precision

Accuracy and precision are two different quantities and it is very important to distinguish these
two terms. An accurate measurement is always very close to the true value, this helps to define
accuracy as, the measure of closeness of measured results to the true value. While a precise
measurement of an experiment, produces results that are well determined. It is not necessary
for a precise measurement to be in a agreement with the true value. This illustrates the
repeatability of an experiment in unchanged conditions, yielding the same results. Mostly, it is
defined or described by using the standard deviation. Figure 3.6 provides a good description of
precision and accuracy [NOAA, 2013] showing different cases where measurements that are
precise but not accurate and vice versa are not suitable/acceptable scientifically. Accuracy and
precision in an experiment must be considered simultaneously [Robinson, 2003].

Accurate & Precise Accurate, Not Precise

Frecise, Mot Accurate Mot Accurate, Mot Frecise

Figure 3. 6: Concept of Precision vs Accuracy [NOAA,2013]
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3.5.2 Systematic and Random errors and Gaussian distribution

The different steps considered for analyzing measurements are illustrated in Fig. 3.7 [Stephen,
2013]. They represent the different scientific tools worthwhile to utilize, to evaluate the quality
of measurements. Most of the emphasis of this section is placed on systematic and random
errors.
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Figure 3.7: Discription of data handling [Stephen, 2013]

Systematic errors are caused by factors that are systematically affecting the patterns of
measurements. Following are some possible causes of systematic errors.

1) Imperfect calibration of instrument
2) Changing environment in which sensor operates
3) Variability in the experimental conditions
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Systematic errors are mostly constant as in the case of imperfect calibration, while in the cases
2 and 3, they are found to be changing over time. Constant errors are difficult to remove; they
cannot be removed by averaging rather reviewing the calibration is a way to remove them.
Variable systematic errors cannot be removed properly as they cannot be predicted or
measured. Random errors bring inconsistency in the experiment as measurements are
performed. This repeated inconsistency is unpredictable but has zero expected value. This error
cause fluctuations in the data set and scatter the measurements. High precision reduces the
fluctuation. Accuracy up to some extent also depends upon random errors [NOAA, 2013].

Poisson, Binomial and Gaussian are the three distributions mostly used to analyze experimental
data. The Gaussian distribution, also called normal distribution, can be derived from the
Poisson as well as the Binomial distributions. The Gaussian distribution is the most important
one as it describes random errors, it helps to characterize the randomly distributed errors
[Robinson, 2003].

3.6 Errors caused by optical degradation

Sun observing instruments usually operate in the harsh space conditions which are the main
cause of the optical degradation. The optical elements on the sensor possess vulnerable
characteristics as they operate in the Vacuum ultra violet (VUV), Extreme ultra violet (EUV) and
UV spectral regions. This part of the solar spectrum, being shortwave and highly energetic, has
a tendency to harm the satellite and cause uncertainties and errors in the measured data. As
instruments ages and are exposed to these harsh solar radiation, degradation increases with
time. The calculation of expected degradation and then its correction are two crucial parts of
data analysis and scientific investigation.

Degradation is a combination of the harsh solar irradiance and instrumental contamination.
This contamination causes polymerization of organic material and subsequently can irreversible
deposition of this material to the optical surface of the instrument. The contamination layer is
built up by the out gassing of spacecrafts. A certain amount of hydrocarbons stick to the optical
surfaces and polymerize. Later the polymerized hydrocarbons are stiffed by the UV radiation
coming from the sun. This layer grows with time and signals coming from the sun are strongly
attenuated. EUV light creates positive charges at the interface between the silicon and silicon
oxide that thickens the dead layer and enhance degradation. In addition ice layers can form on
the detector when cooling the detector. This causes an etalon patterns in the solar spectrum.
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As an instrument operates and ages, chances to recover the instrument from degradation are
become slim. The contaminated layer can be heated with the electrical power supply. However
the strength of this supply is limited and can never be assured that it can melt the layer and
clean the instrument properly. That is why the assessment and monitoring of the instrumental
degradation is a very important step to reach a better level of understanding of “degradation”.
This can also be assured by taking in account these few steps:

1) Careful selection of the following components: optics, coating, imagers, photo detectors,
spectrometers, sun observing telescopes, electronics, etc.

2) Stability of radiometric calibration monitoring by using advanced methods.

3) Cleanliness control prior to the launch and by using minimum organic material.

3.7 Errors and Signal to Noise ratio [SNR]

Signal is a quantity that carries information about the measurement of interest.

Noise is an unwanted information which interferes with the signal and alter the precision and
accuracy of the measured signal.

Signal to Noise is a random quantity and cannot be removed completely but can be
minimized. The magnitude of the noise is also known as the standard deviation of the
measurement while signal is known as the mean of the measurement. Instead of addressing
noise alone, it is scientifically more useful to describe the signal to noise ratio [Thomson, 2013].
Mathematically it is represented as follows;

| vxa

B mean B
N  standard deviation (S.D)

| X

This is proportional to the inverse of standard deviation.

Causes of Noise Two major causes are well document: the “chemical noise” and the
“instrumental noise”. There are certainly other factors that produce noise in the data. As it is a
random quantity, it is very hard to measure those unknown factors producing fluctuations in
the data [Thomson, 2013].
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Chemical noise is caused by the un-detective variations, the sources of these variations are
mostly observed in the power supply variations, changes in pressure and temperature, changes
in the light intensity and chemical equilibrium etc.

Instrumental Noise is associated with the instrument and is a combination of all noises
caused by every individual component taking part in the measurement, that is why it is very
complex to quantify or to characterize the instrumental noise. Instrumental noise is further
categorized as follows: “Thermal Noise”, “Flicker Noise”, “Shot Noise” and “Environmental
Noise”.

Thermal Noise is a flow of electrons and other charged particles in electrical circuits and is
considered as the main cause of the increase in thermal resistance. Cooling or lowering down
the temperature can help to keep thermal noise at a minimum level.

Shot Noise is reported when the charged particles and electrons are leaving their orbital path
and cross the junctions and cause inconsistencies in measurements.

Flicker Noise follows an inverse trend (inverse relation) to the signal’s frequency that is
measured. For frequency less than 100 HZ it is important to be taken into account [Thomson,
2013].

Environmental Noise is observed as the environment of the experimental set up changes
e.g., a sun observing instrument degrades as a result of harsh space environment and
continuous exposure to the dangerous short wave UV radiation. This aging effect known as
degradation brings environmental noise in the data sets.

