
������������� �
��������������������������������

����������������������

����������������������

����
�����������������
��	������������	������
���������������
��	����������������
������	���������������
�������
�
���������������������������������
�����������������

���������������
�����������������������������������•�����
��•�����������
�	��•�����
�������	•�����	�����������������������
��������
��	�	�
����
����•������������
���•����������

����������������•�����
�������������������������•
�����������������������������������	�����
���������
����������������������
������������������������������•��	��•�������������������
����������������������������������������������•�����������
�����������������
�����������

������������� �����������������������������������	���������•
�������������������
����������
�������
��������������������	����������­������������������������������	��

���������������������������


����
	��
�����������	

������������������������������������������������



AIR POLLUTION – 
MONITORING,  

MODELLING AND HEALTH 
 

Edited by Mukesh Khare 
�1

�1  



AIR POLLUTION – 
MONITORING,  

MODELLING AND HEALTH 
 

Edited by Mukesh Khare 
�1

�1  



Air Pollution - Monitoring, Modelling and Health
http://dx.doi.org/10.5772/1801
Edited by Mukesh Khare

Contributors

Pierre Madl, M Maatoug, Khaled Taïbi, Akermi Amar, Achir Mohamed, Mestari Mohamed, Daniela Buske, Marco 
�7���O�O�L�R���9�L�O�K�H�Q�D�����7�L�]�L�D�Q�R���7�L�U�D�E�D�V�V�L�����%�D�U�G�R���%�R�G�P�D�Q�Q�����6�H�O�D�K�D�W�W�L�Q���,�Q�F�H�F�L�N�����8�O�D�����•�P�����6�H�U�J�L�R���$�O�Y�D�U�D�G�R�����&�O�D�X�G�L�R���6�L�O�Y�D���=������
�'�D�Q�W�H���'�����&�È�F�H�U�H�V�����0�R�K�G���=�D�P�U�L���,�E�U�D�K�L�P�����0�D�U�]�X�N�L���,�V�P�D�L�O�����.�L�P���+�Z�D�Q�J���<�R�Q�J�����%�D�Q�J���4�X�R�F���+�R�����<�X�Q�J�O�L�Q�J���/�H�H�����)�O�R�U�H�Q�W�L�Q�D��
�9�L�O�O�D�Q�X�H�Y�D�����-�R�V�Ü���$�O�E�D�O�D�G�H�M�R�����%�H�D�W�U�L�]���&�D�E�D�þ�D�V�����3�L�O�D�U���0�D�U�W�ì�Q�����$�O�E�H�U�W�R���1�R�W�D�U�L�R�����<�D�U�D���'�H���6�R�X�]�D���7�D�G�D�Q�R�����$�G�P�L�O�V�R�Q���)�U�D�Q�F�R����
�&�È�V�V�L�D���8�J�D�\�D�����0�D�W�M�D�-���Å�L�W�Q�L�N�����1�H�E�R�M���D���7�R�S�L�Ó�����.�\�U�L�D�F�R�V���7�K�H�P�L�V�W�R�F�O�H�R�X�V�����'�L�R�I�D�Q�W�R�V���*�����+�D�G�M�L�P�L�W�V�L�V�����$�U�J�\�U�R���1�L�V�D�Q�W�]�L����
�.�\�U�L�D�N�L���.�L�W�L�N�L�G�R�X�����/�D�]�D�U�R�V���,�O�L�D�G�L�V�����0�L�Q�J���+�X�L���=�R�X�����'�H�E�R�U�D���5�R�E�H�U�W�L�����+�D�U�R�O�G�R���)�U�D�J�D���'�H���&�D�P�S�R�V���9�H�O�K�R�����(�G�X�D�U�G�R���'�D���/�X�]����
�)�D�E�L�D�Q�D���3�D�H�V�����2�N�V�D�Q�D���7�D�U�D�V�R�Y�D�����1�L�N�R�O�D�L���(�O�D�Q�V�N�\�����2�O�J�D���/�D�Y�U�R�Y�D�����$�Q�G�U�H�\���6�N�R�U�R�N�K�R�G�����5�R�P�D�Q���6�K�X�P�V�N�\�����,�J�R�U���%�H�O�L�N�R�Y�����&�D�U�O��
�%�U�H�Q�Q�L�Q�N�P�H�L�M�H�U�����-�H�V�X�V���$�����$�U�D�X�M�R�����$�N�H�H�P���2�����/�D�Z�D�O

© The Editor(s) and the Author(s) 2012
�7�K�H���P�R�U�D�O���U�L�J�K�W�V���R�I���W�K�H���D�Q�G���W�K�H���D�X�W�K�R�U���V�����K�D�Y�H���E�H�H�Q���D�V�V�H�U�W�H�G��
�$�O�O���U�L�J�K�W�V���W�R���W�K�H���E�R�R�N���D�V���D���Z�K�R�O�H���D�U�H���U�H�V�H�U�Y�H�G���E�\���,�1�7�(�&�+�����7�K�H���E�R�R�N���D�V���D���Z�K�R�O�H�����F�R�P�S�L�O�D�W�L�R�Q�����F�D�Q�Q�R�W���E�H���U�H�S�U�R�G�X�F�H�G����
�G�L�V�W�U�L�E�X�W�H�G���R�U���X�V�H�G���I�R�U���F�R�P�P�H�U�F�L�D�O���R�U���Q�R�Q���F�R�P�P�H�U�F�L�D�O���S�X�U�S�R�V�H�V���Z�L�W�K�R�X�W���,�1�7�(�&�+�V�V���Z�U�L�W�W�H�Q���S�H�U�P�L�V�V�L�R�Q���� 
�(�Q�T�X�L�U�L�H�V���F�R�Q�F�H�U�Q�L�Q�J���W�K�H���X�V�H���R�I���W�K�H���E�R�R�N���V�K�R�X�O�G���E�H���G�L�U�H�F�W�H�G���W�R���,�1�7�(�&�+���U�L�J�K�W�V���D�Q�G���S�H�U�P�L�V�V�L�R�Q�V���G�H�S�D�U�W�P�H�Q�W��
���S�H�U�P�L�V�V�L�R�Q�V�#�L�Q�W�H�F�K�R�S�H�Q���F�R�P����
�9�L�R�O�D�W�L�R�Q�V���D�U�H���O�L�D�E�O�H���W�R���S�U�R�V�H�F�X�W�L�R�Q���X�Q�G�H�U���W�K�H���J�R�Y�H�U�Q�L�Q�J���&�R�S�\�U�L�J�K�W���/�D�Z��

�,�Q�G�L�Y�L�G�X�D�O���F�K�D�S�W�H�U�V���R�I���W�K�L�V���S�X�E�O�L�F�D�W�L�R�Q���D�U�H���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H���&�R�P�P�R�Q�V���$�W�W�U�L�E�X�W�L�R�Q����������
�8�Q�S�R�U�W�H�G���/�L�F�H�Q�V�H���Z�K�L�F�K���S�H�U�P�L�W�V���F�R�P�P�H�U�F�L�D�O���X�V�H�����G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O���F�K�D�S�W�H�U�V�����S�U�R�Y�L�G�H�G��
�W�K�H���R�U�L�J�L�Q�D�O���D�X�W�K�R�U���V�����D�Q�G���V�R�X�U�F�H���S�X�E�O�L�F�D�W�L�R�Q���D�U�H���D�S�S�U�R�S�U�L�D�W�H�O�\���D�F�N�Q�R�Z�O�H�G�J�H�G�����,�I���V�R���L�Q�G�L�F�D�W�H�G�����F�H�U�W�D�L�Q���L�P�D�J�H�V���P�D�\���Q�R�W��
�E�H���L�Q�F�O�X�G�H�G���X�Q�G�H�U���W�K�H���&�U�H�D�W�L�Y�H���&�R�P�P�R�Q�V���O�L�F�H�Q�V�H�����,�Q���V�X�F�K���F�D�V�H�V���X�V�H�U�V���Z�L�O�O���Q�H�H�G���W�R���R�E�W�D�L�Q���S�H�U�P�L�V�V�L�R�Q���I�U�R�P���W�K�H���O�L�F�H�Q�V�H��
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
�I�R�X�Q�G�D�W���K�W�W�S�������Z�Z�Z���L�Q�W�H�F�K�R�S�H�Q���F�R�P���F�R�S�\�U�L�J�K�W���S�R�O�L�F�\���K�W�P�O��

Notice

�6�W�D�W�H�P�H�Q�W�V���D�Q�G���R�S�L�Q�L�R�Q�V���H�[�S�U�H�V�V�H�G���L�Q���W�K�H���F�K�D�S�W�H�U�V���D�U�H���W�K�H�V�H���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O���F�R�Q�W�U�L�E�X�W�R�U�V���D�Q�G���Q�R�W���Q�H�F�H�V�V�D�U�L�O�\���W�K�R�V�H��
�R�I���W�K�H���H�G�L�W�R�U�V���R�U���S�X�E�O�L�V�K�H�U�����1�R���U�H�V�S�R�Q�V�L�E�L�O�L�W�\���L�V���D�F�F�H�S�W�H�G���I�R�U���W�K�H���D�F�F�X�U�D�F�\���R�I���L�Q�I�R�U�P�D�W�L�R�Q���F�R�Q�W�D�L�Q�H�G���L�Q���W�K�H���S�X�E�O�L�V�K�H�G��
�F�K�D�S�W�H�U�V�����7�K�H���S�X�E�O�L�V�K�H�U���D�V�V�X�P�H�V���Q�R���U�H�V�S�R�Q�V�L�E�L�O�L�W�\���I�R�U���D�Q�\���G�D�P�D�J�H���R�U���L�Q�M�X�U�\���W�R���S�H�U�V�R�Q�V���R�U���S�U�R�S�H�U�W�\���D�U�L�V�L�Q�J���R�X�W���R�I���W�K�H��
�X�V�H���R�I���D�Q�\���P�D�W�H�U�L�D�O�V�����L�Q�V�W�U�X�F�W�L�R�Q�V�����P�H�W�K�R�G�V���R�U���L�G�H�D�V���F�R�Q�W�D�L�Q�H�G���L�Q���W�K�H���E�R�R�N��

�)�L�U�V�W���S�X�E�O�L�V�K�H�G���L�Q���&�U�R�D�W�L�D���������������E�\���,�1�7�(�&�+���G���R���R��
�H�%�R�R�N�����3�'�)�����3�X�E�O�L�V�K�H�G���E�\�����,�1���7�(�&�+���G���R���R��
�3�O�D�F�H���D�Q�G���\�H�D�U���R�I���S�X�E�O�L�F�D�W�L�R�Q���R�I���H�%�R�R�N�����3�'�)�������5�L�M�H�N�D��������������
�,�Q�W�H�F�K�2�S�H�Q���L�V���W�K�H���J�O�R�E�D�O���L�P�S�U�L�Q�W���R�I���,�1���7�(�&�+���G���R���R��
�3�U�L�Q�W�H�G���L�Q���&�U�R�D�W�L�D

�/�H�J�D�O���G�H�S�R�V�L�W�����&�U�R�D�W�L�D�����1�D�W�L�R�Q�D�O���D�Q�G���8�Q�L�Y�H�U�V�L�W�\���/�L�E�U�D�U�\���L�Q���=�D�J�U�H�E

�$�G�G�L�W�L�R�Q�D�O���K�D�U�G���D�Q�G���3�'�)���F�R�S�L�H�V���F�D�Q���E�H���R�E�W�D�L�Q�H�G���I�U�R�P���R�U�G�H�U�V�#�L�Q�W�H�F�K�R�S�H�Q���F�R�P

�$�L�U���3�R�O�O�X�W�L�R�Q�������0�R�Q�L�W�R�U�L�Q�J�����0�R�G�H�O�O�L�Q�J���D�Q�G���+�H�D�O�W�K
Edited by Mukesh Khare

p. cm.

