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Chapter 1: 

Optical extinction in the Earth’s atmosphere 

 

 

In this thesis experiments on attenuation of electromagnetic radiation in gases are 

reported. This subject is of relevance for the extinction of solar radiation in the Earth’s 

atmosphere, either via scattering or absorption. In this introductory chapter some 

aspects of the extinction phenomena are described, ranging from Rayleigh scattering of 

molecular particles to scattering of somewhat larger particles (aerosols) and absorption 

processes where molecular collisions play a role. To put the findings and the underlying 

questions in perspective of the physics and chemistry of the Earth’s atmosphere some 

aspects of its chemical composition and physical conditions are briefly described. Since a 

major fraction of the experiments reported in this thesis relate to deep-ultraviolet 

extinction, the radiation field of the atmosphere at these wavelengths is discussed. 

Further in this chapter an outline of the thesis is given. 
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Introduction  

The main photoactive molecular species in the Earth’s atmosphere below 100 

km are ozone, oxygen and nitrogen. Absorption and scattering of solar 

radiation by these species are responsible for the attenuation of the solar 

ultraviolet (UV) flux in the atmosphere. Accurate measurements of the intensity 

and spectral characteristics of the attenuated UV solar radiation in the 

atmosphere, combined with systematic laboratory studies form a basis for a 

deeper understanding of the photochemical processes in the atmosphere. 

Combined results of such investigations provide information on the 

composition and dynamics of the Earth’s atmosphere, and are necessary for the 

development of radiative transfer models. 

Accurate quantitative data on atmospheric absorptions have been 

accumulated using extensive spectroscopic studies of atmospheric molecules 

(oxygen, ozone, molecular nitrogen, carbon dioxide, carbon monoxide, nitric 

oxide, etc) performed under different laboratory conditions and such data are 

currently available in the scientific literature. In contrast to absorption, only a 

limited number of accurate scattering measurements have been performed, 

particularly in the UV and deep-ultraviolet (deep-UV) spectral regions. The 

general lack of accurate quantitative information on molecular scattering at 

(deep) UV wavelengths is the main motivation for the Rayleigh scattering 

studies discussed in this thesis. 

1.1. The Earth’s atmosphere  

The Earth is surrounded by several layers of gas that together make up the 

atmosphere. It stretches from the surface of the Earth towards outer space, 

becoming thinner and gradually fading at high altitudes. The altitude of about 

100 km above the sea level is sometimes used in atmospheric physics to mark 

the boundary of the atmosphere. In addition there is the dynamic nature of the 

atmosphere: at very high altitude (~ 1000 km) the density of the atmosphere 

may vary by a factor of five, depending on the time of the day, time of year, 

recent solar flux etc.  

The major molecular constituents of the Earth’s atmosphere (for dry air) 

are  nitrogen  N2  (78.084%),  oxygen O2 (20.946%),  argon Ar (0.934%)  and  CO2  
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Figure 1.1: Altitude-dependent temperature and pressure profiles in the Earth's 
atmosphere. The boundaries of four atmospheric layers are indicated. This figure is 
adapted from [1] and represents the model of the U.S. Standard Atmosphere. 

 (0.0383%). These values refer to so-called standard model of the atmosphere [1, 

2]. Air also contains a variable amount of water vapour, on average around 

~1%. There are minute portions of other gases (Ne, He, CH4, H2 and Kr). 

Carbon dioxide, methane and water, known as greenhouse gases warm the 

atmosphere by absorbing thermal infrared energy; part of the thermal energy is 

converted into kinetic energy, which leads to increasing of the temperature of 

the Earth’s surface and its atmosphere.  

The Earth’s atmosphere is divided into four layers based on altitude, 

temperature and pressure variations [1],  as shown in Fig. 1.1  for a model of the 

U.S. Standard Atmosphere [2]: the troposphere layer (from the ground to 6−10 

km height) with temperature steadily decreasing from 17ºC on the surface of 
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the Earth and reaching about −55ºC at an altitude of about 10 km; the 

stratosphere layer with temperature changing from −55ºC to almost 0ºC at an 

altitude of about 50 km; the mesosphere layer with the temperature dropping 

from −5ºC to almost −85ºC at an altitude of about 85 km, and finally the 

thermosphere layer, where the temperature increases to −60 ºC at the altitude of 

about 100 km.  

