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Abstract 

The purpose of this project is to retrieve the mixing ratios of nitrogen 

dioxide NO2 in the lower troposphere. We concentrated on abundance of 

NO2 in Bremen (53°N), because it is important constituent of air 

pollution and largely controls the production of tropospheric ozone. To 

retrieve mixing ratios of NO2, we used a novel experimental procedure 

called Tomographic Target Light scattering, Differential Optical 

Absorption Spectroscopy i.e. ToTaL DOAS.  

For this project an existing mobile DOAS apparatus was adapted 

from IUP Bremen. The basic idea was to collect scattered Sun light 

reflected from artificial targets situated at known distances from the 

measuring device. For this experiment, some buildings having almost 

same albedo were selected as targets, near the NW1 building in the 

University of Bremen.  Measurements were taken from top of the IUP 

building and from sport ground in the University of Bremen. The vertical 

scanning of the ZARM Drop Tower (Bremen) was also a part of 

experiment. Then we analyzed the data to retrieve the mixing ratios of 

NO2. To access the accuracy of ToTaL DOAS technique, we compared the 

results with the measurements of regular IUP Bremen MAX-DOAS setup. 

We also compared results with data from BLUES pollution monitoring 

network.  
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Chapter 1 

Introduction 

 

I start this chapter with the motivation. In which we explain why we preferred this 

project and how is this important for monitoring of NO2. Afterwards in section 1.2, I 

provide some introduction related to project. Finally I discuss the NOx role in 

atmosphere. Also I describe sources and sinks for NO2 in atmosphere with some 

short details on NOx health effects.  

 

1.1 Motivation 

NO2 is an important trace gas in the atmosphere but it is also an important 

constituent of air pollution. It plays an important role in the chemistry of the 

atmosphere and some of the chemistry related to NO2 is described in section 2.1. In 

this project we will concentrate on the abundance of NO2 in Bremen. There are plenty 

of NO2 measurements have done so far by using different techniques. Some 

techniques are very common for the measurement of NO2 like:- 

 in-situ (Navas M. J., et al. 1997) 

 Satellite-DOAS (Richter A., et al. 2005) 

 Long path-DOAS (Platt U., et al. 1979) 

 MAX-DOAS (Wittrock F., et al. 2004).  

All these measurements techniques have some limitations. For instance we 

often need an artificial light source in long path-DOAS and the light path is unknown 

in MAX-DOAS. For satellite DOAS we have large pixels and lower temporal resolution. 

In the case of in-situ measurements we have interference by other species. The new 

technique needed to provide linkage between techniques like, ToTaL DOAS (Frins E., 

et al., 2006). As compared to Long path DOAS, we have no need for artificial light 

source and also the setup is quite simple. The advantage of this technique in 

comparison to MAX-DOAS is known light path. 

Previous research applying with ToTaL DOAS technique has been performed 

at Heidelberg University. The ToTaL DOAS is an extended version of well known DOAS 

technique and we tested this extended technique in Bremen. We used different 
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geometries for measurements of NO2 and also scanned ZARM drop tower vertically. 

We compared the results from ToTaL DOAS with MAX-DOAS in order to provide 

evidence on the effectiveness of this technique. The vertical scan of building and the 

comparison of results with other techniques have never been done before in the 

ToTaL DOAS measurements. 

 

1.2 Prologue 

In the present time, pollution is one of the biggest problems for the Humanity and 

Nature. The pollution is mainly caused by human activities. Before making any policy 

for the protection of environment, it is necessary to obtain accurate information 

about the presence of different pollutants in our atmosphere. There are plenty of 

trace gases present in the atmosphere such as SO2, NO2, O3, HCHO, VOC, CFCs, PAN 

etc.  

Some satellite instruments e.g. Global Ozone Monitoring Experiment (GOME) 

and Scanning Imaging Absorption Spectrometer for atmospheric cartography 

(SCIAMACHY) have continuously monitored the interaction of dynamics and changes 

in chemical constitution of the atmosphere and their influences by using remote 

sensing from satellite. 

There are several methods to obtain information about what is happening in 

the atmosphere. One of them is the Differential Optical Absorption Spectroscopy 

(DOAS), which can be applied to ground based as well as to the satellite 

measurements. It can either be applied to active measurements using a lamp (Long-

path DOAS) or to passive observations using the Sun light. Recently a new DOAS 

based technique, the ToTaL DOAS has been proposed by (Frins E. et al., 2006) and 

analysis developed in this project was based on this method. The ToTaL DOAS is a 

novel technique, which operates in the UV and visible wavelength regions for the 

determination of a variety of trace gases such as NO2, H2O, SO2, Glyoxal, HCHO, BrO 

etc. 

In this project, the study of the tropospheric composition in Bremen ( 053 N ) is 

planned. In Bremen one main source for pollution is NOx, which is emitted by 

vehicles, power plants and industry. We have selected target buildings near roads 

and we used a mobile DOAS telescope to point at those buildings which were 

illuminated by direct or scattered light coming from the Sun. The monitoring of NO2 is 

somehow challenging in the lower troposphere. In our case the area of interest is 
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quite complicated because mobile emission sources like automobiles are involved  

and that might interfere on the retrieval of constant mixing ratios. The high temporal 

resolution is also required to monitor NO2 for very small area of interest. 

 This novel technique has advantages of both active and passive systems. The 

DOAS analysis of incoming light gives us the slant column densities and finally we 

can retrieve different trace gas concentrations.  

There are some limitations of this technique. We can use this technique only 

in day time and under cloud free conditions. Therefore it provides us no information 

about the phenomena occurring during night time. Also we can investigate only those 

species which have significant and structured absorption in the visible and UV 

wavelength regions. 

 

1.3 NOx in Troposphere 

The Earth‟s atmosphere has a vital role in absorbing harmful radiation coming from 

the Sun and it consists of different regions, the lowest of which is up to 10-15 Km 

and called troposphere. The following figure 1.1 shows the temperature profile in 

different regions of the Earth‟s atmosphere.  

 

 

 

Figure 1.1: The temperature profile of the atmosphere 

Source = http://apollo.lsc.vsc.edu/classes/met130/notes/chapter1/vert_temp_all.html  
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In the troposphere air masses are well mixed together and pressure decreases 

exponentially with altitude. In the troposphere different constituents are present. The 

following table (1.1) shows some of the most abundant constituents of the 

troposphere. 

Table 1.1: The composition of the atmosphere (adapted from Salby, 1996)  

Constituents Tropospheric mixing ratio 

N2 (Nitrogen) 78.08% 

O2 (Oxygen) 20.95% 

H2O (water vapor) <3.00% 

A (Argon) 0.93% 

CO2 (carbon dioxide) 345 ppmv 

O3 (ozone) 10 ppmv 

CH4 (methane) 1.6 ppmv 

N2O (nitric oxide) 350 ppbv 

CO (carbon monoxide) 70 ppbv 

CFC‟s 0.2-0.3 ppbv 

 

 

The emission of NOx (NO+ NO2) into the air has important environmental impacts. It 

has a significant role in the atmospheric chemistry. About 90% of NOx emissions are 

in the form of NO. The life time of NOx increases with the altitude as shown in the 

following figure 1.2. 

 

Figure 1.2: Distribution of NOx in the upper troposphere (Ehhalt D.H. et al., 1992) 
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In the troposphere the natural sources of NOx are forest fires, anaerobic processes 

and electric storms (Wayne R.P., 2000). About 80% of NOx in the troposphere comes 

through anthropogenic activities (Müller, 1992). Other sources like surface 

emissions and lightning contribute 20% (Dickerson, 1984). 

The anthropogenic sources are the main cause of NOx in troposphere. The 

biomass burning, automobiles, forest fires, industry, nitrate fertilizers have deep 

impact among the anthropogenic sources. The following table 1.2 shows emissions 

of NOx and figure 1.3 is showing sector wise distribution of anthropogenic NOx 

emissions.  

Table 1.2: Tropospheric NOx emissions (Source: IPCC (2001)) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Sector wise emission of NOx 

Source:www.cogeneration.net/pie2.gif  

Main source of NOx Emissions in Tg N / yr 

Fossil fuel combustion 33.0 

Biomass burning 7.1 

Soil emissions 5.6 

Lightning 5.0 

Aircraft 0.7 

Stratosphere < 0.5 
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As already mention the NOx emissions are mostly in form of NO, which is later on 

converted to NO2. In the troposphere NO reacts with ozone and forms NO2. The NO 

 NO2 as shown below is the major source for nitrogen dioxide in troposphere.  

3 2 2NO O NO O
 

(Wayne Richard P., 2000)
 

The major loss for NOx in the troposphere is formation of nitric acid as 

presented in following reaction. 

2 3OH NO M HNO M
 

(Wayne Richard P., 2000)  

Also photolysis of NO2 acts as sink for nitrogen dioxide. This reaction is a precursor 

for the formation of ozone in the troposphere. The following chain reactions are 

explaining the process.
  

2 ( 405 )NO h nm O NO  

2 3O O M O M  

2OH CO H CO  

2 2H O M HO M  

2 2HO NO OH NO  

---------------------------------------------------------- 

Net: 2 2 32CO O CO O  

---------------------------------------------------------- 

(Wayne Richard P., 2000)  

NOx has a vital role in tropospheric chemistry and consequently in summer smog 

phenomena such as Los Angeles smog (Cadle and Johnston, 1952).  

