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Sommario

L’irradianza solare, cioe il flusso di energia proveniente dal Sole e diretto
verso la Terra, ¢ la principale risorsa di energia del nostro pianeta. Questo
flusso di energia varia su diverse scale temporali, da pochi minuti durante i
brillamenti solari fino a migliaia di anni, a causa delle variazioni del campo
magnetico solare. Tutte queste variazioni hanno effetto sulla Terra, modifi-
candone il clima e il tempo meteorologico. Infatti, anche se queste variazioni
sono molto inferiori rispetto al valore totale di irradianza, potrebbero giocare
un ruolo fondamentale nel bilancio energetico terrestre, in particolar modo se
persistono per lunghi periodi. Oltretutto, la variabilita solare non & uniforme
su tutto lo spettro, ma ¢ maggiore per piccole lunghezze d’onda.

In secondo luogo, potrebbero essere presenti meccanismi di feed-back che
amplificherebbero 'effetto della variabilita solare sul clima terrestre. Uno
dei piu studiati in questo senso e la modulazione del flusso di raggi cosmici
galattici da parte del vento solare. Il flusso di raggi cosmici e collegato alla
ionizzazione dell’aria e alla formazione di nuclei di condensazione, fondamen-
tali per la formazione nuvolosa. La presenza di nuvole influenza il budget
energetico dell’atmosfera terrestre modificando 1’albedo e rilasciando calore
latente durante la condensazione.

L’obiettivo di questo lavoro e lo studio di metodologie per la rilevazione
di segnali solari nei parametri meteorologici e climatici, e piu precisamente,
nelle serie temporali di temperatura e livello colonnare di ozono. Le meto-
dologie utilizzate sono state semplici test di correlazione e analisi di Fourier,
analisi mediante trasformate wavelet, ed infine analisi mediante Empirical
Mode Decomposition (EMD) e successiva analisi dello spettro di Hilbert.

I test di correlazione non hanno portato a conclusioni rilevanti. L’analisi
di Fourier nel dominio delle frequenze ha segnalato la presenza di componenti
in frequenza associabili ad attivita solare, ma anche questo risultato non e
molto significativo.

L’analisi di Fourier, utile sotto molti punti di vista, possiede pero lo
svantaggio di perdere 'informazione temporale del segnale analizzato. Allo
scopo di risolvere questo inconveniente e stata utilizzata 1’analisi wavelet, che
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consente di analizzare un segnale nel dominio tempo-frequenza. Questo tipo
di analisi consente una migliore identificazione delle componenti di frequenza
nel tempo, ma non fornisce dei risultati quantitativi.

L’analisi multiscala del segnale attraverso 'algoritmo dell’ Empirical Mode
Decomposition, consente di scomporre una serie temporale in diversi 'modi
intrinseci’ (Intrinsc Mode Functions), descrivibili come funzioni oscillatorie a
diverse scale temporali. La trasformata di Hilbert consente di trasformare gli
IMFs in segnali complessi, definendo quindi una fase variabile nel tempo. La
derivata di questa quantita rappresenta la frequenza istantanea. Lo spettro
di Hilbert diventa quindi la rappresentazione del segnale di partenza nel
dominio tempo-frequenza.

L’utilizzo di questa metodologia ha permesso di trovare una componente
della serie temporale di temperatura, che potrebbe quantificare il singolo con-
tributo della variabilita solare. Inoltre, 'EMD risulta un metodo alquanto
efficace per estrarre un trend da una serie temporale, senza dover fare assun-
zioni arbitrarie, come accade per esempio con una media mobile o un’analisi
multiscala tradizionale.

I possibili sviluppi in un futuro lavoro potrebbero essere ’applicazione
del’EMD ad altri parametri meteorologici e climatici su scala locale e globale,
o la combinazione del’EMD con I’analisi wavelet.
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Introduction

The Sun provides a significant energy input to the Earth atmosphere. Such
an energy input varies by different amounts on various time scales according
to specific wavelength bands.

