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Introduction 

Terrestrial atmosphere is the planetary layer with a very important role in maintaining 

the life and balance of the geographic envelope. The atmospheric shell of the planet is 

composed of N2 (78%), O2 (21%), Ar (1%), and other gases that represent less than 0.1 of its 

composition at a lower concentration, called minor atmospheric constituents. The abundance of 

these gases is controlled by the interactions and processes between the biosphere, the 

hydrosphere and the geosphere. Although these minor constituents have a small proportion of 

the atmosphere, they play an important role in the radiation equilibrium and the chemical 

properties of the atmosphere. Among these minor constituents of the atmosphere we can list: 

O3, NO2, CO2, SO2, N2O, H2O, CH4, BrO etc. 

The notion of "atmospheric pollution" is nowadays a very common term, being 

circulated throughout the globe. According to the Romanian legislation (Law No 278/2013) 

pollution is defined as: "Direct or indirect introduction of substances, vibrations, heat or noise 

into the air, water or soil as a result of human activity, liable to cause harm to human health or 

the quality of the environment, cause deterioration of material goods, or impair or impede the 

recreational use of the environment and / or other legitimate uses of the environment ": It is 

known today that this concept includes both pollution from anthropogenic and natural sources . 

Natural sources are those such as forest fires, volcanic eruptions, pollen dispersion, wind 

erosion, VOC evaporation, etc., and artificial ones are associated with anthropogenic activity 

and industrial revolution, considered to be the main causes of atmospheric pollution. 

The study of air pollution has become increasingly important due to phenomena that 

are produced directly by concentration of pollutant gases in certain regions of the globe or 

indirectly by phenomena such as acid rain, photochemical smog, thinning of ozone layer, etc. 

Currently, the spatial distribution of these pollutants is monitored by various methods 

and techniques. These methods of measurement include in situ methods for local monitoring 

and quantification of variations in gas concentrations, or are used as remote monitoring 

networks that provide a quasi-continuous image of spatial variation of pollutant gases on 

extended surfaces. The magnitude and complexity of pollution phenomena today require 

relatively inexpensive and non-invasive studies that can lead to remote determinations, 

determinations that show accuracy in quantification of pollution sources on extended surfaces 

and on relatively small surfaces.  

In 1924, Gordon Dobson performed the first observations of O3 in the free troposphere 

using the DOAS (Dobson and Harrison, 1926) technique. 

Passive DOAS involves the use of solar radiation as a vector for collecting information 

about the composition of the atmosphere. This remote sensing method is current and involves 

relatively small costs for the determination of gaseous pollutants in the atmosphere. This 

technique allows to determine the number of molecules of integrated gaseous pollutants on 

vertical columns in the lower atmospheric layers. The method of determination has been used 

since 1990 on board satellites, so it is possible, through global coverage, to determine the 

spatio-temporal distribution of atmospheric pollutants. 
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The miniaturization and the development of the spectrometers used in the observations 

made with DOAS technique made possible mounting these instruments on board a number of 

mobile platforms such as: motor vehicles, bicycles, airplanes, motorcycles, UAVs, boats, 

satellites, etc. Each of the listed platforms has advantages and disadvantages in determining air 

pollution. Thus, satellite instruments are today able to provide global daily coverage at a spatial 

resolution of tens of square kilometers (van Geffen et al., 2017), making it unlikely to detect 

small sources (road traffic, small industrial platforms, small towns, etc.). Other mobile platforms 

can determine the distribution of pollution at local and even street level, but the limitations of 

these platforms are related to their track (bicycle, vehicle) or overflight tracks (airplane, 

motodeltaplan, UAV).  

The current development of the DOAS technique involves the measurement of 

tropospheric profiles of pollutant gases by determinations taken at different angles of 

observation from the horizontal. This new aproach of the technique, called MAX-DOAS (Multi 

AXis Differential Optical Absorption Spectroscopy), can be used to estimate the concentration of 

pollutants at different tropospheric altitudes by coupling with radiation transfer simulation 

models. 

The thesis is structured in 6 chapters: 

Chapter 1 presents the current state of knowledge in the field of DOAS techniques. 

This chapter also includes information on the characteristics and dynamics of the atmosphere in 

the transport of minor atmospheric constituents. 

Chapter 2 describes how solar radiation interacts with the atmosphere. At the same 

time, the principles of the DOAS technique and the instruments used are highlighted. 

Chapter 3 presents two studies for assesing the current NO2 pollution level in Europe in 

order to prepare for future DOAS observation campaigns. 

Chapter 4 focuses on a series of studies showing correlations and similarities between 

satellite DOAS observations, measurements of European air quality monitoring networks, 

mobile ground DOAS observationsmade from a car on NO2 pollution at local, regional and 

European level. Also here are presented the results of DOAS measurement campaigns carried 

out in Romania (AROMAT - 2) and the Netherlands (CINDI - 2) in 2015 and 2016 respectively. 

These campaigns show how atmospheric pollution with NO2 is synergistically and 

complementarily determined through mobile DOAS observations made from ground and air. 

Chapter 5 describes the development of a new MAX - DOAS instrument used in 

making local MAX - DOAS observations. Validation of the scanning sequence of the instrument 

was determined by synergistic comparisons with ZSL - DOAS mobile observations. 

Chapter 6 sets out and underline the conclusions of the researches conducted as well 

as the perspectives of future studies in the field of differential optical absorption spectroscopy. 

The overall research direction presented in the Ph.D. thesis was focused on the 

determination of the nitrogen dioxide content in the troposphere at local, regional and European 

level by means of DOAS applications onboard ground mobile platforms, airborne and space 

platforms. The main subject of the research was the determination of correlations and 

similarities in the determination of the tropospheric NO2 columns between the observations 

made from ground with the ones made from space which subsequently led to the successful 

approach of the development of new tools and algorithms for determining the tropospheric 

content of NO2. The thesis was based on topical references, considering that the results of the 

researches are of local, national and international interest, bringing a scientific contribution to 

the determination of atmospheric pollution with nitrogen dioxide by using a wide range of 

applications of the DOAS technique. 
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CHAPTER 1  

Earth atmosphere, NO2 pollution, atmospheric composition 

measurement tehniques 

1.1 Characterization and dynamics of the atmosphere 

Air dynamics interferes with atmospheric energy and substance exchange processes, 

so atmospheric circulation is an important factor in global energy and transport balance (IPCC, 

2007). 

Earth's atmosphere is the gaseous shell that surrounds the planet, which allows the 

transfer of energy between the sun and the planet from one region of the globe to another. 

(Gugiuman, 1975). 

The stratification of the atmospheric coating is given by temperature and pressure 

variation according to altitude. The atmosphere is composed of five layers: the troposphere, the 

stratosphere, the mesosphere, the thermosphere (also called the ionosphere due to the 

phenomena of the boreal auras), the exosphere. The stratification of the atmosphere according 

to the vertical variation of temperature and pressure can be seen in Figure 1.1. 

 

 

Figure 1.1: Atmospheric layers,vertical variation of temperature and pressure (adapted from Brasseur and 
Solomon, 1986) 
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1.2 Nitrogen compounds 

Nitrogen is an essential nutrient for all living organisms. The main source of N2 is the 

Earth's atmosphere (78% nitrogen). Nitrogen is used by almost all living organisms in its 

molecular state. Figure 1.2 presents the main processes and sources of formation of nitrogen 

oxides that eventually are deposited at the Earth's surface from which biological processes 

benefit. 

The main atmospheric nitrogen compounds are: nitrous oxide (N2O), nitrogen oxide 

(NO), nitrogen dioxide (NO2), nitric acid (HNO3) and ammonia (NH3). 

Nitrogen dioxide is a brownish - red gas with a pungent odor. The coloration of this 

compound is given by the ability to absorb solar radiation at wavelengths between 230 - 550 nm 

(UV-visible band) so it can be visually seen in industrial areas or inside large cities where its 

concentration exceeds 200 μg/m³ (Seinfeld and Padis, 2016). Nitrogen dioxide is naturally 

formed due to the electrical discharge from the atmosphere, the activities of solar energetic 

particles and volcanoes. At the same time, this nitrogen compound is emitted mainly through 

combustion processes. 

 

.  

Figure 1.2: Processes of nitrogen compounds in the atmosphere (adapted from Seinfeld and Padis, 2016) 

1.3 Legislation in force to set the limit values for NO2 in ambient air 

The World Health Organization (WHO) proposes limit values for the NO2 concentration 

of 200 μg / m3 for one hour of exposure and 40 μg / m3 for the average annual value (WHO, 

+ 

Fixare 

- 
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1997). The European Union (EU) uses the same values proposed by WHO as limits for NO2 

concentration. The legislation for NO2 pollution entered into force through Directive 2008/50/EC 

in 2010 (EU, 2008). This directive admits a number of 18 exceedances per year of the limit 

value per hour. Romania as an EU Member State is subject to these regulations by 

implementing the same values through Legea 104/2011 on ambient air quality. 

In the US, the threshold limit values have been set by the National Environmental 

Standards (NAAQS) by the Environmental Protection Agency (EPA) of 100 μg/m3 for the 

maximum permissible hourly and 53 μg/m3 for the annual mean value (https : 

//www3.epa.gov/airnow/no2.pdf). 

1.4 Current state of knowledge in the field of techniques for determining 

atmospheric composition  

Knowledge of the atmosphere consists of understanding the physical and chemical 

processes taking place at its level. These phenomena are understood throughout studies and 

intense measurements of some parameters relevant to them. 

When we talk about pollution, we mean the process by which products or gaseous 

pollutants with oxidising properties are expelled to the atmosphere as a result of an industrial 

process stream. These gaseous pollutants called the "minor constituents" of the atmosphere 

have a lifetime of minutes (Platt and Stutz, 2008). The accurate determination of the spatial 

distribution of the concentration of minor constituents of the atmosphere using analytical 

analysis methods is an objective necessity due to the need for faster results and better 

resolution. 

At present there is a wide variety of techniques developed and specialized in the 

observation of atmospheric minor constituents, some examples of observation techniques being 

presented below: 

 Gas Chromatography (GC) - a universal measurement method used in-situ or in 

laboratory; 

 Optical spectroscopy - universal analysis method used in-situ or at distance 

based on using light radiation; 

 Mass Spectrometry (MS) - a universal method used in-situ or in laboratory 

using electron or atom guns; 

 Chemiluminescence - used in observing the profiles of O3, NO, NO2 (Sluis et al., 

2010). 

The optical spectroscopy technique has a number of advantages in making 

atmospheric observations, ie it has a high sensitivity, is selective, universal, can be used 

remotely and the results can be rendered in resolutions up to 0.7 nm (Platt and Stutz, 2008) . 

Absorption spectroscopy plays a prominent role in discovering the physical and 

chemical properties of the atmosphere. The absorption spectrometry technique can be graded 

according to the band of wavelengths at which observations are made. 

The main remote applications of UV / Vis spectrometry are:  

 Variable laser intensity diode spectroscopy (TDLS); 

 Photo Acoustic Spectroscopy (PAS); 

 Light Detection And Ranging (LIDAR); 

 Differential Absorption by LIDAR (DIAL); 

 Optical Differential Absorption Spectroscopy (DOAS). 
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DOAS (Optical Differential Absorption Spectroscopy) technique is used to rapidly 

demonstrate the spatial distribution of gaseous pollutants in lower atmosphere layers. It is a 

rapid method because it uses light radiation as a channel for collecting information about the 

abundance of atmospheric constituents: O3, NO2, BrO, OClO and O4 (Solomon et al., 1987, 

Johnston et al., 1989, Van Roozendael et al. , 1994, Richter et al., 1999, Wittrock, 2000). DOAS 

method is generally used in passive applications (using natural sources: Sun, Moon and Stars) 

and active (artificial sources: lamps). 

The historical evolution of the DOAS technique is presented in Table 1.1 where is 

clasified acording to the polutant gase and the geometry of observation. The first observations 

made in zenith geometry have demonstrated the presence of pollutant gases in the stratosphere 

and troposphere. Measurement in "Off Axis" geometry (observation made at angles other than 

zenith) by Sanders (Sanders et al., 1993). The research of Sanders represents the first step in 

the development and use of a new technique used today called MAX - DOAS (Multi AXis 

Differential Optical Absorption Spectroscopy). This technique can be used in observation at 

different angles of observation, as well as in sun tracking (watching the sun on the sky vault). 

The development of the DOAS technique made possible performing measurements on 

various mobile platforms (satellites, cars, UAVs, ships, airplanes, etc.), which offers the 

possibility of measurements of atmospheric pollution on more extensive surfaces in different 

atmospheric layers. 

