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Abstract

Ozone is one of the most publicly discussed atmospheric trace gases since the

discovery of the ozone hole over Antarctica in the mid 1980s. The purpose of

this thesis is to investigate the solar influence on ozone of the middle atmosphere,

with the focus being on variations on small time scales of less than a month.

On the one hand the modulating nature of the 27-day solar rotation signal on

stratospheric ozone using a new ozone profile data set from SCanning Imaging

Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) is studied.

In this context, common and new frequency analysis techniques help to unravel

dominant signals. On the other hand data from the latest version 1.07 Sounding

of the Atmosphere using Broadband Emission Radiometry (SABER) tropical ozone

(1.27 μm as well as the 9.6 μm retrieval) and temperature data are studied with

respect to daytime variations in the upper mesosphere.

The frequency analysis of the 27-day solar rotation signal in SCIAMACHY ozone

data (< 20◦ latitude, 20-60 km altitude, 2003-2008) was carried out with the help

of commonly used tools, like the fast-Fourier transform (FFT) and cross-correlation

(CC), but was also supplemented with the continuous wavelet transform (CWT),

which was not used before in the analysis of satellite ozone data. The CC showed

that the maximum correlation between the Mg II index (used in this thesis as solar

proxy) and ozone is weaker during the maximum of solar cycle 23 (r = 0.38) than

in the previous two solar cycles that have been investigated in earlier studies using

different data sets. The magnitude of the ozone signal is highly time dependent

and may vanish for several solar rotations even close to solar maximum conditions.

The FFT analysis reveals, besides the 27-day signal, several frequencies close to

27-days. The ozone sensitivity (i.e. ozone change in % per 1 % change in 205 nm

solar flux) is on average about 0.2 %/% above 30 km altitude and smaller by about

a factor of two compared to earlier studies. For selected three month periods the
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sensitivity may rise beyond 0.6 %/% in better agreement with earlier studies. The

analysis of the 27-day solar rotation signal was also carried out with stratospheric

European Centre for Medium range Weather Forecast (ECMWF) temperature data

from the operational analysis covering the same period as the SCIAMACHY data

(2003-2008). Although direct radiation effects on temperature are weak in the

upper stratosphere, temperature signals with statistically significant periods in the

25-35 day range similar to ozone could be found with the applied methods.

In addition to the 27-day solar rotation signal, the investigation of the SABER

tropical mesospheric ozone and temperature daytime variations was combined

with a comparison to the output of the three-dimensional general circulation and

chemistry Hamburg Model of the Neutral and Ionized Atmosphere (HAMMONIA).

The results show good agreement for ozone. The amplitude of daytime variations is

in both cases approximately 60 % of the daytime mean. During equinox the daytime

maximum ozone abundance is for both, the observations and the model, higher

than during solstice, especially above 80 km. Furthermore, HAMMONIA output of

daytime variation patterns of several other different trace gas species, e.g., water

vapor and atomic oxygen, is discussed with respect to the daytime pattern in ozone.

In contrast to ozone, temperature data show little daytime variations between 65

and 95 km and their amplitudes are on the order of less than 1.5 %. At last, SABER

and HAMMONIA temperatures show significant differences above 80 km in their

daytime pattern.
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Motivation and objectives

Climate change is one of the main issues of our times. The United Nations Environ-

ment Program (UNEP) and the World Meteorological Organization (WMO) founded

the Intergovernmental Panel on Climate Change (IPCC) in 1988. One of its task is

to evaluate the risks of global warming and to develop strategies to avoid, minimize

and adapt to these risks. Four reports on the respective scientific expertise have

already been published (1990, 1995, 2001, and 2007). It is of utmost importance to

determine anthropogenic influences on climate change in order to have the potential

to make action suggestions to individuals in general and policy makers in particular.

To do so, natural sources of climate change need to be identified and separated from

anthropogenic sources.

When speaking of climate, one has to bear in mind that a single climatological

state (e.g., temperature) is the average of at least 30 years of data (Le Treut et al.,

2007; WMO, 2009). Classically, climate (from the Greek klima, meaning inclination)

happens on time scales of thousands of years with the sun being literally the center

of attention. In Milankovitch’s theory (Köppen et al., 1924) the modulation of the

Earth’s movement around the sun causes naturally occurring changes for life on

Earth. These are the variations of the orbital shape (eccentricity, 95-400 thousand

years), the axial tilt (obliquity, 41 thousand years), and the axial precession (19-24

thousand years).

Data on the above mentioned timescales are hard to acquire. All satellite data

from within the last 30 years generally providing global information describe just a

single state of the Earth’s climate. If one wants to understand more of the physics

and chemistry of the Earth’s atmosphere on a climatological time scale, it needs

to be understood it on small time scales first. For studying short-term variations,

satellite data are particularly valuable. In order to extend investigations above

decadal time scales, space observations need to continue.
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The Climate And Weather of the Sun-Earth System (CAWSES) program sponsored

by the Scientific Committee on Solar-Terrestrial Physics (SCOSTEP) aims at the

enhancement of the understanding of such natural occurring phenomena that impact

life on Earth and our society. The research as presented in this thesis was carried out

within the framework of the German priority program of CAWSES and provides new

knowledge on short-term solar influences on middle atmospheric ozone. Joined

with the results of all participating scientists, it might help to extrapolate from small

to larger time scales, into the past or even into the future.

Outline of this thesis

The presented thesis is divided into three parts as follows:

Part I refreshes the readers knowledge about solar radiation and the origin of

short-term variations in the sun’s radiative output. It also provides fundamental

knowledge on the physics and the chemistry of the Earth’s atmosphere.

Part II deals with the satellite instrumentation and data used in this thesis. The

statistical methods are being introduced.

Part III contains the results as presented in peer-reviewed journals. On the one

side the influence of the solar rotation signal on stratospheric ozone and on the

other the daytime variations of upper mesospheric ozone are being examined.



Part I

Fundamentals
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1 The sun

The hydrogen fusion process within the sun’s core is ultimately the most important

source of energy to mankind and life on Earth in general. Our civilization uses this

source either directly or indirectly, except for fission or tidal power, which are based

on strong nuclear interaction and gravity, respectively. Direct ways to utilize solar

energy sources are, e.g., photo voltaic and solar heat. In addition, the sun’s energy

drives the winds, which on the other hand are the motor for ocean currents, and

the water cycle. Fossil fuels like coal, oil, gas, and wood were only able to have

been produced by organic life that once and nowadays relies primarily on energy

from the sun. This Chapter will therefore introduce the source of solar radiation

and explains the origin of periodic solar signals.

1.1 Solar fusion and radiative output

The sun consists mainly of hydrogen, helium, and a few other light elements as

plasma, freed of their electrons. The very source of the sun’s energy is the hydrogen

fusion or hydrogen burning process within the sun’s core, which extends to about

25 % of the sun’s diameter. The sun’s enormous mass is being pulled together

by gravity, which generates very high temperatures of approximately 107 K and

densities of up to 160 g/cm3 in the core. At these temperatures hydrogen burning is

sparked, letting two protons fuse to deuterium, a positron, and an electron neutrino

as shown in Eq. 1.1. Due to the mass defect binding (thermal) energy is already

released (Fig. 1.1). Consequently helium nuclei are formed and energy in form

of hard gamma radiation is emitted. Equations 1.1 to 1.3 describe the so called

pp-reaction chain, which is also shown in Fig. 1.1.
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Figure 1.1: Illustration of the reactions involved in the pp-chain. Red balls resemble
protons and blue balls resemble neutrons.

2 · (p+ p→ 2H + e+ + νe) , (1.1)

2 · (2H + p→ 3He+ γ) , (1.2)

3He+3 He→ 4He+ 2p . (1.3)

The gamma quants travel trough the radiation belt of the sun being involved

in many secondary reactions with the nuclei present, and counterbalancing the

gravitational pull towards the middle of the sun. Textbooks indicate that the

radiative energy needs several million years before it finally reaches the visible sun’s

surface, known as the photosphere, whereas other authors calculated the diffusion

time of solar photons in the order of 105 years (Mitalas and Sills, 1992).

The solar radiation that can be measured outside the Earth’s atmosphere follows

mainly Planck’s Law:
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Figure 1.2: Composite extra-terrestrial solar spectrum measured by XPS, SOLSTICE
and SIM. The dashed line indicates the blackbody radiation at 5770 K following
Planck’s law (Eq. 1.4) (Rottman et al., 2006).

I(λ, T ) =
2hc2

λ5
·
⎡
⎢⎢⎣ 1

e
hc

kBλT − 1

⎤
⎥⎥⎦ , (1.4)

with the Boltzmann constant kB = 1.38065 · 10−23 J · K−1, Planck’s quantum

h = 6.626 10−34 Js, and the speed of light c = 2.9979 · 108 m · s−1. The spectral
irradiance I as a function of wavelength λ and surface temperature T of a blackbody.

Planck’s curve for the sun (T = 5770 K) is indicated as dashed line in Fig. 1.2. The

actual spectrum is shown as solid line and differs from Planck’s curve. Figure 1.2 is a

composite extra-terrestrial solar spectrum measured by the XPS (Woods et al., 2005),
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the SOLSTICE (Rottman, 2000), and the SIM (Harder et al., 2000), all of which are

flying on the SOlar Radiation and Climate Experiment (SORCE) satellite (Woods

et al., 2000). Emissions shortward 100 nm account from blackbody radiation with

its origin in the sun’s chromosphere and corona, and from line emissions from

elements in the sun’s outer layers. The chromosphere is the layer directly above the

photosphere, extending about 5000 km and with rising temperatures the further

the distance to the sun is, whereas the corona extends millions of kilometers into

interplanetary space with very low gas densities.

In addition to the emissions from the sun’s atmosphere (i.e. chromosphere and

corona), elements therein absorb radiation emitted from the photosphere. Examples

of absorbing elements of the so called Fraunhofer lines (named after the German

physicist Joseph von Fraunhofer, 1787 - 1826) are O2, Na, Fe, He, Mg, and Ca.

The absorption feature of Mg II (i.e. simple ionized Mg) at 280 nm, originating in

the photosphere, in combination with emission lines within the absorption feature,

originating in the chromosphere, is used throughout this thesis and referred to as

Mg II index, a proxy for solar activity (cf. Sect. 6.3.2).

1.2 11-year solar cycle

Two factors play an important role in the 11-year solar cycle. On the one hand there

is the differential rotation of the sun and on the other hand the interaction between

plasma and the sun’s magnetic field. To start with the latter, it is still an open debate

among solar physicists whether or not the plasma follows the magnetic field lines or

vice versa (e.g., Litvinenko, 2000; Stepanov, 2008). Assuming that the movement

(rotation) of the plasma drags its magnetic field in behind and also assuming that

the plasma near the sun’s equator rotates faster than the plasma closer to the poles

(differential rotation), the magnetic field of the sun becomes twisted with no clear

polarity to it (cf. Fig. 1.3). This happens during solar maximum, when sunspots are

widely visible on the sun’s surface. The inter twisted magnetic field lines also heat

the chromosphere leading to an intensified radiative output. During solar minimum

the sun’s magnetic field is more or less bipolar, sunspots are no longer visible and

the total solar irradiance has reached its minimum. It takes approximately 22 years
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for the magnetic field to fully reverse itself to its original alignment, going through

two maxima and minima. So, what is actually measured is a 11-year solar cycle in

the solar irradiance. Already Galileo observed the appearance and disappearance of

sunspots dating back to the 17th century. Yet, it was the German astronomer Samuel

Heinrich Schwabe, who discovered in the middle of the 19th century the periodicity

of recurring minima and maxima in the sunspot numbers on time scales between 9

to 14 years. Therefore the 11-year solar cycle is often referred to as Schwabe-cycle.

Figure 1.3: Illustration taken from Bennett et al. (2008) on the origin of the 22-year
solar magnetic cycle.

1.3 27-day solar signal

On the sun’s surface some regions are more active than others, emitting higher

levels of radiation, especially at shorter wavelengths less than 320 nm. These active

regions usually correspond to areas with an intensified magnetic field activity, i.e.

the polarity of the field lines is under constant change and other than on, e.g., the

Earth the sun does not have one North and one South pole, but depending on the

period within the solar cycle, the sun has thousands to millions of magnetic poles.

These active magnetic field lines heat the chromosphere additionally leading to

higher emissions from the gases within the chromosphere. Besides the magnetic

heating of the chromosphere, upwelling and downwelling of plasma from below the

sun’s surface leads to regions with different surface temperatures (Pagaran et al.,
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2009, and references therein). Sun spots are usually colder than the surrounding

plasma. This is easily explained with their darker appearance resulting from lower

blackbody emissions (cf. Eq. 1.4).

The 27-day solar signal itself originates from the (differential) rotation of the sun.

Assuming a region with intensified radiative emissions on the sun’s surface rotates

with the sun, every time this region is facing towards the Earth an observer outside

the Earth’s atmosphere would measure this radiative maximum. The sun’s rotation

period is 27 days in the mean. As the sun is built of plasma (a fluid), the rotation

periods differ according to the solar latitude, i.e. the distance to the rotation axis.

The plasma at the sun’s equator rotates faster (25 days) than the plasma close to

the sun’s poles (30 to 32 days). This effect is called the differential rotation, which

is one of the main focuses of this thesis.

Three major, commonly used proxies (among other) exist to track the 27-day

solar rotation signal and the 11-year solar cycle. The radio flux at 10.7 cm, the

ultraviolet (UV) flux at 205 nm, and the Mg II index at 280 nm, which can be

measured from the ground and with satellites. The latter is mainly used in Chapters

5 and 6 of this thesis.

1.4 Particle emissions

In addition to the emission of electromagnetic energy the sun also emits particles

into space. It looses approximately 109 kg per second of its own mass this way. The

so called solar wind consists of ionized, highly energetic particles, mainly protons,

electrons, and helium nuclei (alpha-particles), but also of some heavier elements.

The emitted particles reach the Earth usually within 2 to 4 days after emission.

Photons, which travel at the speed of light, only need approximately 8 minutes.

The solar wind is deflected of the Earth’s magnetic field towards the polar cusps,

where they are able to enter the Earth’s atmosphere. Aurorae are the eye-catching

phenomena at high latitudes attributed to particle precipitation. The downside of

such events related to intensified solar wind, e.g., solar proton events (SPEs) and

coronal mass ejections (CMEs), are the perturbative effects high energetic particles

have on (communication) satellites and other sensitive electronics on the Earth’s
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surface. In addition, heavy solar winds can drag satellites into the atmosphere (e.g.,

Jastrow and Pearse, 1957; Doornbos and Klinkrad, 2006). SPEs are also known to

dramatically effect the composition of atmospheric trace gases, e.g. the destruction

of high latitude ozone via NOx , which is produced in great amounts by the impact

of energetic particles on O2 and N2 (Rohen et al., 2005, and references therein).

The effect of solar particle emissions is not the focus of this thesis and it will be

rather concentrated on radiative emissions.
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2 The atmosphere

The Earth’s atmosphere is a very thin layer of gases that engulfs our planet, enabling

life as commonly comprehended. The gases are kept in place by the gravitational

pull of the Earth’s mass. The major meteorological and physical processes in the

atmosphere are driven by solar radiation and the spatial and temporal variability of

state variables like temperature, pressure, and density. Fundamental principles of the

structure of the Earth’s atmosphere and the processes involved in radiative transfer

need to be understood, in order to be able to retrieve trace gas concentrations from

satellite measurements. These fundamental principles are being introduced in this

Chapter.