The Earth’s climate and weather are interested by the solar output, which
impacts relevant atmospheric processes. The solar energy flux variations are
small compared to the total amount of the incoming energy, but they could
play an important role in the global energetic balance and in the terrestrial
climate, especially if they persist for several decades. In fact, there are evid-
ences that the Sun had been the major driver of Earth’s climate and paleocli-
mate in the past. However, there is no significant evidence that solar output
and variability have contributed in a significant way to the increase in global
mean temperature in the past 50 years [10].

A key area of inquiry deals with defining a unified record of solar output
from present to pre-industrial era. In order to do this, attention is paid to
the study of the links between indices of solar activity and solar irradiance.
Increasing our knowledge of these aspects, it would become possible to give
a better reconstruction of solar irradiance variations in the past.

Concerning the analysis of the direct mechanisms of solar influence on
terrestrial climate, there are two main possibilities. The top-down model
expects that solar variability affects the climate first perturbing stratosphere
and then forcing lower atmospheric levels. In the bottom-up view, the in-
teraction between solar energy and terrestrial surface leads to changes in
dynamics and thermodynamics from lower to upper altitudes [10].

Furthermore, there are also feed-back mechanisms, that could play a sig-
nificant role. One of the most studied effects is the modulation of Galactic
Cosmic Rays (GCR) flux due to the variations of solar activity. During solar
maxima it is found a significant reduction of GCR flux, whereas during solar
minima an increase of GCR flux is observed [17]. The modulation of GCR
could affect Earth’s climate through the ionization of atmosphere, that leads
to the production of cloud condensation nuclei (CCN) and the subsequent
cloud formation. Clouds are connected with local and global climate, since

13
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their condensation releases latent heat, and their presence changes terrestrial
albedo.

Anyway, due to the complex nonlinear coupling of the Sun’s emission
with the atmosphere system, it is challenging to clearly identify and quantify
the solar contribution to climate and weather.

A possible approach consists in a cross analysis of solar activity descriptor
and climate descriptor time series, in the attempt to point out the solar in-
fluence. To achieve this goal, in this work we used observational and model-
generated data sets. In particular, solar irradiance data and meteorological
data. Therefore, important topics such as study of the causes of solar variab-
ility, paleoclimate indicators and GCR modulation, which are fundamental
anyway, have not been taken in account.

The dissertation is organized as follows: A theoretical introduction to Sun
variability proxies and to the Earth climate system is illustrated in Chapter
1. The meteorological parameters used in this work and the methodologies
used to find solar activity signals are exhibited in Chapter 2. Specifically,
Section 2.1 illustrates the sets of data utilized in this dissertation, Section 2.2
presents the tests of correlation and their results, Section 2.3 introduces wave-
let analysis and demonstrates the results of its application to the temperature
and ozone time series. Section 2.4 introduces Empirical Mode Decomposition
(EMD) and reports the results of its application. The final discussions and
the conclusions about the main results are exposed in Chapter 3. Some in-
formation on the semi-empirical model SOLAR2000 is reported in Appendix
A, while a possible application of EMD to wavelet analysis is introduced in
Appendix B.

The correlation tests have not led to any significant conclusion, while
Fourier analysis has revealed frequency components that could be related
with the solar activity. However, doing a Fourier analysis, the temporal
information is lost. This limitation has been overcome by wavelet ana-
lysis, which has provided some qualitative results of significance, although
not quantitative. Finally, the multi-scale analysis performed with Empirical
Mode Decomposition has proved to be an efficient methodology to decompose
a signal, to achieve a time-frequency analysis through Hilbert Transform, and
it has led to some quantitative results of significance, which would prompt
some possible future developments.



Chapter 1

Sun and Earth Climate

Solar Variability

The two main carriers through which the Sun transports energy to our planet
are, respectively, electromagnetic radiation and energetic particle radiation.
Both these carriers influence Earth’s system and determine its climate to-
gether with other factors, such as volcanoes, human activities and variations
of terrestrial orbit dynamics. Moreover, the heliosphere, i.e. the region of
space surrounding the solar system dominated by charged particles transpor-
ted by the solar wind, screens solar system from energetic particles coming
from outer space. The variations of these inputs induce changes in the phys-
ical state of atmosphere, and the major driver of these solar variations is the
solar magnetic field.