Table 1.1: History of the DOAS technique. Applications of DOAS for troposphere and stratosphere using 
different platforms and observation angles. Range of atmospheric pollutants detected with DOAS 
tehnique (adaptation after Platt and Stutz, 2008) 

Applied tehnique Analyzed polutant species 
Number of 

observation axes 
References 

COSPEC NO2 , SO2 , I2 - Stratosphere 1, (S) 
Millan et al. (1969), Davies (1970), Stoiber și 

Jepsen(1973), Hoff (1992) 

Zenith DOAS (ZSL -
DOAS) using 

scattered sunlight 

NO2 , O3 , OClO, BrO, IO 
Stratosphere and 

Troposphere 
1 

Noxon (1975), Noxon et al. (1979), Harrison (1979), 
McKenzie și Johnston (1982), Solomon et al. (1987a, 
b, 1988, 1989, 1993), McKenzie et al. (1991), Fiedler 
et al. (1993); Pommereau și Piquard (1994); Eisinger 

et al. (1997); Wittrock et al. (2000) 

Off-Axis DOAS and 
Zenith DOAS  

Stratosphere OClO 2 Sanders et al. (1993) 

Off-Axis DOAS Stratosphere BrO 1 Arpaq et al. (1994) 

Zenith DOAS Troposphere IO, BrO 1 
Kreher et al. (1997); Friess et al. (2001, 2004), 

Wittrock et al. (2000) 

Off axis DOAS Troposphere BrO 1 Miller et al. (1997) 

Off-Axis DOAS at 
sunset direct DOAS 

moonlight 
Profiles NO3 2, S 

Weaver et al. (1996), Solomon (1993), Smith et al. 
(1990, 1993) 

Off Axis DOAS at 
sunset 

Tropospheric profiles NO3 1 Kaiser (1997), von Friedeburg et al. (2002) 

DOAS airborne Stratosphere NO2 1 Wahner et al. (1989) 

DOAS airbourne Troposphere BrO 2 McElroy et al. (1999) 

DOAS airbourne, Off 
Axis, Zenith DOAS 

Ground based Stratospheric 
measurements  

3 Petritoli et al. (2002) 

MAX-DOAS 
Profiles of minor 

atmospheric constituents 
8+, M 

Wagner et al. (2002), Wang et al. (2003), Wagner et 
al. (2010, 2012), Heue et al. (2003) 

MAX-DOAS Tropospheric profiles of BrO 4, S 
Hönninger și Platt (2002), Hönninger et al. 

(2004a,b,c) 

MAX-DOAS 
Profiles of minor 

atmospheric constituents 
2–4, M 

Löwe et al. (2002), Oetjen (2002), Heckel (2003), 
Wittrock et al. (2003, 2004) 

MAX-DOAS NO2 poluttion plume 8, M von Friedeburg (2003) 

MAX-DOAS BrO in boundary layer 6, S/M Leser et al. (2001, 2003) 

MAX-DOAS 
Vulcanic emission fluxes of 

BrO and SO2 
10, S Bobrowski et al. (2003) 

MAX-DOAS 
Emissions of BrO from 

salted lakes 
4, S Hönninger et al. (2004b) 



 UTILIZATION OF THE DIFFERENTIAL OPTICAL ABSORPTION SPECTROSCOPY IN QUANTIFICATION OF 
ATMOSPHERIC POLLUTION WITH NITROGEN DIOXIDE 

- 5 - 

 

CHAPTER 2  

DOAS technique and instruments used in remote sensing of 

NO2 

2.1 Interaction of solar radiation with the atmosphere  

There is a wide range of processes and phenomena that underlie the interactions 

between electromagnetic radiation and earth’s atmosphere, including: absorption, elastic 

diffusion, inelastic diffusion, thermal emissivity, aerosol fluorescence. 

In the atmosphere, solar radiation is absorbed by atoms and molecules. The energy of 

these particles increases from an initial energy state to a higher energy state equal to the 

energy of the photon absorbed. 

The total spectrum of a molecule is determined by the difference between two pairs of 

energy transitions at which the molecule can be analyzed (Petty, 2006). 

In the atmosphere, the incident photon can be scattered once (single diffusion) or 

multiple times (multiple diffusion). The two types of spreading are shown in Figure 2.2. Multiple 

diffusion usually occurs in lower layers of the atmosphere where particle density increase. 

The light diffusion phenomena that occur in the earth's atmosphere are: Rayleigh, Mie 

and Raman. They are governed by different radiation scattering regimes as shown in Figure 2.1. 

 

 

Figure 2.1: Schematic of the multiple scattering process in the atmosphere. a) Diffusion Mie b) c) 
Rayleigh diffusion 

2.2 Principle of optical absorption spectroscopy. The Lambert - Beer Law  

At the basis of the theoretical background of optical absorption spectroscopy stands 

the Lambert- Beer law which states that the intensity of light radiation when passing through an 

optical medium decreases with the length and concentration of the particles of the environment 

being spectrally represented by a Voight profile (presented Figure 2.2) (Seinfeld and Padis, 

2016): 
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 ( )    ( )   (  ( )  )      (2.1) 

Where I0(λ) represents the initial intensity of the light beam emitted by a radiation source, I(λ) is 

the intensity of the beam radiation after it passes through a layer with L as thickness in which 

the absorbent particles are in a concentration c and σ(λ) represents the absorption cross section 

at wavelength λ. 

 

 

Figure 2.2: Principiul de functionare al spectroscopiei de absorție în laborator (adaptată dupa Merlaud, 
2013) 

2.3 Principle of DOAS tehnique 

DOAS technique introduces a calculus artifice known as "differential" absorption 

consisting of the difference between two spectral structures of different intensities recorded at 

the same wavelengths (http://home.elka.pw.edu.pl/rgraczyk/DOAS.pdf). The difference between 

the reference spectrum (the incident radiation spectrum) and the spectrum measured at the 

passage of the radiation throughout the atmosphere is the basic principle of the optical 

absorption differential spectroscopy (Figure 2.3). 

 

 

Figure 2.3: The principle of spectroscopic observations in the free atmosphere. Use of scattered radiation 
in passive DOAS determinations (adaptation after Merlaud, 2013). 

Figure 2.4 shows the absorption cross sections of gaseous pollutants found in dense 

atmospheric layers (troposphere, stratosphere). These spectral structures or absorption cross 

sections represent "spectral prints" of these atmospheric pollutants. 
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Figure 2.4: Absorbtion cross section of some chemical compounds from atmospheric layers (adaptation 

after Platt and Stutz, 2008) 

Through the empirical derivation of the Lambert - Beer law, consideration is given to 

the fact that the intensity of the light decreases by passing through the atmosphere due to some 

parameters related to the interaction of radiation with the elements in the atmosphere and some 

factors that reduce the radiation intensity such as: the optical components of the instrument 

(lenses, deflector, mirrors, optical fiber) and atmospheric turbulence (Platt and Stutz, 2008): 

 

 ( )    ( )     [   (∑(  ( )    )     ( )    ( ))]   ( )  (2.2) 

 

where the concentration of the aborbant species is cj and the absorption cross section of the 

species σj(λ), the Rayleigh extinction and Mie εR(λ) and εM(λ), instrumental effects and 

turbulence are quantified by the coefficient A(λ). 

Spectrum differences are recorded and represented on the spectral absorption line of 

the radiation transmitted as spectral structures in broadband and narrow wavelength band (Platt 

and Stutz, 2008). 

2.4 DOAS applications 

In DOAS applications in the laboratory the absorbing medium is dense and well defined 

(size and load with absorbers is known). Based on radiation sources types the DOAS applications 

can be classified into active (using artificial light sources) and passive (using natural sources). 

The active applications of the DOAS technique are carried out in a free atmosphere where 

the density of absorber molecules is very low requires the use of very powerful external radiation 

sources. The radiation sources used in such DOAS applications allow observations to be made at 

distances of tens of kilometers. 

Passive DOAS applications involve the use of natural sources of electromagnetic radiation 

such as the Sun, Moon and stars. This kind of observations can be made at distances up to 1000 

km. 
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A concept called Slant Column Densities (SCD) is defined by the DOAS technique as a 

quantification of the number of molecules integrated on the path traversed by solar radiation to the 

detector. This SCD term represents the total density of molecules in the recorded column and its 

called apparent because it contains the contribution of all the atmospheric layers that are crossed by 

the solar radiation. 

By using radiation transfer models or geometric approximations of the radiation path 

through the atmosphere, the AMF - Air Mass Factor is calculated. This parameter makes possible 

the conversion of SCD into vertical columns of density or VCD (Vertical Column Densities): 

 

    
   

   
       (2.3) 

 

  

Figure 2.5: Classification of DOAS applications. DOAS applications that use: artificial sources of light (1-
4), natural light sources (4-8) or diffused radiation sources (8-15). (adapted from Platz and Stuts, 2008) 
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Evolution of the DOAS technique shown in Figure 2.5 makes possible today to monitor 

gaseous pollutants in the lower atmosphere (PBL, troposphere and stratosphere) using different 

mobile platforms: cars, balloons, Unmanned Airborne Vehicle, airplanes and satellites.  

2.5 Radiation transfer model used 

In the case of passive DOAS applications, the results are difficult to interpret because 

of the complexity of radiation propagation in the Earth’s atmosphere. The use of radiation 

transfer models (RTM) solves the problem of radiation propagation through the atmosphere by 

quantifying the effects of the absorption and scattering processes described by the path 

followed by radiation in any direction. 

These quantification models of the atmospheric radiation routes introduce the concept 

of atmospheric mass factor (AMF). This parameter is crucial in determining the densities of 

vertical columns (VCD’s) of atmospheric absorbers. The model used in this paper is 

UVSpec/DISORT (Stamnes et al., 2000), which solves the atmospheric radiation trajectory 

equations. The input parameters of the model must be in line with the real conditions of the 

DOAS observations. The result of an AMF simulation with this RTM is shown in Figure 2.6. 

 

 

Figure 2.6: AMF variation for multiple and unique diffusion simulated by RTM model UVspec / DISORT 

2.6 Composition of the spectrophotometer and external optical system used  

Componența unui instrument utilizat în aplicațiile DOAS cuprinde: un sistem optic 

extern de transmitere a radiației și un spectrofotometru.  

The composition of a instrument used in DOAS applications includes: an external 

optical radiation transmission system and a spectrophotometer. 

The external optical system transmits the light signal to the instrument. It consists of a 

deflector, silted lenses (for UV band in UV-Vis applications) and optical fiber (shown in Figure 

2.7). 
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Figure 2.7: Scheme of optical radiation capture system. (DD and LD are the diameter and deflector length, 
DL lens diameter). The optical radiation capture assembly for DOAS applications  is presented at the top 

(adaptationafter Merlaud, 2013). 

The spectrometer used in the research of this thesis is AvaSpec ULS2048XL Starline 

(shown in Figure 2.8). The inside of the spectophotometer includes a series of optical systems 

that lead the photons to a detector. This spectrophotometer was used in static ZSL - DOAS 

applications, ZSL - DOAS mobile applications and in MAX - DOAS applications performed in the 

experiments covered by this thesis. The instrument has an ideal UV / Viz range (295 - 550 nm) 

for detecting NO2 but also other atmospheric pollutants. The advantages of this instrument are: 

spectral resolution (0.7 nm - FWHM - Full Width at Half Maximum determined experimentally 

and presented in Figure 2.9), low costs for consumables and maintenance, mobility, study of 

pollutants detected in the UV / Viz field (295-550 nm ), the possibility of using in various DOAS 

applications, using teledetection. 

Disadvantages: dependence on atmospheric nebulosity conditions, dependence on the 

presence of a constant radiation source, limitation only to diurnal measurements; 

 

 

Figure 2.8: The internal optical system of a Czerny-Turner AvaSpec ULS2048XL Starline 

Spectrophotometer (adapted from https://www.slideshare.net/Themadagen/benno-oderkerk-avantes). 
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Figure 2.9: Experimental determination of spectral resolution (FWHM) with an HgCd lamp (left in blue) 
and with solar spectrum recorded in zenith geometry (right with red). 

2.7 The software used in spectral analysis  

The spectral analysis of the spectra recorded during the measurement campaigns was 

carried out using the QDOAS software developed by the Belgian Institute for Space Aeronomy 

(BIRA-IASN) (Fayt and Van Roozendael, 2001). 

 

Figure 2.10: The results of the first three steps (calibration, preprocessing, fitting) using the QDOAS 
software to determine the NO2 DSCD. The red line is the result of the convolution of the cross sections at 

the resolution of the instrument. The blue line represents the measured spectrum. 
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The result of the spectral analysis is reprezented by obtaining the differential slant 

columns density (DSCD) for the studied pollutant gas. The uncertainties given by the spectral 

analysis are dependent on the noise signal and are estimated to be between 25 - 30%. 

The DSCD values resulting from the spectral analysis show the difference between the 

reference spectrum and the ones measured by various DOAS applications. In spectral analysis, 

input parameters (shown in Table 2.1) are used as reference spectrum, spectral absorption 

prints. The result of a spectral analysis is shown in Figure 2.10. The QDOAS software algorithm 

is described in four steps: calibration, preprocessing, processing, displaying results in the ASCII 

file as a DSCD. 

