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Abstract: In this study, we present the assessment of air pollution for the period 2007 – 2017 for the first 
five most polluting countries from each continent according to World Health Organization (WHO) and 
NUMBEO databases. Spatial variation of NO2 in each studied region is analyzed. Concurrent 
measurements of the NO2 pollution come from long-term satellite observations using the spaceborne 
instrument Ozone Monitoring Instrument (OMI). The satellite OMI instrument performs daily global 
measurements of NO2 using nadir Differential Optical Absorption Spectroscopy (DOAS) observations at a 
spatial resolution of 13x24 km2. Nitrogen dioxide data was extracted from OMI observations using 
Geospatial Interactive Online Visualization and ANalysis Infrastructure (GIOVANNI v4.24). The space 
observations represent the 30% cloud screened tropospheric vertical column densities of NO2 integrated 
over a surface of a binned pixel of 25x25 km2. 
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1. INTRODUCTION 
 
During the last thirty years, a large interest has 

been manifested to study atmospheric composition 
using the latest technologies. These may be used to 
create a global picture of air pollution especially in 
areas where the population, accompanied by 
industrial development, is steadily rising (Richter et 
al., 2005; van der A et al., 2006). The overall picture 
of air pollution can be obtained either by using remote 
sensing or in-situ observations by static or mobile 
observations (Noxon, 1975; Ma et al., 2013; 
Constantin et al., 2013; Constantin et al., 2017). The 
first experiment using remote sensing for detection of 
atmospheric trace gases was conducted in 1926 by 
Gordon Dobson and Douglas Harrison (Dobson & 
Harrison, 1926), where a spectrometer was used to 
study the total column density of ozone in the layers 
of the atmosphere. This technique is nowadays called 

DOAS (Differential Optical Absorption 
Spectroscopy) and it uses the signal gathered from the 
sunlight to measure the absorptions of numerous trace 
gases. The technique is based on the spectral footprint 
of different absorbers (Platt & Stutz, 2008). Nitrogen 
dioxide is one of the main trace gases detected by 
DOAS (Noxon, 1975). 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 & Padis, 
2016). It is naturally formed due to the electrical 
discharge from the atmosphere (Beirle et al., 2004), 
the activities of solar energetic particles and 
volcanoes. At the same time, this nitrogen compound 
is emitted mainly through combustion processes. 

The first UV-Vis DOAS space observations of 
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atmospheric composition were performed by GOME-
1 (Global Ozone Monitoring Experiment) instrument 
mounted on board of the ERS-2 satellite launched in 
1995. The observations of this satellite instrument 
showed areas with a high level of NO2 pollution 
(Leue et al., 2001; Martin et al., 2002). Also, studies 
involving this space instrument investigated long-
distance transport episodes of NO2 pollution from the 
natural biomass burnings (Spichtinger et al., 2001). 

Ozone Monitoring Instrument (OMI) is 
mounted on the Aura satellite and is one of the most 
advanced DOAS instrument used to determine NO2 
and other trace gases densities, from space (Boersma 
et al., 2004; Krotkov et al., 2016). This space 
instrument has a temporal resolution of one day and a 
spatial resolution of 13x24 km2. 

The study aims to compare the NO2 pollution 
over several countries in different zones of the globe 
as it is perceived by humans and as it results from 
space observations. 

 
2. STUDY AREA 
 
The research presented in this work is focused 

on the evolution of NO2 over five important countries 
from each continent. The selection of the countries 
was based on one hand on the NO2 tropospheric 
densities observed by OMI satellite instrument and on 
the other hand on the perception of the population 
about the level of air pollution, quantified by a air 
pollution index based on the statistical data presented 
on the NUMBEO website 
(https://www.numbeo.com/pollution/, accessed on 
20.04.2018). The selected countries for our studies 
are presented in Figure 1 and Table 1. 

 

 
Figure 1. The countries selected for this study 

 
3. METHODOLOGY 
 
The first part of this study was to identify the 

main polluting country using the NUMBEO database. 
This database uses surveys from visitors of this 

website and World Health Organization (WHO) data 
to compare the real air pollution level with user 
opinion and to complete the database where users 
didn't have an opinion on air pollution level for 
certain areas (cities, regions, countries). 

