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ABSTRACT 
 

The Global Ozone Monitoring Experiment (GOME) is a nadir-viewing diode array 

spectrometer and designed to provide total ozone maps. It measures the solar 

irradiance and the earthshine radiance in the UV/visible spectral range between 

240 nm and 790 nm (Burrows, 1988a, Burrows, 1993). Based on atmospheric 

optical depth decreases with depth between 250 nm and 350 nm, the FUll 

Retrievals Method (FURM) algorithm has been developed at the institute of remote 

sensing (ife) with the objective of enabling the retrieval of height-resolved ozone 

information from GOME spectra. It incorporates a forward model otherwise called 

GOMETRAN [Rozanov., 1997] which calculates the radiation field of the 

atmosphere by considering atmospheric absorption and multiple scattering 

processes and providing weighting functions [Rozanov,1997b]. It also incorporates 

an inverse model for the solution of the non-linear problem in an iterative step.   

In this thesis, the FURM algorithm is used to derive atmospheric ozone profiles 

over Watukosek and Hohenpeissenberg. Watukosek was chosen due to the 1997 

El Niño enhanced biomass burning event and Hohenpeissenberg because of 

urban pollution. Comparisons of these profiles with atmospheric profiles from 

ozonesonde simultaneous measurements were made and tropospheric vertical 

column ozone (TVCO) for FURM, sonde and an apriori profile from the royal 

Netherlands meteorological institute were derived. The TVCO were made to 

understand the difference between atmospheric ozone concentration in an El Niño 

year and a non El Niño year over Watukosek, determine ozone concentration over 

Hohenpeissenberg and use this information for validating the FURM retrievals.      
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CHAPTER ONE 
                                                                    

INTRODUCTION 
 

1.1 Earth’s Atmosphere  

The atmosphere is the blanket of air surrounding the earth. It is a relatively stable 

mixture of several trace gases. It reaches over 560 kilometres (348 miles) from the 

surface of the Earth. Early attempts at studying the nature of the atmosphere used 

clues from the weather, multi-colour sunsets and sunrises, and the twinkling of 

stars. With the use of sensitive instruments from space, we are able to get a better 

view of the functioning of our atmosphere.  

The atmosphere is very important in many ways. It is essential for the existence of 

life on earth since it contains essential gases for the respiration of all life on earth. 

The atmosphere, solar energy, and our planet’s magnetic fields support life on 

Earth. The atmosphere absorbs the energy from the sun, recycles water and other 

chemicals to provide a moderate climate. The atmosphere also protects us from 

high-energy radiation. It also serves as a filter of harmful UV and other forms of 

extraterrestrial energetic particles. The atmosphere is also a sink for several 

anthropogenic and naturally emitted trace gases.   

The atmosphere is thought to be a dynamic system, with its gaseous constituents 

continuously being exchanged with vegetation, oceans and biological organisms. 

The cycle of atmospheric gases involve a number of physical and chemical 

processes. Gases are produced chemically in numerous ways such as biological 

activity, volcanic eruption, radioactive decay and human activities. These gases 
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are also removed from the atmosphere through physical and chemical processes 

as well as dissolution into atmospheric water, rain, ice and deposition.   

Compared to atmospheres of other planets, the earth’s atmosphere has large 

percentage of oxygen content and relatively low CO2 content. The atmosphere has 

been erroneously thought to be indestructible and an infinite sink of any gas 

(natural or anthropogenic).  The concern about the anthropogenic impact on the 

ozone layer increased after the discovery of the Antarctic ozone hole in the early 

1980s [Farman et al., 1985]. This for example has led to an unprecedented 

scientific effort in the subsequent years to improve our understanding of the 

influence of anthropogenic and natural changes of the atmosphere. Recently, of 

scientific topic of great interest is tropospheric ozone distribution, in particular, 

enhanced ozone concentrations resulting from summer smog events in 

industrialized regions and from biomass burning in the tropics [e.g. Fishman et al., 

1990, 1996; Suhre et al., 1997].  

This research is intended to contribute to the study of the increase in tropospheric 

ozone concentration due to increase in the production of ozone precursors as a 

result of biomass burning and urban pollution. The height-resolved tropospheric 

ozone column will be retrieved from Global Ozone Monitoring Experiment (GOME) 

nadir measurements of back-scattered ultraviolet radiation.   

Measurements of tropospheric ozone columns are of great importance, but they 

are insufficient to gain a thorough understanding of the chemical and dynamical 

processes determining the ozone variations. Globally height-resolved ozone 

information over an extended period having reasonable spacial and temporal 

resolution is needed. GOME is intended to make an important contribution to the 

long-time studies of ozone concentration. 
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The scientific aim of this thesis is to show enhanced ozone produced as a result of 

biomass burning and urban pollution. We intend to use the FUll Retrieval Algorithm 

(FURM) to retrieve tropospheric ozone concentration by the use of the remote 

satellite (GOME) measurements. Validation of the retrievals will also be made by 

comparing these with sonde data. These will be done by using the FURM 

algorithm to derive the tropospheric ozone vertical column at two locations 

[Watukosek (7.57oS, 112.65oE) and  (47.80oN, 11oE)], show increased ozone 

produced from El-Niño enhanced biomass burning event on a two year plot of 

tropospheric vertical column ozone as a function of time, comparing FURM-

retrieved tropospheric ozone vertical columns with sonde tropospheric vertical 

column ozone for FURM validation, studying the FURM retrieved tropospheric 

vertical column ozone to know if FURM is retrieving the apriori values or values 

comparable to the sonde data. Finally study cloud and stratospheric influence on 

large FURM/sonde deviations for retrievals over Hohepeissenberg. 

 

  

1.2 Tropospheric structure and Composition 

 
1.2.1 Atmosphere composition  

The atmosphere is primarily composed of nitrogen (N2), oxygen (O2), and argon 

(Ar). A myriad of other very influential components are also present which include 

the water in the form of gases, solids and liquid (H2O), "greenhouse" gases or 

ozone (O3), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O). The 

atmosphere also contains aerosols, which include dust particles, acidic (liquids and 
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solids), sooth and ash. Table.1.1 shows the list of atmospheric trace gases, their 

relative abundance in parts per billion and their sources.  

 

 

Table 1.1 Table of atmospheric trace gases (www.c-f-c.com/charts/atmosph.htm) 
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1.2.2 Structure of the Atmosphere 

Up to approximately 80 kilometres, the atmosphere is relatively homogenous and 

inhomogeneous beyond that height. The parcel of gas surrounding the earth 

changes from the ground up. Four distinct layers have been identified using 

thermal characteristics (temperature changes), chemical composition, movement, 

and density. These distinct layers include the troposphere, stratosphere, 

mesosphere and thermosphere. Fig 1.1 shows the earth’s atmospheric profile 

showing the respective layers as a function of temperature and pressure. 

 

Fig.1.1 Atmospheric Temperature Profile also showing atmospheric layers 
(http://www.met-office.gov.uk/research/stratosphere/). 
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1.2.2.1 Troposphere 

The lowest layer of the atmosphere is called the troposphere. It ranges in thickness 

from 8km at the poles to 18km over the equator. The troposphere is bounded 

above by the tropopause, a boundary usually taken as the temperature minimum. 

Above the troposphere is the stratosphere. Although variations do occur, 

temperature usually declines with increasing altitude in the troposphere.  

The troposphere is denser than the layers of the atmosphere above it and it 

contains up to 75% of the atmosphere by mass. Nearly all atmospheric water 

vapour or moisture is found in the troposphere. 

The troposphere is capped by the tropopause, a region of stable temperature. Air 

temperature then begins to rise in the stratosphere. Such a temperature increase 

prevents much air convection beyond the tropopause, resulting in the confinement 

of most weather phenomena to the troposphere [Wallace J.M. and P.V. Hobbs, 

1977]. 

Sometimes the temperature does not decrease with height in the troposphere, but 

increases. Such a situation is known as a temperature inversion. Temperature 

inversions limit or prevent the vertical mixing of air. Such atmospheric stability can 

lead to air pollution episodes with air pollutants emitted at ground level becoming 

trapped underneath the temperature inversion. 
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1.2.2.2 Tropopause 

As discussed earlier in 1.2.2.1 the tropopause is a boundary region in the 

atmosphere between the troposphere and the stratosphere.  

Measuring the lapse rate through the troposphere and the stratosphere identifies 

the location of the tropopause. The tropopause is defined as the region of the 

atmosphere where the lapse rate changes from negative to positive or as the first 

point of inflection (zero gradient) when moving from the surface up. 

The tropopause is not a "hard" boundary, even though its net temperature change 

is zero, it undergoes the transition from maximum negative lapse rate in the 

troposphere to maximum positive lapse rate in the stratosphere over thousands of 

metres. Vigorous thunderstorms, particularly those of tropical origin, will overshoot 

into the lower stratosphere and undergo a brief (hour-order) low-frequency vertical 

oscillation. Hence, tropopause height ranges from ~6km at the north pole to an 

average maximum height of ~18km in the tropics. For Watukosek, Indonesia 

(7.55oS 112.65oE) it is taken as 17km and varies between 8km and 15km at  with 

time. 

 

1.2.2.3   Stratosphere 

The stratosphere is the second major layer of the atmosphere. It lies above the 

troposphere and is separated from it by the tropopause. It occupies the region of 

atmosphere from about 12 to 50 km, although its lower boundary tends to be 

higher nearer the equator and lower nearer the poles.  
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The stratosphere defines a layer in which temperatures rises with increasing 

altitude. At the top of the stratosphere the thin air may attain temperatures close to 

0°C. This rise in temperature is caused by the absorption of ultraviolet (UV) 

radiation from the sun by the ozone layer. Such a temperature profile creates very 

stable atmospheric conditions, and the stratosphere lacks the air turbulence that is 

so prevalent in the troposphere. Consequently, the stratosphere is almost 

completely free of clouds or other forms of weather. The stratosphere is separated 

from the mesosphere above by the stratopause. The difference between these two 

are as seen on Table 1.2. 

                      Stratosphere                                            Troposhere 

                   Low Humidity                                       High Humidity 

                    Low Vertical Mixing                            Strong Vertical Mixing    

                    Few Sources                                         Many sources 

                    Few Sinks                                              Lots of Sinks  

                    Low Temperature                                 High Temperature 

                    High UV Radiation                              Low UV Radiation 

                    Low Pressure                                       High Pressure  

              Low Anthropogenic impact                 High Anthropogenic impact           

Table 1.2   Major differences between the stratosphere and troposphere. 
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1.3 Ozone and the Atmosphere 

Although not as abundant as other major atmospheric trace gases, atmospheric 

ozone is a very important part of the atmosphere. Atmospheric ozone can be 

described as “good” or “bad” ozone based on its location and effect on life on 

earth. “Good ozone” peaks at ~25km and protects life on earth from solar UV rays. 