2.1 Structure of the atmosphere

Most of the gases are well mixed up to a height of approximately 100 km (homo-

sphere). Besides water vapor, which is highly variable, the main constituents of the

homosphere are nitrogen (N2) with 78.09 vol-%, oxygen (O2) with 20.95 vol-%,

and Argon (Ar) with 0.93 vol-% (Roedel, 2000). All the other gases are referred to

as trace gases with a mixing ratio in the order of a few molecules (parts) per million

(ppm) to even less than a few parts per billion (ppb). Reactive species exist only

in minor amounts of less than a few ppm. A list of the main constituents is given

in Table 2.1. Above 100 km the mean free path of the gas molecules rises because

of the reduced air pressure. Heavier molecules tend to sink to the lower part of

the heterosphere, lighter molecules like H2 are mainly located above, i.e. if they

do not escape the Earth’s gravity at all. The boundary between homosphere and

heterosphere is called turbopause.

The air pressure at sea level p(z0) is of the order of 1000 hPa (i.e., 105 N · m−2)
and decreases in first approximation exponentially with height z according to the



30 2 THE ATMOSPHERE

gas molar mass vol-% mass-%

nitrogen N2 28.020 78.09 75.73
oxygen O2 32.000 20.95 23.14
argon Ar 39.940 0.93 1.28

neon Ne 20.180 18.200 ·10−4 10.500 ·10−4
helium He 4.003 5.240 ·10−4 10.724 ·10−4
krypton Kr 83.800 1.140 ·10−4 3.300 ·10−4
xenon Xe 131.300 0.087 ·10−4 0.390 ·10−4

air 28.970

Table 2.1: Constituents of a water vapor free atmosphere according to Roedel
(2000), permanent species.

barometric formula (Roedel, 2000):

p(z) = p(z0) · ex p
�
−M ·g

R·T ·(z − z0)
	

, z0 = 0 , (2.1)

with the gravitational acceleration g = 9.81 m · s−2, the universal gas constant

R = 8.315 J · K−1 · mol−1, and the molar mass of air M = 0.02896 kg · mol−1.
Another method to categorize the atmosphere is by taking the vertical temperature

gradient into consideration (Fig. 2.1, blue solid line). The lowermost part of the

atmosphere where the temperature decreases with altitude (≈ -0.65 K
100 m

) is called

the troposphere. Their vertical extension goes from the surface to the tropopause.

The tropopause height differs according to the latitude. It is at approximately 17 to

18 km in the tropics, 10 to 12 km at mid-latitudes, and between 6 to 8 km close to

the poles (Liljequist and Cehak, 1984; Häckel, 1999). The troposphere consists of 90

% of the atmospheric mass and is the most active region of the atmosphere. Weather,

as many people understand it, happens in the troposphere. Almost all clouds are

restrained to this layer, with the exception of polar stratospheric clouds (PSCs)

and noctilucent clouds (NLCs), also called polar mesospheric clouds (PMCs)).
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Figure 2.1: U.S. standard atmosphere 1976 (blue) and tropical annual mean SCIA-
MACHY ozone profile (red).

Tropospheric ozone (O3) is most abundant in the lowermost layer (surface to

approximately 2 km altitude), known as the boundary layer, but still less abundant if

compared to the stratosphere, where 90 % of atmospheric ozone is located. Primary

sources for tropospheric ozone are combustion processes and lightning, that rather

thermally dissociate oxygen and nitrogen molecules. Solar radiation in the UV

short-ward of 320 nm is limited near the surface. Another source of tropospheric

ozone is via the combination of oxygen molecules with oxygen radicals that have

been produced by the photolysis (λ < 424 nm) of NO2 into O and NO (Seinfeld and

Pandis, 1998).

The stable layer above the troposphere is called stratosphere, where tempera-

ture increases with altitude. The stratosphere stretches from the tropopause up

to approximately 50 km (stratopause). In this layer the temperature gradient is
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reversed, mainly due to the absorption of UV radiation by ozone. The negative tem-

perature lapse rate suppresses vertical motion and creates a very stable dynamical

environment, dominated by radiative processes.

The mesosphere (50 to 80 km) is again defined by decreasing temperatures with

altitude. Ozone heating is no longer relevant. The mesopause is the upper boundary

to the mesosphere. At low latitudes the mesopause is located between 95 and

100 km altitude (von Zahn et al., 1996; She and von Zahn, 1998). The atmospheric

layer even further up is called the thermosphere. Here, air molecules are ionized

by highly energetic solar radiation and particles. The lapse rate is again positive.

Above an altitude of approximately 500 km the layer is called exosphere, where the

collisions of air molecules are very rare and the gravitational pull hardly prevents

the molecules from escaping our planet.

Figure 2.1 shows the extended U.S. standard atmosphere (temperature profile)

defined in 1976. This vertical temperature profile still serves as a reference in

several research activities. The main focus of this thesis lies on the stratosphere and

the mesosphere, commonly known as the middle atmosphere. With the discovery of

the ozone hole over Antarctica in the mid 1980s (Farman et al., 1985; Hamill et al.,

1986), the importance of the middle atmosphere has increased and is monitored

by regular intergovernmental investigations, e.g. the WMO Scientific Assessment

of Ozone Depletion 2006 (WMO, 2007). The anthropogenic influence on the

destruction of the polar ozone layer was recognized by many governments with the

signature of the Montreal Protocol, especially the role of chlorofluorocarbons (CFCs)

was highlighted (cf. Sect. 3.2).

2.2 Radiative transfer in satellite remote sensing

This section introduces the physical processes involved in radiative transfer. These

processes play an important role in the retrieval of trace gas species from space and

the ground. In addition, the radiative transfer equation is presented. Altogether,

this section serves as an example to show the basics of ozone retrieval. Although

the retrieval of ozone itself was not part of this thesis, the principle retrieval process

will nevertheless be introduced in order to establish a context to the reader.
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2.2.1 Radiative processes in the cloud free atmosphere

For the retrieval of information on atmospheric trace gas species from reflected or

backscattered sunlight by satellite observations, the measurements are compared to

simulated top-of-atmosphere spectral radiances. A forward radiative transfer model

like SCIATRAN (Rozanov et al., 2005b) not only accounts for molecular absorption,

it also has to account for other atmospheric processes, e.g. Rayleigh scattering,

aerosol extinction, and ground surface reflection.

Molecular absorption

The unique absorption characteristics of molecules of a given species are best

described by its absorption cross-section k. The absorption cross-section, depending

on pressure and temperature, multiplied with the concentration n of the molecules

produces the absorption coefficient α. Integrating along a finite light path results

in the corresponding optical density τ. All of which is summarized in the Lambert-

Beer’s law (taken from Prölss, 2001),

Lλ(s) = Lλ0 · ex p

⎡
⎣−
∫ s2

s1

kλ(s) · n(s) ds

⎤
⎦ , (2.2)

with the monochromatic radiance Lλ decaying exponentially with respect to τ, while

it neglects other absorbers, scattering and surface reflection.

Rayleigh and Raman scattering

Elastic scattering of electromagnetic radiation by molecules or particles, whose sizes

are very small compared to wavelength of the incident light (2πr� λ), is called
Rayleigh scattering. Consequently it applies to scattering of solar radiation by air

molecules. The angular distribution of Rayleigh scattered light is given by the phase

function (normalized to 4π)

ϕR(ϑ) =
3

2
· (1+ d) + (1− d) · cos2 ϑ

2+ d
, (2.3)

with the scattering angle ϑ and the depolarizing factor d. Multiplication of the

Rayleigh scattering cross-section with the air density leads to the Rayleigh scattering
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coefficient, which is proportional to λ−4. So, decreasing wavelengths result in

strongly increasing intensities of Rayleigh scattered light, which is the reason for

the sky appearing blue during daylight. Multiple scattering is therefore mainly

important in the UV/visible spectral range. The difference to the inelastic Raman

scattering is that the wavelengths of the incident and scattered light are the same

for Rayleigh scattering, not for Raman scattering.

Aerosol extinction

Aerosols are all airborne particles either in liquid or solid state, often a combination

of both, with a liquid surrounding a solid nucleus. Typical radii are between 0.01

μm and 10 μm (Miranda and Fenn, 1974; Schuster et al., 2006). Scattering is the

main contribution of aerosols to radiative transfer in the visible and near infrared

spectral region. The Mie theory describes the scattering of spherical aerosols with

sizes in the order of the wavelength of the incident light (2πr ≈ λ). Noteworthy
sources of aerosols are desert dust, soot, volcanic ash, and ocean spray. Apart from

these, aerosols generally play a minor role in radiative transfer with respect to the

middle and upper atmosphere, except for events, when they are loaded into the

stratosphere via major volcanic eruptions.

Surface reflection

Surface reflection is important for lower atmospheric layers and for wavelengths

greater than 310 nm. The albedo A (from the Latin word albus, meaning white)

is expressing the surface reflection as the fraction of the incident to the reflected

radiation, with A ∈ [0,1] being a dimensionless quantity. In the visible, typical

values for the Albedo are 0.1 for fallow cropland, 0.3 for deserts, 0.35 for ice, and

0.8 to 0.9 for fresh snow. The albedo of the sea surface strongly depends on the

incident angle of the light. It can be as low as 0.04 for perpendicular incident and

as high as 0.9 for solar zenith angles between 80 to almost 90 degrees. For the

retrieval of ozone in the middle and upper atmosphere, surface reflection plays a

minor to no role at all and is therefore not discussed in further detail in this thesis.
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2.2.2 Radiative transfer equation

The radiative transfer equation describes the change of the electromagnetic spectrum

along a light path due to absorption along the beam, scattering in or out of the beam

and the gain by local sources. In its general form the radiative transfer equation is

given as followed (Lenoble, 1993):

d Lλ(s)
ds

= κλ · �Jλ(s, L) − Lλ(s)
�
. (2.4)

So, it is the change in spectral radiance Lλ, with the units [W · sr−1 · m−2]. The
radiance is given as radiant flux Φ per area A, solid angle Ω and direction Θ

L =
d2Φ

cosΘ · dΩ · dA
. (2.5)

The extinction coefficient κλ accounts for all scattering and absorption processes,

while Jλ stands for the source function, which again can be split into two terms.

One for the scattering sources Jsc and one for the emitting sources Jem.

In case the source terms are irrelevant (Jλ = 0), Eq. 2.4 is reduced to

d Lλ
Lλ

= − κλ · ds , (2.6)

and consequently to the Lambert-Beer’s law (cf. Eq. 2.2, simplified here):

L(s) = L0 · e−τ(s) , (2.7)

with τ(s) being the slant optical density of the atmosphere (i.e. the given finite light

path):

τ(s) =

∫ s2
s1

κ(s) · n(s) ds . (2.8)

Equation 2.7 describes the reduction of incoming radiation L0 due to extinction.
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2.2.3 Optimal estimation inversion

In remote sensing of the atmosphere the desired parameters (temperature, ozone

concentration, ...) are not measured directly. With the help of a priori information,

a radiative transfer model (like SCIATRAN) calculates in a forward step the spectral

irradiance information, that would have been measured, e.g. by SCIAMACHY,

if the a priori were true. It also calculates the profile in an inverse step. A priori

information is usually a first guess of what the desired profile will look like. The next

step is to compare the actually measured earthshine spectrum with the calculated

model spectrum, considering the a priori (Rodgers, 2000). Iteratively the profile can

be changed till the differences between calculated and measured spectra minimize

the cost function. The profile that minimized the cost function is then regarded as

the retrieved profile. A flow chart of this process is shown in Fig. 2.2.

For validation of the retrieved profile, comparisons with ground-based measure-

ments, radiosondes, rocket-borne measurements, and other satellite observations

permit the estimation of the error and deviation from the true.



2.2 RADIATIVE TRANSFER IN SATELLITE REMOTE SENSING 37

Figure 2.2: Flow chart of the optimal estimation process used in the retrieval of
trace gas species from SCIAMACHY spectral measurements (figure courtesy of S.
Noël and J. P. Burrows).
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3 The chemistry

Ozone is a poisonous gas with a strong odor (from the Greek ozein, to smell) that

causes respiratory irritation and can, e.g., damage lung tissue. While harmful in the

troposphere, it acts as a protective shield in the stratosphere preventing dangerous

ultraviolet (UV-B and UV-C) radiation from reaching the Earth’s surface. As UV

radiation has a potentially hazardous effect to life, not only mankind would be more

exposed, e.g. to skin cancer or an impaired immune system, but all life on Earth’s

surface as well, if the protective ozone would not exist. The gross of atmospheric

ozone resides in the stratosphere (less at the equator and more to the poles). The

total amount of ozone above any point on the Earth’s surface is measured in Dobson

units (DUs), typically 260 DU to 330 DU, with large seasonal fluctuations, especially

at higher latitudes. 100 DU correspond to a column of 1 mm of ozone if reduced to

ground pressure. This Chapter deals with important mechanisms of ozone chemistry

in the middle atmosphere.

3.1 Chapman mechanism in the stratosphere

Ozone is created when sunlight dissociates (splits) oxygen molecules (O2) to atomic

oxygen (O). The atomic oxygen (also called oxygen radical) quickly combines

with further oxygen molecules to form ozone. This process is called the Chapman

mechanism and is explained in detail in the following.

The original mechanism for atmospheric ozone formation and destruction from

oxygen species was suggested by Chapman (1930). Solar UV radiation short-ward

of 242 nm slowly dissociates molecular oxygen:

O2 + hν → 2O . (3.1)

The oxygen atom (O) then rapidly reacts with oxygen in the presence of a third
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molecule (e.g., O2 or N2), denoted as M to form ozone:

O + O2 + M → O3 + M . (3.2)

The ozone molecule is then able to strongly absorb radiation with wavelengths

below 320 nm to decompose back to O and O2:

O3 + hν → O + O2 . (3.3)

In addition, ozone may react with atomic oxygen to convert back into O2:

O +O3 → 2O2 . (3.4)

The combination of two atomic oxygen atoms (O) in the presence of a third body

also alters the concentration of O producing O2:

O + O + M → O2 + M . (3.5)

The UV absorption of O2 in the region 175-195 nm (Shuman-Runge band) and

formation of O from O2 (reaction 3.1) play a more important role in the mesosphere,

where they produce large concentrations of O. The oxygen atom concentration

decreases with decreasing altitude as the intensity of radiation in the Shuman-

Runge band weakens as [M] rises, increasing the speed of reaction 3.2. The ratio
[O3]
[O]

increases and reaction 3.2 dominates over reaction 3.3 in the stratosphere.

The oxygen family can be divided into two types, even oxygen (O2) and odd

oxygen (O+ O3). The odd oxygen is very reactive and inter-converts rapidly through

3.3 and 3.4. The formation of odd oxygen in equation 3.2 is driven by UV radiation,

which is primarily absorbed in the upper stratosphere. As the intensity of solar

radiation is highest over the tropical region, ozone formation mainly takes place in

the tropical upper stratosphere (cf. Fig. 3.1).
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Figure 3.1: Ozone production rates in March [molecules/cm3·s] (Johnston, 1975).

3.2 Catalytic ozone depletion

Taking only the Chapman mechanism into account would result in overestimated

amounts of total ozone (800 DU on global average). So, the role of two other

mechanisms controlling the amount of ozone in the atmosphere (mainly in the

stratosphere) was recognized. First, an ozone transport mechanism from the tropics

to higher latitudes was proposed (Brewer-Dobson (BD) circulation) (Brewer, 1949).