 The ozone and NOx gases also affect the global greenhouse gas budget since 

they breakdown to form increased amount of OH radicals which acts as a detergent 

in the troposphere to reduce the lifetimes of the greenhouse gases like methane 

(CH4).  

NOx has a very short life time of the order of hours depending on illumination 

and ozone concentration. But this can be extended due to the presence of the 

peroxyacetylnitrate (PAN), which is a reservoir species for NOx. PAN can be 

transported over large distances and can release NO2. Because of the PAN, the NOx 
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has a significant role in unpolluted regions (Singh et al., 1992). The following 

reaction shows thermal equilibrium of PAN with NO2 (Wayne, 2000). 

CH3 CO.O2 + NO2 ↔ CH3 CO.O NO2 

 

1.3.1 Effects of NO2 

NO2 is a reddish brown gas. It has irritating effect because of its odour. The increase 

of NO2 in the atmosphere can have long lasting direct or indirect effects on the living 

beings. The Air Quality Index (AQI) is an index for reporting air quality on daily basis. 

So according to AQI, the value of NO2 between 0-15 is not damaging but above than 

AQI 50, it can be more dangerous and have severe effects. It can enter in our bodies 

through skin or inhalation. Its increased concentration, it can damage capillaries and 

increase inflammation in tissues of respiratory tract. NO2 can create other problems 

like headache, coughing, appetite loss and so on. It is also more harmful for patients 

of asthma. Long inhalation of NO2 will cause of bronchitis and failure of the 

respiratory system. 

 In the atmosphere NO2 forms nitric acid and this leads to acid rain. Because 

of this acid rain there is a decrease in the pH value of water i.e. ground and surface 

water of the Earth. The acidification of surface and ground water leads to harmful 

effects on many biological systems. This nitric acid can also corrode metals. In fact 

there are several other effects that can be more risky due to the presence of NO2 or 

NOx in the atmosphere. So we should seriously think about its reduction and help in 

protection of the environment.  
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Chapter 2 

Theoretical Background 

 

In this chapter we mainly describe the background knowledge related to the project. 

Initially I present a small introduction to remote sensing techniques. Then I describe 

about the different kinds of radiations in the electromagnetic spectrum. Afterwards I  

give some general information about the radiative transfer in the atmosphere. Finally 

I discuss the Differential Optical Absorption Spectroscopy (DOAS) technique in detail.   

 

2.1 Remote Sensing 

Remote sensing is the science of obtaining knowledge about a phenomenon by 

gathering information through a sensor without being in contact with the process. 

Remote sensing techniques are very common where direct access to a process is not 

possible. The remote sensing measurements are used in different fields of science 

like Meteorology, Astrophysics, Archaeology, Geology, Geography, Oceanography etc. 

In present days remote sensing techniques are often used for the investigation of 

trace species in the atmosphere. These techniques enable us to check the amount 

of pollution in the Earth‟s atmosphere. In the atmospheric studies we deal with the 

interaction of radiation with trace species as a function of wavelength, which is an 

application of spectroscopy in the remote sensing. 

Remote sensing measurements usually provide long time series and can be 

done in fully automated modes. Sometime the validation of measurements is not 

possible in remote sensing. Often it is possible to measure several parameters at the 

same time. Also the error estimation is quite difficult to achieve for the data analysis 

in remote sensing.  

We can use two types of sensors or in other words we can say that there are 

two types of remote sensing techniques. 

 

 Active remote sensing 

In active remote sensing the sensors detect reflected responses from objects 

that are irradiated from artificially-generated energy sources such as laser 

light in LIDAR and radio waves in RADAR. 
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 Passive remote sensing 

The analysis is based on natural source of radiations. The sensors detect the 

reflected or emitted electromagnetic radiation from natural sources like the 

Sun or thermal emission of atmosphere itself. 

 

For the application of remote sensing techniques, we have different platforms 

like ground based, falcon (airborne) and satellite based. The ground based 

measurements are very cheap as compared to other measurements. We use the 

DOAS (Differential Optical Absorption Spectroscopy) technique as a ground based 

platform for the remote sensing. The DOAS technique is in use since the last decade 

at IUP Bremen.  The ground base measurements are continuous and more accurate 

as compared to airborne and satellite measurements. 

The airborne measurements are usually applied for calibration and validation. 

AMAXDOAS (Wang P. et al. 2005) instrument can be use as an airborne platform in 

the remote sensing. The airborne measurements can be applicable through planes, 

rockets, balloon etc. The following figure 2.1 shows an airborne platform with 

AMAXDOAS instrument. 

 

 

Figure 2.1: The airborne platform 

Source: http://atmos.caf.dlr.de  
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Satellite based measurements provide global coverage. The satellite base 

instruments like GOME (Global Ozone Monitoring Experiment) (Burrows et al. 1999) 

and SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric 

Chartography) (Bovensmann et al., 1998) are well in use at IUP Bremen for the 

monitoring of different species in the atmosphere. The accessibility to the instrument 

is not possible in satellite based measurements. Also space station is in use as 

platforms for the remote sensing measurements. They also provide global coverage 

like satellites. These stations have good accessibility as compared to satellites. A 

satellite based platform is shown in the following figure 2.2. 

 

 

Figure 2.2: The SCIAMACHY (Satellite base platform)  

Source: http://www.kennislink.nl  

 

 

 

 

 

 

 

 

 

http://www.kennislink.nl/
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2.2 The Electromagnetic Spectrum 

The electromagnetic spectrum is a continuum of different electromagnetic radiation 

according to their wavelength (λ [m]) and frequency (f [Hz]). These two quantities are 

related to each other by the following relations. 

f = c / λ   (2.1) 

E = h c / λ   (2.2) 

Where    

c = 2.9979250x10
8
 m/s (Speed of light in vacuum) 

h = 6.62606896(33) × 10−34 Jsec (Planck's constant) 

Above equation 2.1 shows that wavelength and frequency are inversely proportional 

to each other. Also from 2.2 we see that longer wavelength of an electromagnetic 

wave means it has lower energy. The electromagnetic radiations can be divided into 

different regions according to their wavelengths. The following figure 2.3 shows 

different regions of electromagnetic radiation.  

 

 

Figure 2.3: The electromagnetic spectrum 

Source: http://attopssl.com  

 

From figure 2.3, we can see that gamma rays and X-rays have the shortest 

wavelengths and highest frequencies. Both have applications medically and 

scientifically. The UV radiation has longer wavelength than X-rays. The Sun radiation 

has a significant part of UV radiation. This radiation is absorbed by the Earth‟s 

atmosphere. This radiation can cause skin cancer and other diseases related to the 

skin. The visible region is located after UV region with wavelength ranges between 

http://en.wikipedia.org/wiki/Planck%27s_constant
http://attopssl.com/
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400nm to 700nm approximately. The radiation in this region is visible with our eyes. 

The infrared radiation has wavelength longer than visible wavelength region. Most of 

the black body radiators emit radiation in this region. The lowest regions of the 

electromagnetic spectrum are microwaves and radio waves. The radiation from these 

regions is mostly used in wireless networking, mobile phones and microwave ovens. 

 

2.3 Atmospheric Radiative Transfer 

The solar radiation undergoes different processes in the atmosphere of the Earth. 

The major phenomena are reflection, absorption, scattering and transmittance. The 

following figure 2.4 is shows a sketch of the radiative transfer in the atmosphere.  

 

 

Figure 2.4: Radiative transfer sketch 

Source: http://lasp.colorado.edu 

 

The different phenomena have their own influences on the climate system of the 

Earth. These phenomena can be explained as follows. 
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2.3.1 Absorption in the Atmosphere 

When the solar radiation passes through the atmosphere, some part of energy is 

absorbed by the atmosphere. The different molecules in the atmosphere absorb 

radiation of different wavelengths. The absorption spectrum will show a number of 

bands corresponding to different molecules. By looking into absorption spectrum, we 

can extract information about the abundance of different species in the atmosphere.  

The absorption phenomenon is explained by the well know Lambert Beer‟s law. The 

Lambert Beer‟s law can be explained by following figure 2.5. 

 

 

Figure 2.5: Sketch explanation of Lambert Beer‟s law 

Source: http://www.iup.uni-bremen.de/doas/ 

 

This law was proposed by two scientists. 

 Johann Heinrich Lambert (August 26, 1728 – September 25, 1777), was a 

Swiss mathematician, physicist and astronomer. 

 August Beer (July 31, 1825 – November 18, 1863) was a German physicist 

and mathematician. 

This law gives the linear relationship between absorbance and concentration of an 

absorbing species. As radiation of unattenuated spectral intensity passes through an 

absorption medium, its intensity decreases. Some part of energy is absorbed by the 

medium and it is explained in above figure 2.5. Mathematically we can write as: 

 

0( ) )
σ(λ)ρ l

I = I (λ e    (2.3) 

 

http://en.wikipedia.org/wiki/August_26
http://en.wikipedia.org/wiki/1728
http://en.wikipedia.org/wiki/September_25
http://en.wikipedia.org/wiki/1777
http://en.wikipedia.org/wiki/Switzerland
http://en.wikipedia.org/wiki/Mathematician
http://en.wikipedia.org/wiki/Physicist
http://en.wikipedia.org/wiki/Astronomer
http://en.wikipedia.org/wiki/Germany
http://en.wikipedia.org/wiki/Physicist
http://en.wikipedia.org/wiki/Mathematician
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Where Io(λ) is the unattenuated spectral intensity, I(λ) is the reduced spectral 

intensity, σ(λ) is the absorption cross-section, ρ is density of the absorber and l is 

the light path or length of absorber.  