The NUMBEO air pollution index is given on 
a scale of [0, 100]. Studies including NUMBEO air 
pollution index showed that there is a link between 
development, road transport, air pollution perceived 
and climatic conditions for countries like Papua New 
Guinea (Borowski, 2017), Vietnam (Hoang et al., 
2017) or Portugal (Begashvili, 2016). Other studies 
use this air pollution index to assess the quality of life 
or other environmental problems in cities like 
Teheran (Dehghani et al., 2017), Timisoara (Stancu et 
al., 2016) and other cities (Kaklauskas et al., 2018).  

To generate an air pollution index, data up to 36 
months old are used. The index is given for cities for 
which the air pollution is perceived by the visitors 
(residents or tourists) as high or low and it also includes 
the study areas (countries). The air pollution index of the 
envisaged countries is presented in Table 1. Air 
pollution index from NUMBEO is based mainly on 
human perception, the main air pollutant being the 
particulate matter. The gaseous pollution is rarely 
perceived since most gases, at atmospheric 
concentrations do not impact on human senses (smell, 
color, size).  

Studies showed that the presence of high 
particulate matter concentrations (PM2.5, PM10) is 
linked to a high amount of gaseous pollutants (NO2) 
as the main pollution sources are represented by 
industrial activity, road traffic or burnings of fossil 
fuels (Beckerman et al., 2008; Eeftens et al., 2012). 

The amount of tropospheric NO2 molecule 
densities is determined from measurements of the 
space-borne instrument OMI. The space sensor OMI 
is an UV/Vis spectrometer which is used to record the 
spectrum of solar light backscattered by the lower 
layers of the atmosphere. The recorded spectra are 
analyzed in the 405–465 nm spectral window and, 
with the help of TM4 model (Boersma et al., 2007), 
the tropospheric column densities are extracted from 
each spatial determination. The global results are 
available on NASA’s OPeNDAP portal on two grid 
data formats L2 and L3. The L2 data is composed on 
a grid of 13x24 km2 for each atmospheric product 
(trace gases), L3 data is composed on a uniform grid 
of 25x25 km2 obtained through the spatial 
recombination of the L2 data products (pixels) and 
screened for bad data points. In our study, we used L3 
data. Tropospheric vertical column densities (VCD) 
for NO2 extracted from OMI observations after 
correction for spurious across-track variability show 
an uncertainty for each pixel of approximately 
0.7×1015 molec./cm2 (Boersma et al., 2007). 

https://www.numbeo.com/pollution/
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Table 1.The averaged last three years air pollution perceived and measured level for all study regions  
 

Country Population 
(millions) Region 

NUMBEO 
air pollution 

index 

Mean VCDtropo NO2 
last three years 

(x1015 molec./cm2) 
Angola 31 Africa 92.5 1.06 
Congo 5 Africa 91.67 1.05 
Egypt 99 Africa 77.74 0.87 

South Africa 57 Africa 68.97 1.00 
Mozambique 31 Africa 62.18 1.05 

China 1415 Asia 84.84 2.10 
Russia 144 Asia 76.07 0.94 
India 1354 Asia 68.75 1.71 
Iran 82 Asia 68.19 1.41 