Relatively thin isothermal areas of tropopause, stratopause and mesopause 

characterized by nearly constant temperature values are also discerned. 

Although the tropopause forms a pronounced barrier between the troposphere 

and the stratosphere, it is highly variable in height and depending on latitude 

(and season) may stretch from ~ 16 km on the equator to ~ 6 km on the poles.  

The stratosphere contains about 20% of the total mass of the 

atmosphere and it is a region of pronounced stability [1]. In this layer UV 

irradiation and short wavelength solar radiation is intensively absorbed, 

triggering an active photochemistry and resulting in a temperature increase 

with altitude. Through photodissociation free radicals are produced, that 

interact with less photoactive species. Formation of ozone from ultraviolet 

radiation (at wavelengths shorter than 240 nm) reacting with oxygen in the 

stratosphere is a typical example of a photo-induced chemical reaction: 

O2hO2  ν  

32 OOO   

Although ozone is present only at very low concentrations throughout 

the atmosphere (~ 6 × 10-5 %), it plays a vital role for life on Earth. Most of the 

ozone (about 90%) exists in the stratosphere, in a layer between 10 and 50 km 

above the surface of the Earth, which is also known as the ozone layer. Ozone 

effectively absorbs short wavelengths (shorter than 320 nm) from the solar 

radiation, that otherwise would have been harmful to many forms of life. At the 

same time it is destroyed by the reaction with atomic oxygen: 

23 O2OO   

The latter reaction is catalyzed by the presence of certain free radicals, 

of which the most important are hydroxyl (OH), nitric oxide (NO), atomic 

chlorine (Cl) and bromine (Br).  
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1.2. Solar radiation in the Earth’s atmosphere 

About 31% of the solar radiation reaching the Earth’s atmosphere is scattered 

back into space by air, aerosols, clouds and reflections from the Earth’s surface, 

whilst another 43% is absorbed by the Earth’s surface and only about 26% is 

absorbed by atmosphere itself [3]. Most of the solar radiation resides in the 

visible and infrared regime, whereas only 7.5% is present at shorter 

wavelengths below 400 nm and about 1 % below 300 nm [3]. Despite this very 

low intensity, UV radiation is responsible for most of the photochemical 

processes in the lower layers of the atmospheric environment. 

Transmittance of solar radiation through the atmosphere depends on 

the absorption and scattering properties of its constituents, i.e. molecules and 

aerosols. In the UV and particularly in the deep-UV the solar flux is mainly 

attenuated by molecular absorption and scattering. The attenuation of the solar 

radiation in the atmosphere exhibits a complicated altitude- and wavelength-

dependent behaviour [3], as shown in Fig. 1.2. 

As can be seen from the graph, solar radiation at wavelengths shorter 

than 310 nm is strongly attenuated in the middle atmosphere due to absorption 

by ozone, molecular oxygen and nitrogen. 

1.3. Absorption of deep-UV light in the atmosphere 

1.3.1. Deep-UV absorption of molecular O3,  O2 and N2 

The absorption of sunlight by ozone that occurs in the stratosphere at altitudes 

between 20 and 40 km is found to determine the opacity of the atmosphere 

between 200 and 310 nm. The primary absorption of UV light by ozone is in the 

so-called Hartley bands at wavelengths of 180 to 310 nm, merging with the 

Huggins bands at 310 to 370 nm.  

The atmospheric opacity between 100−200 nm (vacuum ultraviolet 

spectral region) is dominated by the absorption of molecular oxygen through 

the strong Schumann-Runge bands between 175 and 200 nm and a relatively 

weak Herzberg absorption continuum stretching from 185 to 265 nm. While the 

Herzberg continuum absorption is small compared to that of the Schumann-

Runge  bands in O2  and the Hartley bands in O3  it nevertheless determines  the  
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Figure 1.2: Altitudes in the Earth’s atmosphere, at which solar radiation is attenuated 
to the e-1 level [3]. 

penetration of radiation in the wavelength window in between these strong 

systems. The opacity of the atmosphere at altitudes above 60 km is therefore 

determined by Schumann-Runge bands appearing as a progression of bands, 

ranging from the (0,0) band near 203 nm to the (22,0) band near 175 nm [3]. 