 

Table 2.1: Cross sections of the absorbers (O4, O3, NO2, SO2, H2O) used as convolution and fitting 

parameters in spectral analysis using the QDOAS software 

Molecules Observation temperature References 

NO2 298 K (Vandaele et. al, 1998) 

O3 293K (Bogumil et. al, 2000) 

O4 293 K (Thalman et. al, 2013) 

Ring N/A (Chance et. al, 1997) 

SO2 294 K (Vandaele et. al, 1998) 

H2O 296K (Rothman et. al, 2010) 

Spectral domain NO2 425-495 nm 

Spectral domain SO2 305-325 nm 

Polinomial fit order 5 
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CHAPTER 3  

Research on the level of NO2 pollution in Europe 

3.1 Research on the evolution of NO2 concentrations in Europe 

3.1.1 Method and data used 

For the purpose of these investigations data on NO2 concentrations at ground level 

were used from validated database of the European Environment Agency for the period 2000 -

2012. The NO2 concentrations used in this study are the annual average of hourly observations 

of air quality monitoring stations in 15 European cities: Amsterdam, Berlin, Bucharest, 

Budapest, Debrecen, Edinburgh, Galati, Hamburg, London, Milan, Paris, Rome, Rotterdam , 

Strasbourg and Vienna. The air quality monitoring network at the European level presented in 

2012 a total of 8400 monitoring stations of air quality (see Figure 3.1). 

For the analysis of the evolution of NO2 concentrations for the 15 cities, the average 

annual value recorded at each station was taken into account, taking also into account the type 

of the station: background and traffic. A classification of the results was carried out according to 

the NO2 concentrations observed at each station type and the NO2 pollution recorded at city 

level. The values obtained were compared with the EU NO2 anual concentration limit value 

proposed by the WHO of 40 μg / m3. Also, a statistical analysis was carried out to estimate the 

percentage of the population affected by the EU threshold exceeded. This threshold has 

entered into force on 1 January 2010 through Directive 2008/50/EU. 

 

 

Figure 3.1: NO2 monitoring network at Europe level. The average NO2 concentrations recorded for 2015 
(source www.eea.europa.eu) 
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3.1.2 Results and discussions 

The presentation of the evolution of the annual NO2 concentration only at the city level 

for the period 2000 - 2012 can lead to an erroneous interpretation of the level of pollution to 

which the population of the 15 European cities is exposed. Data from each station type can 

accurately tell which areas of the city are more polluted within a year. Another important issue in 

determining the level of pollution is the recorded number of exceedances of the EU limit value. 

Through the Data Quality Objective (DQO), the databases are filtered so that they 

contain values of the monitored pollutants with uncertainty of determination: 50% for PM10 and 

PM2.5, 30% for O3 and 25% for CO, NOx, NO2 and SO2 (EU, 2008; Castell et al., 2017). 

Figure 3.2 presents the result of the statistical analysis of the percentage of inhabitants 

of each city that is liable to be exposed to NO2 concentrations exceeding the EU and WHO limit 

value. In the case of the 15 studied cities, the population most affected by the exceedance of 

the NO2 threshold is the population associated with traffic stations. 

 

 

Figure 3.2: Percentage of population affected by NO2 concentrations exceeding the EU / WHO threshold 
for the 15 cities (B5, Roşu, A. et al., 2016) 
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Figure 3.3: Annual average NO2 concentrations for the period 2000 to 2012 at the level of: city (c)background air quality monitoring station (b) traffic air quality 
monitoring station (a). Comparisons with EU limit value (red line) (B5, Red, A. et al., 2016) 
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The results of the annual NO2 analysis presented in Figure 3.3 show the difference 

between the assessment of the whole city and those observed at the level of each station type. 

Figure 3.3 shows the difference between NO2 concentrations observed at the background 

monitoring stations (lower values) than those of traffic stations (higher values), Traffic stations 

being generally located in areas where traffic is very intense and there is a high flow of 

population transit. 

The values of the annual average concentrations for NO2 recorded by the background 

monitoring stations (Figure 3.3a) show exceedances of the limit values for the cities: Milano, 

Rome, Paris (2000-2003, 2009), London (2000, 2001, 2010), Rottherdam (2000, 2001, 2003, 

2009), Amsterdam (2006), Bucharest (2005, 2007), Edinburgh (2000-2002). 

The annual average concentration resulting from the observations of the traffic stations 

(Figure 3.3b) of the 15 cities exceeds the limit value for almost all cities except: Galati, Budapest 

(2009), Vienna (2000-2002, 2004, 2009-2012) . These values underline the idea that cars are a 

very important source of NO2. 

Annual NO2 concentrations recorded at city level for the 15 locations selected in this 

study, shown in Figure 3.3 a decrease in emissions for the period 2000 - 2012. 

3.1.3 Conclusions 

Conclusions of the study on the evolution of annual NO2 concentrations at the ground 

level support the idea that air pollution with nitrogen dioxide for the 15 European cities has 

decreased. This can be explained by city-level measures to reduce emissions in order to record 

values in line with the EU's Climate and Energy package proposing 20% reduction by 2020. 

The comparison of the annual NO2 concentrations with the annual limit of 40mg / m3 

entered into force in 2010 highlights the differences that occur in presenting the level of pollution 

registered by each type of station compared to the one observed at the city level for the period 

2000 - 2012. The graphical representations from the study resume the idea that the population is 

most affected in the regions where NO2 pollution is high (in the area of traffic air quality monitoring 

stations) and least affected in the regionswith low pollution (background air quality monitoring 

stations). 

The research results presented in this chapter show the level of pollution in Europe 

based on statistical calculations and measurements that are comprised of validated European 

databases. The purpose of these studies was to prepare future DOAS measurement campaigns 

in Europe. 
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CHAPTER 4  

Comparison of DOAS measurements at ground level with 

satellite observations used for NO2 determination 

4.1 State of the art of satellite observations for NO2 determination 

DOAS satellite instruments make observations of atmospheric composition at different 

spatial resolutions from their displacement on polar heliocynchronous orbits (about 800 km of 

terrestrial surface). These differences between resolutions are due to the scanning geometry, 

scanning mode, instrument characteristics (shown in Table 4.1). The satellite instruments 

capable of detecting NO2 pollution are shown in Figure 4.1. 

 

Figure 4.1: The expected operating period of the satellite instruments used in the global monitoring of 
NO2 in the stratosphere and troposphere (taken from van Geffen et al., 2017) 

 

Table 4.1: Characteristics of the satellite instruments dedicated to the monitoring of NO2 and other minor 
airborne constituents of. troposphere and stratosphere through observations in nadir geometry 
(adaptation after ESA / NASA) 

Sattelite 

platform 

DOAS 

Instrument 

Nadir 

spatial 

resolution 

(km
2
) 

Global 

coverage 

(days) 

Spectral 

resolution 

FWHM (nm) 

Spectral 

domain 

(nm) 

Ecuator 

overpass 

(UTC) 

Scanning 

angle 

ERS-2 GOME 40x320 3 0.17 - 0.33 240 - 790 10:30 ±32° 

ENVISAT SCHIAMACHY 30x60 6 0.48 - 1.48 240 - 2405 10:00 +32°/-31° 

AURA OMI 24x13 1 0.45 – 1 270 - 500 13:45 ±114° 

METOP - A GOME-2A 80x40 1 0.24 - 0.53 240 - 790 9:30 ±57° 

METOP - B GOME-2B 80x40 1 0.24 - 0.53 240 - 790 9:30 ±57° 

S5P TROPOMI 7x7 1 0.25 -0.54 270 - 2385 10:00 ±114° 

 

The differences between these satellite instruments are usually due to the spatial 

resolution of a scanned pixel above the overpassed surface (Roterdam City shown in Figure 4.2). 

All spatial DOAS instruments: GOME, SCIAMACHY, GOME-2A, GOME-2B, OMI 

perform measurements perpendicular to the terrestrial surface (geometry nadir). The 

SCIAMACHY and TROPOMI instruments are the only satellite instruments that can make 

observations in limb geometry (tangential to ground) and ocular (shown in Figure 4.3). 
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Figure 4.2: Spatial pixel coverage of DOAS satellite instruments used in NO2 monitoring. Comparison 
over Roterdam, The Netherlands. (adapted from http://www.tropomi.eu) 

 

 

Figure 4.3: Schematic of observations made by the SCIAMACHY and TROPOMI space sensors 
(adaptation by ESA) 

4.2 Observing the evolution of tropospheric NO2 content in five major 

European cities using DOAS satellite instruments 

4.2.1 Methods and data used 

The research aimed at assessing the similarity between the NO2 concentration levels 

recorded at ground level with air quality monitoring stations using the chemiluminescence 

technique and the tropospheric content observed by the DOAS satellite instruments for 

European cities: Athens, Bucharest, Hamburg, Helsinki, Paris. The data represents the annual 

averages for the period 2002 - 2015. 

Satellite observations for NO2 are presented as annual averages of VCDtropo (vertical 

tropospheric column density) extracted from daily determinations of UV-Vis space instruments: 

OMI, SCHIAMACHY, GOME - 2. For ease of expression, during the course of the thesis the 

formulation of the tropospheric vertical column of NO2 (VCDtropo) is used, describing the number 

of NO2 molecules in a vertical (tropospheric) column from the Earth's surface to the upper limit 

of the atmosphere (troposphere) having the 1 cm2 section.. 
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Air quality monitoring stations are classified according to their role and location where 

they are placed in two categories: suburban (S) and urban (U). Another direction of the study 

consisted in assessing the annual average concentrations against the limits imposed by 

Directive 2008/50 / EC, which sets a annual limit value of 40 μg / m3. 

4.2.2 Results and discussions 

By comparing and observing the variation of NO2 pollution at ground level (in situ 

stations - local observations) and in atmospheric layers (satellite instruments - large areas) we 

can quantify and observe the dispersion of minor constituents. Also, through these comparisons 

it is possible to check which is the most sensitive satellite instrument in determining the ground 

air pollution. 

 

 

Figure 4.4: Annual mean NO2 concentrations measured on the ground for the five cities compared to  at 
the EU and WHO limit value (B3 Roşu et al., 2016). 

Figure 4.4 shows the NO2 concentrations recorded on the ground in the urban and 

suburban areas of each city where the annual limit value of 40 μg/m3 established by the WHO 

and EU has been exceeded in all EU countries, exception: Helsinki U and Hamburg S. The 

average annual NO2 values show a growth trend in the urban area of Hamburg and Paris (U 

and S). 

In this study we presented in parallel the satellite observations with the measurements 

made by the air quality monitoring stations in order to observe the air pollution trend for the 

period 2002 - 2015 in the 5 European cities, but also to observe whether the two methods for 

the quantification of NO2 shows correlations for this period. 

The uncertainties associated with determining the density of the tropospheric NO2 

molecules from satellite measurements are: for OMI- 0.75 x 1015 molecules / cm2 (Boersma et 

al., 2007, 2011) for SCHIAMACHY 15% (Richter et al., 2005) 40 - 80% (Valks et al., 2011). The 

negative values of the tropospheric NO2 columns are explained by using the same reference 

spectrum to extract all VCDtropo NO2. These negative values do not show the lack of NO2 but 

indicate that the density of the molecules is lower than the reference spectrum used by the 

DOMINO v2.0 algorithm (Boersma, 2007, 2011). 
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Figure 4.5: Annual averages of VCDtropo for NO2 observed by satellite instruments compared to the 
annual average NO2 concentrations recorded by the two categories of air quality monitoring stations: U 

(urban) and S (rural) for the five cities between 2002 and 2015 (B3 Roşu et al., 2016). 

In Figure 4.5 It can be noted that the evolution of the vertical column of NO2 observed 

by the satellite sensors (OMI, SCIAMACHY and GOME 2) is somewhat similar to what 

concentration of the NO2 was recorded by air quality monitoring stations (U) (both show a slight 

downward trend). The values of the R correlation factor between the measurements of the 

monitoring stations and those of the satellite instruments are shown in Table 4.2. This shows 

that the satellite OMI instrument with the best spatial resolution (details in Table 4.1) can be 

used to accurately determine the pollution by NO2 at the ground level above large cities.  

 

Table 4.2: Valoarea factorului R2 de corelare între observațiile DOAS satelit și stațiile de monitorizare a 
calității aerului pentru cele 5 orașe europene cifrele îngroșate corespund unor valori semnificative ale 
coeficientului de corelație (p <0,05) (B3 Roșu et al., 2016); 

City/ DOAS Instrument OMI SCIAMACHY GOME_2 

HAMBURG_U 0.78 0.18 0.49 

HELSINKI_U 0.38 0.31 0.23 

PARIS_U 0.69 0.09 0.29 

ATHENA_U 0.78 0.50 0.45 

BUCURESTI_U 0.74 N/A N/A 

HAMBURG_S 0.38 0.30 0.29 

PARIS_S 0.38 0.13 0.48 
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4.2.3 Conclusions 

This subchapter presents the study of the anthropogenic NO2 variation from five 

European cities observed by DOAS satellite instruments between 2002 and 2015. In order to 

have a clear picture of the spatial and temporal distribution of NO2 pollution in the five cities,we 

analized complementary the amounts of NO2 recorded by the satellite observațions and the 

ones measured by the air quality monitoring stations. 

The results of the study show that there was a decrease in the evolution of NO2 content 

in the five cities in Europe: Athens, Bucharest, Hamburg, Helsinki, Paris. The study shows that 

the satellite UV-Vis instruments provide information on the annual variation of NO2 pollution 

from urban agglomerations. It has been shown that the most important satellite instrument in 

accurately recording the NO2 content of urban agglomerations is the OMI, which is supported by 

the high number of correlations with ground determinations (R> 0.5). 