“Bad ozone” however is found in the lower parts of the troposphere where humans 

can inhale it. It is said to be bad because it causes damage to lungs and irritation 

in the eye.  

The major sources stratospheric ozone is the photolysis of atmospheric oxygen 

molecules, the reaction of the resulting oxygen atom with another oxygen molecule 

and to a lesser degree, the stratospheric-tropospheric exchange (STE) of ozone. 

Biomass burning affects strongly the atmospheric conditions in the tropics. That is 

because trace gases like hydrocarbons, carbon monoxide (CO) and nitrogen 

oxides (NOx = NO + NO2) are emitted in high concentrations. Consequently in 

photochemical reactions tropospheric ozone is produced. The suggestion that 

global vegetation fires contributed significantly to the concentration of atmospheric 

trace gases was first made by Crutzen, P.J. et al, [1993].  Since then [Andreae, 

M.O. 1993], [Goldammer, J.G. 1993] and evidence has shown that biomass 

burning in its various forms represents a major perturbation of atmospheric 

chemistry comparable in magnitude to the effect of fossil fuel burning.  Biomass 

burning thus has the potential to contribute to global climate change. In order to 

determine the role which these emissions may play in climate change it is 

necessary to quantify the type of gases and particulate matter that are released 
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into the atmosphere. Biomass burning has however been identified as one of the 

key factors affecting global processes' [Chuvieco & Martin 1994: 563]. There has 

been evidence that the concentration of tropospheric ozone has increased over the 

last century as a result of an increase in population. 

The ozone problems are dual in nature and include pollution or smog in the 

troposphere and depletion of the ozone layer in the stratosphere. But the problems 

have common ties in that they both are related to air pollutants that come from 

industry, transportation, and other human activities.  

 

1.4 The Earth’s Energy (Heat) Budget and Greenhouse effect 

The atmosphere and earth surface receive energy from the sun in form of radiated 

photons and the earth radiate this energy back to space. On a global scale, this is 

called the earth’s heat balance. This heat balance regulates the state of the earth’s 

climate, temperature, atmospheric chemical reactions as a consequence of the 

temperature increase, and modifications to it as a result of man-made climatic 

forcing. A summary of the earth’s energy budget is as seen in Fig 1.2 below. 

Having a temperature of approximately 6,000K, the sun radiates energy to the 

earth at short-wavelengths, which travels through space at the speed of light. On 

getting to the earth’s atmosphere, some of this energy is reflected, some scattered 

in the atmosphere and backward, some is absorbed by the atmospheric 

constituent gases while the rest energy is transmitted unto the earth’s surface 

(biosphere, lithosphere, rivers, oceans). 
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Fig 1.2  Summary chart of the earth’s energy budget. 

     

In the reverse direction, the earth surface radiates the absorbed solar heat energy 

back to space at long wavelengths. Some of which are again absorbed by clouds 

and atmospheric constituents, scattered reflected and the rest transmitted into 

space. This process continues until all the energy received by the earth is emitted 

into space. This ultimately balances the earth’s heat budget and hence keeps the 

temperature at an average balance. Because the earth is colder than the sun, it 

radiates in the infrared (IR). 

However, this solar energy received from the sun is used in determining the 

quantity of an absorbing trace gas in the atmosphere by measurements taken by 

satellites from space. Earth’s atmosphere has “windows” at certain wavelengths 

due to the absorptive ability of the trace gases in the atmosphere. This absorption 

ability by trace gases is used to determine the absorbing trace gas and the quantity 

19% absorbed by  
atmosphere and 
clouds 

51% absorbed at surface

100% incoming radiation 

Atmosphere 

Clouds 
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Earth’s surface 

30% reflected and scattered 
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of absorbing trace gas in the atmosphere by applying the Lambert Beer’s law. The 

difference in wavelengths and intensities between the incoming solar energy and 

the outgoing solar energy measured by the satellite gives an idea of the absorbing 

trace gas. The optical depth or the depth to which a monochromatic light can 

penetrate into the earth’s atmosphere depends on the absorption coefficient of the 

absorbing atmospheric gas. A large absorption coefficient results in a large optical 

depth and hence large value for the absorptivity at the given wavelength and vice 

versa. The atmosphere is mostly transparent in the visible light and radio spectra 

ranges and partially transparent at x-ray, gamma and Infrared ranges. Atmospheric 

ozone and some other gases absorb in the ultraviolet range hence allowing for 

only a partial transparency of the atmosphere. 

The absorption of infrared radiation escaping back to space is important because 

such greenhouse gases absorb this infrared radiation hence, heating up the 

atmosphere and storing some heat energy near to the earth surface. In 

comparison with the moon, which is approximately at equal distance from the sun 

as the earth but having no atmosphere, the earth has an average temperature of 

288K while the moon has an average temperature of approximately 255K.  This 

heating is called the natural greenhouse effect. Mathematically, total earth energy 

intake equals the total energy output. 
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CHAPTER TWO 
 

TROPOSPHERIC CHEMISTRY 
 
 
2.1 Tropospheric Ozone  

Although not as abundant in the atmosphere as some other major trace gases, it is 

relatively abundant and plays a major role in atmospheric chemistry. Ozone is also 

by far more abundant in the stratosphere than in the troposphere and has a peak 

in abundance at ~25km altitude. The concentration of ozone in the troposphere is 

and some of its sources are the focus of this thesis work.   

 Two major sources of tropospheric ozone exist. These are natural and 

anthropogenic sources.  

 

2.1.1   A natural source of ozone is the stratospheric-tropospheric exchange 

(STE). In the stratosphere, ozone is formed when O2 is photolysed by short-wave 

UV-radiations (λ < 240 nm). This photochemistry is as illustrated in (R1) and (R2) 

below [Wayne, R.P., 1991] 

                            O2 + hν → 2O                                                                         (R1)  

                            O + O2 + M → O3 + M                                                             (R2) 

This occurs mostly in the tropics due to the quantity of photons reaching this area 

of the earth. This ozone is then transported into the troposphere by the so-called 

Brewer-Dobson circulation. The other natural source of tropospheric ozone is NOx 

production by lightning. Biomass burning represents 54% of tropical tropospheric 
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ozone column (TTOC) variance in Africa and South America while a distinct 

lightning signature explains 20% of the variance [Randall V. Martin et al, 2000].                         

2.1.2 Anthropogenic sources 

Ozone production resulting from the photochemical reactions of NO2 produced by 

combustion of fossil fuel from human activities and the burning of large quantity of 

biomass. Sources of NO2 are as discussed in section 2.2. These photochemical 

reactions producing ozone are as expressed in the chain reactions below 

             NO2 + hν → NO + O                                                                        (R3) 

             O + O2 + M → O3 + M                                                                      (R2) 

From the reaction (R5), O3 itself being very reactive reacts with NO to return O3  

            O3 + NO → NO2 + O2                                                                        (R4) 

Where J3, K2 and K4 are the photolysis rate of  (R3), reaction rate coefficients for 

(R2) and (R5) respectively. The rate equation for NO2 is then  

           d[NO2]/dt = K4[NO][O3] – J3[NO2]                                                          2.1 

At steady state, the equilibrium concentration of ozone is determined from the 

steady state relationship given in eqn 2.2 below 

            [O3] = J3[NO2]/ K4[NO]                                                                         2.2 

The concentration of NOx determines whether O3 is being formed or destroyed but 

on the global picture, elevated levels of O3 are achieved in the troposphere as a 

result of reactions involving NOx, CO, hydrocarbons and non methane 
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hydrocarbons NMHCs in the presence of hydrogen oxides and sunlight. 

Suggestions point to the fact that increase concentrations of O3 precursors over 

past centuries mainly from biomass burning and recently fossil fuels resulted in the 

increase in tropospheric O3 concentration. 

 

2.1.3   Roles of tropospheric Ozone  

Ground level O3 is highly toxic and in the presence of nitrogen oxides (NOx = NO + 

NO2) and VOCs leads to photochemical smog production. 

Ozone serves as a greenhouse gas in the upper troposphere and is also the major 

source of tropospheric hydroxyl radical (OH). Excited oxygen O(1D) is produced 

when ozone is photolysed by sunlight at a wavelength (λ < 340nm). Also produced 

is O2 and a further reaction of the O(1D) with H2O molecules as in (R5) and (R6) 

leads to the formation of two OH radicals 

                       O3  + hν → O (1D) + O2                                                            (R5) 

                       O (1D)  + H2O → 2OH                                                              (R6) 

      Most of the collisions from the reactions of O(1D) from (R5) transfer their excitation 

by quenching and return to the ground state oxygen atom O(3P), which then reacts 

with O2 to reproduce O3 [Levy et al., 1971]. Hence, only approximately 1% of the 

O(1D) from (R5) reacts with H2O. (See (R7) and (R8)) 

                         O(1D)  +  M  →  O(3P) +  M                                                          (R7) 

                   O(3P)  +  O2  +  M  →  O3  +  M                                                     (R8) 



 24

Collision partner M is either O2 or N2 

Most oxidation processes of many volatile organic compounds such as carbon 

monoxide, hydrocarbons and non-methane hydrocarbons are initiated by OH 

radical. This makes the concentration of tropospheric O3 important in determining 

the oxidizing capacity of the lower atmosphere.  

 

2.2 Biomass Burning, Causes and Emissions 

Biomass is a quantitative estimate of the entire amount of living organisms in a 

particular habitat; it can be measured in terms of volume, mass, or caloric energy 

or plant material that can be converted into fuel. 

Several field experiments such as SCAR (Smoke Cloud And Radiation) and the 

BIBEX (BIomass Burning EXperiment) have shown that biomass burning in its 

various forms represent major perturbation of atmospheric chemistry.  

Most biomass burning, especially vegetation fires, occurs in tropical regions during 

the end of the dry season. On a global scale, the main fire seasons are December 

till February when fires in the Northern Africa occur, and September/October when 

vegetation fires occur in Southern Africa as well as in South America. Most 

extratropical fires occur from June till August in the boreal regions, i.e., Canada 

and Russia. The heat emissions from vegetation fires can be detected from 

satellite.  

In the atmosphere, the products of biomass burning lead to the photochemical 

production of tropospheric ozone via the oxidation of the VOCs in the presence of 
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nitrogen oxides. The chemical lifetime of some of the oxygenated hydrocarbons is 

rather short, leading to a rapid ozone production during the first hours after the 

emission. The ozone concentration in young biomass burning plumes can reach 

values of more than 100 ppb. Biomass-burning emissions on a global scale 

increase the concentrations of the longer-lived organic compounds, and therefore 

increases regional photochemical ozone production.  

