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Abstract 

Since the discovery of the Antarctic ozone hole by Farman (1985), several research have been 

done to investigate the scientific reasons of this dramatic phenomenon. Monitoring Chlorine 

dioxide (OClO) as an indicator of stratospheric chlorine activation is essential to address still 

open questions regarding the stratospheric halogen chemistry and also ozone depletion. In this 

study the vertical profiles of stratospheric OClO limb-scattered measurements by the OSIRIS 

(Optical Spectrograph and InfraRed Imager System) instrument on board the Odin satellite 

are presented in the austral and boreal winter from 2002 to 2009. A climatology of OSIRIS 

OClO is constructed in parallel with a ClO climatology from SMR (Sub-Millimetre 

Radiometer) data for the purpose of comparison. A year to year variation of OClO daily mean 

is studied and compared to the ClO concentrations. The results and the relation between the 

two species are in consistent with the general understanding of stratospheric chlorine 

chemistry. Furthermore, the relationship between ClO and OClO is analyzed. Though, the 

OClO measurements are detected at the right time and place, very limited amount of data and 

also strong influence of SZA on the measurements (i.e. significant diurnal variation) make it 

difficult to analyze the results.  

To evaluate the quality of OClO measurements, the OSIRIS OClO data is compared to the 

coincident OClO measurements by the SCIAMACHY instrument onboard the ENVISAT on 

15
th

 and 16
th

 of September 2008. Because of too few coincidences, no statistical analysis can 

be provided. Validation to SCIAMACHY shows large systematic differences between 12 to 

20 km. The OSIRIS OClO profiles are also compared to the SLIMCAT simulations. Though 

SLIMCAT underestimates the OClO concentrations at SZAs> 92°, the shape of the OSIRIS 

OClO profiles look reasonable compare to the simulated data.  
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Chapter 1 

Introduction 

Since the discovery of the Antarctic ozone hole by Farman (1985), several research have been 

done to investigate the scientific reasons and also the consequences of this dramatic 

phenomenon (see a review of historical research in Solomon (1999)). Stratospheric 

observations by satellites and also ground based measurements, together with  numerical 

models, have offered the opportunity to enhance the general knowledge of this environmental 

issue. The polar ozone depletion which occurs during the austral and boreal winter every year, 

is a consequence of so called chlorine activation. Polar stratospheric clouds (PSCs), which 

form during the cold polar night, have a prominent role in this chlorine activation and the 

subsequent ozone depletion in the lower stratosphere. Chlorine activation is about the 

conversion of chlorine reservoir species (HCl and ClONO2) to the  reactive forms (ClO and 

Cl2O2) through heterogeneous reactions on the surface of polar stratospheric clouds (PSCs). 

With ClO significantly enhanced, the catalytic cycles involving ClO and BrO become active 

in the depletion of ozone when sunlight returns in the polar regions (Fahey, 2007). As a result 

of the chlorine activation, chlorine dioxide (OClO) is formed through reaction between ClO 

and BrO.  

                                              ClO + BrO → OClO + Br                                                         (1)                                            

Reaction (1) is the primary mechanism of OClO production in the lower part of the 

stratosphere. Photodissociation is the major sink of chlorine dioxide which is rapidly 

photolyzed by solar radiation during daytime. As a result, OClO shows a significant variation 

between daytime and nighttime . According to the study performed by Sessler (1995), the 

insensitivity of the OClO concentration to the high values of ClO makes OClO a poor 

quantitative of the measure chlorine activation (i.e. presence of ClO) in the stratosphere, 

especially for SZAs less than 92°. However, the same study shows that OClO is a qualitative 

indicator of  chlorine activation. It is clear that studying of OClO is essential as it can address 

still open questions regarding the stratospheric halogen chemistry. 

OClO was first measured in Antarctica by Solomon (1987) at McMurdo station, during 

austral spring in 1986. Thereafter, more measurements of OClO have been carried out by 

ground-based, airborne and also satellite instruments. Though all the measurements 

performed by these observing systems are valuable, only some of the satellite instruments can 

provide high vertical resolution of atmospheric minor species, together with global coverage. 

The limb-scattering satellite instruments can fulfill the demand for atmospheric information 

with both high vertical resolution (1-3 km) and near global coverage. These instruments, 

including OSIRIS (Optical Spectrograph and InfraRed Imager System) on board the Odin 

satellite (Llewellyn, 2004) and SCIAMACHY (SCanning Imaging Absorption spectroMeter 
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for Atmospheric CHartographY) on ENVISAT (Bovensmann, 1999), are designed to measure 

scattered sunlight from the Earth’s limb on the dayside of the orbit. GOMOS (Global Ozone 

Measurements by Occultation of Stars) onboard ENVISAT (Bertaux, 1991) and SAGE 

(Stratospheric Aerosol and Gas Experiment) III on the Meteor-3M satellite (McCormik, 1991) 

are mainly occultation measurements, but also capable of limb-scatter measurement. 

Krecl (2004) and Krecl (2006) report the first retrieval of OClO vertical profiles from OSIRIS 

limb-scatter measurements using a combination of Differential Optical Absorption 

Spectroscopy (DOAS) (Platt, 1994) and maximum a posteriori (MAP) estimator (Rodgers, 

2000). OSIRIS provides OClO data with a vertical resolution of approximately 2km for an 

altitude range between 10 to 40 km.  

The main objective of this thesis is to validate OSIRIS OClO data. The limb-scattering 

instrument, SCIAMACHY, is used to compare OSIRIS OClO coincident data on 15
th

 and 16
th

 

of September 2008. OSIRIS OClO data are also compared with the simulations of two 

models: MISU (photochemical box model) and also SLIMCAT (chemical transport model). 

The Chapters are organized as follow: Chapter 1 provides a short introduction to OClO 

chemistry in the stratosphere and different aspects of this study. Chapter 2 gives a brief 

description of the structure and dynamics of the atmosphere and also the stratospheric 

chlorine chemistry. Chapter 3 describes the Odin satellite and the OSIRIS and SCIAMACHY 

instrument. This chapter also covers the chemical models MISU and SLIMCAT. Chapter 4 

begins with a description of OSIRIS OClO retrieval method and it follows by looking at 

OSIRIS OClO and SMR ClO data. Then, the construction of OClO climatology is described 

and the results are analyzed. Afterwards, the validation aspects are introduced and the results 

are discussed. Chapter 5 includes conclusions and future work.  
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Chapter 2 

Background 

2.1  Introduction to Aeronomy 
 

This chapter reviews the fundamentals of the vertical structure, general dynamics and 

chemistry of the atmosphere specifically the stratosphere. The first section describes the 

thermal structure of the atmosphere with its different layers. The second section is concerned 

with stratospheric ozone chemistry and its essential role to protect the planet from harmful 

ultraviolet radiation. Finally, in Section 2.1.4, the stratospheric chlorine chemistry and its 

relation with ozone depletion is discussed. For more information see (Brasseur, 2005). 

2.1.1 Atmospheric Structure and Dynamics 

Earth is surrounded by a layer of gases called atmosphere which comprises around 21%  

oxygen , 78%  nitrogen,  1% argon and a few portion of other trace gases. The atmospheric 

pressure decreases exponentially with altitude, through Eq.(2.1).  

                                                          P(z) = P0 e
 –z/hg

                                                                   (2.1) 

Where P0 is the pressure at sea level (1000 hPa) and hg  is the atmospheric ‘scale height’. The 

scale height represents the vertical distance at which atmospheric pressure decreases by a 

factor of 1/e. In the homosphere (which includes the troposphere, stratosphere and 

mesosphere), the scale height is around 7±1 km (Brasseur, 2005).  

Earth’s atmosphere can be divided into different layers based on the vertical temperature 

gradients. The lowest layer, called troposphere, extends from the surface to the tropopause 

which separates the troposphere from the upper layers. The location of the tropopause varies 

from 8 km for high latitudes to around 16 km at the equator depending on latitude and season. 

The troposphere shows decreasing temperatures with height by an average lapes rate (Γd) of ~ 

6.5° [C km
-1

] (Wallace, 2006). The lapes rate describes the rate at which the atmospheric 

temperature decreases with height. The lapes rate is positive if the temperature decreases with 

altitude, but it can also be negative if the atmospheric temperature increases with altitude. 

The lower part of the troposphere is mostly heated by the Earth’s surface through absorption 

of solar radiation, so the mean temperature decreases with height which makes the 

troposphere well mixed with strong turbulence and vertical mixing in this layer. The layer 

above the troposphere, called the stratosphere, extends from the tropopause to 50 km. The 

stratosphere is marked by increasing temperatures with height due to the absorption of 

ultraviolet radiation by ozone. The negative lapse rate makes the stratosphere a poorly mixed 

and almost stable layer with very little convective turbulence and vertical mixing .The 

stratospheric air is very dry and contains almost no water vapor, in contrast with troposphere, 
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which contains about 99% of the water vapor in the atmosphere. As it was described before, 

the troposphere is separated from the stratosphere by a boundary called the tropopause. The 

layer plays an important role in air exchange between the troposphere and the stratosphere. 

Besides, the tropopause is the place where the positive lapes rate of the troposphere changes 

to the negative lapes rate in the stratosphere.  In the troposphere, the warm air ascends and it 

become cooler as the altitude increases. The ascending water vapor cannot go higher and pass 

through the stratosphere because the tropopause  which is usually very cold, acts as a barrier 

and makes the ascending water vapor condensed. In addition, the air in the stratosphere is 

warmer and stable which also prevents the vertical mixing  between the troposphere and the 

stratosphere. Consequently, very low amount of water vapor can pass the tropopause which is 

commonly known as ‘cold trap’. This is the reason that the stratosphere is dry and contains 

very low water vapor. 

 

Figure 2.1: The ECMWF vertical profiles of temperature for summer and winter shown at different latitudes as a function 
of altitude. TP represents tropopause, SP is stratopause and MP means mesopause. (courtesy of Samuel Brohede) 

 

Above the stratopause, the mesosphere extends to around 85 km, where mesopause is located. 

In this layer of the atmosphere, the temperature falls again with height and reaches its 

minimum temperature in the summer mesopause at high latitudes (the coldest region in the 

Earth’s atmosphere). The stratosphere and the mesosphere are commonly referred to the 

middle atmosphere.  