Spectral windows between these bands are occupied by hot bands that are 

highly temperature-dependent. 
Radiation at wavelengths between 140 and 175 nm is absorbed by the 

Schumann-Runge continuum, in which O2 is dissociated into two metastable 

oxygen atoms. This process plays a prominent role in the photochemistry of the 

atmosphere. Due to the large cross-section values (from ~ 10-19 cm2 at 175 nm to 

10-17 cm2 at 140 nm) nearly all of the incident solar radiation in this wavelength 

region is absorbed in the atmosphere between 100 and 150 km. In this altitudes 

region the atmospheric temperature may vary from −60°C to 330°C and this 

influences the O2 absorption strength due to a significant temperature-

dependent behaviour of  the  Schumann-Runge continuum [4]. In the extreme-
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ultraviolet (XUV) spectral region, below 100 nm, N2 dominates the absorption 

of solar radiation at altitudes near 150 km. 

1.3.2. Collision-induced absorption  

Collisional phenomena in a gaseous medium affect the appearance of 

absorption spectra in a number of ways. First, due to collisional perturbation of 

the isolated atoms and molecules spectral lines may broaden and the central 

frequency may shift. Further, during collisions a dipole moment can be formed 

due to displacement of electronic charge clouds, or the symmetry of a molecule 

can be altered; this may result in adding oscillator strength to transitions that 

were forbidden in the non-perturbed situation. An example of this 

phenomenon is the one-photon excitation of   g
1

g
1 Xa ΣΣ  transition in 

molecular nitrogen, which is dipole-forbidden by symmetry, but pressure-

induced perturbations make this transition allowed [5]. In this example there is 

an identifiable quantum transition in an isolated molecule, to which the 

absorption can be assigned. In addition, absorptions exist in short-lived 

collisional complexes (with typical lifetimes of ~ 10-13 s) for which this is not the 

case. A celebrated example is that of the collision-induced absorption (CIA) 

spectrum of molecular oxygen, which was already observed in early 

atmospheric studies [6]; here absorptions occur that cannot be associated with a 

transition in a single molecule, but rather the absorbed energy becomes 

distributed over the two molecular fragments, as was explained in the early 

days of quantum mechanics. One of these prominent CIA systems in O2, the 

broad band at 477 nm, has been re-investigated in this thesis.  

While traditional spectroscopy applies to ideal gases, CIA studies 

consider real gases [7]. This introduces a significant difference between isolated 

molecules and collision-induced absorption phenomena. In the ideal gas 

approximation the absorbing particles obey the linear relation between pressure 

P, temperature T and density N: 

 TNkP B                                            (1.1) 

The molecules in a real gas attract at distant range and repel at near 

distances. The theory of real gases accounts for macroscopic thermodynamic 

quantities via the virial expansion: 
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2BNANP                                           (1.2) 

where  A , B  … are virial coefficients, accounting for monomers and interacting 
pairs, triplets etc. The values of the virial coefficients are derived from an 

interaction potential )R(V , which varies over the distance R between 

interacting molecules: 

TkA B ,  dRR1eTk2B 2

0

)
Tk

)R(V
(

B
B














 
                     (1.3) 

The intensity of spectra induced by molecular interaction may also be described 

by a similar virial expansion [7]: 

 ...NB~NA~I 2                                       (1.4) 

with the coefficients referring to monomer A~  and induced binary B~  

contributions. The intensity of absorption by non-interacting molecules 

therefore varies linearly with the density NA~Iallowed  , while the intensity of 

collision-induced phenomena varies with the second or higher powers of the 

density: 

...NC~NB~I 32
induced                                  (1.5) 

At low pressures the second and higher terms in Eq. 1.4 are insignificant, 

whereas at high pressures many-body interactions may be expected to 

dominate optical properties.  