 

2.3.2 Scattering in the Atmosphere 

Solar radiation can also be deflected with the molecules or particles in the 

atmosphere. This deflection of radiation is called scattering. The Mie parameter 

describes different regimes of scattering in the atmosphere. The Mie parameter α, 

which relates particle size to the wavelength [λ] of radiation, is given below. It is a 

dimensionless quantity. 

α = 2πr / λ   (2.4) 

There are different regimes of scattering in the atmosphere as shown in following 

figure 2.6. 

 

Figure2.6:  Regimes of atmospheric scattering (Wallace and Hobbs, 1977) 

   

For the geometric optics the value of α can be equal or greater than 50. In this case 

the scattering is independent of wavelength [λ]. The scattering occurs with aerosols, 

ice crystals and cloud droplets. The whitish colour of fog and clouds is due to 

geometric optics or non selective scattering. 

Another important type of scattering in the atmosphere is Mie scattering. It is 

an analytical solution of Maxwell‟s equations. Mie scattering or Mie theory is named 

http://en.wikipedia.org/wiki/Maxwell%27s_equations


 

 

21 
 

after its developer German physicist Gustav Mie (1869 –1957).  This is elastic type 

of scattering because the wavelength [λ] of incoming radiation does not change but 

the only thing varied is the angular distribution. This type of scattering occurs in the 

atmosphere due to the presence of large size particles like aerosols, dust, fumes etc. 

We can also say that Mie scattering is dominant when the size of the particle is 

greater than the wavelength of a radiation. Mie scattering produces white glare. It is 

also none polarizing. The cross-section in Mie scattering is proportional to σsMie (λ) ~ 

λ-1  λ-1.5. There is more forward scattering in Mie scattering and some properties 

of it are shown in figure 2.7. 

The most dominant part of atmospheric scattering is Rayleigh scattering. The 

Rayleigh scattering is scattering of light by particles which are small in relation to the 

wavelength of the light. The phenomenon is named after the English physicist Lord 

Rayleigh (1842-1919). This type of scattering occurs in the atmosphere due to the 

presence of gas molecules. In Rayleigh scattering the wavelength [λ] of incoming 

radiation does not change but only the angular distribution change. This is also 

elastic type of scattering. The results of Rayleigh scattering in the atmosphere are 

blue colour of sky and haze in photography. The cross-section in Rayleigh scattering 

is proportional to σsRayleigh (λ)  λ-4. If the scattering angle is θ, then the intensity of 

scattered radiation is proportional to (1+cos2θ). It also strongly depends on the 

polarizability of the molecules. In Rayleigh scattering, there is more forward and 

backward scattering as shown in the figure 2.7. 

 

Figure 2.7: Mie scattering & Rayleigh scattering description 

Source: www.hyperphysics.phy-astr.gsu.edu 

http://en.wikipedia.org/wiki/Gustav_Mie
http://en.wikipedia.org/wiki/1869
http://en.wikipedia.org/wiki/1957
http://www.daviddarling.info/encyclopedia/S/scattering.html
http://www.daviddarling.info/encyclopedia/L/light.html
http://www.hyperphysics.phy-astr.gsu.edu/
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2.4 DOAS Technique 

Differential Optical Absorption Spectroscopy (DOAS) is a well developed technique. In 

DOAS we use remote sensing measurements of trace species to monitor the 

atmosphere of the Earth. DOAS is the process in which trace-species are derived 

from measurements of electromagnetic radiation. These measurements are 

performed at moderate spectral intervals so that we can identify and separate the 

different trace species. DOAS measurements are based on absorption spectroscopy 

in UV and visible spectral ranges. Spectroscopic NO2 measurements were made as 

early as 1973 (Brewer et al., 1973). The first analysis of scattered light 

measurements in the field of differential optical absorption spectroscopy was 

performed by Noxon (1975). The name was given to this technique later by Platt et 

al. (1979).  

Radiation can go undergo numerous processes in the atmosphere like 

absorption and scattering. In DOAS only those signals are analyzed that are varying 

rapidly with wavelength. This is expressed by the term 'differential' in DOAS. This 

technique can be applied from different platforms by using remote sensing as 

explained earlier in section 2.1.  We can investigate different species simultaneously. 

Target species that can be retrieved from DOAS are H2O, HONO, HCHO, CHOCHO, O3, 

NO2, NO3, BrO etc. Some differential absorption cross-sections are shown in the 

following figure 2.8. 

 

Figure 2.8: Differential absorption cross-sections of different species.  

Source: Measurement Techniques in Environmental Physics 2006 by Dr. Andreas Richter   
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The DOAS technique is based on well known Lambert Beer's law of absorption. From 

Lambert Beer‟s law as in section 2.3.1, we have the relation 2.3  

0( ) )
σ(λ)ρ l

I = I (λ e
 

The above relation is showing absorption in a homogeneous medium.
  

Where I0 (λ) is unattenuated spectral intensity, I(λ) is the measured spectral intensity,   

σ( λ)  is the absorption cross section of the substance, ρ is the number density of the 

absorber  in the medium and l  is the path length. 

In the atmosphere many absorbing species are present that are not homogeneously 

distributed along the path length. The modified form of Lambert‟s Beer Law for such 

a case is given as follows; 

                                0( ) ( ) exp( ( ) )i
i

I I ldl             (2.5) 

(Richter A., Measurement Techniques 2006) 

The basic idea of DOAS analysis is to identify absorbers using characteristic 

variations in their absorption cross-section. The measured quantity is the zenith-sky 

brightness ( )I  at different solar zenith angles θ. In the data analysis, the 

abundance of the absorber along the light path is determined with differential 

spectroscopy method. The next step is computing of the average light path with a 

radiative transfer model. Lambert-Beer‟s law is used for finding the slant column, 

accounting for the extinction by molecular absorption of different species, Mie and 

Raleigh scattering. Now for approximation of both types of scattering, we have to 

include their cross-sections i.e. 
s

Rayleigh
, 

s

Mie
 into the last equation 2.5. Then we 

have contribution from Rayleigh scattering and Mie scattering in relation 2.6 as given 

below. 

(  0) a( , ) ) exp( ) ( ) ( ) )Ray Mie
s Ray s Mie

I(λ = I ( σ λ ρ(l)+ λ ρ (l)+ λ ρ (l) dl  (2.6) 

(Richter A., Measurement Techniques 2006) 

Where a(λ,θ) is scattering efficiency. If the variation of absorption cross-section is not 

significant along the light path then we have to introduce integral of the absorber 

column called slant column density (SCD) as shown below. 

SCD = ρ(l)dl
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Therefore, equation 2.6 with introduction of slant column density can be written as, 

0) a( , ) )exp[ ( ) ]Ray Mie

s Ray s MieI(λ = I ( λ SCD+σ (λ) SCD +σ (λ) SCD
 

(Richter A., Measurement Techniques 2006) 

The cross section of absorbing species has two components, one changing slowly 

with the wavelength (combined with Rayleigh and Mie scattering and approximated 

with a low order polynomial) and the other varying rapidly. 

     
'

0, ) exp( )p

j j p
j

I(λ, )= a(λ I ( ) σ ( ) SCD + b λ   (2.8)  

Where,  

σ'( λ) is the rapidly varying part of the cross section of absorbing species.   

Finally, the logarithm is taken and lna(λ,θ) included in the polynomial. The result is a 

linear equation between the optical depth, a polynomial and the slant columns of the 

absorbers (Richter A., Measurement Techniques 2006). 

*

0

1

ln( ( , ) / ( )) ' ( )
J

p

j j p

j p

I I SCD b
         (2.9) 

Where,  

0 ( )I  is the reference measurement, ( , )I  is the intensity with absorption and ' j

(λ) are the different measured differential absorption cross-sections. Finally this 

equation is solved for many wavelengths in a linear least squares analysis with the 

slant column densities jSCD  and the polynomial coefficients 
*
Pb  as parameters.  

 The DOAS algorithm is useful to retrieve column densities of various trace 

gases. In order to derive vertical column densities from the measured slant column 

densities using DOAS, the air mass factor (AMF) has to be determined. The DOAS 

approach of the vertical column density consists of the spectral fitting of slant 

column density amount and applying an air mass factor. The air mass factor is the 

ratio of the slant column density (SCD) of the absorber to the vertical column density 

(VCD) and AMF mainly depends on solar zenith angle, geometry, absorber altitude 

and wavelength. 

AMF = SCD / VCD 

 

 



 

 

25 
 

Chapter 3 

ToTaL DOAS 

 

I present some introduction related to instrumentation which I used during the 

project. I also describe the implementation of Tomographic Target Light Scattering 

DOAS (ToTaL DOAS) technique in details. I discuss different types of targets in 

details. Finally I present the alignment procedure of telescope and results obtained 

from this procedure. 