Detection techniques and methodologies focused to understand the vari-
ous aspects of the solar activity, allow us to evaluate the effects of all the solar
inputs on climate and hence allow some prediction of the future evolution of
Earth’s climate.

Indicators of Solar Activity

In order to understand in depth the impact of the Sun on terrestrial climate,
it is necessary to recover historical data of solar activity and quantify how our
climate reacts to the change in the bulk amount and frequency-composition
of the incoming energy from Sun. There are a number of indicators studied
in the years by scientists which differ not only in the typology of information
provided but also in their characteristic time-scale [9]. The most widely used
solar activity indicators analysed in climatology are reported in Figure 1.1.
Some of them, like e.g. sunspot number and 10.7 cm radio flux, are indices
derived from solar activity observables, whereas others, like e.g. aurorae,

15
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geomagnetic indices, are relevant to planetary perturbations caused by solar
activity, i.e., they are indirect indicators, called "proxies’.

The number of sunspots (Figure 1.1, panel 5) has been being recorded
accurately for years. It has a quasi periodic cycle of about 9-13 years, known
as the 11-year solar cycle. The availability of sunspot number data data
covers an interval from the beginning of the 17** century up to now. The data
exhibit a period during which no sunspots where observed, that lasted for
the second half of the 17" century. It has been called the Maunder Minimum
and it corresponded to a period of lower than average temperatures recorded
in most of the Northern Hemisphere, called the Little Ice-Age. There are
also two important trends to point out: a low activity period around the
beginning of the 19" century and a relative increase of activity in the last
50 years.

A solar activity proxy is the number of aurorae (Figure 1.1, panel 4),
which are due to the interaction between Earth atmosphere and the charged
particles of the solar wind, whose trajectory is deviated by geomagnetic field
and focused polewards. Aurorae are also associated with an electric current
in the upper atmosphere which causes disturbances in the Earth’s magnetic
field. This effect is quantified by the so-called aa-index [9] (Figure 1.1, panel
3).

The solar wind screens Earth from galactic cosmic rays, and so there
is an inverse relation between solar activity and GCR flux. The latter
is quantified by the number of observed neutrons produced by the impact
of a GCR with the atmosphere. These data extend back to around 1950
(Figure 1.1, panel 2).

Another possible indicator of GCR flux, that provides long term data is
based on the measurements of cosmogenic isotopes such as Beryllium-10
('°Be, Figure 1.1, panel 6) and Carbon-14 (C). These measurements are
deduced from deposits on surface features, for instance ice cores and tree
rings. Although these indicators are useful since they cover centuries, their
main disadvantage is that they contains information on other chemical and
geophysical processes that influence their deposition, then further investig-
ations would be necessary. However, the various processes influencing each
nuclide are very different so that by combining them it is possible to separate
these effects and thus to reconstruct a reliable solar activity index [4].

The solar radio flux at 10.7 cm is commonly used as solar activity in-
dicator. Reliable measurements are available from 1950. Such radio emission
is associated with the presence of active regions in the photosphere.
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number (panel 5) and Be-10 measurements (panel 6). Source: [9].
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Solar Radiation

The solar indices and proxies presented in the previous paragraph are useful
to describe the evolution of solar activity, since they are associated with
different phenomena, but they do not provide any clear indication of the
physical processes whereby the Sun influences climate.

The primary physical quantity that could be considered is the total solar
irradiance (TSI). However, it does not provide the required accuracy, since
the measurements of TSI are subject to fluctuations of atmospheric absorp-
tion. Direct measurements from satellites are available since 1978.