The thermosphere which is located just above the mesopause, exhibits increasing 

temperatures with altitude again, due to the absorption of solar radiation by N2 and O2 .  

 

 



 

5 
 

2.1.2 Stratospheric Ozone 

Ozone is a highly reactive gas, made up of three oxygen atoms (O3). Most of the ozone in the 

atmosphere (~90%) is located in the stratosphere (mainly in the lower stratosphere). The 

stratospheric ozone is commonly known as ‘the ozone layer’. Stratospheric ozone plays a 

crucial role in the atmosphere in terms of shielding the Earth from the harmful UV-B (280-

315 nm) radiation and also forming the temperature structure in the stratosphere due to 

absorption of this radiation. The remaining ozone (around 10%), is in the troposphere. In 

contrast to stratospheric ozone, ozone in the troposphere (ground-based ozone) is harmful to 

humans and other living beings as it can strongly react with living tissues.  

Total ozone over a certain area on Earth corresponds to the total amount of ozone molecules 

in the column of air above that area. Total ozone values are often expressed in Dobson units 

(DU). 1 DU represents a layer of pure ozone with 0.01 mm thickness, at standard temperature 

(0°C) and pressure (1 atmosphere). The total amount of ozone is usually around 300 DU,  

which corresponds to a layer of around 3mm thick on the ground. The global distribution of 

total Ozone is not uniform and strongly varies with latitude. This variation occurs mainly 

because of dynamical process and local chemistry. Although ozone production primarily 

happens at low latitudes (above the tropics) where the solar UV radiation is more intense, the 

highest values of ozone normally observed at middle and high latitudes.  The Brewer-Dobson 

circulation is responsible for the transports of the tropical ozone-rich air toward the poles 

where ozone reaches its highest values.  

The formation and destruction of ozone for stratospheric conditions can be described through 

the so called Chapman reactions (Chapman, 1930):  

                                                 O2 + h𝜐  → O + O                          λ˂242 nm                      (2.2) 

                                                          O + O2 + M → O3 + M                                                           (2.3)  

                                                       O3 + h𝜐 → O2 + O                        λ˂336 nm                    (2.4) 

                                                                 O3 + O → 2 O2                                                                   (2.5)    

Reactions (2.2) and (2.3) lead to the formation of ozone in the stratosphere, where M 

represents an inert collision partner (effectively N2 and O2) which absorbs the excess energy 

(thermal energy), h𝜐 is the energy of a photon with frequency 𝜐. Ozone is photolysed rapidly 

and destroyed through reactions (2.4) and (2.5), however the released atomic oxygen (O) 

reacts with O2 and rapidly reforms ozone through Reac.(2.3). Because O3 and O are 

interconverted rapidly, it is convenient to consider them in conjunction as so called ‘odd 

oxygen’ (Ox = O + O3). Besides, the photochemical lifetime of odd oxygen (Ox) is sufficiently 

comparable with the meridional transport time scale for altitudes lower than around 25 km 

(Brasseur, 2005). This is the reason that odd oxygen can survive the transportation to high 

latitudes.  
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2.1.3 Stratospheric Ozone 

Earth’s atmosphere is dynamic with complex wind patterns due to differences in solar heating 

and Earth’s rotation. The stratospheric circulations and dynamical processes are the focus of 

this study as they have an important role in the stratospheric chemistry, particularly ozone 

distribution, and stability of the polar vortex. To begin with, the stratosphere is dominated by 

rising motion of air from the troposphere into the stratosphere in the tropics and the 

succeeding descent at high latitudes. This transport is known as Brewer-Dobson circulation 

which plays an important role in transferring ozone from the tropics (where ozone is mainly 

formed) to higher latitudes and polar regions where it accumulates. The Brewer-Dobson 

circulation is supported by the breaking of the planetary waves which are also known as large-

scale waves (e.g. Rossby wave) in the upper stratosphere during the winter hemisphere. In 

other words, breaking of planetary waves enhance the poleward motion of the air in the 

tropics as well as the downward flow into the polar regions. Additionally, the planetary waves 

increase the stratosphere-troposphere exchange of mass (Holton, 1995). The planetary waves 

are formed through the airflow over mountains, together with temperature difference between 

lands and oceans (meridional temperature gradients) and also the Coriolis force (which results 

from Earth’s rotation). They are quasi-stationary (can be also stationary) or moving westward 

slowly. The so called ‘wave breaking’ can occur when the planetary waves moving upwards 

in the stratosphere and also mesosphere, depending on the background wind conditions 

(Charney, 1961; Dameris). The planetary waves produce easterly momentum  in the lower 

part of the stratosphere and at the same time  breaking of the planetary waves generates 

thermal energy in the upper part of the stratosphere which both cause the westward wind of 

the stratospheric polar vortex to move more slowly  (Dameris). As the west wind of the 

stratospheric polar vortex is slowed down, the polar vortex becomes unstable which leads to a 

major stratospheric warming. It is important to know that the Arctic polar vortex is more 

disturbed by the planetary waves, owing to the distribution of lands, mountains and oceans in 

the northern hemisphere. To be more specific, the surface topography in the northern 

hemisphere contributes to the formation of Rossby waves which play a prominent role in the 

instability and split of polar vortex. Consequently, the polar vortex in the Antarctic is more 

continuous and stable than that of the Arctic. This is the reason that the major stratospheric 

warming and the subsequent polar vortex break up is commonly observed in the Arctic, but 

has not happened before in the Antarctic with an exception in September 2002. According 

Brasseur (2005), the formation of atmospheric waves through flowing over the mountains and 

surface topography cause a larger vertical mixing and faster downward motion which enhance 

the Arctic ozone concentration during the winter by descending the ozone-rich air and 

warming the lower stratosphere. In addition, it should be noted that Arctic winter is usually 

warmer and the temperature is more variable than the Arctic winter, which both explain the 

less sever ozone depletion in the Arctic compared to the Antarctic.  
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Figure 2.2: A diagram of stratospheric dynamics with the tropopause drawn as the heavy line. (courtesy of Samuel 
Brohede) 

 

2.1.4 Stratospheric Chlorine Chemistry 

Odd Chlorine family, indicated Cly , which defined as the sum of Cl , ClO , 2Cl2O2 , OClO, 

ClOO, 2Cl2 , HCl, HOCl, ClONO2, ClNO2 and BrCl play an important role in stratospheric 

ozone chemistry. In fact Cly , also called Reactive chlorine, are one of the main contributors to 

polar and middle stratospheric ozone depletion. 

Halogen source gases contain bromine and chlorine are emitted in the stratosphere from both 

natural sources and by human activities. Methyl chloride (CH3Cl) and methyl bromide 

(CH3Br) are among a few halogen source gases present in the stratosphere, which have  large 

natural sources and emitted by oceanic and terrestrial ecosystems (Fahey, 2007). Therefore, 

the natural source of chlorine atoms in the stratosphere is produced either by photolysis of 

methyl chloride  

                                                    CH3Cl + h𝜐 → CH3 + Cl                                                        (2.6) 

or by reaction with the hydroxyl radical (Brasseur, 2005).                                                           

                                               CH3Cl + OH → CH2Cl + H2O                                                 (2.7) 

Industrially manufactured chlorofluorocarbons (CFCs), specifically CFCl3 (CFC-11) and 

CF2Cl2 (CFC-12), are the most abundant Chlorine-containing gases which produced by 

human activities. CFCs have relatively long life time in the troposphere (up to several 

hundred years) as they do not photolysed by tropospheric wavelengths and also due to their 

inertness. Once they reach the stratosphere they absorb high-energy UV radiation at altitudes 

≥ 20 km and photodissociate: 
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                                             CFCl3 + h𝜐 → CFCl2 + Cl                  (λ˂ 226 nm)                   (2.8) 

                                             CF2Cl2 + h𝜐 → CF2Cl + Cl                  (λ˂ 215 nm)                   (2.9) 

The released chlorine radicals (Cl) in the stratosphere are oxidized by ozone and converted to 

chlorine monoxide (ClO) which reacts with atomic oxygen through the reaction (2.11). The 

catalytic cycle, reactions (2.10) and (2.11), associated with destroying of stratospheric odd 

oxygen.  

                                                             Cl + O3 → ClO + O2                                                         (2.10) 

                                                              ClO + O → Cl + O2                                                           (2.11) 

Reaction (2.10)-(2.11) play an important role on destroying O3, especially in the upper 

stratosphere . Cl and ClO, released into the stratosphere through (2.10) and (2.11) can easily 

react with nitrogen oxides and nitric acid to form reservoir species such as chlorine nitrate 

ClONO2 and HCl through the reaction sequence: 

                                                   ClO + NO2 + M → ClONO2 + M                                              (2.12)    

                                                     Cl + CH4 → CH3 + HCl                                                       (2.13) 

                                                      ClO + OH → HCl + O2                                                       (2.14) 

The reservoir chlorine species produced in (2.12)-(2.14) are inert and hide chlorine from 

ozone depletion. Decreasing the temperature to -80° C during polar winter, leads to the 

formation of polar stratospheric clouds (PSCs) which have a dominant role in ozone 

depletion.  In fact, the so called reservoir forms of reactive chlorine gases (ClONO2 and HCl) 

are converted into the very reactive form (ClO) through some heterogeneous reactions which 

occur on the surface of PSCs. The reaction of chlorine nitrate (ClONO2) on the surface of 

PSCs (water ice particles), produce HOCl and nitric acid (HNO3) See Reac.(2.15). Reac. 

(2.14) has a prominent role to activate chlorine in the lower stratosphere, as HOCl is 

photolyzed rapidly and leads to the formation of  Cl (the most reactive form of chlorine) and 

OH (Brasseur, 2005). 

                                       ClONO2 (g) + H2O (l,s) → HOCl (g) + HNO3                                     (2.15) 

By decreasing the stratospheric temperature, HCl becomes easily dissolved in a liquid aerosol 

and Reac. (2.17) gets faster than the reaction of ClONO2 with H2O (Reac. 2.15). 