The same strong, annual cycle is shown by biomass burning and ozone 

production. The most prominent feature in the tropospheric ozone concentration is 

the South Atlantic maximum that is regularly observed in September/October from 

satellite and can be explained by biomass burning in Africa and South America in 

this time. A large enhancement of the tropospheric ozone concentration was also 

observed during the fire period in Indonesia in 1997/1998 related to the El Niño.  

 

2.2.1 Causes of Biomass burning 

Biomass burning could result from anthropogenic or natural causes. 

Anthropogenically, biomass burning is an age-long way by which man clears 

biomass from land for the purpose of preparing land for farms. Biomass is burnt 

annually worldwide on large parcels of land on all continents, as it is the cheapest 

means of land preparation. In Indonesia, use of fire is a traditional practice in peat 

reclamation. However, fire occurrence in peat lands has strongly increased in the 

last decades resulting from 

1)  Controlled fires along with increased peat reclamation 
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2) Uncontrolled fires favored by the increased fire susceptibility of drained peat 

areas and disturbed forests [Andriesse.,1988; Boehm and Siegert., 2001] 

Natural causes include lightning, volcanic eruptions, drought (El Niño caused) and 

high temperature especially in summer. 

 

2.2.2 Emissions of Biomass Burning 

The main gaseous product of the combustion of biomass is carbon dioxide (CO2). 

Besides the chemically inert carbon dioxide, a number of chemically active volatile 

organic compounds are emitted. These include carbon monoxide and methane 

(CH4) as well as higher ketones and alkenes and oxygenated carbon compounds, 

e.g., aldehydes, organic acids, and acetone. Other emitted compounds include 

nitrogen oxide (NO), N2O, HCN, SO2, and methyl halogens.  
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2.3 Tropospheric NOx 

NO2 is very important in the production of tropospheric ozone. Sources of NO2 are 

anthropogenic and natural. Table 2.1 shows tropospheric sources of annual NOx 

and their respective tonnage per year.  NO2 sources include anthropogenic and 

natural sources. 

 

          Source    Tg NOx yr-1  

       Fossil fuel combustion           21 

       Biomass burning           12 

       Soils            6 

      Lightning            3 

      NH3 oxidation            3 

      Aircraft          0.5 

      Transport from atmosphere           0.1 

Table 2.1 Annual sources of tropospheric NOx in Tera grams [Jacob.D.J., 1999].  

 

2.3.1 Anthropogenic NO2 

Man produces NO2 during combustion of fossil fuel and this accounts for about half 

of the global source of NO2. Biomass burning, mostly from tropical agriculture and 
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deforestation, accounts for another 25% [Jacob.D.J., 1999]. Part of the combustion 

source is due to oxidation of the organic nitrogen present in the fuel. An additional 

source in combustion engines is the thermal decomposition of air supplied to the 

combustion chamber. At the high temperatures of the combustion chamber 

(~2000K), oxygen thermolyzes and subsequent reaction of O with N2 produces 

NO.  

                heat 
O2 →  O + O                                                                                   (R9) 

O + N2 →  NO + N                                                                          (R10) 

N + O2 →  NO + O                                                                          (R11) 

At equilibrium, (R9) and (R10) shift to the right at high temperatures, promoting NO 

formation. The same thermal mechanism also leads to NO emission from lightning, 

as the air inside the lightning channel is heated to extremely high temperatures. 

Human activity is clearly a major source of NOx in the troposphere, but quantifying 

the global extent of human influence on NOx concentrations is difficult because the 

lifetime of NOx is short. Lifetime of NOx is approximately one day. The principal 

sink of NOx is here oxidation to HNO3, as in the stratosphere in the daytime, 

  
NO2 + OH + M → HNO3 + M                                                          (R12) 

At night, 

NO2 + O3 → NO3 +O2                                                                     (R13) 

NO3 + NO2 + M → N2O5 + M                                                          (R14) 

                         aerosol 

          N2O5 + H2O → 2HNO3                                                                    (R15) 
 

In the troposphere, HNO3 is scavenged by precipitation because of its high 

solubility in water. The lifetime of water-soluble species against deposition is 

typically a few days in the lower troposphere and a few weeks in the upper 
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troposphere. HNO3 in the troposphere is removed principally by deposition and is 

not an effective reservoir for NOx. 

A very effective means for long-range transport of anthropogenic NOx to the global 

troposphere is through the formation of another reservoir species, 

peroxyacetylnitrate (PAN). The source of (PAN) in the troposphere is the 

photochemical oxidation of carbonyl compounds in the presence of NO2. These 

carbonyls are produced by photochemical oxidation of hydrocarbons emitted from 

a variety of biogenic and anthropogenic sources. In the simplest case of 

acetaldehyde (CH3CHO), the formation of PAN proceeds by as below 

 

      CH3CHO + OH → CH3CO + H2O                                                  (R13) 

     CH3CO + O2 + M → CH3C(O)OO + M                                            (R14) 

     CH3C(O)OO + NO2 + M → PAN + M                                              (R15) 

 PAN formation is generally of lesser importance as a sink for NOx than formation 

of HNO3. However, in contrast to HNO3, PAN is only slightly soluble in water and is 

not removed by deposition. Thermal decomposition is responsible for its principle 

loss regenerating NO, 

 

 23 )( NOOOOCCHPAN +→                                                      (R16) 

The lifetime of PAN against (R16) is 1 hour at 295 K and several months at 250 K. 

In the lower troposphere, NOx and PAN are typically near chemical equilibrium. In 

the middle and upper troposphere, however, PAN can be transported over long 

distances and decompose to release NOx far from its source, as illustrated in Fig 

2.1.   
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Long-range transport of PAN at high altitude plays a critical role in allowing 

anthropogenic sources to affect tropospheric NOx (and hence O3 and OH) on a 

global scale. Measurements of PAN and NOx concentrations in the remote 

troposphere over the past decade support the view that although PAN is only one 

of many organic nitrates produced during the oxidation of hydrocarbons in the 

presence of NOx, it seems to be by far the most important as a NOx reservoir. 

Other organic nitrates either are not produced at sufficiently high rates or do not 

have sufficiently long lifetimes.  

 

 

                           
Fig 2.1 PAN as a reservoir for long-range transport of NOx in the               
troposphere [Jacob. D.J., 1999]. 

 

 

 

2.3.2 Natural Source of NO2 

Natural tropospheric NOx sources include the NOx produced naturally by bugs in 

soil through the process of denitrification of dead organic matter. Bugs in soil 
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convert NO3 and NH4 into NO and subsequently N2O which is transported as a gas 

into the troposphere. Natural sources also include biomass burning depending on 

the course of the fire, lightning and transport from the other part of the atmosphere. 

2.4 Urban Air Pollution and Photochemical Smog 

An air pollutant is “any gas or particulate matter that at high enough concentrations 

may be harmful to life and property”. Sources of air pollution include both natural 

and anthropogenic. Anthropogenic sources include pollution from automobile, 

industrial emissions, chemicals from refrigerants and fumigants, accidental 

discharges. Natural sources include volcanic eruptions, sea sprays, dust storms 

and accidental forest fires caused by increase in summer temperatures or 

lightning.  Anthropogenic sources are numerous and generally emit far greater 

quantities of air pollutants than any natural source [Boubel et al., 1994]. 

As the name implies, urban air pollution occurs in cities where large quantities of 

fossil fuels are burnt regularly to power the main forms of transportation such as 

vehicles, trains and aeroplanes. Fossil fuels are also used for domestic heating, 

energy production and driving of heavy industrial machines.  

The industrial revolution has been the central cause for the increase in pollutants in 

the atmosphere over the last three centuries. Before 1950, the majority of this 

pollution was created from the burning of coal for energy generation, space 

heating, cooking, and transportation. Under the right conditions, the smoke and 

sulphur dioxide produced from the burning of coal can combine with fog to create 

industrial smog. In high concentrations, industrial smog can be extremely toxic to 

humans and other living organisms. Today, the use of other fossil fuels, nuclear 
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power, and hydroelectricity instead of coal has greatly reduced the occurrence of 

industrial smog. However, the burning of fossil fuels like gasoline can create 

another atmospheric pollution problem known as photochemical smog. 

Photochemical smog is a condition that develops when primary pollutants (NO, 

VOCs and particulate matter) interact under the influence of sunlight to produce a 

mixture of hundreds of different and hazardous chemicals known as secondary 

pollutants.  

When stagnant air masses linger over urban areas, the pollutants are held in place 

for a long period of time in the environment. Development of photochemical smog 

is typically associated with specific climatic conditions. In the presence of sunlight, 

the chain reaction for the formation of photochemical smog are as below 

                NO2 + νh → NO + O                                                                    (R3) 

           O  + O2 + M → O3 + M*                                                                (R2) 

           O  +  hydrocarbons → aldehydes                                                 (R17)  

           O3 +  hydrocarbons → aldehydes                                                 (R18) 

           O2 + NO2 + hydrocarbons →  e.g PAN                                         (R19) 

                                                                                                                          

Under photochemical smog situations, the quantity of ozone produced depends on 

the available NO2, VOC, temperature and if the air is stagnant. These 

combinations are highly dependent on the availability of NO2 produced by cars, 

electricity generation plants and industries. Reducing the concentration of VOCs 

has virtually no effect on the ozone concentration. However, a reduction of the NOx 

level cuts the predicted ozone level. Hence, in urban centers, photochemical smog 
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plays the most important role in urban ozone production but the ozone production 

is NOx dependent.   

 

                                           

2.5 Photochemical Ozone Production from NOx and VOCs     

Sunlight initiates most ozone production cycles by creating free radicals available 

for reaction. OH is the initiator of other reactions.  

If an organic compound reacts with a free radical, the successive oxidation steps, 

which lead to the formation of ozone, may be quite rapid provided the nitrogen 

oxides (NOx, mainly NO) concentration is at least 10-40 ppt. During photochemical 

periods, some of the intermediate species may reach detectable levels. Organic 

nitrogen compounds such as PAN, aldehydes, CO and hydrogen peroxide (H2O2) 

are some of the intermediate species. Some of these ozone production cycles are 

as shown below. 

 

2.5.1 O3 production from Hydrocarbon Oxidation Cycle  

The “hydrogen abstraction” is the most common hydroxyl radical reaction. Here, 

another hydrogen atom from another substance is added to the hydroxyl radical 

converting the hydroxyl radical to a water molecule. Simultaneously in a chain 

reaction, the substance loosing the hydrogen atom generates a new radical. The 

reaction steps for one of the simplest hydrocarbons is as below 

                            CH4 + OH → CH3 + H2O                                           (R20) 



 34

                            CH3 + O2 → CH3OO                                                  (R21) 

                            CH3OO + NO → CH3O + NO2                                   (R22) 

                            CH3O + O2 → HCHO + HO2                                      (R23)   

The peroxy species in this scheme are formed directly from O2 instead of from 

ozone. (R21) and (R22) are very fast and are usually assumed to be intermediates. 