The Earth Climate System

The Earth’s atmosphere is a layer of gases and water vapour that surrounds
the terrestrial surface and is connected with the interplanetary environment.
In a first approximation, its physical state is determined by the energy in-
coming from the Sun, and to a much smaller extent from the heat coming
from the interior of the Earth. It is important to point out that the physical
state of the terrestrial atmosphere may be perturbed by external phenomena
- radiation outbursts, solar wind shocks, cosmic rays - as well as internal ones
- such as volcanic eruptions or interactions with the biosphere.

However, it is assumed that the Earth’s mean temperature is determined
by the absorption of the solar radiation budget, while the latitudinal distri-
bution of absorbed energy is the primary driver for atmospheric circulation.
The radiative heating effect is the net result of solar heating and infrared
cooling, the latter being related to chemical composition of atmosphere and
thermal structure (Figure 1.2).

Atmospheric Structure and Thermal Profile

The atmosphere can be schematically divided into layers according to the
vertical profile of temperature, which is determined by physical, chemical
and dynamical processes [10] (Figure 1.3).

The lowest layer of the atmosphere is the troposphere. Here the temper-
ature decreases with height, and the energy transmission mechanism in this
layer is convection. This is due to the air density and to the absorption by
atmosphere of infrared radiation coming from the Earth. The upper limit of
the troposphere is the tropopause at about 12 km of altitude. Actually, the
height of the tropopause is not constant and varies with latitude: it spans
from about 8 km at the poles to 18 km above the equator. It is important
to underline, that most of water vapour lies in the troposphere.
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FiGure 1.2: Globally averaged energy budget of the Earth atmosphere.
Source: [14].

Above the tropopause lies the stratosphere, which is a layer where the
temperature increases with height. Here, there is no vertical mixing and the
main way to transport heat are radiative processes. The stratosphere extends
up to about 50 km, where the vertical thermal gradient vanishes, and it is
bounded by the stratopause. Chemically, the stratosphere is characterized
by the ozonosphere, an ozone layer which determines the vertical profile of
the temperature.

From 50 km up to about 90 km lies the mesosphere where the temperature
decreases again with height. In the mesosphere, the most effective process to
transport heat is conduction. Above the mesosphere there is the mesopause,
which separates the lower layer from the upper one: the termosphere, where
temperature increases with height again.

The structure shown in Figure 1.3 is subject to latitudinal variations due
to the different solar exposition. At the surface the air is warmer near the
equator than at the poles, but at the tropopause the reverse is observed. At
the stratopause, the temperature decreases monotonically from summer to
winter one, and the opposite happens at the mesopause.

Zonal Winds and Mean Meridional Circulation

The planetary mean surface temperature gradient determines the large scale
wind circulation [10]. In the troposphere there are two sub-tropical westerly
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jets which are produced by the baroclinic instability, that is the condition
when pressure and temperature gradients are not parallel. The mean me-
ridional circulation of the troposphere is dominated by the Hadley cell: air
rises from the equator, flows towards the poles, sinks in the sub-tropics and
flows back towards equator near the surface with an eastward component
due to Coriolis acceleration (trade-winds). In mid-latitudes are active the
Ferrel cells which circulates with opposite horizontal vorticity respect to the
Hadley ones.

The lower stratosphere is characterized by the Brewer-Dobson circulation,
that transports air masses from tropics towards the poles.

In the upper stratosphere - at about 30 hPa - there is a westerly jet in
the winter period and an easterly jet in the summer period.

In the mesosphere there is a circulation directed from the hemisphere in
the warm season, towards the hemisphere in the cold season. A schematic
representation of the mean zonal winds is reported in Figure 1.4.

Chemical Composition

The lower-middle atmosphere is almost well-mixed due to turbulence, that
mixes up at shorter timescales than molecular diffusion. In the upper atmo-
sphere (above approximately 100 km) the air is so rarefied that diffusion is
much more effective [10]. At these altitudes the free electrons produced by
solar ionization have long lifetimes; the ionosphere is the layer where free
charges are present and it plays a key role in determining the Earth’s electric
field.