SNR Enhancement These are some of the physical effects that can be improved to enhance
the signal to noise ratio. Choosing better optics for the sensor, bigger apertures and anti-
reflecting coatings can enhance SNR. Noise can be reduced by averaging several spectra from
repeated measurements as shown in Fig. 3.8. “The data is averaged by dividing the sum for
each point by the number of scans performed. The SNR is proportional to the square root of the
data collected” [Thomson, 2013]. There are also some computational and digital tools used to
improve and enhance the signal to noise ratio. These procedures are applied to smooth the
inconsistencies, jumps, irregularities, etc. Precisely measured SNR is a good indicator of errors
in the data sets and can be used to validate the calculated errors [Thomson, 2013].
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Figure 3.8: Averaging and enhancment of SNR [Thomson, 2013]
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Chapter 4: The Instruments

4.1 GOME on ERS-2

Global Ozone Monitoring Experiment (GOME), a nadir viewing instrument is mounted on the
European Remote Sensing satellite (ERS-2) launched by the European Space Agency (ESA) in
1995. The main focus of GOME is remote sensing of atmospheric chemistry in Earth’s
atmosphere, e.g measuring various the concentrations of atmospheric constituents
(05,NO,,H,0,Br0,NO3, 0,4, 0,, CIO and NO) and provides ozone monitoring. It measures in
the spectral range of 240-790 nm with a moderate spectral resolution of 0.2-0.4 nm [Burrows et
al., 1999].

GOME measures the solar irradiance and the earthshine signals. In all, the following
observations are possible from GOME: aerosols Vertical Optical Depth (VOD), trace gas
measurements, surface properties (albedo and spectral reflectance of surface), clouds (clouds
optical depth, cloud cover and cloud reflectance), radiance measurements and solar variability
(specifically in the UV range of the solar spectrum related to sun 11 year solar cycle) [Burrows
et al., 1999]

Figure 4.1 shows the ERS-2 satellite on which GOME is mounted along with other sensors
[Cersat, 2005]. The overall height of the satellite is 11.8 m and has a total mass of 2521 kg. ERS-
2 carries not only GOME but also several other sensors, Active Microwave instrument (AMI),
Radar Altimeter (RA), Along-Track Scanning Radiometer (ATSR), Precise Range and Range Rate
Equipment (PRARE) etc.

Figure 4.1: GOME mounted on ERS — 2 with several other instruments [Cersat, 2005]
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4.1.1 Solar measurements by GOME

After the launch of ERS-2 in April 1995 it took almost a month for out-gassing until GOME
cooled and started regular measurements in June 1995. To measure the solar spectrum by
GOME, there are two options. The first one is spectrometric measurements. As GOME is a
spectrometer it can measure the earthshine spectra. This means that light from the sun that
has been reflected by the earth’s atmospheric constituents and by the surface before being
measured. The second option is more authentic and reliable where GOME directly measures
the sun spectrum, i.e. irradiance. This is done by using a diffuser in the solar light path [Burrows
et al., 1993, Weber et al., 1998, Burrows et al., 1999].

Once a day (out of every 14 orbits) GOME measures the solar irradiance. When coming from
the night side and crossing the north polar region of earth. The instrument can only passively
view the solar disc for about 50 seconds. This measurement of the solar disc helps to build the
mean solar spectrum of the sun, which is required to retrieve the Mg Il index [Burrows et al.,
1999].

Figure 4.2 displays SOLar Stellar Irradiance Comparison Experiment (SOLSTICE) measurements
of the solar irradiance together with GOME solar irradiance measurements in the spectral range
of 274 to 286 nm, where the Mg Il index is retrieved. There is very good agreement seen
between these two sensors [Peeters et al., 1997]. SOLSTICE is a sensor very specifically
constructed for solar ultraviolet irradiance measurements [Rottman et al., 1993, Woods et al.,
1993, Woods et al., 1996].
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Figure 4.2: GOME and SOLSTICE solar irradiance comparison [Peeters et al., 1997]
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This measurement of the solar spectrum shown in Fig. 4.2 has been taken on June 28" 1996,
which was a time of solar minimum between cycles 22 and 23. Fig. 4.2 clearly shows that GOME
has a better resolved spectrum than SOLSTICE.

4.1.2 Sun diffuser and degradation

The signal received by the instrument from the sun is much more intense compared to the
signal coming from the earth and thus is strong enough to saturate the diffuser. A mesh of 20%
transmission is placed in front of the diffuser. Stray light is reduced by sandwiching a shutter
between the mesh and the diffuser [GOME, 1995, Slijkhuis, 1996]. The major cause of
degradation is the scan mirror that picks up the solar light as well as earthshine. It is exposed to
the open space environment. Degradation is stronger at smaller wavelengths [Slijkhuis, 2004].

4.2 SCIAMACHY on ENVISAT

4.2.1 ENIVSAT

European ENVIiromental SATellite (ENVISAT) is a successor to ESA’s satellites ERS 1 and 2
(European Remote Sensing). It orbits in the sun-synchronous polar orbit at an inclination of
98.55°. The mean altitude is approximately 800 km. The mean local solar time (MLST) is 10:00
am in the descending node. The time for one complete orbit by ENVISAT is 100.6 minutes. It
completes around 14 orbits around the globe every day. ENVISAT carries a pay load of 10
instruments, SCIAMACHY is one of them. SCIAMACHY is mounted on the upper right corner of
the satellite. For the sun observation, it can be seen when the line of sight is directly pointed to
the left [Bovensmann et al., 1999].

4.2.2 SCIAMACHY

The SCanning Imaging Absorption spectroMeter for Atmospheric ChartograpHY is the
abbreviation of SCIAMACHY on board ENVISAT launched by ESA in March 2002. It is an eight
channel spectrometer covering the spectral range of 240 to 2348 nm. It is a passive remote
sensing sensor with a reasonable high spectral resolution of 0.2 to 1.5 nm. SCIAMACHY is a
instrument with three different observational geometries: Nadir, Limb and sun/lunar
occultation [Burrows et al.,, 1995]. The direct sun and moon observations can also be
conducted. The solar irradiance and earthshine radiance enable us to clearly see the reflection,
scattering and absorption characteristics of the earth’s atmosphere. Earth’s surface albedo can
be calculated from the ratio of the earthshine radiance and the solar irradiance. Inversion of
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this ratio gives information about the atmospheric constituents and their abundances.
SCIAMACHY provides a larger spectral range (up to 2.4 microns) compared to GOME
[Bovensmann et al., 1999]. Similar GOME, a daily Mg Il index can be derived from SCIAMACHY.