                                      ClONO2 (g) + HCl (l,s) → Cl2 (g) + HNO3                                         (2.16)                                 

                                          HOCl (g) + HCl (s) → Cl2 (g) + H2O                                               (2.17) 

In the winter hemisphere when the sun rises at the polar regions, the formed Cl2 and HOCl are 

photolyzed rapidly and release high abundance of ClO in the sunlit regions, which causes 

rapid ozone loss according to Reac. (2.18), Reac. (2.19) and also Reac.(2.10): 

                                                        Cl2 + h𝜐 → 2Cl                                                             (2.18) 
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                                             HOCl + hʋ (λ˂370nm)  → Cl + OH                                              (2.19)   

It is good to know that the concentration of NO2 is decreased in the lower stratosphere, as 

nitrogen oxides converted to HNO3 on the surface of PSCs through Reaction (2.20). 

Therefore,  ClO concentration is enhanced as it cannot react with NO2 and form ClONO2  

(Brasseur, 2005). As a result, the suppression of NO2 constrains the formation of chlorine 

reservoir species and keep the chlorine active. 

                                               N2O5 + H2O (l,s) → 2 HNO3                                                     (2.20) 

When high abundance of ClO (0.5-2 ppbv) is available during polar winter at high latitudes, 

ClO recombines with itself and is converted into ClO dimer (Cl2O2) Reac. (2.21), which at 

night becomes the most dominant chlorine-containing constituent (Brasseur, 2005).  

                                                ClO + ClO + M → Cl2O2 + M                                                  (2.21) 

During daytime, Cl2O2 is photolyzed by Reac. (2.22) 

                                                 Cl2O2 + hʋ → Cl + ClOO                                                  (2.22)  

According to (Molina, 1987), very rapid ozone depletion can take place through catalytic 

reactions which creates and photolyze ClO dimer (Reac.(2.21) and Reac.(2.22)) (Brasseur, 

2005). These two reactions are known as the main catalytic process which causes 75% of the 

ozone loss in the ozone hole (Brasseur, 2005).The photolysis of Cl2O2 and the inverse 

reaction (2.22) result in ClO diurnal variation (See Fig. 2.3).  

The ClOO radical formed in Reac.(2.22), is decomposed through: 

                                                ClOO + M→ Cl + O2 +M                                                     (2.23) 

Reac.(2.24) is the only important reaction which leads to the formation of chlorine dioxide 

(OClO). Creation of OClO is almost depended on ClO amounts as BrO concentration is 

almost constant. (Sessler, 1995) shows that OClO is a poor quantitative indicator of chlorine 

activation in the lower startosphere.                                                                                        

                                                ClO + BrO → OClO + Br                                                 (2.24) 

It should be noted that OClO photolyzed rapidly during the daytime (Reac. 2.25) and  its 

lifetime in sunlit region is only a few seconds. In fact photodissociation is the only sink of 

OClO. So, OClO has also a significant diurnal variation which is shown in Fig.2.3. 

                                                OClO + hʋ → ClO +O                                                  (2.25) 

To better understand the diurnal variation of OClO and ClO, the background concentrations 

of these two species are simulated with a photochemical box model (MISU model). Figure 

2.3, shows the concentration of ClO  and OClO on 15
th

 of September 2008 at 75° S at 

different altitudes based on simulations of MISU model. According to Fig. 2.3, ClO 

concentration is extremely low during the night time as ClO reacts with itself and produce the 

ClO dimer (Cl2O2) which reaches its peak concentration during the night  (See Reac.(2.23)). 
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The ClO dimer is photolyzed during the day and reforming ClO through Reac.(2.24) and 

Reac.(2.25). As a result, the ClO abundance increases sharply at sunrise with sustained high 

concentration during daytime. As it is illustrated in Fig. 2.3, OClO has also a significant 

diurnal variation but the exact opposite that of ClO. The OClO concentration drops sharply at 

sunrise with very low concentration during daytime while at sun sets, the OClO concentration 

increases rapidly again and reaches its peak value during the night with nearly constant 

concentration. In order to show the dependency of ClO and OClO concentration on solar 

zenith angle (SZA) or equivalently local solar time (LST), the simulated SZA is plotted as a 

function of LST. As it is expected, the SZA is around 90° at sunrise and sunset which for both 

ClO and OClO which corresponds to 6:00 AM and 18:00 PM local solar time. To be more 

concrete, SZA is a function of LST and for an observer who is standing on the equator at 

12:00 LST the SZA is zero. In this project daytime is defined as SZA˂ 90°.    

  

 

Figure 2.3: ClO-OClO concentration as a function of local solar time for 75 S latitude at different altitudes based on 
simulations of MISU model. (a) ClO volume mixing ratio as a function of LST, (b) equivalent SZA as a function of LST, (c) 
OClO volume mixing ratio as a function of LST, (d) equivalent SZA as a function of LST. 
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Chapter 3 

Odin Observations 

3.1 The Odin Satellite 

Launched in February 2001, Odin satellite placed in a circular sun-synchronous near-

terminator orbit at around 620 km altitude (LEO) with 97.8° inclination. The satellite tracks 

along the terminator (i.e. the boundary between day and night) with an ascending node of 

18:00 hours local solar time (LST) at the equator. Owing to its orbit, Odin affords a constant 

orientation toward the sun which is advantageous in terms of power supply. Concerning the 

inclination of Odin’s orbit, the satellite covers the latitudes between 82.2° N and 82.2°S. 

However, the satellite covers higher latitudes in its occasionally planned off-plane mode.  

Odin was designed to support two scientific missions of astronomy and aeronomy , however 

the satellite has quit the astronomy part of the mission since April 2007 to pursue its 

aeronomical objectives full time. Odin operates in different observation modes in order to 

meet the primary scientific goals of the mission. One of the objectives of the satellite (which 

is the focus of this study) is to investigate the geographical extent and mechanisms of the 

ozone depletion in the ‘ozone hole’ (Murtagh, 2002). The Odin satellite carries two 

instruments on its board, the Optical Spectrograph and Infrared Imager System (OSIRIS) 

(Llewellyn, 2004) and the Sub-millimetre Radiometer (SMR) (Frisk, 2003). In the 

stratospheric mode, the terrestrial limb is scanned by the co-aligned instruments in a range of 

tangent altitudes from 7 to 70 km at a rate of 0.75 km s
-1

. Odin completes 15 orbits during a 

day (each orbit takes around 96 minutes) and providing approximately 65 scans per orbit in 

the stratospheric mode. In the stratospheric/ mesospheric mode, the limb scanning performed 

between 7 and 100 km which supports around 40 scans per orbit.    

 3.2 The OSIRIS Instrument 

The Odin satellite carries two instruments: the Optical Spectrograph and Infrared Imager 

System (OSIRIS) (Llewellyn, 2004) and the Sub-millimeter Radiometer (SMR) (Frisk, 2003). 

ʺOSIRIS consists of two optically independent components: the Optical Spectrograph (OS) 

and the Infra Red Imager (IRI)ʺ (Brohede, 2008). The OS (which is named as OSIRIS in this 

report), is the focus of this thesis as it measures limb-scattered sunlight radiances in the UV-

visible region where chlorine dioxide (OClO) absorbs. ʺThe IRI is a three channel infrared 

imager, which observes both scattered sunlight and the airglow emissions at 1.27 μm and 1.53 

μmʺ (Llewellyn, 2004). The OS is a grating spectrometer which covers a spectral range of 280 

to 800 nm with a spectral resolution of around 1nm. Figure 3.1 illustrates the different parts of 

the instruments such as CCD detector, the baffles and the grating.  
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Figure 3.1: Mechanical layout of optical spectrograph (OS) and infrared imager (IRI). (courtesy of Samuel Brohede) 

The OSIRIS instrument is viewing along Earth’s limb so the scattered limb-scattered sunlight 

enters the instrument through the baffle section (Llewellyn, 2004). The input telescope and 

baffle block large off-axis signals to avoid the contamination of the true on-axis signal 

(Llewellyn, 2004). The resultant field of view (FOV) of the OS is around 1 km in the vertical 

and 40 km in the horizontal at the tangent point. The OS spectrometer measures the scattered 

sunlight from the Earth’s atmosphere. Figure 3.2 shows the viewing geometry of OSIRIS 

observations. OSIRIS measures the vertical profiles of O3, NO2, BrO, OClO and also aerosols 

in the atmosphere.  

 
Figure 3.2: The limb scattering viewing geometry of the OSIRIS instrument on board of Odin satellite. Single scattering 
(SS), Multiple scattering (MS) and albedo scattering (AS) are different types of scattering which form the light along the 
line of sight (LOS). TOA is top of the atmosphere and TH is the tangent height. (courtesy of Samuel Brohede) 

  

3.3 The SCIAMACHY Instrument 

SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY) 

is a spectrometer which measures sunlight scattered and reflected by the earth's atmosphere or 

surface in the UV, visible and NIR wavelength range (240-2380 nm) at a spectral resolution 

of 0.2 to 1.5 nm (Bovensmann, 1999). The instrument can measure a broad range of trace 

gases e.g. O3, BrO, NO2, OClO, CO2, CH4, N2O, CO etc. SCIAMACHY is on board of the 

European Environmental satellite (ENVISAT) which was launched on 1st of March 2002 in a 

near polar sun synchronous orbit at 800 km (LEO). The equator crossing time of 

SCIAMACHY is around 10 hours local solar time (LST) in  descending node. SCIAMACHY 

measures the scattered and reflected sunlight from atmosphere and Earth’s surface in nadir 

and limb geometry and the intensities of the sunlight transmitted directly through the 



 

13 
 

atmosphere in solar/lunar occultation mode. To provide the total column and vertical profiles 

of minor species, SCIAMACHY observes the atmosphere by combination of both limb and 

nadir geometry, see Fig.3.3. In nadir geometry, the instrument scans an area of around 30 km 

by 960 km over the sub satellite track.  SCIAMACHY also scans the terrestrial limb from 

ground to nearly 100 km tangent height with a sampling step of around 3km. Additionally, the 

horizontal limb scans cover 960 km on the horizontal direction with a spatial resolution of 240 

km along track. 

 
Figure 3.3: SCIAMACHY limb and nadir geometry (figure from wikipedia). 

 

3.4 Atmospheric Modeling 

Numerical atmospheric models are used extensively to simulate the dynamics and chemistry 

of the atmosphere. There are many types of models which are applied to study different 

features of the atmosphere on a local and global scale. In this study, two types of models are 

employed which are briefly described below: 

 MISU (one-dimensional photochemical model) 

MISU model is a one-dimensional chemical box model which solves chemical reactions with 

an ordinary differential equation (ODE) solver in Matlab. The model simulates the 

stratospheric layer through a pile of photochemical boxes. Local atmospheric parameters such 

as pressure, temperature, albedo and solar radiation are prescribed and SZA calculated from 

latitude and LST input. UV radiation fields are calculated iteratively based on ozone and O2 

absorption. For more information regarding the model see (Johnsson, 1996). 