In the atmosphere is also possible to identify the homosphere which is
the lower atmosphere where the chemical components are well mixed and the
concentration of the main constituents is almost homogeneous, and, above it,
the heterosphere where there is a chemical stratification of the constituents.

The chemical composition of Earth’s atmosphere is reported in Table 1.1.
Molecular nitrogen exhibits the highest concentration, but it has a marginal
role in radiative and chemical processes. The second most relevant constitu-
ent is molecular oxygen and it is fundamental in the atmospheric processes,
since in the middle atmosphere it is photodissociated into atomic oxygen.
Other components such as carbon dioxide and methane are not important in
terms of concentration, but they are essential for the greenhouse effect. There
are other two important constituents that are not included in Table 1.1, but
are crucial for the physical and chemical state of the Earth’s atmosphere,
i.e. water vapour and ozone. The former is significant since its condensation
releases latent heat, while the latter causes the heating of the stratosphere
and shields the biosphere from UV-radiation.
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Gas Volume
Nitrogen (N3) 780,840 ppm (78.08 %)
Oxygen (O5) 209,460 ppm (20.09 %)
Argon (Ar) 9,340 ppm (0.934 %)
Carbon dioxide (COg) 381 ppm

Neon (Ne) 18.18 ppm
Helium (He) 5.24 ppm
Methane (CHy) 1.745 ppm
Krypton (Kr) 1.14 ppm
Hydrogen (Hs) 0.55 ppm
Water vapour (H,O) 0 - 40 ppm
Ozone (O3) 0 - 12 ppm

TABLE 1.1: Chemical composition of Earth atmosphere. Source: NASA

In Figure 1.5 the vertical concentration profiles of the main constituents of
atmosphere are reported. In the graph, CFC-11 and CFC-12 are chlorofluoro-
carbons: these molecules had drawn considerable interest among scientists in
the 70s because their presence in the upper troposphere had been upsetting
the ozone equilibrium damaging the ozonosphere.

Incidentally, the term dry atmosphere refers to the atmosphere composed
by all its chemical constituents, except water vapour. It has a peculiar beha-
viour since Earth’s temperature is below the critical temperature of water:
water vapour can condense with the subsequent release of latent heat.

Clouds and Precipitations

Clouds play an important role in the radiation, heating and water vapour
budgets of the Earth [10]. Cloud distribution is heterogeneous, and generally
it is concentrated along the equator and in the mid-latitude belts. They
act transporting latent heat from oceans to the atmosphere, reflecting solar
radiation back to space and trapping infrared radiation like greenhouse gases
do.

A complete physical description of cloud properties and their effect on
the Earth’s atmosphere would consider:

e relation with Earth radiative budget,
e microphysical and optical properties,

e formation processes,
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FIGURE 1.5: Vertical profiles of mixing ratios of the principal constituents of
atmosphere. CFC-11 and CFC-12 are chlorofluorocarbons. Source: [6].

e connections with the galactic cosmic ray flux.

However, all these important aspects are beyond the scope of this thesis and
are not developed in this work.

Weather and Climate

Dealing with the evolution in time of meteorological parameters, such as
temperature, pressure or precipitations, it is important to understand the
difference between weather and climate. The weather represents the atmo-
spheric conditions of a particular place at a particular time, while the climate
of a geographical region represents the long-term averages of the atmospheric
conditions.

Modes of Variability

The Earth’s atmosphere exhibits a number of characteristic modes of vari-
ability, which are used in describing the climate in geographical regions. In
this work, only the most important modes are considered as follows [10].

e NAO: North Atlantic Oscillation (NAO) is a pattern of atmospheric
circulation in the north of the Atlantic Ocean. It is defined as the dif-
ference between pressure at the sea-level of Iceland and pressure over
the Azores at the sea-level. During positive phases of NAO (NAO+)
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the pressure horizontal gradient is stronger and westerly wind are en-
hanced.