4.2.3 Schematic & observational modes of SCIAMACHY

SCIAMACHY is a UV-VIS-NIR passive remote sensing spectrometer. The scan mirror is the only
part of the instrument that is movable; all other parts of the instrument are fixed. The radiation
can enter the instrument, through one of the three ports. The solar spectra ranging from 240-
2380 nm can be recorded. All the stray light sources have to be eliminated for the spectrometer
to perform measurements in this spectral range. This is done by using gratings, predispersing
and a prism [Bovensmann et al., 1999].

The light reaches the spectrometer slit and after the collection of this signal, it is passed to the
predispersing prism. Reflective optics are used to split the generated spectrum into four sub-
spectra. Short wavelength ranges 240-314 nm and 314-405 nm are passed to channels 1 and 2,
respectively. The major parts of the spectrum from 405-1750 nm reach channels 3, 4, 5 and 6
without further reflection. The NIR (near infrared) window from 1940-2380 nm is lead to
channels 7 and 8. After all the sub spectrums have arrived at their individual channels the
signals are further processed by eight gratings and eight linear 1024 pixels detector array
[Bovensmann et al., 1999].

To keep the dark current values low and signal to noise ratio reasonable, every diode array in
each individual channel is cooled down. Channels 1, 2 and 6 are kept at 200 K, channels 3, 4 and
5 at 235 K and channels 7 and 8 at 150 K. The whole instrument’s temperature is kept at 253 K
so as to have a very low probability of infrared emissions from the instrument which could
disturb the measurements of channels no 7 and 8 [Burrows et al., 1995, Bovensmann et al.,
1999].

4.2.4 Sun observations and M-Factor

Sun observations are performed when (SCIAMACHY is in a position to see directly into the sun.
After the ascending node when instrument reaches the North Pole sunrise is occurring. To the
left (flight direction) of the earth’s limb the sun becomes visible and solar observations are
performed [Skupin et al, 2003].

The M factor “It is a ratio of two spectrums, the sun spectrum at a specific time to the
calculated spectrum, for the same optical path at a reference time.” This is actually a
degradation correction (end-to-end) for every single light path [Noél, 2001].
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4.3 GOME-2 on MetOp

The Global Ozone Monitoring Experiment (GOME-2) instrument is a nadir viewing
spectromenter aboard the Meterological Operational satellite Programe (MetOp-A) operated
by Europdische Organisation fir imeteorologische Satelliten (EUMETSAT) in co-operation with
ESA. In its pay load, MetOp carries a number of instruments dedicated for meteorological and
climatological studies. The satellite MetOp was launched October 2008 in a sun-synchronous
orbit at a mean altitude of 817 km [Kramer, 2013].

Two additional GOME-2 spectrometers are commissioned for the MetOp program (MetOp-
B/C), MetOp-B was launched in September 2012 and MetOp-C is expected to be launched in
early 2017. GOME-2 is a successor of GOME and monitors the global coverage of ozone, and
other atmospheric constituents and on the daily basis it is observing the solar spectrum
irradiance and earthshine spectrum [Richter et al., 2009, Weber et al., 2007].

GOME-2 is a UV-VIS spectrometer is very similar to GOME. All the lessons that have been learnt
from GOME and SCIAMACHY projects are taken in account, while designing this new generation
instrument (GOME-2 on board MetOp) [Noél et al., 2008, Kramer, 2013].

Figure 4.3 shows the atmospheric constituents measured by GOME-2.

250 300 400 500 600 800 nm

Figure 4. 3: Spectral window & observed atmospheric constitunets [Dikty et al., 2012]

The main calibrating system contains a white lamp (not available for GOME), a spectral lamp
and a solar diffuser. It has a combination of four channels in UV/VIS. Figure 4.4 shows the
schematics of the GOME-2 spectrometer.
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Figure 4.4: Schematics of GOME — 2 [Dikty et al., 2012]

GOME-2 spectrometer scans the sun once a day via a quartz volume diffuser. Figure 4.5 shows
schematics of the spectrometer components of GOME and GOME-2, the yellow boxes highlight
the new parts introduced to GOME-2.
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Figure 4.5: Schematics of GOME and GOME — 2 yellow boxes show new components on
GOME — 2 [Kramer, 2013]
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Chapter 5: The Scientific Method

5.1 Overview

The energy budget of Earth’s atmosphere of the earth (especially the upper atmosphere) is
influenced by the variability of solar irradiance on various time scales. Change in the level of
solar UV radiation results in changes of atmospheric heating by absorption with a capability to
effect the global distribution of ozone. This actually causes concerns to earth’s environment
and is a strong reason to monitor solar irradiance by using space borne instruments like GOME,
SCIAMACHY and GOME-2. These instruments observed the solar spectral irradiance in the
UV/VIS/NIR spectral region.

Measurements of the sun’s spectrum are used to derive the solar proxies. These indices
indicate the sun’s activity specifically its 11 year solar cycle or its 22 year magnetic solar cycle.
The Mg Il has been derived from GOME, SCIAMACHY and GOME-2 instruments onboard
different satellites in different time spans (but overlapping well to keep a good record) from
1995 until today.

Figure 5.1 shows absorption signatures of different elements, specifically the Mg Il doublet at
280 nm measured by GOME (July 22, 1995). Some of the results on the chromosphere and the
photosphere and their correlations with Mg Il will be discussed in the upcoming section.
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Figure 5.1: Solar irradiance spectrum measured by GOME on 22 July 1995 [Weber, 1999]

5.2 Solar spectral irradiance calibrations and
corrections

The main advantages to derive a solar proxy for the sun activity instead of using direct
measured solar flux variations are that these indices cancel out or at least take into account the
instrumental drifts, while with solar flux it is not very easy to do so. Secondly, there might be
some days when no solar measurements are conducted due to unfavorable conditions in space.
By using statistical models from the record of the sun measurements (typically solar proxies)
the solar spectrum can be reconstructed [e.g. Lean et al., 1997]. Moreover, these proxies are
accessible easily and easy to handle in scientific work.
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5.2.1 Solar spectrum calibrations

The solar irradiance spectra from GOME, SCIAMACHY and GOME-2 are corrected by applying
similar calibration steps. GOME measurements are explained here for which every solar
spectrum is normalized to 1 AU earth-sun distance. Data calibration at the ground comprises
several steps e.g. the adjustment of the measured solar spectra and the earthshine spectra by
GOME keeping a check on the leakage current, focal plane area (related to the voltage control
of coolers), stray light control and finally pixel to pixel variability (by using on board LED
measurements) [Weber 1999, Weber 1998].