Saudi Arabia 34 Asia 60.9 0.99 
Italy 59 Europa 84.35 1.95 

France 65 Europa 54.42 1.78 
United Kingdom 67 Europa 53.75 2.28 

Netherlands 17 Europa 50 5.35 
Belgium 11 Europa 45.65 4.70 

Cuba 11 North America 62.5 0.84 
Mexico 131 North America 48.85 0.88 

Guatemala 17 North America 24.34 0.83 
USA 327 North America 22.03 1.25 

Canada 37 North America 19.81 0.85 
Papua New Guinea 8 Oceania 79.64 0.13 

New Zealand 5 Oceania 47.5 0.41 
Australia 25 Oceania 18.35 0.50 

Chile 18 South America 72.3 0.43 
Ecuador 17 South America 55.75 0.34 

Peru 33 South America 50 0.28 
Brazil 211 South America 48.65 0.54 

Argentina 45 South America 44.55 0.59 
 

Using an online tool called using Geospatial 
Interactive Online Visualization and ANalysis 
Infrastructure GIOVANNI developed by NASA 
(Acker & Leptoukh, 2007) the data extraction for the 
entire envisaged period and regions in a grid of 25x25 
km2/pixel was performed. GIOVANNI is an online 
tool which can be used for the display and analysis of 
geophysical parameters in which the provenance can 
easily be accessed 
(https://giovanni.gsfc.nasa.gov/giovanni/, accessed on 
20.04.2018). The global average NO2 pollution level, 
for the period 2007 – 2017, is shown in Figure 2. 

 
4. RESULTS 
 
The result of surface averaged NO2 global 

emissions observed by the space instrument OMI are 
presented in Figure 2 as a map resulted from using a 
GIS (Geographic Information System). High 
tropospheric vertical column densities of NO2 (2.89 – 
2.15 x 1016 molec./cm2) are identified in regions like 
North-Est of China, Japan, North Est of India, Est of 
South Africa, East and South of Europe (Po Valey), 

South - West, and Est of the United States of America, 
central Mexico. High values of NO2 pollutions are 
caused by urban activities, biomass burnings, or 
industry. Localized high NO2 values can be observed 
in zones like Rusia (Moscow), Iran (Teheran), Saudi 
Arabia (Riad, Bahrain, Qatar), Arab Emirates (Dubai), 
Ukraine (Luhansk), Uzbekistan (Tashkent), China 
(Ürümqi), Egypt (Cairo), Spain (Madrid), Brazil (Rio 
de Janeiro), Argentina (Buenos Aires), Chile (Santiago 
de Chile), Australia (Sidney, Melbourne). 

Low NO2 VCDtropo can be observed in North and 
central Africa, North West part of South America, 
North and South regions of North America, Oceania, 
Siberia and above seas and oceans. We can also 
observe from Figure 2 that for areas where snow is 
present in all seasons (e.g. Antarctic and Greenland) 
there is no data available due to high albedo. 

The NO2 pollution level was compared with the 
perception of people on air quality in these countries. 
Comparison between measured air pollution with 
NO2 and perceived air quality was performed for the 
period 2014 – 2017 and is expressed as normalized 
recorded values (N) to maximum for each continent.  
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Figure 2. The global map of spatial and time-averaged NO2 VCDtropo observed by OMI satellite instrument at a 

resolution of 25x25 km2 for the period 2007 – 2017 
 
4.1. South America 
 
Chile, Ecuador, Brazil, Peru, and Argentina 

were selected as the most polluted countries in South 
America, as perceived by NUMBEO. Figure 3 shows 
a decrease of NO2 pollution detected by OMI in the 
period 2007 – 2017 for the selected countries. Highest 
averaged NO2 VCDtropo was detected in Argentina 
(6.82×1014 molec./cm2) and Brazil (6.12×1014 
molec./cm2). For Chile, Peru, and Ecuador the annual 
averaged NO2 VCDtropo did not exceed 5.1 ×1014 
molec./cm2. 

 
 Figure 3. Evolution of annual average NO2 VCDtropo for 
2007 – 2017 in the selected countries in South America 

 
Figure 4 presents a comparison between 

normalized measured NO2 pollution with the 
population opinion on air quality for the most NO2 
polluted countries from South America. For Chile, 
Ecuador and Peru we observed that the perceived air 

quality is high, which is correlated with the measured 
NO2 pollution from space. The normalized values of 
the studied parameters are comparable and underline 
the idea that NO2 pollution has an important role in 
how air quality is perceived. For Brazil and Argentina 
high values of NO2 have a lower impact on people 
opinion possibly due to localized NO2 pollution hot 
spots or due to the dispersion of NO2 pollution on 
extended surfaces (large countries), the average value 
being low. 

 
Figure 4. Comparison between normalized NO2 

pollution (OMI) level and normalized human perception 
(NUMBEO) for South America. 