The values recorded by the air quality monitoring stations in the 5 cities present the 

state of the ground pollution inside cities through urban stations and in peripheral areas through 

the suburban stations. In the case of concentrations registered in the cities area, they exceeded 

the EU-regulated annual limits in 4 cities except in Helsinki and Bucharest in 2011. 

4.3 Observations of NO2 in the South Eastern Region of Romania using the 

DOAS mobile technique in zenith geometry 

4.3.1 Method and data used 

In this study, we used DOAS technique onboard of a vehicle to determine the 

tropospheric NO2 columns inside and outside of Galaţi city. The results obtained are 

complementary to the values recorded by the air quality monitoring stations in the city. Another 

objective of the study was to produce dispersion maps using interpolation models based on 

DOAS observations made in Galati. 

DOAS mobile observations were made in Galati (located 45 ° 26'22 "N, 28 ° 2'4" E) 

during 2 - 4 February 2017. No satellite observations were available for the campaign period. 

This has led to the comparison of the NO2 content detected by the ZSL-DOAS UGAL system 

with other methods that quantify the NO2 content (local air quality monitoring stations). 

Figure 4.6 shows the track followed by the DOAS mobile system for determining the 

NO2 content. The weather conditions, wind direction and velocity used in this study were 

extracted from the database www.wunderground.com. 

One of the objectives of the DOAS mobile observations was the intersection with air 

quality monitoring stations (GL) locations in order to achieve a qualitative comparison with the 

NO2 concentration values recorded by them (see Table 4.3). 
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Figure 4.6: The route followed by the DOAS mobile system to make observations in Galati in the period 
February 2 - 4, 2017 (dotted with red). Air quality monitoring stations (blue points) (B1 Rosu et al. 2016). 

 

Table 4.3: Type and locations of air quality monitoring stations in Galati city (source ANMP 

Galaţi, 2017) 

Station code Longitude (E) Latitude (N) Station type 

GL_1 28°1'4.26" 45°25'77" Industry 

GL_2 28°3'17" 45°25'53" Suburban 

GL_3 28°2'2.18" 45°28'22" Urban 

GL_4 28°0'23" 45°24'40" Traffic 

 

 

Figure 4.7: ZSL - DOAS UGAL mobile system configuration (left). Mobile platform or vehicle (right) (B1 

Rosu et al 2016) 
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Sistemul mobil ZSL - DOAS UGAL a fost utilizat în determinarea continutului 

troposferic de NO2 . Acesta cuprinde: platforma mobilă sau laborator mobil – autolaboratorul din 

dotarea Facultăți de Științe și Mediu din Galați, instrumentul de determinare a densităților de 

molecule de NO2 - spectrofotometru AvaSpec ULS2048XL (Figura 4.7).  Spectrofotometrul este 

alimentat și transmite spectrele înregistrate către un laptop (PC) printr-o interfață USB 2. Poziția 

geografică a sistemului DOAS este înregistrată simultan cu fiecare determinare DOAS prin 

intermediul unui GPS tip mouse model BR-355S4. Ansamblul complet al sistemului mobil 

DOAS se poate observa în Figura 4.7 

The ZSL-DOAS UGAL mobile system was used to determine the tropospheric NO2 

content. This includes: mobile platform or mobile laboratory – test car from the Faculty of 

Sciences and Environment of Galati, the instrument for determining the densities of NO2 

molecules - AvaSpec ULS2048XL spectrophotometer (Figure 4.7). The spectrophotometer is 

powered and transmits the spectra to a laptop (PC) through a USB interface 2. The geographic 

position of the DOAS system is recorded simultaneously with each DOAS determination via a 

GPS BR-355S4 mouse model. The complete DOAS mobile assembly can be seen in Figure 4.7 

ZSL - DOAS mobile observations consist of placing the telescope on the roof of the 

vehicle, being positioned in zenith geometry or 90 ° from the horizontal (Figure 4.7). 

The analysis of recorded spectra was performed using the QDOAS software developed 

by the BIRA Institute (Fayt and Van Roozendael, 2001; Van Roozendael et al., 2002). The 

spectral window in which the NO2 analisys is performed includes the spectral range between 

425 - 500 nm. The result of the spectral analysis represents the Differential Slant Column 

Density (DSCD) which represents the difference between the measured spectrum and a 

reference spectrum (SCDref): 

 

SCD = DSCD+SCDref      (4.1) 

 

The reference spectrum was recorded in a rural area near the city of Galati with a value 

of 2.8x1015 molecules / cm2 and the measurement uncertainty calculated by the QDOAS 

software is ± 0.42 x 1015 molecules / cm2. The mean uncertainty of NO2 DSCD recorded in the 3 

days is below 30%. 

The results of the DOAS determinations made in Galati Municipality were subsequently 

mediated and used in the generation of dispersion prediction maps. Predictive maps were 

developed using GIS software to apply the interpolation methods: Kriging and IDW (Inverse 

Distance Weightes). For the Kriging interpolation method we used two types KOPs (Kriging 

Ordinary Prediction) and KUC (Kriging Universal Constant) (Wong et al., 2004). 

In this research, a new approach was used to approximate DSCD as being equal to 

VCD by considering that DOAS mobile observations were made around noon and SCDref was 

recorded in a rural area where NO2 loading in the atmosphere is very low. 

The atmospheric mass factor used in the conversion of the slant column in VCD was 

geometrically estimated by the relation: 

 

AMF(geo)=1/sin(α)      (4.2) 

 

where α represents the solar zenit angle of each DOAS determinations 

AMF (geo) can be calculated using the geographic position and time at which the DOAS 

measurements are performed using the relation 4.4 
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4.3.2 Results and discussions 

The results of spectral analysis are shown in Figure 4.8 (right) as NO2 DSCD from 

which NO2 VCD values were extracted by applying an atmospheric mass factor calculated by 

the relationship 4.4. This estimation method can be applied only for determinations made when 

the sun is positioned at low zenith angles (at noon) under clear sky conditions. Figure 4.8 (right) 

shows two high values of NO2 VCD within the time range of 11-12 UTC for all three days. These 

values are mainly due to the passage under the emission plume of the ArcelorMittal Steel 

Factory. Other high NO2 VCD values are due to the intersection of emissions of local road traffic 

or other sources within the city. 

 

 

Figure 4.8: Variation of NO2 DSCD and VCD extracted from DOAS observations (right).and NO2 
concentrations (left) recorded between 9-14 UTC in Galati (B1 Rosu et al. 2016). 

Figure 4.8 shows the comparison between the NO2 concentration values recorded by 

the GL stations and the values of the tropospheric vertical column densities extracted from the 

ZSL - DOAS mobile observations. It is noted that both DOAS observations and those of GL 

stations record high NO2 values in the northern zone of the city (GL 3 station). 

Using a GIS software a graphical representation was made (presented in Figure 4.9). 

High NO2 VCD values can be noticed on the main roads of Galati. On the Galaţi ring road 

during the first 2 days. NO2 VCD values were recorded between 10.7 - 5.3 x 1015 

molecules/cm2. The interval in which these values were observed coincides with the times when 

traffic is intense. On February 4th, a weekend day, there was a sharp drop in the NO2 quantities 

measured on the same route within the same timeframe. The only area that remained high 

polluted was the area located near the ArcelorMittal Iron Factory that was detected in all three 

days by the DOAS mobile system. It can also be seen on using the color code that the GL_3 

station in the north of the city recorded the highest values of the NO2 concentration in the time 

interval in which the DOAS mobile determinations were made. 
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Figure 4.9: NO2 VCD maps obtained from DOAS mobile observations in zenith geometry conducted 
between February 2 and 4, 2017. The average NO2 concentration values recorded by air quality 

monitoring stations in Galati during the DOAS observations (B1 Roşu et al 2016). 

The NO2 VCD average resulting from the same time interval for the three DOAS 

observation days was used to generate three prediction models for the dispersion of 

tropospheric NO2 content. These dispersion prediction maps was made using t IDW and Kriging 

interpolation methods (KOP and KUC) as illustrated in Figure 4.10. The total area on which the 

distribution prediction was made comprises a square with a surface area of 225 km2. The 

dispersion models used integrate and mediate DOAS values in rasterized surfaces where the 

distribution of the troposphere vertical is uniform for the size of a pixel of the generated maps. 
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.  

Figure 4.10: NO2 dispersion prediction maps generated based on DOAS mobile observations (NO2 VCD) 
made by interpolation methods: a) IDW, b) KOP c) KUC (B1 Red et al 2016). 

In Figure 4.10 it is noted that in all prediction maps the major source of NO2 emissions 

in Galati is represented by the ArcelorMittal Steel Factory. Values emission made by local traffic 

have "flattened" values due to the DOAS observations mediation but also due to the effects of 

rasterization of the tropospheric layer interpolated by different methods. This flattening is 

displayed differently for each raster. In the southern part of Galati municipality, in all three 

prediction models, low values of the NO2 troposphere, values that are also observed in the VCD 

measured directly by the DOAS system. 



 UTILIZATION OF THE DIFFERENTIAL OPTICAL ABSORPTION SPECTROSCOPY IN QUANTIFICATION OF 
ATMOSPHERIC POLLUTION WITH NITROGEN DIOXIDE 

- 27 - 

 

The statistical analysis of the measured and predicted VCD of the three interpolation 

methods show that IDW is the most appropriate prediction model of the distribution of tropospheric 

NO2 columns of the analyzed area, followed by KUC and KUP model. The values recorded for 

correlation factors betwen predicted and measured values are presented in Table 4.4. 

 

Table 4.4: Correlation coefficients between mobile DOAS observations and dispersion prediction maps 

Metodă de interpolare Rădăcina pătratică (R
2
) Factor de corelare Pearson (ρ) 

DOAS vs IDW 0.717 0.847 

DOAS vs KOP 0.604 0.777 

DOAS vs KUC 0.699 0.836 

4.3.3 Conclusions 

In this study we presented a series of DOAS mobile observations made in same time 

interval in Galati between 2 and 4 February 2017. These determinations are complemented by 

comparison with NO2 concentrations values recorded by the local air quality monitoring stations 

and presented in relation to the wind direction. Using GPS coordinates and a geographic 

information system we optained maps of the spatial distribution of NO2 by interpolation of DOAS 

observations results. 

The GIS spatial representation according to the GPS coordinates of the values 

obtained for NO2 VCD from the mobile DOAS observations and those measured by the GL 

stations presents the ArcelorMittal Steel Factory as the main source of NO2 emissions in Galati. 

Other major sources are the mobile sources generated by road traffic on the main roads. By 

mediating the demined NO2 VCD values for the 2 - 4 February period, three local NO2 

dispersion prediction maps were optained based on two interpolation methods: IDW and 

Kridging. All maps have indicated that the main source of NO2 emissions in Galati is the steel 

factory. Only a few traffic sources have been identified within the city. The evolution of NO2 

emissions determined in this campaign shows that urban population activity has a significant 

impact on how air pollution is detected with NO2. This is evidenced by the effect of "end of the 

week" phenomenon. By statistical analysis of the results obtained from interpolation of DOAS 

observations, it has been established that the dispersion prediction map described by the IDW 

method is most appropriate in presenting NO2 emission prediction distributions. 

4.4 Determination of the tropospheric NO2 densities using DOAS tehnique on 

board of a vehicle in Eastern Europe 

4.4.1 Methodology 

In this section are presented results of ZSL - DOAS mobile measurements carried out 

in Eastern Europe using the ZSL - DOAS UGAL system. DOAS mobile observations were made 

between 2015 and 2016 in Romania, Bulgaria, Moldova and Greece. The total route of ZSL - 

DOAS determinations equals 1400 km and is shown in Figure 4.11 and Table 4.5. For the 

observations made in Eastern Europe was used a ZSL-DOAS system identical to that used for 

observations made in Galati. 

The recorded spectra were analised using version 3.2 of the QDOAS software 

(Danckaert et al., 2017). 
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Table 4.5: The detailing of the ZSL-DOAS UGAL mobile track 2015-2016 (L2 Constantin et al., 2017) 

Country Date DOAS observations tracks Mileage 

Bulgaria 19 May 2016 Graichar - Varna 100 km 

Grece 22 March 2016 Agia triada - Alexandropolis 330 km 

Romania 

24 June 2015 Craiova - Rovinari 90 km 

1 May 2016 Sebeș - Slobozia 470 km 

19 May 2016 Galați – Vama Veche 300 km 

Moldavia 5 September 2015 Sărata galbenă - Cricova 70 km 

 

  

Figure 4.11: The route of DOAS observations conducted onboard a motor vehicle in South East Europe 
(L2 Constantin et al., 2017) 

To extract the NO2 tropospheric content a complex algorithm was used that can be 

represented by the following relation: 

 

         
(           )

        
                (4.3) 

 

where VCDtropo - the NO2 tropospheric content extracted from the observations of the ZSL 

DOAS UGAL system, DSCD - the NO2 content resulting from spectral analysis of spectra 

recorded by the ZSL - DOAS UGAL system, SCDref - the reference spectrum whose NO2 

content is accurately determined by complementary observations ZSL - DOAS made at dawn 

and applying Langley-plot for different SZA intervals, AMFtropo - air mass factor resulting from 

sucessful simulations using UvSpecDisort RTM, VCDstrato - stratospheric content extracted from 

the observations of satelitte observation of OMI instrument. 