There are two routes here for the loss of HO2. That is by chemical reaction with 

NOx (R24) or photolysis (R31). Each peroxy radical produced in the above 

sequence can reoxidize NO to NO2, while forming additional OH to maintain the 

radical chain reactions.                            

                            HO2 + NO → NO2 + OH                                                (R24) 

                           NO2 + hν → NO + O                                                      (R25) 

                          O + O2 + M → O3 + M                                                    (R26) 

        Net:          CH4 + 2hν + O2 → CH2O + H2O + O3                              (R27) 

 

Oxidation of formaldehyde to CO at gas phase occurs at wavelengths below 

370nm in two ways (R27) and (R28) and in a reaction with OH (R29) leading to 

a production of HOx radicals.  

                        CH2O + hν 
2O

→  CHO + HO2                                                (R28) 

                         CH2O + hν → CO + H2                                                      (R29) 

                         CH2O + OH → H2O + CHO                                               (R30) 

The hydrocarbon oxidation cycle is completed with the following reactions 
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                        CH3 + HO2 → CH3OOH                                                     (R31) 

                        CH3O2H  + OH → CH3O2 + H2O                                        (R32) 

                        CH3O2H  + hν → CH3O + OH                                            (R33) 

NOx is therefore an important player in methane oxidation cycle. If it is sufficiently 

abundant, it closes the loop of the cycle that regenerates OH. In its absence, the 

cycle terminates abruptly and methane becomes a sink for hydroxyl.     

 

2.5.2 O3 production from CO Oxidation  

Incomplete combustion of carbon containing-materials produces CO as a by 

product in large quantities depending on the oxygen supply. Also photochemical 

conversion of atmospheric methane results in the production of CO in the 

atmosphere. Photochemical conversion of hydrocarbons (e.g methane) is an 

important source of CO, especially in summertime and at the tropics. CO is usually 

the dominant sink for OH, although other species in polluted or forested areas can 

be important [Brune., 1998, Wang., 1998].  One of such atmospheric production of 

CO is as seen in (R35) while the oxidation is as seen in the reactions below 

                      CO + OH → CO2 + H                                                         (R34) 

                       H + O2 + M → HO2 + M                                                     (R35) 

                       HO2 + NO → NO2 + OH                                                    (R36) 

                       NO2 + hν → NO + O                                                         (R3) 

                       O + O2 + M → O3 + M                                                       (R38) 

              Net :  CO + 2O2 + hν → CO2 + O3                                             (R39) 
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2.5.3 O3 Production from NHMCs Oxidation  

C1 to C5 alkanes, alkenes, alkynes and terpenes are generally refered to as non-

methane hydrocarbons (NMHCs). These reactive trace gases have an influence on 

the oxidising capacity of the atmosphere via their reactions with hydroxyl radicals 

(OH), ozone (O3), and nitrate (NO3). Increases in the concentration of these 

NMHCs will increase the oxidation power of the atmosphere. They also produce 

odd-hydrogen species and organic radicals, so that they contribute to an increase 

in concentration of peroxy (HO2) radicals and odd-hydrogen radicals as a whole.  

 An increase in the concentration of HO2 and RO2 (R = hydrocarbon fraction) 

concentration in the presence of excess NO enhances the formation of NO2 and 

thus enhances the production of ozone. This is as shown by the equations below 

[Daniel, J. Jacob., 1999]  

                    RH + OH → R + H2O                                                             (R40) 

                    R + O2 + M → RO2 + M                                                         (R41) 

                   RO2 + NO → RO + NO2                                                         (R42)  

                   RO + O2 → HO2 + R’CHO                                                     (R43) 

                   HO2 + NO → OH + NO2                                                         (R44) 

                  2(NO2 + hν → NO + O)                                                           (R45)  

                  2(O + O2 + M → O3 + M)                                                         (R46)  

Net:         RH + 4O2 + 2hν → R’CHO + H2O +2O3                                    (R47)   
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PAN, organic nitrates and peroxynitrates are important sources of ozone 

precursors since they transport reactive nitrogen to remote regions. In general, 

CO, CH4 and NMHCs oxidation coupled with the emission of NOx leads to high 

tropospheric ozone production. Molecular structure of a hydrocarbon determines 

the reactivity with respect to OH. This means that non-methane hydrocarbons 

released into the atmosphere can have lifetimes ranging from minutes to days. The 

table 2.2 below shows some hydrocarbon compounds and their lifetimes in the 

atmosphere. These lifetimes are calculated taking an OH concentration diurnal 

average of 2x106 molecules cm-3 at a temperature of 298K.  

Heavily wooded areas emit enough reactive hydrocarbons to sustain smog and 

ozone production even when the concentration of anthropogenic hydrocarbons, is 

low. Deciduous trees and shrubs emit mainly the gas isoprene, whereas conifers 

emit pinene and limonene. All three hydrocarbons contain C=C  bonds. In urban 

atmospheres, the concentration of these compounds normally is much less than 

that of the anthropogenic hydrocarbons and it is not until the latter are reduced 

substantially that the influence of these natural substances becomes noticeable. In 

areas affected by the presence of vegetation, then, only the reduction of emissions 

of nitrogen oxides will reduce photochemical ozone production substantially. 
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          Species    KOH molec-1s-1x1012  Chemical Lifetime 

           (wrt OH) 
           Ethane                  0.268           22 days 

           Propane                 1.15           5.0 days 

           i-Butane                 2.34           2.5 days  

          n-Butane                 2.54           2.3 days  

           i-Pentane                 3.90           1.5 days  

        2-methylpentane                 5.6           1.0 days  

         3-methypentane                  5.7            1.0 days  

     2,2 dimethylbutane                 2.37            2.5 days  

     2,3 dimethylbutane                 6.2           0.93 days 

             Ethene                 8.52            16 hours 

              Propene                 26.3           5.3 hours 

                1-Butene             31.4            4.4 hours 

                Isoprene             101            1.4 hours 

Table 2.2 OH reaction rate coefficients for a number of hydrocarbon compounds 
with chemical lifetimes assuming a diurnal average OH concentration of 2x106 
molecules cm-3 [Golden et al, 2000].  
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 2.6 Ozone in the Tropical Troposphere 

The largest quantity of biomass burning takes place in the tropics during the dry 

season enhanced by the high intensity of solar radiation, releasing large 

quantities of NOx and CO into the troposphere. The oxidizing power of the 

atmosphere – the removal of pollutants from the atmosphere, depends strongly 

on the abundance of ozone in the tropics. Tropically produced ozone is 

transported to the northern hemisphere through the Brewer-Dobson circulation. 

The Brewer-Dobson circulation is a global-scale cell in the stratosphere in 

which air rises in the tropics and then moves poleward and downward, mostly 

in the winter hemisphere. 
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CHAPTER THREE 
 

METHODOLOGY 
 
 
3.1 Theory  

O3, absorb in the Hartley band (240-312 nm), Huggins band (309-405 nm), 

chappuis band (400-790nm). Ozone like other atmospheric trace gases can be 

measured based on the ability of light to interact with matter. 

 

3.1.1 Interaction between light and matter in UV/Visible region 

Absorption and emission of energy by molecules is associated with a change in the 

internal energy of the molecule. Photons at the UV/Visible wavelength region have 

energies in the range of several electron volts. An electronic transition occurs when 

molecules absorb such radiation. Electron transitions are usually accompanied by 

changes in the vibrational and rotational states of the molecule. Lower energies at 

the infrared and microwave regions result in pure vibrational and rotational 

transitions respectively. Due to specific properties of a molecule, its absorption or 

emission spectrum in the UV/Visible spectral range is a characteristic combination 

of electronic, vibrational and rotational transitions. This is the basis for the selective 

analysis by spectroscopic techniques.  

The natural width of a spectral line is very narrow and depends on the radiative 

lifetime of the excited state so long as there is no molecular collision or motion. 

The natural width is by far smaller under atmospheric conditions than Doppler and 

pressure broadening which result from thermal motion and the collisions between 



 41

the molecules. In the atmosphere, the pressure broadening is important at low 

altitudes (a Lorentz line shape is generally assumed) 
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Where 
v

σ  represent the absorption cross-section, v  the wavenumber, ov  the 

midpoint of the wave, S the integrated intensity of the line and Lγ  is the Lorentz 

half width of the line. Since the molecular frequency varies with the pressure and 

temperature, and where OL,γ  represents the width of the line at standard pressure 

(Po=1013hpa) and standard temperature (To = 273K), typically 0.1 cm-1, Lγ can be 

written as:  
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Doppler broadening becomes equal or even larger than pressure broadening in the 

upper atmosphere. The absorption cross section for a purely Doppler broadened 

line is given by: 
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Here Dγ denotes the Doppler half-width. For a Maxwell distribution it is  
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Where k is the Boltzmann constant, c the velocity of light and T the temperature. In 

the transition region between Doppler and Lorenz regimes, both broadening 

processes determine the line shape. If they can be assumed to be independent, 
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they may be combined and a Voigt line profile can be used to describe the 

absorption line profile. 
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u is the velocity of the molecules in the direction of the observer and um is the most 

probable speed of the molecules [Brasseur and Solomon., 1984; Fish., 1994]. The 

Voigt line shape resembles the Doppler line shape near the center and the Lorentz 

line shape in the wings of the absorption. 

While in microwave and infrared regions it is often possible to resolve the individual 

lines, in the UV/Visible region, the typical resolution of the instruments usually does 

not allow for the resolving of individual lines. The value of the absorption cross-

section 
v

σ  at different atmospheric temperature and pressure combinations can be 

determined in the laboratory for atmospheric trace gases using (3.01).  

However, the basic law behind atmospheric trace gas measurement from the loss 

in intensity of solar radiation in the atmosphere is the Lambert Beer’s law. 

 

 

3.1.2 Lambert Beer’s Law 

The irradiance of solar energy received on the surface of the earth is the radiant 

flux from the sun divided by the area of surface of the earth in contact with the 

radiant flux. The monochromatic irradiance I(λ) is the irradiance per unit 
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wavelength. For a non-opaque surface like the earth’s atmosphere, incoming solar 

radiation is absorbed, scattered, reflected or transmitted as shown on fig 3.1. 

Where Iλ(a), Iλ(s), Iλ(t) and Iλ(i) are the absorbed, scattered, transmitted and 

incident radiation respectively, these radiations are related as mathematically as in 

(3.07) 

 

 

             

 

 

 

 

 

 

 
Fig 3.1 Illustration of absorbed transmitted or scattered solar radiation in the 
earth’s atmosphere.  
 