 SLIMCAT (chemical transport model)  

SLIMCAT (single layer isentropic model of chemistry and transport) is a three-dimensional 

(3D) off-line chemical transport model (CTM) which has been widely used to study the 

atmospheric chemistry over the past decade. The new version of SLIMCAT, has improved the 

model’s ability to reproduce polar chemical and dynamical processes (Chipperfield, 1999; 

Chipperfield, 2006). The model contains a detailed stratospheric chemistry scheme described 

by Chipperfield, 1999 which simulates the concentration and distribution of trace gas species 

in the stratosphere. Off-line CTMs do not compute horizontal winds and temperatures within 
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the model and, as a result, the model is advocated by the external information from 

meteorological analysis or simulations from general circulation models (GCMs) (Chipperfield 

2006). SLIMCAT applies horizontal winds and temperatures from external sources e.g. the 

UK Met office or the European Center for Medium Range Weather Forecast (ECMWF). 

 

Chapter 4 

Method  

4.1 Retrievals 

Retrieving vertical profiles from limb-scattered radiances is done in several steps including: 

spectral analysis, radiative transfer modeling and inversion (Haley, 2004). The outline of the 

steps is shown in Fig.4.1., together with the most important steps done in this study. It should 

be noted that the approach for retrieving number density profiles can vary between the 

instruments. Section 4.1 provides a brief overview of the Odin/OSIRIS retrieval method.  

 

Figure 4.1: The outline of OSIRIS retrieval steps, together with the structure of this study. 

 

4.1.1 Spectral analysis 

To begin with, limb radiances [photons cm
-1 

s
-1

 nm
-1

 ster
-1

] are determined from OSIRIS 

photon counts in the CCD. Although vertical profiles can be retrieved directly from the limb-

scattered radiances, this is not suggested as spectral radiances are highly influenced by several 

factors such as aerosol and instrument accuracy during the measurement (Brohede, 2008). 

Instead OSIRIS limb radiances are converted to an intermediate quantity called effective 
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column densities (ECDs). ʺECD describes the number of molecules which can be sensed, 

efficiently, along the line of sight (LOS) which is expressed in molecules cm
-2 

ʺ
 
(Brohede, 

2008). Conversion to this quantity is done with the differential optical absorption 

spectroscopy (DOAS) technique. DOAS, which is a commonly used technique for detecting 

the concentration of atmospheric species, was first introduced by (Noxon, 1975; Noxon, 1979; 

Platt, 1979). Each gas molecule in the atmosphere has unique absorption cross section and 

DOAS takes advantage of this exclusive absorption features to estimate the concentration of 

atmospheric gases. To be more concrete, DOAS technique studies the high frequency signal 

in the UV and visible spectral region through an open path. It should be noted that the DOAS 

analysis is applied for different tangent heights in each OSIRIS scan (Brohede, 2008). To 

better understand the use of the technique in conversion of limb-scattered radiances into ECD, 

more details are described in the following. 

The  absorption of a single species in a homogenous media can be described by the Beer-

Lambert law, expressed as  

                                                                 𝐼(𝜆) = 𝐼0(𝜆)𝑒−𝐿𝜎(𝜆)𝑛                                                    (4.1) 

Where  𝐼(𝜆) is the measured spectrum, 𝐼0(𝜆) is the source spectrum, σ(λ) is the absorption 

cross section of a single species as a function of wavelength [m
2
 molecule

-1
], L is the path 

length in meter and n is the number density of absorbing species [molecules m
-3

]. The 

dimensionless quantity  Lσ(λ)n , referred to as the optical depth (denoted τ), describes the 

fraction of  light absorbed or scattered along the path while traveling through the medium. 

According to the Beer-Lambert law, the intensity of electromagnetic radiation (e.g. light) 

decreases exponentially with path length as it passes through a media. The Beer-Lambert law 

can also employed to describe the total extinction in the atmosphere where the contribution of 

both Rayleigh scattering (molecular scattering) and Mie scattering (aerosol scattering) must 

be included. As a result Eq. (4.1) becomes: 

                                   𝜏 𝜆 = 𝑙𝑛  
𝐼0 𝜆 

 𝐼 𝜆 
 = 𝐿 𝜎 𝜆 𝑛 + 𝛾𝑅𝑎𝑦  𝜆 + 𝛾𝑀𝑖𝑒  𝜆                                 (4.2) 

Where 𝛾𝑅𝑎𝑦  𝜆  is the Rayleigh extinction coefficient per length unit and 𝛾𝑀𝑖𝑒  𝜆  is the Mie 

extinction coefficient. Concerning the OSIRIS measurement technique (limb scattering 

observation) with not well defined path length and also inhomogeneous concentration along 

the line of sight (LOS), expressing the concentration of species in number density [molecules 

m
-3

] is nonsense. As a result, the concentration of atmospheric species described in ECD 

which is a combination quantity of both path length and number density. To retrieve the 

effective column density of atmospheric minor species, an optimal wavelength window is 

chosen with special considerations. The target species should, if possible, be the dominant 

absorber in the selected window with highly structured absorption cross section to avoid 

interference with other species as much as possible. To be more specific, absorption cross 

section describes the ability of a molecule which can absorb a photon of a particular wave 

length (Wikipedia, 2007). By applying DOAS, the absorption cross section can be divided in 

two components, the low frequency component σʺ(λ) and the high frequency component or 
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differential cross section σʹ(λ) (Brohede, 2008). The total cross section is referred to the sum 

of the two components:   

                                                     σ(λ) = σʹ(λ) + σʺ(λ)                                                           (4.3) 

 

Figure 4.2: OClO differential optical depth is illustrated as a function of wavelength for a typical OSIRIS limb scan at 14 

km tangent altitude (scan number 8565044, 19 September 2002). The measured differential optical depth (τʹ(λ)) is given 

in black dashed line, the total fit ( 𝛔ʹ𝐭 𝛌 𝐧𝐭) is shown in the black solid line. OClO differential optical depth (σʹoclo(λ) 

noclo) is plotted in blue circles, NO2 differential optical depth (σʹno2(λ) nno2) is plotted in red triangles, O4 differential 

optical depth (σʹO4(λ) nO4) is plotted in green squares and O3 differential optical depth (σʹO3(λ) nO3) is plotted in 

crosses (upper panel). Residual as a function of wavelength which is shown in a different scale from differential optical 

depth (middle panel). OClO differential cross section [cm
2 

molecule
-1

] as a function of wavelength shown in OSIRIS 

resolution (1 nm). 

The selected window should have a large differential absorption to increase signal-to-noise 

ratio. It should be noted that for minor species, like OClO, with low absorption strength, 

choosing several spectral features is suggested in order to decrease the chance of incorrect 

identification due to the coincidental overlap with other unidentified spectral features 

(Sanders, 1989; Krecl, 2004). Although OClO absorbs within 320-435 nm,  a fitting window 

of 403-427 nm is chosen for OClO retrieval in this study where OClO exhibits a strong 

absorption features compared to other species. Although OClO is the target species in this 

region , other species such as O3 , NO2 and O4 also absorb in the same wavelength range and 
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are included in the spectral fit along with OClO (Krecl, 2004; Krecl, 2006). Figure 4.2 

illustrates a typical OSIRIS DOAS fit in the OClO window (403-427 nm) at 14 km tangent 

altitude. It should be noted that in some regions OClO is the dominant absorber which 

corresponds to the regions where OClO has high differential absorption cross section. 

4.1.2 Inversion 

The ECD of OClO , as a function of tangent height altitude, has to be converted to number 

density profiles. In fact, ECD obtained from DOAS technique is a complex function of the 

profiles and must be converted to the desired quantity (number density [molecule/cm
3]). This 

is an inverse problem which has to be solved  through an inversion technique. An approach to 

solve such an inverse problem is introduced by Haley et al.(2004) and Krecl et al.(2006). In 

the method, a forward model (F) is needed to determine the effective column density 

(measurement vector (y)) as a function of tangent heights based on the  given number density 

of OClO (state vector (x)) as a function of altitude which expressed as 

                                                            y = F (x , b) + ε                                                           (4.4)  

where b is the forward model parameters such as SZA, and ε is the measurement error (Haley, 

2004; Krecl, 2004). A radiative transfer model (RTM) is applied to simulate limb radiances 

from given OClO vertical profiles and atmospheric parameters along with measurement 

conditions (Haley, 2004). The simulated limb radiances by the model are subjected to a 

DOAS analysis as an intermediate function to calculate OClO effective column densities. The 

effective column density calculated through DOAS, forms the forward model (F) which is 

used to convert the effective column density to number density (Haley, 2004). The radiative 

transfer model used in this study is PRATMO (Prather, 1992), which is a chemical box 

model. The selected inversion algorithm has to determine the optimum solution. The 

maximum a posteriori (MAP) estimation from (Rodgers, 2000), is chosen to estimate the 

optimum solution in this research. The MAP method considers both a priori knowledge and 

the measurements to determine the most probable true profiles. According to (Rodgers, 2000; 

Krecl, 2004), the most acceptable source of a priori information is from high spatial resolution 

measurements. As there is no OClO climatology available, a priori information is taken from 

PRATMO chemical transport model in this study. 
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                                                            Table 4.1: Summary of the OClO retrieval specification. 