The algorithm for the estimation of the tropospheric NO2 column in the ZSL-DOAS 

observations is highly complex due to the multiple steps required to determine each of the 

parameters used. Each step of determining the parameters is susceptible to introducing an error 

budget in the final determination of the vertical tropospheric columns of NO2. 
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The uncertainty of determination of VCDtropo NO2 introduced by relation 4.4 is between 20-25%. 
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4.4.2 Comparison of ZSL - DOAS mobile observations with satellite observations 

of the sensor OMI in Eastern Europe 

Eroneous values due to field obstruction (FOV) of the ZSL- DOAS UGAL system were 

eliminated using spectral analysis results for RMS and O4. These spectral analysis results for 

DSCD O4 and RMS are used to filter the anomalies of DSCD NO2 spectra (very low or 

extremely high values). Since the diurnal variation of DSCD O4 and RMS density columns is 

very low, a verification of recorded NO2 values can be made by identifying spectral anomalies. 

Thus, the erroneous values of FOV obstruction densities of NO2 molecules can easily be filtered 

out. 

In Figure 4.12 we can observe the variations of NO2 extracted from the spectra recorded 

in June 2015 near the power plant in Craiova, Isalnita, Turceni and Rovinari. For the route 

performed on the territory of Romania, the highest value of the tropospheric VOC NO2 column of 1 

x 1017 molecules/cm2 was recorded by the ZSL - DOAS UGAL mobile system near the Plant from 

Turceni, which is 10 times higher than the average DOAS observations made on the same day 

and are comparable to highly polluted areas such as Beijing, China (Hendrick et al., 2014). 

 

Figure 4.12: The diurnal variation of DSCD and VCDtropo NO2 determined by ZSL - DOAS mobile 
observations in Jiu Valley, Romania on June 24, 2015 (L2 Constantin et al., 2017). 

In Romania the satellite observations of the OMI instrument recorded values of NO2 

VCDtropo between 2.65 - 3.01 x1015 molecules/cm2, the uncertinity being estimated between 0.95 

- 1.24 x1015 molecules/cm2 using DOMINO v2.0. 

Figure 4.13 shows the comparison in color codes between satellite observations and 

determinations with the ZSL - DOAS UGAL system performed on routes made in Romania, 

Bulgaria, Greece and Moldova intersecting important cities from Eastern Europe. The most 

interesting results were obtained by ZSL - DOAS observations performed on 1 May 2016 in the 

border zone of Bucharest on the DNCB / Şoseau Odăii National Road, where a maximum value of 

the vertical tropospheric column of 8(±1.05) x1015 molecules/cm2. Values and errors of NO2 VCD 

determination observed by the OMI satellite instrument on this day were extracted from pixels 

covering the entire area of Bucharest and show a value of 5.9 (± 2.87) x 1015 molecules / cm2. 
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Figure 4.13: Comparison of the NO2 VCD observed in Eastern Europe by the ZSL - DOAS mobile system 
compared to the observed by the OMI satellite sensor above the routes made in: a) Greece b) Moldova c) 

Bulgaria d) Romania (L2 Constantin et al., 2017) 

. 

Figure 4.13 illustrates the spatial distribution of the tropospheric density columns for 

NO2 extracted from the observations of the DOAS mobile system and those of the OMI satelitte 

sensor. The tropospheric NO2 content detected near the main cities encountered on the 

observation track by both the ZSL - DOAS UGAL system and the OMI instrument are shown in 

Table 4.6. 

Mobile DOAS observations recorded inside the spatial mapping pixels observed by the 

OMI satellite sensor were mediated according to the pixels corners coordinates. For major 

urban agglomerations, e.g. Bucharest and Thessaloniki there is a good concordance between 

the observations made by the OMI from space and the ZSL - DOAS observations from the 

ground. High NO2 VCDtropo values can be observed in near-urban areas indicating that urban 

agglomerations have a major impact on the tropospheric NO2 emission budget. 

The mean NO2 VCDtropo observations on the ground indicate that the OMI sensor 

underestimates NO2 from the tropospheric columns. A first explanation is given by the fact that 

the spatial resolution of the OMI satellite instrument is large (13x24 km2) compared to the 

mobile system (116 m2) so that a pixel of the satellite instrument represents a mean between 

the high values close to the source of NO2 and the smaller ones in its neighborhood 
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Table 4.6: NO2 content extracted from mobile ZSL-DOAS observations and observations of the 

OMI satellite instrument (L2 Constantin et al., 2017) (L2 Constantin et al., 2017) 

Town Date 

Averaged NO2 

VCDtropo  

(x10
15

 molec./ cm
2
) 

Time interval 

of ZSL - DOAS 

UGAL (UTC) 

OMI NO2 pixel value 

(x10
15

 molec./cm
2
) 

OMI 

Overpass 

(UTC) 

Arad (RO)* 01.05.2016 2.12(±0.42) 8.30-8.58 n/a n/a 

Braila (RO) 19.05.2016 12.6(±0.26) 7.60-8.05 1.62(±0.95) 11.61 

Bucuresti (RO) 01.05.2016 4.11(±0.61) 15.81-16.53 5.94(±2.87) 10.26 

Constanta (RO) 19.05.2016 6.02(±1.21) 10.28-10.41 1.21(±0.88) 11.61 

Craiova (RO) 24.06.2015 23.4(±4.4) 7.91-8.23 2.95(±0.95) 11.01 

Galati (RO) 19.05.2016 10.3(±2.74) 6.88-7.51 0.86(±0.75) 
 

Isalnita (RO) 24.06.2015 10.9(±3.45) 8.39-9.51 2.95(±0.95) 11.01 

Pitesti (RO) * 01.05.2016 2.09(±0.49) 14.8-14.97 n/a n/a 

Rovinari (RO) 24.06.2015 15.4(±3.56). 12.72-13.55 3.0(±1.24) 11.01 

Sebes (RO) * 01.05.2016 3.11(±0.77) 11.41-11.81 n/a n/a 

Sibiu (RO) * 01.05.2016 1.69(±0.34) 12.37-12.48 n/a n/a 

Turceni (RO) 24.06.2015 15.4(±2.77) 10.50-12.01 2.65(±0.95) 11.05 

Chisinau (MD) 05.09.2015 3.43(±0.68) 13.84-14.06 1.56(±0.64) 10.99 

Albena (BG) 19.05.2016 3.30(±0.59) 13.84-13.91 0.05(±0.95) 11.61 

Varna (BG) 19.05.2016 5.82(±0.47) 15.81-16.53 2.14(±1.58) 11.61 

Alexandroupoli (GR)* 22.03.2016 0.92(±0.24) 16.29-16.42 n/a 11.01 

Kavala (GR) * 22.03.2016 0.78(±0.13) 14.67-14.81 n/a 11.01 

Komotini (GR) * 22.03.2016 1.23(±0.19) 15.55-15.79 n/a 11.01 

Thessaloniki (GR) 22.03.2016 5.44(±0.84) 13.21-13.45 5.66(±1.56) 11.01 

4.4.3 Conclusions 

This subchapter presents an extensive study of the spatial and temporal distribution of 

the NO2 content of the troposphere observed with a DOAS system aboard a car in Eastern 

Europe. Determination of the tropospheric NO2 content requires complementary observations 

ZSL - DOAS stationary at sunrise and multiple simulations of AMF mass factor. The analysis 

was statistically determined the importance of these parameters used in the calculation of the 

tropospheric VCD NO2 determination errors. The statistical calculation demonstrated that the 

errors of determination are between 20 - 25% and are largely due to spectral analysis, which is 

determined by the QDOAS software. 

The NO2 content of the tropospheric columns was determined from ground 

observations using the ZSL - DOAS UGAL system and compared with the satellite observations 

of the OMI UV - Vis satellite instrument. It has been found a good correlation between the 

DOAS observations made from space and those performed on the ground especially for large 

urban agglomerations (Bucharest and Thessaloniki). We showed that for point sources, under 

atmospheric stability, the OMI satellite instrument sub-estimates the tropospheric amount of 

NO2 on the other hand for spatial extended sources (cities) the determined quantity is close to 

what was recorded from the ground (ZSL - DOAS observations) 

We can conclude that both ZSL - DOAS UGAL system and the OMI sensor are 

sensible tools for determining the NO2 tropospheric load in areas where anthropogenic sources 

(industrial platforms and large cities) are present.  

4.5 ZSL - DOAS observations made on board a vehicle for the determination of 

NO2 tropospheric VCD in Europe 

In this subchapter will be presented the results of the longest DOAS mobile observation 

tracks conducted in Europe for the determination of the tropospheric nitrogen dioxide (article in 
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preparation). The measurements took place between 13 September - 2 October 2016 in: 

Romania, Hungary, Austria, Germany, Netherlands, Belgium, Luxembourg, France, Spain, 

Portugal, Italy, Slovenia. These measurements were carried out during the DEDICAT campaign, 

being the result of main objective of the PN1 project. The total route covered approximately 

11,000 km, of which 5600 km are ZSL - DOAS observations. Details of the ZSL - DOAS routes 

and the period during which they were performed can be found in Table 4.7. All observations 

were made in clear sky or with a cloud coverage of 10 – 20%. 

 

Table 4.6: Routes traveled by ZSL - DOAS UGAL in Eastern Europe 

Country Date Track 

Measured 

distance 

(km) 

Hungary- Austria 13.09.2016 Zseged – Budapesta – Bratislava - Viena 580 

Germany - Netherlands 14.06.2016 Mainz - Koln - Ninjmegen – Utrech-Lopik 500 

Netherlands -Belgium-

Luxembourg 

25.09.2016 Utrech-Amsterdam – Antwerp – Bruxeles - Luxemburg 620 

France 26.09.2016 Dijon-Paris – Orleans - Limoges 680 

France- Spain 27.09.2016 Toulouse - Zaragoza 480 

Spain 28.09.2017 Madrid - Salamanca 500 

Spain -Portugal 29.09.2017 Vitoria - Gasteiz – Valadolid - Porto 650 

France 30.09.2018 Toulouse - Marseille - Monaco 580 

Italy-Slovenia 01.10.2016 Milano – Venice – Trieste - Zagreb 550 

Romania 02.10.2016 Arad - Sebeș – Deva - Pitești 470 

 

All the spectra were recorded with a ZSL - DOAS system similar to that used in 

observations made in Galati and Eastern Europe. During the measurement campaign, the ZSL-

DOAS UGAL system recorded a number of 18,000 spectra that were analyzed using the 

QDOAS software. 

The recorded spectra were analyzed using the QDOAS software resuts being 

expressed as DSCD NO2 and represented using a GIS sotware in Figure 4.16 in the form of 

ZSL - DOAS UGAL observations map. 

Figure 4.14 illustrates high values of NO2 DSCD recorded in areas near large urban 

agglomerations. The highest NO2 values in the apparent columns were recorded on the Paris 

ring on September 26, 2016, values ranging from 8.36 to 6.8 x 1016 molecules/cm2. The lowest 

values range from 3.5 to 0.13 x 1016 molecules/cm2 were recorded near the border between 

France and Luxembourg, at the border between Spain and France (mountain area), eastern 

Portugal, western Spain and western Romania. Low values of DSCD NO2 have been detected 

by the ZSL - DOAS UGAL system in mountain areas or areas near ocean where maritime 

breezes act (Iberian Peninsula, coasts of the Tyrrhenian and Adriatic seas). Urban areas were 

generally characterized by high NO2 DSCD values ranging from 4.93 to 8.36 x 1016 

molecules/cm2. 

The recorded values of DSCD NO2 for the entire ZSL - DOAS observation campaign 

were converted to VCDtropo using the algorithm utilized for observations made in Eastern 

Europe. 
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Figure 4.14: The DSCD distribution map NO2 observed by the ZSL - DOAS UGAL system during the 
DEDICAT campaign 

4.5.1 Comparison with observations of the OMI satellite instrument 

Results expressed as NO2 VCDtropo derived from ZSL - DOAS mobile observations 

were compared with determinations of the most advanced satellite instrument, OMI. Satellite 

determinations was downloaded from the OpenDap / NASA portal as georeferenced global 

raster (netcdf or .n4 files). The tropospheric amount of NO2 extracted from OMI observations 

was converted by recombining the pixels to a resolution of 25 x 25 km2. DOAS satellite 

observations in nadir geometry for a given geographic coordinate set are done once a day at 

about the same time. On the other hand, ZSL - DOAS UGAL system observations were made 

continuously. 

Figure 4.15 illustrates the diurnal variations in the density of NO2 molecules from the 

troposphere vertical columns extracted from the 10 days of ZSL - DOAS observations. High 

values of NO2 VCDs were recorded between 10:30 and 15:30 UTC when the mobile system 

was passing by fixed sources generally represented by large urban agglomerations. 

High NO2 DSCD and VCDtropo values, recorded at sunset (15-18 UTC) due to the 

integration of a larger number of NO2 molecules at the passing of solar radiation through all the 

layers of the atmosphere. During this timeframe, the trajectory of solar radiation increases with 

the sun's descent on the celestial vault (SZA). 