The BD circulation explains the lower amounts of total ozone in the tropics although

ozone production is highest there. Second, it was observed that both O and O3 react

with various other chemical species which alter the ozone budget significantly. It

was found that ozone can be destroyed by a number of free radical catalysts. The

most important families among these are HOx (H, OH, HO2, Bates and Nicolet,

1950), NOx (NO, NO2, Crutzen, 1970; Crutzen et al., 1975), ClOx (e.g. ClO, Molina

and Rowland, 1974; Stolarski and Cicerone, 1974), and BrOx (e.g. BrO, Wofsy et al.,
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1975). All of these species can be either of natural or anthropogenic origin. The

catalytic ozone loss reactions are summarized below:

X +O3→ XO+O2, (3.6)

O+ XO→ O2+ X , (3.7)

Net : O+O3→ 2 ·O2, (3.8)

with X and XO as chain carriers involving HOx , NOx , ClOx , BrOx , and IOx families

and X = OH, NO, Cl, Br, I. The importance of this catalytic reaction chain is that

the ozone depleting substances are being recycled many times before they are

removed and stored in more stable compounds. Presently, most of OH and NO in

the stratosphere have natural sources, but the amounts of chlorine and bromine

have risen with human activity dramatically (WMO, 2003). These species can be

especially found in CFCs. CFCs are slowly transported towards the polar regions (via

BD circulation). During polar night CFCs are stored in PSCs. The strong polar vortex

constraints air masses within and with the dawn of the polar day, the photochemistry

ignites a massive destruction of ozone leading to the known ozone hole (Farman

et al., 1985; Hamill et al., 1986).

3.3 Active oxygen recycling in the mesosphere

In the following the most important reactions involved in the oxygen chemistry of the

mesosphere are being introduced. These reactions are summarized in Table 3.1 and

can be divided into two groups. The first group includes reactions happening during

day and night, the second group includes only the reactions involving the photo-

dissociation of molecular oxygen and ozone during daylight hours. A schematic of

the active oxygen recycling can be seen in Fig. 3.2.

During the day the abundance of atomic oxygen rises through reactions 1-4.

Due to the swiftness of reactions 5-8 atomic oxygen is quickly converted back into

ozone and molecular oxygen. Ozone either reacts with atomic oxygen or atomic

hydrogen (reactions 9+12) to also form molecular oxygen. The remaining hydroxyl

radicals also react with atomic oxygen to form molecular oxygen (reaction 10).
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reaction rate constant

1 O2+ hν → 2O 8.4 · 10−10
(177 nm ≤ λ ≤ 256 nm)

2 O2+ hν → O+O(1D) 1.5 · 10−13
(λ ≤ 177 nm)

3 O3+ hν → O2+O 8.0 · 10−4
(200 nm ≤ λ ≤ 730 nm)

4 O3+ hν → O2+O(1D) 5.1 · 10−3
(167 nm ≤ λ ≤ 320 nm)

5 2O+ M → O2+ M 9.59 · 10−34e480/T

6 2O+O2 → O3+O 2.15 · 10−34e345/T

7 O+ 2O2 → O3+O2 2.15 · 10−34e345/T

8 O+O2+ N2 → O3+ N2 8.82 · 10−35e575/T

9 O+O3 → 2O2 1.5 · 10−11e−2218/T
10 O+OH → O2+ H 2.3 · 10−11e−90/T
11 O+ HO2 → OH +O2 2.8 · 10−11e172/T

12 H +O3 → OH +O2 1.4 · 10−10e−270/T

Table 3.1: Important reactions involved in the balancing between active and inactive
oxygen in the mesosphere (Allen et al., 1984a).

Hydroxyl radicals are also the product of the combination from atomic oxygen with

the hydroperoxy radical HO2.

Once daylight is no longer available for the photo-chemistry, reactions 6 to

8 dominate reactions 9 to 11 and use up the oxygen radicals. Atomic oxygen

abundance drops and mainly ozone is produced. Ozone itself can then no longer

be easily converted to molecular oxygen due to the lack of atomic oxygen. It

can still be converted into hydroxyl radicals, but again due to the lack of atomic

oxygen, hydroxyl is not easily being destroyed though reaction 10 to form molecular

oxygen. Although speaking of active oxygen, during the night the lifetime of ozone

is longer than during the day and high nighttime concentrations are build up in the

mesosphere, especially near the mesopause ozone values may rise up to 40 ppm, in
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Figure 3.2: Schematic of the active oxygen recycling in the mesosphere according
to Allen et al. (1984a). Red circles denote the active oxygen species. The numbers
stand for the involved reactions listed in Table 3.1.

terms of volume mixing ratio (Smith et al., 2008).

3.4 Solar-ozone relations in the literature

With the extension of satellite remote sensing in the late 1970s and early 1980s

the observation of solar influences on atmospheric ozone became easier. Orbital

platforms offered the chance to globally investigate the composition and temporal

variability of trace gases in general. Measurements were no longer restricted to

ground-based observations. At the same time, computational power rose to a level

that allowed the modeling of atmospheric chemistry and dynamics. As for the

atmospheric dynamics, the physics behind air in motion (or fluids in general) is

described by the Navier-Stokes equations. Often the simplified Euler equations
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are used for atmospheric motion without considering friction, e.g. above the

atmospheric boundary layer (Etling, 2002):

∂ �v

∂ t
+ (�v · ∇)�v +

1

ρ
∇p = 0 , (3.9)

with p being the atmospheric pressure, ρ the air density, and �v the wind vector.

In addition to the knowledge of the location of an air parcel with time it is also nec-

essary to understand the chemistry within such an air parcel. Especially the reaction

rates need to be known in order to simulate the temporal variability of atmospheric

species. These reaction rates can be obtained in laboratory measurements.

In the following an overview on selected studies is given that investigated solar

influences on middle atmospheric ozone with respect to variations on timescales of

the solar rotation period (27-days) and diurnal variability.

3.4.1 27-day solar signal

Chandra (1985) already asked the question whether solar-induced oscillations in

stratospheric ozone are a myth or reality?. Nowadays it is clear that the solar rotation

signal can be identified in middle atmospheric ozone. Table 3.2 summarizes selected

studies that dealt with this issue, mainly at low latitudes. Gruzdev et al. (2009)

gives a good summary on these studies. The ozone sensitivity (i.e. the change in

ozone for 1 % change in solar flux at 205 nm) at an altitude of approximately 40 km

was shown to be between 0.2 and 0.6 %/%. Another common point of interest is the

phase lag between solar signal and ozone response. It was shown to be a few days

around 30 km altitude and may even be reversed at altitudes around 50 km, i.e. the

ozone response leads the solar signal. This response gets stronger the further you go

into the lower mesosphere and may even be reversed further up in the mesosphere.

A more in depth discussion of the above mentioned studies can be found in Sect.

6.2.

Table 3.2 also gives a quick overview on studies that investigated solar-ozone

connections on time scales of 27 days with 1-, 2- or 3-dimensional models within

the past three decades. With time the models advanced and additional dimensions

were added in the calculation.
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paper parameter atmospheric model
layer dimension

Hood (1984) O3 S
Chandra (1985) O3, T S
Keating et al. (1985) O3 S, LM
Eckman (1986b) O3 S, LM
Hood (1986) O3, T S
Hood (1987) O3, T S
Keating et al. (1987) O3, T S, LM
Hood and Chantrell (1988) O3, T S
Hood et al. (1991) O3 S, M
Chandra et al. (1994) O3 M
Fleming et al. (1995) O3 S, LM 2D
Zhou et al. (1997) O3 S
Hood and Zhou (1998) O3, T US, LM
Zhou et al. (2000) O3 US
Ruzmaikin et al. (2007) O3, T S
Fioletov (2009) O3 US

Eckman (1986a) O3, T S, LM 1D
Brasseur et al. (1987) O3, T S, LM 1D
Summers et al. (1990) O3, T S, M 1D
Brasseur (1993) O3, T S, LM 2D
Chen et al. (1997) O3, T S, M 1D, 2D
Williams et al. (2001) O3, T S, LM 3D
Zhu et al. (2003) O3, T S, LM 2D
Rozanov et al. (2006) O3, T S, LM 3D
Austin et al. (2007) O3, T S 3D
Gruzdev et al. (2009) O3, T S, M, LT 3D

S = stratosphere
US = upper stratosphere
LM = lower mesosphere
M = mesosphere
LT = lower thermosohere

Table 3.2: Selected 27-day solar signal observational and model studies for middle
atmospheric ozone.
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paper main data source compared to...

Allen et al. (1984a,b) sondes1 model
Vaughan (1984) sondes1 model
Connor et al. (1994) microwave2 LIMS3, NIR3

Ricaud et al. (1996) MLS3 model, microwave2

Marsh et al. (2002) HRDI3 previous studies
Huang et al. (2008a) SABER3 previous studies
Haefele et al. (2008) microwave2 model

1rocket-borne
2ground-based
3satellite instrument

Table 3.3: Selected studies dealing with diurnal variations in mesospheric ozone.

3.4.2 Diurnal variations

Ground-based observations have a distinct advantage over satellite based measure-

ments when it comes to temporal resolution on an hourly to daily time scale. The

satellite only flies over one location on Earth once a day, at its best. Usually it takes

a few days before the satellite returns to the same location again. Even if the instru-

ment on board the satellite is able to make one measurement a day, most satellites

are in a sun-synchronous orbit, limiting this measurement to the same local time

each day. Nonetheless, there are some satellites flying in a non-sun synchronous

orbit (also called drifting orbit). The Upper Atmosphere Research Satellite (UARS)

(Banks et al., 1978) and the Thermosphere, Ionosphere, Mesosphere, Energetics

and Dynamics (TIMED) (Russel III et al., 1999) satellite are two examples. Their

local time of measurement for any particular location shifts by a few minutes a day.

Table 3.3 gives a few examples of studies that either used ground-based or orbital

instrumentation or models to investigate diurnal variations in ozone. These diurnal

variations are mainly driven by the intensity of the incident solar radiation and its

variation during the course of a day due to different solar zenith angles. At night
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the solar influence is understandably reduced to zero.

The main sources for daytime diurnal variations are the photochemistry that

directly relies on the incident radiation, diurnal tides that vertically transport air

with a different chemical composition, and changes in temperature that alter the

chemical kinetics (rate constants). For detailed information on previous studies,

please refer to Sect. 7.2.



Part II

Sources and methods
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4 Satellite instrumentation

Civilian achievements like satellite communication and the Global Positioning

System (GPS) can be seen as a result of the cold war. The race to the stars between

the former Sowjet Union and the United States in the 50s and 60s of the last century

encouraged engineers and scientists from both nations to push forward the tech-

nology that lay the basis for modern spaceflight and satellite remote sensing today.

This Chapter introduces the main sources of satellite data used within this thesis.

4.1 SCIAMACHY on ENVISAT

4.1.1 The environmental satellite ENVISAT

The ENVIronmental SATellite (ENVISAT) was built by an industrial consortium of

sixteen member states of the European Space Agency (ESA). It was lifted by the

first successful launch of an Ariane-5 rocket from Kourou in French Guiana into a

sun-synchronous near polar orbit in descending node on March 1, 2002. Its mean

altitude of 800 km was reached soon after launch. The inclination angle is 98.55◦

and the equator crossing time is 10:00 am local time. Each orbit lasts approximately

100 minutes resulting in slightly more than 14 orbits per day and a ground track

repeat cycle of 35 days, every 501 orbits. An image of ENVISAT can be seen in

Fig. 4.1. With a total mass of more than 8100 kg and dimensions of 26 m x 10 m x

5 m, ENVISAT is the largest satellite to observe and monitor the Earth’s atmosphere,

land, ice and ocean. The expected lifetime of the satellite was five years, but mission

operation has already been exceeded by more than two and a half years.

ENVISAT is host to ten instruments, the Radar Altimeter 2 (RA-2), the MicroWave

Radiometer (MWR), the Doppler Orbitography and Radiopositioning Integrated

by Satellite (DORIS) instrument, the Laser RetroReflector (LRR), the Advanced

Synthetic Aperture Radar (ASAR), the Medium Resolution Imaging Spectrometer
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Figure 4.1: Left: Ariane V rocket being launched from Europe’s spaceport in Kourou,
French Guiana. Right: ENVISAT at the ESTEC (photos courtesy of ESA).

(MERIS), the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS),

the Global Ozone Monitoring by Occultation of Stars (GOMOS), and SCIAMACHY,

being used in this thesis. The latter three instruments are dedicated atmospheric

chemistry instruments, which are complementary to each other with respect to ap-

plication ranges, spectral coverage, and measurement principles. The spectrometer

GOMOS (Bertaux et al., 1991) covers the UV/visible spectral range between 250

and 950 nm and was designed for stellar occultation measurements. Thus it is

equipped with a large telescope to improve the signal to noise ratio. The Fourier

transform spectrometer MIPAS (Fischer and Oelhaf, 1996) on the other hand covers

the infrared spectral region between 4.15 μm and 14.6 μm, and was intended to

monitor the stratosphere and mesosphere for minor chemical constituents in the
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Figure 4.2: Illustration of SCIAMACHY’s limb and nadir viewing geometries (figure
courtesy of S. Noël).

limb mode.

4.1.2 The SCIAMACHY instrument

The acronym SCIAMACHY originates from the Greek , meaning fighting or chasing

shadows. It is a passive imaging and combined prism/grating spectrometer, which

measures the reflected, backscattered and transmitted solar radiation upwelling

from the top of the atmosphere (Burrows et al., 1990; Burrows and Chance, 1991;

Burrows et al., 1995; Bovensmann et al., 1999; Gottwald et al., 2006). Channels

1 to 6 of SCIAMACHY cover continuously the spectral region from 214 nm to

1773 nm. In addition, channel 7 and 8 cover the spectral range from 1934 nm to

2044 nm and from 2259 nm to 2386 nm, respectively, providing information about

infrared absorbing species. Altogether, this allows the retrieval of information on

atmospheric gases and trace gases, e.g. O3, NO2, O2, H2O, CH4, CO2, CO, BrO, OClO,
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Figure 4.3: Data products of SCIAMACHY and their corresponding spectral ranges
(figure courtesy of S. Noël and H. Bovensmann).

SO2, and IO (figure 4.3). O3 is being retrieved using information from within the

Hartley-Huggins (260 to 305 nm) and Chappuis (525 to 675 nm) ozone absorption

band. Besides gases, information about aerosols and clouds can also be retrieved

from SCIAMACHY spectral data.

SCIAMACHY is able to perform measurements in three different measuring ge-

ometries, from which two are illustrated in Fig. 4.2 (nadir- and limb-view). The

first measuring mode is the nadir-view capturing the concentrations of several trace

gases in the total atmospheric column on a 960 km wide swath orthogonal to the

flight direction (looking directly down). The resolution is about 30 km in flight

direction and about 60 km orthogonal to the flight direction. The second mode is

the limb-view allowing the retrieval of profiles, i.e. the vertical distribution of trace
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gases. The vertical field of view is about 2.6 km in the distance of about 3000 km.

Orthogonal to the flight direction the horizontal resolution of the measurements

accounts to 240 km across-track. The third and last viewing geometry is the occulta-

tion mode, in which SCIAMACHY directly observes the sun or the moon through

the atmosphere. The resolution is 30 km horizontally and 2.5 km vertically. The

advantage of the occultation mode is its high precision, yet the spatial coverage is

limited to middle and high latitudes in the northern hemisphere (solar occultation)

and southern hemisphere (lunar occultation).