�,�6�%�1������������������������������������

�H�%�R�R�N�����3�'�)�����,�6�%�1������������������������������������



Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

4,100+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Professor Mukesh Khare is the Fellow of Institution of 
Engineers India and Fellow of Wessex Institute of Great 
Britain. He is a Chartered Engineer and was born in 
Varanasi, India. He obtained his Ph.D. degree in Faculty 
of Engineering from Newcastle University, UK and has 
managed a range of environmental projects through-
out his professional career. With a specialization in air 

quality modelling, Prof. Khare’s experience has covered research and 
development studies, teaching, consulting, modelling, editorial activities. 
In addition, Prof. Khare has authored more than 150 research publications 
primarily for peer reviewed journals and conference proceedings. He has 
two sons and lives and work in Indian Institute of Technology Delhi, India.



�1
�1
�1

 
 

 
 
Contents 
�1

Preface IX 

Chapter 1 Urban Air Pollution 1 
Bang Quoc Ho 

Chapter 2 Analytical Model for Air Pollution  
in the Atmospheric Boundary Layer 39 
Daniela Buske, Marco Tullio Vilhena, Bardo Bodmann  
and Tiziano Tirabassi 

Chapter 3 Monitoring Studies of Urban Air Quality  
in Central-Southern Spain Using Different Techniques 59 
Florentina Villanueva, José Albaladejo, Beatriz Cabañas,  
Pilar Martín and Alberto Notario 

Chapter 4 Air Pollution in Mega Cities: A Case Study of Istanbul 77 
Selahattin Incecik and Ula� Im 

Chapter 5 Air Pollution Monitoring Using Earth Observation & GIS 117 
Diofantos G. Hadjimitsis, Kyriacos Themistocleous  
and Argyro Nisantzi 

Chapter 6 Critical Episodes of PM10 Particulate Matter Pollution  
in Santiago of Chile, an Approximation Using Two  
Prediction Methods: MARS Mode ls and Gamma Models 141 
Sergio A. Alvarado O., Claudio Z. Silva and Dante L. Cáceres 

Chapter 7 Mapping the Spatial Dis tribution of Criteria  
Air Pollutants in Peninsular Malaysia  
Using Geographical Info rmation System (GIS) 153 
Mohd Zamri Ibrahim, Marzuki Ismail and Yong Kim Hwang 

Chapter 8 Train-Based Platform for Observations  
of the Atmosphere Composition (TROICA Project) 175 
N.F. Elansky, I.B. Belikov, O.V. Lavrova, A.I. Skorokhod,  
R.A. Shumsky, C.A.M. Brenninkmeijer and O.A. Tarasova 









1 

Urban Air Pollution 

Bang Quoc Ho 
Institute of Environment and Resources, 

Vietnam National University in HCM City 
Vietnam 

1. Introduction 

Over the last 60 years, the urban population has increased at an incredible pace. According 
to the statistical documents of the United Nations Environment Program (UNEP, 2006), in 
1900 the world only had 15 cities having a population of 1 million, whereas in 1950 the 
world had 83 cities having a population with more than 1 million and today there are more 
than 350 cities having a population more than 1 million. The popula tion living in urban 
areas is about 50% of the world’s population and the population living in urban areas will 
continue to increase rapidly in the future. In 2005, Asia had 50% of the most populous cities 
in the world. The urbanization process is a consequence of the explosion of the 
industrialization and automation process world- wide. People are attracted by high rates of 
economic growth in urban areas because there is more employment, educational 
opportunities and a better quality of life.  

However, the urbanization process creates high density of street network, building, 
population and other activities (industry, etc.).  These activities are relation with the high 
consumption of fossil fuel, such as people in urban areas uses more energy for cooking, air-
conditioning, transportation, et c., and industry uses energy for production (Zarate, 2007). 
Consequently, these activities of high energy consumption emit a large amount of pollutants 
into the atmosphere which brings many envi ronmental problems, for example, air, water 
and noise pollution as well as waste management. Among them, air pollu tion is one of the 
most serious environmental problems in ur ban areas. The World Health Organization 
(WHO) (WHO, 2005) has estimated that urban air pollution causes the death of more than 2 
million people per year in developing countries, and millions of people are found to be 
suffering from various respiratory illnesses related to air pollution in large cities.  

Therefore, the urban air quality management should be urgently considered in order to 
protect human health. Up to now, developed countries have made extensive efforts to 
improve the air quality through reducing emissi ons, such as: using cleaner energy, applying 
new air quality regulations, moving the industrial  activities to the developing countries, etc. 
These efficient strategies at global scale are to move to developing countries. Air quality in 
developing countries has deteriorated considerably, thus exposing millions of people to 
harmful concentrations of pollutants because in developing countries the urban air quality 
management has not been adopted for a variety of difficulties.  
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2. Status of the air quality in large cities 

A vast majority of the urban and suburban areas in the world is exposed to conditions 
which exceed air quality standards set by WHO. Especially, the large cities in developing 
countries have the highest air pollution levels. Some researches show that the emissions 
from Asian cities will rise and this will continue to have an impact on hemispheric 
background ozone level as well as global climate (Gurjar et al., 2005). In general the cities in 
developed countries have the concentrations of air pollutants lower than the cities in 
developing countries. A lot of measurements of air pollutants (such as O 3, SO2, NO2, TSP 
and PM10) in the world have been done; some of them are shown in the table 1. 

Data in Table 1 has been extracted for the period 1999 – 2000 (only the data of Bogotá and 
HCMC were for the year 2005). Data were not complete for all cities because often 
measurements are not available for the same year.  

Data has been used from urban stations to represent the overall pollution levels of the city. 
In the case of NO2 concentrations (standard limit =40 �Pg.m-3, WHO), the high 
concentrations for both the developed and developing cities occurred where the main 
source of emission is road traffic. However the road traffic emissions in developed countries 
are less dangerous than developing countries because they use modern vehicular 
combustion and emission control technology, clean fuel and more public transport. While in 
developing countries the out-dated vehicle technologies are used and few public transports 
are used. As results most cities in developing countries such as: Shanghai, Delhi, Jakarta, 
Beijing, HCMC, etc contain a relatively high level of air pollution. Especially, the maximum 
NO 2 concentrations in several cities of China are approximately three times higher than the 
WHO guideline value.  

In the case of total suspended particles concentrations (standard limit =90�Pg.m-3, WHO), 
particle are normally related to SO2 concentrations because TSP and SO2 are emitted from 
burning coal for industrial acti vities. In general, the highest concentrations of TSP and SO2 
are found in developing cities, exceeding 300�Pg.m-3 where industrialization rate is rapid. 

Particle matters (PM10) with diameters less than 10�Pm are very dangerous for respiratory 
human system. PM10 is originated from industrial and traffic sources, the values of PM10 
are normally highest in developing cities wher e they use much old vehicle and diesel fuel. 

The guideline value for the average annual value of O3 does not exist. In some countries 
they apply the guideline for the maximum daily hourly O 3 at ground-level (standard limit 
= 180�Pg.m-3, TCVN) to manage air quality. So, Table 1 shows the maximum daily hourly 
O3 concentrations. The highest O3 concentrations are found in Mexico City (546 �Pg.m-3), 
followed by Sao Paulo (403 - 546�Pg.m-3). The lowest maximum hourly concentrations of 
O3 are found for the European cities where the lowest photochemical reaction occurs. 

The tendency concentration of pollutants in th e worldwide is to reduce because the local 
government and international organizations impo se strong restriction laws and have the air 
quality management program. However, in developing countries the concentration of 
pollutants is tendency to increase because they develop too fast and release more pollutants 
and because they lack air quality management tools. 
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City  Population a O3 TSPb PM10  SO2 NO 2 

Tokyo, JP 33.4  49  18 68 

Seoul, KR 23.1  84  44 60 

Mexico, MX 22.0 546 201 52 46 55 

New York, US 21.8 272  24 26 70 

Bombay, IN 21.1  240  33 39 

Delhi, IN 20.8  415  24 41 

Sao Paulo, BR 20.3 403 53  18 47 

Shanghai, CN 18.6  246  53 73 

Los Angeles, US 17.9 225  39 9 66 

Jakarta, ID 16.9  271    

Osaka, JP 16.6  43  19 63 

Cairo, EG 15.8    69  

Calcutta, IN 15.4  375  49 34 

Manila, PH 15.2    32  

Karachi, PK 14.6      

Dacca, BD 13.6      

Buenos Aires, AR 13.5  185   20 

Moscow, RU 13.4  100   80 

Beijing, CN 12.4  377  90 122 

Rio de Janeiro, BR 12.2  60  50 40 

Bogota, CO 8.4 348  58 40 39 

HCMC, VN 6.3 247 260 79.6 44 34 

WHO standard c  160d 90 20 50 40 
 
 

Source: Baldasano et al. (2003); Erika (2007); ADB (2006) and HEPA (2006). 
a Population expressed in millions, 2005. 
b TSP = Total suspended particles. 
c WHO standard for PM10 was manly issued in 2005, the rest in 2000. Source: WHO (2000) and WHO 
(2005). 
d WHO standard for O 3 (maximum 1-h concentration). Source: Molina and Molina, 2001 

Table 1. Air quality in large cities of the wo rld. Almost data reported correspond to the 
mean annual concentration in �Pg.m-3 (only O3 is reported in maximum 1-h concentration). 
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Fig. 1. Air quality management system for urban areas. 