1.4. Scattering of light in the atmosphere 

In addition to absorption, atmospheric scattering is an important phenomenon, 

which influences the penetration depth of solar radiation. On average, about 

40% of the radiation flux is scattered at ultraviolet wavelengths, whereas less 

than 1  % is removed in the near infrared region [8]. 
A dimensionless size parameter is usually used for the description of 

light scattering:  

 
λ

dπ2
x                                                           (1.6) 

where  d  is the characteristic size  of the particle and λ is the wavelength  of  the 
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incident light. Rayleigh scattering takes places in regimes  where 1x  , i.e. for 

small particles. Rayleigh scattering of deep-UV radiation (200<λ<300 nm) 

originates from particles with a characteristic sizes up to 30−50 nm. 

Light scattering by larger atmospheric species ( 1x  ) is described in 

terms of Mie scattering theory [8, 9]. Solid and liquid particles of both natural 

and anthropogenic origin (aerosols), present in the lower atmospheric layers, 

vary in size between 0.01 and few microns. When 3.0x   almost no error is 

introduced by using the Rayleigh approximation, whereas differences of over 

10% exist between Rayleigh and Mie theories for 1x  . Rayleigh and Mie 

approximations tend to fully diverge for 3x   [10]. 

Early measurements of the amount of scattering, produced by the 

atmosphere from an intense light beam, demonstrated that the scattering 

observed at altitudes up to 80 km may be treated in terms of Rayleigh scattering 

by atmospheric molecules [11], whereas an enhancement of scattered light 

signal due to the concentration of aerosols between 15 and 30 km was observed. 

The variation of the intensity of scattered light with height was observed in 

several studies and was found to agree with the predictions based on the 

standard atmosphere model. 

1.4.1. Rayleigh scattering 

Molecular (Rayleigh) scattering has been studied in much detail [12, 13]. 

Rayleigh scattering is an elastic process in which the energy and thus the 

wavelength of light do not change. The angular distribution of scattered light 

intensity is symmetric, so scattering in forward and backward directions are 

equally strong. 

A theory of light scattering as an electromagnetic phenomenon was 

developed by Lord Rayleigh [14]. He considered spherical scattering particles 

and assumed that these were isotropic, homogeneous and small compared to the 

wavelength. The latter condition assures that the electromagnetic field is 

uniform over the extent of the spherical scatterer, which becomes polarized in 

the same direction as the incident electric field. This results in an electric dipole, 

which oscillates synchronously and in the same direction as the incident 

electromagnetic field. The oscillating dipole radiates energy and it is this 

secondary emission that accounts for the scattering.  
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When the scattering medium is a gas of randomly distributed particles, 

the phase relationships between waves scattered from different particles are not 

correlated and the resulting intensity of the scattered light can be determined as 

a sum of all contributions from all particles. Therefore, intensity measurements 

of scattered light give quantitative information on the density of the scattering 

media as long as the scattering properties of a single particle are well known. 

This idea is widely used in experimental applications aimed to determine the 

gas density and temperature distribution in specific environments, e.g. 

combustion or flow media [15] via measurements of scattered light performed 

at UV and deep-UV wavelengths.  

The induced electric dipoles have magnitudes proportional to the 

momentary amplitudes of the applied electric field. The strength of the 

oscillation of a dipole p


 induced by an electric field 0E


 from the 

electromagnetic wave of incident natural light [8]  is measured as:   

 0Ep


                                               (1.7) 

where  is the polarizability of the scatterer, which has a dimension of cm3 in a 

CGS units system. In the general case   is not a scalar, but a tensor and the 

particle is characterized by three tensor components   , 2  and 3 . In the case 

of isotropic scattering media the directions of the applied electric field and of 

the induced dipole moment coincide and the polarizability becomes a scalar: 

   321                                          (1.8) 

 The induced dipole in turn radiates in all directions a scattered wave, 

which at large distance r  at an angle γ  from the dipole has amplitude: 

 )ctr(ik2
02

2

2 e
r
γsin

kE
t

p
r
γsin

c

1
E







                             (1.9) 

where c is the speed of light, k is the wave vector, t represents time and 0E  is 

the amplitude of the incident electric field.  
 The intensity )r,Θ(I  of light scattered at angle Θ at the distance r from 

the dipole is proportional to the averaged value  of  E2: 

)Θcos1(
rλ

π8
I)Θcos1(

r2
kI)r,Θ(I 2

24

24

0
2

2

2
4

0 
             (1.10) 
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where λ is the wavelength. As can be seen from Eq. 1.10, the scattered intensity 

has a maximum in the forward 0Θ   (forward scattering) and backward πΘ   

(back scattering) directions. 