Between 12 and 13 UTC, overlapping of the NO2 values recorded by DSCD and VCD 

was identified. This demonstrates that the AMF factor used in the determination of NO2 VCD 

shows values close to real ones, where the ratio of the SCD to the vertical (VCD) at SZA 0 ° is 

equal to 1. 
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Figure 4.15: Variations of NO2 DSCD and VCDtropo extracted from ZSL - DOAS observations made in 
Europe for September 13 to 2 October.. 

High NO2 VCD values are found close to fixed sources or sources located within cities. 

Detection of high NO2 values by the ZSL - DOAS UGAL system near or at a considerable 

distance from cities is mainly due to wind dispersion. Also, these values may also be the results 

of the high road traffic on the routes where the ZSL - DOAS mobile determinations were made. 

The highest NO2 value of 6.23 (± 0.05) x 1016molec./cm2 was recorded on the 26th September 

at 13:06 UTC in the northeast area of Paris. Relatively high NO2 values were recorded on the 

route traveled in Western Europe on the Mainz - Utrecht section on September 14, averaging 

1.87 (± 0.04) x 1016 molec / cm2. It was noted that the average tropospheric NO2 VCD values 

observed in mountain areas (Toulouse - Zaragoza - 2.53 ± 0.04 x 1015molec./cm2 NO2) and in 

East of Europe (Arad - Pitesti route - 2.84 ± 0.02 x 1015molec./cm2 NO2) , shows values 6 times 

lower than those recorded in the West of Europe. 

To compare the amount of tropospheric NO2 recorded by the ZSL - DOAS UGAL 

system to those recorded by the OMI space sensor was selected only the pixels with their 

center located at a distance of 10-15 km from the DOAS mobile ground observation route. In 

order to reduce the differences between the NO2 tropospheric NO2 content recorded by the OMI 

sensor and the one detected by the ZSL - DOAS observations, we averaged the VCDtropo values 

from ZSL - DOAS observations for each satelitte pixel that was overlapping. The maximum, 

minimum and average values recorded by the OMI satellite instrument and the ZSL - DOAS 

system are shown in Table 4.8. 

The routes made on September 13 and September 14 do not overlap with the scans 

performed by the OMI satellite instrument. 
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Table 4.8: Comparison of the tropospheric NO2 content detected by the OMI satellite instrument and the 
ZSL - DOAS UGAL system during the DEDICAT campaign 

Instrument/VCD 
(x10

16
molec./cm

2
) 

NO2 VCDmin NO2 VCDmax NO2 VCDmean Date 
Compared 
distance 

(km) 

ZSL – DOAS UGAL Sistem 0.05 (±0.01) 3.7 (±0.52) 0.86 (±0.08) 26.09.2016 152 

Satelitte Instrument OMI 1.87 (±0.85) 3.5 (±1.28) 1.92 (±0.95) 26.09.2017 152 

ZSL – DOAS UGAL Sistem 2.31 (±0.29) 2.55 (±0.42) 2.48 (±0.47) 29.09.2017 57 

Satelitte Instrument OMI 2.55 (±1.03) 2.89 (±0.89) 2.62 (±1.08) 29.09.2018 57 

ZSL – DOAS UGAL Sistem 0.07 (±0.02) 4.82 (±0.78) 3.26 (±0.48) 28.09.2016 500 

Satelitte Instrument OMI 1.52 (±0.89) 4.27 (±1.52) 2.96 (±1.31) 28.09.2017 500 

ZSL – DOAS UGAL Sistem 0.02 (±0.008) 4.62 (±0.59) 3.68 (±0.18) 01.10.2016 550 

Satelitte Instrument OMI 0.93 (±0.44) 3.1 (±1.27) 2.57 (±1.30) 01.10.2016 550 

ZSL – DOAS UGAL Sistem 0.07 (±0.01) 4.82 (±0.75) 1.78 (±0.44) 25.09.2016 620 

Satelitte Instrument OMI 1.47 (±0.58) 3.14 (±1.14) 2.6 (±1.04) 25.09.2016 620 

ZSL – DOAS UGAL Sistem 0.08 (±0.02) 3.16 (±0.58) 0.92 (±0.35) 30.09.2016 210 

Satelitte Instrument OMI 1.57 (±0.88) 2.25 (±1.35) 1.36 (±0.55) 30.09.2016 210 

ZSL – DOAS UGAL Sistem 0.08 (±0.03) 3.98 (±0.42) 0.85 (±0.63) 27.09.2016 480 

Satelitte Instrument OMI 0.37 (±0.18) 1.57 (±0.87) 0.56 ( ±1.20) 27.09.2016 480 

ZSL – DOAS UGAL Sistem 0.01 (±0.008) 4.22 (±0.97) 1.37 (±0.47) 02.10.2016 470 

Satelitte Instrument OMI 1.06 (±0.68) 2.34 (±1.25) 1.18 (±0.85) 02.10.2016 470 

 

In the case of the ZSL - DOAS observations made on 26 September, Figure 4.16 

shows similarities with the OMI determinations. The DOAS UGAL system recorded a mean 

value of VCDtropo NO2 of 8.64(± 0.43)x1015 molecule/cm2, the mean value of the pixels recorded 

by the OMI instrument being 1.92(± 0.95)x1016 molecules/cm2. The comparison values only 

correspond to the temporal overlap of the observations of the 2 instruments performed around 

11 UTC. 

 

Figure 4.16: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 
sensor on September 26, 2016 

The NO2 VCDtropo values extracted from observations of the ZSL-DOAS system above 

Porto (29 September) (Figure 4.17) show an average of 2.48(± 0.47)x1016 molecules/cm2. The 

average nitrogen dioxide of 2.62(± 1.08)x1016 molecules/cm2 was determined from the pixels of 

the OMI instrument recorded along the track of the ground DOAS observations. High levels of 

nitrogen dioxide pollution have been recorded by the ZSL - DOAS system near major urban 
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agglomerations such as Porto and Valladolid. The overlay of satellite and ground observations 

are recorded only in region near the city of Porto. 

 

Figure 4.17: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 
sensor on September 29, 2016 

 

Figure 4.18: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the 

OMI sensor on September 25 and 27, 2016. 
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The tropospheric NO2 content detected by the UGAL mobile system on September 25 

(Figure 4.18 left) is not similar to the OMI instrument in the first portion of the route. These 

observations were made around 9 UTC. The time at which satellite observations were made in 

this region coincides with the 11-12 UTC interval. The average VCDtropo NO2 recorded by the 

OMI compared to those recorded by the DOAS measurements shows similar values. On this 

route, the average VCDtropo NO2 value detected by OMI instrument pixels is 2.6(±1.04)x1016 

molecules/cm2. The tropospheric nitrogen content detected by the ZSL - DOAS system shows 

an average value of 1.78 (±0.18)x1016 molecules / cm2. The large VCDtropo NO2 values recorded 

by both DOAS systems are found in the area southwest of Amsterdam. 

Low VCDtropo NO2 values were detected on the route on September 27 (Figure 4.18 

right). The average of ZSL-DOAS observations being equal to 8.53(± 0.63) x1015 molecules / 

cm2 of NO2. The values determined from the OMI sensor pixels for the same route show an 

average of 5.59(±1.20)x1015 molecules/cm2. Low values were recorded by both DOAS systems 

near a mountain natural reservation located on the border between France and Spain. In the 

case of ZSL - DOAS observations, high values can be observed near the city of Toulouse and 

sporadically along the route, being caused by local small - scale sources (agglomerations of 

road traffic). 

 

Figure 4.19: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 
sensor on September 30, 2016 

Figure 4.19 shows high values of VCDtropo NO2 for both DOAS systems near Toulouse, 

100 km from it and near Avignon. The average wind direction during this period was 

predominant in the Southwest. Note that space observations record a displacement of high NO2 

plume to this direction, NO2 pollution being recorded by the UGAL DOAS system in the same 

area. The mean NO2 VCDtropo detected by the OMI sensor on the Toulouse - Monaco route is 

1.36(±0.55)x1016 molecules/cm2. Observations of ZSL - DOAS overlaps with OMI satellite 

instrument oservations are estimated at an average value of 0.92(±0.35)x1016 molecules/cm2 

NO2. 

For the route made on September 28 (Figure 4.20) on the territory of Spain, the ZSL - 

DOAS UGAL system recorded an average value of tropospheric nitrogen dioxide of 3.26(±0.39) 

x1016 molecules/cm2. High values ranging from 4.82 to 3.60x1016 molecules/cm2 were recorded 

betwen 11 - 13 UTC at the border of Madrid city. Inside the metropolis was found a good 
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correlation betwen the observations of the OMI instrument with the DOAS mobile system. The 

average amount of NO2 extracted from the spatial observations pixels on the route to Spain is 

2.96 (± 1.31)x1016 molecules/cm2. 

 

Figure 4.20: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 
sensor on September 28, 2016 

 

Figure 4.21: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 

sensor on October 1, 2016 

The measurements made on October 1 (Figure 4.21) aimed at assessing the 

tropospheric content in the PO valey in Italy, a region recognized for high concentrations of NO2 

(Boersma et al., 2011). This route includes a series of ZSL - DOAS observations on the Milano - 

Trieste section where there was found a good correlation with observations of the OMI satellite 

instrument in the 11 - 13 UTC timeframe. In the PO Valley region, the DOAS mobile system 

recorded high amounts of NO2 average value being approximated to 3.68(±0.37)x1016 
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molecules/cm2. For the same route, the mean NO2 loading of the troposphere derived from the 

OMI sensor pixels showed a value of 2.57(±1.3)x1016 molecules/cm2. 

 

Figure 4.22: Comparisons between VCDtropo NO2 observed by the ZSL-DOAS system and the OMI 

sensor on October 2, 2016 

The average tropospheric NO2 recorded by the OMI satellite instrument for the route 

performed on October 2 (Figure 4.22) is 1.18(±0.85)x1016 molecules/cm2. This tropospheric 

amount of NO2 was determined for the 11-13 UTC time interval. The ZSL-DOAS observations 

performed in the same time interval detected an average of 1.37(±0.47)x1016 molecule/cm2. 

Differences between mobile DOAS observations and spatial determinations can be observed 

between Deva and Sebeş. The high values recorded by the ZSL - DOAS UGAL system 

between 4.22 - 2.54 x1016 molecules/cm2 on this section are probably caused by the industrial 

objectives belonging to Sebes Municipality. Due to the wind these emissions were dispersed on 

a small area along the A1 road. And thus the OMI satellite instrument did not detect similar 

values to those detected by the DOAS mobile system. 

4.5.2 Conclusions 

This subchapter presents the longest time series observations made in Europe using a 

DOAS system in zenith geometry, mounted on board a motor vehicle. Mobile DOAS 

determinations represent the DEDICAT campaign main objective and were conducted between 

September 13 and October 2 with a ZSL-DOAS system with the same characteristics as those 

used for observations in Eastern Europe.  

The DSCD NO2 distribution map for all routes shows high values of the total NO2 

apparent columns near major cities, poluttion with NO2 being more intense in Western Europe 

than in the East. Low NO2 values from Europe  were recorded in mountain areas or on routes 

near which there was no  major surface NO2 pollution sources (cities or industrial platforms). 

By comparing the NO2 VCDtropo of the two instruments, good correlations were 

observed for observations made near cities of size comparable to those of an OMI pixel. The 

degree of correlation between the values observed by the ZSL - DOAS UGAL system and the 

OMI sensor differs according to the time at which the determinations are made. Similar levels of 

NO2 pollution was detected by both DOAS systems near cities: Porto, Madrid, Milan, Venice, 
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Toulouse, Amsterdam, The Hague, etc. Low NO2 VCDtropo were recorded on September 27 in a 

rezervation from the Pyrenees and on October 2 in west of Romania. 

Through the comparisons made it can be concluded that the OMI instrument is 

suestimating the tropospheric NO2 content in the areas above the urban agglomerations. OMI 

satellite instrument has the advantage of studying NO2 variations in the troposphere at regional 

level (due to spatial resolution of 13x24 km), while ZSL - DOAS determinations are specialized 

in the analysis of narrower areas (of a hundred square meters). 

The research results obtained from the measurements made by sattelite instrument 

OMI and ZSL-DOAS UAGAL system in Europe showed that the observations performed by both 

instruments are complementary into understanding the complexity of spatial-temporal variation 

of NO2 in the troposphere. 

4.6 DOAS international measurement campaigns 

4.6.1 AROMAT - 2 measurement campaign  

Campania de măsurători AROMAT (The Airborne ROmanian Measurements of 

Aerosols and Trace gases) (http://uv-vis.aeronomie.be/aromat/) s-a desfăsurat în doua etape. 

Prima etapă a avut loc în Septembrie 2014 (AROMAT-1), iar cea de-a doua etapă în luna 

August 2015 (AROMAT-2). Campanile AROMAT au fost finanțate de ESA( Agenția Spațială 

Europeană). La această campanie de măsurători au participat 9 echipe de cercetare din 5 țări: 

Romănia - UGAL, INOE, INCAS; Germania – U. Bremen, U. Berlin, MPIC; Belgia – BIRA; 

Olanda – KNMI; Norvegia – NILU. 