 

3.1 Instrumentation of ToTaL DOAS 

In general, a ToTaL DOAS instrument consists of a telescope attached to a 

spectrometer through an optical fibre. The spectrometer is equipped with a CCD 

detector. A computer is also part of the instrument for automated recording of data. 

The block diagram for the instrument is given below as in the figure 3.1. 

 

      Telescope     Spectrometer           CCD Detector              Computer  

 

                                               Spectrum 

Figure 3.1: Block Diagram of Mobile DOAS 

 

3.1.1 Spectrometer 

A spectrometer is an optical instrument that is used in spectroscopic analysis to 

measure light intensity over specific portion of electromagnetic spectrum. Its vast 

use in spectroscopy makes it a most valuable instrument for investigation of 

electromagnetic spectrum. It contains different parts as shown in figure 3.2. 
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Figure 3.2: Spectrometer 

Source: www.andor.com 

 

In the spectrometer there is an entrance slit and an optical fibre that can be 

attached at the entrance aperture. The light entered into spectrometer from optical 

fibre through entrance slit and it is pointed at a collimating mirror. The purpose of 

collimating mirror is to produce a parallel beam on the dispersive unit. Gratings or 

prisms can be used as dispersive units. The purpose of dispersive unit is to split light 

according to wavelengths. This dispersed light is transferred towards focusing mirror. 

The mirror focuses this radiation towards the entrance of a CCD detector. For this 

particular experiment we have used ANDOR spectrometer „Shamrock SR-163i‟ during 

the campaign as shown in the following figure 3.3. The technical details of the 

„Shamrock SR-163i‟ are given in Appendix „A‟ (2). 

 

Figure 3.3: ANDOR „Shamrock SR-163i‟ spectrometer 

Source: http://www.andor.com  

 

 

 

http://www.andor.com/
http://www.andor.com/
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3.1.2 CCD Detector 

A Charge Coupled Device (CCD) can be use as a detector. It is a two-dimensional 

array of metal-oxide-semiconductor (MOS) capacitors, in which semiconductors are 

connected in such a way that the output of one serves as the input of the next. A 

schematic diagram of CCD is shown in figure (3.4). 

 

Figure 3.4: Schematic diagram of a CCD pixel 
Source: www.micro.magnet.fsu.edu 

 

A CCD basically has four functions. First when radiation strikes on the outer plate of a 

CCD, there is generation of photoelectrons through the photo-electric effect. These 

photoelectrons are collected in pixels or gates. Afterwards by applying differential 

voltage across gates the transfer of the collected charges is achieved. Finally the 

conversion of these charges to an output is performed via an ADC. We used the 

ANDOR „DU420A‟ detector for this project as shown in figure 3.5. The characteristic 

features of this CCD detector are listed in appendix „A‟ (1). These features are 

obtained from the manufacturer catalog.  
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Figure 3.5: ANDOR „DU420A‟ CCD detector 

Source: http://www.andor.com  

 

 

3.1.3 Mobile DOAS (IUP Bremen) 

We used the mobile DOAS instrument built at the IUP Bremen. This instrument is 

specially designed for campaigns. The special features of the instrument are its size 

and mobility. The mobile DOAS instrument from IUP Bremen consists of one box. The 

major parts are installed in one box to make transportation easy. This instrument has   

easy transporting and working capability is important during this project. It also 

operates on DC batteries, so we can use it easily at places where electricity is not 

available. The mobile DOAS [as shown in following figure 3.6] instrument consists of 

the following main parts.  

[Telescope (A), Optical fibre (E), Spectrometer (D), CCD detector (C), Computer (B)] 

 

Figure 3.6: The Mobile-DOAS Instrument at IUP Bremen 

http://www.andor.com/
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The telescope is directly pointing to a target illuminated by sun light. The light 

entering the telescope is transported towards the spectrometer. For transportation of  

light there is an optical fibre bundle connected between spectrometer and telescope. 

Through the spectrometer, light enters the cooled CCD detector. In the CCD detector 

charged particles creation occurs according to radiation entering the detector. Then 

charged particles transfer to computer for data analysis. During the measurements 

the spectra are displayed on the computer screen. The following table 3.1 shows 

some technical details used during the setup. 

 

 

Table 3.1: Technical details for apparatus during experiment 

Detector Temperature -34 °C 

Exposure time Detector 0.400 sec 

Integration time Detector 60.0sec 

Detector Peak QE 95% 

Wavelength window Spectrometer 422-- 510nm 

Grating Spectrometer 1200 l/mm 

Slit width  Spectrometer 100µm 

Focal Length Spectrometer 163mm 
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3.2 ToTaL DOAS Technique 

Tomographic target light scattering DOAS is a novel method (Erna Frins et al., 2006). 

This is a type of passive technique in which we use the Sun illuminated targets for 

the measurements. There have been previous measurements of the Heidelburg 

University using this method. This method is first time implemented by the DOAS 

group at IUP Bremen. This method can be applied to find the different trace species 

in the lower troposphere. We did measurements at different locations near the 

University of Bremen. In Bremen, NOx mainly results from traffic and industry. That is 

why we mainly focused on NO2 measurements. In the following I am going to discuss 

the measurement procedure and the different geometrical descriptions related to 

ToTaL DOAS method. 

 The sun is source of light for the TOTAL DOAS measurements. The telescope 

of the DOAS instrument is pointed towards the sun illuminated targets. The 

measurements from the instrument have two parts that contribute: the first 

contribution is between sun and target and the second one is between target and 

instrument. In the measurements the optical depth τ of a trace gas is derived from 

spectral DOAS and this is called Slant Column Density (SCD). It can be represented 

as following: 

 

0

( )
( )

( )

L

SCD l dl

                

(3.1) 

Where, 

‘σ’ is the absorption cross-section.   

is  the optical depth. 

 L is the integrated path length. 

 

So the measured SCD can be express in partials SCD as (Frins E., et al., 2006): 

SCD = SCD1 + SCD2......... (3.2) 

SCD1 is between the Sun & target. 

SCD2 is between target & instrument.  

 In this project we are mainly interested in SCD2 and we have to remove SCD1 

from equation (3.2). In this way we will be able to get information about the trace 

gases in the lower troposphere. For more detail the following figure 3.7 can be 

useful. 
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Figure (3.7): Sketch of ToTaL DOAS principle 

 

As we can see in above figure 3.7 the radiation entering in the telescope of the 

instrument contains both parts of contributions. We can find the light path between 

instrument and target with a simple relation as given below. 

 

Light path (Between Instrument and target) = d / cos (∝)                     (i) 

Where  

d is distance between target and instrument. ∝ is angle at which we pointed the 

telescope of the instrument towards the target. To remove the contribution between 

the Sun and the target, different approaches can be used, which are explained in 

next section 3.2.1. 
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3.2.1 Removal of SCD1 

The removal of SCD1 is possible with different approaches.  

We can select two different targets in the same direction. The two targets 

have different distances from the instrument. The measurements of the closer target 

can be used to analyze the measurements of the second target. So the measured 

SCD2 is the trace gas column between the two targets (Frins E., et al., 2006). If the 

altitude of the two targets is not the same, the additional difference in path (L2) has 

to be taken in to account. The following figure (3.8a) can explain this geometry. 

 

 

Figure (3.8a): Using two different targets  

 

There is another approach in which we can use one target and instead of a 

second target, we can measure the Fraunhofer spectrum by placing an object in front 

of the telescope. The object and target should have almost the same albedo but this 

is difficult to achieve. Here we used polystyrene sheet (styropor) in front of the 

telescope. This geometry is explained in following figure 3.8b. 
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Figure 3.8b: Polystyrene in front of telescope  

 

Another simple geometry to remove the SCD1 can be achieve by using one target 

and for the reference Fraunhofer spectrum to point the telescope towards the zenith. 

Then the telescope of the instrument receives photons of light with same direction as 

between target and sun (Frins E., et al., 2006). In this way SCD2 can be retrieved. 

This is explained in the following figure (3.8c). However in this geometry we are not 

sure about the length L2, which introduces additional uncertainty. 
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Figure (3.8c) Pointing telescope towards sky direction 

 

 

3.3 Sensitivity to Trace Gases 

The atmospheric conditions and brightness of target are important factors for the 

sensitivity of the measurements for trace gases. The sensitivity to the trace gases is 

simply the ratio between the measured differential optical depth „ ( , )M L ‟ and the 

true differential optical depth „ ( , )abs L ‟ (Frins E. et al., 2006).  

Sensitivity = [ ( , )M L  / ( , )abs L ] (3.3) 

The light radiation collected by the telescope of the DOAS instrument contains 

radiance caused by light scattered in the atmosphere and the radiance from light 

reflected on the target. We can express radiance in term of following equation (Frins 

E., et al., 2006). 
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( , ) ( , ) ( , ) ( , )
( , ) ( , ). . ( , ). .

0

L l l L L
abs ext abs extI L I l e e dl I A e e

S R

………….  (3.4) 

Where, SI  is the radiance due to scattered light between instrument and target, the 

RI  is the radiance due to light reflected by the target which also depends on the 

albedo A of the target. The abs is representing the optical depth of the trace gas 

absorption. Whereas the ext is representing optical depth of extinction due to 

Rayleigh‟s scattering and aerosol scattering.  