 The scattered power P can be found by integrating the intensity I(Θ,r) 

over a sphere, yielding: 

 4

25

0
λ3
π128

FP


                                         (1.11) 

where 0F  is the incident flux of the incident radiation. Finally, the scattering 

cross-section for an individual molecule is: 

 4

25

0

R
s

λ3
π128

F
P                                        (1.12) 

Therefore a Rayleigh scattering cross-section is determined by an inverse fourth 

power of the wavelength and the polarizability of a scattering particle. 

 Electromagnetic theory relates the polarizability   to the refractive 

index n via the Lorentz-Lorenz equation. Thus an ensemble of scatterers with 

number density N  has polarizability: 

2n
1n

N4
3

2

2







                                        (1.13) 

Consequently, the Rayleigh scattering cross-section of a spherical particle with 

isotropic optical properties becomes: 

 
2

2

2

24

3
R
s

2)λ(n
1)λ(n

Nλ
π24












                                 (1.14) 

The Rayleigh formula, given by Eq. 1.14, relates the scattering cross-section to 

two directly measurable quantities, the wavelength-dependent refractive index 

n(λ) and the gas density N. Note that the latter two are macroscopic properties 

of the gas, related such that  R
s  represents a single particle cross-section.  

  Rayleigh scattering has  certain  polarization  properties,  as illustrated in 

Fig. 1.3. The light scattered at the directions perpendicular to the incident 

radiation  propagation  direction ( 2/πΘ  )  is fully polarized with the electric 

vector oscillating perpendicular to the scattering plane. The figure illustrates the 

total intensity of scattered light, as well as  the intensities,  corresponding  to the 

polarized  components: I  accounts  for  the light  intensity  scattered in a plane  
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Total intensity =  I┴+ I

I┴
I║

180°

90°

Total intensity =  I┴+ I

I┴
I║

180°

90°  

Figure 1.3: Rayleigh scattering of unpolarized light. I corresponds to the intensity of 
the scattered light, polarized parallel to the plane of drawing and I - to the intensity of 
scattered light perpendicular to the plane of drawing whilst the total intensity is a sum 
of I+ I. 

perpendicular to the plane of the dipole, and I − for the intensity of scattered 

light polarized in the plane parallel to the plane of the dipole. The radius vector 

to each curve corresponds to the scattered intensity of scattered light. 
 It has to be noted that the diagram for Rayleigh scattering depicted in 

Fig. 1.3 [12] holds only if the incident light is natural and the particles are small 

and isotropic. Light scattered by an isotropic molecule (see Eq. 1.8) from a 

linearly polarized light beam has a linear polarization, since all the induced 

dipoles are parallel to the orientation of the electric field vector of the incident 

light. 

 In the case of scattering by particles with anisotropic dielectric properties 

the scattered radiation is partly polarized. Polarization of the scattered light 

depends on the shape and orientation of the molecule with respect to the 

electric field of the incident light. For example, if the particles are cylindrical, 

instead of spherical, the polarization of light scattered at 90° is less compared to 

that for spherical particle.  

 The effect of partial polarization of light scattered at right angles with 

respect to the direction of propagation, is known as depolarization and was 

originally studied by King [16], while a comprehensive treatment can be found 

in [12]. The depolarization of scattered light can be quantitatively represented 

as intensity ratio of two orthogonal polarization components, vertical and 
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horizontal present in the scattered light. The depolarization ratios for natural nρ  

and polarized light pρ  are different and connected through: 

 
p

p
n

ρ1
ρ2

ρ


                                                      (1.15) 

The values of the depolarization ratio are determined by the anisotropy K of the 

molecular polarizability tensor  ij with (i,j) = 1−3: 