Retrievals         OClO 

 

Method  

 

   DOAS + OEM (MAP) 

 

Wavelengths 

  

   403-427 nm 

 

Fitted species 

  

   O3 , NO2 , O4 ,OClO 

 

Retrieval  range 

 

Response > 0.67            

 

Resolution at 16                          

  
   12 - 20 km 
 

   ~12 - 18 km 

 

   ~3 km 

 

  

 

As it is shown in figure 4.3 (left panel), the OClO effective column density reaches its largest 

value at around 14 km tangent height. It is also important to know that by increasing tangent 

heights the OClO ECD decreases. For tangent altitudes higher than around 23 km the OClO 

ECD is almost zero due to the low concentration of OClO. Besides, the negative OClO ECD 

at high tangent heights (>23 km) is observed even inside the vortex which is mostly because 

of noise and too low OClO abundances. This is compatible with negative OClO values 

discussed by (Krecl, 2004) at high tangent heights inside the vortex for scans measured on 19-

20 September 2002. The peak of OClO number density profile illustrated in figure 4.3 

(middle panel) is also around 14 km. As expected, OClO number density is zero for altitudes 

higher than 20 km (owing to very low concentration of OClO). The averaging kernel shown 

in figure 4.3 (right panel) describes the changes in the sensitivity of OClO measurements as a 

function of altitude. Therefore, the OClO measurement sensitivity is high for altitudes 

between 12 and 18 km. Correspondingly, the measurement response is also high (~1) for the 

same altitude range. The measurement response can be thought of as the inverse of the a priori 

influence of the retrieved profile. The retrieval is always the most effective when the 

measurement response is close to one. This means that the retrieved profile contains high 

percentage of measurements and very low a priori contamination. In this project, an effective 

retrieval is defined by measurement response larger than 0.67 (the boundary is shown by 

black dashed line). As a result the altitude range between 12 to 18 km is considered to be 

optimal for OClO retrieval. 
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Figure 4.3: Typical OClO retrieval characteristics for OSIRIS scan 8565044 (latitude 80.8° S, longitude 208.59°, SZA 92°, 
5.58 LST) on 19 September 2002. (a) OClO effective column density (ECD) as a function of tangent height (b) Retrieved 
OClO number density as a function of altitude and the error bars indicate the measurement error (blue line) and a priori 
from PRATMO chemical box model (red line) (c) the OClO averaging kernels (blue lines) and the measurement response 
(red line), the black dashed line indicates the boundary of good measurement response (measurement response > 0.67) 
which is defined in this study. 

To make a quality assessment of OClO data, which is the main objective of this project, the 

OSIRIS level 2 data are processed from 2002 to 2008 for mid and high latitudes (for >45°N 

and ˂45°S) see Fig. 4.4 , where high chlorine is expected, particularly inside the polar vortex 

(see Sect. 2.1.3). Note that data is not processed for low latitudes as the background OClO 

concentration is below the detection limit of OSIRIS.  Additionally, only measurements from 

polar springs are processed. This means specifically February-March in the Arctic and 

September-October in the Antarctic, when the temperature falls below the temperature 

threshold of PSCs formation (See Sect. 2.1.3). 

Remember that, OSIRIS is an optical spectrograph with no measurements during the night, 

hence the Level 2 data are selected for the measurements with solar zenith angle (SZA) less 

than 93° (i.e. day time). OClO photolyes rapidly in the presence of daylight which results in 

low concentration of OClO during the day. Thus, most of the useful OClO measurements are 

carried out near the terminator during sunset and sunrise when OClO exhibits a sharp 

concentration gradients. In addition, the concentration of OClO is a function of SZA which, in 

turn, is strongly affected by the location and measurement time of OSIRIS.  
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Figure 4.4: The latitudinal and temporal coverage of the OSIRIS/OClO data in this study for AM and PM measurements. 
The white areas exhibit the regions where no data is processed due to night time conditions or very low OClO 
concentrations. 

 

 

 
Figure 4.5: Solar zenith angles (SZAs) as a function of latitude for OSIRIS AM and PM measurements during the period 
2002-2007. The AM and PM time corresponds to around 06:00 h and 18:00 h LST for mid latitudes respectively, whereas 
at high latitudes the LST is around 12:00 h in the northern hemisphere and 24:00 h in the southern hemisphere.  The 
measurements just cover the summer hemisphere and the white regions indicate no measurements during the winter 
hemisphere because of the darkness. SZA is around 90° for all the latitudes at the equinoxes while small SZAs are mostly 
seen in high latitude summer. The eventual reduction of PM measurements is noticeable which is due to the drifts of 
Odin’s orbit over time (courtesy of Samuel Brohede). 
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4.2 Data Filtering 

4.2.1 OSIRIS OClO vs SMR ClO 

This is a first look at OSIRIS OClO and SMR ClO measurements focusing on the lower 

stratosphere in the altitude range from 15 to 25 km in the Antarctic (latitude<70 S) and Arctic 

(latitude>70N), where chlorine activation occurs mainly. The data have been filtered and 

checked for quality (Pointing offset and Moon in the FOV) and also good measurement 

response (measurement response> 0.67) See sect. 4.1.2.  

 

 
Figure 4.6: Profiles of SMR ClO (upper panels) and OSIRIS OClO (lower panel) for Sept-Oct in the Antarctic 2002 to 2009. 
Individual profiles are shown in terms of mixing ratio (left panels) and number density (right panels) as gray lines. The 
solid lines indicates the mean of the individual profiles while the error bars represent the standard deviation. 

 

In figure 4.6, the black lines indicate the average of the profiles corresponding the Odin data 

obtained from inside and outside the vortex in Sept-Oct 2002 to 2008. The ClO and OClO 

concentrations are between 1.2 to 2.8 ppbv and 0 to 0.08 ppbv respectively. The retrieval 

quantity for OSIRIS OClO data is number density [molecules/cm3] while SMR ClO is given 

in volume mixing ratio [ppv]. To be able to compare the data both in number density and 

volume mixing ratio, the ClO and OClO data are converted to the desired quantity through the 

Eq.4.5 and Eq.4.6: 

                                                    

                                       nd molecules cm3  =  
vmr [ppv ]×P[Pa ]

KB ×T[K]
× 106                                (4.5) 
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                                                     vmr ppv = nd m−3 ×
kB T K 

P  Pa  
                                                 (4.6) 

where K is the Boltzmann’s constant. Temperature (T) and Pressure (P) values are taken from 

the European Center for Medium Range Weather Forecast (ECMWF).   

The ClO measurements range is between -1.2 to 2.8 ppbv with the negative ClO 

concentrations corresponding to noise in the measurements. The maximum peak of ClO 

mixing ratio is around 20 km with a value of 2.8 ppbv and ClO number density peak value is 

around 4.5×10
9
 [molecules/cm

3
] at 20 km. The OClO concentrations span the range of 0 to 

0.08 ppbv with several peaks between 10 to 20 km. There is no negative OSIRIS OClO 

concentration due to log space inversions. The highest value for OClO reaches 0.08 ppbv at 

around 14 km. Also, the OClO number density has its maximum value at 14 km with 15×10
7
 

[molecules/cm
3
]. 

One should know that the original measurements are given on a vertical grid of about 1.5 km 

spacing for SMR and around 2 km for OSIRIS but the ClO and OClO data have been 

interpolated on a fine vertical grid of 0.5. The multi- peak features of the OClO mean profiles 

are probably due to the coarse retrieval grid, as OSIRIS OClO retrieved on a fixed grid 

compared to SMR ClO which is retrieved on the measurement altitude grid. 

The standard deviation (STD) of OClO profiles in the lower stratosphere (15 to 25 km), is 

quite large which is expected from the steep concentration gradients at OSIRIS measurement 

locations.  

A few of background OClO profiles with high magnitudes are detected at around 30 km. In 

order to compare the MISU model simulations with the measurements, the model was ran for 

60 iterations at 75°S latitude on 15
th

 of September 2008. The results are presented in Fig.4.7.  

  

 
Figure 4.7: OClO concentration simulated by MISU model for 15

th
 of September 2008 at 75°S latitude shown in number 

density [left panel] and volume mixing ratio (right panel). The model was ran for 60 iterations. 

It should be noted that MISU model does not include heterogeneous chlorine activation in its 

calculations and figure 4.7 shows just the background OClO concentrations. This is the reason 

that there is no OClO simulations for altitudes below 25 km. The simulated OClO seems to 

peak at around 30-35 km which happens to coincide with the peak of the OClO 
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measurements. Although the magnitude of the simulated OClO does not agree with the OClO 

measurements (which is probably due to the model’s bias) in figure 4.7, it can prove the 

existence of background OClO at higher part of the stratosphere for specific SZAs (see 

discussion below).  

As both ClO and OClO have significant diurnal variation, the data have been checked for 

their corresponding SZAs. Figure 4.8 indicates the same as figure 4.6, which are plotted in 

different colors corresponding to different SZAs. The defined boundaries for SZAs can help 

to better understand the difference in the concentration of ClO and OClO between the day and 

night (i.e. diurnal variation).  

 
Figure 4.8: As in figure 4.6, measurements with SZAs>92° are represented by blue color (nighttime), profiles with 
SZAs˂90° are shown in red (daytime), and the measurements with  90°˂SZAs˂92° are displayed by gray color (twilight).  

Comparing the ClO day and night concentration in figure 4.8, it shows that ClO concentration 

gets higher throughout the daytime (red color) which makes a contrast with ClO amounts 

during the night (blue color). The high concentration of ClO for SZAs˂90° is due to Cl2O2 

photodissociation at daytime (See sect.2.1.3). Although OSIRIS cannot measure during the 

night, a few number of profiles taken at SZAs>92° illustrate high concentration of OClO. 

Regarding OClO data with 90°˂SZAs˂92°, the magnitude of OClO concentration is broader 

than those during the daytime (SZA˂90°). These results are in a good agreement with our 

understandings of ClO and OClO chemistry in the stratosphere.   

Looking at OClO profiles at around 30 km altitude, almost all the profiles correspond to high 

solar zenith angels (SZAs> 90°). The high concentration of background OClO might be 

because some parts of the LOS is in darkness while some is still in daylight. To check the 
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validity of the assumption, single scattering angles (SSAs) of the profiles were examined to 

see if  it deviates largely from 90°. According to the results, this cannot be the case as all 

SSAs seem to be less than 90°. 

 
Figure 4.9: Profiles of SMR ClO (upper panels) and OSIRIS OClO (lower panel) for Feb-Mar in the Arctic 2002 to 2009. 
Individual profiles are shown in terms of mixing ratio (left panels) and number density (right panels) in gray lines. The 
black lines indicate the mean of the individual profiles while the error bars represent the standard deviation. 

A general comparison of the ClO and OClO concentration in the Antarctic to those in the 

Arctic shows that both ClO and OClO experience lower values in the Arctic over the same 

period (Figure 4.9). This disparity is due to the different level of chlorine activation in the 

Antarctic and Arctic. Chlorine activation is less sever in the Arctic winter, as the minimum 

temperature is higher and more variable compared to the Antarctic. Besides, the polar vortex 

in the Arctic is not as stable as the one in the Antarctic (See sect.2.1.2), as a result the 

activation of chlorine decreases which results in lower concentration of ClO and OClO over 

the Arctic. 