4.2 SABER on TIMED

4.2.1 The TIMED satellite

The TIMED satellite was successfully launched on July 12, 2001, on board a Delta

II rocket from Vanderberg Air Force base, California. An image of the launch can

be seen in Fig. 4.4 (left panel). The satellite is flying in a low Earth orbit at

approximately 630 km altitude with an inclination of 74.1◦. The geometry of the

orbit is non sun-synchronous, i.e. a drifting orbit. Thus, the equator crossing time

of the TIMED satellite is shifting by approximately 12 minutes each day. It takes the

satellite 97 minutes to complete a full orbit.

TIMED serves as platform for four instruments, all of which are designed to

monitor the mesosphere and lower thermosphere/ionosphere region of the Earth’s

atmosphere focusing on altitudes from 50 to 180 km. The instruments are the

Global UltraViolet Imager (GUVI), the Solar Extreme ultraviolet Experiment (SEE),

the TIMED Doppler Interferometer (TIDI), and SABER. An image of the TIMED

satellite and the instruments can be seen in Fig. 4.4 (right panel).

4.2.2 The SABER instrument

The scientific goal of SABER (Mlynczak, 1997; Russel III et al., 1999) is to explore the

mesosphere and the lower thermosphere in order to improve the understanding of

the fundamental processes governing chemistry, transport, dynamics, and energetics.

This includes seasonal, latitudinal, and temporal variations of odd oxygen.
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Figure 4.4: Left: Delta II rocket launched at Vanderberg Air Force base in California,
U.S.A.. Right: Image of the TIMED satellite. (photos courtesy of NASA)

The SABER instrument itself is a 10-channel radiometer measuring infrared earth-

shine emissions in the limb mode (cf. Fig. 4.2, SCIAMACHY viewing geometries).

Limb scans are performed from the Earth’s surface to an altitude of approximately

400 km with an instantaneous field of view (IFOV) of 2 km. The scanning range of

the infrared spectrometer ranges from 1.27 μm to 16.9 μm. It has the capability

to continuously sound the atmosphere during day and night. The monthly yield is

approximately 40,000 profiles between either from 52◦S to 83◦N or from 83◦S to

52◦N, depending on the yaw cycle.

The field of view of the instrument is perpendicular to the flight direction of the

satellite, being reversed by 180◦ approximately every 60 days. Therefore continuous

observations are limited to a band between 52◦S and 52◦N.
Variables of interest for this thesis are ozone and temperature retrieved with
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SABER. Temperatures are retrieved using atmospheric CO2 emission at 15 μm.

As for the ozone, two products exist: One from the 9.6 μm O3 emissions and the

other one via the 1.27 μm dayglow emissions of the exited O2(1Δ), thus limited to

daytime and also to altitudes above 50 km. Some species and variables retrieved

from SABER infrared spectra are summarized in Table 4.1.

species wavelength application altitude
[μm] [km]

CO2 14.9, 15.2 T, density, IR cooling rates, P(z), non-LTE 10-130
O3 9.6 O3 conc. cooling rates, solar heating, 15-100

chemistry and dynamics
O2(1Δ) 1.27 O3 conc. (day), inferred [O] at night, 50-105

energy loss for solar heating efficiency
CO2 4.3 CO2 conc., mesosphere sol. heating, tracer 85-150
OH 2.0, 1.6 HOy chem., chem. heat source, dynamics, 80-100

energy loss for solar heating efficiency
NO 5.3 thermosphere cooling, NOx , chemistry 90-180
H2O 6.9 HOy source gas, dynamical tracer 15-80

Table 4.1: SABER measurements and applications.
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5 Statistical approaches

The major benefit scientists have from satellite remote sensing is the vast amount

of data available. Ground-based observations only produce one profile per week,

maybe per day, for a single location (e.g., a profile from an ozone sonde), at its best.

Satellite data often covers the whole globe within 1 to 6 days, offering hundreds to

thousands of profiles per day. This data needs to be converted into information, that

can easily and quickly be comprehended by the people interested, before scientific

conclusions can be drawn. Statistics help to reduce data and to present it in a

concise manner. The main approaches used in this thesis are summarized in this

Chapter.

5.1 Correlations

5.1.1 Correlation coefficient

Correlations are a form of comparing two variables with each other. Given, e.g.,

two random variables X and Y with xi and yi being the pairs of N measurement

points (x1,y1), ..., (xN ,yN), and x and y the sample mean values, respectively, the

corresponding correlation coefficient r ∈ [-1,1] is the ratio of the covariance of the

sample populations to the product of their standard deviations σ:

r =
cov(X ,Y )
σX ·σY

=

∑
(xi − x)(yi − y)

[
∑
(xi − x)2(yi − y)2]1/2

. (5.1)

The greater | r | is, the better both variables are correlated. When r is negative,

we speak of anti-correlation.
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5.1.2 Cross-correlation function

In case two time series are known to be linear dependent on each other, but the

correlation coefficient is small, the CC function might help to identify a time-lag

τ between both variables that increases the correlation. The correlation between

both time series as a function of time lag τ is called the cross-correlation function.

The CC function r(τ), ideally peaks at the time-lag with the highest correlations

between both time series. The CC is used in Sect. 6.4 of this thesis.

5.1.3 Auto-correlation function

The auto-correlation function is a cross-correlation function with itself. It is used

to identify repeating or periodic signals in a series of values. An example of a

auto-correlation function is given in Fig. 5.1. For zero time lag the autocorrelation

function is always 1. Recurring peaks off to the wings indicate dominant frequencies

in time series. In case of the combined GOME and SCIAMACHY (GOMESCIA) Mg II

index, a proxy for solar UV irradiance variation (cf. Sect. 6.3.2), supplemented with

Solar Backscatter UltraViolet (SBUV) and SOLSTICE data, the 11-year solar cycle

and the solar rotational period (27-days) can be identified.

5.1.4 Significance tests and spurious correlation

Spurious correlations may occur if two variables correlate, but lack a causal connec-

tion. An often used example for a spurious correlation is the connection between

the human birth rate within a certain region and the amount of nesting storks in

the same region. To make sure both variables are not randomly connected and to

gain some level of confidence, two simple significance tests can be performed.

Assuming that for the limit of infinite measurements the correlation coefficient of

two uncorrelated variables x and y will be r = 0 (Null Hypothesis H0), the likelihood

for a finite number of measurements that the correlation coefficient r exceeds the

value r0 is given by the so called p-value (PN ∈ [0,1]) (Taylor, 1996):

PN(|r| ≥ r0,H0) =
2Γ[(N − 1)/2]�
πΓ[(N − 2)/2]

∫ 1
|r0|
(1− r2)(N−4)/2dr , (5.2)
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Figure 5.1: Autocorrelation function of the composite Mg II index (1979-2008).
Recurring peaks can be found at 10.4 years (11-year solar cycle, upper plot) and
at 27 days (solar rotation period, lower plot).

with Γ being the Gamma-function.

Another easily applicable method to gain some confidence whether two series

of variables xi and yi are indeed not randomly connected is to take the standard

deviation σ of the slope s from a linear regressional. The following criteria may be

used: s > 2σ.

5.2 Discrete Fourier transform and FFT

The forward discrete-Fourier transform (DFT) is given as (taken from Bracewell,

2000)
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Figure 5.2: Fourier power spectrum of the composite Mg II index (1979-2008).
Spikes at 27 days (solar rotations period) as well as the first (13.5 days), the
second (9 days) and the third (6.75 days) harmonics are visible.

F(ν) =
1

N

N−1∑
τ=0

f (τ) · e−i2π(ν/N)τ , (5.3)

with the time variable τ and the frequency ν/N measured in cycles per sampling

interval.

The reverse DFT is given as followed:

f (τ) =
N−1∑
ν=0

F(ν) · ei2π(ν/N)τ . (5.4)

For computational purposes, the fast-Fourier transform (FFT) is commonly used.

The FFT is a DFT that uses factorized transform matrices to save computational
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Figure 5.3: Power spectrum of tropical SCIAMACHY ozone obtained via individual
regression fit of periods shown.

resources. Another way to understand the concept of a FFT, without filling books

with explanations, is to think of the FFT as a DFT that is split into two transforms to

potentially save 50 % of the time needed for computation.

Figure 5.2 shows the power spectrum of the Fourier transformed composite Mg II

index (1979-2008). F(ν) is peaking at the expected 27 days (solar rotation period),

but also at 13.5, 9, and 6.75 days, presumably the first, second and third harmonics

of the 27-day signal.

5.3 Regression analysis

Sinusoidal functions can be fitted in a multivariate least squares approach to time

series, e.g. tropical SCIAMACHY ozone, in order to retrieve annual oscillation (AO),

semi-annual oscillation (SAO), and quasi-biennial oscillation (QBO) variations as

follows (Fahrmeir et al., 2004):
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�β = (XT X)−1XT �Y . (5.5)

The vector �Y contains the time series to be investigated, the matrix X is subscripted

with the functions to be fitted to the time series, and the vector �β contains the

regression parameters (A, B, C, D) as follows,

R(t) = A+ Bt +
∑

i

[Ci sin(
2πt

Ti
) + Di cos(

2πt

Ti
)] , (5.6)

with the offset A and the trend term Bt. Done for all periods T between 100 and

1000 days results in a power spectrum as shown in Fig. 5.3. The AO, the SAO, and

the QBO can be identified. The amplitude in Figs. 5.3 and 5.4 is obtained as being

Ampi =
�

C2
i + D2

i . (5.7)

In addition to the AO and SAO periods (365 and 183 days, respectively), selected

QBO periods from a study by Fischer and Tung (2008) that are characteristic for the

SCIAMACHY observation period (2002 to today) are fitted: T = 854, 823, 793, 762

days. The resulting AO, SAO, and QBO fits are shown for SCIAMACHY ozone in Fig.

5.4, a and b, respectively. The AO in Fig. 5.4a is most pronounced below 27 km and

above 45 km altitude, being a SAO signal in between. The QBO signal in its typical,

with altitude shifting pattern is the strongest below 35 km altitude (Fig. 5.4b).

Many publications deal with the relationship between the 11-year solar cycle and

QBO (e.g., Labitzke, 2004; Gabis and Troshichev, 2004; Camp and Tung, 2007).

It has been shown that the influence of the 11-year solar cycle on ozone is being

modulated by the phase of the QBO. The solar signal in the tropical stratosphere

appears to be stronger during the easterly phase of the QBO. Covering more than

two QBO cycles, the SCIAMACHY ozone time series might be used to infer a QBO

phase dependent modulation of the stratospheric 27-day ozone signal.

5.4 Continuous wavelet transform

The CWT can be used if the temporal resolution offered by the standard Fourier

transform is insufficient and a temporal resolution of the investigated time series is
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Figure 5.4: Amplitudes of SCIAMACHY ozone variability: a) AO and SAO signal, b)
QBO signal.
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name Ψ0(η)

Morlet π−
1
4 · eiω0η · e− η22

Mexican Hat e
−η2
2ω20

(Gaussian)

Paul (1− iη)−(ω0+1)

Table 5.1: Examples of wavelet mother functions.

additionally wanted.

For a discrete sequence xn of a time series x(t) the wavelet transform is given as

(Torrence and Compo, 1998)

Wn(s) =
N−1∑
n′=0

xn′ ·Ψ∗ ·
�

n
′ − n

s

�
δt , (5.8)

where the complex conjugate wavelet Ψ∗ is scaled with s and translated by n
′
-n to

convolute the discrete sequence xn. The resulting power spectrum of the wavelet

transform is represented by | Wn(s) |2.
The wavelet Ψ0(η) is called mother wavelet. For the choice of the mother wavelet

certain rules apply. One is that the mean of the wavelet function has to be zero and

the other is that the wavelet has to be localized in both time and frequency space.

The Morlet wavelet serves here as an example, because it was used in Chapter 6 of

this thesis in the time series analysis of SCIAMACHY ozone. It is given as a plane

wave constrained by a Gaussian function:

Ψ0(η) = π
−14 · eiω0η · e−

η2

2 , (5.9)

with the non dimensional frequency ω0, which allows the adjustment of time vs.

frequency resolution of the transformed time series. Within this thesis ω0 was
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chosen to be 24. An overview over some common wavelets is given in Table 5.1.

The corresponding wavelets are plotted in Fig. 5.5 for different parameters ω0. The

application of the CWT was also done for the Mg II index. The results can be seen

in Fig. 6.9 in Chapter 6.

Figure 5.5: Illustration of Morlet, Mexican Hat (Gaussian) and Paul wavelets with
different orders ω0.
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6 27-day solar rotation signal in

stratospheric ozone 1

6.1 Abstract

Here the modulating nature of the 27-day solar rotation forcing on stratospheric

ozone is investigated using a new ozone profile data set from SCIAMACHY. CWT,

FFT, and CC have been applied to SCIAMACHY ozone in the tropics (< 20◦ latitude)
between 20 and 60 km altitude. The maximum correlation between Mg II index

and ozone is weaker during the maximum of solar cycle 23 (r = 0.38) than in

the previous two solar cycles that have been investigated in earlier studies using

different data sets. The magnitude of the ozone signal is highly time dependent and

may vanish for several solar rotations even close to solar maximum conditions. The

FFT analysis reveals, besides the 27-day signal, several frequencies close to 27-days.

The ozone sensitivity (ozone change in % per % change in 205 nm solar flux) is on

average about 0.2 %/% above 30 km altitude and smaller by about a factor of two

compared to earlier studies. For selected three month periods the sensitivity may

rise beyond 0.6 %/% in better agreement with earlier studies. The analysis of the

27-day solar forcing was also carried out with stratospheric temperature data from

the ECMWF operational analysis. Although direct radiation effects on temperature

are weak in the upper stratosphere, temperature signals with statistically significant

periods in the 25-35 day range similar to ozone could be found with the applied

methods.

1Sections 6.1 to 6.6 have been accepted for publication as Dikty, S., Weber, M., von Savigny,
C., Sonkaew, T., Rozanov, A., and Burrows, J. P.: Modulations of the 27-day solar rotation signal in
stratospheric ozone by SCIAMACHY (2003-2008), J. Geophys. Res., doi:10.1029/2009JD012379;
with minor modifications.
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6.2 Introduction

The differential rotation of the sun causes regions with intensified radiative output

to appear and disappear within the field of view of the Earth. Depending on the solar

latitude the sun’s rotational period varies from 25 days near the equator to 35 days

close to the poles (Lean, 1991). The frequency and latitudinal distribution of the

sun spots and active regions also vary with the 11-year solar cycle and modulate the

radiative output of the sun. The solar variation on the 11-year time scale has been

shown to cause 2-3 % variability in tropical ozone at altitudes of approximately

40 km. This has been concluded from satellite observations (e.g., Hood, 2004;

Fioletov, 2009; Remsberg, 2008; Randel and Wu, 2007; Soukharev and Hood, 2006)

and confirmed by model studies (e.g., Marsh et al., 2007; Sekiyama et al., 2006;

Langematz et al., 2005). In general, the models show a lower altitude for the

maximum ozone sensitivity to solar forcing than observations. Differences between

observations and model still remain for the lower stratosphere. Fioletov (2009)

estimated from the 27-day ozone response the 11-year ozone response with the help

of a statistical model. He also emphasized the fact that only three complete periods

of the 11-year solar cycle were covered by satellite observations so far. In addition,

the life span of a single satellite instrument is generally far less than one solar

cycle and instrumental biases between different ozone profile data sets complicate

statistical analysis of decadal variations.