 
4.2. North America 
 
Figure 5 presents the NO2 VCDtropo measured 

by OMI above North America. From this figure an 
increase for Mexico, Canada, Guatemala, Cuba and a 
decrease for the USA can be observed. Annual high 
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values of NO2VCDtropo for the USA between 1.5 – 
1.25 ×1015 molec./cm2 was observed in the period 
2007 – 2017. Compared to USA Mexico, Canada, 
Guatemala, Cuba NO2 pollution level show values 
lower than 0.91 ×1015 molec./cm2

. 

 
Figure 5. Evolution of annual country average NO2 

VCDtropo for 2007 – 2017 in North America 
 
Comparison of population perception on air 

quality by NO2 measured from space presented in 
Figure 6 shows that air pollution is perceived high in 
Cuba and Mexico being sustained by the values 
determined from space in the last three years. For 
Guatemala, Canada, and the USA the air quality is 
lower. This is in contrast with OMI measurements for 
NO2. A possible explanation that high values of NO2 
are localized in small areas and so affecting just a 
small portion of the population from that country. 

 
Figure 6. Comparison between normalized NO2 pollution 

(OMI) level and normalized human perception 
(NUMBEO) for North America 

 
4.3. Africa 
 
Figure 7 shows the tropospheric NO2 VCD for 

several countries from Africa including South Africa, 
Congo, Angola, Congo, Mozambique, and Egypt. 
The results obtained for the African countries show a 
decreasing trend for NO2 observed from space for 
South Africa, Congo, Angola and an increase for 
Mozambique and Egypt. Averaged annual NO2 

column tropospheric densities show highest values 
for South Africa between 1.19 - 1.35 ×1015 
molec./cm2. In countries like Congo, Angola, 
Mozambique and Egypt OMI measured lower values 
between 0.74 - 1.14 1015 molec./cm2

. 

Analyzing Figure 7 and Figure 8 we observed 
that the perceived air pollution level and measured 
NO2 pollution from space show a similar ranking for 
the African countries. Also, we can observe that there 
are findings which underline the idea that NO2 is a 
major pollutant that affects the human perception on 
air quality level.  

 

 
Figure 7. Evolution of annual country average NO2 

VCDtropo for 2007 – 2017 for several African countries 
 

 
Figure 8. Comparison between normalized NO2 pollution 

(OMI) level and normalized human perception 
(NUMBEO) for Africa 

 

 
Figure 9. Evolution of annual country average NO2 

VCDtropo for 2007 – 2017 for several European countries 
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4.4. Europe 
 
Figure 9 shows the NO2 pollution observed by 

OMI above Europe’s for the five most polluted 
countries. All countries present a decreasing trend in 
NO2. Highest values were observed above the 
Netherlands ranging between 5-6.5 ×1015 molec./cm2 

followed by Belgium with values between 6 - 4.5 
×1015 molec./cm2. For United Kindom (UK), Italy 
and France, the tropospheric NO2 detected by the 
space sensor for the period 2007 – 2017 don’t exceed 
3×1015 molec./cm2, lowest values being recorded 
above France.  

 

 
Figure 10. Comparison between normalized NO2 

pollution (OMI) level and normalized human perception 
(NUMBEO) for Europe. 

 
Figure 10 shows that for Italy, France, and the 

UK the population perceives the highest level of 
pollution despite the lower NO2 values measured by 
OMI. The results show that NO2 pollution level 
doesn’t have a major impact on the population 
opinion. This can be possibly because the bad air 
quality perceived is caused by the pollution with other 
pollutants or because of the NO2 pollution is done 
across the entire surface of the country. The cases of 
Netherlands and Belgium show an opposite case. 
Here the NO2 pollution is higher and the air pollution 
perceived is above medium average. This can sustain 
the idea that NO2 has an important impact on how 
pollution is felt and that for the perceived air quality 
level an impact is caused by another pollutant as well. 