4.3 Climatology  

A climatology refers to statistics of data which are mostly expressed in terms of mean or  

median and standard deviation (STD). In the present study, the natural variability of 

stratospheric OClO and ClO is evaluated through a daily/monthly three dimensional zonal 

mean  climatology, based on Odin/OSIRIS data from 2002 to 2009, as a function of latitude, 

altitude and day/month as defined below. The OSIRIS OClO climatology covers only the 

austral and boreal late winter/spring (Feb-Mar in the Arctic and Sep-Oct in the Antarctic) with 

a latitudinal coverage from 90°N to -90°S. 

 Latitude: From 90°N to -90°S in 2.5° latitude bins (with no data between 45N to 45S)  

 Altitude: From 10 to 40 km in 0.5 km bins. 
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 Day/Month: One day steps for daily climatology (Feb-Mar in the Arctic 59 days and 

Sep-Oct in the Antarctic 61 days) and 4 months for monthly climatology (Feb-Mar in 

the Arctic and Sep-Oct in the Antarctic) 

 

This constructs a three-dimensional matrix with 36×61×427 (latitude×altitude×day) cells for 

daily climatology and 36×61×28 (latitude×altitude×month) cells for monthly climatology. 

The outputs of the climatology are given in terms of mean 𝑥  and STD of OClO number 

densities (nd) which are calculated by Matlab through Eq. (4.7) and Eq.(4.8): 
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.  𝑥𝑖  
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1
2

                                                (4.8) 

 

Although the retrieved OClO is in  number density as a function of altitude, the climatology 

outputs are calculated in both absolute concentration (number density) and relative 

concentration (volume mixing ratio). It is important to know that conversion to the desired 

quantity must be done on individual OClO profiles due to nonlinear effects. The conversion is 

done as described on previous page. 

To discard the data points which contains high a priori influences, the individual OClO 

profiles with  measurement response smaller than 0.67 are excluded before computing the 

climatological outputs. Besides, the measurement points with Moon in the FOV (field of 

view) and/or pointing offset are checked and excluded (quality filtering). Additionally, bins 

with less than 5 measurements are discarded due to insufficient statistical samples. 

One should note that it is relatively complicated to accurately  interpret OClO data owing to 

its significant diurnal variation. To avoid any confusion in the results, the OClO data has to be 

analyzed taking LST(or equivalently SZA) into careful consideration. To begin with, AM and 

PM measurements should be treated individually. Although studying AM measurements 

(LST˂12:00) and PM measurements (LST>12:00) separately is an advantageous method, this 

does not seem to be  practical for OClO data due to the sparse data set.  

A ClO climatology from Odin/SMR is also constructed for the purpose of comparison. The 

ClO 3-dimensional climatology is constructed using the same method as the OClO 

climatology as described above. 

 

 

http://thesaurus.com/browse/advantageous
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Temporal evolution of OClO and ClO from 2002 to 2008  

 
Figure 4.10: Year to year variation of OSIRIS OClO daily means (upper panel), corresponding solar zenith angle (middle 
panel) and temperature from ECMWF (lower panel) for Sep-Oct 2002 to 2008 in the Antarctic. Different colors indicate 
different years as shown in the legend. 

Figure 4.10. illustrates the daily mean OClO measurements for the 80°S to 85°S latitude bin 

(inside the vortex) at 14 km which corresponds to the OClO volume mixing ratio peak. Note 

that some days are missing owing to too few measurements. Looking at the data, the OClO 

concentration is fairly steady and relatively low during first 20 days of September for almost 

all the years because of high solar zenith angle in the beginning of the period. The significant 

difference in SZAs between some of the years is due to the scheduled OSIRIS off axis mode 

in the Antarctic. The lowest OClO volume mixing ratio happens in 2002 with a gradual 

decrease over the period which coincides with the sudden and early increase in temperature in 

the same year. The polar vortex split in the Antarctic resulted in the so-called major 

stratospheric warming in September 2002, which constrained chlorine activation and 

consequently the OClO concentration. September 2002 is marked as an exception, since this 

phenomenon has not been observed before in the Antarctic. Looking at the data in 2005, the 

OClO volume mixing ratio increases sharply and reaches the maximum concentration of 

OClO among all the years before decreasing on 24
th

 of September. The maximum peak of 
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OClO in 2005 has a value of 35.2 pptv which corresponds to the mean of 22 measurements 

taken at high solar zenith angle (higher than 90°) at that year. To be more concrete, the 

maximum OClO volume mixing ratio observed in 2005 is mainly due to the high solar zenith 

angle experienced in this year (due to off-axis observations). 2008 is also another year of 

interest as it sees a high chlorine activation over the period due to the relatively low 

temperature in Sep-Oct 2008. 

Looking at the rest of the period, OClO volume mixing ratio experience a steady decrease 

from 25
th

 of September to 7
th

 of October, before leveling off to end the period with no data 

available. One should know that the decrease of OClO at the end of September/beginning of 

October is due to increase of temperature in early October which constrains and stops chlorine 

activation gradually.  

Figure 4.11. exhibits the daily mean of OClO data expressed in volume mixing ratio [ppv] for 

Feb-Mar 2002 to 2008 (upper panel), SZAs (middle panel) and temperature which is taken 

from ECMWF (lower panel) for the same period. The daily means data are presented for the  

80°N to 85°N latitude bin (inside the vortex). Looking at the upper panel, chlorine activation 

seems to begin on 20th of February, when the sunrise is available again in the Arctic, and 

continue till early March. As it can be seen in figure 4.11, there is no OClO data for the first 

20 days of February due to very high SZA and complete darkness (remember that OSIRIS 

cannot measure during the night). In contrast to the Antarctic, the SZAs are similar for all the 

years in the Arctic, as there is no off axis observations in the Arctic. It is evident that by 

declining SZA over the period the OClO concentration is also decreased particularly for 

almost all the years. Concerning the temperature, the minimum temperature in the Arctic 

winter is specifically higher and more variable comparing the Antarctic. Consequently, the 

OClO concentration is lower in the Arctic comparing to the Antarctic. 2005 and 2006 are the 

years of interest as they are characterized by the cold and warm Arctic winter respectively 

(see the temperature over the period in the lower panel). The 2004/2005 Antarctic winter 

experienced an exceptionally low temperature with an extreme ozone depletion observed in 

that year. The Arctic polar vortex in 2004/2005 winter was specifically strong and active. 

Besides, the temperatures were below the PSCs formation temperature (TPSC), which is 

around 195 K, for  95 days (more than any other Arctic winter on record), and low 

temperature extended to an unusually much larger area (Manney, 2006; Santee, 2008). 

Interestingly, the 2005/2006 Arctic winter starts out with a especially strong cold vortex till 

mid of January,  when a major stratospheric warming stopped the winter conditions and 

consequently limited the chlorine activation (World Meteorological Organization, 2006; 

Santee, 2008). As a result, it is expected to be a strong contrast between OClO concentration 

in 2005 and 2006. The measurements seem to be in consistent with this situation. Looking at 

the data for these two specific years, the OClO volume mixing ratio on 27
th

 of February 2005 

is around 60 [pptv], whereas OClO concentration has a value of 2.2 [pptv] for the same day in 

2006. Besides, OClO concentration experiences its lowest value (around 10 [pptv]), 

specifically on 28
th

 of February 2006. In contrast to 2006, high concentrations of OClO are 

observed during the last days of February and beginning of March owing to very low 

temperature over the period.  
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Figure 4.11: Year to year variation of OSIRIS OClO daily means (upper panel), corresponding solar zenith angle (middle 
panel) and temperature from ECMWF (lower panel) for Feb-Mar 2002 to 2008 in the Arctic. Different colors indicate 
different years as shown in the legend. 

Looking a figure 4.12, 2006 Antarctic winter observes the lowest temperature throughout the 

period and the largest ozone losses on record as a consequence. This is in consistent with 

SMR ClO measurements taken in 2006 as seen in figure 4.12. In contrast, the 2002 Antarctic 

winter experiences the minimum ClO concentration over the study period which is mainly due 

to the major stratospheric warming and subsequent break down of the polar vortex (See 

sect.2.1.2). Considering the significant diurnal variation of ClO (See sec.2.1.3), the low 

concentration of ClO in 2002 can also be described by relatively high solar zenith angel 

(specifically in mid of September) for the same year. According to (World Meteorological 

Organization, 2005; Santee, 2008), the 2005 Antarctic winter was colder than average during 

much of the period and the temperature was low enough to form PSCs over a considerable 

area of the vortex from late May until middle-to-late September. 
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Figure 4.12 : (a) year to year variation of SMR ClO daily mean at 20 km for Sep-Oct 2002 to 2008 in the Antarctic,, (b) the 
resulting SMR ClO daily mean at 525 K (potential temperature), (c) temperature from ECMWF, (d) corresponding SZAs for 
each year. Different colors indicate different years as shown in the legend. 

As 2005 Antarctic winter demonstrates a particularly low temperature over the period of 

study, a high concentration of ClO is anticipated during the time. Nevertheless, ClO 

measurements exhibit a low concentration in Sep-Oct 2005. In reality, the ClO abundances 

are strongly influenced by small changes in SZAs gradients (again significant diurnal 

variation of ClO). So, such a low concentration of chlorine monoxide during the cold winter 

2005 is in a good agreement with the corresponding large SZAs (off-plane pointing) over the 

period. The disparity observed in ClO concentration among some of the years, especially in 

the beginning of September, is a result of high SZAs in 2002, 2003 and 2005 in particular. 
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Figure 4.13: (a) SMR ClO daily means at 20 km for Feb-Mar 2002 to 2008 in the Arctic, (b) the resulting SMR ClO daily 
means at 525 K (potential temperature), (c) temperature from ECMWF, (d) corresponding SZAs for each year. Different 
colors indicate different years as shown in the legend. 