5.2.2 Degradation correction

The Mg Il index can be calculated after an etalon correction is carried out. The etalon
corrections also provide a degradation correction similar to the m-factor approach used for
SCIAMACHY. As the degradation increase is mostly a monotonic function with decreasing
wavelengths, fitting a high order polynomial to solar ratios is sufficient to correct for
degradation. Figure 5.2 shows the GOME UV degradation correction factor as a function of time
obtained from a polynomial (solid curve) to the GOME/SSBUV low resolution ratio (dashed
curve) for a solar spectrum measured on 22 December 1998. The degradation correction is
applied to a small spectral range around 280 nm
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Figure 5.2: Degradation fiting on channel 1 of GOME, on 22 December, 1998 [Weber, 1999]
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5.2.3 Etalon correction

The detector arrays in all channels of GOME contain a 3 um thick layer of SiO, specifically on
channel 1 (240-315) nm. Switching on the coolers of the detectors followed by an accidental or
intended heating of detector causes a thin ice layer to reform on the surface of the SiO,
protective layer. This ice layer changes the internal reflectivity of the layer that acts as an etalon

and thus causes a shifting etalon pattern. The etalon patterns are also visible in solar irradiance
ratios.

If the etalon correction is not taken into account in the retrieval of Mg Il index there will be
jumps and discontinuities after the coolers are switched on.

A simple etalon fit is shown in Fig. 5.3. The fitted polynomial is represented by the diamonds
and the Mg Il and Mg | emission peaks at 280 and 285 nm are excluded from the fit. F.o¢ is the
spectrum of GOME on 14" of January 1997. This procedure helps to remove the jumps and
discontinuity in the Mg Il index [Weber, 1999, Weber, 1998].
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Figure 5. 3: Etalon fiting in channel 1 of GOME, on 1st December, 1998 [Weber, 1999]
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5.3 Retrievals of Mg Il index

Calibrated data from channel 1 of GOME instrument has been corrected the etalon patterns
before calculating the Mg Il index. There are two approaches that are used for calculating the
Mg Il index.

The first one is the classical approach introduced by Heath and Schlesinger in 1986. In this
method 7 different points are used; three points at the core and four points at the wings after
degrading the spectral resolution to 1.1 nm (similar to SBUV). Figure 5.4 shows the
representation of classical approach used for GOME-2. The curved line is the measured solar
spectral irradiance and the solid line is its average
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Figure 5.4: Classical approach for Mg II index calculation used for GOME — 2 [Weber, 2013]

For the high spectral resolution Mg Il index (without degrading the spectral resolution) wing
values are derived by taking the mean of maxima of four parabolas fitted through the following
data pixels: 275.79 — 276.23 nm, 276.34 — 276.79 nm, 282.92 — 283.25 nm and 283.69 — 284.12
nm [Weber 1998, Weber, 1999].

The core values are obtained by integrating over a range of 0.2 nm over both emission cores
which makes the emission perceptible. High resolution/integration definition is used for GOME
and SCIAMACHY (resolved emission cores, no convolution) as shown in Fig. 5.5. It represents

49



measurement while the solar activity was maximum for solar cycle 23, on 24" of September,
2001.
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Figure 5.5: Integration approach used for GOME and SCIAMACHY [Weber, 2013]
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almost constant throughout the 11 year solar cycle. This is shown in Fig. 5.6, where GOME
measured the maxima and minima of solar activity in April 2000 and April 2009, respectively.
This shows clearly shows the variability in the emission core over a solar cycle.
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Figure 5.6: GOME observed solar maximum and minimum [IUP Bremen, 2013]

Mg Il Index, Wing and Emission Core from GOME [1995-2011]

52 T T y
L " Mg Il Index J
- -_ Emission Core —0.155
330 50" wing Values ]
s S s
E [ € o 10.150
E | § [ ] o
£ =l E F | g
9] F O L =
3 (&) gl o
S - ] -
2 -8 [ —0.140
; I uEJ 44 | al
320 5 | ! J‘,Jh L .
' N" ahh !
. r ,mu H | ~0.135
L - | ]
| a0l AT e Jo13o
1995 2000 2005 2010 2015

Time [Years]
Figure 5.7: GOME Mg Il index, wing values and emission core

Figure 5.7 shows the time series of the GOME Mg Il index (red) along with the core (blue) and
wing values (black). The etalon correction also acts as a degradation correction, where very
little change in the wing value is observed. This shows that the variability in the emission core is
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directly related to the solar cycle. Wing values are supposed to be constant but variability can
be sobserved. Changes in the wing values are prominent after 2003 until end of 2009. This is
due to the fact that degradation has a significant impact on the wings.

The short term chromspheric emission is linked to sun’s 27 day rotation on short time scales
and 11 year solar cycle on longer time scales. The SCIAMACHY (2002-2012) and GOME-2 (2007-
Present) Mg Il index time series are illustrated in Fig. 5.8, changes in the wing values for
SCIAMACHY are fairly stable decreasing downwards from the start until the end of the mission.
For GOME-2 the wing value slightly increases, however, the changes are small (less than a per

mil).
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Mg Il Index, Wing and Emission Core from GOME-2 [2007- Present]
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Figure 5.8: Mg Il index, wing values and emission core from SCIAMACHY (upper panel )
and GOME — 2 (lower panel )

5.4 Error model for the Mg Il index

The Mg Il index is a ratio of seven different points. The numerator consists of 3 emission core
values and the denominator contains 4 wing values. Mathematically it is written as follows:

4 C279.8+C280.01tC250.2
M = (=

(C = core values, W = wing values)
37 W76.61W2768+W2g32+W2g3 4

M =% (core to wing ratio) (2)

Here, “C” represents the average core emission while “W” the average wing value. The
objective is to calculate the error “AM” caused by the degradation on the instrument. For this
reason, we need to apply the error propagation as follows.

o= |20y + (2 awy: 3
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(4)

The equation (3) then becomes:

AM = \[WL (AC)? + = (AW)? (5)
1 c2

M = — \[ (AC)? + - (AW)? (6)

AM = — [ (AC)Z + M?(AW)? (7)

Furthermore it is assumed that the noise in the emission core is similar to noise in the wing
values.

AC = AW = Al
I = signal Al = noise in the signal

Equation (7) becomes:

AM = ZVI+M? (8)
%z SNR-L(t)

As the SNR changes with time, SNR (t) can be expressed as a product of the SNR at the
beginning of the mission (and characterized from pre-launch calibration) with a time dependent
degradation factor d(t).