3. Air quality management 

Air pollutions in cities are very complex because of several factors contributing to 
deterioration of the air quality in cities. These factors include: (1) a large amount of emission 
sources (traffic, industrial, residential, natural, etc.); (2) meteorological processes (wind 
components, temperature, moisture content, solar radiation, etc.); (3) chemical 
transformations (chemical reactions, dry depositions, etc.). 

The design of effective abatement strategies for reduction emission becomes very difficult if 
we take into account the socio-economical problems. The population growth leads to 
increase economical as well as industrial activities whic h can not inhibited due to the 
development needs. These difficulties could be solved using an improved technology to 
reduce the pollution. However,  the implementation of an improved technology is very 
costly. As an example it is quoted that it costs 7 billions US$ to install the catalytic converters 
in all new vehicles which are bought each year in United States (US) (Clappier., 2001).  

The design of effective abatement strategies for reducing emission requires a good 
understanding of all factors related to air pollutions. Over past 20 years, a multitude of 
different urban AQM systems have been developed by scientists and environmental 
authorities (Moussiopoulos, 2004). These tools have been used very well to study air 
pollution and to propose efficient abatement strategies. 

Many tools are integrated together in AQM system. These main tools which are presented in 
Figure 1 include: monitoring of air pollution, emission inventory (EI), air quality modelling 
and meteorological modelling. The current state of the art of these tools is presented in the 
next sections.  

3.1 Monitoring of air pollution 

Monitoring of air pollution is one of the mo st important tools in AQM. It helps us to 
understand the status of air pollution levels and to understand the evolution of air 
pollution. Monitoring gives us the information on emissions sources, because monitoring 
could be done on roadside for evaluating the traffic emissions and in industrial park for 
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evaluating the industrial emission sources. Nowadays, almost all large cities in the world 
have installed the monitoring system in order to inform the level of pollution exposure to 
the population. Another important role of monitoring of air pollution is to validate the 
model which is used to simulate air quality. 

There are different methods in use to monitor the air pollution including: automatic, semi-
automatic and manual methods. Automati c methods use the equipments which can 
measure directly the pollution and can be moved anywhere for monitoring of air pollution. 
Example, the equipments manufactured by Environmental S.A, France, just to mention 
some, monitors automatically CO, NO 2, NO, O3, PM10, etc. On the other hand, semi-
automatic methods involve collecting air quality samples at the selected sites by placing the 
equipments there, samples are collected and then these samples are transported to 
laboratory for analysis. Such methods are used, for example, for collecting BTEX (Benzene, 
Toluene and Xylene) sample by collecting samples for a continuous duration of 6h and then 
transporting the samples to laboratory for an alysis by Gas Chromatography (GC). The third 
category of methods called manual methods involves collecting the samples manually as is 
done for the case of CO monitoring.  

Among these, automatic method is the best one, because this method allows monitoring real 
time air pollution. A lot of measurements are made which can be later used these data to 
study the evolution of pollution in different pe riods and throughout the year. However, this 
method is very costly because the equipments are expensive, additionally, there is a need to 
maintain it regularly and we have trained te chnicians to operate the devices (Molina and 
Molina, 2004).  

Nowadays, automatic and manual air pollution measurement networks have been installed 
in the world. In Europe some 1450 measurement stations covering 350 cities all over Europe 
have been installed, in US over 1000 stations are operated throughout the country by the US 
Environmental Protection Agency  (US-EPA) (Baldasano et al., 2003), in Latin America there 
are more than 4000 urban monitoring stations (Belalcazar, 2009), in Asia countries with 
installed networks include China, Japan, Korea, India, Indonesia, Thailand, Vietnam, etc. In 
addition to these, WHO installed the monitori ng networks in over 100 cities around the 
world since 1990s.  

In Vietnam, the information from air pollution measurement networks is used to improve 
air quality. The air the cities of Vietnam be fore 1995 was polluted by lead due to traffic 
activities (several times higher than Vietnam air quality standard). The import of leaded 
gasoline was banned by Vietnam government, thereafter; the concentrations of lead in 
atmosphere are reduced and lower than the local air quality standard. 

3.2 Emission inventory 

Development of EI database is very important to describe the emissions and to manage air 
quality (Moussiopoulos, 2004; Ranjeet et al., 2008). The information from EIs helps us to 
understand the emission sources and also the emission fluxes in the study domain. The 
atmospheric pollutants needed for assessment and management of air quality are SO2, NOx, 
CO, VOCs and particle maters (PM). The emission sources are grouped in different 
categories: mobile source (such as road traffic), area sources (such as agriculture, natural) 
and point sources (such as industry). Resolution in space of EI depends on the scale of study 
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model which is used to simulate air quality. 
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measure directly the pollution and can be moved anywhere for monitoring of air pollution. 
Example, the equipments manufactured by Environmental S.A, France, just to mention 
some, monitors automatically CO, NO 2, NO, O3, PM10, etc. On the other hand, semi-
automatic methods involve collecting air quality samples at the selected sites by placing the 
equipments there, samples are collected and then these samples are transported to 
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atmosphere are reduced and lower than the local air quality standard. 
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Development of EI database is very important to describe the emissions and to manage air 
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understand the emission sources and also the emission fluxes in the study domain. The 
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CO, VOCs and particle maters (PM). The emission sources are grouped in different 
categories: mobile source (such as road traffic), area sources (such as agriculture, natural) 
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domain and the availability of information for generating emission inventories (EIs). In 
general the smaller the region of interest, the finer is the required spatial resolution of the 
EIs. Resolution in time of EIs must follow the activity pattern of emission sources.  

The principal equation for calculation of emissions is combined by two variables: 

 E e A� �u  (1) 

Where, E is the total emission 

e is the emission factor (EF) 

A is the activity data of emitters  

There are two main methods currently used for generating emission inventories: top-down 
and bottom-up 

Top-down approach 

A top-down approach starts to estimate the to tal emissions and uses several assumptions to 
distribute these emissions in space and time (Friedrich and Reis, 2004).  

Strengths: this method is easy to apply because it needs less input information and the time 
to generate EIs is rapid. This method is particularly appropriate to estimate the inventories 
at large scale.  

Weaknesses: one of the main limitations of this method is that the results of EIs are normally 
highly uncertain. 

Examples of using top-down approach for generating EIs from the literature are:  

- Bond and Streets calculated emissions of Carbonaceous aerosols, black carbon and 
organic carbon for the entire world by usin g total fuel consumption of the year and 
emission factors (g/kg of fuel  burned) (Streets et al., 2004). 

- Streets calculated emission of gaseous and primary aerosol in Asia by using parameters 
such as: energy use, human activities and biomass burning (Streets et al., 2003). 

- Generoso combined the results of a global chemistry and transport model and 
satellite data to evaluate the emission produced by the Russian fires in 2003. In this 
research, they used top-down approach to estimate the emissions (Generoso and Bey, 
2007). 

Bottom-up approach 

The bottom-up methodology is based on a source oriented inquiry of all activity and 
emission data needed for describing the behavior of a single source. It starts to evaluate the 
spatial and temporal repartition of the paramete rs used to calculate the emissions (Friedrich 
and Reis, 2004).  

Strengths: this approach is more accurate than the top-down approach to evaluate the spatial 
and temporal repartition and is more appropriate for the small scale (city scale and lower).  

Weaknesses: The main limitation of this method is that it needs a large amount of input data 
for generating EIs. Sometime, the information can even not be collected in the cities of 
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developing countries. The time of generating EIs of this approach is longer than top-down 
approach  

Examples of using bottom - up approach for generating EIs from the literature are:  

- Erika combined the traffic fluxes obtained from a traffic model and emission factors per 
vehicles to calculate the traffic emissions in Bogota, Colombia (Erika, 2007). 

- Molina measured emissions of industry and used GPS to locate the position of factory 
on the map to calculate the industrial emi ssions for Mexico City (Molina et al.2001). 

- Brulfert calculated the EIs for Maurienne and Chamonix valley, France (G.Brulfert et al. 
2004). 

- Mattai calculated the EIs for Lond on, England (J. Mattai et al. 2002) 

The bottom-up approach is in general impossible due to lack of available information, while 
top-down approach might lead to poor accuracy  level for urban EIs. So several researchers 
used top-down approach to generate EIs for point sources and area sources because data for 
these sources are not easy to access, while they used bottom-up approach to generate EIs for 
road traffic sources. An example from the literature is:  

Sturnm generated EIs for urbanized triangle Antwerp-Brussels-Ghent which is located in 
Northwest Europe. He used the top-down appr oach for generating EIs for point sources 
(based on statistic data and emission factors from literatures) and area sources (based on 
collective data per km2). However for road traffic emissions he used bottom-up approach 
using road traffic emission measurements and an urban traffic flow model (Moussiopoulos 
et al., 2004). 

Combination of top-down and bottom-up approaches 

In the cities of developing countries, the data for generating EIs for traffic sources are 
generally not available, so it is difficult or  even impossible to use bottom-up approach for 
generating EIs. In this chapter, we present a new road traffic emission model which 
combines top-down and bottom-up approaches (Bang et al., 2011). 

The strengths and weaknesses of the combination of the two approaches are as follows:  

Strengths: By using this method (1) the computation time is rapid; (2) less input data is 
needed to generate EIs; (3) we have control on the uncertainty in EIs due to input data; (4) 
we can generate EIs both for developed cities and developing cities and (5) the accuracy in 
the results of EIs is improved.  

Weaknesses: the limitation of this method is that (1) we have to follow many steps to 
generate EIs and (2) we have to study the input parameters which generate most uncertainty 
in EIs. 

3.3 Modeling of air pollution 

The European Directive on evaluation ambient air quality (EU-N°96/62/CE 1996) requires 
the use of modeling tools to define high poll utant concentration zones. Modeling tools use 
mathematical formula to simulate all the atmospheric processes over various time and space 
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scales. These processes are complex and nonlinear so that modeling is the only tool which 
takes into account all the processes.  

Concerning the space scales of modeling, there are many scales such as global scale, regional 
or continental scale, mesoscale (city or country) and microscale (street canyons). There are 
many mesoscale models that are used to simulate urban air quality, such as METPOMOD, 
TVM-Chem, CIT, CHIMERE, CMAQ, TAPOM, etc.  Input parameters of these air quality 
models are meteorological conditions, EIs, landuse, topography, boundary and initial 
conditions.  

In recent decades, computer technology has rapidly developed; so many new mesoscale 
models are developed. With the increased power of computer technology, the time scale of 
modeling more refined. The new models can now simulate air quality for long periods and 
on temporal resolution from few hours to few months. 

One of the most important functions of air qua lity modelling is to evaluate the effective of 
abatement strategies to reduce air pollution in  cities. Modeling tools are also used to study 
the impact of different activities on urban ai r quality and to evaluate the methodology for 
generating EIs, such as Erika used TAPOM model to evaluate the accuracy of different 
methodology for generating EIs for Bogota city, Colombia (Erika et al., 2007). 