As it was discussed, the Arctic winter 2005 demonstrates the lowest overall temperature 

between 2002 to 2008. As a result, the chlorine activation becomes more severe and ClO 

concentration gets higher, reaching approximately 0.3 [ppb] in February. Winter 2008 also 

sees high amounts of ClO (specially during the first days of February), when the minimum 

temperature is equal to TPSC (-78° C)  . In contrast to 2005 and 2008, the overall temperature 

in winter 2006 is not very low. As a result the ClO concentration reaches its minimum value 

(around 0.05 [ppb]) in February 2006. Although the ClO concentration does not show so 

much variation over the period of study for almost all the years, by decreasing temperatures in 

late February ClO is also decreases slightly.  

Except for 2005 and 2008 winter, the temperature is higher than TPSC in Feb-Mar for the other 

years. Consequently, the period of chlorine activation gets longer in winter 2005 and higher 

values of ClO is anticipated over the period of study. This is in consistent with ClO 

measurements in the corresponding year.  
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4.4 Validation 

4.4.1 Comparison with other OClO measurments 

In order to validate OSIRIS OClO data, the OClO profiles are compared with outputs from 

SLIMCAT and MISU model as well as the data sets from SCIAMACHY. Additionally, 

OSIRIS OClO is compared with SMR ClO to better understand the relation between these 

two species. Section 4.4 provides the comparison results and also describes a simple approach 

for data validation.  

4.4.2 ClO vs OClO Correlation 

In order to assess whether there is any correlation between ClO and OClO, the coincidences 

between OSIRIS OClO data and SMR ClO have been found for Sep-Oct 2002 to 2009 in the 

Antarctic. Figure 4.14 illustrates the scatterplots of ClO versus OClO concentrations for all 

the coincidences at 18 km and latitudes larger than 70° S (i.e. inside the vortex). The data are 

categorized based on SZAs and presented in different colors. Considering the diurnal 

variation of ClO and OClO (see Fig.2.3), it is expected to be an anti-correlation between the 

two species, but figure 4.14 does not show any correlation between ClO and OClO. Although 

both ClO and OClO are enhanced during chlorine activation, OSIRIS can only measure 

during the night. In reality, the significant diurnal variation of both ClO and OClO makes it 

difficult to find a correlation between them, especially during twilight, when the system is not 

in a steady state. (Sessler, 1995) have shown that the OClO concentration can be served as a 

poor quantitative indicator of the degree of chlorine activation (i.e. the concentration of ClOX  

(ClO+2Cl2O2)), specifically at SZAs>92°. Based on the same study, the highest 

concentrations of OClO during the night are expected with low abundances of ClOx (Sessler, 

1995). Looking at the nighttime OClO with SZAs> 92° (the blue points), though limited in 

number, high OClO concentrations exists for lower ClO abundances. This is in a good 

agreement with the results shown by (Sessler, 1995). Concerning SZAs˂90° (daytime 

measurements), it seems that OClO values is completely insensitive to the high concentrations 

of ClO during the daytime. Although OClO concentration reveals the presence of ClO, it is 

not a good indicator of ClO levels. 

According to (Sessler, 1995), OClO is a good qualitative indicator of chlorine activation and a 

good quantitative indicator of BrO. More investigations regarding the correlation between 

OSIRIS OClO and BrO can be the subject of a future study. 
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Figure 4.14:  Scatterplots of SMR ClO versus OSIRIS OClO for all the coincidences in Sep-Oct 2002-2009 at 18 km altitude. 
The data are presented for latitudes larger than 70°S in terms of volume mixing ratio [ppv] (left panel) and number 
density [molecules/cm3] (right panel). The data have been categorized based on different SZAs. Measurements with 
SZAs>92°are represented by blue color (nighttime), profiles with SZAs˂90° are shown in red (daytime), and the 
measurements with  90°˂SZAs˂92° are displayed by gray color(twilight).  

4.4.3 OSIRIS OClO external validation 

OSIRIS OClO data is compared to SCHIAMACHY measurements for the purpose of 

validation. The common method to do the data validation is to find coincident data between 

the two instruments. The coincident data are determined by defining specific temporal and 

spatial tolerances.  It should be noted that for species like OClO, with a significant diurnal 

variation, finding coincident measurements requires special considerations. As OClO 

concentration is highly dependent on SZA (or equivalently LST), the selected time tolerance 

to find the coincident data must be small enough. It is important to know that a small 

difference in SZA for a few degrees can make a large change in OClO concentration 

specifically at OSIRIS location (Fig. 2.3). Although tight tolerances in time and distance is 

necessary for the sake of close coincident data, it highly limits the number of measurements 

and makes the statistical analysis impossible. 

To be comparable, the vertical resolution and viewing geometry of the instruments should 

also be as similar as possible to avoid smoothing error. SCHIAMACHY has a vertical 

resolution of 1-3 km which is quite similar to the OSIRIS vertical resolution which is around 

1 km and both instruments measure the vertical profile through limb-scattering. The OSIRIS 

OClO data could also be compared with the other two instruments, SAGE III and GOME, 
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which measure OClO as well.  SAGE III applies solar/lunar occultation technique while 

GOME measures in  nadir sounding with no vertical resolution. Having different observation 

methods and viewing geometries, nevertheless, GOME and SAGE III can be employed for 

OSIRIS OClO validation as a subject of a future study (Although OSIRIS OClO comparison 

with SAGE III data was supposed to be part of this study, the SAGE III OClO data file is 

empty. A summary of the important specifications is found in table 1. 

Table 4.2: Specification of the possible satellite instruments for external validation (courtesy of Samuel 
Brohede). 

Specification      OSIRIS                       SCIAMACHY                   SAGE III                     GOME        

Geometry                          solar scat.                     solar scat.                            solar/lunar occ.             solar occ./scat.  

Meas. type  full spectr.                    full spectr.                           full spectr.                    full spectr.  

Satellite  Odin                             Envisat                                Meteor-3M                   ERS-2 

Launch  Feb 2001                      Mar 2002                            Dec 2001                      Apr 1995 

Orbit   sun synchr.                   sun synchr.                          sun synchr.                  sun synchr. 

Eq. cross. time  06:00                            10:00                                   09:00                            10:30 

Alt. range, km   10 - 46                          1.5- 34.5                              2                                       - 

Sampling, km  2                                    3                                         0.5                                     - 

OSIRIS and SCHIAMACHY measure at different local solar time with almost 4 hours 

difference. OSIRIS measures at around 06:00 h LST at the equator while SCIAMACHY 

equator cross time is around 10:00 h LST (See Fig.4.15). As the measurements are taken at 

different LSTs (or equivalently SZAs), the OSIRIS OClO data is not comparable with the data 

from SCIAMACHY except for the measurement points taken within a tight temporal and 

spatial tolerances. Therefore, the coincident data must be found to make a valid comparison as 

it was described. 

 

Figure 4.15: OSIRIS and SCIAMACHY measuring at different LST. OSIRIS measures at 06:00 h LST at the equator, whereas 

SCIAMACHY measures at 10:00 h LST. 

 

The OSIRIS and SCIAMACHY data is compared during 15
th

 and 16
th

 of September 2008. 

Although comparison over a longer period is preferable as it can make the validation more 

reliable and precise, SCIAMACHY OClO profiles were provided for just these two days. 

Figure 4.16 exhibits the individual profiles of OSIRIS and SCIAMACHY OClO as a function 

of altitude on 15
th

 and 16
th

 of September 2008. As it is expected the magnitude of OSIRIS 
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OClO number density does not agree with SCIAMACHY data since the measurements are 

taken at different LST (or equivalently SZA). The OSIRIS OClO profiles show a maximum 

number density at around 16 km while SCIAMACHY OClO data reaches its peak at around 

20 km. The multi peak features of the OClO profiles is due to the coarse retrieval grid 

(Sect.4.2.1). 

 

 

Figure 4.16:  Comparison of OSIRIS (blue) and SCIAMACHY (red) OClO individual profiles measured at different LST. The 
SCIAMACHY data are interpolated on OSIRIS altitude.  

 

Finding Coincidences 

 

The selected spatial tolerance in this study is 5° for both latitude and longitude. As it was 

mentioned before, the time tolerance must provide sufficient number of measurements for a 

statistical analysis while supports close coincidences. For OSIRIS and SCIAMACHY, 139 

coincidences are found of which 104 measurements are AM for the SCIAMACHY 

instruments. It should be noticed that no strict time tolerance is applied in this step as it may 

not provide enough number of coincidences for useful statistical analysis. Figure 4.17 exhibits 

the 104 coincident measurements after applying the distance criteria (left) for just AM 

measurements. As it is shown in the figure 4.17, the OSIRIS and SCIAMACHY 

measurements do not show good agreement. Although the measurements are taken within a 

close distance, different local solar time during the measurements strongly affects the 

concentration of OClO and makes it almost impossible to interpret the results. The middle 

panel shows the mean of the profiles for SCIAMACHY and OSIRIS in an altitude range of 11 

to 20 km. One thing to notice is that the two instruments show their maximum concentration 

at different altitudes , SCIAMACHY OClO reaches its maximum concentration at around 20 
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km and OSIRIS peak is around 14 km, which requires further investigation. The absolute 

difference (OSIRIS - SCIAMACHY), is also shown in the right panel. The error bar of 

differences indicate the STD. The random differences which usually occur due to noise and 

atmospheric variability can be analyzed through STD. In addition, the systematic differences 

between the instruments is described as deviations in the mean of differences from zero and is 

shown as the difference between the mean of the differences and the 1-1 line (the red line) in  

right panel.  

 

Figure 4.17: (a) The 104 coincident OSIRIS (blue) and SCIAMACHY (red) data sets of 15th and 16th of September 2008. 
The coincident data are found after applying the spatial distance criteria (5° for both latitude and longitude) to AM 
measurements. (b) The mean of coincident OSIRIS (blue) and SCIAMACHY profiles (red). (c) Absolute differences (OSIRIS - 
SCIAMACHY). The error bars indicate the STD. 

 

The next approach is to apply the criteria of both time and distance tolerances. Due to 

significant diurnal variation of OClO and also its short lifetime in the atmosphere, a tight time 

tolerance is required. As a result, a tolerance of SZA˂0.5° is selected to find the coincidences. 

After applying  both the time tolerance (SZA˂0.5°) and the spatial distance (5° for both 

latitude and longitude), only 10 data sets remained (the number of coincidences is not 

sufficient for statistical analysis). Owing to the lack of SCIAMACHY data, which are just 

provided for southern latitudes (-80˂lat˂-60), the close coincidences are entirely happen 

inside the vortex and in a latitude range between 78°S to 79°S. It is important to know that in 

2 cases the coincidences are excluded as they were found to be at the edge of the vortex. 