2
mean

2
mean33

2
mean22

2
mean112

6
)()()(

K


 
                (1.16) 

where 11 , 22  and 33  are the principal (diagonal) elements of the 

polarizability tensor  and mean   is the mean value of the polarizability [17]: 

)(
3
1

332211mean                                   (1.17) 

In the case of linear (O2, N2, CO, NO) or symmetric top molecules (NH3, C6H6) 

//11     and    3322 , leading to the depolarization ratio: 

mean

//

//

//

3
)(

2
)(

k




 



 





                                 (1.18) 

The mean polarizability can be found from the refractive index of the gas and 

the magnitude of  //  can be obtained from measurements of the 

depolarization ratio. 

The wavelength dependence of the refractive index of the atmosphere 

has long been considered in calculations of Rayleigh scattering cross-section 

values. However, the dispersion of the depolarization has been typically 

neglected. Bates [18] recalculated the Rayleigh scattering cross-section between 

200 and 1000 nm including the wavelength dependence of the depolarization. 

This dependence was found to be prominent at UV wavelengths and can lead 

to 3 % difference in the Rayleigh scattering cross-section at 200 nm, whereas at 

longer wavelengths the depolarization introduces a difference in Rayleigh 

scattering cross-section of only 0.5%. 

An additional correction factor is therefore required for taking into 

account the anisotropy of molecular polarizability at Rayleigh scattering 

experiments in UV and deep-UV spectral regions. The proper correction is 
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attained by introducing a correction factor  )λ(Fk , firstly derived by King. In case 

of non-spherical molecules: 

2

//

//

p

p

n

n
k )

2
(21

)λ(ρ43
)λ(ρ63

)λ(ρ76
)λ(ρ36

)λ(F

















             (1.19) 

where )λ(ρn  and )λ(ρp  contribute for the wavelength-dependent 

depolarization of natural and polarized incident light. Consequently, the 

formula for Rayleigh scattering cross-section modifies to: 

)λ(F
2n
1n

Nλ
π24

k

2

2

2

24

3
R
s 











                                  (1.20) 

A comparison between measurements of the Rayleigh cross-section and the 

refractive index (for a known density) yields information on the dimensionless 

King correction factor )λ(Fk . As it can be seen from Eq. 1.20, the cross-section 

for non-spherical molecules is increased  by the King factor.  

1.4.2. Aerosol scattering 

Scattering of light by spherical particles of arbitrary dimensions was first 

treated by Mie in 1908 [9]. Mie theory applies to the interaction of 

electromagnetic radiation with aerosols and cloud droplets and is based on 

solutions of Maxwell’s equations for the electromagnetic field about a dielectric 

sphere of radius d in the approximation that it is larger than the wavelength of 

the incident electromagnetic wave.  

The heart of the Mie scattering problem is in computation of scattering 

matrix elements, which define a relationship between the magnitudes of incident 

and scattered electric fields and depend on a complex refractive index of the 

scattering media and size parameter [12] of scattering particulates. Mie 

solutions can be found in a form of infinite series, which involve spherical 

Bessel functions and Legendre polynomials [19].  

The efficiency of aerosol scattering sQ  is usually determined as an area 

of the scattered beam s  divided by the geometric area πd2 of the scattering 

particle:  

2
s

s
dπ

Q


                                           (1.21) 
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The cross-section s  of the aerosol scattering can be significantly larger 

than the geometrical cross-sections of the particle, leading to the efficiency 

1Qs  . Aerosol scattering depends markedly on size distribution, chemical 

composition and concentration of the aerosol particles. 

Radiative characteristics of atmospheric aerosols and quantitative 

optical data for different types of particles are available in literature, e.g. in [20], 

from where a scattering coefficient values based on Mie theory computations of 

scattering efficiencies can be found. Thus, light scattering by dust-like, water-

soluble and soot particles with a sizes d of about 0.47 μm [20, 21], 0.03 μm [20, 

21] and 0.01 μm [20−22], respectively, exhibits almost no wavelength 

dependence between 300 and 500 nm and is significantly larger compared to 

Rayleigh scattering of air.  