3.4 Analysis of uncertainties 

Uncertainty in emission inventory 

One of the most important strengths of the emission inventory is generate the uncertainties 
of EIs due to the input parameters. There are many methods used to calculate uncertainty. 
One of these methods called analytical method is as follows: 

 Emissions are calculated as the combination of different parameters: 

 1 2E H H� �u   

Where, E is the emission 

H1 is the parameter to quantify the activities 

H2 is an emission factor per unit of activities 

H1 and H2 can depend on many other factors like the number of vehicles, road parameters, 
etc. 

When H1 and H2 are simple enough it is possible to compute directly the uncertainties. For 
example when H1 and H2 are constants: 

1 21 2( ) ( )E H H H H�  � � � ' � u � � � ' 

Where, 1H  , 2H  is the average of H1, H2 respectively 

1H�' , 2H�'  is the uncertainty of H1, H2 respectively.  

1 1 22 2 1 1 2( ) ( ) ( ) ( )E H H H H H H H H�  � u � � � u � ' � � � u � ' � � � ' � u � ' and also: E E E� � � � '  
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In this example the uncertainty on E is equal to:  

1 22 1 1 2( ) ( ) ( )E H H H H H H� ' �  � u � ' � � � u � ' � � � ' � u � ' 

As we can see in this example the calculation of the emissions is non-linear and generates 
several uncertainty terms. All these terms rapidly become impossible to calculate 
analytically when the parameters used in the emission calculation are more complex. In 
such situation, the most oftenly used approach is the Monte-Carlo method (Hanna et al. 
1998). The detailed of Monte-Carlo method is explained as follows:  

The Monte Carlo methodology has been used to evaluate the uncertainties in previous air 
quality studies (Hanna et al., 1998; Sathya., 2000; Hanna et al., 2001; Abdel-Aziz and 
Christopher Frey., 2004). In the emission inventory model, the EIs are generated as the 
combination of different input parameters: 

 1( ,... )nE f H H�  (2) 

where iH  are the input parameters (i=1, n). iH  can change due to the uncertainties. Each 
parameter iH  is distributed around an average iH  and a standard deviation i�V . 

The Monte Carlo method (Ermakov, 1977) generates for each input parameters a 
pseudorandom normally distributed numbers H�K  ( 1�V�  and mean= 0) which can be used 
to compute several values of iH : 

 k H
ii iH H �K �V� ��  (3) 

The percentage of standard deviation i�V  could be calculated as: �i
100i

Hi
iH

�V
�V

�u
�  

The equation (3) becomes: 
�i

1
100

H
Hik

iiH H
� V � K� § � ·

� ��� ¨ � ¸� ¨ � ¸
� © � ¹

 

These parameters k
iH  are used to calculate several values of kE : 1( ,... )k k k

nE f H H� . The 
average value E  and the standard deviation E�V  are deduced from the distribution of kE . 

The percentage of standard deviation E�V  could be calculated as: �i
100E

E
E

�V
�V

�u
�  

The classification of standard deviation �i E�V  is based on the standard deviation of the input 
parameters �i Hi�V : 

If �i Hi�V  is the standard deviation of input parameters due to spatial and temporal repartition, 
the values �i ( , , )E x y t�V  are the standard deviation of emission for all input parameters but in 
space and time. 

If �i Hi�V  (the standard deviation of each input parameters) is constant in the entire domain, 
then the values of �i

HiE�V are the standard deviations of emission for all the domain but for 
each input parameter. 

Examples from the literature for uncertaint ies in emission inventory and Monte-Carlo 
application to air quality model are: 
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- Kuhlwein calculated uncertainties of input parameters in modeling emissions from 
road transport. The emission inventory wa s calculated by the working group “urban 
emission inventories” of GEMEMIS and the working group “Val.3 of Saturn” 
(Kuhlwein J et al. 2000) 

- Hanna evaluated the effect of uncertainties in UAM-V input parameters (emissions, 
initial and boundary conditions, meteorologic al variables and chemical reactions) on 
the uncertainties in UAM-V ozone predic tions by using Monte-Carlo uncertainty 
method in framework of research: “Uncertain ties in predicted ozone concentrations due 
to input uncertainties for UAM-V photoc hemical grid model applied to July 1995 
OTAG domain“ (Hanna et al, 2001).  

Uncertainty in air quality simulation 

Results of numerical simulations are more reliable if the estimation of uncertainties in model 
prediction is generated. The uncertainties of the air quality model due to input parameters 
could be generated by using the standard deviation (square root of variance) around the 
mean of the modeled outputs (Hwang et al., 1998). Up to now, the Monte-Carlo (MC) 
technique is a brute-force method for uncertainty analysis (Hanna et al., 2000). A simple 
program was developed (named EMIGEN) by our research team using the MC technique 
for generating different emi ssion files. The MC technique used in EMIGEN includes 
different steps: (1) we generate a series of random numbers which follow a normal 
distribution; (2) the EI results of emission in ventory model are used as the input parameters 
for EMIGEN. The uncertainties of the input parameters for other sources (industrial, 
residential and biogenic sources), can be calculated by using the available data which is 
estimated the emissions in developing cities; (3) Running EMIGEN to get one hundred EI 
files. These hundred EI files are used as input for the air quality model. The uncertainty and 
the median of pollutants are calculated from 100 MC air quality simulations. The results of 
pollutants and their uncertainties from the ou tput of the air quality modeling are divided 
into two pollutant types, primary and secondary pollutants. Their results from 100 MC in 
using air quality model are used to calculate the uncertainties in process to simulate air 
pollution. 

4. Air quality study over developing countries: A case study of HCMC 

4.1 Air quality in HCMC, Vietnam 

HCMC is the largest city in Vietnam and is the most important economic center in Vietnam. 
HCMC became one of 100 rapid economic growth cities in the world (Gale, 2007). The 
population of city is 6.105 million (8% populati on of Vietnam), however the city accounts for 
20.2 % GDP, 28 % industrial output of Vietnam. HCMC had 28500 factories and 2,895,381 
motorcycles. They are the most important sources which contribute to air pollution in 
HCMC. 

The HCMC’s government has been set-up a number of air quality monitoring stations 
around the city for monitoring air pollution due to road traffic and indu strial activities. The 
results are shown in Table 2. 

The measurements results show that air quality in HCMC are polluted by TSP, PM and 
especially O3. The highest TSP concentrations are found in 2001 about 900�Pg.m-3 (10 times 
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higher than WHO standard). TSP concentrations reduce to the value of 260�Pg.m-3 in 2005 
(Table 2). The high TSP concentrations in HCMC are related to the construction and traffic 
activities (Belalcazar., 2009). The mean annual concentration of NO2 and SO2 are lower than 
WHO standard, but their average daily/hou rly values regularly exceed the WHO 
standards. PM10 and O3 are the most critical pollut ants in HCMC, because their 
concentrations are very high and almost exceeded the WHO standard during the period 
2001- 2006. They have high toxic health effects. The measurements show that O3 
concentrations are highest during the midday where the highest photochemical processes 
are happened. The high O3 concentrations are related to high VOCs concentrations in 
HCMC. However, there is very few inform ation on VOCs concentrations which are 
monitored in the Asian countries due to their complex in measurement. Up to 2007, the first 
long-term study on the VOCs levels in HCMC  was carried out by Belalcazar (Belalcazar., 
2009). He measured continuously roadside levels of 17 VOCs species in range C2 - C6 
during the dry season (from January to Ma rch) of 2007 in HCMC. Table 3 firstly shows 
VOCs concentrations in HCMC, then compare wi th available roadside VOCs concentrations 
of other Asian cities.  
 

Pollutants 2001 2002 2003 2004 2005 2006 WHO standard 

TSP 900.0 475.0 486.7 496.7 260.0 - 90 

PM10 - 122.5 83.5 61.5 79.6 77.4 20 

NO 2 - - - - 34.0 32.1 40 

SO2 - - - - 44.2 28.5 50 

O3 - - 238 266 247 - 160a 

Source: HEPA (2004); HEPA (2005) and HEPA (2006). 
a WHO standard for O 3 (maximum 1-h concentration). Source: Molina and Molina (2001). 

Table 2. Air quality in HCMC from 2001 to 2006. Almost data reported correspond to the 
mean annual concentration in �Pg.m-3 (only O3 is reported in maximum 1-h concentration).  

Unfortunately, the air quality standard for all VOCs compounds does not exist. Only 
some individual VOCs standard limits are defined by WHO based on health effects. 
Among those, benzene is one of the very toxic VOCs. The measurements of benzene in 
HCMC show a very high concentration of  14.2 ppbv (annual mean WHO standard - 
6ppbv). The VOCs concentrations in HCMC are generally higher than other Asian cities. 
The benzene concentrations in Hanoi are higher than in HCMC, because benzene in Hanoi 
is measured at peak hours (short time) when the highest benzene concentration happed 
during the year. 

Up to now, very few researches attempts have been made for improving air quality in 
developing cities, especially in HCMC. These researches attempts are on air pollution status 
and effective abatement strategies. The researches on status of air pollution analyzed the 
data from the monitoring networks to evaluate air pollution status of the city. These results 
help the government in proposing solutions to  reduce air pollution level today and in the 
future (Hang et al., 1996; DOSTE., 2000). 
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higher than WHO standard). TSP concentrations reduce to the value of 260�Pg.m-3 in 2005 
(Table 2). The high TSP concentrations in HCMC are related to the construction and traffic 
activities (Belalcazar., 2009). The mean annual concentration of NO2 and SO2 are lower than 
WHO standard, but their average daily/hou rly values regularly exceed the WHO 
standards. PM10 and O3 are the most critical pollut ants in HCMC, because their 
concentrations are very high and almost exceeded the WHO standard during the period 
2001- 2006. They have high toxic health effects. The measurements show that O3 
concentrations are highest during the midday where the highest photochemical processes 
are happened. The high O3 concentrations are related to high VOCs concentrations in 
HCMC. However, there is very few inform ation on VOCs concentrations which are 
monitored in the Asian countries due to their complex in measurement. Up to 2007, the first 
long-term study on the VOCs levels in HCMC  was carried out by Belalcazar (Belalcazar., 
2009). He measured continuously roadside levels of 17 VOCs species in range C2 - C6 
during the dry season (from January to Ma rch) of 2007 in HCMC. Table 3 firstly shows 
VOCs concentrations in HCMC, then compare wi th available roadside VOCs concentrations 
of other Asian cities.  
 