 

                           Iλ(a)+ Iλ(s) + Iλ(t) = Iλ(i)                                                        (3.07) 
              
                           a(λ) + r(λ) + t(λ) = 1                                                              (3.08) 

 a(λ), r(λ), t(λ), represent the absorbtivity, reflectivity and transmitivity respectively. 

In the absence of scattering, the absorption is proportional to the radiation power 

and the amount of the absorber. We write for the change of the radiance 

(absorption) over incremental distance ds 

  dsIndI a λλ σ−=                                                                                          (3.09) 

Iλ(a)

Iλ(s)

Iλ(t)

Iλ(i)
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Fig 3.2 Parallel beam atmosphere showing a zenith angle φ . 

 

 

The negative sign on the right side indicates the sink, removing of radiation, and n 

is the number density of the absorber with the unit [m-3], and the cross-section σa 

with the unit [m2]. The quantity nσa is called the absorption coefficient αa in units 

[m-1].  

Frequently we have to consider absorption in gases or in a mixture of different 

gases the absorption coefficient is in this case the sum of the individual 

absorption coefficients 

                           ∑=
i

iaia n σα                                                                      (3.10) 

In the absence of emission and scattering, we can easily solve the integral  
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For a homogenous layer extending from s = 0 to s we find for the intensity of the 

radiation at point s  

                        )exp()()( SoIsI aα−=                                                              (3.12) 

This is also-called Beer’s law. The integrated absorption coefficient is called 

Opacity or Optical Depth  

                            dsss
s

o
a )()( ∫= ατ                                                                   (3.13) 

We can define a scattering coefficient αs similar to the absorption, and the extiction 

αe (includes scattering and absorption) is 

                            αe = αa + αs                                                                        (3.14) 

For a homogeneous layer we have again Lambert Beer’s law as before 

                           )exp()()( soIsI eα−=                                                            (3.15) 

 

However for a complete description we have to add the radiation scattered into the 

line of propagation, which is the source part. We write for the change of intensity I 
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Where the function P( ',ϕϕ ) is the so-called phase function describing the angular 

dependence of scattering, see Fig 3.3. The phase function is normalized to be 

equal 1 for integration over 4π 
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            Fig 3.3 Scattering phase function geometry 
 

 

Scattering efficiency and the scattering phase function depend strongly on the ratio 

between particle size and wavelength λ. We can define the so-called Mie 

parameter m as 

                            
λ
πdm 2

=                                                                                (3.17) 

With d the diameter of the particle assumed to be spherical. 

 

The type of scattering and its importance very much depend on the Mie parameter, 

we can distinguish three different regimes see table 3.1. 

 

 

    Table 3.1 Three scattering regimes. 
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3.2 Instrument 

To measure atmospheric trace gas concentrations (O3 in this case), we use a 

spectrometer. These spectrometers could be ground based, airborne, seaborne or 

stationed in space on satellites (spaceborne). In this thesis, we use data from the 

spaceborne Global Ozone Monitoring Experiment (GOME) spectrometer and 

validation of our results is done by comparison with balloon borne in-situ 

measurements from electrochemical sondes. 

 

3.2.1 GOME 

Launched on April 21, 1995 aboard the second European remote sensing satellite 

(ESR-2), the GOME is the first European passive remote sensing instrument. It 

was primarily launched to determine the concentration of atmospheric trace 

constituents in the ultraviolet, visible and near infrared wavelength regions.  

GOME optical layout (schematic diagram) is shown in Fig 3.4. It is a double 

monochromator and combines a predisperser prism with a holographic grating in 

each of the four optical channels as dispersing elements. The four linear Reticon 

Si-diode arrays with 1024 spectral elements each serve as the irradiance and 

radiance spectra recorders. The detectors require cooling to ~-40ºC and this is 

done by the Peltier elements which are attached to the diode arrays and connected 

to passive deep space radiators. Spectra are recorded simultaneously from 240 

nm to 790 nm. All spectrometer parts except the scan mirror at the nadir view port 

are fixed. The quantity of light at an instrument polarization angle is measured by 
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the polarization-measuring device (PMD). Three broadband polarization-monitoring 

devices (PMD) record part of the light that reaches the predisperser prism. This 

branched out light approximately cover the spectral range in channels 2 (300-400 

nm), 3 (400-600 nm), and 4 (600-800 nm), respectively. Table 3.2 shows a fact 

sheet on GOME/ERS-2 while table 3.3 shows the trace gases, retrieval spectral 

range and GOME channels for the retrieval. 

Coming from the night side, ERS-2 satellite crosses the terminator in the North 

Polar Region once a day (every fourteenth orbit). The GOME solar irradiance 

measurements are carried out at this crossing time. Because the GOME 

instrument is not equipped to actively track the sun, it reduces the full solar disc 

viewing ability to a time span of 50 seconds. Also, compared to an integration time 

of 0.75 seconds for all channels, the UV channel integration time is doubled the 

time for other channels (1.5 seconds).  

 



 49

 

Fig 3.4 Schematics of GOME Optics (Weber et al., 1998). 
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ERS-2 orbital parameters           • Retrograde near polar (98.5º 
inclination)  

• Sun-synchronous  
• Descending node (equator 

crossing 10:30am local time)  
• 795 km altitude  

Viewing modes • Nadir: across track scan angle 
max. ±32º  

• Polar viewing: summer 
hemisphere, 47º scan angle  

• Solar viewing: once a day, sun 
view port  

• Lunar viewing: approx. 6 times 
per year, 75-85º scan angle  

• Pt-Ne-Cr hollow cathode 
discharge lamp: diffuser plate 
degradation monitoring & 
wavelength calibration  

• Telescope: dark current 
measurements  

Trace gas retrieval techniques • DOAS: total column 

densities  

• Optimal estimation: profiles 

(only O3)  

Other data • Macroscopic cloud parameters, 
aerosol index, surface 
reflectivity, solar variability, UV 
index 

Scan-Mode  • NADIR viewing mode, across 

track scan 

Spatial Resolution • 320 x 40 [km2] (forward) 

• 960 x 40 [km2] (back scan) 

Table 3.2 Fact sheet on GOME/ERS-2. [Burrows et al. 1999 and GOMEMANUAL 
1995]. (Adapted from www.iup/gome/) 
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    Channel Spectral Range     Trace Gas measured 

        1a       237-283nm O3, NO 

        1b       283-316nm O3, 

         2       311-405nm O3, O4, NO2, BrO, OClO, 
HCHO, SO2 

        3       405-611nm O3, O4, NO2, OClO, H2O 

        4       595-793nm O3, O2, H2O 

Table 3.3 Trace gases, retrieval spectral range and GOME channels. (Adapted 
from www.iup/gome/.) 
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3.2.2 OZONESONDES 

For the purpose of validation of our ozone retrievals, ozonesondes are used. The 

tropospheric ozone retrievals from Watukosek are validated with the Southern 

Hemisphere ADditional OZonesondes (SHADOZ) while the tropospheric ozone 

retrievals are validated with the DWD (Deutscher Wetterdienst) sondes. 

The SHADOZ project was established in 1998 by NASA's Goddard Space Flight 

Centre (GSFC) in collaboration with NOAA’s Climate Monitoring and Diagnostics 

Laboratory (CMDL) [Thompson et al., 2002a,b].  The aim of the project is to fill the 

gap in tropical ozone sonde coverage (Thompson et al., 2002a,b). There are 

several SHADOZ launch locations and the latest to be added to these locations is 

the Kuala Lumpur, Malaysia site. This brings the total number of launch sites to 12 

launch sites. Locations of all SHADOZ stations are as shown on fig 3.6. Data 

archives of radiosondes and ozonesondes are also available to the public on the 

SHADOZ website.  Used by all stations for measurement are electrochemical 

concentration cell (ECC) ozonesondes. Radiosonde packages vary from station to 

station and determine the recording frequency and raw data format. 

Sampling is done at a regular basis at all stations. At this altitude the balloon bursts 

and the sonde falls back to ground level. Balloon-borne ozonesondes are coupled 

with a meteorological radiosonde for data telemetry transmitting air pressure and 

temperature, relative humidity, and ozone to a ground receiving station.  

The controlled environment plus the fact that the ozonesonde measurements can 

be compared to an accurate UV-Photometer as reference [Proffitt et al., 1983, Smit 
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et al. 1994] allows to conduct experiments that are designed to address questions 

which arose from field intercomparisons [Braathen G.O., 1998]. 

 

 

Table 3.5 SHADOZ  operational ground stations 
(http://croc.gsfc.nasa.gov/shadoz/Sites2.html) 

 

During an environmental simulation chamber experiment (February 5-16 and 

February 26-March 8, 1996) held at the research center Jülich GmbH, Jülich, 

Germany, the sondes were tested in six computer-controlled simulation flights, 

representing typical midlatitude and tropical ozone and temperature profiles. The 

chamber accommodated four ozonesondes during each simulation. A fast 

response dual-beam UV-absorption photometer [Proffitt et al., 1983] was used as 

the ozone reference for the experiments.  A summary of the test by Smit et al 

[1997] concluded that the ECC ozonesondes had the best precision and accuracy. 

Fig 3.6 shows ozone profile measured by an ECC ozonesonde used by CMDL 
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during a midlatitude simulation at the JOSIE (Jülich OzoneSonde Intercomparison 

Experiment) ozonesonde intercomparison. A UV photometer was used as a 

standard. The right panel of Fig 3.6 shows the percentage higher ozone observed 

by the ozonesonde compared to the UV photometer.  

 

 

 

 

 

 

 

 

Fig 3.6 Ozone profile measured by an ECC ozonesonde used by CMDL during a 
midlatitude simulation at the JOSIE ozonesonde intercomparison. (Climate 
monitoring and Diagnostics Laboratory).  
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3.3 FURM Ozone Retrieval Algorithm  

To derive ozone profile, the FUll Retrieval Method (FURM) algorithm uses ozone 

number densities at 61 equidistant altitude levels between 0km and 60km or an 

adequate number of eigenvector positions [Hoogen R. et al., 1999]. 

It also employs several scalar parameter fits. These include  

  Raleigh scattering coefficients integrated over the atmosphere from 

[Bucholtz et al., 1995]. 

 Aerosol extinction coefficients integrated over the atmosphere as taken from 

LOWTRAN–7 aerosol model [Kneizys et al., 1988]. 

 Surface albedo  

 Fitting of temperature used for the calculation of temperature dependent 

ozone absorption cross sections in Hartley-Huggins bands. 

Several corrections are also made to the raw data. Examples of these are 

correction of spectra structure due to ring effect. Calculated ring correction of the 

spectra for 11 different zenith angles has been prepared by [Vountas et al., 1998]. 