AROMAT Measurement Campaign (http://uv-vis.aeronomie.be/aromat/) was conducted 

in two stages. The first stage took place in September 2014 (AROMAT-1) and the second stage 

in August 2015 (AROMAT-2). The AROMAT Campaigns were funded by ESA (European Space 

Agency). At the campaign 9 research teams from 5 countries participated: Romania - UGAL, 

INOE, INCAS; Germany - U. Bremen, U. Berlin, MPIC; Belgium - BIRA; Netherlands - KNMI; 

Norway - NILU. 

DOAS measurements were conducted during the AROMAT-2 campaign in the summer 

of 2015 in Bucharest, Craiova, Turceni and Rovinari. These locations were chosen due to the 

high level of NO2 pollution, which can be observed through satellite determinations (Constantin 

et al., 2016). 

 

Figure 4.23: DOAS mobile systems used in the AROMAT-2 campaign 
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The three mobile systems was used for the determination of tropospheric NO2 the 

systems are presented in Figure 4.23. A comparation on observations of each system was 

performed based on the color code using a GIS software. 

The primary objective of this campaign was to study the amount of pollutants in the 

troposphere through DOAS airborne instruments dedicated to validating satellite observations. 

In this section we present the comparison of DOAS mobile observations made on 28 

(Turceni - Rovinari) and 31 August (Bucharest) respectively by the DOAS UGAL, BIRA, MPIC 

mobile systems. 

Figure 4.24 compares the 

NO2 VCD results extracted from the 

observations of the UGAL and MPIC 

systems carried out in the first stage 

of the AROMAT - 2 campaign on 

28.08.2016. The determinations 

were performed in a clear sky during 

6:45 - 10:30 UTC. It can be 

observed that both systems 

recorded high values (between 5.08-

6.47x1016 molecules/cm2) in the 

areas near the power plants at 

Turceni and Rovinari. Inaccuracies 

between the two DOAS systems 

arise due to the integration time 

used by the MPIC system (5 min) 

and 10 to 30 seconds used by the 

ZSL - DOAS UGAL system. 

On the same day, 

observations of NO2 VCD was 

performed with DOAS instruments 

mounted on a plane SWING - BIRA 

(Merlaud et al., 2014) and on a 

motodeltaplan ULM DOAS - UGAL 

(Merlaud et al., Constantin et al., 

2017). Technical details on these 

DOAS systems can be consulted at 

http://uv-vis.aeronomie.be/aromat/ or 

in the final report AROMAT 2 

(Constantin et al., 2016). By 

comparing the DOAS observations 

on the ground with those from the air 

(Figure 4.25) and the wind direction 

(Northwest), we can observe similar 

NO2 pollution values in the region 

near power plants located in the Jiu 

Valley. Values are detected within the same time range. The SWING instrument (BIRA) 

detected in Turceni a maximum NO2 VCD of 6.5x1016 molecules /cm2. The values of the ULM 

DOAS instrument have detected a similar maximum NO2 VCD of 4.5x1016 molecules/cm2. 

Figure 4.24: The comparison between VCDtropo NO2 obtained 
by the MAX - DOAS MPIC system (bottom image) and the ZSL 
- DOAS UGAL system (top image) on 28.08.2015 09:00 10:00 

UTC 
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Figure 4.25: Airborne observations of the NO2 made from ULM UGAL systems (right image) and SWING 
(left image) of 28.08.2015 09: 00-10: 00 UTC (adapted from Constantin et al., 2016) 

 

Figure 4.26: Comparison of NO2 VCD extracted from observations of ZSL - DOAS UGAL and OMI 

systems on 27.08.2015 Craiova - Rovinari (adapted from Constantin et al., 2016) 

In Figure 4.26 we can see the comparison in color codes between the satellite 

observations and the ZSL - DOAS UGAL system in the Jiu Valley region of 27 August 2015. It 

can be noticed that the values recorded by the satellite instrument are described by the dilution 

effect given by the extended resolution of detection of the OMI instrument. By comparing the 

average observations of the total NO2 column recorded by the OMI satellite instrument on 27 

August 2016, we can say that DOAS ground determinations have values comparable to those 

recorded from space. 

The three mobile DOAS systems were operational for determining the tropospheric 

NO2 content in Bucharest on 31 August 2016. Figure 4.27 illustrates the routes of the three 

DOAS mobile systems (left) together with the VCDtropo NO2 values detected (right) for the 08:00 

to 14:00 UTC. High values of NO2 pollution were recorded by the three DOAS systems in the 

center of Bucharest and on the belt road in the West and North - West directions. 
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Figura 4.27: Comparison between VCDtropo NO2 detected by the MAX - DOAS MPIC system and the ZSL - DOAS 

UGAL and BIRA systems on 31.08.2015 in the 09:00: 14:00 UTC (left). Route of the three DOAS systems (right). 

 

Figure 4.28 : Observations of the NO2 VCD’s from DOAS systems:: SWING (right  image), AirMAp (left image) 

on 28.08.2015 UTC 12:30 - 13:45 UTC (adapted from Constantin et al., 2016)). 

Vertical NO2 column values detected by DOAS airborne instruments show similarities 

between 12:30 and 13:45 that are shown in Figure 4.28. Maximum values were recorded in the 

central part of Bucharest, the SWING instrument recording a maximum of 2.3x1016 

molecules/cm2 and the AirMap recording a maximum value of NO2 VCDtropo of 2.8x1016 

molecules/cm2. 

As a result of the AROMAT-1 and 2-zone campaigns near Bucharest, Rovinari and 

Turceni became world-interest areas for studying NO2 due to specific conditions. The conditions 

refer to the fact that values of the NO2 tropospheric densities in the order of 1x1017 

molecules/cm2 (in Turceni and Rovinari) and 1x1016 molecules/cm2 (Bucharest) are recorded in 

these areas. 

4.6.2 CINDI 2 measurement campaign 

The CINDI-2 Measurement Campaign (Cabauw Intercomparison of Nitrogen Dioxide 

Measuring Instruments 2) was organized at the KNMI in Cabauw / CESAR in September 2016. 

The campaign was dedicated to the determination of NO2 in the troposphere by: making DOAS 

observations prior to the validation campaign the new TROPOMI instrument mounted on board 

the Sentinel 5P satellite (launched in October 2017), using MAX - DOAS observations to 

determine the suite of capabilities required for the tools to be used within the European MAX - 
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DOAS FRM4DOAS (Fiducial Reference Measurements for Ground - Based DOAS Air-Quality). 

In addition to MAX - DOAS observations, ZSL - DOAS mobile observations were made. 

 

Table 4.9: Characteristics of DOAS mobile systems (adaptation after Apituley et al. 2018, Merlaud et al., 2018)  

Team Platform Observation geometry Spectral resolution (nm) Internal temperature (° C) 

BIRA vehicle zenit and 30° 200 - 750 Ambientală 

BIRA bycicle zenit 280 - 550 Ambientală 

BOKU vehicle zenit 300 - 550 Ambientală 

UGAL vehiclel zenit 280 - 550 Ambientală 

MPIC mini-van 1D scans 299 - 454 -5° 

 

At this campaign 22 teams of researchers from around the world participated. In this 

section only teams that have conducted DOAS mobile observations around the KNMI research 

center in Cabauw will be mentioned wich are shown in Figure 4.29 and Table 4.9. 

We performed observations with ZSL-DOAS UGAL system during this measurement 

campaign between September 14-25, 2016. The tracks of each DOAS mobile system for the 

determination of VCDtropo NO2 are shown in Figure 4.29. 

 

 

 

Figure 4.29: The DOAS mobile systems used to make observations during the CINDI-2 campaign. Routes 

performed by each DOAS mobile system (adaptation after Apituley et al. 2018, Merlaud et al., 2018) 
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DOAS mobile observations were made daily, but ideal weather conditions were 

recorded between September 13 - 15, 2016. Figure 4.30. shows the variations of the 

tropospheric vertical columns of nitrogen dioxide observed by the 5 mobile systems betwen 9 - 

14 UTC. High levels can be seen between 1.2 - 1.5x1016 molecules/cm2 recorded in the 

Southwest near Roterdam. Similar values have been recorded by all DOAS mobile systems in 

the adjacent area of south-east of Roterdam. According to meteorological data from the KNMI 

Institute, the average wind direction recorded during this period was North East. Comparison 

with weather data indicates that the high NO2 values recorded by the DOAS systems are 

anthropic, most likely coming from the Roterdam area. 

 

 
Figure 4.30 : The NO2 VCD variation recorded by the DOAS mobile systems during 13 - 15 September 

(adaptation after Apituley et al., 2018, Merlaud et al., 2018) 

4.6.3 Conclusions 

In this chapter we have presented studies of DOAS observations made from the 

ground, air and from space. These observations aimed at determining the densities of NO2 

molecules in the lower layers of the atmosphere, especially in the troposphere. Pollution studies 

using DOAS mobile systems on the ground and in the air were primarily aiming at testing these 

instruments for their use into validation of satellite observations. We underline that a first step in 

validating the DOAS determinations made from space is identifying similarities betwen the 

values recorded by airborne and ground DOAS systems. 

The results of these researches have demonstrated that by using complementary or 

synergistic ground, airborne and spatial DOAS observations, it is possible to quantify, identify 

and understand mechanisms that produce variations in NO2 content at continental, regional and 

even local level(small towns, locations). 

During the AROMAT 2 campaign we participated with ZSL - DOAS mobile 

observations in the cities of Bucharest, Craiova, Rovinari and Turceni in August 2016. 

In the CINDI - 2 campaign conducted in Cabauw (the Netherlands), we made NO2 

observations from the ZSLDOAS UGAL system along with other DOAS mobile systems on 

routes including urban agglomerations such as Rotedam and Utrecht (Apituley et al., 2018). 
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CHAPTER 5  

Development and use of an innovative MAX - DOAS „UGAL 

2D – DOAS” system in NO2 detection 

5.1 Characteristics of the UGAL 2D - DOAS instrument 

The UGAL 2D - DOAS instrument was developed by me in 2017 at the Faculty of 

Science and Environment at the "Dunarea de Jos" University in Galati. This instrument is the 

first prototype of MAX – DOAS system developed in Romania. The development of a MAX - 

DOAS system in Galati started by studying similar systems used during CINDI - 2 campaign 

(Cabauw, The Netherlands). The construction of the UGAL 2D - DOAS instrument makes 

possible the determination of NO2 at different elevation angles or at different positions 

depending on the cardinal points (horizontal scan). 

The composition of the UGAL 2D - DOAS system is shown in Figure 5.1. It consists of 

a tripod, the body (in which the electronic components are located) and the mobile arm. The 

movement of the UGAL 2D - DOAS instrument telescope to different angles was accomplished 

by programming automatic positioning cycles in the Arduino IDE programming language 

(Integrated development environment). These logic schemes are implemented into the Arduino 

UNO board wich sends a signal to the driver board. The driver board translates the binary signal 

so that the steper motor is actuated following a certain angle value. 

The optical assembly and spectral acquisition instrument (spectrophotometer) used is 

identical to the one used in the mobile ZSL - DOAS aplications made in Galati and in Europe for 

determination of tropospheric NO2. 

Several logic schemes were performed for experiments with this instrument, each 

specific to the scanning mode used. 

  

Figure 5.1: The components of the UGAL 2D - DOAS system (left). Schematic of the electronic 

component of the UGAL 2D - DOAS instrument (right). 
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5.2 Experimental methodology used for NO2 detection 

Experiments were performed on 10.04.2017 and 21.06 .2017 using the MAX-DOAS 

technique for determining the amount of NO2 from the top of the building of the Faculty of 

Science and Environment (45 ° 26'59 "N 28 ° 03'00" E presented in Figure 5.2). All experiments 

were performed in conditions of maximum visibility (10 km) and clear sky. 

 

Figure 5.2: Location of experiments made using UGAL 2D - DOAS system (download from 
www.google.com/maps) 

 

Figure 5.3: Scaninng modes of UGAL 2D – DOAS instrument 

For the first observations, Arduino IDE scripts were developed to perform vertical 

scanning called Elevation Angle Mode (EAM) and horizontal scans at 360 ° Azimut Angle 

Mode(AAM). Characteristics of scan modes are shown in Figure 5.3 and Table 5.1. 

Spectral analysis was performed for all spectra recorded from the complete sequence 

of the two scan modes using QDOAS software. The results are expressed in differential slant 

density columns of nitrogen dioxide (NO2 DSCD). These apparent columns provide information 

on NO2 distribution both horizontally and vertically. The uncertainties of the determination of 

NO2 DSCD are deduced from the spectral analysis performed with the QDOAS software 

between 25 - 30% with a mean value of ± 0.78x1015 molecules/cm2. 

 

Table 5.1: Scanning modes of UGAL 2D - DOAS  

Scanning 

mode 
Date Time 

Integration 

time (ms) 

Uncertainty 

NO2 DSCD 

Step 

time 

Time of a 

complete scan 

AAM_DSCD1 10/04/17 11:28-11:36 50 4- 21 % 12 s ≈ 8min 

AAM_DSCD2 10/04/17 11:56-12:04 50 5 - 21 % 12 s ≈ 8min 

EAM_DSCD1 10/04/17 12:21-12:25 30 6- 25.5 % 12 s ≈ 4min 

EAM_DSCD2 10/04/17 12:40-12:44 30 10 - 28 % 12 s ≈ 4min 

http://www.google.com/maps
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5.3 Experimental results and discussions 

On 10 April 2017, the first experiments were performed in the two scan modes using 

the UGAL 2D - DOAS system 

Figure 5.5 shows the NO2 DSCD variations observed by the UGAL 2D - DOAS 

instrument performing EAM scans. The 0 degree position is equivalent to the parallel to the 

horizontal and 90 ° to the parallel to the zenith. Between 0 - 90 ° observation angles for both 

scan directions, an exponential decrease in NO2 content is observed. This is mainly due to the 

longer radiation path recorded at elevation angles close to the horizontal positions. These 

observations made in the vertical plane represent relative NO2 profiles. 