SNR (t) = SNR, * d(t) (9)
SNR, = signal to noise ratioat t = t,

And

d(t) - IuncorIrec'ced (t)
(to)

Equation 9 can be further modified by taking into account four wing values that have been used
as background for the Mg Il index retrievals, already corrected with etalon and degradation
corrections. The square root of the number of points used in the wing values are used to
normalize the SNR, , in order to enhance the estimation for signal to noise ratio at t = t,.
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SNR,

SNRO (enhanCEd) - \/number of wing values used (10)
Finally,

1
SNR™1(t) =

SNR, (enhanced) * d(t)

AM =SNRI(t) {/ 1 + (M)? (11)

The main purpose here is to estimate the change in errors with time taking into account

degradation effects.
Time dependent degradation d(t)

Time degradation d(t) is just a ratio of intensities I, corrected (t)/Iuncorrected(ty) averaged
over 276-284 nm . [ corrected (to) is the reference intensity of signal at t = ty. Iyncorrected (t) is
the intensity t = t, (as instrument starts observations). I pcorrected (t) is the time dependent
intensity suffering from optical degradation. This ratio is basically identical to the mean etalon
correction over the same wavelength interval.

Signal to noise ratio att = ty (SNR)

When instrument’s electronics are switched off, an electronic signal still exists within the
system giving rise to black current. This is the primary reason that noise can be observed at t
=t, (before launch). SNR, (signal to noise ratio at t = t;) is important to be quantified, in order
to estimate the errors present in the measurements. Calibration is implemented here which
takes this background signal into account and helps to estimate the noise caused by black
current.

The Mg Il index is retrieved in the wavelength range of 276-284 nm. This spectral region
corresponds to several detectors’ pixels. Instrumental precision (as part of the calibration
process) help us to calculate the noise linked to every individual pixel. This calculated noise is
then averaged for all the pixels in the above mentioned wavelength range. This finally provides
the mean SNR,, (signal to noise ratio at t = t;).

SNR, (enhanced) for GOME, SCIAMACHY and GOME-2

SNR, for GOME has been estimated by using GOME SNR precision data from July, 1995 P.
Liebing (personal communication). The mean SNR,, (signal to noise ratio at t = t;) for GOME

was determined to be 1/4.6 x 10™*. As SNR,, (enhanced) = SNRo is utilized
J/number of wing values used
«10—%
in the simple error calculation model, finally SNR, (enhanced) = 2010 231074

N
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SNR, for SCIAMACHY has been estimated by using SNR Errors data provided by P. Liebing
(personal communication). The pixel numbers for SCIAMACHY starts from 508 to 560 in 276-
284 nm wavelength range. The mean of noise of these pixels is 7.3 * 10™*. For sun diffuser
state the noise is calculated for single read out, but originally there are 200 read outs. The mean
of the noise is then normalized by the square root of the number of read outs. The mean SNR,
(signal to noise ratio at t = t,) for SCIAMACHY was determined to be 1/5.2* 1075, Using
equation 10; SNR, (enhanced) = 2.6 *107°.

SNR, for GOME-2 has been provided by (R. Lang. personal communication). This estimation is
computed while taking wavelength range of 276-284 nm, and pixels corresponding to it. The
mean SNR, (signal to noise ratio at t = t,) for GOME-2 was determined to be 1/7.0 * 107,
Using equation 10; SNR, (enhanced) = 3.5 10~*. The simple error calculation model for the Mg
Il index has been validated with signal to noise ratio provided by the R. Lang (personal
communication).
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Chapter 6: Results

6.1 Mg Il index, solar proxies and filtering

For the validation of the composite Mg Il index, three different solar proxies are used in this
study, as stated in chapter 3, namely Lyman Alpha, F10.7 cm solar flux and sunspot numbers. By
using different techniques, their correlations with the Mg Il index have been calculated and
very good agreements are found confirming the authenticity and the quality of the Mg I
composite index used in this research work. Figure 6.1 depicts the used solar indices spanning
1980 until 2012.

Different Solar Indices Smoothed Over One Solar Rotation [27 Days]

3 g-ggg Composite Mg Il Index

2 W Smoothed over [27 Days]
= 0.290 8

2 0.285F

Comite Lyman Alpha
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No of Sunspots
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W

F 1.7 cm Solar Flux
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F 10.7cm  No of Sunspots
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Time [Years]

Figure 6. 1: Time series of Daily solar proxies from 1980 until 2012 depicted in different
colors.

As clearly seen in the Fig. 6.1, the record of sunspot numbers is densily populated in
comparison to the other solar indices because it is an indicator of strong solar photospheric
activity. On the other hand all remaining three solar indices shown in the first, second and last
panels demonstrate week solar chromospheric activity.

The 27 day rotation (and corresponding beat frequencies like 55 days) leaves a signature in the
upper atmosphere as observed in the ozone vertical profile [Dikty et al., 2010]. The low
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frequency content of the solar proxies is shown in Fig. 6.2 after applying a 55 day triangular
smoothing to the time series. Furthermore this simple technique helps to identify when exactly
sun activity increases and after completing its duration when it decreases. This information is
needed to estimate the length of solar cycle (as it differs from 9 to 12 year) and identify the
exact date for solar maximum and minimum which is not possible with daily measurements.

The correlations between the Mg Il index and the other solar proxies are very high, i.e., 0.99,
0.98, and 0.97 for F10.7 cm solar flux, Lyman alpha and sunspots, respectively.

Different solar indices smoothed over two solar rotations [55 Days]
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Figure 6. 2: Solar indices smoothed over 55 days (two solar rotations)

The unwanted features in the signals have to be filtered out. This process removes the
background signals and places an emphasis on the desired frequency range contained in the
time seires, e.g. the 27 day signal enhancing the efficiency of the datasets.

Filtering for all four solar indices has been applied with an emphasis on the short term trends.
Figure 6.3 shows the various solar proxies after subtracting the 55 day triangular smoothed
time series from the original and highlights the rotational variability dominated by the 27 day
signal that is larger during solar maxima.
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Different Solar Indices Filtered [1980 - Present]
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Figure 6. 3: Different solar proxies low frequency filtered

The correlations of the Mg Il index with the other solar proxies are listed in Table 6.1. Ooverall
the correlations are observed to be very high.