e ENSO: El Nino - Southern Oscillation is an atmospheric teleconnec-
tion that couples ocean and atmosphere. The term teleconnection in-
dicates a realtion between climate anomalies at large distance. The
oceanic component of ENSO is determined by the heating (El Ninio) or
the cooling (La Nina) of the middle-eastern Pacific Ocean. Whereas,
its atmospheric component is determined by the Southern Oscillation,
the periodic change in pressure on the middle-eastern Pacific Ocean.
These two components are coupled and ENSO has local effects as well
as global impacts.

e Southern Annular Mode (SAM) is a variation in the mid- to high-
latitude difference in surface pressure is associated with southern polar
temperatures and the strength of circumpolar winds [9].

e QBO: the Quasi Biennal Oscillation is a quasi-periodic oscillation
between westerly and easterly winds in the equatorial latitudes in the
tropical stratosphere. The period is between 28 and 29 months. Its
main effects are the mixing of the stratospheric ozone and the modu-
lation of monsoon precipitation and stratospheric circulation.

The Earth’s Electric Field and Ionization of the Atmosphere

Electric currents flowing in the atmosphere are mainly due to charge separa-
tion produced by thunderstorms: positive charges flow upwards from surface,
which is negatively charged, to ionosphere, that is positively charged [10].
Outside thunderstorms there are no sources of charge separation and a small
current flows in the opposite sense. In regions of fair weather there is an elec-
tric potential at the ground of roughly 150 V-m ™!, but during thunderstorms
it can reach over 105V - m~1.

Ionization of the lower atmosphere is produced by natural radioactivity
and cosmic rays. The latters are modulated by geomagnetism and are in-
fluenced also by the heliospheric magnetic field, that shield our planet from
galactic cosmic rays. During solar maxima the flux of galactic cosmic rays
is reduced, although the modulation primarily affects lower energy cosmic
radiation.

A mechanism proposed by Dickinson (1975) and adopted by Marsh &
Svensmark (2000) assumes that modulation of GCR by solar variability af-
fects the formation of cloud condensation nuclei (CCN). Ions produced by a
cosmic ray become sites for the nucleation of ultra-fine aerosols, but these
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particles have to grow enough to become CCN. Growth may occur through
condensation of water vapour or through coagulation among neutral and
charged particles.






Chapter 2

Analysis of Observational and
Model-generated Data

2.1 Data Sets

In this section a short overview on the semi-empirical model and the set of
data used in this work is done. In particular three data sets were used:

1. the solar irradiance data set,
2. the temperature at different altitudes data set,

3. the ozone amount at different latitudes data set.

2.1.1 Solar Irradiance Platform

The SOLAR2000 model was developed in the framework of a collaborative
project for the characterization of solar irradiance variability across the spec-
trum [31]. In order to provide a unified solar spectral variability time series, it
is necessary to manage sets of data coming from different and heterogeneous
surveys. For example, UV rockets date from 1946, and from that time EUV
(10-121 nm band) rocket observations have been made and have provided
absolute flux estimates for specific solar conditions. EUV satellite obser-
vations exist since 1962. These provide insights into wavelength-dependent
daily, solar rotational, active region evolution, and solar cycle variations.
Moreover, total solar irradiance (TSI) measurements are essential in this
reconstruction. In this purpose, the Earth Radiation Budget Experiment
(ERB) carried out successful measurements from November 1978 to early
1993, and ACRIM I - an active cavity radiometer irradiance monitor - car-
ried out measurements from February 1980 to June 1989. Currently, there

28
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are instruments that provide TSI data: ERBS and UARS (=ACRIM II),
PMOG6-V, DIARAD, SOHO (ESA/NASA) and VIRGO.

The 1-nm reference spectrum in Figure 2.1 is a composite spectrum. Ref-
erence spectra have been particularly useful for characterizing the highly
variable XUV-EUV spectral range (1-121 nm).

The use of SOLAR2000 consists of five phases: (1) model definition and
design; (2) modeling of XUV (1-10 nm) and EUV (10-121 nm) irradiances; (3)
modeling of FUV (122-200 nm) irradiances; (4) modeling of UV irradiances,
and (5) modeling o