 

 

Figura 5.2: Result of the first EAM experiment represents the NO2 DSCD for each elevation angles 

ranging from 0 ° (N) -180 ° (S) - performed on April 10, 2017, at 12:21 - 12:44 (local time). 

 
Figura 5.3: Apparent  NO2 DSCD profiles observed in EAM mode with the UGAL 2D - DOAS instrument 

on June 21, 2017, time range 06:00 - 09:00 (local time). 

On July 21, 2017, MAX - DOAS observations of the apparent NO2 profiles were made 

between 06:00 and 09:00 in the direction of the main cardinal points (N - S, E - V) shown in 

Figure 5.6. Variations in hourly mean of apparent NO2 profiles can be observed. Within this 

timeframe, the radiation path is longer and the MAX - DOAS observations are susceptible to 

detecting the NO2 variation in the stratosphere. 
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Figura 5.4: Results of DSCD NO2 from AAM scans performed on April 10, 2017 betwen 10:20 - 10:38. 

The results of the black box experiment (image from left). Result of NO2 DSCD recorded betwen12:21 - 

12:44 in windy conditions (image from right). 

The scanning sequence of the instrument was validated by inserting a black box in the 

northern part of the instrument's field of view. This experiment included two 360 ° scans 

performed from 10:20 am to 10:38 pm in stable atmosphere (no wind). The first AAM scan was 

performed with blocking the visual field of the instrument, the second without the black box. 

Figure 5.7 (left image) shows the NO2 DSCD values recorded during the "black box" 

experiment. The results of the experiment showed a decrease in the NO2 detection signal in the 

direction of the North where the box was placed. The second scan was performed immediately 

after removing the box the instrument detected a uniform dispersion of the recorded NO2 

content. The highest value being recorded in the direction North 4.31 (± 0.51)x1015 

molecules/cm2. On the same day, another set of two AAM scans was performed, this time under 

relatively strong wind towards Southwest. The results of spectral analysis of both scans have 

showed an increase in NO2 DSCD values in the Southwest direction. The maximum value was 

4.97 (± 0.46)x1016 molecules/cm2. High values was recorded in the South West direction posible 

caused by displacement and concentration of NO2 emissions from different sources: road traffic, 

burning of fossil fuels, etc. Another possible cause is the detection of emissions from other 

major sources such as the Arcelor Mittal Steel Factory, located in the same direction. 

5.4 Comparison betwen MAX - DOAS observations and ZSL - DOAS mobile 

observations 

On 21.06.2017 a comparative experiment was performed using observations of the 2D 

- UGALDOAS system in AAM mode and the observations of the ZSL - DOAS UGAL mobile 

system. 

Both DOAS systems have identified high values in the South East of the city. The 

maximum value of DSCD NO2 observed by the MAX - DOAS system 3.82(±0.25)x1016 

molecules/cm2 was recorded in the time interval 13:01 - 13:05 (Figure 5.11 d). The maximum 

value of 3.68(± 0.32)x1016 molecules/cm2 was recorded by the ZSL-DOAS mobile system in the 

same time interval near the Prut oil factory (Figure 5.8 red circle). High values recorded by the 

MAX - DOAS instrument can also be caused by the NO2 emissions of the intense road traffic , 

emissions that were also detected by the ZSL - DOAS system near the intersection of two main 

roads in Galati. Similar values of both systems were detected in the same region in all time 

intervals where AAM scans were performed with the MAX - DOAS system. High values were 

recorded sporadically by the two systems in North-West (Figure 5.8, orange circle and Figure 

5.11, a and b) and Southwest (Figure 5.8, blue circle and Figure 5.11, g and h). These 
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quantities of NO2 DSCD are probably produced by agglomerations of road traffic or other fixed 

sources resulting from population activity. 

 

`Figure 5.5: NO2 DSCD variations observed by the ZSL - DOAS UGAL mobile system on 21 June 2017 

By observing similar values of DSCD NO2 recorded by the two DOAS systems in the 

same direction we can assume that AAM scans performed using the UGAL 2D - DOAS 

instrument have been validated. Taking into account that the MAX - DOAS instrument was 

positioned at about 30 m altitude and the DOAS system made ground observations in zenith 

geometry, we can assume that a two - dimensional scan of NO2 pollution has been performed. 

The UGAL 2D - DOAS proven to be able to detect the direction in which high NO2 pollution 

values are present. The isntrument detected the pollution emited from the oil factory Prutul that 

can be seen in Figure 5.10. 

 

 

Figure 5.6: Picture of NO2 pollution (red circle) emitted by the Prutul Oil Factory at 13:06 on 21.06.2017. 
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Figura 5.7: Variations for NO2 DSCD observed in AAM mode using the UGAL 2D - DOAS system on 

June 21, 2017 in the time intervals: a) 12:22 - 12:26 b) 12:26 - 12:30 c) 12:56 - 13 : 30 d) 13:01 - 13:05 e) 

13:08 - 13:12 f) 13:12 - 13:16 g) 13:23 - 13:27 h) 13:34 - 13:38. 

5.5 Conclusions 

In this chapter are presented for the first time the experiments performed in Galati 

Municipality on 10 April and 21 June 2016 of the first MAX - DOAS instrument developed in 
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Romania. The instrument is my personal contribution to the development of new instruments 

and methods for detecting atmospheric pollution. The development of the instrument is based 

on the knowledge gained in the ESA-funded CINDI-2 international campaign based on 

determing atmospheric pollution with NO2 using ZSL-DOAS, MAX-DOAS and other instruments. 

Experiments conducted in Galati focused on detecting NO2 content using a UGAL 2D - 

DOAS instrument prototype. This instrument is capable of detecting spatial variation of NO2 

through horizontal scans in AAM mode and relative NO2 DSCD profiles through EAM scanning 

mode. To perform evaluation of pollution using atmosphere scans a number of scanning 

algorithms and sequences were developed using component capabilities (Nema 17 "stepper 

motor, Arduino UNO board, L295N driver card) and coding scripts made in the programming 

language Arduino IDE. 

The azimuth angle scanning module (AAM) was validated by the "black box" 

experiment in which the field of view of the instrument was obstructed in the North direction. 

Through the observations of the MAX - DOAS instrument, the effects of atmospheric conditions 

on the distribution of NO2 pollution were detected on the same day. Observations made in the 

EAM mode provide information on the vertical distribution of NO2 pollution. 

Experiments on June 21 were conducted simultaneously with ZSL - DOAS mobile 

observations. The instrument scaning sequences was validated by detecting similar values of 

NO2 by the two DOAS systems, the instrument's ability to detect areas in Galati Municipality 

where relatively large amounts of nitrogen dioxide were recorded. The experiments carried out 

have demonstrated the capabilities of detecting NO2 variations produced by industrial sources 

(the ArcelorMittal steel plant and Prutul oil factory) and sporadic sources (road traffic). These 

variations of NO2 DSCD were detected using both scanning modes implemented with the UGAL 

2D - DOAS system.  

By combining synergistically the two methods of DOAS technique, is possible to realize 

accurate mapping of atmospheric pollution with NO2. The results of these experiments support 

the idea that using this new atmospheric scaninng instrument, important information is obtained 

about the dispersion of NO2 pollution in the vertical and horizontal plane. Depending on the 

height at which AAM scanning is performed, it is possible to estimate the height at which the 

pollutant gas studied has the highest density. Such application can be implemented to find out 

the concentration of the pollutant gas for different heights. This can be achieved by coupling 

with an RTM to ensure the calculation of the light path length which is recorded by the 

instrument's telescope. This method also requires the instrument to be mounted on a mobile 

UAV platform or a vertically movable balloon. The main disadvantage of this technique is the 

need for a barrier-free visual field. 
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CHAPTER 6  

Personal contributions and research directions 

The studies and experiments performed in this thesis focused on the quantification of the 

NO2 content in the lower layers of the atmosphere by means of differential optical absorption 

spectrometry technique. For the DOAS applications performed was used observations made from 

ground, air and from space. DOAS method is a actual tehnique of determining the amount of NO2 in 

vertical columns of the troposphere by means of remote sensing using solar radiation. The analysis 

method allows the determination of spatial and temporal variations of NO2 via mobile platforms. The 

systems used are in continuous development. 

The complementary or synergistic determinations carried out using DOAS mobile 

instruments from the ground, in the air and from space, present the spatial and temporal distribution of 

NO2 recorded locally (in Galati Municipality), regional (observation in Eastern Europe) and continental 

(observations made in Europe). 

The main results and future research directions of the studies conducted in this thesis are 

presented below: 

 

1. Studies have been carried out to assess the atmospheric pollution at European level in 

Chapter 3. The objective of the research carried out is to determine the current situation of 

air pollution through the information provided by EU-validated databases. These studies 

have been carried out for the preparation of NO2 determination campaigns using the 

DOAS technique in Europe. (L1 Roşu et al., 2016, B5, Roşu, A. et al., 2016) 

 

Future research directions will include comparing the national annual NO2 concentration with 

tropospheric NO2 values extracted from observations made by DOAS satellite instruments across 

Europe for the same period or for a longer period. 

 

2. A series of studies have been carried out to determine the tropospheric content of NO2 in 

Romania and Europe using DOAS observations from the ground, air and space onboard 

mobile platforms. These studies are concentrated in Chapter 4 of this thesys. Within this 

chapter, there are a number of research directions that include intercomparations and the 

determination of similarities between DOAS satellite observations and ground 

observations. So: 

 

a) The role of NO2 in O3 formation in industrial areas was evaluated using 

complementary DOAS observations in space and soil determinations (B2, Red, A. et 

al., 2016); 

 

Future studies will include the study of the variation and evolution of O3 formation in NO2 at 

the level of the troposphere through DOAS satellite observations. This study will focus on studying 

cities whose annual NO2 emissions are detected by current satellite instruments (GOME-2, OMI, 

TROPOMI). 

 

b) The similarity between NO2 content extracted from DOAS observations and ground-

based NO2 concentrations for 5 major European cities (B3 Roşu et al., 2016) was 
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evaluated identifying OMI instrument as most acurate satellite instrument in 

detecting NO2 pollution level above big cities;  

 

Future research directions will include comparing the national NO2 content and major 

European cities observed by advanced satellite instruments (OMI, TROPOMI) to those recorded by 

European air quality monitoring networks to date. 

 

c) The tropospheric NO2 content was quantified from the DOAS mobile observations 

performed locally using a simplified algorithm for the extraction of the tropospheric 

density columns. The first prediction maps of the NO2 distribution were made by 

using DOAS mobile observations (B1 Roşu et al., 2016); 

 

Future research will include conducting studies using mobile DOAS observations over a 

longer period of time. The dimension of the ideal determination grid will be determined to simulate city 

prediction maps. The results will show dispersion maps in which simulated or measured profiles of 

NO2 and vectors of tropospheric transport (wind direction and wind speed) will be implemented. 

 

d) The longest DOAS mobile observation tracks for determination of NO2 VCDtropo were 

performed for the first time across the entire Europe. The algorithm for quantification 

of verticality column and errors was presented. Methods for determination with 

precision of SCDref and AMF, parameters used for the extraction of tropospheric NO2 

content have been developed and applied. Comparisons were made between the 

satellite observations of the OMI instrument with the ZSL - DOAS UGAL conducted at 

the regional level (Eastern Europe - L2. Constantin et al., 2017) and the premiere 

throughout Europe (work under development); 

 

Subsequent research using the DOAS technique on a vehicle includes: applying an off axis 

algorithm or dual channel technique (at 30 ° and zenith) for instantaneous determination of 

tropospheric columns, making comparisons with observations of the new satellite sensor TROPOMI 

(luched in October 2017); developing a automation for ZSL - DOAS UGAL system in order to obtain 

real-time evaluation of tropospheric NO2 columns. 

 

3. The first MAX - DOAS (UGAL 2D - DOAS) system in Romania has been developed. The 

first synergic observations were made between a MAX-DOAS system and a ZSL-DOAS 

system at the local level. Through these experiments, the scanning modes of the UGAL 

2D - DOAS instrument were validated, identifying the major NO2 pollution sources in the 

city of Galati (local industry and road traffic). 

 

The research directions will continue with the development of the UGAL 2D - DOAS 

instrument and bringing it to a level where it will ensure participation in the MAX - DOAS observation 

campaigns such as CINDI - 2. Subsequent developments will include system miniaturization and 

mountings on vertically mobile airborne platforms UAVs (optocopter) for the determination of NO2 

profiles for different altitudes. Another direction will be to use the BePro model to extract real 

tropospheric NO2 profiles from UGAL 2D - DOAS system scans performed in EAM mode. 
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