Mg Il & no of R=0.925 R=0.943 R=0.978 R=0.715
Sunspots

Mgll & Lyman R=0.957 R=0.973 R=0.986 R=0.872
Alpha

Mgll&F10.7 R=0.963 R=0.979 R=0.991 R=0.789

cm Solar Flux

Table 6. 1: Correlations between Mg I and various other solar indices

The scatter plots between Mg Il index and F 10.7 cm data, the sunspot number and Lyman
alpha for the time period 1980-2012 are displayed in Figs. 6.4 and 6.5, respectively.
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Figure 6.4: Scatter plot between Mg Il index and F10.7 cm
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Mg Il Index and Lyman Alpha [1980-2012]
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Figure 6.5: Mg Il index and sunspot numbers [above] and Mg I index and Lyman alpha
[below]

6.2 Mg Il index from GOME, SCIAMACHY and
GOME-2

The GOME (1995-2011), SCIAMACHY (2002-2012) and GOME-2 (2007-until today) data provides
the later part of composite Mg Il index from 1995 until today. All three instruments overlap in
time with each other very well enabling us to have a composite index. Figure 6.6 shows the
time slots of the Mg Il index from GOME, SCIAMACHY and GOME-2 from 1995 until 2013.

GOMLE started observations in 1995 at the end of solar cycle 22 and the beginning of cycle 23.
From 1995 to 1997 the activity remained low and after 1997 it started increasing and the solar
cycle 23 reached its maximum just after the start of 2002. Afterwards it reduced down until the
end of 2010 and the solar cycle 23 finished, while cycle 24 started and approached the solar
maximum. In 2011 GOME instrument stopped measurements after 16 years. In Fig. 6.6 the Mg
Il index from GOME is represented in the first panel in orange color and the black curve shows
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the 27 days smoothed signal. In comparison to panel 2 and 3 GOME has the longest time span
(16 years).

Mg Il Index from GOME, SCIAMACHY & GOME-2 1995 - Present
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Figure 6.6: Mg Il index from GOME, SCIAMACHY and GOME — 2

SCIAMACHY was launched, in 2002 during the maximum activity of solar cycle 23. SCTAMACHY
was operational for ten years and there is almost nine years of overlap with GOME, very good
agreement for Mg Il index has been observed between both instruments for the overlapped
years (2002-2011). In addition, some differences are observed towards the end of solar cycle
23; e.g., just after the start of 2009, a sharp spike is observed in Mg Il index from GOME while
no such sudden increase is witnessed in SCIAMACHY data product. The possible explanation for
such a discrepancy is that GOME underwent more optical degradation in its last years.

GOME-2 started observations in 2007 during the minimum activity of solar cycle 23. This
instrument is still operational and continuing observations. GOME-2 overlaps not only with
GOME from 2007-2011 but also with SCIAMACHY from 2007-2012. Optical degradation
apparently affected GOME-2 more in comparison to GOME and SCIAMACHY. The degradation
rate for all three instruments will be discussed and compared in the next section. This will help
us examining how degradation caused errors in the Mg Il index.
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6.3 Degradation rate of GOME, SCIAMACHY and
GOME-2

The degradation rate d(t) as discussed in chapter 5, are shown in Fig. 6.7 for GOME,
SCIAMACHY and GOME-2. Maximum degradation occurred to GOME and minimum occurred to
SCIAMACHY. GOME-2 results show the fastest degradation rate. At the end of the GOME and
SCIAMACHY missions, the degradation was close to 10% and 80% to the initial values,
respectively. GOME-2 degraded up to 70% after six years in space.

This degradation curve varies over time and it quantifies the instrumental performance. In the
first four years of GOME (1995-2011) degradation depicted in orange, three sharp spikes are
observed due to accidental heating and subsequent cooling of the detactor (the spikes after
2000 are due to pointing anomalies). Solar activity increased from 1999 to just before the end
of 2001 and reached maxmium for solar cycle 23. Consequently a steep decline has been
recorded in the degradation curve dropping from 90% to 50% within these two years. The slope
stabalizes from 2001 until mid 2002 as the solar activity stayed at the maximum. From mid
2002 until the mid 2005, the solar activity declined, at this point, the degradation curve drops
from 50% to 20% within three years. For the remaining operational time from mid 2005 until
2011, the degradation curve stayed stable and only dropped to 10% in six years.

SCIAMACHY (2002-2012) is an extended design of the GOME instrument. Eventhough
SCIAMACHY started observations when solar cycle 23 was at its maximum, very low
degradation was recorded (depicted in violet) in comparison to GOME for the same period.
SCIAMACHY degraded only 5% from 2002 until 2005, while in the same time period GOME
degraded up to 30%. After 2005, a continuous decline in the degradation curve is observed
from 2005 to 2009, reducing from 95% to 85% in four years. Right at the beginning of 2009, a
sharp decrease is recorded; the possible reason for this decrease is the decontamination of the
instrument. Afterwards the degradation curve stabilizes. In early 2010 the degradation curve
shows recovery. Possible explanation for this feature is that the power supply mounted on
SCIAMACHY accidentally distributed power to all optical systems. This energy distribution
helped to overcome the degradation through heating of the optical mirrors [K. Bramstedt
personal communication]. This recovery started at the beginning of 2010 until the end of
SCIAMACHY mission and recovered degradation from 78% to 83%.
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GOME,SCIAMACHY and GOME-2 Degradation Rates
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Figure 6.7: Degradation rate, GOME, SCIAMACHY, GOME — 2 in the spectral range of 276 —
284 nm

GOME-2 (2007 - until today) and SCIAMACHY had similar improvements in design. But the
GOME-2 degradation curve (depicted in red) behaved strange right from the beginning. In the
beginning of the GOME-2 mission, solar activity was minimum but degradation was as strong as
for GOME at solar maximum. GOME-2 degradation curve (2007 to 2010) is even steeper than
the GOME curve (1999 to 2001). There are no well known explanations available for such a
steep decline. Measures were taken in 2010 to counteract the severe degradation which
significantly slowed down the degradation rate. The sharp decrease in the curve observed
around 2010 shows the technical operations taken to improve degradation. After 2010
degradation rate slowed down. From 2007 to 2010, 55% degradation was observed and from
2010 to 2013 only 13% additional degradation was observed. In the first three years (2007-
2010) the degradation was four times stronger than the last three years (2010-2013).
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6.4 Simple error model applied to Mg Il index

In chapter 5, the error model was discussed. This error model will be now used to estimate the
errors caused by optical degradation of GOME, SCIAMACHY and GOME-2.