The influence of the 27 day solar rotation on ozone has already been investigated

by Hood (1986) in the 1980s using SBUV ozone measurements during solar max-

imum of solar cycle 21 (1979-1981). He found the ozone sensitivity at 45 km to

be slightly more than 0.4 % per 1 % change in the 205 nm flux. Further inves-

tigations with different satellite data sets and model outputs covering other time

periods followed (e.g., Hood and Zhou, 1998; Zhou et al., 2000; Williams et al.,

2001; Rozanov et al., 2006; Ruzmaikin et al., 2007; Fioletov, 2009). Especially

Fioletov (2009) examined a time series of ozone measurements from various satel-

lite instruments from the SBUV series from 1979 to 2006. Compared to Hood

(1986) the ozone response is in good agreement (0.4 %/%). Austin et al. (2007)

and Gruzdev et al. (2009) compared the 27-day ozone variability determined by

Chemistry-Climate-Models (CCMs) with satellite measurements and were able to
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verify the observations in magnitude (0.4 to 0.5 %/%) but found the maximum

ozone sensitivity slightly lower in altitude (approx. 40 km) in the model simula-

tions. A detailed summary of 27-day ozone variations from past observations can be

found in Gruzdev et al. (2009). Ruzmaikin et al. (2007) used the empirical mode

decomposition on Microwave Limb Sounder (MLS) ozone (2004 to 2006) to show

the altitude/latitude distribution of the 27-day mode. He found the highest 27-day

amplitude to be in the winter high latitudes of the upper stratosphere. The term

27-days will be used throughout this chapter to describe variations on time scales of

25 to 32 days period that are likely related to solar rotational variations.

The scope of this chapter is to investigate short-term variations (approximately

27-days) in stratospheric ozone. Dominant frequencies may vary according to the

section of the time series investigated. This makes it necessary to introduce new

frequency analysis approaches, such as the CWT, in addition to the more traditional

approaches. A second motivation is that a new ozone profile data set is available

from SCIAMACHY that spans a large part of the recent solar cycle 23 and beginning

of the current cycle and is well suited for studies on short-term solar variations.

The FFT (Bracewell, 2000), the CC and the already mentioned CWT (Torrence

and Compo, 1998) is used for the presented time series analyses of SCIAMACHY

limb scatter ozone and ECMWF temperature profiles. The SCIAMACHY data have

a high spatial sampling with global coverage of the sunlit earth achieved within

six days, which makes this data set valuable for studying short-term variability

in the middle to upper stratosphere. The CWT in particular has become more

popular over the last two decades. While the FFT and CC are common tools in

time series analysis, their main disadvantage is that the time series is treated as a

whole and temporal fluctuations in the signal period cannot be detected. The CWT

offers a higher temporal resolution with a combined adjustment between time and

frequency resolution depending on the choice of wavelet and its order. Within a

given time series the connection between ozone and solar radiation is sometimes not

well-defined and this can be studied in a suitable way with the CWT in combination

with other frequency analysis tools.

The FFT, CC, and CWT have been applied to both the tropical ozone profiles and

the Mg II index, the latter being a common proxy for solar activity and irradiance
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changes. Both quantities were derived from SCIAMACHY observations (Skupin et al.,

2005; von Savigny et al., 2005b; Sonkaew et al., 2009). In order to identify possible

mechanisms for a solar rotation signal on stratospheric ozone, it is worthwhile to

look at corresponding stratospheric temperature variations; e.g., a recent study by

Ruzmaikin et al. (2007) showed 27 day variations in stratospheric temperatures.

Gruzdev et al. (2009, Fig. 14, and references therein) nicely summarize earlier

findings regarding the temperature sensitivity in the stratosphere observed by

Stratospheric and Mesospheric Sounder (SAMS) and MLS, and compare these

findings with their 3D model output. Both, observations and model show sensitivities

in the range of 0.02 to 0.04 %/% in stratospheric temperatures. These results are in

agreement with findings from Brasseur et al. (1987), who used a 1D model with a

sinusoidal 27-day solar forcing and compared their results to SAMS observations

reported in Keating et al. (1987). The same frequency analyses FFT, CC and

CWT were, therefore, also applied to stratospheric temperatures from the ECMWF

operational analyses during the SCIAMACHY observation period (2003-2008) to

allow a better evaluation of the indirect effects of solar-ozone interactions and to

identify possible links to temperature dependent ozone chemistry. Variations in

stratospheric temperatures, if correlated with corresponding ozone changes on such

a short-term time scales, may also be indicators for dynamical responses to solar

forcing in addition to chemical and radiative effects.

6.3 SCIAMACHY and ECMWF data

6.3.1 SCIAMACHY ozone data

A comprehensive summary of the SCIAMACHY instrument can be found in Bovens-

mann et al. (1999). SCIAMACHY is one of ten instruments on board the European

satellite ENVISAT, which was launched in March 2002. ENVISAT is in a sun-

synchronous orbit with an inclination of 98.5◦, a mean altitude of 796 km and

has a period of 100 minutes thus performing about 14 to 15 orbits per day. The

vertical resolution of the retrieved ozone profiles - as given by the full width at

half maximum of the averaging kernels - is about 4.5 km, the vertical sampling

approximately 3.3 km, and its IFOV of 2.8 km. The limb spectra are measured in
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the flight direction of the satellite. The overall yield is roughly 10,000 profiles per

month. Except for polar night regions, global coverage is achieved within 6 days.

The local time for tropical SCIAMACHY observations is close to 10 am.

SCIAMACHY is an 8-channel spectrometer covering the spectral range from

240 nm to 2380 nm. It uses different viewing geometries for retrieving total trace

gas columns (nadir) and profiles (limb and solar/lunar occultation) (Bovensmann

et al., 1999). The limb retrieval uses wavelengths in the Hartley-Huggins (264,

267.5, 273.5, 283, 286, 288, 290, and 305 nm) and Chappuis (525, 600 and

675 nm) ozone absorption band and covers altitudes from 10 to 60 km. The multiple

scattering radiative transfer model SCIATRAN 2.0 (Rozanov et al., 2005b) is used

in the forward modeling as part of the optimal estimation inversion. The ozone

profile data was retrieved on a vertical one km altitude grid, which provided more

stable profile retrievals compared to a coarser resolution. A complete description

of the ozone limb retrieval is given by von Savigny et al. (2005b) and Sonkaew

et al. (2009). The version 2.1 ozone profile data set derived from SCIAMACHY limb

observations are used here. Earlier versions including only the Chappuis wavelengths

in the retrieval (von Savigny et al., 2005b), thus limiting retrieved altitudes up to

40 km, were in good agreement with Halogen Occultation Experiment (HALOE)

and Stratospheric Aerosol and Gas Experiment (SAGE) II (within 10 %). However,

earlier data suffered from a varying shift in the tangent height (von Savigny et al.,

2005a). In the new data version, the tangent height offset has successfully been

corrected and agreement of the limb ozone profiles with other satellite data (HALOE

and SAGE II) has now improved to better than 10 % on average up to 50 km altitude

(Mieruch et al., manuscript in preparation).

6.3.2 Solar proxy - Mg II index

For the CC analysis a suitable proxy for solar UV irradiance variation is needed.

Hood (1986) used the 205 nm irradiance as a solar proxy since molecular oxygen

is primarily photodissociated at wavelengths between 183-205 nm in the upper

stratosphere. The Mg II index is given by the core-to-wing ratio of the Mg II h and

k doublet at 280 nm and was shown to correlate well with solar UV irradiance

changes throughout the UV region down to 30 nm (DeLand and Cebula, 1993;
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Weber, 1999; Viereck et al., 2004). The Mg II absorption originates in the sun’s

photosphere, while the narrow emission core stems from the chromosphere above.

The chromospheric solar activity varies with temperature and surface magnetic

activity and is, therefore, a good measure of solar UV irradiance variation. Since it

is a ratio, it is insensitive to the optical degradation of the measuring instrument.

A 1 % change in the GOMESCIA Mg II index corresponds to a 0.61 % change in

the solar flux at 205 nm. In addition to atmospheric measurements, SCIAMACHY

provides daily solar irradiance measurements from which a daily Mg II index can

be derived (Skupin et al., 2005). This Mg II index has been combined with data

from SBUV (1979-1992), Solar Ultraviolet Spectral Irradiance Monitor (SUSIM)

(1992-1995), and Global Ozone Monitoring Experiment (GOME) (1995-2001) to

obtain a composite Mg II index spanning nearly three decades (Weber, 1999; Viereck

et al., 2004). The composite Mg II index, also called GOMESCIA Mg II index, from

GOME and SCIAMACHY solar irradiance measurements from 1995 to 2008 (solar

cycle 23) is shown in Fig. 6.1. The 27-day solar rotational variations during solar

maximum are almost half the magnitude of an entire 11-year solar cycle (Weber,

1999; Skupin et al., 2005).

6.3.3 ECMWF temperatures

Stratospheric temperature data are taken from the ECMWF operational analysis

available at 1.5◦ by 1.5◦ spatial resolution. The main source of data for ECMWF

stratospheric temperatures are from the Advanced Microwave Sounding Unit-A

(AMSU-A), the Atmospheric Infrared Sounder (AIS) and the High-resolution Infrared

Radiation Sounder (HIRS). Observational data up to approximately 50 km are being

assimilated. Zonal mean data for the latitude band 20◦S to 20◦N were calculated

from 20 to 60 km in steps of one km. Fig. 6.2a shows the CC between unfiltered

stratospheric ozone and temperatures from 20 to 60 km. Ozone and temperature are

highly anti-correlated above 35 km peaking at 40 km (r < -0.85) with approximately

zero time lag, and highly correlated below 28 km peaking at 20 km (r > 0.9) with

a time lag of approximately 20 days. The origin of the high absolute correlation

comes mainly from the seasonal variation in stratospheric temperatures and ozone

(concluded from the CC of seasonal fits to ECMWF temperatures and SCIAMACHY
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Figure 6.1: Composite Mg II index anomaly from GOME and SCIAMACHY solar
observations from 1995 to 2008. The SCIAMACHY observation period covers the
declining phase of solar cycle 23 from 2003 to 2008.

ozone showing a similar picture, but not shown here). Fig. 6.2b now shows the

CC between the ozone and temperature with the seasonal cycle removed. Above

30 km anti-correlation is as low as -0.6 and below 30 km the correlations are up to

0.5, in both cases for zero time lag. The anti-correlation in the upper stratosphere is

mainly caused by the negative temperature dependency of the ozone production

(O2 + O + M→ O3 + M) in the Chapman reaction cycle, decreasing the O/O3 ratio

with decreasing temperature (Rosenfield et al., 2002). In the lower stratosphere the

lifetime of ozone is longer, atmospheric transport and the catalytic ozone loss cycles

play a larger role. In addition to the impact on ozone production, the ozone loss

(O + O3 → 2O2) is significantly slowed down with decreasing temperature (Sander

et al., 2005; WMO, 2007).
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Figure 6.2: CC of tropical zonal mean SCIAMACHY ozone and ECMWF temperature
anomalies (20◦S to 20◦N) between 20 and 60 km with a) the unfiltered time series
and b) after the seasonal cycle has been removed. The grey shading indicates
statistical significance being greater than 95 %.
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6.4 Analysis approaches and results

6.4.1 Ozone data preprocessing

All profiles between 20◦S to 20◦N latitude for a given day were selected and an area-

weighted zonal mean profile was calculated. Days with less than ten profiles within

this latitude band were treated as days with no data. Daily zonal mean SCIAMACHY

ozone profiles were derived from 20 km to 60 km altitude in steps of one km. Ozone

anomalies were calculated by subtracting the long-term mean from 2003 to 2008.

Major outliers in the time series are identified as being outside the 3σ value from

the zonal mean at each altitude and are rejected. Anomalies in ozone as well as

temperature from January 2003 to December 2008 are illustrated for the 20-60 km

altitude range in Fig. 6.3. Annual variations in ozone are dominant above 40 km

and a QBO signal can be identified below (Huang et al., 2008b; McCormack et al.,

2007).

Filtering of the time series becomes necessary to separate known frequencies from

a potential 27-day signal. Otherwise these frequencies may dominate the time series.

The first filter is the subtraction of a 6-day running mean (smoothing) to eliminate

fluctuations on very short time scales (Fig. 6.3). Six days were chosen because

SCIAMACHY fully covers the earth in 6 days and contributions from all longitudes

were desired. Choosing an even number of days for the running mean shifted the

time series by half a day. This shift has also been applied to the solar proxy and

ECMWF temperatures. Before the 6-day running mean was applied, data gaps were

closed using a spline interpolation. Data gaps normally occur due to maintenance

operations on the instrument or satellite platform and rarely last more than a few

days. In case of the larger data gap between January 29 and February 23, 2005,

the spline interpolation introduced an artifact in such a way that the amplitude is

overestimated in the frequency analysis. The 6-day running mean was applied to

all time series used in this chapter before any other filter or analysis method was

applied.
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Figure 6.3: Zonal mean anomaly of a) SCIAMACHY ozone and b) ECMWF temper-
ature (20◦S-20◦N) between 20 and 60 km altitude from 2003 to 2008.
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6.4.2 Fast-Fourier transform

A FFT was applied to the unfiltered SCIAMACHY ozone and ECMWF temperature

anomalies. The resulting power spectrum can be seen in Fig. 6.4. Similar results

are obtained if the semi-annual, annual, and QBO terms from a multivariate least

squares approach are subtracted from the time series before FFT application. For

ozone, a peak at 26 and 28 days at altitudes of approximately 35 km and above

45 km are visible. In addition, the first harmonics, the 13.5 days signal, is visible at

approximately 35 km. Whether or not any high-pass filter or the 6-day smoothing

(low-pass filter) was applied to the time series before does not change the result

of the FFT. It can also be seen in Fig. 6.4 that the 27-day ozone signal is in fact a

collection of periods ranging from 25 to 32 days for the 2003 to 2008 ozone data.

As for temperature, peaks are visible at 29 days at altitudes of approximately 35

and 50 km, and also a peak at 23 days at an altitude of approximately 45 km. The

overall magnitude of the temperature signal is by more than one order of magnitude

less than compared to the ozone signal, which is due to the smaller amplitude of

temperature variations.

6.4.3 Cross-correlation

For comparisons to studies by Hood (1986), Fleming et al. (1995) and Hood and

Zhou (1998) a CC analysis was performed on SCIAMACHY ozone and ECMWF

temperatures. A 35-day running mean was subtracted from the unfiltered time

series to remove variations on large time scales, e.g., the (semi-)annual and the

QBO signal. An example of the 35-day filtered final time series is shown in Fig. 6.5,

where a periodic signal with a period of approximately a month is detectable for

ozone and temperature at 45 km altitude.

Mg II index and ozone anomaly time series from SCIAMACHY at selected altitudes

are shown in Fig. 6.6. It is evident that both time series track each other nicely for

some brief periods, at other times however the correlation vanishes as highlighted

in Fig. 6.7. The correlation strongly depends on the examined period.

CCs with time lags between ozone (upper panel) and temperature (lower panel),

respectively, and the Mg II index as a function of altitude are shown in Fig. 6.8
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Figure 6.4: FFT power spectrum of zonal mean SCIAMACHY ozone (top) and
ECMWF temperature (bottom) anomalies (20◦S-20◦N) from 2003 to 2008 be-
tween 20 and 55 km.

for different time segments: a) the entire observation period (2003 to 2008), b)

close to solar maximum (2003 to 2004), c) at solar minimum (2006 to 2007).