The measured optical depth M  is the negative logarithm of the ratio between 

the measured radiance as given in equation (3.4) (Frins E., et al., 2006) and the 

Fraunhofer spectrum. 

( , ) ( , ) ( , ) ( , )
( , ). . ( , ). .

0( , ) ln
( , ) ( , )

( , ). ( , ).

0

M

L l l L L
abs ext abs extI l e e dl I A e e

S R
L

L l L
ext extI l e dl I A e

S R

…………… (3.5) 

The atmosphere contains of may trace gases. The trace gases absorb the Sunlight. 

Some of the gases have strong absorption like H2O, O3, CO2, and O2. After 

linearization equation (3.5) can written as (Frins E., et al., 2006): 

0

( ). ( , )

( , ) ( , )

( , )

L

S abs R abs

M
AS R

I l dl I L

L
I L I

  (3.6) 

 As we selected the Sun illuminated target. We expect to have greater 

contribution of light radiance due to reflection especially for polystyrene. By 

neglecting the effects from scattering in last equation (3.6) we have a simple case as 

follow (Frins E., et al., 2006): 

( , )M L  = ( , )abs l   (3.7) 

This means that in our case the sensitivity of NO2 should be 1. This is an ideal 

situation for the bright targets but during our measurements the weather conditions 

were some time hazy and scattering between target and instrument cannot be 

neglected. In our case reflection & scattering both contributed, so the average 

sensitivity of NO2 for different targets is in the range of ~0.6 0.7. However, during 
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the measurements the sensitivity of NO2 varied with weather conditions. During clear 

sunny interval of measurements days the sensitivity increased to ~0.85. In hazy 

conditions or reduction in the Sun light, the sensitivity even reduced to ~0.4 in 

different intervals of measurements during day for different targets. 

 

3.4 Experimental Sites 

For the measurements we selected sunny days because on sunny days the targets 

are fully illuminated. As targets we selected have almost similar building materials 

i.e. almost the same albedo. Initially the instrument installed on the building of IUP 

Bremen. From the roof of IUP building it was easy to point the DOAS telescope at 

buildings like the ZARM drop Tower, the student wohnheim, GW2. We also did 

measurements from sports ground of University. It is located quite close to ZARM 

drop tower. Also this location is almost near the road.  

 The figure (3.9a) shows pointing and the figure (3.9b) gives an  idea about the 

pointing sites. Table 3.2 contains information about distances between target and 

instrument. 

 

 

 

Figure 3.9a: The pointing of Telescope 
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Figure 3.9b: Experimental Sites 

Source: www.geographie.uni-bremen.de/images 

 

 

 

 

Table 3.2: Distance between targets and instrument 

A= IUP Bremen (0) m 

B= the ZARM Drop Tower (902 + 2)m 

C= GW2 (402 + 2)m 

D= Student Wohnheim (537 + 2)m 

BE= Sports Ground (330 + 2) m 

BD= Sports Ground (527 + 2) m 

 

 

 

 

 

 

http://www.geographie.uni-bremen.de/images
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3.5 The Alignment of Telescope 

The alignment of the telescope is an important aspect of this project because 

through this we shall be able to get proper target pointing. The telescope of the 

apparatus is installed on a tri-stand and we can adjust the pointing in all direction. 

The telescope is also accompanied by a video camera so that we can see the target 

image on a monitor. The Field Of View (FOV) of the video camera is the same as that 

of the telescope. The fiber connected between telescope and spectrometer.  

 The diameter of optical fiber (lens side) is d=1.9mm [appendix A (3)] and focal 

length of lens is f=250mm [appendix A (3)]. The FOV of the instrument is given as, 

d/f = 0.0076 radian [~0.44°degrees]. This FOV is suitable for our measurements 

because we used targets in the range of distance (~402m902m) from instrument 

during the measurements. But the FOV of our instrument is not good for the faraway 

targets. 

 The basic idea for this is that if we point the lens in front of the optical fibre 

towards the target, at the same time the telescope with the camera should also show 

that target on the monitor. In this way we can be sure about our pointing. However 

for this to work we have to be sure that the camera and the telescope are properly 

aligned. 

 I used the sun for alignment to get proper pointing. First I pointed the lens 

towards the sun, so that the sun light coming through the lens is on the optical fibre. 

At the same time I adjusted the video camera so that I can see the image of the sun 

on the monitor. The alignment of the telescope was needed before pointing, so that I 

could not experience miss targeting.  

 For these measurements, I used double folded golden foil in front of the video 

camera as precautionary; otherwise the CCD camera could be damage with light of 

the Sun. The whole idea is explained in the following figure (3.10). 
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Figure (3.10): Telescope alignment of DOAS instrument 

 

 

3.5.1 Horizontal Scan of the ZARM Drop Tower 

Initially I selected the ZARM drop tower as the target. After alignment of the 

telescope, I did a horizontal scan of across the ZARM drop tower. It was important to 

check the alignment of telescope and video camera. For the horizontal scan of the 

ZARM drop tower, I moved the pointing from left to right of the tower. I took 

measurements with pointing off the tower, than on the tower and finally again off the 

tower on the other side. When pointing at the tower, the image (width wise)  of the 

tower completely covered the screen of the monitor (attached with video camera). 

This was indicating that the field of view of the instrument was fully filled by tower.  

 I took 11 different measurements while moving horizontally from left to right 

of the tower. I got graphs between the intensity and the wavelength with the help of 

matlab for each measurement as shown in figure (3.11).  
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Figure 3.11: Graph between Intensity and Wavelength 

 

After taking the average intensity from each measurement, I just plotted it against 

measurement number. The matlab program is listed in appendix „B‟. The results 

show the increase/decrease in intensity while pointing the telescope on/off the 

tower respectively. Figure (3.12) explains the geometry and the plot in figure 3.12 

shows that I was receiving strong signals when I pointed the telescope exactly at the 

middle of the tower. The results show that the alignment of telescope was good. 

 

Figure 3.12: Horizontal scan of the ZARM drop tower 
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Chapter 4 

ToTaL DOAS Results 

 

In this chapter I describe initially how we analyzed the measurements data for ToTaL 

DOAS. In this section I describe different steps for analysis. Afterwards I present 

results obtained during different days of measurements. I have measurements data 

from summer to winter. The variations in different days results totally because of 

different conditions at the day of measurements.  

 

4.1 Data Analysis 

For the retrieval of NO2 mixing ratios in desired areas, I used some targets for 

reference measurements and others as main targets. Mostly I used polystyrene for 

the reference measurements and the ZARM drop tower as main target. The 

explanation of targets and distances for the area of interest is discussed in the next 

section 4.2 for the different days of measurements. To obtain the slant column 

densities of NO2 between the target and the telescope of instrument, I used 

appropriate software developed at IUP Bremen. Initially the data from measurements 

is recorded by a program called AMAX_OMA. This program runs under different 

options according to requirements and also it is automated. During the 

measurements, I could look the intensity graph with respect to wavelengths. The 

dark measurements were used to reduce the dark current or system noise. Also the 

measurements from cadmium lamp were used for wavelength calibration. Both the 

calibrations of the data were done in a program called NPREPARE. For the creation of 

the slit functions from the line lamp measurements, the RESOLUT tool is used. 

 This calibrated data obtained from NPREPARE is used in another program 

called NLIN_D for the DOAS analysis. It is a fitting program and performs the DOAS 

fit. We used the wavelength window in range of 450nm  497nm for the spectral  

analysis of NO2. This wavelength window contains one absorption band of O4, which 

is further used to investigate changes in light path length as explained in section 4.2. 

For the wavelengths > 497nm, H2O absorption is strong and we want to avoid this 

strong absorption. The fitting window contains absorption by O3, O4 and H2O along 

with NO2. The Ring spectrum was also included during the DOAS fit. The absorption 
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cross-sections are fitted for measured spectra of reference measurements and main 

measurements.  Then I excluded the effect obtained from reference measurements 

by selecting it as a background. The effect of residual obtained from polystyrene in 

all cases is small as compared to other targets. I obtained the slant column densities 

for NO2 between target and instrument. The related fit errors with slant column 

densities are described in table 4.1.  

 I know the light path length between target and instrument as explained in 

section 3.2 (equation (i)). I divided the NO2 slant column densities by the path length 

to obtain the concentration. After it I converted concentration to mixing ratios of NO2 

by dividing through the air density. The data analysis during this project can be 

presented as in figure (4.1).  
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Figure (4.1): Data Evolution of ToTaL DOAS Measurements  
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4.2 Results 

I did measurements for different days. In the morning the targets were not fully 

illuminated by the Sun and half part of targets was in the shadow. Therefore I did 

measurements mostly during the noontime. In some cases, where I took reference 

measurements at the beginning, I observed an increase in concentration of NO2. This 

can be related to increase in traffic in evening times or to increase in light path 

length. I investigated this by using slant column densities from the dimer oxygen (O4)  

(Greenblatt, 1990) for the day (July 31, 2008). I used the following assumptions to 

obtain the slant column densities of O4 theoretically.  