Pollutants 2001 2002 2003 2004 2005 2006 WHO standard 

TSP 900.0 475.0 486.7 496.7 260.0 - 90 

PM10 - 122.5 83.5 61.5 79.6 77.4 20 

NO 2 - - - - 34.0 32.1 40 

SO2 - - - - 44.2 28.5 50 

O3 - - 238 266 247 - 160a 

Source: HEPA (2004); HEPA (2005) and HEPA (2006). 
a WHO standard for O 3 (maximum 1-h concentration). Source: Molina and Molina (2001). 

Table 2. Air quality in HCMC from 2001 to 2006. Almost data reported correspond to the 
mean annual concentration in �Pg.m-3 (only O3 is reported in maximum 1-h concentration).  

Unfortunately, the air quality standard for all VOCs compounds does not exist. Only 
some individual VOCs standard limits are defined by WHO based on health effects. 
Among those, benzene is one of the very toxic VOCs. The measurements of benzene in 
HCMC show a very high concentration of  14.2 ppbv (annual mean WHO standard - 
6ppbv). The VOCs concentrations in HCMC are generally higher than other Asian cities. 
The benzene concentrations in Hanoi are higher than in HCMC, because benzene in Hanoi 
is measured at peak hours (short time) when the highest benzene concentration happed 
during the year. 

Up to now, very few researches attempts have been made for improving air quality in 
developing cities, especially in HCMC. These researches attempts are on air pollution status 
and effective abatement strategies. The researches on status of air pollution analyzed the 
data from the monitoring networks to evaluate air pollution status of the city. These results 
help the government in proposing solutions to  reduce air pollution level today and in the 
future (Hang et al., 1996; DOSTE., 2000). 
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VOCs 
HCMC 
(Mean) 

Changchun 
(Mean) 

Karachi 
(Mean) 

HongKong 
(Mean) 

Hanoi 
(Mean) 

n-Propane 3.7     

Propene 19.5     

n-Butane 22.6     

Trans-2-Butene 5.2     

1-Butene 4     

Cis-2-butene 5.2     

i-Pentane 80.3 14.7 74   

n-Pentane 21.8     

Trans-2-Pentene 16.4     

1-Pentene 4.6     

2-methyl-2-butene 3.8     

Cis-2-Pentene 4.2     

2,3-Dimethylbutane  8.6     

2-Methylpentane 7.7 6.1 39   

3-Methylpentane 43.5     

n-Hexane 91 1.7 71 4.4  

Benzene 14.2 11.9 19.7 8.2 40 

total 356.3     

Sources: Belalcazar (2009). 

Table 3. VOCs levels in BTH street (HCMC) and comparison with the VOCs levels in other 
Asian cities (concentrations are in ppbv). 

The researches on effective abatement strategies propose solutions to reduce air pollution. It 
consists mainly of master thesis which is carried out at IER (Institute for Environment and 
Resources in HCMC). These researches are focused only on some typical aspects of 
abatement strategies at small scale, due to the lack of the information for research, 
methodology, etc. Nguyen (2000) proposed some methods to reduce air pollution by traffic 
in HCMC as well as for developing public transportation system and using unleaded 
gasoline. Another study proposed technical solutions for reducing air pollution level by 
traffic activities (Duong, 2004). 

In conclusion, both the developed and developing cities have air pollution problem, 
especially in the developing countries where it is related to high level of air pollution. It’s 
urgent to adapt an air quality management (A QM) system for improving the air quality in 
these cities. In the next section, the research for improving air quality in HCMC is carried 
out by using numerical tools. 
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4.2 Emission inventory of air pollution over HCMC 

4.2.1 Traffic source 

Methodology 

The following Fig. 2 shows an outline of the process of generating an EI for HCMC where 
the input data is limited and using the EMISENS model (Bang, 2011). 
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Fig. 2. Research process outline ( iH  is the average value of input parameters. Unc�V , Spa�V  
and Tem�V  are the standard deviation of the input parameters due to the uncertainties, the 
spatial and temporal variability, respectively. The _E Unc�V , _E Spa�V  and _E Tem�V  are the 
standard deviation of the emissions due to variability of the input parameters. The 

jE &
jE�V are the emission and their standard deviation for each cell. 
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Table 3. VOCs levels in BTH street (HCMC) and comparison with the VOCs levels in other 
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gasoline. Another study proposed technical solutions for reducing air pollution level by 
traffic activities (Duong, 2004). 

In conclusion, both the developed and developing cities have air pollution problem, 
especially in the developing countries where it is related to high level of air pollution. It’s 
urgent to adapt an air quality management (A QM) system for improving the air quality in 
these cities. In the next section, the research for improving air quality in HCMC is carried 
out by using numerical tools. 
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Fig. 2. Research process outline ( iH  is the average value of input parameters. Unc�V , Spa�V  
and Tem�V  are the standard deviation of the input parameters due to the uncertainties, the 
spatial and temporal variability, respectively. The _E Unc�V , _E Spa�V  and _E Tem�V  are the 
standard deviation of the emissions due to variability of the input parameters. The 

jE &
jE�V are the emission and their standard deviation for each cell. 
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This process can also be applied for other cities than HCMC. 

i. We collected the necessary data: minimum information to compute emission, 
estimation of the variability of the parameters (use the literature, other EI, existing data 
from HCMC, etc.). 

ii.  We run the EMISENS model with variable parameters in one cell. 
iii.  Results of model are a list hierarchy of standard deviation (

jE�V ) due to input 

uncertainties.Then, we analyze the results to identify the parameters which generate the 
maximum of variability in the EI. 

iv.  After the determination of the most sensitive parameters, we try to find more 
information of these parameters and will conduct additional campaigns to reduce the 
level of uncertainties of these parameters. We rerun the EMISENS model to revaluate 
the standard deviation of the emissions. 

v. Identification of the parameters that generate significant standard deviation in space 
and in time and generate a spatial and temporal distribution of these parameters. 

vi.  We run the EMISENS model for each cell (run the model with parameters variable in all 
cells of the grid).  

vii.  Results of model are the emissions of each pollutant for each cell including its 
uncertainties ( jE  and

jE�V ). 

Input data 

The air quality of HCMC is controlled by HoChiMinh environmental protection agency 
(HEPA). However, the research on air quality for HCMC is mainly studied by Institute of 
Environment and Resources (IER), Vietnam national university in HCMC (VNU-HCM). The 
database for air quality studies in HCMC is st ill limited because there have not been a lot of 
research conducted for this city. The only available source of data or other information 
about this city are the reports on air quality from monitoring activities and some research 
conducted by master student of VNU-HCM. 

Within the framework of this research, several campaigns were organized which focused 
mainly on the on-road traffic activities (veh icle fleet, traffic flow, etc.) using different 
methods. 

Fig.3 shows the daily average variation of the fleet composition (in %) at 3 Thang 2 street 
(urban street category). 

The fleet is almost dominated by light gasoline vehicles (motorcycles: 92%, cars: 3.46%, light 
trucks: 2.8% and buses 0.1%). Only 1.1% of the fleet is made of heavy truck diesel vehicles. 
The fleet distribution can be assumed the same for all streets in HCMC in the urban 
category. The fleet composition we have determined is also similar to the fleet of 
HOUTRANS project which was counted for th e whole city of HCMC (HOUTRANS, 2004). 
We organized survey for the characterization of the vehicles (on road). The campaign was 
organized during the year of 2007 and 2008.  

Some results of the campaign are shown in the Fig.4. This figure describes the distribution 
motorcycle age. We can conclude that motorcycles currently used in HCMC have been 
produced in recent years (more than 32% of motorcycles are produced less than 1 year and 
about 94% of motorcycle are produced less than 10 years) and more than 98% are the 4 
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strokes motorcycles. The main fuel used by motorcycles is gasoline. In spite of the fact, that 
most of motorcycles used in HCMC are not very old, they are a major producer of pollution. 
The reason is that they are manufactured by low standard technology (older than EURO II 
standard). The largest fraction of the motorcycles are imported from China and Taiwan 
which are very cheap in price and easily meet the requirement of the local people according 
to their purchasing power. 

The survey further revealed that there are more than 25% cars which are less than 1 year old 
and more than 70% cars which are less than 4 years old. More than 98% cars use the gasoline 
for fuel and the rest of cars use the diesel oil.  

 
 

Fig. 3. Daily variations of the fleet compositio n at 3 Thang 2 street (urban street category). 

 
 

Fig. 4. Distribution of Moto’s age in HCMC. 
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Emission factors (EFs) 

The EFs from the three different sources are shown in Table 4. The differences of emissions 
factors from three sources can partly be explained by the different quality of fuel and the 
maintenance of vehicles. The motorcycle’s engines are not regularly maintained in Vietnam 
and more than 60% of the motorcycles in Hanoi and in HCMC ex ceeded the emissions 
standard (Trinh, 2007). 

We evaluated the EFs from the 3 different sources. The main EFs which were used in this 
study are the EFs from HCMC (NOx, NMVOC and CO). However, there is no data available 
for the EFs of SO2 and CH4 for HCMC. So we used the emission factor of SO2 from China 
because the characterizations of China’s vehicles are similar to HCMC. For the emission 
factor of CH 4, we unfortunately had to use the emission factor of CH 4 from Copert IV. The 
EFs and their uncertainties which were used in this study are shown in Table 4. 
 

Vehicle NOx a COa SO2b NMVOC a CH4c 

Motorcycle  0.05±0.02 21.8±8.67 0.03±0.015 2.34±1.17 0.115±0.121 

Bus 19.7±5.2 11.1±5.3 1.86±1.08 89.9±33.01 0.077±0.051 

Light 1.9±0.9 34.8±15.5 0.05±0.029 15.02±7.36 0.017±0.018 

Heavy 19.7±5.2 11.1±5.3 1.86±1.08 89.9±33.01 0.062±0.041 

Car 1.9±0.9 34.8±15.5 0.18±0.105 15.02±7.36 0.0031±0.0032 

Source:  
a: the EFs were calculated for HCMC (Belalcazar et al., 2009; Ho et al., 2008) 
b: the EFs of China (DOSTE, 2001) 
c: the EFs were calculated from Copert IV. 

Table 4. EFs (in g.km-1.vehicle-1) and their uncertainty. 

- Result of total emissions: 

The total result of traffic emission is presented in Table 5 as follows: 
 

Pollutants Total emissions [ton h-1] Total uncertainties (%) 

NOx 3.44 19.56 

CO 331.4 33.77 

SO2 0.733 27.09 

NMVOC 46.24 27.55 

CH4 2.04 49.66 

Table 5. The average of emission and their total uncertainties of all parameters over HCMC. 

Temporal and spatial distribution 

Temporal distribution: the vehicle flows from existing traffic counts were analyzed to derive 
the temporal distribution (Fig.5).  
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Spatial distribution: the spatial distributions are based on the length of each street category 
( IsL ) in each cell of study domain. The MapInfo software is used to distribute the 

parameters spatially. As expected, Fig. 6 shows that most of the urban streets are 
concentrated in the districts of central HCMC. 