The 27-day signal is statistically significant near solar maximum and considerably

weakens near solar minimum. However, from Fig. 6.7 it is also clear that during

some periods close to solar maximum the solar signal in ozone may vanish. Close

to solar maximum, the maximum correlation in ozone is 0.38 with a phase lag of

approximately 3 days (no phase lag below 35 km). The overall structure of the

ozone CC is in agreement with Hood (1986) and Hood and Zhou (1998), however

the correlation is lower than during maxima of solar cycle 21 (1979 to 1980) and

solar cycle 22 (1990 to 1991) as reported by Hood (1986) and Hood and Zhou

(1998), and there is a phase shift of the maximum correlation with altitude by about

5 days between 30 and 45 km, which is not visible in the SCIAMACHY analysis. As
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Figure 6.5: Example of SCIAMACHY ozone (top) and ECMWF temperature (bottom)
anomaly time series at 45 km altitude in year 2004 before and after subtracting a
35-day running mean.

for temperature, near solar maximum correlations are weak, yet significant, and

increasing above 50 km. During solar minimum the correlation weakens and below

30 km an anti-correlation is visible with approximately 2-3 days time lag.

6.4.4 Wavelet analysis

As shown in Fig. 6.7, the correlation between the 27-day solar signal and ozone

varies strongly with time. A CWT has the advantage of showing frequencies con-

tained in a time series as a function of time. The Morlet wavelet with an order of 24

was chosen for the transform (Percival and Walden, 2006). This choice provides a

good compromise between frequency resolution and time resolution in the power

spectrum.

Discontinuities at both ends of the power spectra occur due to the finite nature
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Figure 6.6: SCIAMACHY zonal mean ozone anomaly (20◦S-20◦N) (solid line) and
Mg II index anomaly (filled circles) in percent at selected altitudes (55, 50, 45,
40, 35 and 30 km, from top to bottom). A 35-day running mean was removed in
all time series.
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Figure 6.7: Selected three month periods from Fig. 6.6 with high (left panels) and
low correlation (right panels) between ozone (solid) and Mg II index (circles). In
each panel the period, correlation (r) and ozone sensitivity (s), the latter being
defined as ozone change per Mg II index change in units of %/% are indicated.
The ozone sensitivity per unit 205 nm solar irradiance change is obtained by
multiplying s with 0.61.
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Figure 6.8: a) CC of SCIAMACHY ozone (upper panel) and ECMWF temperature
(lower panel), respectively, with Mg II index for the complete observation period
(2003-2008). Shaded areas represent regions of statistical significance (2σ). b)
Same as a) but under solar maximum condition (2003-2004). c) Same as a) but
during solar minimum conditions (2006-2007).
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of the time series. The so called cone of influence is therefore limited to the inner

part of the spectrum bordered by the dashed lines in Figs. 6.9 and 6.10. Solid

contour lines denote the 99 % confidence level, which was calculated by testing the

wavelet spectra against a theoretical background wavelet spectrum (red or white

noise) (Torrence and Compo, 1998). The lower the frequencies the more of the

wings of the spectrum can be regarded as statistically insignificant. The Morlet

wavelet was also applied to the extended GOMESCIA Mg II index going back to

1979 (Weber, 1999) as shown in Fig. 6.9a. The power spectrum as well as the Mg II

index itself clearly shows the increased 27-day amplitude of the Mg II index during

solar maximum. The 27-day as well as its first harmonics, the 13.5-day peak, can be

identified. Apart from the stronger 27-day signal during solar maximum, it is also

evident that solar cycles 21 and 22 were more intense than solar cycle 23 regarding

the 27-day signal during solar maximum, especially solar cycle 22 with relative

anomaly amplitudes of up to 5 %, which is more than half of the amplitude between

solar maximum and solar minimum (11-year cycle). This figure also indicates that

the disk averaged solar rotation has varying periods ranging from 25 to 32 days.

Ebel et al. (1981) noted 25 day periodic response in temperature and geopotential

height at 50, 30 and 10 hPa from solar forcing. The second harmonics, a 9-day

signature as identified in the SBUV ozone time series (Fioletov, 2009), is not visible

in the CWT of the Mg II index. Only the 27-day signal is above the 99 % level of

confidence, which is marked by solid lines.

For a better comparison with SCIAMACHY ozone data, this CWT analysis of the

Mg II index has been repeated for the shorter SCIAMACHY observation period from

2003 to 2008 as shown in Fig. 6.9b. This time the 35-day running mean has already

been subtracted to remove low frequencies and to treat the Mg II index in the same

way as the ozone and temperature data. Again, the 27-day and 13.5-day peaks are

clearly visible. The corresponding CWT for ozone and temperature is shown in Fig.

6.10 for altitudes of 30, 45 and 55 km, respectively.

The power spectrum of SCIAMACHY ozone shows a peak at approximately

25 days, but limited to altitudes between 42 and 47 km (cf. Fig. 6.10c for 45

km). This is a slightly higher frequency than the mean solar signal input (27 days).

Below this altitude the signal power becomes rather faint lacking a clear peak (Fig.
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Figure 6.9: a) Wavelet power spectrum as a result of the CWT applied to the
composite Mg II index from 1979 to 2008. Peaks around 27 days as well as first
harmonics, 13.5 day, are visible. The cone of influence is marked with dashed
lines on either side. b) Same as a) but CWT only applied to Mg II data from the
SCIAMACHY observation period. Solid contour lines indicate 99 % confidence
level.
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6.10a). Above 47 km the power spectra show stronger signals, but with broader

peaks covering frequencies between 23 and 32 days in selected years (Fig. 6.10e,

2004 and 2006-2007). In the first half of 2005 strong peaks are visible, not only

in the ozone time series but also in the power spectrum. Due to a change in SCIA-

MACHY mission operations tropical ozone data were not available from 29th of

January 2005 to 23rd of February 2005 (marked with dashed vertical lines in Fig.

6.10) causing fake signals in the CWT and therefore has to be treated with caution.

Especially in Fig. 6.10a, a fake signal is visible in early 2005. Apart from this signal,

the CWT of SCIAMACHY ozone at 30 km reveals weak and mostly statistically

insignificant signals inside the cone of influence.

The CWT for ECMWF temperatures shows smaller signal strengths compared

to ozone, which again is due to its smaller amplitude. Nevertheless, these signals

are statistically significant. At 30 km a 30-day peak for early 2008 and a 35-day

peak for 2004 are visible. The CWT for 45 km reveals a peak structure going from

23 days up to 35 days from late 2004 to late 2006 similar to ozone. Above that

height at 55 km the signals become stronger, with peaks in late 2004 (23-35 days),

and in early 2006 (20 days and 28-30 days). Both ozone and temperature CWT

show similar time-varying frequency signals in the period range of 25 to 35 days

throughout the SCIAMACHY observation period, while CWT of the Mg II index

shows marked signals only close to 27 days and during solar maximum. This may

suggest that periodic variations in the temperature and ozone in the time scale of 25

to 35 day periods may not only be due to solar variability. An exception is the broad

frequency signal in the Mg II CWT at the end of 2003 (25-32 days), which shows a

corresponding pattern in ozone only at 45 km altitude, but not in temperature.

6.4.5 Ozone sensitivity to 27-day solar radiation variations

The altitude dependent sensitivity of tropical SCIAMACHY ozone to variations in

the 205 nm solar irradiance flux (converted from Mg II index as explained in

Sect. 6.3.2) is shown in Fig. 6.11. The solid line indicates the mean sensitivity

from the correlation method and dashed lines denote the 2σ uncertainty. The

ozone sensitivity is plotted for the complete time series (left panel, 2003-2008),

conditions close to solar maximum (middle panel, 2003-2004), and solar minimum
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Figure 6.10: Wavelet power spectra as a result of the CWT applied to SCIAMACHY
zonal mean ozone anomaly (20◦S-20◦N) at a) 30 km, c) 45 and e) 55 km altitude
and to ECMWF temperature at b) 30 km, d) 45 km, f) 55 km altitudes. The
temperature signal is about one order of magnitude weaker. Solid contour lines
indicate 99 % confidence level. The vertical dashed lines in a), b) and e) indicate
the data gap in early 2005.
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(right panel, 2006-2007). Comparisons with model results from Gruzdev et al.

(2009, Fig. 10) and observational data results from Fioletov (2009, Fig. 4) show

differences in the altitude of maximum sensitivity. Their ozone sensitivity peaks

near 40 km for the observations and slightly below for model output, while the peak

for SCIAMACHY is at approximately 35 km, and a second but smaller one at 43 km

close to solar maximum conditions. The amplitude of the observed ozone sensitivity

is a factor of 2-3 smaller than summarized in Gruzdev et al. (2009). From Fig.

6.7 it can be shown that for some three month periods, e.g. August-October 2004,

SCIAMACHY ozone sensitivity is in better agreement with Gruzdev et al. (2009)

and Fioletov (2009).

6.5 Discussion

The CC between the Mg II index and SCIAMACHY ozone and between Mg II index

and ECMWF temperature for heights between 20 km and 60 km are summarized in

Fig. 6.8. The results for ozone are similar to the findings from Hood (1986) and

Hood and Zhou (1998), however, the absolute value for the maximum correlation

is weaker. The maximum correlation in this investigation is 0.25 for the whole

SCIAMACHY observation period (2003 to 2008). Close to solar maximum 23 in

2003 to 2004, the maximum correlation increases to 0.38, which is still considerably

smaller than the model results from Austin et al. (2007) (r > 0.8) for this solar

maximum and about 0.5-0.6 from earlier studies (Hood, 1986; Hood and Zhou,

1998). The statistical significance is above the 2σ level as indicated by the gray

shading. Limiting data to solar minimum conditions (2006 to 2007) considerably

weakens correlations below statistical significance for most altitudes as can be seen

in Fig. 6.8c. Hood (1986) chose SBUV data from well within the solar maximum

21 (1979-1980) and also Hood and Zhou (1998) used MLS data from within solar

maximum 22 (1990-1991). The first SCIAMACHY data were available from August

2002 onwards, already on the declining branch of solar cycle 23 with smaller

amplitudes in the 27-day variations, which is assumed to be the reason for the

difference of the presented ozone CC results to previous studies. Comparing the

results from the CC to the results from model calculations done by Gruzdev et al.
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Figure 6.11: Altitude dependent sensitivity of high pass filtered tropical SCIA-
MACHY ozone (20◦S-20◦N) to variations in the 205 nm solar irradiance flux in
units of %/%. Solid lines indicate the mean and dashed lines denote the 2σ
uncertainty. The sensitivity is plotted for the complete time series (left panel,
2003-2008), solar maximum (middle panel, 2003-2004), and solar minimum
(right panel, 2006-2007).

(2009, Fig. 2) reveals an agreement between the SCIAMACHY CC under solar

maximum conditions and the model CC with solar forcing. However, the varying

phase shift with altitude is not visible in the SCIAMACHY CC. The solar forcing in

the model being shut off, the CC now rather compares well to the SCIAMACHY CC

during solar minimum.

Ruzmaikin et al. (2007) used the Empirical Mode Decomposition (EMD) to

investigate the 27-day solar variations in stratospheric ozone and temperature. They

came to the same conclusions about the general connection between ozone and

temperature (Fig. 6.2). They emphasized that interpreting any obvious correlations
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should be done with care since not only ozone but also temperature is dependent

on UV changes. In the upper stratosphere the Chapman chemistry governs mainly

ozone changes and this is also the region where the highest influence of UV radiation

on ozone is found in the presented results. On the other hand, the influence of

short-term variation in solar UV radiation on temperature in the upper stratosphere

is weaker than it is on ozone (Fig. 6.8). The influence becomes stronger above

50 km and below 30 km. According to Ruzmaikin et al. (2007) the tropical lower

stratospheric vertical winds also show a 27-day signal, probably caused by wave

disturbances or upwelling. In addition, they identified a 27-day solar UV signature

in lower stratospheric tropical MLS (v1.51) temperature data.

The CWT of the Mg II index (Fig. 6.9a) shows that the amplitudes of the 27-

day solar forcing are higher during solar maxima of solar cycle 21 and 22 than

in solar cycle 23. These results are consistent with findings from Fioletov (2009),

who showed in addition that the 27-day solar forcing amplitude is weaker during

solar minimum. He separated SBUV ozone data for all solar cycles (21 to 23) into

solar maximum and solar minimum conditions (5-year intervals) and found that

the ozone response to the 27-day solar forcing is not much different, whether it

is solar maximum or minimum, although the 27-day signal in ozone goes below

the 2σ level of significance during solar minimum. This result is confirmed with

the CWT except that during solar minimum the significance does not even drop

below the 3σ level (Fig. 6.10c) and the periods are closer to 25 days. The most

interesting result from the CWT analysis of SCIAMACHY ozone is the time varying

solar signal, bearing a collection of frequencies close to 27-days, which has been

predicted by model simulations by Rozanov et al. (2006) and Gruzdev et al. (2009).

The same collection of frequencies is also found in the CWT of ECMWF temperature,

partially with the same signals in the CWT as for ozone, implying the connection

between ozone and temperature on short-term time scales. However, comparing the

CWT power spectra of temperature to the power spectrum of the Mg II index does

not reveal many similarities. The CC of temperatures with the Mg II index in the

upper stratosphere show weaker correlations than for ozone. The broad frequency

response (25-35 days) seen in both ozone and temperature CWTs throughout

the SCIAMACHY observation period (Fig. 6.10), but not evident in the Mg II
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index strongly suggest that apart from direct radiative effects, indirect effects from

chemistry and/or atmospheric dynamics are important. This is in agreement with

findings from Brasseur et al. (1987) and Gruzdev et al. (2009). Other dynamical

and chemical processes not related to solar activity cannot be ruled out to play a

role as well here. A similarity in ozone at 45 km and Mg II frequency response

appears to be only evident at the end of 2003 with strong periodic signals in the

range of 25 to 32 days. During the Halloween 2003 solar storm unusually large

variations in the solar radiation flux were measured by SCIAMACHY (Pagaran et al.,

2009).

One has to carefully look at the selected part of the time series that is being

investigated. Periodic signals in ozone vary with time and even vanish for several

solar rotations independent of the phase of the larger 11-year solar cycle where the

period was selected from. This large variability in solar response may be explained

by other competing processes like atmospheric transport (dynamics) or chemistry

(other than direct photochemistry), which become more important in the lower

stratosphere (e.g., Williams et al., 2001). It cannot be ruled out that the latter

mechanism may as well be triggered by short-term variations in solar forcing in the

upper stratosphere, but are considered indirect effects.

6.6 Summary

In this chapter different approaches were used to analyze the relationship between

the 27-day solar variations and stratospheric ozone. In addition, the influence

of the 27-day solar variations on ECMWF temperatures were investigated. Some

of the techniques were used to prove that SCIAMACHY ozone data are capable

of confirming qualitatively results from earlier studies. Correlations are generally

higher during solar maximum conditions, but even under solar maximum conditions

correlations diminish for several solar rotations as discussed in Sect. 3.3 and 3.4.