 

    SCD_O4 = (1/cos θ)*VC_O4 + ℓ*(ρ_O4)                 (4.1) 

Where  

‘θ’ is solar zenith angle (SZA),  

„ℓ‟ is light path length between target and instrument.  

VCD_ O4 is vertical column = 1.2E+43 molecues2 /cm5 (Zender, 1999) 

‘ρ’ is density of O4 at the surface. 

 

The density of O4 is obtained from the square of oxygen molecule [O2]2 densities in 

air (Greenblatt, 1990). By applying the above formula 4.1, I got different values for 

the slant column density of O4 at different SZA on July 31, 2008. I subtracted the 

contributions of O4 obtained from that solar zenith angle which I used as background 

in measurements. Then I plotted a second curve in the same plot for the values of O4 

SCD obtained from measurements as shown in the following figure 4.2a. There is 

unknown scatter at the beginning of the curve for values obtained from the 

measurements and this scatter is still under investigation. 
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Figure 4.2a: Comparison for shape of curves of O4 [1043] 

 

In the figure 4.2a, both curves show similar behavior. The main reason of plot is to 

investigate the light path for higher values of NO2 concentration observed in some 

cases during the evening times, as explained in upcoming sections (e.g. figure 4.7b). 

From the plot in the figure 4.2a, we can see that there is an increase in O4 values at 

higher SZA due to light path length change and similar effect is expected for NO2. 

Also we can see plot for SCD for NO2, H2O, and O4 as a function of time shown in the 

following figure 4.2b. The values for O4 and H2O are scaled by 1013 because the aim 

is only to look the shape of curves during measurements. The figure 4.2b contains 

plot for measurement day (July 31, 2008) is same as mentioned for O4 calculations. 

 

 

Figure 4.2b: Plot for SCD [NO2, H2O (1013), and O4 (1013)] (July 31, 2008) 
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At higher solar zenith angle, there is an increase in light path through the 

atmosphere. This increase in light path has effects on results. So for good 

assessment of daily values, I have to remove the effect from the measurement which 

is due to an increase in light path length through both: the stratosphere and the 

troposphere. Following figure 4.3 shows the change in light path. 

 

 

Figure 4.3:  Sketch for the change in light path  

 

In the above figure 4.3, as the solar zenith angle (SZA) changes, there is a change in 

the corresponding light path length. A stratospheric correction is needed because the 

solar zenith angle changes between the time of reference measurement and the 

main measurement. I subtracted the stratospheric effect from the measured slant 

column densities between target and instrument. The stratospheric effect can be 

approximated from the following simple relation. 

 

Stratospheric Correction = S*[1/cos (θ) +1/cos (φ)]                     (4.2) 

Stratosphere 

Troposphere 



 

 

47 
 

In the above relation, S is the stratospheric vertical column of NO2 on the day of 

measurement. This value changes for different days. θ is the solar zenith angle at the 

time of measurement and φ is the solar zenith angle for the background or reference 

measurements.  

I did test measurements but did not include those results because initially the 

alignment of the telescope was not good enough. I put the results under specific 

heading relevant with date at the day of measurement. Also I followed a sequence in 

which first I showed the slant column densities of NO2 between instrument and 

target, with and without stratospheric correction together in a plot. In the plots 

„SCD2_S‟ shows the slant column density without stratospheric correction. The slant 

column density with stratospheric correction is represented by „SCD2‟. The retrieval 

procedure of slant column density is explained earlier in section 4.3.  

From the figure 4.3, there is also increase in tropospheric light path length 

and this effect cannot be reduced because we don‟t know the tropospheric columns. 

I plotted the slant column densities with and without stratospheric correction 

together. Then I selected those data sets where both curves overlap and there was 

not much change in SZA. By selecting such data, I could reduce the effect of change 

in light path length because the plots of slant column densities show separation in 

curves, which was due to the change in light path. These plots are explained in next 

section for different days.  

To obtain the concentration of NO2, the simplest way is to divide the slant 

column density by the light path length (section 3.2). Afterwards I show the 

concentration of NO2 between target and instrument. In some cases where results 

are similar to other days of measurements for slant column densities, I only showed 

concentrations and skipped the slant column densities. The slant column densities 

are plotted as a function of solar zenith angle (SZA) and the concentrations of NO2 in 

dependence of Universal Time [UT]. We should keep in mind that there is a two hour 

difference between local time and [UT] during summer i.e. Bremen time is two hours 

ahead of [UT]. Only on November 24, 2008 there was one hour time difference. Also 

average values for slant column densities and concentrations are present in section 

4.2.8. I showed the comparison of results with other methods in section 4.3.  
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4.2.1 Day 1 (July 24, 2008) 

On this day, the telescope of the instrument was installed on the small opening at 

the 5th floor of the IUP building. From that position I could point the telescope to the 

ZARM drop tower, student wohnheim and GW2. I took measurements at different 

intervals. I used scattered radiation from the student wohnheim as reference. I used 

ZARM drop tower as main target. The results of the slant column density (SCD) 

between ZARM drop tower and student wohnheim are shown below in figure 4.4a. 

Also there is not much fit error related to curves as shown by error bars. But for better 

interpretation we have to look at the concentration of NO2 between ZARM drop tower 

and student wohnheim. I also know the distance between target and reference 

(527m + 2m), so I can find the concentration of NO2. The concentration of NO2 is 

shown in the figure 4.4b. 

 

 

 
Figure 4.4a: SCD of NO2 between tower and student wohnheim (July 24, 2008) 
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Figure 4.4b: Concentration of NO2 between tower and student wohnheim  

(July 24, 2008) 
 

In above figure 4.4b the concentration is almost constant at the mid of curve. Also 

measurements are during the 9am to 10am (according to local time). There are 

higher values at the beginning of the curve and then the concentration reduces to 

lower values. Also the initial values close to morning and during the morning time 

one should expect more abundance of NO2 in troposphere. Similarly during later 

photolysis of NO2 play a part to reduce its abundance in troposphere. 

 

4.2.2 Day 2 (July 31, 2008) 

The telescope location is the same as in the last case. On this day I used polystyrene 

for reference measurements. The main target here is ZARM drop tower. The results 

show slant column density between IUP building and ZARM drop tower. The slant 

column densities at different SZA are shown in figure 4.5a. From the figure we can 

see that there is a separation between the two curves at large SZA. The error is also 

quite small. Also there are mix-ups at the beginning in plot and this is because we 

have repetition of SZA during the day. To obtain the concentration of NO2, I used the 

slant columns with stratospheric correction and distance of ~ 902m, resulting 

concentrations are shown in the figure 4.5b. 
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Figure 4.5a: SCD of NO2 between IUP building & ZARM drop tower (July 31, 2008) 

 

 

Figure 4.5b: Concentration of NO2 between IUP building & ZARM drop tower  

(July 31, 2008) 

 

In the last figure 4.5b, we have almost constant concentration for several hours in 

the middle of day. At the end of measurements an increase in concentration of NO2 

is observed. We assume that this is due to an increase in traffic during the evening 

time. The increase in concentration is from 5pm to 6pm according to Bremen local 

time which is the rush hour time. There is also possibility of effect due to an increase 

in light path but up to some extent I overcame this part by including stratospheric 
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get rid of this I only used that data of measurements to retrieve mixing ratios of NO2,  

in which both the curves (SCD2_ & SCD2 in figure 4.5a) overlapped. I assumed that 

light path did not change that much until those points of data where there is no 

separation in curves (SCD2_ & SCD2 in figure 4.5a). This could be a good 

assumption to exclude the contributions of an increase light path through 

troposphere. 

 

4.2.3 Day 3 (October 13, 2008) 

On Oct. 13, I installed the instrument on the roof of IUP building. I took reference 

measurements using polystyrene (~0m) as target. I pointed the telescope towards 

ZARM drop tower, student wohnheim and GW2. I took two hours of measurements 

approximately. From the figure 4.6a, we can see that there is not much difference 

between the two scatters. The concentration of NO2 is presented in figure 4.6b 

according to different targets.  

 

 

Figure 4.6a: SCD of NO2 between IUP building and different targets (Oct. 13, 2008) 
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Figure 4.6b: Concentration of NO2 between IUP building and different targets  

(Oct. 13, 2008) 

 

In figure 4.6b the circles show the different targets. As we can see from figure 4.4b 

that the concentration of NO2 between ZARM drop tower and IUP building (~902m) 

are high as compared to the other targets. Across the student wohnheim (~537m) 

and GW2 (~402m), the concentration is almost constant. Although some scatters are 

there in plot. But these scatters explain well the variations according to different 

targets. Also we expect to get more concentrations across ZARM drop tower because 

it is located near main road as compared to student wohnheim and GW2.  