 
Fig. 5. Normalized hourly distribution of Motorcycles (Moto) and Heavy trucks, per urban 
and highway street category. A factor of 1.0 is attributed to the hour between 1900LT and 
2000LT to both categories of streets, for a working day. 

 

 
Fig. 6. The network of urban streets category in the study domain. The different colour is the 
number of kilometres of street length per cell . The numbers in parentheses is the number of 
cells. 
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Result of emissions in spatial 

Finally, we run the EMISENS model for all cells  of study domain. The outputs of the model 
are the emissions and their uncertainties in each cell (Fig.7 and Fig.8). For each pollutant, the 
emissions are calculated for each cell per hour. The results of CO in Fig.7 show that most of 
the emissions occur in the centre of the city where we can see the highest of street density of 
urban streets. In contrast, in the uncertainty map (Fig.8) the lowest uncertainties occur in 
urban streets in the city centre. Because we sub-divided the urban streets into three urban 
street categories, the uncertainty for urban streets is relative small.  

 

0 1.5

Kilometers

3

 
Fig. 7. The traffic emission map of CO. The contour of the districts (black colour) and the 
street network (grey colour). The numbers in parentheses are the number of cells. 

4.2.2 Industriel sources 

The industry is second most important source  of atmospheric pollution in HCMC (Bang et 
al., 2006; Nguyen et al., 2002). The city spans only 0.6% of the whole country’s area but more 
than 20% industrial producing capacity an d 40% industrial output of whole country 
(Nguyen, 2002) is located in HCMC. The main industries in HCMC ar e thermo-electricity, 
cement production, steel lamination and refi nement, weaving and dying, food processing 
and chemistry. The existing information for indust ries is very poor and an official detailed 
database does not exist. Most of the industries in HCMC have the following characteristics:  

- The factories are old and their operation times are over 20 years. 
- They have old technology which is  imported from Soviet Union. 
- The engines consume much energy and fuel due to old and poor quality engines. The 

fuel used is of a low quality. 
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The above list mentions the major characteristics of a majority of the industries in HCMC. In 
this study, the emissions from industrial sources are calculated by using a top-down 
approach. Starting from the total emissions in Vietnam (Table 6) and the percentage of 
distribution of pollutants in different sectors in Vietnam (Fig.9), we estimate the yearly 
industrial emissions for Vietnam. The industry  of HCMC accounts for 20.2% of the total 
industrial emissions of Vi etnam (HCMC statistics, 2003). 
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3

 
Fig. 8. The uncertainty map of CO. The contour of the districts (black colour) and the street 
network (grey colour). The numbers in parentheses are the number of cells. 

Pollutants Total Emission (Tg/year) 

SO2 0.193 
NOx 0.283 
CO2 169.200 
CO 9.248 
CH4 2.907 
BIO NMVOC 1.037 
ANT NMVOC 1.168 
COVNM total 2.205 

Sources: Mics-Asia, 2000 (1 Tg = 106 ton). 
Note: BIO NMVOC: NMVOC Biogenic; ANT NMVOC: NMVOC Anthropogenic 

Table 6. Total emission in Vietnam. 
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Result of emissions in spatial 
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Fig. 9. Percentage of distributions of pollutants in different sectors in Vietnam. 

The total emissions of Vietnam are shown in Table 6. These values were estimated by Mic-Asia 
project from all sources of emission in Vietnam. The project also estimated the contribution of 
different emission sources (Fig.9) 

Fig.9 shows that the main emission sources in Vietnam are transport and industries 
depending on the pollutant type. 

Temporal distribution 

The results of the air quality monitoring pr ogram in south of Vietnam conducted by the 
Institute of Environment and Resources (IER, 2006) were used to estimate the monthly, daily 
and hourly coefficient distribution of industri al emissions in HCMC. The results show that 
November is the most polluted month because it  is the post-rainy season in HCMC. During 
this time period, all the companies want to  complete their already planned targets of 
products for the specific year. So the companies utilize the maximum of the available 
resources and run their industries at full capacity  to meet their targets. On a weekly basis, 
Friday is the day of the week with largest emi ssions as it suffers maxima of pollution at 
0900LT in morning and 1400LT in afternoon. 

Spatial distribution 

The spatial distribution of industrial emission sources is estimated by using the population 
density in each cell. We also used the GIS software for distributing the emissions spatially. 

4.2.3 Residential sources 

The main emission sources of residential areas are anthropogenic, which are mainly caused 
from the gastronomic activity at the residences and restaurants in HCMC. Natural gas is the 
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major source of domestic fuel and is mainly used for cooking purposes. However, there are 
many small restaurants in HCMC which still us e the fossil coal. The pollutants such as SO2 
and CO are mainly produced by the burn ing of this fossil fuel (Dinh, 2003). 

Temporal distribution 

We estimated the monthly, daily and hourly co efficients for the temporal distribution of 
residential emissions in HCMC by using the da ta of the air quality monitoring program in 
south of Vietnam conducted by the IER (IER, 2006). The monitored results show that 
December is the most polluted month of the year. This is because December is the start of 
hot season in HCMC. Saturday is the most polluted day of the week because of the 
weekend. Normally people cook more dishes on weekend than normal days of the week. 
The maximum pollution is measured at 1100LT on Saturday which is corresponds to lunch 
time in HCMC.  

Spatial distribution 

The spatial distribution of residential emission sources on each cell of study domain is also 
estimated using the population density in each cell.  

4.2.4 Biogenic sources 

Only volatile organic compounds (VOCs) are calculated for biogenic emission sources. The 
biogenic EI are very important for air quality modelling, because biogenic VOCs contribute 
significantly to the formation of ozone (Varin ou et al., 1999; Rappenglück et al., 2000, 
Moussiopoulos, 2003). The largest contribution through biogen ic emissions is caused by 
trees, which emit 10 times more biogenic VOCs as compared to smaller plants. The biogenic 
VOCs are mainly divided in 3 major pollutants: Isoprenoids, Terpenes and other VOCs 
(EEA, 1999). 

Temporal distribution 

The emissions of biogenic VOCs depend on the air temperature and the intensity of solar 
radiation (EEA, 1999; Rappenglück et al., 2000; Moussiopoulos, 2003). So, the estimation of 
monthly, daily and hourly coefficient for biogenic  source in HCMC is based on the results of 
solar-radiation measurements (from the urban air quality monitoring of HEPA (HEPA, 
2006)). The monitored results show that the highest intensity of solar radiation is in the 
month of April, because the April is in the mi ddle of the hot season in HCMC. Midday is the 
time when the maximum of radiation intensity is observed. 

Spatial distribution 

In this research, we estimate the emission for the districts in  centre of HCMC. We assume 
that the percentage of green space is similar every where in the domain. The spatial 
distribution of biogenic emission sources to each cell of study domain is estimated by using 
the area of each cell.  

4.2.5 Results  

Table 7 presents the results of total EI for all emissions sources in HCMC and the percentage 
of contribution of each emi ssion source towards the total emissions in HCMC. The column 
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solar-radiation measurements (from the urban air quality monitoring of HEPA (HEPA, 
2006)). The monitored results show that the highest intensity of solar radiation is in the 
month of April, because the April is in the mi ddle of the hot season in HCMC. Midday is the 
time when the maximum of radiation intensity is observed. 

Spatial distribution 

In this research, we estimate the emission for the districts in  centre of HCMC. We assume 
that the percentage of green space is similar every where in the domain. The spatial 
distribution of biogenic emission sources to each cell of study domain is estimated by using 
the area of each cell.  

4.2.5 Results  

Table 7 presents the results of total EI for all emissions sources in HCMC and the percentage 
of contribution of each emi ssion source towards the total emissions in HCMC. The column 
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“total emissions” represents the total emissions (in ton per day). The last four columns 
correspond to the percentage of contribution of each emission source on total EI.  
 

Pollutant Total emissions Industry (%)  Residential + other (%) Biogenic (%) Traffic (%) 

NOx 106.27 15.79 6.46 - 77.75 

CO 8860.25 5.45 4.78 - 89.77 

SO2 1603.37 80.42 18.49 - 1.10 

NMVOC 1241.45 1.90 8.33 0.38 89.39 

CH4 214.81 27.02 33.19 16.98 22.80 

Table 7. Total emissions in HCMC [ton day-1] and the contribution of each emission source 
on the total emissions in HCMC (in %). 

Table 7 shows that the emissions of SO2 (80.42%) from industrial sources are very important. 
Because the industry in HCMC uses a lot of diesel oil, mazut oil and fossil coal which 
contain high percentage of sulphur as fuel (Dinh, 2003).  

The traffic sources contribute with a high pe rcentage of total emissions (NOx 77.75%; CO 
89.77%; and NMVOC 89.39%).  

4.3 Modeling of air pollution over HCMC 

4.3.1 Models description and set-up 

Meteorological 

The Finite Volume Model (FVM) model used in this research is a three dimensional Eulerian 
meteorological model for simulating the meteorology. The model uses a terrain following 
grid with finite volume discretization (Clappie r et al. 1996). This mesoscale model is non-
hydrostatic and anelastic. It solves the momentum equation for the wind component, the 
energy equation for the potential temperature, the air humidity equation for mean absolute 
humidity and the Poisson equation for the pressure. The turbulence is parameterized using 
turbulent coefficients. In the tr ansition layer these coefficients are derived from turbulent 
kinetic energy (TKE, computed prognostically), and a length scale, following the 
formulation of Bougeault and Lacarrere (Bou geault et al. 1989). In the surface layer 
(corresponding to the lowest numerical level), in  rural areas, the formulation of Louis (Louis 
et al. 1979) is used. The ground temperature and moisture, in rural areas, are estimated with 
the soil module of Tremback and Kessler (Tremback et al. 1985). An urban turbulence 
module in the model simulates the effect of urban areas on the meteorology (Matilli et al. 
2002 b). A second module, the Building Energy Model (BEM, Krpo 2009), takes into account 
the diffusion of heat through walls, roofs, and floors, the natural ventilation, the generation 
of heat from occupants and equipments, and the consumption of energy through air 
conditioning systems. The FVM model was developed at the Air and Soil Pollution 
Laboratory (LPAS) of the Swiss Federal Institute of Technology in Lausanne (EPFL).  