Figure 4.18 exhibits the 10 coincident profiles. One thing to notice is that half of the OSIRIS 

coincidences are discarded due to quality filtering (Sect.4.2.1).  
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Figure 4.18: Comparison of OClO profiles from coincident OSIRIS (blue) and SCIAMACHY (red) measurements of 15
th

 and 
16

th
 of September 2008. The coincident measurements are found by applying a small time tolerance (SZA˂0.5°) together 

with a spatial distance of 5° for both latitude and longitude.  

Comparing the SCIAMACHY and OSIRIS coincident data after applying the criteria of 

spatial and time distances as it was described before, still there is no agreement between 

OSIRIS and SCIAMACHY OClO data in terms of peak and magnitude. Compared to 

SCIAMACHY, OSIRIS OClO shows higher concentration in an altitude range of 12 to 20 

km. Why this is the case, it may arise the question regarding the retrieval. 

 

Comparison between the SLIMCAT model and the measurements 

In order to assess the quality of OClO measurements performed by OSIRIS and also make 

some evaluations if the retrieval method is appropriate, the close coincidences between 

SCIAMACHY and OSIRIS (occur on 15th and 16th of September) are compared to the 

SLIMACT OClO simulations. To do this, the daily mean of OClO concentrations are 

simulated for Sep-Oct 2008 (Figure 4.20). As almost all the coincidences between OSIRIS 

and SCIAMACHY occur for 80°˂SZAs˂90°, the calculated OClO profiles by the SLIMCAT 

model are divided corresponding to different ranges of SZAs, including 80°˂SZAs˂90°. 

Since the SLIMCAT outputs are expressed in terms of volume mixing ratio (ppv), the OClO 

coincident data are converted to the same unit (volume mixing ratio) to be more comparable 

(Figure 4.19).  



 

37 
 

 

Figure 4.19: As in figure 4.18, but expressed in volume mixing ratio (ppt). 

 

Comparing the OClO measurements to the SLIMCAT simulations at 80°˂SZAs˂90° (the blue 

line) reveals that, even though the magnitude of the modeled OClO is practically 

underestimated, the SLIMCAT profile peak (which is around 15 km) approximately match the 

OSIRIS OClO peak. Looking at the SCIAMACHY data, the peaks are around 20 km which 

does not agree with OClO simulations. In addition, the difference between the magnitude of 

simulated OClO and the SCIAMACHY measurements is even larger than that from OSIRIS. 

Looking at the SCIAMACHY data, the peaks with large magnitudes at around 35 km is 

noticeable. The measurements at that altitude correspond to the background OClO as it was 

discussed in Sec.4.2.1. Although both SCIAMACHY and OSIRIS see the peaks at roughly 

the same altitude, the SZAs which correspond to the measurements are different between the 

two instruments. OSIRIS shows the peaks just for SZAs larger than 92°, whereas 

SCIAMACHY measures the peaks even at SZAs less than 90°. The SLIMCAT model also 

displays the background OClO at SZAs larger than 92°(green line), but the magnitude of the 

simulations does not agree with none of the measurements. Comparisons with the SLIMCAT 

simulations indicate that, although the OSIRIS measurements are not in a perfect agreement 

with the model, OSIRIS still shows more similarities with the SLIMCAT simulations 

compared to SCIAMACHY.  
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Figure 4.20: The OClO daily means as a function of altitude simulated by the SLIMCAT model for Sep-Oct 2008 in the 
Antarctic. 

 

Diurnal scaling (another approach for data validation) 

To compensate for the difference in local solar time and for the comparison to be reasonable,  

photochemical model is used to scale the OSIRIS OClO data to the LST (or equivalently 

SZA) of SCHIAMACHY, a similar approach is discussed for OSIRIS NO2 in (Brohede, 

2007). Figure 4.21 shows a simple approach to the diurnal scaling of OClO data by using a 

photochemical model (MISU 1D). The model initiated by the OSIRIS OClO and O3 profiles 

for specific latitudes and MJDs (modified Julian day). In addition, the model was initialised 

by the NOy, Cly , Bry and also albedo data taken from climatology data. Also, the atmospheric 

parameters such as pressure and temperature is taken from ECMWF to advocate the model. It 

is good to know that MISU model does not include chlorine activation and the related 

chemical reactions in its simulations which means that MISU model just simulate the 

background OClO. To solve the problem and simulate the elevated OClO through the model, 

those chemical reactions which lead to chlorine deactivation were excluded from the model 

chemistry scheme.  
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Figure 4.21: Overview of the diurnal scaling 

The OSIRIS OClO number density profiles at the desired SZA (solar zenith angle of 

SCIAMACHY) nos (SZAscia , Z), is calculated by:       

𝐧𝒐𝒔  𝐬𝐳𝐚𝒔𝒄𝒊𝒂, 𝒛 =   
𝐧𝐦𝐨𝐝𝐞𝐥(𝐬𝐳𝐚𝒔𝒄𝒊𝒂 ,𝒛)

𝐧𝐦𝐨𝐝𝐞𝐥(𝐬𝐳𝐚𝒎𝒆𝒂𝒔,𝒛)
 𝐧𝒐𝒔  𝐬𝐳𝐚𝒎𝒆𝒂𝒔, 𝒛    

 

Where SZAmeas is the measured SZA of OSIRIS profiles, nmodel is the OClO number density 

simulated by the model and also SZAscia which is the solar zenith angle of SCHIAMACHY. 

To determine the model-based scaling factor, MISU model was run for 30 days with the 

modified chemistry scheme as described before. Unfortunately, the calculated scaling factors 

did not seem to be right and could not improve the comparison. The process was repeated 

several times in order to avoid any errors, but apparently MISU model requires further 

improvements. Afterwards, PRATMO model was used to calculate the scaling factors. 

Although PRATMO calculations could slightly shift the SZAs and change the magnitude of 

the SCIAMACHY profiles, the profiles require more improvement to be comparable with 

OSIRIS profiles. Due to lack of the time, the calculation of the scaling factor based on MISU 

and PRATMO simulations and also analyzing the results can be the subject of a future study. 

 

 

 

S 
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Chapter 5 

Conclusion 

This thesis presents a seven year (2002-2009) measurements of stratospheric OClO performed 

by the Odin/OSIRIS limb-viewing spectrograph during the austral and boreal winter. The 

latitudinal distributions of OClO from OSIRIS limb scatter measurements are detected in the 

right time and place, but very limited amount of data and also strong influence of SZA on the 

measurements (i.e. significant diurnal variation) make it difficult to analyze the results. To 

monitor and compare the daily means variability of OSIRIS OClO and SMR ClO during the 

winter hemisphere, a climatology (mean and standard deviation (STD)) of these species have 

been constructed as a function of latitude (5° bins), altitude (10 to 40 km in 0.5 km bins) and 

day from 2002 to 2008. The results show good agreement with the general understanding of 

stratospheric chlorine chemistry and as far as the ClO and OClO concentrations are concerned 

and SZA plays a prominent role. In order to study the behavior of OSIRIS OClO as a poor 

quantitative indicator of chlorine activation (i.e. the presence of ClO) at high SZAs, as it is 

shown by (Sessler, 1995), the OClO measurements are shown versus the coincident SMR 

ClO. Although the significant diurnal variation of both ClO and OClO makes it difficult to 

find a correlation between them, it is evident that OClO levels is completely insensitive to 

ClO concentrations.  

To assess the quality of OClO measurements, which is the primary purpose of this study, the 

retrieved OSIRIS OClO profiles have been compared to the coincident OClO limb scatter 

measurements by the SCIAMACHY instrument onboard the ENVISAT. In total, only 10 

coincidences were found within SZAs˂0.5° and latitude/longitude bins of 5° tolerances, as 

SCIAMACHY OClO data were provided just for 15
th

 and 16
th

 of September 2008. The 

number of coincident data turned out to be too few to make a useful statistical analysis, 

however validation to SCIAMACHY reveals large systematic differences between 12 to 20 

km. Besides, the comparison to the coincident SCIAMACHY data shows no agreement in 

terms of  magnitude and the height of the peak. The disparities between the measurements 

give a rise to the question regarding the retrieval process which can be the subject of a future 

study. The coincident OSIRIS OClO measurements have also been compared to the 

simulations performed by the SLIMCAT 3D chemical transport model. Though SLIMCAT 

underestimates the OClO concentrations at SZAs> 92°, the OSIRIS OClO profiles look 

reasonable compare to the simulated data.  
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Appendix 

Additional plots 

 
Figure A.1: Profiles from coincidences between SMR ClO (upper panels) and OSIRIS OClO (lower panels) for Feb-Mar 2002 
to 2009 in the Arctic. The coincidences were found within 30 seconds and 2 km tolerances. Individual profiles are shown 
in terms of mixing ratio (left panel) and number density (right panels). 

 
 

 
Figure A.2: Profiles from coincidences between SMR ClO (upper panels) and OSIRIS OClO (lower panels) for Sep-Oct 2002 
to 2009 in the Antarctic. The coincidences were found within 30 seconds and 2 km tolerances. Individual profiles are 
shown in terms of mixing ratio (left panel) and number density (right panels). 
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Figure A.3: Global map of some selected species. Upper row, O3 and OClO measured by Odin/OSIRIS and ClO measured 
by SMR/OSIRIS. Middle row, N2O and SZA from OSIRIS/OClO and temperature from ECMWF. The measurements are 
shown for 28

th
 of September 2008 and interpolated onto 500-k potential temperature surface.  The bottom row shows 

O3, ClO and OClO simulations from SLIMAT model for 28
th 

of September. The simulations are expresses in ppm for O3  , 
ppt for OClO and ppb for ClO. 
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Figure A.4: SCIAMACHY measurements indicated in number density [molecules/cm
3
] as a function of SZA (upper panel), 

OSIRIS measurements displayed in number density [molecules/cm
3
] as a function of SZA (lower panel) on 15

th
 and 16

th
 of 

September 2008. 

 

 

Figure A.5: The spatial distributions of OSIRIS (red points) and SCIAMACHY (blue points) measurements on 15th and 16th 
of september 2008. 