Also, a shift and squeeze correction is carried out to correct for the wavelength due 

to dislocation of the detector arrays as a result of heating. The algorithm can be 

divided into two parts; the forward and inverse models. 

 

3.3.1 Forward Model GOMETRAN 

This part of the algorithm deals with the calculation of the radiative transfer model 

(RTM). The algorithm incorporates the GOMETRAN radiative transfer model. This 

model is specifically designed for the evaluation of GOME data [Rozanov et al., 

1997] by the use of the finite difference method.    
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GOMETRAN is also used for the calculation of the weighting functions. The 

weighting function describes the response of the radiance to small deviations of 

the atmospheric parameters from a given atmospheric state. In mathematical 

terms it is the partial derivative of the forward model with respect to the 

atmospheric parameters [Hoogen et al., 1999]. The finite difference method allows 

the direct, quasi-analytical computation of the weighting functions, drastically 

reducing the computation time [Rozanov et al., 1998].  

Temperature based absorption cross sections used by the FURM algorithm are as 

measured in the laboratory with the GOME flight model (already containing the slit 

function) is from Burrows et al [1998, 1999a, 1999b]. For cloud correction, cloud 

parameterisation describes clouds as a scattering layer of cloud droplets or as a 

bidirectionally reflecting surface [Kurosu et al., 1997].  

 

3.3.2  Inverse Model       

The inverse model used to derive ozone profile from GOME measurements can be 

based on the well-known optimal estimation approach or the eigenvector method. 

The latter is however preferred since it yields superior results [De Beek, 1997]. 

This scheme seeks to match the calculated Top Of Atmosphere (TOA) radiance 

and the measured GOME radiance. This is done in iterative steps by adjusting 

model atmospheric parameters such as vertical distribution of ozone using 

appropriate weighting functions as defined by GOMETRAN. The GOME TOA 

radiance ranging from 290 – 340 nm is divided into three spectral windows of 290 

– 307 nm, 316 – 325 nm, 325 – 340 nm. 
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The climatology is taken from the royal Netherlands meteorological institute (KNMI) 

climatology. These are statistically evaluated and taken as a priori knowledge 

about ozone distribution. This helps in constraining the retrieval solution. The 

optimal estimation solution in iterative steps of (i+1) can be written as [Rodgers, 

1976] 

[ ])()( 1111
1 aiiiy

T
iaiy

T
iai xxKyySKSKSKxX −+−++= −−−−

+                                     (3.18) 

Where  

Y = measured vector 

Yi = forward model calculation of forward model using the  

      result xi from previous iteration step 

Sy = measurement error covariance matrix 

Sa = a priori covariance matrix 

xa = a priori atmospheric state 

Ki = weighting function matrix after the ith iteration. 

The equation shows that the retrievals are basically climatology xa plus an 

additional quantity N. N is as expressed in 3.19.  

[ ])()( 1111
aiiiy

T
iaiy

T
i xxKyySKSKSKN −+−+= −−−−                                                (3.19) 

Further, a convergence test is carried out. This is done by comparing the number 

of spectral points m with the chi-squared (X2) value of the actual and previous 

model spectra.  
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Convergence is said to have occurred if m is an order of magnitude smaller than 

X2. If the convergence occurs, the result of the last iteration is identified with the 

retrieval solution x̂ . The corresponding covariance matrix is given by [Rogers, 

1976] 

            11 )ˆˆ(ˆ −−+= a
T
y

T SKSKS                                                                             (3.21) 

Ŝ  is the sum of two covariance matrices nŜ and sŜ . Where nŜ  is the error due to 

measurement noise and sŜ  is the smoothing error due to the use of a priori 

information.  Rogers [1990], gives expressions for these two error sources.   

The convergence test is finally followed by a quality check, which decides if the fit 

result represents the measurement spectrum within measurement error 

appreciably. These is done through the condition below 

       myySyyX ny
T

n ≈−−= +
−

+ )()( 1
1

1
2 rrrr                                                              (3.22) 

   

Fig 3.7 shows a simplified schematic diagram of the stages of the FURM algorithm 

starting from the reading of the GOME measured spectra through the forward 

model and inverse model (as explained earlier in 3.3.1 and 3.3.2).  Steps involved 

in the iteration are shown below. 
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Fig 3.7 A simplified FURM scheme [Adapted from DeBeek R. et al., 1997]. 

 

 

 

 

Reading of GOME Spectra and Error Cov. Matrix (y, Sy) 

Setup Apriori Scenario (xa, Sa) 

GOMETRAN determines (ya, Ka) 

Shift and Squeeze data 

Optimal Estimation of (xi)

GOMETRAN determines (yi, Ki)

Covergence Test

Quality Check

End

Start

Iteration 
Loop
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CHAPTER FOUR 
 

RESULTS AND ANALYSIS 

 

Ground pixels of GOME (from GOME level-2 data) for two locations were extracted 

for two years (1997 and 1998) and implemented in the FURM algorithm so as to 

derive the tropospheric ozone vertical column. These two locations are Watukosek 

at a geolocation of Latitude 7.57oS, Longitude 112.65oE and at a geolocation of 

Latitude 48oN, Longitude 11oE.  

Watukosek is chosen because of the annual biomass burning season and the 

enhancement of the biomass burning by the 1997 El Niño event. This event also 

enhanced the production of ozone precursors over this geolocation. The availability 

of GOME satellite data and ozonesonde data over this geolocation and the 

presence of sonde and GOME simultaneous measurements is another major 

reason for choosing this location. 

Hohenpeissenberg is however chosen because of the availability of ozonesondes 

and GOME satellite data. These sonde and GOME measurements are done 

simultaneously. The proximity of approximately 30km to Munich is another very 

important reason for choosing this geolocation. This proximity helps us to measure 

atmospheric urban pollutants from Munich. 
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 4.1 Watukosek  

During the burning season of 1997, wildfire burnt extensively in Indonesia as a 

result of the EL-Niño related long dry season experienced.  

El-Niño is the local warming of the sea surface temperature (SST) of the entire 

equatorial region of the central and eastern Pacific Ocean. El Niño results from the 

weakening of the trade winds and warming of the ocean surface waters. This 

results in heavy rains moving into the central Pacific Ocean and cause drought in 

Indonesia and Australia and floods in the coast of central and North America. Fig 

4.1 below explains this phenomenon. 80oW and 120oE represents the coasts of 

America and Australia/Indonesia respectively. 

 

 

 

 

 

 

 

 

 

Fig 4.1  El-Niño [Courtesy NASA] 

 

It is referred to as ENSO (El-Niño Southern Oscillation) when accompanied by an 

east-west balancing movement of air masses between the Pacific and the Indo – 
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Australian areas. El-Niño is the oceanic component, while Southern Oscillation is 

the atmospheric component. 

In order to investigate the effect of El-Niño enhanced biomass burning on 

tropospheric ozone production, nadir ground pixels were extracted from selected 

GOME orbits for this geolocation or near geolocation for 1997 that is about 500 km 

to 1000 km radius. Atmospheric ozone concentrations with height were retrieved 

with the FURM algorithm and tropospheric vertical columns derived. 

Retrieval of ozone concentrations and tropospheric columns was also done for the 

non-El-Niño year 1998 to compare the ozone concentration for both years. This 

analysis is necessary so as to be able to investigate the intensity of tropospheric 

ozone production under these two different periods. 

This analysis will help to determine the effect of biomas burning on tropospheric 

ozone production, study cloud and stratospheric influence on the retrievals, study 

the dependence of the retrievals on climatology and validate the FURM retrievals. 

 

 

4.1.1 Extraction Procedure 

 

GOME orbits were selected for days where sonde measurements are available 

and spectra of nadir ground pixels were systematically extracted with a defined 

programme. Cloud fraction is taken from GOME-level 2 directory. 

These spectra were then implemented in the FURM algorithm. Properties such as 

the cloud fraction and effective albedo and tropopause height for each pixel were 
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defined and a priori ozone profile (KNMI climatology) information was also 

implemented. Effective albedo is calculated using the Eqn 4.1.    

        sfcleff AfAfA ).1(. −+=                                                                               (4.01) 

Where Aeff is the effective albedo, f the cloud fraction, Acl the cloud albedo, Asf is 

the surface albedo. The cloud extream case of 0.8 is chosen for the cloud albedo 

while the albedo for water close to the coast is taken as 0.08. This value for water 

is chosen because some of the GOME measurements are done over water in and 

around the coast of Watukosek. Measurements over water are considered 

because GOME pixel with dimensions of 40 by 960km was used hence some of 

the measurements by GOME are done over water while some are done over land.   

The tropospheric ozone concentration is determined in units of molecules/cm3. 

Tropophere height is relatively stable in the tropics at ~17km. This simplifies our 

integration process for all days and months over Watukosek. The KNMI 

climatology and the ozonesonde data are also plotted simultaneously with the 

FURM retrieved ozone profile. These ozone profiles are then integrated up to the 

troposphere height to get their Tropospheric Vertical Column Ozone (TVCO). The 

TVCO further converted into Dobson Units.  

 

4.1.2 Watukosek Retrievals and Discussion  

 

An example of the retrieved profiles for a GOME nadir pixel is as seen in Fig 4.2 

below. The black coloured profile is the sonde measured ozone profile, the green 

is the FURM retrieved profile while the pink is the climatology ozone profile. GOME 

has a vertical resolution of approximately 8km hence the FURM algorithm. It is 
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important to note that the FURM retrieved ozone profile as seen in Fig 4.2 has a 

vertical resolution approximately half that of the sonde ozone profiles which has a 

vertical resolution of 4km. As a result of this, a smoothening-out effect will be 

observed on the lower parts (18km and below) of the climatology and FURM 

profile.  

      

 

Fig 4.2 Ozone vertical profile over Watukosek for the 29th, october 1997.  

 

Most of the FURM retrieved ozone profiles for 1997 and 1998 consistently match 

the sonde and climatology ozone profiles. They all peak at approximately the same 

height in the stratosphere. The difference as a function of height is that the sonde 

profile has a higher vertical resolution than the FURM retrieved ozone profile.  

FURM

Climatology 
Sonde 

Profile-71029022_1072_1072 

Ozone Concentration [Mol.cm–2.km-1] 



 65

The tropospheric vertical column ozone (TVCO) for all FURM retrieved ozone 

profiles was derived and these are plotted in Fig 4.3. The plots show the TVCO as 

a function of month and year for bothe the FURM and the climatology. Apparent 

from this plot is the biomass burning enhanced TVCO values (40-50 DU) over 

Watukosek during the middle and late El-Niño year 1997. Noticeable also is the 

lower TVCO values for the same period and geolocation over the same period.  