For choosing the domain used in the meteorological simulations, we have to take account of 
their size and especial resolution due to the capacity of computer. The four selected domains 
(Fig. 10) are domain 1 (resolution of 75 km x 75 km cells 16 x 16 grid points), domain 2 
(resolution of 16 km x 16 km cells 33 x 33 grid points), domain 3 (resolution of 5 km x 5 km 
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cells 40 x 40 grid points) and domain 4 (resolution of 1 km x 1km cells 34 x 30 grid points). 
The domain 4 includes main part of HCMC. Th e results from nesting procedure for initial 
and boundary conditions are used over this domain. For the largest domain (domain 1), the 
initial and the boundary conditions are interp olated from 6-hourly data from National 
Centers for Environmental Prediction (NCEP). In vertical position the grids extend up to 
10,000 m, with 30 levels. The vertical resolution is 10 m for the first level, and then it is 
stretched up to the top of the domain at 1000 m [(grid stretching ratio equal to 1.2) (Martilli 
et al. 2002)]. Land use data obtained from the U.S. Geological Survey (USGS) is used as 
input for the simulations. For obtaining more realistic initial conditions, a pre-run of one day 
is computed for the meteorological simulations. 

Air quality model 

The air quality model used for this research is the Transport and Photochemistry Mesoscale 
Model (TAPOM) (Martilli et al . 2003; Junier et  al . 2004) implemented at EPFL and at the 
Joint Research Centre of Istituto Superiore per la Protezione e la Ricerca Ambientale 
(ISPRA). It is a transport and photochemistry three-dimensional Eulerian model. It is based 
on the resolution of the mass balance equation for the atmospheric substances. This equation 
includes the advection by the mean wind, th e vertical diffusion by the turbulence, the 
chemical transformation by re actions, the dry deposition and the emissions. The chemical 
transformations are simulated by using the RA CM (Stockwell et al. 1997), the Gong and Cho 
(Gong et al. 1993) chemical solver for the gaseous phase and the ISORROPIA module for 
inorganic aerosols (Nenes et al. 1998). The transport is solved using the algorithms 
developed by Collella and Woodward (Collella et  al. 1984). Then this algorithm has recently 
developed by Clappier (Clappier et al. 1998). Now there are a lot of atmospheric models 
uses this algorithm. The photolysis rate constants used for chemical reactions are calculated 
using the radiation module TUV which is deve loped by Madronich (Madronich et al. 1998). 
In vertical position, the grids ex tend up to 7300 m with 12 levels. The vertical resolution is 15 
m for the first level, and then it is stretche d up to the top of the domain at 2000 m (grid 
stretching factor of 1.2 for lower and 1.6 for upper layers of the grid).  

 

domain 1 

domain 4 

 
Fig. 10. Topography of South of Vietnam and description of simulated domains (left panel). 
The central black square (shown in left panel) used for the air quality simulation domain 
(right panel). (Source: http://edcdaac.usg s.gov/gtopo30/gtopo30.html (online & free 
downloading)). 
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The central black square (shown in left panel) used for the air quality simulation domain 
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downloading)). 
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Initial and boundary conditions for the photochemical simulations are based on 
measurements obtained by the Institute of Environment and Resources –VNU (IER-VNU) 
and the HEPA. Measurements taken from stations located in the surrounding of HCMC. 
They show 30 ppb of O3 and very low values of NO and NO 2 (0.19 ppb).  

A pre-run of one day with the same emission s (in emission inventory section) and wind 
fields (in meteorological modeling section) is performed. This calculation provides more 
realistic initial conditions for the air quality simulations. The air quality simulations are run 
for the episode of 3 day 6th - 8th February 2006.  

4.3.2 Results  

Results of meteorological simulations over HCMC 

In the morning, the wind direction in HCMC  is towards the north-west. At 0600LT (Fig. 
11(a)), the wind is influenced by the Trade Winds. At this time, we do not observe the sea 
breeze phenomenon because it is too weak and the Trade Winds dominate the wind 
direction in the grid at this time. By 0900LT the wind is stronger and we observe the 
development of some small converge zones, produced due to the slope winds phenomenon 
developed in the city. Until 1300LT as shown in  Fig. 11(b), the sun light has warmed up the 
ground rapidly. The slope winds are stronger at that time and air masses come up from the 
south plateau toward the highland area in the north. Some other air masses come from the 
east. Three main converge fronts can be perceived in the grid. The wind speed increases 
strongly and reaches its maximum at 1700LT as shown in Fig .11(c). At this time, the 
warming of the ground reaches its maximum and the sea breeze phenomenon develops 
strongly. From 2200LT until the next morning, wi nd fields are similar to 0600LT as it shown 
in Fig .11(d). 

The measurements taken during the episode are used to validate these wind fields. The 
results of TSN station (Fig .13) show daily and nightly temperature values (Fig .12(a)). In 
general, FVM reproduces correctly the variatio n of the temperature. The results show that 
during all the day, measured and modeled temperatures are very similar. The model 
predicts well the time of the day when th e sun rises (0700LT) and temperatures start 
increasing.  

The maximum value of temperatures (between 1200LT and 1500LT) is 35.19°C. However it 
underestimates nightly temperatures, this can be explained by the NCEP nightly temperatures 
are also underestimated at ground level. These boundary conditions cont ribute to cool down 
the borders of the grid, and then the simulati ons are underestimated. The measurements of 
TSN station (Fig .12(b)) show very clearly the daily and nightly maximum and minimum wind 
speed values. Unfortunately, there are very few measurements for meteorology over HCMC 
area. The TSN station is located in west part of domain. We observed that minimum wind 
speed values are between 0500LT and 0700LT, when land and sea are coolest. The minimum 
wind speed was observed at the same time together with a change in the wind direction (Fig 
.12(c)). The maximum wind speed values observed during the day occur at the same time with 
the maximum of development of local phenomena.  The change in wind direction due to the 
slope winds cannot be seen clearly, because TSN station is situated towards the west of city 
where the local phenomena are less notorious. The wind and temperature of simulation in 
vertical are agreement with the observations. 
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Fig. 11. Wind field results from simulations at ground level for the domain 34 km x 30 km, 
7th February 2006. Geographical coordinates of the lower left corner: 10.64°N and 106.52°E. 
Maximum wind speed is 5.5 m s-1. 



 
Air Pollution – Monitoring, Modelling and Health 

 

24

Initial and boundary conditions for the photochemical simulations are based on 
measurements obtained by the Institute of Environment and Resources –VNU (IER-VNU) 
and the HEPA. Measurements taken from stations located in the surrounding of HCMC. 
They show 30 ppb of O3 and very low values of NO and NO 2 (0.19 ppb).  

A pre-run of one day with the same emission s (in emission inventory section) and wind 
fields (in meteorological modeling section) is performed. This calculation provides more 
realistic initial conditions for the air quality simulations. The air quality simulations are run 
for the episode of 3 day 6th - 8th February 2006.  

4.3.2 Results  

Results of meteorological simulations over HCMC 

In the morning, the wind direction in HCMC  is towards the north-west. At 0600LT (Fig. 
11(a)), the wind is influenced by the Trade Winds. At this time, we do not observe the sea 
breeze phenomenon because it is too weak and the Trade Winds dominate the wind 
direction in the grid at this time. By 0900LT the wind is stronger and we observe the 
development of some small converge zones, produced due to the slope winds phenomenon 
developed in the city. Until 1300LT as shown in  Fig. 11(b), the sun light has warmed up the 
ground rapidly. The slope winds are stronger at that time and air masses come up from the 
south plateau toward the highland area in the north. Some other air masses come from the 
east. Three main converge fronts can be perceived in the grid. The wind speed increases 
strongly and reaches its maximum at 1700LT as shown in Fig .11(c). At this time, the 
warming of the ground reaches its maximum and the sea breeze phenomenon develops 
strongly. From 2200LT until the next morning, wi nd fields are similar to 0600LT as it shown 
in Fig .11(d). 

The measurements taken during the episode are used to validate these wind fields. The 
results of TSN station (Fig .13) show daily and nightly temperature values (Fig .12(a)). In 
general, FVM reproduces correctly the variatio n of the temperature. The results show that 
during all the day, measured and modeled temperatures are very similar. The model 
predicts well the time of the day when th e sun rises (0700LT) and temperatures start 
increasing.  

The maximum value of temperatures (between 1200LT and 1500LT) is 35.19°C. However it 
underestimates nightly temperatures, this can be explained by the NCEP nightly temperatures 
are also underestimated at ground level. These boundary conditions cont ribute to cool down 
the borders of the grid, and then the simulati ons are underestimated. The measurements of 
TSN station (Fig .12(b)) show very clearly the daily and nightly maximum and minimum wind 
speed values. Unfortunately, there are very few measurements for meteorology over HCMC 
area. The TSN station is located in west part of domain. We observed that minimum wind 
speed values are between 0500LT and 0700LT, when land and sea are coolest. The minimum 
wind speed was observed at the same time together with a change in the wind direction (Fig 
.12(c)). The maximum wind speed values observed during the day occur at the same time with 
the maximum of development of local phenomena.  The change in wind direction due to the 
slope winds cannot be seen clearly, because TSN station is situated towards the west of city 
where the local phenomena are less notorious. The wind and temperature of simulation in 
vertical are agreement with the observations. 

 
Urban Air Pollution 

 

25 

    

                                           

                                                

                                          
Fig. 11. Wind field results from simulations at ground level for the domain 34 km x 30 km, 
7th February 2006. Geographical coordinates of the lower left corner: 10.64°N and 106.52°E. 
Maximum wind speed is 5.5 m s-1. 
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Fig. 12. Comparison between the results of simulated (solid line) and measured (starts). The 
temperature in °C (a), wind speed in m.s-1 (b), wind direction in degree (c) at ground level 
in TSN station, 6th – 8th February 2006. 
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Fig. 13. The map on the left panel is the location of Vietnam. The map on right panel is 
presenting the location of monitoring stations  in domain simulated. Five road-side stations 
(1. DO; 4. TN; 6. HB; 7. BC; 9. TD) and four urban background stations (2. ZO; 3. TS; 5. D2; 8. 
QT) for air quality monitoring are located on  the map. The meteorological stations are 
located in TSN airport (station number 10) and Tan Son Hoa site (station number 3). (Source: 
Library of Institute of Environment and Resources (IER)-Vietnam). 

 
8

 

7
 

6
 

2
 

3
 

5
 

1
 

4
 

9

1
0

 



 
Air Pollution – Monitoring, Modelling and Health 

 

26

0

5

10

15

20

25

30

35

6 12 18 24 6 12 18 24 6 12 18 24

FEB  6 FEB  7 FEB  8

0

5

10

15

20

25

30

35

Measurements

Simulation

 

0

1

2

3

4

5

6

7

0

1

2

3

4

5

6

7

6 12 18 24 6 12 18 24 6 12 18 24

FEB  6 FEB  7 FEB  8

 

 
Fig. 12. Comparison between the results of simulated (solid line) and measured (starts). The 
temperature in °C (a), wind speed in m.s-1 (b), wind direction in degree (c) at ground level 
in TSN station, 6th – 8th February 2006. 