 

4.2.4 Day 4 (October 20, 2008) 

On Oct. 20, the location of instrument was same on the roof of IUP building. I also 

installed another MAX-DOAS instrument for parallel measurements. Unfortunately 

the data from this instrument has not been yet analyzed. From ToTaL DOAS 

instrument I have the following results. In figure 4.7a, the slant column densities are 

showing similar behavior as explained in previous cases. There is much separation of 

curves at the larger values of SZA. This day I used polystyrene (~0m) for reference 

measurements. The main target was the ZARM drop tower (~902m). I also took 

some measurements across student wohnheim (~537m) and GW2 (~402m).  
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Figure 4.7a: SCD of NO2 between IUP building and ZARM drop tower (Oct. 20, 2008) 

 

If we look at the following figure 4.7b, the concentration of NO2 is quite constant 

between 12:30pm to 3:30pm (Bremen local time). We can see there is increase in 

concentration later in plot. These values of concentration are between tower and IUP 

building. For other two targets, I have figure 4.7c. In the figure 4.7c, the difference of 

concentration is due to the change of target. The concentrations between IUP and 

student wohnheim, GW2 are low as compared to other case i.e. for the ZARM drop 

tower. 

 

Figure 4.7b: Concentration of NO2 between IUP building and ZARM drop tower 

(Oct.20, 2008) 
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Figure 4.7c: Concentration of NO2 between IUP building and (S.Wo.)(GW2) 

(Oct. 20, 2008) 

 

4.2.5 Day 5 (October 23, 2008) 

On Oct. 23 I took measurements from outside of IUP building. We carried the 

instrument on a trolley and installed it at the sport ground of Bremen University. For 

exact understanding of the location see the section 3.4. We were also expecting high 

values for NO2 concentration because the location of the instrument was near a 

road. However we did not observe high values as in the last case of October 20. 

At the sport ground electricity is available in weather station boxes and we 

could get access to it. For this location the light path is small (~330m) as compared 

to other sites. In the figure 4.8a, the behavior of both curves is same but there is a 

bit separation at higher SZA. Also there is mix-up at the beginning because of the 

repetition of SZA. The target was ZARM drop tower and for reference measurements I 

used polystyrene. 

0

1E+11

2E+11

3E+11

4E+11

5E+11

6E+11

10.9 11 11.1 11.2 11.3 11.4

N
O

2
( m

o
le

cu
le

s 
/ 

cm
3

)

[UT]

S.Wo.

GW2



 

 

55 
 

 

Figure 4.8a: Slant column density of NO2 between sport ground and tower  

(Oct. 23, 2008) 

 

I took the data from stratospheric correction from figure 4.8a and converted it into 

concentration of NO2. The concentration of NO2 is given below in the figure 4.8b. 

There is an increase at the end of the curve and also there is some scatter in the 

middle & beginning of the curve. This day I did vertical scanning of the tower, which 

explains the scattered data (in shaded section). I explained later about vertical 

scanning of tower in section 4.4 and also results explanation is in same section.  

 

Figure 4.8b: Concentration of NO2 between sport ground and tower (Oct. 23, 2008)  
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4.2.6   Day 6 (October 28, 2008) 

On Oct. 28, the location of instrument was same at the sport ground. I used 

polystyrene (~0m) for reference measurement. As the weather was cloudy on that 

day I have the smallest values for slant column density and concentration. I did not 

need a stratospheric correction on that day because the SZA didn‟t change much as 

in some cases explained earlier. The fit-errors are also quite large due to the 

magnitude of slant column density is low as compared to other days. The slant 

column density is shown in figure 4.9a. The concentration is also quite smooth as 

shown in figure 4.9b. 

 
Figure 4.9a: SCD of NO2 between tower & sport ground (Oct. 28, 2008)  

 
Figure 4.9b: NO2 concentration between tower & sport ground (Oct. 28, 2008) 
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4.2.7 Day 7 (November 24, 2008) 

On Nov. 24, the location of instrument was again at the small opening on 5th floor of 

the IUP building. On this day I couldn‟t use polystyrene because I was in the shadow 

of building. For reference measurements I used student wohnheim as target and the 

ZARM drop tower as main target. There is not much difference for slant column 

densities and error was also low as in most other cases explained earlier. The 

concentration of NO2 between student wohnheim and tower is shown below in figure 

4.10. Also it was a bit foggy day and the ground was covered by snow. I have higher 

values earlier and lower values later in the plot. Lower values also have som e 

scatter. 

 

 
Figure 4.10: NO2 concentration between tower & (S.Wo.) 

(Nov. 24, 2008)  
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4.2.8 Average Results  

Before I proceed to the comparison of results, first we should have a look on the 

average values of slant column densities (SCD) with respect to different targets and 

different days of measurements. Table 4.1 shows values of SCD of NO2. These 

values of average SCD are obtained from the data where both curves (SCD2_S & 

SCD2) were overlapping and we didn‟t have change in light path for troposphere.  In 

the table there are empty cells, related to those days where relevant measurements 

were not possible. Because for many different days we used student wohnheim and 

GW2 as reference target. Also I included the fit errors of the measurements. If we 

look at the fit-errors, the values are small compared to the respective values of SCD 

except for the one day (Oct. 28, 2008). For October 28, the errors were quite 

prominent in figure 4.9a. 

 

 

Day 
SCD Tower 

2/molecules cm  

SCD S.Wo. 

2/molecules cm  

SCD GW2 

2/molecules cm  

24 July 2.87E+16 + 2.94E+14 [1] 

31 July 1.15E+16 + 2.58E+14 [3] 

13 Oct. 8.80E+15+ 2.80E+14 [3] 2.71E+15 + 9.70E+13 [3] 2.18E+15 + 1.60E+14 [3] 

20 Oct. 5.52E+16 + 3.80E+14 [3] 1.98E+16  + 1.38E+14 [3] 1.84E+16 + 1.58E+14 [3] 

23 Oct. 4.36E+15 + 1.13E+14 [2] 

28 Oct. 4.80E+14 + 2.70E+14 [2] 

24 Nov. 3.54E+15 + 2.57E+14 [1] 

 

 

Table 4.1: Average values of SCD for different days & different targets 

-------------------------------------------------------------------------------------------------------- 

[1] Between ZARM drop Tower and Student Wohnheim 

[2] Between Sport ground and ZARM drop tower 

[3] Between IUP building and Target 
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In figure 4.11 the average mixing ratios (ppb) of NO2 for different days are shown. 

The errors are in range of (~ + 0.013  + 0.21) ppb for different days and also these 

are not prominently visible in plot. The specific numbers for days are described in the 

table 4.2 (next section 4.3). 

 

 

 

Figure 4.11: Mixing ratios of NO2 for different days 
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4.3 Comparison with other data 

In this section I compared the results with data from the BLUES (Das Bremer 

Luftüberwachungs-system) pollution measuring network and from MAX-DOAS 

constantly working at IUP Bremen. The BLUES pollution monitoring network has 

different locations in Bremen for measurements. Some of them are close to roads 

traffic and maximum mobile activities. So we are expecting better comparison with 

the sites, where impact of traffic is small. The BLUES network is monitoring pollution 

at ten different sites, but I only used data from four locations situated in Bremen. The 

following table 4.2 shows values of NO2 mixing ratios with different setups. The figure 

4.10 shows a comparison plot related to the data of different setups. I already 

showed a plot in figure 4.11 for NO2 (ppb) with errors and therefore didn‟t include the 

errors for ToTaL DOAS in figure 4.12. The rough estimation of errors for the MAX-

DOAS is 15%. 

 

 

Day 
Mitte, 

Bremen 
(ppb) 

Ost, 
Bremen 

(ppb) 

Neulander, 
Bremen 

(ppb) 

Dobbenweg, 
Bremen 

(ppb) 

MAX-
DOAS 
(ppb) 

T.DOAS-
Tower 
(ppb) 

T.DOAS-
S.Wo. 
(ppb) 

T.DOAS-
GW2 
(ppb) 

24 

July 
6.797 8.418 27.55 30.64 - 21.77+0.21 - - 

31 

July 
5.8135 5.4126 11.377 11.677 3.8 5.10+0.11 - - 

13 

Oct. 
13.381 14.434 25.058 28.065 6.1 3.8986+0.12 2.0212+0.07 2.169+0.15 

20 

Oct. 
13.281 12.68 19.646 27.314 13 24.44+0.16 14.7+0.1 18.255+0.15 

23 

Oct. 
14.985 15.687 21.5 32.476 9.2 5.11+0.01 - - 

28 

Oct. 
11.026 15.586 21.801 35.082 - 0.58319+0.1 - - 

24 

Nov. 
11.427 12.529 33.127 18.343 2.4 1.5658+0.1 - - 

 

Table 4.2: NO2 mixing ratios on different setups 
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Figure 4.12: Comparison of NO2 mixing ratios 

 

Considering the results shown in table 4.2 and figure 4.12, we can conclude that the 

ToTaL DOAS results are in very good agreement with the MAX-DOAS results. As the 

telescope of MAX-DOAS instrument is directed towards West and our measurements 

direction is towards North to Northeast, we shouldn‟t expect a perfect match.  

Now if we compare with the BLUES measurements, two of them i.e. 

Neulander, Dobbenweg are populated sites and there is much traffic in those 

regions. We shouldn‟t expect to get values close to those observed at these stations. 

The results from other two locations are quite comparable with our results i.e. Mitte, 

Ost which are less affected by traffic. We have large values for the days like 20th 

October and 24th July. This may be because of the wind direction and NO2 was 

coming from some other polluted region. I checked the weather station results during 

measurements (www.deutsch.wunderground.com) and mainly found that when wind 

was coming from remote areas, I have lower values of NO2 concentration like on 28th 

Oct., 2008.  