Error associated to GOME Mg Il index (1995 - 2011)

The Mg Il index for GOME over the time span 1995-2011 is displayed in black in the upper panel
of Fig. 6.8 together with the estimated error at 1-sigma confidence level in orange color,
SNR, (enhanced) used in this study is 2.3*107%, as discussed in Section 5.5. In the beginning
(21995 until 1999) solar activity was minimum and correspondingly the Mg Il index is fairly low
and stable. Beginning of 1999, the increase in the solar activity is prominent. The activity
increased until 2002 where the peak in the Mg Il index is observed, this represents the
maximum of solar cycle 23. Here the degradation is stabilized for a while then followed a
decline from 2002 until the mid 2003. A gap in Mg Il index can be seen after mid 2003 which
recovered after a short time period. This gap was caused by the lost of the tape, which was
used to store measurements. Afterwards, the measurements were possible but only when the
instrument was exactly on the top of downlink station in the Northern Sweden. This decreased
the amount of data received and imposed a possible impact on the quality of data. From mid
2003 until the end of 2008, the Mg Il index reached the end of solar cycle 23. Solar cycle 24
started at the beginning of 2009, it stayed mostly stable from 2009 until 2010, moreover in the
last year of GOME mission from 2010 until 2011 solar activity started increasing and a small
peak is observed. In 2011 the instrument stopped working and an end of the mission was
declared.

The estimated error is shown in the middle panel of Fig. 6.8, in the first four years of GOME
mission estimated error curve increased linearly. As the solar activity approached the
maximum, two prominent spikes are observed in the error curve just after the start of 2001. A
small spike is seen at the time of recording tape loss (2003). After 2003, the increase in the
slope of error curve is observed due to the fast decontamination to the instrument. The total
error estimated is around 17% from 1995-2011.

The degradation rate is shown in the last panel of Fig. 6.8, from 1995 until 1999, only 10%
degradation is observed as the solar activity was minimum. There is a deep decline from 1999
until 2001, dragging the bringing the curve from 90% to 50%. This curve stabilizes from 2002
until 2003. Moreover from the beginning of 2003 until the end of 2007, there is second deep
decline observed bringing the degradation curve from 50% to 20%. The possible explanation for
both declines is sudden decontamination to the instrument caused by the increase in the
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number of highly energetic particles coming from the sun, as solar activity increases. Last four
years (2007 to 2011) degradation is fairly slow decreasing from 80% to 90%.

Mg Il Index, estimated error and degradation rate from GOME 1995-2011
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Figure 6.8: Mg Il index from GOME, estimated error and degradation rate

GOME covered one and half solar cycles, complete solar cycle 23 and half of 24 from 1995 to
2011 (first panel). Estimated error associated to Mg Il index is around 0.17% (middle panel). In
16 years the instrument degraded around 90% (last panel) in the spectral range of 276-284 nm.

Error associated to SCIAMACHY Mg Il index (2002 - 2012)

Figure 6.9 shows the results for SCCAMACHY and has the same layout as discussed in Fig. 6.8
with SNR, (enhanced) as 2.6*107>. In the first panel, it is evident that SCIAMACHY started
observations when it was near the solar maximum of solar cycle 23. The peak in the Mg Il index
is observed after the mid 2002 as solar cycle 23 reaches it maximum. Afterwards the Mg Il index
descended linearly until the start of 2009. Just after the start of 2009 there is a sudden decline
in the Mg Il index, this is due to the fact that SCTAMACHY underwent decontamination at which
the Mg Il index reached its minimum in 10 years of SCIAMACHY mission. After the recovery
from the decontamination, from 2009 until the beginning of 2010, the solar activity started to
increase towards the maximum of solar cycle 24; this can be clearly seen in top panel of the Fig,

66



6.9. From 2010 until mid 2011, a peak is observed followed by a decline from mid 2011 until the
end of SCIAMACHY mission.

Mg Il Index, estimated error and degradation rate from SCIAMACHY 2002-2012
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Figure 6.9: Mg Il index from SCIAMACHY, estimated error and degradation rate

The estimated error is shown in the middle panel. From the beginning of SCTAMACHY mission
until the start of 2009, a smooth increase is observed in the error curve. Just after the start of
2009 a sharp jump is clearly seen in the error curve, as a result of sudden decontamination
(discussed in the paragraph above). After 2010 until the end of SCTAMACHY mission, an unusual
behavior is observed in the estimated error curve (middle panel) i.e. the decrease in the error
estimation curve regardless of increase in the solar activity. The possible explanation for this
odd behavior is the energy distribution to the optical components of instrument by the power
supply mounted on SCIAMACAHY as discussed in Sec 6.3. From 2002 until 2012, the estimated
error for Mg Il index is 0.0035%. In 2012 the communication with the instrument was lost and
the end of mission was declared.

The degradation rate is displayed in the lower panel, it descends fairly linearly and only 13% of
degradation is observed in 8 years from 2002 to 2009. Just after the start of 2009, a deep
decline is observed in the degradation rate due to the fact that instrument underwent sudden
decontamination, bringing the error curve from 87% down to 83%. Moreover, from the start of
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2009 until the end of SCIAMACHY mission a significant recover is observed in the degradation
curve as already discussed in Sec 6.3. During its operational years, SCIAMACHY covered half of
solar cycle 23 and a little less than half of solar cycle 24 (see first panel), the estimated error
associated to Mg Il index is around 0.0035% (middle panel). The instrument degraded around
17% (last panel) in the spectral range of 276-284 nm.

Error associated to GOME-2 Mg Il index (2007 - Present)

Figure 6.10 shows the results for GOME-2 and has the same layout as discussed in Fig. 6.8 with
SNR, (enhanced) as 3.5%10~*. At the beginning of the GOME-2 mission in 2007, solar activity
of solar cycle 23 was at the minimum, the corresponding Mg Il index is low as can be seen in the
first panel. From 2007 until the start of 2010, the Mg Il curve is fairly constant. After 2010
changes are seen in the Mg Il index and just before the start of 2012, it reached the highest
peak in six operational years of GOME-2. From 2007 to 2013 (still operating), GOME-2 covered
less than half of solar cycle 24.

In the middle panel, the estimated error is shown. Right after the launch, an inclination was
observed in the error curve. From 2007 until mid 2009, the estimated error curve increased
from 0.035% to 0.075% in just less than three years. This fast increase in the estimated error is
due to the fact that the instrument suffered from severe degradation. After the degradation
phase in late 2009, the estimated error sharply decreases (as the degradation enhances),
however the increase of the error with time is slowed down (from 2010 until present the error
increases from 0.080% to 0.12%).