A wavelet analysis was used for the first time on satellite observations to inves-

tigate sun-ozone interaction and allowed the study of the time varying frequency

content of the ozone, temperature, and Mg II index time series. Applied to the

ozone time series, only altitudes close to 45 km show a clear 27-day signal. This is
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slightly above the height of maximum ozone sensitivity from earlier observations

(40 to 45 km, depending on the study) and model runs (approx. 39 km) as sum-

marized by Gruzdev et al. (2009). However, ozone sensitivity to solar flux changes

at 205 nm (most important for ozone production) is only half of that from other

studies (Gruzdev et al., 2009; Fioletov, 2009). The same techniques as applied to

SCIAMACHY ozone were used on the tropical zonal mean ECMWF temperature

record between 2003 and 2008. Statistically significant time-varying signals in the

power spectra of the temperature CWT were found for periods between 25 and 35

days throughout the SCIAMACHY observation period, and qualitatively agree with

the ozone CWT. The CWT of Mg II index shows mostly strong signals very close to

27 days except at the end of 2003, where periodic signals from 25 to 32 days are

observed in agreement with ozone (but not temperature) at 45 km altitude. The

temperature CC shows weak but significant correlations around zero time lag. This

suggests an indirect mechanism or even non-solar related processes to play a more

important role on these time scales, in particular for stratospheric temperature.
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7 Daytime variations in mesospheric ozone 2

7.1 Abstract

The scope of this chapter is to investigate the latest version 1.07 SABER tropical

ozone from the 1.27 μm as well as from the 9.6 μm retrieval and temperature

data with respect to daytime variations in the upper mesosphere. For a better

understanding of the processes involved we compare these daytime variations

to the output of the three-dimensional general circulation and chemistry model

HAMMONIA. The results show good agreement for ozone. The amplitude of daytime

variations is in both cases approximately 60 % of the daytime mean. During equinox

the daytime maximum ozone abundance is for both, the observations and the model,

higher than during solstice, especially above 80 km. We also use the HAMMONIA

output of daytime variation patterns of several other different trace gas species, e.g.,

water vapor and atomic oxygen, to discuss the daytime pattern in ozone. In contrast

to ozone, temperature data show little daytime variations between 65 and 90 km

and their amplitudes are on the order of less than 1.5 %. In addition, SABER and

HAMMONIA temperatures show significant differences above 80 km.

7.2 Introduction

The sun influences the thermal structure, dynamics, and chemistry of the Earth’s

middle atmosphere. If UV radiation levels alter, middle atmospheric ozone is

effected as well as other trace gases formed by photolysis from a direct radiation

effect and due to a dynamical response to solar variability (indirect effect). In

2Sections 7.1 to 7.7 have been published as Dikty, S., Schmidt, H., Weber, M., von Savigny, C.
and Mlynczak, M.: Daytime ozone and temperature variations in the mesosphere: A comparison
between SABER observations and HAMMONIA model, Atmos. Chem. Phys. Discuss., 10, 2005-2029,
2010; with minor modifications.
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particular, the response of ozone above 60 km to variations in UV radiation is not

well established. In comparison with the 27-day solar rotation signal (e.g., Chen

et al., 1997; Hood and Zhou, 1998; Ruzmaikin et al., 2007; Gruzdev et al., 2009;

Dikty et al., 2009) and the 11-year solar cycle response (e.g., Haigh, 2003; Hood,

2004; Crooks and Gray, 2005; Soukharev and Hood, 2006; Marsh et al., 2007)

in the middle atmosphere, the daytime variation of UV radiation inflicts a by far

greater response in mesospheric ozone.

In the following it will be refered to daytime variations as to (ozone and tempera-

ture) variations between sunrise and sunset, i.e. in the tropics between 6h and 18h

solar local time. The daytime patterns will be the main focus of this chapter. The

term diurnal will be reserved for variations on the 24h time scale. The amplitude of

daytime ozone variations in the upper mesosphere from sunrise to sunset is about

60 % of the daytime mean with extreme ozone values between 0.1 to 4 ppm at

77.5 km and 1 to more than 10 ppm for altitudes 85 km and above.

An early study by Vaughan (1984) summarizes the basics of mesospheric ozone

chemistry. He used ozone data from rocket-borne instrumentation and temperature

data from SAMS on Nimbus-7 and compared these with the output of a radiative

photochemical model. Other early references to mesospheric ozone chemistry are

the papers by Allen et al. (1984a,b), wherein they pointed out the significance

of oxygen- and hydrogen-containing species and the temperature profile on the

diurnal variability of ozone. Data used in these papers are from ground-based and

rocket borne instrumentation at mid-latitudes. Several other studies investigated

diurnal ozone variations in the mesosphere, including nighttime, with satellites

(Ricaud et al., 1996; Marsh et al., 2002; Huang et al., 2008a; Smith et al., 2008)

and ground-based observations (Connor et al., 1994; Haefele et al., 2008). Ricaud

et al. (1996) also compared their observations with model results. Ground-based

observations done in the Bordeaux area were compared to a one-dimensional

photochemical model by Schneider et al. (2005). They clearly saw a diurnal pattern

and a SAO signal above 50 km altitude. All of the above mentioned studies show

that with nightfall the photodestruction of ozone stops and ozone quickly reaches

a high nighttime equilibrium in the mesosphere. The models used by Ricaud et al.

(1996) and Sinnhuber et al. (2003) did not show any variations during night, and
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observations showed little to no variations.

Marsh et al. (2002) studied diurnal ozone variations from the High Resolution

Doppler Imager (HRDI) on board UARS in the altitude range between 70 and 95 km.

They attributed the increase in ozone in the afternoon in the upper mesosphere

to the migrating diurnal tide. Air that is rich in atomic oxygen is believed to be

pumped down from the lower thermosphere and to form ozone on recombination

with molecular oxygen. SABER temperature data have been used, e.g., by Zhang

et al. (2006) and Mukhtarov et al. (2009) to study tidal signatures between 20

and 120 km altitude within ±50◦ latitude. The solar diurnal tide has also been

investigated by Achatz et al. (2008) who utilized a combination of HAMMONIA and

a linear model.

Smith et al. (2008) were recently reporting on high ozone values at the nighttime

mesopause observed in SABER version 1.07 ozone derived from 9.6 μm radiance.

They used a simplified model of the diurnal migrating tide to show that the high

night-time ozone values (up to 40 ppm) are a result of an upward motion of air low

in atomic hydrogen and atomic oxygen combined with low temperatures, as a result

of adiabatic cooling.

The paper by Huang et al. (2008a) can be seen as a precursor to the present

study. They reported on SABER version 1.06 diurnal ozone variations (derived from

9.6 μm radiance) over 24 hours with the help of a two-dimensional Fourier least

squares analysis. They were able to determine the diurnal variation as a function of

latitude (up to 48◦), altitude and day of year. The analysis was however limited to

at least one year of data.

Beig et al. (2008) gave an overview of the temperature response to solar activity

in the mesosphere and lower thermosphere. They assumed that the temperature

response to solar activity is mainly due to the vertical distribution of chemically

active gases near the mesopause and due to changes in the UV radiation.

In this chapter version 1.07 SABER ozone and temperature vertical profiles from

2003 to 2006 are used to derive daytime variations in the tropical upper mesosphere

and to compare them with the output of the HAMMONIA model and to previous

studies. In addition, version 1.07 SABER ozone data are compared to the previous

version 1.06 data that was used in Huang et al. (2008a), especially since the ozone
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retrieval at 1.27 μm was updated with respect to non-LTE processes, and the 9.6 μm

ozone retrieval was improved by reducing the physical quenching rates of the ozone

vibrational levels by a factor of 3. In addition to Huang et al. (2008a), SABER

temperature data is also included in the analysis and the results are discussed with

respect to the chemistry responsible for the daytime pattern from HAMMONIA

ozone, temperature, and other trace gases. In Sect. 7.3 the data sources are

summarized first before the methods used to extract the daytime pattern in ozone

and temperature are briefly explained in Sect. 7.4. The presentation of the results

(Sect. 7.5) and their discussion in Sect. 7.6 is followed by a summary in Sect. 7.7.

7.3 SABER and HAMMONIA data

7.3.1 SABER satellite data

The TIMED satellite has been launched on July 12th, 2001 (Russel III et al., 1999;

Remsberg et al., 2008). It circulates the Earth in a low orbit of 628 km mean altitude

with an inclination of 74◦. The TIMED satellite is in a non-sun synchronous or

drifting orbit with a mean orbital time of 97 minutes. Each day the equator crossing

time shifts by approximately 12 minutes. The scanning direction of the SABER

instrument is perpendicular to the flight direction of TIMED. Once approximately

every 60 days, the TIMED satellite performs a yaw maneuver reversing the scanning

direction of SABER by 180◦. This measuring geometry limits the latitudinal coverage

to 83◦S to 52◦N and 52◦S to 83◦N, respectively. Continuous time series for high

latitudes are therefore not available. Fig. 7.1 shows the spatial coverage for one

day of SABER measurements on March 25th, 2003, pointing south and on May 25th,

2003, pointing north. The overall yield is roughly 40,000 profiles per month as

SABER solely performs limb measurements in the infrared.

SABER on board TIMED is an infrared spectrometer measuring limb emission

with a spectral range from 1.27 μm to 16.9 μm. The time required to make one up

or down scan of the limb is slightly less than one minute. The instrument scans up

to about 400 km in altitude, although the only channel that measures above 180 km

tangent height is the NO channel at 5.3 μm. The vertical resolution is approximately

2 km and the instrument has a vertical sampling of 0.4 km.
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Figure 7.1: Example of daily global coverage of SABER measurements. On March
25 (upper panel), 2003, the instrument was facing south and on May 25 (lower
panel), 2003, SABER was facing north. Each asterisk resembles one profile.
Profiles between 20◦S and 20◦N are highlighted in red.
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Depending on wavelength (320 nm < λ < 1180 nm) the photochemical de-

struction of ozone can lead to molecular oxygen in its ground state (Eq. 7.1), at

wavelengths shortward of 320 nm, and to oxygen in its first exited state (Eq. 7.2).

The de-excitation leads to airglow emissions at 1.27 μm (Eq. 7.3) which can be

detected by SABER and other spectrometers in orbit, e.g., SCIAMACHY aboard

ENVISAT (Bovensmann et al., 1999) and the Optical Spectrograph and InfraRed

Imaging System (OSIRIS) on Odin (Llewellyn et al., 2004):

O3+ hν(λ > 320nm) → O2(
3Σ)+O(3P) , (7.1)

O3+ hν(λ < 320nm) → O2(
1Δ)+O(1D) , (7.2)

O2(
1Δ) → O2(

3Σ)+ hν(1.27μm) . (7.3)

Many parameters related to the odd-oxygen photochemistry and the energy

budget of the mesosphere can be derived from these measurements and are used to

infer ozone from the 1.27 μm airglow as described in Mlynczak et al. (2007).

In addition to the retrieval of ozone at 1.27 μm that is limited to daytime, the

thermal emissions of ozone at 9.6 μm from vibration-rotational energy release can

be detected by SABER as described in Rong et al. (2008). The retrieval in the

9.6 μm region permits measurements of ozone not only during daylight but at

night as well and the vertical coverage is not limited to the mesosphere and lower

thermosphere. Huang et al. (2008a) studied diurnal variations of ozone retrieved

at 9.6 μm. Differences to Huang et al. (2008a) will be highlighted throughout

this chapter. One of which is the emphasis on the daytime (6h-18h solar local

time) ozone pattern, in addition to comparisons to the HAMMONIA model. In this

chapter ozone data retrieved at 1.27 μm and at 9.6 μm is used, and temperature

data available from SABER is also included. The temperature is retrieved using the

spectral information from the two CO2 channels at 14.9 μm and 15.2 μm (Remsberg

et al., 2004).

7.3.2 HAMMONIA model

In this chapter the output from the three-dimensional general circulation and

chemistry model HAMMONIA (Schmidt et al., 2006) is used to compare to SABER



7.3 SABER AND HAMMONIA DATA 103

Figure 7.2: Distribution of solar local times of SABER measurements between 20◦S
and 20◦N for the year 2003. Each dot represents one profile. The vertical dotted
lines with dates indicated mark yaw maneuvers. The red line shows daily mean
of the solar local time of measurements.

observations. HAMMONIA treats atmospheric dynamics, radiation and chemistry

interactively. It was developed as an extension of the atmospheric general circulation

model MAECHAM5 (Giorgetta et al., 2006; Manzini et al., 2006) and additionally

accounts for radiative and dynamical processes in the upper atmosphere. HAMMO-

NIA includes 153 gas phase reactions and 48 chemical compounds. It is a spectral

model with (in the current configuration) triangular truncation at wave number 31

(T31) and with 67 levels between the surface and 1.7·10−7 hPa (≈250 km). The

model includes a full dynamic and radiative coupling with the MOZART3 chemical

module (Kinnison et al., 2007). In addition, it accounts for solar heating in the UV

and extreme UV wavelength regime, a non-LTE radiative scheme, energy deposition

and eddy diffusion generated by gravity wave breaking, vertical molecular diffusion

and conduction, and a simple parameterization of electromagnetic forces in the

thermosphere. The processing of the model output is described in Sect. 7.4.
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7.4 Data processing

7.4.1 SABER ozone and temperature data processing

The SABER ozone profiles retrieved from the 1.27 μm and 9.6 μm radiometer

measurements as well as temperature profiles were interpolated to a regular height

grid of 0.5 km using spline interpolation. All profiles were also gridded in the

same fashion to a logarithmic pressure scale with an approximate height step of

1 km. Up to 200 profiles per day from within 20◦S to 20◦N were available for the

calculation of an area weighted zonal mean profile. Days with less than 10 profiles

were treated as days with no data. At each pressure level outliers in the time series

were identified as being outside the 3σ value of the whole time series. Small data

gaps of a few days were closed by the use of a spline interpolation. Fortunately,

there were no large data gaps from 2003 to 2006.

All daytime time series have a strong signal with a periodicity of approximately

60 days which corresponds to the drift of measurements with local time and the

yaw maneuver TIMED is performing. In the tropics this drift in local time is plotted

in Fig. 7.2 for 2003. Yaw maneuvers are indicated as vertical dotted lines. Each

dot in the plot represents a single profile and the red solid line indicates the mean

local time of measurement. The fairly small spread of about half an hour resembles

the uncertainty with which the mean local time is determined. The variability of

the solar local time of approximately half an hour on a given day is mainly due to

the fact that the solar local time is slightly different at each latitude in the tropics

(movement of the satellite). So by reassigning each day’s area weighted zonal

mean profile to its mean local time of measurement (with an error of approximately

30 minutes around the mean) the analysis of daytime variations becomes possible.

The daytime variation is derived from data covering 60 days of measurements

between yaw maneuvers. Due to the properties of the TIMED orbit measurements

between 11h and 13h solar local time are not possible.

The resulting daytime variation of ozone is shown in Fig. 7.3 at heights of 69.5,

74.5, 79.5, 84, and 88.5 km (dots) in units of volume mixing ratio. The daytime

variations of ozone are also shown in Figs. 7.4 and 7.5 (color coding). Here the

variation is given as deviation from the daytime (6-18h) mean in % for pressure
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levels between 0.1 to 0.001 hPa. SABER temperature anomalies can be seen in

Fig. 7.6 (color coding).

7.4.2 HAMMONIA model output processing

The HAMMONIA model output used in this study is a 20 year-average from a time-

slice simulation for present day greenhouse gas concentrations and solar minimum

conditions as described by Schmidt et al. (2006). The output is available covering all

longitudes in 3.75◦-steps and all latitudes in 3.75◦-steps. There are 67 model levels

in HAMMONIA ranging from the surface to 1.7·10−7 hPa (≈250 km). The vertical

resolution in the mesosphere is about 3 km. Along longitude circles all solar local

times are covered, which makes it possible to derive diurnal and daytime variations.

As the 3D model output is available each 3 hours, results presented here for specific

local times are calculated as an average of 8 locations spaced by 45 degrees of

longitude. All latitude steps between 20◦S and 20◦N were chosen to derive an area

weighted meridional mean profile. Sunrise and sunset were identified by the sharp

decrease and increase in ozone at 0.01 hPa, respectively, at the equator and defined

as 6h and 18h solar local time, accordingly. HAMMONIA ozone and temperature

daytime variations are shown in Figs. 7.4, 7.5 and 7.6 along with SABER ozone and

temperature observations. Fig. 7.7 shows model results for atomic hydrogen, water

vapor, hydroxyl, nitric oxide, atomic oxygen, and molecular oxygen in terms of a

relative deviation from the daytime mean in %.