Other factors can also influence the comparison. We have different direction 

of measurements and different kind of setup. For instance the instrument for 

measurements of the BLUES monitoring network is nitrogen oxide meter [MLU model 

200A] (www.umwelt.bremen.de). Still in the presence of these factors, we can say 
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that ToTaL DOAS have good comparison with other techniques on different days and 

results are according to expectations. 

 

4.4 Vertical Scanning of ZARM Drop Tower 

The vertical scanning of a building or tower is helpful to get information about the 

vertical gradient of a trace gas along the height. I included this section to check what 

are the results for concentration of NO2, across the height of ZARM drop tower? I did 

vertical scanning for two different days. One day I did vertical scanning from the roof 

of IUP, Bremen building (Oct.20, 2008) and other day from sport ground (Oct.23, 

2008) in University of Bremen. The following sketch in figure 4.13 is explaining the 

geometry for set up. The retrieval procedure for NO2 concentration was same as I did 

in normal measurement of ToTaL DOAS. Our aim was only to check the concentration 

of NO2 along the height of tower. 

 

 

Figure 4.13: Vertical scanning of ZARM drop tower 

 

I pointed the telescope on tower at different angles. I could find the light path for 

different angles with a simple relation as given below. 

Light path = d / cos (∝)  

Where ∝ is angle of pointing and d is distance between ZARM drop tower and  

instrument. From different angles, we can get different light paths. From the roof of 

IUP building, only three different angles were possible because the IUP building also 

quite high. However from sport ground six different angles were possible. At sport 



 

 

63 
 

ground I could not point telescope at very low height of tower because there were 

some trees between tower and instrument. The following figures 4.14a & 4.14b 

show the results for the concentration of NO2, along the height of tower. 

 

 

 

Figure 4.14a: Vertical scanning from roof of IUP building 

 

 
Figure 4.14b: Vertical scanning of tower from sport ground 
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From both figures 4.14a & 4.14b, we can conclude that concentrations of NO2 are 

decreasing as the light path increases. In figure 4.14a I have some scatters at the 

larger light path but still I have decrease in concentration with height. In figure 4.14b 

the case is similar, except few scatters at the larger light path there are definite 

higher values of NO2 concentration at lower light paths. The errors are also quite 

small and in some cases not visible in the plots. By concluding from results we can 

say that there is more NO2 near the roads at lower level and decreases with the 

altitude.  

 I showed concentration of NO2 between target and instrument along changes 

with height. We expected the constant values of NO2 concentration in the boundary 

layers, along with height. But in our results, I am experiencing decrease in NO2 

concentration along the height. Because the automobiles are much contributing for 

higher values of NO2 in lower level.  

We can also use different geometry for measurements. For this we can install  

instrument on a hill or a high tower and point the telescope towards the targets 

situated below (Frins E., et al., 2006). Also it should be done in summer time when 

the Sun is quite high. This can be use to retrieve one dimensional vertical profile of 

NO2.  
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4.5 Conclusions and Outlook 

The ToTaL DOAS method was tested successfully for the tropospheric NO2 in Bremen 

and measurements were possible over very short distances. We selected different 

targets in the region of Bremen University. For the reference measurements I used 

polystyrene and different targets for different days as explained in section 4.2. It is 

also possible to get mixing ratios between different targets by using one of them as a 

reference target.  

I successfully retrieved the mixing ratios of NO2. From the results as shown in 

section 4.2, the mixing ratios of NO2 are varying on daily basis. This is due to the 

presence of inhomogeneous concentrations near the ground level. Also 

concentrations of NO2 are strongly dependent on emissions from traffic because we 

observed increase during rush hours on some days. The results are according to 

expectations. The relationship between targets and their respective magnitude of 

residuals in fit have not been interoperated but from the results there is not much 

significant relation between them. However the magnitudes obtained from 

polystyrene have smallest values for residuals in fit.  

The NO2 results showed good agreement with NO2 mixing ratios derived from 

concurrent MAX-DOAS measurements, although the telescope from the two 

instruments are pointing in different directions. The comparison with data obtained 

from BLUES air monitoring network was also successful. The results are quite 

comparable to those BLUES monitoring site where impact of traffic is not high. On 

the day where we observed lower values of the NO2 mixing ratios, the wind was 

mostly coming from remote areas. For two days (24th July and 20th Oct.) I obtained 

higher values for the mixing ratio of NO2 and this increase is probably due to the wind 

coming from urban areas. The results from these days are comparable from the 

BLUES network sites in Bremen where impact of traffic is large: like Neulander 

Straße and Dobbenweg.  

From the results it was found that the errors (Between ZARM drop tower and 

IUP building) are small with respect to slant column densities or mixing ratios, 

showed in table (4.1 & 4.2). Because the distance between tower and IUP building is 

larger than the other distances used (Table 3.2) and for longer path lengths, the 

magnitudes of measured optical densities have smaller signal to noise ratio, these 

data have the smallest errors. 
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I also did vertical scanning of the ZARM drop tower as explained in section 4.4. The 

results show an inhomogeneous distribution of NO2 along the height of tower. 

For future measurements, the reference measurements should be taken in 

regular intervals to avoid changes in light path length. It is also possible to retrieve 

concentrations of other trace species like SO2, BrO, CH4 (with different conditions). 

By applying tomographic arrangements, the retrieval of trace species in 2D or 3D is 

possible. For vertical scanning of a target, one should apply a different geometry as 

described in section 4.4. Then the retrieval of one dimensional vertical gradient for 

NO2 should also be possible. In short this method is suitable to monitor important 

constituent of pollution at desired area of interests in the lower troposphere.  

It is quite interesting to see if someone will arrange a campaign on busy roads 

and compare the results with traffic densities at time of measurements. For me it 

was difficult to access electricity outside the University. I could use batteries for 

campaign but then the instrument got quite heavy for transportation.  

The ToTaL DOAS technique has some limitations like, it is limited to sunny 

days. Also it is quite difficult to apply ToTaL DOAS technique in cloudy conditions 

because we cannot receive strong signals from the light reflection of targets. The 

alignment between telescope and video camera can be disturbed when transporting 

the instrument. The calibration of the instrument needed in regular intervals with 

dark measurements and cadmium lamp measurements. There is also some time 

needed for the stabilization of the instrument, which is critical for the changing 

weather conditions in Bremen.  
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Appendix A 

(1) ANDOR ‘DU420A’ (CCD)  

Cooling Up to -100 0 C 

Peak QE 95% 

Array 1024 x 255 

Pixel Size 26 x 26 µm 

Software Andor Solis 

 

(2) ANDOR ‘Shamrock SR-163i’ (Spectrometer) 

Focal Length 163mm 

Resolution 0.17nm 

Grating Size (mm) 40 x 40 

Focal Plane (W x H, mm) 28 x 10 

Wavelength Accuracy (nm) + 0.25* 

Wavelength Repeatability (nm) + 0.5* 

Horizontal Magnification 1 

Vertical magnification 1.8 

Size (mm) 210 x 216 x 96 

Slit in front of spectrograph 100 µm 

 

(3) Quartz Fibre & Lens 

Diameter (Single Fibre) 150 µm 

Diameter with Cladding 165 µ 

Numerical Aperture 0.12 

Diameter (Lens Side)  1.9mm 

Oblong End 6.3 mm 

Lens Quartz Glass 

Focal Length of Lens 250mm 

Diameter of Lens 50mm 
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Appendix B (Matlab Program)  

x=file(:,1); 

y=file(:,2); 

plot(x,y); 

xlabel('Wavelength [nm]') 

ylabel('Counts/Sec') 

axis([425 511 6000 20000]); 

hold on 

yy=mean(y) 

x1=file1(:,1); 

y1=file1(:,2); 

plot(x1,y1,'r-') 

yy1=mean(y1) 

x2=file2(:,1); 

y2=file2(:,2); 

plot(x2,y2,'k-') 

yy2=mean(y2) 

x3=file3(:,1); 

y3=file3(:,2); 

plot(x3,y3,'b-') 

yy3=mean(y3) 

x4=file4(:,1); 

y4=file4(:,2); 

plot(x4,y4,'k-') 

yy4=mean(y4) 

x5=file5(:,1); 

y5=file5(:,2); 

plot(x5,y5,'r-') 

yy5=mean(y5) 

x6=file6(:,1); 

y6=file6(:,2); 

plot(x6,y6,'b-') 

yy6=mean(y6) 

x7=file7(:,1); 

y7=file7(:,2); 

plot(x7,y7,'g-') 

yy7=mean(y7) 

x8=file8(:,1); 

y8=file8(:,2); 

plot(x8,y8,'y-') 

yy8=mean(y8) 

x9=file9(:,1); 

y9=file9(:,2); 

plot(x9,y9,'c-') 

yy9=mean(y9) 

x10=file10(:,1); 

y10=file10(:,2); 

plot(x10,y10,'m-') 

yy10=mean(y10) 

%for mean intensities values vs measurement numbers 

figure(2) 

C=[yy;yy1;yy2;yy3;yy4;yy5;yy6;yy7;yy8;yy9;yy10]; 

D=[1:1:11]; 

plot(D,C); 

xlabel('Measurement Numbers') 

ylabel('Mean Intensity Values') 
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