These TVCO values (40-50 DU) are same as values determined by the global 

chemical transport model [Hauglustaine et al., 1999].  These values are also same 

as determined by the modified residual method retrieval from TOMS [Thompson et 

al., 2001] and as reported in a paper by Chandra et al [1998] and another by 

Ziemke and Chandra [1999].  

No retrieval was made for both cases for the months of April, May and June 1997 

due to lack of sonde data. In both cases, TVCO values starts to rise in July and 

peaks in November 1997 at ~50 DU. A peak at ~35DU is also noticed in 1998 in 

November.  
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Fig 4.3 1997/98 FURM and Sonde TVCO values for over Watukosek. 

 

The difference in the peak value (of ~15 DU) can be attributed to the El-Niño of 

1997. 1998 is an El-Niño-free year. Both plots show similar trends in the rise and 

fall of TVCO values for the same period.  

Simultaneous plots of FURM, sonde and climatology TVCO values (as in Fig 4.4) 

show that the FURM retrieved TVCO values are close to the sonde TVCO values 

and follow the same trend for both years while the climatology largely 

underestimates or overestimates the TVCO values. As can be expected, the 

climatology does not recognise the additional ozone production due to the El-Niño 

event of 1997. Despite this fact, the FURM algorithm still retrieves TVCO values 

equal or approximately the same (as the case may be) as the sonde values.   
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Fig 4.4 TVCO trends for FURM, sonde and climatology.   

 

Layer Bouderies, (km) Error Range (%) 

0-10 15-20 

10-20 6-8 

20-27 4-6 

27-33 6-8 

33-40 6-8 

40-50 8-12 

Table 4.1 Typical GOME 1σ retrieval error ranges for ozone subcolumn amounts 
[Hoogen et al., 1999].  

 

From Table 4.1, retrieval 1σ errors should be larger for the lower 10km of our 

retrieval than for the upper 7km but of the orders shown. It will be observed from 

Fig 4.5, that majority of the retrieval errors are well below 10% while there is only 

one very odd retrieval having an error of 45%.        
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Fig 4.5 FURM retrieved ozone percentage error chart.  

 

4.1.3. Cloud influence on retrievals 

 

It essential also is the study of cloud influence on retrievals and their associated 

error. Fig 4.6 shows a simple chart of retrieval errors against the cloud fraction. 

For a very cloudy day, most of the incoming solar rays are largely scattered by the 

cloud, hence, stopping the penetration of these rays to the lower troposphere and 

to return to a remote satellite when scatterd by a trace gas below the cloud. For 

this reason, large errors in the retrievals are expected to result from large cloud 

fractions.  

Fig 4.6 shows that large errors in FURM ozone retrievals did not occur at  days 

with large cloud fractions. The largest error (~44.9% or 14.6 DU) occured at a 

cloud fraction of 0.25 and a climatology with error 25.4 DU. 67% of the retrievals 

have errors less than 5%, 83.3% below the 15% error mark and 96% below the 
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20% error mark. Only one of the retrievals have error above 20%. Based on this 

chart, it can be observed that there are no steady trend in the errors based on 

cloud fraction.   
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Fig 4.6 FURM retrieved ozone % error/cloud fraction relationship (Watukosek). 

 

 

 4.1.4  Climatology/Retrieval Relationship 

It is also very essential to know if FURM retrieves the climatology or if it retrieves 

the atmospheric ozone concentration (as maesured by the ozonesondes). 

Correlation plots below are made to see if the FURM retrieved ozone concentration 

correlates with the climatology or if it correlates with the ozonesondes. In Fig 4.7, a 

correlation is made between the FURM retrieved OZONE concentrations and the 

climatology.  
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Fig 4.7 Correlation between climatolgy and retrievals. 
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Fig 4.8 FURM/KNMI error correlation. 

 

The poor correlation of 0.351 show that the FURM retrieved ozone concentrations 

are not correlated with the climatology. Same can be said for the errors in both the 

climatology and the retrievals as seen on Fig 4.8. 

A look into the correlation plot between the FURM retrieved ozone and the sonde 

measurements (as seen in Fig 4.9) show a correlation of 0.867. This is an 

appreciably good correlation. This shows that just as earlier explained in section 

3.3.2 and by equation 3.18, the FURM algorithm is retrieving the climatology plus 

an additional factor N (equation 3.19). From the correlation value, it can be seen 

that the FURM is retrieving TVCO values similar to the sonde data and not the 

climatology.  

 

 

 

 

 

 

 

Fig 4.9 Correlation plot between the sonde and the FURM retrievals. 
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As in most cases, the retrievals in Fig 4.4 underestimates the sonde TVCO. Fig 

4.10 shows that when climatology errors are negative, retrieval errors are also 

negative and positive when climatology errors are positive. Fig 4.4 shows also that 

in most cases when climatology errors are small, retrieval errors are small and vice 

versa. These strongly suggest that the retrieved TVCO values are strongly affected 

by the climatology. In general, strong errors in the climatology result in strong 

errors in the retrievals.       
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Fig 4.10 Climatology and retrieval error trends. 
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4.2 Hohenpeissenberg 

Urban pollution is another important source of ozone. This is because large 

concentrations of ozone precursors are emitted into the atmosphere from sources 

such as industrial fuels, combustion engines and domestic heating. This location is 

approximately 30km to the very large city of Munich and thus will serve the 

purpose of studying enhancements in tropospheric ozone concentrations. 

This analysis will help to determine the effect of urban pollution on tropospheric 

ozone production, make comparison between tropospheric ozone produced as a 

consequence of biomass burning emissions in the tropics (in relation to El-Niño 

and La-Niña events) and urban pollution in the northern hemisphere. Cloud and 

stratospheric influence on the retrievals, studies of the dependence of the 

retrievals on climatology and validation of the FURM retrievals are other focus of 

this work. 

 

 

4.2.1 Extraction Procedure 

 

The extraction procedure is same as in section 4.1.1 but with consideration given 

to the snow terrain during late November to mid February. For this, wet snow 

albedo value of 0.8 [Wiscombe W. J et al, 1980] is taken as the surface albedo 

over snow while the rest parameters for the effective albedo are same as over 

watukosek. . Compared to the case of Watukosek where the height of the 

troposphere is relatively stable, the height of the troposphere over 

Hohenpeissenberg is determined from the sonde data as the first minimum of 

temperature in the troposphere.  
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4.2.2 Hohenpeissenberg Retrievals and Discussion 

 

In comparison to atmospheric ozone profiles retrieved over Watukosek (Fig 4.2), 

sharp variations occur with altitude. These variations could not be observed on the 

climatology or the FURM profiles because the vertical resolution of the FURM and 

climatology is half that of the sonde profiles. The sharp variation in the sonde 

profile can be however attributed to inhomogeneous distribution of ozone in the 

atmosphere as a result of dynamics and production/loss controlled distribution.  

Another important contributor to mid-latitude ozone inhomogeneity is the JET 

STREAM. This is as illustrated in Fig 4.11 [Barry and Chorley., 1998].  

Jet streams are formed as a result of westerly winds reaching quite high wind   

   

Fig 4.11 The upper tropospheric Jet stream [ Barry and Chorley., 1998]. 
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speeds (45-70 m/s) and tending to concentrate in a narrow area where the largest 

temperature gradient is found [Barry and Chorley., 1998]. It is found at altitudes 

between 9 and 14 km and at latitudes of approximately 30o. It appears that the 

thermal wind is the major component for the formation of the jet stream, however 

details of the formation process are still unclear [Barry and Chorley., 1998]. As 

seen from Fig 4.11, secondary maxima may also be created by the injection of 

tropospheric air into the lower stratosphere, the Dobson (1973) hypothesis. This 

can happen, e.g. through warm conveyor belts over the Atlantic and subsequent 

isentropic air exchange through the jet stream. This could be noticed between 8km 

and 16km altitudes in most of the FURM retrieved ozone profiles over 

Hohenpeissenberg as seen on almost all the profiles over Hohenpeissenberg at 

the back pages of this write-up.  

            

 

                         

Fig 4.12 Ozone vertical profile over Hohenpeissenberg for 2nd, February 1997. 

Profile-70702094_0893_0900 
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Also obvious from some profiles over this location is the vertical shift in the ozone 

concentration peak value observed in the stratosphere. This vertical shift exists 

between the climatology and the sonde profile as seen in most but not all profiles. 

In most cases, when large vertical shifts in the climatology peak results in a vertical 

shift in the FURM peak values. These shifts in FURM profile stratospheric peaks 

result from stratospheric peak shift in the climatology. The climatology is the FURM 

first guess solution for the equation 3.18   
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Fig 4.13  1997/98 FURM/Sonde TVCO simultaneous plots (Hohenpeissenberg). 

 

Shown in Fig 4.13 are the TVCO  over Hohenpeissenberg for 1997 and 1998. 

Typical TVCO values here are between 30 and 50 DU. The FURM TVCO values 

1997   Jan    Apr    Jul    Oct    Dec    Mar   Jun    Sept    Dec 1998 
                                           Month/year    
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are very comparable to the sonde TVCO values and in most cases with small 

errors.  
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Fig 4.14  Hohenpeissenberg TVCO trends for FURM, sonde and climatology.  

 

 

Simultaneous plots of FURM, sonde and climatology TVCO values (as in Fig 4.14) 

shows that the FURM retrieved TVCO values are close to the sonde TVCO values 

and follow the same trend for both years. The climatology TVCO approximates the 

sonde and FURM TVCO much better here than it did in watukosek. However, in 

some days, still observed are minor underestimation or overestimation of the 

TVCO values. As can be expected, the climatology does not recognise the 

additional ozone production due to jet streams. This highly influences the FURM 

TVCO values.   

Error in FURM is calculated as in eqn 4.1 

1997   Jan    Apr    Jul    Oct    Dec    Mar   Jun    Sept    Dec 1998 
                                           Month/year    
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100)( x
sonde
FURMsondeerror −

=                                                                          4.1 

Fig 4.15 shows the percentage error in the FURM and apriori TVCO values. The 

errors in the FURM TVCO are generally large with majority (70%) having above 

20% error. 
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Fig 4.15 Comparison of percentage errors in Climatology and FURM. 

  

The apriori however have higher errors than the FURM. The plot also shows that in 

most cases when the error in apriori TVCO is high the error in FURM TVCO is high 

and vice versa.  

 

 

 



 79

% of FURM Retrievals % Error 

62 >20 

38 ≤20 

19 ≤10 

14 ≤5 

Table 4.2 Summary of retrievals and their percentage errors.  

 

 

4.2.3 Climatology/Retrieval Relationship 

Poor correlation of 0.352 between the FURM error and apriori error (Fig 4.16) 

shows that the error in FURM may not be as a result of the error in the apriori. 

Also, a correlation of the FURM and apriori TVCO (Fig 4.17) shows a poor 

correlation of 0.352  
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Fig 4.16 FURM/Aprior error correlation plot. 