 
4.5. Asia 

 
Figure 11 present the NO2 observed from space 

for the first five most polluted countries in Asia. The 
NO2 VCDtropo measured above China shows a 
decreasing trend and the highest values recorded in 
Asia. Figure 12 shows that China is the most polluted 
country in Asia. Also, the perception of the 
population about pollution is proportional to the level 
of pollution. Due to the averaging effect or pixel 
effect, the entire surface of the country shows 2.9 

×1015 molec./cm2. For India, Iran, Saudi Arabia, and 
Russia an increase in NO2 VCDtropo can be noticed. 
The values recorded by OMI don’t exceed 1.63 ×1015 
molec./cm2. The measured values above Asia, as we 
expected, are lower than Europe because of the 
averaging of NO2 VCDtropo over the surface of each 
country. 

 
Figure 11. Evolution of annual country average NO2 

VCDtropo for 2007 – 2017 in South America 
 

 
Figure 12. Comparisons of normalized NO2 pollution 

(OMI) level and normalized human perception 
(NUMBEO) for South America 

 
Figure 12 shows that, for the selected Asian 

countries, there is a good agreement between the 
perceived level of air pollution and measured NO2 
VCDtropo from space. An exception is Russia, where 
the averaged NO2 VCDtropo on the entire surface of the 
country shows a lower value. Due to localized high 
population densities the air pollution is perceived 
high. Figure 2 shows that NO2 VCDtropo averaged for 
2007 – 2017 show high values above urban 
agglomeration located in the South (Moscow) and 
West of Russia (Sankt Petersburg). 

 
4.6. Oceania 
 

In this study, we included also Oceania. Figure 13 
introduces the level of NO2 pollution observed from 
space for Australia, New Zeeland, and Papua New 
Guinea. The OMI satellite instrument measured a 
decreasing tropospheric NO2 above Australia and an 
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increasing one above Papua New Guinea and New 
Zeeland. The highest annual average values were 
determined above Australia, ranging from 0.56 – 0.5 
×1015 molec./cm2, followed by New Zeeland with 
values between 0.35 – 0.43 ×1015 molec./cm2 and 
Papua New Guinea, with lowest values between 0.11 
- 0.16 ×1015 molec./cm2. 

 

 
Figure 13. Evolution of annual country average NO2 
VCDtropo for 2007 – 2017 over several countries from 

Oceania 
 

 
Figure 14. Comparisons of normalized NO2 pollution 

(OMI) level with normalized human perception 
(NUMBEO) for Oceania 

 
New Zeeland presents the best ratio between 

measured NO2 pollution and perceived air pollution 
from Oceania (Figure 14). For Australia OMI 
recorded highest NO2 pollution compared to 
population perception on air pollution. There is a high 
discrepancy that can be explained by the averaged 
NO2 pollution on the entire surface of the country. For 
Papua New Guinea air pollution is high but a small 
portion is caused by NO2 pollution from this country, 
the cause being probably other types of air pollutants. 

 
5. CONCLUSIONS 
 
The NO2 emissions detected by OMI are 

mainly caused by anthropogenic activities which 
includes urban and industrial ones. The highest 
pollution level is observed over Europe, followed by 
Asia (China, India, Iran), North America (USA), 
Africa (South Africa, Egypt). The lowest values are 

associated to regions like Oceania and South 
America.  

Results of this study show that the index of 
NO2 pollution, which is an important indicator for 
urban and industrial development, for several cases 
(e.g. China, Ecuador, and Brazil) is close and very 
close to the index of population opinion about air 
pollution.  

The air pollution usually is focused around 
urban and industrial areas. The population which 
lives in or around these zones can perceive the air 
pollution in a different way compared to the persons 
who live in rural or remote areas. Countries like 
China, New Zeeland, India, and Iran are characterized 
by large metropolises, with a high level of pollution, 
where the peoples feel the effects and are able to 
report these issues. 

The obtained results underline the idea that 
space-borne measurements are a necessity for 
checking the time and space evolution of pollution 
levels for zones that are known as hot spots. 
Comparing global satellite observations to the 
perceived air pollution by human population we 
demonstrate the possibility to assess air quality from 
the human perspective.  
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