1.5. Observations of light scattering in the deep-UV spectral 
region 

In the spectral region between 200 and 300 nm the opacity of the Earth’s 

atmosphere is determined by absorption and scattering by atmospheric 

constituents and a local minimum near 200 nm in the absorption profiles of 

ozone and molecular oxygen is observed. This notch is responsible for a certain 

bandwidth of solar radiation to penetrate to lower altitudes. Under these 

conditions the light scattering becomes a major effect, which governs the 

attenuation of short wavelength solar radiation. Therefore systematic laboratory 

and stratospheric measurements of light scattering and its spectral 

characteristics become very valuable as well as a comparison, made between 

experimentally measured values and their analytical predictions, based on 

advanced radiative transfer models.  

Despite of the fact that a number of measurements of the solar radiation 

above the Earth’s atmosphere have been reported in literature, quite a limited 

data on in situ measurements of stratospheric ultraviolet irradiance is available 

and the radiation within the atmosphere cannot be computed with complete 

confidence [3].  

Measurements of diffuse (scattered) radiation field have a great impact 

on the development of radiative transfer model computations. Such 
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measurements can be performed with a good precision, using advanced optical 

techniques between 200 and 300 nm, but few studies have been actually 

performed, particularly for this spectral region [3]. The results of some of these 

measurements of diffused light in the atmosphere performed between 200 and 

300 nm are discussed below. 

1.5.1. Measurements of scattering performed in the stratosphere  

Direct and scattered (diffused) components of solar flux between 190 and 320 

nm was measured by Herman [23]. Simultaneous measurements of the both 

scattered and direct components of solar flux were performed using double 

monochromators, carried on a balloon-borne platform between 40 and 60 km 

[24]. One of the monochromators pointed directly at the sun, while the other 

was oriented in six different directions away from the sun to determine the 

amount of scattered solar flux. Since a multiple light scattering also contributes 

to entire budget of diffused radiation, a ratio of the scattered flux to the direct 

one provides a quantitative measure of multiple scattering of light in 

atmosphere.  

A comparison of Herman’s observations with radiative transfer model 

predictions by Kylling et al. [25] reveals interesting features, as shown in Fig. 

1.4. At shorter wavelengths, between 190 and 210 nm, the results of Herman’s 

measurements are found in a complete disagreement with the predictions of 

Kylling. Between 210 and 300 nm the model predicts more scattering than the 

experiment, particularly at longer wavelengths between 280 and 300 nm, where 

the model yields to a factor of 2 more scattering than concluded from the 

observations. At longer wavelengths the discrepancy between measured and 

predicted data becomes smaller. Although the model qualitatively reproduces 

the general trend of the observations, origins of the indicated discrepancies 

have not been identified [25]. Furthermore, additional computations of 

scattering ratio, performed by Lary et al. in 1991 [26], yielded a factor of 3 less 

scattered radiance than it was experimentally observed by Herman and his co-

workers. 

The next experimental attempt was done in 1983 by Thomas et al. [27, 

28], who measured scattered solar radiation between 175 and 325 nm with a 

spectral  resolution of 1.5 nm  using  a balloon-borne  spectrometer launched  at  



Optical extinction in the Earth’s atmosphere 
______________________________________________________________________ 

 17

 

Figure 1.4: The ratio of the scattered to the direct solar radiation at 40 km. The thick 
line represents the observations of Herman (figure 11 in [23]), whereas the thin line 
corresponds to the radiative transfer model predictions of  Kylling [25]. 

altitudes of 40−46 km. Atmospheric absorption in the O3 Hartley band was 

clearly  observed  as well  as  the  spectral  features,  corresponding  to the (1,0) 

through (4,0) absorption Schumann-Runge bands below 200 nm. The scattered 

radiation was found to fall off rapidly below 210 nm, as predicted by models, in 

contradiction to the earlier observations by Herman et al. 