R2 = 0.352 
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This suggests strongly that the FURM algorithm is not retrieving the apriori TVCO. 

The correlation plot between the FURM TVCO and the sonde TVCO as seen on 

Fig 4.17 shows a correlation value of 0.15. Based on this value, FURM could not 

be said to have retrieved same values as the sonde. In comparison with 

stratospheric vertical column ozone (SVCO) correlations of FURM and sonde (Fig 

4.18a), the correlation value of 0.875 shows that the FURM algorithm is doing a 

much better job than can be inferred from the troposphere. This is also confirmed 

by the correlation value of 0.874 between the FURM and sonde total vertical 

column ozone (see Fig 4.18b).  
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Fig 4.17 FURM/Apriori TVCO correlation. 

 

     

 

 

R2 = 0.15 
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 Fig 4.18 (a)Correlation of FURM/sonde SVCO, (b)FURM/sonde total vertical 
column correlation. 

 

 

4.2.4 Cloud and Stratospheric influence on Retrievals 

As earlier explained in section 4.1.3, large errors in the retrievals are expected 

from pixels with large cloud fractions. Fig 4.19 again does not show this trend in 

the FURM retrieved TVCO. The distribution of the FURM TVCO errors are 

independent of the cloud fraction. It can be observed that as much large errors 

occur at low cloud fraction as they do at high cloud fraction. No trend can be 

observed in the FURM retrieval in relation to the cloud fraction.    

R2 = 0.875 R2 = 0.874 
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Fig 4.19 FURM retrieved ozone % error in relation to the cloud fraction 
(Hohenpeissenberg). 

 

Since the stratosphere holds approximately 90% of atmospheric ozone 

[Kondratyev, K. Y.,2000; Zerefos C., 2001], huge errors in FURM retrieved 

stratospheric ozone is expected to cause huge errors in the FURM TVCO. This will 

also mean that large stratospheric errors will result in large total errors in the total 

column. Fig 4.20 shows plots of error relationship between stratosphere and 

tropospheric TVCO. This shows that the stratospheric TVCO have much larger 

percentage errors compared to the tropospheric TVCO and both show a large 

degree of independence from each other. 
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Fig 4.20 FURM retrieval tropospheric/stratospheric errors relationships. 

 

Large errors in the tropospheric TVCO may not necessarily be as a result of large 

error in the stratospheric vertical column ozone (SVCO). In some cases where 

there are large errors in the SVCO errors occurred in the TVCO. Fig 4.21 is a plot 

of total (troposphere + stratosphere), SVCO, and TVCO percentage errors. This 

plot shows that the FURM is doing a better job in the stratosphere and the 

atmosphere vertical column compared to the tropospheric vertical column ozone. 

TVCO percentage errors are much larger than SVCO and total vertical column 

percentage errors. Significant also is the fact that in 90% of all cases, the 

percentage error in the STVCO is very similar to that of the total vertical column 

ozone.  
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Fig 4.21 Showing TVCO, SVCO and total column ozone errors. 

 

 

 

 

4.2.5 Inter-comparison between SONDE and two different versions of FURM      

Shown here is an intercomparison between sonde measurements from basically 

three FURM versions. For simplicity, the version used by Amao Akeem (IUP) for 

the forerunner thesis is called version 1, while the version used for this thesis is 

called version 2. Versions 3 and 4 are used by S.Tellmann (IUP, Bremen). Version 

4 is an upgrade of the version 3 with the ring correction introduced into the 

algorithm.  

This comparison is necessary so as to ascertain which of these versions is 

retrieving better results of the tropospheric ozone vertical column. Listed in Table 

4.3 are the major differences between these three versions. 
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FURM by Amao  

                            
[Version 1] 

FURM by 
Jolaosho 

 [Version 2] 

FURM by             
S. Tellmann  

[Version 3] 

FURM by             
S. Tellmann  

[Version 4] 

2 Channels;       

290 – 302 (nm) 

and 320 – 355(nm) 

2 Channels;       

290 – 302 (nm), 

320 – 355(nm) 

1 channel; 290 – 

360(nm) 

1 channel; 290 – 

360(nm) 

Polynomial 

Subtraction  

Polynomial 

Subtraction plus 

surface albedo 

changes 

7–8 parameters 

to exclude 

calibration errors 

7–8 parameters to 

exclude calibration 

errors plus ring 

correction 

Climatology; 

UKMO 

Climatology; 

KNMI 

Climatology; 

KNMI 

Climatology;    

KNMI 

Table 4.3 Main differences between two different versions of the FURM algorithm. 

 

TVCO retrievals over Watukosek are not available for version 3 and 4 but from 

version 1 by akeem and version 2 as used in this thesis. Version 1 correlation 

values by Amao between the FURM and sonde TVCO gave correlation values of 

0.74 while same correlation values with version 2 gave correlation values of 0.867. 

This shows that there are remarkable improvements in the TVCO retrieved with 

version 2.  

Over Hohenpeissenberg, TVCO values are available from all four versions for 

comparison. These TVCO relationships with time are as observed in Fig 4.22.  
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Figure 4.22 (a) Version 1 FURM/Sonde TVCO plots (b) Version 2 FURM/Sonde 
TVCO plots (c) Version 3 FURM/Sonde TVCO plots (d) Version 4 FURM/Sonde 
plots.  
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From Fig 4.22 (a) it will be observed that in almost all cases, the FURM retrieved 

TVCO grossly overestimates the sonde TVCO. Version 3 also completely 

overestimates the sonde TVCO (as seen in Fig 4.22 (c)). Versions 2 and 4 

however show better and similar results. Fig 4.22 (b) and (d) show that versions 2 

and 4 retrieve TVCO values closer to the sonde TVCO values.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 88

CHAPTER FIVE 
 

SUMMARY AND CONCLUSION 
 
 

In consistency with the aim of this thesis work, ozone profiles (troposphere + 

stratosphere) have been successfully retrieved using the FURM algorithm for 

approximately 40km of the atmosphere. Samples of these profiles are as seen in 

sections 4.1.2, 4.2.2 and several seen on the Hohenpeissenberg Profiles at the 

end of this thesis. A first look at the FURM retrieved ozone profiles shows that the 

retrieved profiles over Watukosek are very similar to the ozonesonde profiles. 

Comparison of the retrievals over Hohenpeiseenberg do not look as good as that 

of Watukosek. In most of the profiles over Hohenpeissenberg, a relatively large 

vertical shift (up to 10km in some instances) can be observed in the stratospheric 

peak of the FURM retrieved profile from the sonde ozone profiles. Another very 

obvious feature on almost all of the ozone profiles over Hohenpeissenberg are the 

jet streams [Dobson G.M.B., 1973] that lie between 8km and 16km altutudes.  The 

jet streams can be observed in the sonde profiles and not on the FURM or apriori 

profiles. It cannot be observed in the FURM because the climatology which is the 

first guess solution and on which all solution are subsequently based upon does 

not recognise the existence of these jet streams. A second possible reason is that 

the vertical resolution of the FURM algorithm is approximately 4km and a jet 

stream has a vertical resolution of 4 km and below.  

Tropospheric vertical column of ozone (TVCO) are also derived for all retrieved 

profiles over Watukosek and Hohenpeissenberg. These were done to derive the 

concentration of ozone in the troposphere over these two geolocations and use 

this information to determine if there was an increase in the tropospheric ozone 
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concentration due to huge emissions of its precursors from El Niño enhanced 

biomass burning.  FURM and ozone sonde TVCO against months plot in Fig 4.3 

show the enhanced ozone produced as a result of the 1997 El Niño effect. The 

FURM algorithm retrieved same maximum TVCO values as the sonde, global 

chemical transport model values by Hauglustaine et al. [1999], [Chandra et al., 

1998; Ziemke and Chandra., 1999] and the modified residual method (TOMS 

retrieved) by Thompson et al. [2001]. A correlation value of 0.87 between the 

FURM and sonde TVCO shows that FURM is doing a good job in retrieving similar 

values as the sonde TVCO values over Watukosek.  

Over Hohenpeissenberg, the FURM TVCO does not seem to have retrieved values 

close enough to the sonde TVCO values. A first look at Fig 4.13 gives an 

impression that the FURM is retrieving similar TVCO values as the sonde. A closer  

look into the correlation value in Fig 4.17 shows that the sonde and FURM TVCO 

are not related. The FURM either over or underestimates as the case may be the 

sonde TVCO values but with a maxima of 55 DU similar to that of the ozonesonde. 

 

In order to know if the FURM is retrieving the true (sonde) TVCO value, again the 

correlation value of 0.87 between the sonde and FURM TVCO over Watukosek 

shows that FURM is indeed retrieving similar values with the sonde TVCO values. 

But the correlation value of 0.15 over Hohenpeissenberg shows that the FURM is 

not doing a good job at retrieving the sonde values. Correlation values of 0.351, 

0.452 and 0.24 in Fig 4.7, 4.9 and 4.16 respectively shows that the FURM has not 

retrieved the apriori.  

From Fig 4.6 and 4.20 it can be seen that tropospheric column errors are not 

particularly dictated by the cloud fraction. The errors are distributed independently 
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of the cloud fraction and large errors in tropospheric vertical column do occur even 

at very low cloud fraction as they do at high cloud fraction. It is not conclusive 

enough from this plot if the errors at high cloud fractions would have been lower, 

but the fact that the amount of error does not follow a particular trend based on the 

cloud fraction.   

The question on whether or not FURM is retrieving the sonde may not be 

answered strictly by looking at the troposphere. This is because in an attempt to 

understand and answer this question, the total and stratospheric vertical column 

ozone was retrieved and the result is very different from what it is in the 

troposphere. A correlation value of 0.875 between the sonde and FURM SVCO on 

one hand and a correlation value of 0.874 between the sonde and FURM total 

(~32km) vertical column ozone on the other hand shows that FURM may be doing 

a good job. The error plot in Fig 4.21, which shows that very little errors 

accompany the stratospheric and total ozone columns but large errors accompany 

the tropospheric column, confirms this. Again as seen from the Hohenpeisseberg 

profiles at the end of this write-up, the large errors may (according to Dobson 

Hypothesis) be due to the jet streams [Dobson G.M.B., 1973], which exist, in the 

upper troposphere and on almost all profiles. Another implication of Fig 4.21 is that 

in the absence of the jet streams, the FURM algorithm may retrieve better 

information here than it is doing. This also indirectly means that the algorithm is 

failing to retrieve the true atmospheric ozone information since it does not retrieve 

jet stream information. This again suggests FURM retrieved ozone concentrations 

are strongly subject to subject to the apriori information.  
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Watukosek Ozone Profile Samples. 
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Hohenpeissenberg Ozone Profile Samples 
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