7.5 Results

As can be seen in Figs. 7.4 and 7.5, SABER and HAMMONIA ozone have distinct

and very similar patterns of daytime variation between 0.1 and 0.001 hPa. SABER

ozone results are color coded and the HAMMONIA model results are drawn with

line contours. While Fig. 7.4 shows the results for ozone retrieved at 9.6 μm,

Fig. 7.5 shows the results for ozone retrieved at 1.27 μm. For both retrievals and

model output, ozone variation from sunrise to sunset can be up to 60 % from the

daytime mean value. Both observation and model have in common that below about

0.01 hPa ozone values peak in the morning and decrease towards the afternoon.
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Figure 7.3: SABER (dots) and HAMMONIA (solid lines) daytime ozone (1.27 μm
retrieval) variations at 69.5 km, 74.5 km, 79.5 km, 84 km, and 88.5 km sorted
by month. Months close to equinox are highlighted in red and months close to
solstice are marked in blue.
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Figure 7.4: SABER (retrieved at 9.6 μm, color coding) and HAMMONIA (contour
lines) daytime ozone variations between 0.1 and 0.001 hPa.

This peak shifts towards the afternoon with increasing altitude.

SABER and HAMMONIA ozone show good agreement in the daytime pattern as

shown in Figs. 7.4, 7.5 and 7.8. The maximum daytime peak anomaly observed at

0.05 hPa (≈70 km) in the morning shifts its altitude to about 0.007 hPa (≈80 km)

in the afternoon. This daytime shift is in very good agreement with the model,

however the peak anomaly reaches a maximum of 40-50 % of the daytime mean,

which is higher than HAMMONIA (30-40 %). Negative anomalies are observed in

the early morning hours at 0.007 hPa and in the late afternoon near 0.015 hPa in

quite good agreement with the model (Fig. 7.4). In contrast the 1.27 μm retrieval

(Fig. 7.5) does not show this negative anomaly, which could be a SABER retrieval

artifact due to twilight conditions. The positive anomaly in the morning hours is

also much weaker for the 1.27 μm retrieval (≈10 %) than for the 9.6 μm (≈40 %).

Generally the agreement with the model is better for the thermal infrared retrieval.
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Figure 7.5: Same as Figure 7.4, but for SABER 1.27 μm retrieval.

In the case of temperature, the daytime behavior of SABER and HAMMONIA is

out of phase for pressure levels above 0.01 hPa (Fig. 7.6). SABER observes low

temperatures in the morning and high values in the afternoon, whereas HAMMONIA

predicts high values in the morning and low temperatures in the afternoon. Below

0.01 hPa the agreement is better, yet HAMMONIA does not predict the spurious

peak just before the SABER data gap at noon. This might be an artifact in the

observations due to averaging effects close to the data gap around noon.

The daytime ozone variations depend on the season as is shown in Fig. 7.3.

Especially in the afternoon and above 80 km, ozone reaches up to about 1 ppm

in March, April, and May and again in September, October, and November, close

to the equinox with increased solar input into the mesosphere. A similar seasonal

dependence (albeit with weaker amplitude at high altitudes) is also produced by

the HAMMONIA model. Another point is that the ozone minima in the morning

do not occur at the same time at 79.5 and 74.5 km. SABER observes the minimum
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Figure 7.6: SABER (color coding) and HAMMONIA (contour lines) daytime tem-
perature variations between 0.1 and 0.001 hPa.

approximately 30-60 minutes later than HAMMONIA.

7.6 Discussion

As for the version 1.06 SABER ozone data retrieved at 9.6 μm, Huang et al. (2008a)

reported on diurnal patterns, including day and night time ozone values. Their

method to obtain the diurnal pattern is to perform a least squares estimate of a

two-dimensional Fourier series with at least one year of data. With the coefficients

from the least squares fit the diurnal variations can be calculated. So, the method is

different but the daytime patterns of Huang et al. (2008a) and ours are qualitatively

in agreement. The main distinction of the presented method is the focus on daytime

rather than diurnal variations, whereas Huang et al. (2008a) concentrated on the

ozone shifts at daybreak and nightfall.
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Figure 7.7: HAMMONIA daytime variations of atomic hydrogen, water vapor (top
row, left to right), hydroxyl, nitric oxide (middle row, left to right), atomic oxygen,
and oxygen (bottom row, left to right) between 0.1 and 0.001 hPa, given as
deviation from the daytime mean in %.
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Figure 7.8: Daytime ozone (1.27 μm retrieval) variations as seen by SABER (dots)
and HAMMONIA (red solid line) at 69.5 km, 74.5 km, 79.5 km, 84 km, and 88.5
km. A 30 minute running mean was calculated for SABER ozone (green solid
line) and the difference to HAMMONIA was plotted below each plot.
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The seasonal variation in ozone that can be seen in Fig. 7.3 is likely due to the

variation of the angle of the incident light. At equinox the sun has the shortest path

through the atmosphere in the tropics and thus the strongest potential to photo-

dissociate molecular oxygen. At solstice these light paths are slightly longer in the

tropics. Huang et al. (2008b) saw large amplitudes in the temperature semi-annual

oscillation (SAO) at 75 and again at 85 km with a distinct minimum in between,

and small SAO amplitudes below 80 km, above rising to peak at 95 km. So, a

temperature dependency of the ozone SAO in the lower thermosphere cannot be

ruled out.

The good agreement between the SABER and HAMMONIA daytime ozone pattern

has been shown. In the following, this pattern is discussed with the help of other

simulated species (e.g., H, O and OH). Ricaud et al. (1996) explain rising ozone

values below 0.01 hPa in the morning with the increased photo-dissociation of O2

and consequently with a higher production of O3 due to the high abundance of O

radicals. Figure 7.7 shows the daytime pattern of O radicals between 0.1 and 0.001

hPa (i.e., 65 to 95 km) as seen by HAMMONIA. The amplitude rises as high as 160 %

from the daytime mean in the afternoon slightly below 0.01 hPa, where HAMMONIA

ozone reaches its minimum. The decrease of ozone towards the afternoon below

approximately 0.01 hPa is assumed by Ricaud et al. (1996) to have its origin in

the HOx catalytic cycles and the net destruction of ozone. HAMMONIA results of

the daytime pattern show increasing values of OH and decreasing levels of atomic

hydrogen below 0.01 hPa towards the afternoon (Fig. 7.7). Above 0.01 hPa other

mechanisms must be of importance because the O and H radical abundances show

almost no daytime pattern. Although daytime patterns can be seen in H2O and O2,

the amplitude is rather small compared to O, OH and H. Also compared to O, H

and OH, NO is the only shown species with strong daytime variations that does not

have different amplitudes below and above 0.01 hPa, which indicates that for the

mechanisms involved no distinction can be made between both altitude regions.

According to Marsh et al. (2002), the shift of the ozone maximum towards late

afternoon with increasing altitude, is accounted for by the temperature (altitude)

dependent production rate of HOx and the associated ozone loss. Notice that there is

a sharp edge towards low values in the observational data below 0.01 hPa (≈80 km)
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and some data are scattered to higher volume mixing ratios (Fig. 7.8). This lower

boundary may be attributed to an upper limit in H2O abundances around 75-80 km.

An anti-correlation at these heights between O3 and HOx has been concluded by

Marsh et al. (2003) after having investigated data from the HALOE.

Marsh et al. (2002) suggested that the solar diurnal tide pumps down atomic

oxygen for the ozone production in the afternoon (> 85 km). It is interesting to note

that the daytime variation of ozone is well reproduced by HAMMONIA in contrast

to the temperature that is not. This may indicate that chemistry itself may have a

larger impact on the abundance of ozone rather than transport effects involving the

lower thermosphere. The model, however, underestimates ozone in the afternoon

above approximately 0.01 hPa, so the remaining difference could be attributed to

solar tides. The minimum early in the morning is caused by the direct photolysis of

ozone before enough atomic oxygen is produced to counteract the ozone destruction.

It is also assumed by Marsh et al. (2002) that the rise of ozone in the morning

hours is due to tides transporting ozone rich air from below. At 0.01 hPa tropical

ozone reaches its minimum. At the end of the day ozone rises to its high nighttime

equilibrium shortly after sunset, the photochemistry being shut off.

Concerning tides, it is interesting to note that Achatz et al. (2008) have analyzed

solar diurnal tides in HAMMONIA and found in general a good agreement with

observed tides both in amplitude and in phase. The amplitude of the migrating

diurnal tide in the equatorial region was however analyzed to be smaller than

inferred from SABER data by Zhang et al. (2006). This supports the conclusion from

above concerning the too low afternoon ozone concentrations above 0.01 hPa.

The amplitudes for temperatures from SABER observations and HAMMONIA

model are relatively small. They only deviate about 1-1.5 % (i.e. 1.2-2 K) from

the mean at maximum. It remains to be explained why model and observations

show a different sign in the daytime pattern. Despite the general similarity of tidal

patterns in HAMMONIA and observations as stated by Achatz et al. (2008), the

comparison of temperature data suggests a difference in the vertical wavelength

of tides in HAMMONIA and SABER. However, the exact analysis of the tides in

HAMMONIA is not subject of this study.
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7.7 Summary

Within this chapter SABER measurements and HAMMONIA model simulations of

upper mesospheric daytime ozone and temperature variations in the tropics between

20◦S and 20◦N have been compared.

HAMMONIA and SABER daytime ozone variations show a qualitatively good

agreement, particularly for the 9.6 μm retrieval. As the agreement is worse in the

case of temperature, this suggests that the daytime ozone variations are mainly

driven by (photo-)chemical processes and less influenced by transport. The underes-

timation of HAMMONIA ozone above 0.01 hPa in the afternoon may be due to tidal

amplitudes being too weak and associated weak downward transport of air rich in

atomic oxygen.

Daytime ozone values above 0.01 hPa are higher close to equinox than close to

solstice. Volume mixing ratios can even go as high as 1.0-1.5 ppm in the afternoon

for heights above 85 km. Upcoming SABER version 1.08 data will also include

water vapor, which will be helpful to constrain the HOx budget and its influence on

daytime ozone.
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8 Overall summary and outlook

This thesis documents contributions to a better understanding of solar-terrestrial

relations, i.e. in particular the influence of solar rotation on stratospheric ozone and

the chemistry of daytime variations of mesospheric ozone with respect to oxygen-

and hydrogen-containing species. In order to achieve these goals, various data sets

from satellite measurements and models were utilized.

New SCIAMACHY ozone data from a combined Hartley/Huggins and Chappuis

band retrieval (the retrieval itself not being part of this thesis) covering altitude

ranges between 20 and 60 km in combination with frequency analysis tools like

the FFT, CC, and CWT were applied to unravel the modulating nature of the solar

rotation signal in stratospheric ozone. The FFT of SCIAMACHY tropical ozone

showed not only signals at a period of 27-days but also other periods nearby. CCs of

ozone versus temperature identify strong correlations (r > 0.9) at 20 km with a time

lag of 15-30 days, and strong anti-correlations (r < -0.8) at about 40 km with no

time lag. The deseasonalization of the time series leads to weaker cross-correlations

(r > 0.5 at 20 km and r < 0.6 at 40 km with no time lag). A multivariate least

squares approach separates SAO, AO, and QBO signals from the time series and

shows amplitudes of more than 5 % for the SAO below 20 km, around 35 km, and

above 55 km, up to 10 % for the AO below 20 km and more than 5 % above 50 km,

and up to 5 % for the QBO between 25 and 40 km. CCs of ozone versus Mg II

index show significant correlations near solar maximum (r > 0.35) and insignificant

correlations during solar minimum. The CC of ECMWF temperature versus Mg II

index is weaker than for ozone, but still statistically significant, and also shows no

significant results during solar minimum. The CWT of the combined time series of

the Mg II index, deduced from SBUV (1979-1992), SUSIM (1992-1995), GOME

(1995-2002), and SCIAMACHY (2002-today) measurements revealed the broad

range of periods (25-32 days) from the solar rotation signal especially during solar
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maximum. This conglomerate of periods is also visible in CWTs of SCIAMACHY

ozone and ECMWF temperatures.

For the investigation of daytime (and diurnal) variations of atmospheric trace gas

compositions the observing instrument needs to be in a non-sun synchronous satellite

orbit. This way the solar local time of observations shifts from one day to another

and allows the retrieval of information at different local times. SABER ozone (1.27

and 9.6 μm retrieval) and temperature data in its latest version 1.07 are available

throughout the mesosphere (also in the stratosphere from the 9.6 μm retrieval,

but the daytime variations below 50 km are not as strong). To be able to discuss

the results, the daytime patterns of ozone and temperature were compared to the

output of a sophisticated 3D general circulation and chemistry model, HAMMONIA,

operated by the Max-Planck-Institute for Meteorology in Hamburg. The comparison

shows very good agreement for ozone. For temperature the comparison is rather

poor. In general, the upper mesosphere can be divided into two regimes, above and

below 80 km. Below 80 km the photochemistry of oxygen and hydrogen species

is most important. Depending on the local time (or angle of incident light), ozone

producing or reducing reactions dominate. Above 80 km the solar diurnal tide needs

also consideration. Therefore vertical motion delivers reactants for the odd oxygen

chemistry, respectively air with different temperatures change the rate constants of

the reactions involved.

Future work may comprise of an analysis extension to other stratospheric ozone

data sets (e.g., SABER, OMI, GOME-2, ...) besides SCIAMACHY to confirm the

findings from the time series analysis of the 27-day solar rotation signal. Especially

the CWT offers a versatile tool and allows an in-depth view into data time series for

high frequency signals. The CWT may also be applied to SCIAMACHY time series

of other atmospheric constituents relevant in the ozone chemistry, e.g. NO2 or BrO

(Rozanov et al., 2005a). In addition, the investigation of SCIAMACHY ozone data

can be extended to higher latitudes. It would be particularly interesting to see the

27-day solar rotation signal in upper mesospheric ozone near the polar cusps, where

ozone is being depleted via NOx (due to photodissociation of N2 and O2 by solar

particles), outside solar proton events. Further investigation is possible with respect

to a potential QBO phase dependency of the 27-day solar signal in stratospheric
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SCIAMACHY ozone time series. A similar dependency was found for the 11-year

solar cycle (Labitzke, 2004; Gabis and Troshichev, 2004).

Concerning the daytime variations in SABER ozone, the same analysis could also

be done for stratospheric ozone, where overall amplitudes are by far less. With

the availability of H2O in the upcoming version 1.08 data, open questions on the

chemistry may be answered, e.g., is H2O constrained towards higher values below

80 km and why do model and observations differ for temperature above 80 km? In

addition, HALOE and MLS data (on board UARS, non-sun synchronous orbit) offer

the possibility of daytime pattern retrievals. The investigation can also be extended

to higher latitudes but will not be possible at very high latitudes due to the reversal

of the viewing geometry at yaw maneuvers.

Reconstructing the past and predicting the future is the foremost duty of models,

yet models need to prove their reliability by properly simulating the current state

ot the atmosphere. The solar energy introduced into the atmospheric system is

particularly important. Short-term variations in solar forcing lead to significant

changes in ozone and other trace gases in the middle atmosphere and need to be

appropriately modelled in order to simulate solar variability on different time scales.
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