The measurements of direct and scattered sunlight performed at longer 

wavelengths in the 300−450 nm range on the Earth’s surface under cloud free 

conditions were reported in [29], whereas advanced computational models 

were developed and discussed in [30]. These models used observation-based 

profiles of the temperature, pressure and ozone concentrations for vertically 

inhomogeneous atmosphere in contrast to the radiative transfer model of 

Kylling [25]. This allowed achieving better agreement between the measured 

and calculated light scattering over a wide range of observing conditions.  
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1.5.2. Laboratory measurements of Rayleigh and aerosol scattering 

Accurate information on molecular scattering in the deep-UV region based on 

systematic laboratory measurements of Rayleigh scattering for most 

atmospherically relevant molecules is not available in the literature. Rayleigh 

scattering measurements for some atmospheric molecules (Ar, N2, H2, O2, H2O, 

CO2,  CH4) at 193 and 248 nm were reported in [15]. These measurements used 

imaging techniques of scattered light and aimed for developing Rayleigh 

scattering diagnostics for temperature and species concentration in flow and 

combustion environments. 

Deep-UV optical extinction cavity ring-down measurements in CO2 and 

SF6 resulted in Rayleigh scattering cross-section values at 198 nm are available 

from [31], where a close quantitative agreement between the measured and 

predicted Rayleigh scattering cross-sections was found.  

Laboratory measurements of aerosol scattering have been reported 

mainly for the visible spectral region. Thus, using pulsed cavity ring-down 

spectroscopy a light attenuation from atmospheric aerosol particulates was 

measured at 532 and 355 nm [32]. The extinction cross-section measured at 355 

nm for 0.1 μm aerosol particulates was found to be larger than that for 532 nm, 

but due to low detection sensitivity, achieved at 355 nm, no value of scattering 

cross-sections of these  aerosol  particulates were reported. 

1.6. Outline of the thesis  

Experimental determination of deep-UV Rayleigh scattering and molecular 

absorption phenomena in atmospheric molecules aid in understanding of the 

short-wavelength radiation budget of the Earth’s atmosphere. The main goals 

of this thesis are to (1) quantitatively address the optical extinction phenomena 

in N2, CO, CO2, CH4, SF6 between 198 and 270 nm, to (2) perform a 

spectroscopic analysis of the absorption bands of 15N18O near 206 nm, and to (3) 

perform a parameterization of the collision-induced absorption resonances at 

477 and 577 nm in O2−O2 collision complexes. Due to a very low natural 

abundance of the 15N18O isotopologues, experimental studies of 15N18O 

molecule have limited atmospheric relevance and are merely aimed to pure 

spectroscopic purposes.  
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The experimental work has been performed by the sensitive cavity 

ring-down spectroscopy technique using pulsed dye-laser facilities at the Laser 

Centre Vrije Universiteit Amsterdam.  

Chapter 2 introduces the cavity ring-down spectroscopic (CRDS) 

technique and describes the setup for experimental studies in the deep-UV, 

including the operation of the laser system and the method of pressure-

ramping. Some results of optical extinction and collision-induced absorption 

measurements in CO, performed at room temperature at wavelengths 198-220 

nm, are presented; these results on CO and their interpretation are not yet 

conclusive.  

Optical extinction measurements, performed in carbon dioxide at room 

temperature between 197 and 270 nm, providing accurate Rayleigh scattering 

cross-section values and a quantitative assessment of the absorption onset for 

CO2 are presented in Chapter 3.  

Systematic room-temperature measurements of the Rayleigh scattering 

in N2, CH4 and SF6 gases and a functional representation of the observed values 

of Rayleigh scattering cross-section are reported in Chapter 4. The values of 

molecular polarizability and depolarization ratios have been derived from the 

observations and compared to values available in the literature.  

Chapter 5 focuses on the analysis of so far unreported rovibronic 

transitions of the heaviest chemically stable NO isotopologue − 15N18O – in its γ-

system in the 205−216 nm region and accurate values of molecular constants for 

A2Σ+(v=1) and A2Σ+(v=2) vibrational levels have been derived for the first time.   

Collision-induced absorption resonances in O2−O2 molecular 

complexes have been measured at 477 and 577 nm at temperatures ranging 

between 184 and 294 K, as is extensively reported in Chapter 6. The temperature 

dependence of peak cross-section, resonance width and band integrated values 

have been derived from the measurements and compared with data available in 

literature to establish updated temperature-dependent trends of the shape and 

strengths of the resonances. The thesis is concluded with a Summary. 
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