Right after the launch, a sudden and deep decline is observed in the degradation curve (last
panel) owing to the unexpected degradation. The slope of the degradation curve, from 2007
until mid of 2009 (before the sudden jump), shows the fastest degradation rate among all three
instruments GOME, SCIAMACHY and GOME-2. From 2007 until mid 2009, 45% degradation was
recorded and from mid 2009 until 2013 (after the degradation phase) only 25% was observed.

From 2007 to 2013, GOME-2 covered a little less than half of solar cycle 24 (first panel).
Estimated error associated to Mg Il index is observed to be around 0.12% (middle panel). The
instrument degraded around 70% (last panel) in the spectral range of 276-284 nm.
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Figure 6.10: Mg Il index from GOME — 2, estimated error and degradation rate

The summary plot of the Mg Il indices of the three instruments and their associated errors are
shown in Fig. 6.11.

The top, middle and lower panels in Fig 6.11 display the Mg Il indices and 1 sigma confidence
level, from GOME (1995 - 2011), SCIAMACHY (2002 - 2012) and GOME-2 (2007 — Present),
respectively. All of the instruments operated in different time slots that overlapped each other
quite well enabling us to compare the Mg Il indices.

From 2002 until 2009, a very good agreement is observed between GOME and SCIAMACHY. At
the start of 2009, a small isolated peak is observed in GOME Mg Il index (first panel), whereas
no such a peak exists at same time period in SCIAMACHY (middle panel). Similarly, for GOME-2
(lower panel) the Mg Il index has no such peak.

When SCIAMACHY and GOME-2 (middle and lower panels) are compared, an isolated peak in
the GOME-2 Mg Il index seems to appear in the middle of 2010. Such a peak is not evident in
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GOME and SCIAMACHY (first and middle panel). The observed differences may be due to the
systematic errors which were not taken into account in our error estimates.

Mg Il Index and estimated error from GOME, SCIAMACHY & GOME-2 1995-Present
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Figure 6.11: Composite of Mg Il index obtained GOME, SCIAMACHY and GOME — 2 with
the statistical error at 1-sigma confidence level

6.5 Validation of GOME-2 results

Figure 6.12 shows both the estimated error (in blue) and the calculated SNR (in red) for GOME-
2. The SNR at the beginning of observation (t,) for our model, used here is taken from the
calculated SNR provided by EUMETSAT. The SNR, (enhanced) is not used here to keep the same
starting point for both quantities. The SNR at t, is 7.0*107*. The spikes observed in calculated
SNR is due to the fact that the change in the earth-sun distance is not taken into account. In
general, the datasets are in good agreement. The correlation coefficient between the two is
0.95
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Figure 6.12: Calculated degradation error by using our simple model and signal to nosie ratio
provided by EUMESAT for GOME — 2

The presented validation authenticates the quality of the model used in this research work for
GOME-2.

The GOME and SCIAMACHY results are not validated in this study because of lack of daily
measured SNR that is a prerequisite for the validation process.
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Chapter 7: Conclusions and Outlook:

7.1 Summary and Discussions

It is fundamentally important to enhance the knowledge about the solar terrestrial relation. The
Mg Il index is an important solar proxy that describes the 11 year solar cycle variability in UV
solar irradiance. This work documents the error analysis of the Mg Il index from GOME,
SCIAMACHY and GOME-2 in the time span from 1995 to 2013.

To summarize, the simple error model that has been developed in this study and implemented
on the Mg Il indices from the above mentioned instruments. Mg Il index retrievals (not part of
this thesis work) were performed by using a combined etalon and degradation correction
before calculating the index. These corrections were performed by fitting high order
polynomials to intensity ratios. This optimal combination of fit parameters finally provides the
Mg Il index. From the three Mg Index time series (GOME, SCIAMACHY, and GOME-2) and by
incorporating other satellite instruments a composite Mg Il index can be derived. This
composite Mg Il index correlates very well with sunspot numbers, F10.7 cm solar flux and
Lyman alpha (different correlation and filtering tests have been successfully applied). Very good
agreements have been found: Mg Il index and sunspot numbers have correlation coefficient of
0.92, Mg Il index and F 10.7 cm with 0.96, Mg Il index and Lyman alpha have 0.97.

A simple error model has been developed that takes into account the initial SNR at the start of
the mission and the degradation of the instruments over time. This model has been applied to
GOME Mg Il index. GOME covered one and half solar cycles from 1995 until 2011. At the
beginning of GOME mission, the SNR, (enhanced) with the value of 2.3*10™* is used in the
error model instead of the initial SNR. This yielded the maximum estimated error associated to
Mg Il index of 0.17%. The instrument degraded around 90%, which is the maximum degradation
observed among all three instruments.

In the same way this model has been applied to SCIAMACHY Mg Il index. SCIAMACHY covered
10 years from 2002 until 2012. For SCIAMACHY the SNR, (enhanced) of 2.6*107° has been
used in the error model and gave the maximum estimated error associated to Mg Il index of
0.0035%. The instrument degraded around 17%, which is the minimum degradation among all
three instruments.

The model was applied on GOME-2 Mg Il index. GOME-2 started observations in 2007 and it is
still operational. For GOME-2 the SNR, (enhanced) with the value of 3.5*10~* has been used in
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the error model and provided the maximum estimated error associated to Mg Il index as 0.12%.
The instrument degraded around 70% which is the fastest degradation rate among all three
instruments.

The estimated error for GOME-2 Mg Il index has been validated with the measured signal to
noise time series from EUMESAT. Very good agreement was found between results of the
simple error model, developed and implemented in this study, and the SNR time series. This
confirms the good quality of tour results. Consequently, this error calculation model is shown to
be adequate to address the degradation that is the main cause of uncertainties in the Mg Il
index retrievals.

7.2 Outlook

The presented study has given an error analysis for GOME, SCIAMACHY and GOME-2. The
simple error calculation model has only taken in account the random errors (caused by
degradation). This model can be further improved by evaluating and taking systematic errors
into consideration. A systematic error which is constant in time is called a bias. A systematic
error which changes over time is called the drift. Drift and bias quantification can help to
further improve the error model. Nevertheless, the new error model introduced here provides
a reasonable estimate of the long-term stability of the Mg Il index time series.

The GOME and SCIAMACHY lack of daily measured SNR that is a prerequisite for the validation

process. In order to validate their results, a detailed analysis of SNR should be performed as a
first step for both spectrometers
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