 
Urban Air Pollution 

 

27 

 
Fig. 13. The map on the left panel is the location of Vietnam. The map on right panel is 
presenting the location of monitoring stations  in domain simulated. Five road-side stations 
(1. DO; 4. TN; 6. HB; 7. BC; 9. TD) and four urban background stations (2. ZO; 3. TS; 5. D2; 8. 
QT) for air quality monitoring are located on  the map. The meteorological stations are 
located in TSN airport (station number 10) and Tan Son Hoa site (station number 3). (Source: 
Library of Institute of Environment and Resources (IER)-Vietnam). 

 
8

 

7
 

6
 

2
 

3
 

5
 

1
 

4
 

9

1
0

 



 
Air Pollution – Monitoring, Modelling and Health 

 

28

Results of air quality simulations over HCMC 

Evaluation of the uncertainty in air quality simulation: results of numerical simulations are 
more reliable if the estimation of uncertainties in model prediction is generated. The 
uncertainties of the air quality model due to input parameters could be generated by using 
the standard deviation (square root of varian ce) around the mean of the modeled outputs 
(Hwang et al. 1998). Up to now, the Monte-Carlo (MC) is a brute-force method for 
uncertainty analysis (Hanna et al. 2000). 100 MC air quality simulations are run for 
estimating uncertainty in the results of  air quality and abatement strategies.  

The uncertainty and the median of pollutants  are calculated from 100 MC air quality 
simulations. The results of pollutants and thei r uncertainties from the output of the air 
quality modeling are divided into two polluta nt types, primary (CO, NOx, etc.) and 
secondary pollutants (O3).  

Simulation of primary pollutants: TN station is located in the centre of HCMC, and D2 
station is located around the city, but both stations are representative for ambient air 
quality. They are not situated beside the road. Fig .14(a) shows that the concentration of CO 
(from measurements and simulations) has an important peak in the morning (between 
0700LT and 1000LT). However, Fig .14(b) shows that the peak of NOx (from measurements 
and simulations) is presented later, between 0900LT and 1200LT. The peak is related to the 
highest emissions from traffic mainly due to th e rush hour during this period in HCMC. The 
peak of NOx appears late than the peak of CO (around 2-3 hours), because the high 
emission of CO is related to the private vehicle (motorcycles and cars), while the high 
emission of NOx is related to the trucks (heavy and light trucks). In HCMC, trucks have 
limited circulation from the city centre  during rush hours (600LT-830LT and 1600LT-
2000LT). The peak is amplified to a very high concentration due to a low mixing height in 
the early morning. At this time the temperatur e of the air masses are still cold, the vertical 
diffusion of pollutants is very weakly so the pollutants are stored at ground level. The air-
monitoring network in HCMC includes nine stat ions but due to the lack of calibration and 
maintenance of the equipments, measurements are available only for some day at some 
stations. The values of the peaks of both CO and NOx are in good agreement with 
observations. The second daily peak of CO and NOx is observed around 1700LT and 
1800LT, because this is a second rush hour of the day. This peak is related to the traffic and 
it is sometimes underestimated by the model which may be attributed to an overestimation 
of the wind speed at this time.  

The results from simulations which are shown in Fig .14 are the mean values of 100 MC 
simulations. Probabilistic estimate are shown by plotting concentration enveloped (mean �r  
1 �V) with time. Fig .14(a) shows that the uncertainty for the CO simulated differ by a 
maximum of 1.8 ppm ( �|  34.4% of mean value) at rush hour 0700 LT – 0800LT on 6th Feb 
2006. The minimum uncertainty is 0.01 ppm ( �|  0.5% of mean value) which is observed in 
the middle of all nights from 6th to 8th Feb 2006. Fig. 14(b) shows that the NOx uncertainty 
differs by a maximum of 11.28 ppb ( �|  13% of mean value) at the same time of appearance 
NOx peak. The minimum un certainty is 0.47 ppb ( �|  5.9% of mean value) which is observed 
during the middle of night. 

Simulation of secondary pollutants: HB station is located in the centre of HCMC (Fig .13). 
In general the concentration of O3 in D2 station (Fig .14(c)) is higher than in HB station 
(Fig .14(d)), because D2 station is situated closer to the O3 plumes than HB station.  
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The simulation shows high O 3 levels at the same stations as the measurements do on 7th Feb 
as shown on Fig .14(c), indicating a good reproduction of the plume position. We can see 
that the HB station is located closer to the south of the city than the D2 station (Fig .13). This 
confirms the fact that pollutants are being transported in the northern and north-western 
direction at 1300LT on 7th Feb. The uncertainty analysis for the air quality model is also 
studied by running 100 MC simulations. Fig .14(c)  and Fig .14(d) show that the uncertainties 
of O3 differ by a maximum of 5ppb ( �| 8.6% of mean value) at 1100LT-1300LT on 6th - 8th 
Feb 2006 at both stations. The minimum uncertainty of O3 is 1ppb ( �| 15% of mean value) at 
0700LT – 0900LT on 6th – 8th Feb 2006 at both stations.  
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Fig. 14. Comparison between the results of measurements (stars) and simulation (solid line) 
during the selected episode (on 6th - 8th Feb 2006) for CO (ppm) at TN station, NOx (ppb) at 
D2 station and O3 (ppb) at D2 and HB stations. The uncertainties of CO, NOx and O3, from 
100 MC simulations are presented by 1�V (standard deviation). NOx refers to NO + NO 2. 

Spatial distribution of O 3 

Figure 15 shows the plume of O3 developed during the 7th Feb 2006. In the early morning, 
there are very high concentrations of NOx stored in the centre of the city, which generates 
O3 destruction at this location, while Fig .15(a) shows that at 1000LT O3 is being formed in 
the neighboring city. At this ti me, pollutants are pushed to the north-west of city by the 

(a) (b) 
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estimating uncertainty in the results of  air quality and abatement strategies.  

The uncertainty and the median of pollutants  are calculated from 100 MC air quality 
simulations. The results of pollutants and thei r uncertainties from the output of the air 
quality modeling are divided into two polluta nt types, primary (CO, NOx, etc.) and 
secondary pollutants (O3).  

Simulation of primary pollutants: TN station is located in the centre of HCMC, and D2 
station is located around the city, but both stations are representative for ambient air 
quality. They are not situated beside the road. Fig .14(a) shows that the concentration of CO 
(from measurements and simulations) has an important peak in the morning (between 
0700LT and 1000LT). However, Fig .14(b) shows that the peak of NOx (from measurements 
and simulations) is presented later, between 0900LT and 1200LT. The peak is related to the 
highest emissions from traffic mainly due to th e rush hour during this period in HCMC. The 
peak of NOx appears late than the peak of CO (around 2-3 hours), because the high 
emission of CO is related to the private vehicle (motorcycles and cars), while the high 
emission of NOx is related to the trucks (heavy and light trucks). In HCMC, trucks have 
limited circulation from the city centre  during rush hours (600LT-830LT and 1600LT-
2000LT). The peak is amplified to a very high concentration due to a low mixing height in 
the early morning. At this time the temperatur e of the air masses are still cold, the vertical 
diffusion of pollutants is very weakly so the pollutants are stored at ground level. The air-
monitoring network in HCMC includes nine stat ions but due to the lack of calibration and 
maintenance of the equipments, measurements are available only for some day at some 
stations. The values of the peaks of both CO and NOx are in good agreement with 
observations. The second daily peak of CO and NOx is observed around 1700LT and 
1800LT, because this is a second rush hour of the day. This peak is related to the traffic and 
it is sometimes underestimated by the model which may be attributed to an overestimation 
of the wind speed at this time.  

The results from simulations which are shown in Fig .14 are the mean values of 100 MC 
simulations. Probabilistic estimate are shown by plotting concentration enveloped (mean �r  
1 �V) with time. Fig .14(a) shows that the uncertainty for the CO simulated differ by a 
maximum of 1.8 ppm ( �|  34.4% of mean value) at rush hour 0700 LT – 0800LT on 6th Feb 
2006. The minimum uncertainty is 0.01 ppm ( �|  0.5% of mean value) which is observed in 
the middle of all nights from 6th to 8th Feb 2006. Fig. 14(b) shows that the NOx uncertainty 
differs by a maximum of 11.28 ppb ( �|  13% of mean value) at the same time of appearance 
NOx peak. The minimum un certainty is 0.47 ppb ( �|  5.9% of mean value) which is observed 
during the middle of night. 

Simulation of secondary pollutants: HB station is located in the centre of HCMC (Fig .13). 
In general the concentration of O3 in D2 station (Fig .14(c)) is higher than in HB station 
(Fig .14(d)), because D2 station is situated closer to the O3 plumes than HB station.  
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The simulation shows high O 3 levels at the same stations as the measurements do on 7th Feb 
as shown on Fig .14(c), indicating a good reproduction of the plume position. We can see 
that the HB station is located closer to the south of the city than the D2 station (Fig .13). This 
confirms the fact that pollutants are being transported in the northern and north-western 
direction at 1300LT on 7th Feb. The uncertainty analysis for the air quality model is also 
studied by running 100 MC simulations. Fig .14(c)  and Fig .14(d) show that the uncertainties 
of O3 differ by a maximum of 5ppb ( �| 8.6% of mean value) at 1100LT-1300LT on 6th - 8th 
Feb 2006 at both stations. The minimum uncertainty of O3 is 1ppb ( �| 15% of mean value) at 
0700LT – 0900LT on 6th – 8th Feb 2006 at both stations.  
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Fig. 14. Comparison between the results of measurements (stars) and simulation (solid line) 
during the selected episode (on 6th - 8th Feb 2006) for CO (ppm) at TN station, NOx (ppb) at 
D2 station and O3 (ppb) at D2 and HB stations. The uncertainties of CO, NOx and O3, from 
100 MC simulations are presented by 1�V (standard deviation). NOx refers to NO + NO 2. 

Spatial distribution of O 3 

Figure 15 shows the plume of O3 developed during the 7th Feb 2006. In the early morning, 
there are very high concentrations of NOx stored in the centre of the city, which generates 
O3 destruction at this location, while Fig .15(a) shows that at 1000LT O3 is being formed in 
the neighboring city. At this ti me, pollutants are pushed to the north-west of city by the 
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wind coming from the south-east. Figure 15(b)  shows that until 1300LT, the time with the 
highest solar radiation, the maximum quantity of O 3 is formed. At this time, wind is divided 
in three main convergences which divide the plume of O 3 into two different small plumes. 
Two O3 maxima are formed at this time on 7th Feb, 140 ppb and 150 ppb, for the northern 
and north-western parts of the city, respecti vely. Then, until 1400LT the wind direction is 
the same wind direction than at 1300LT. However the wind speed is very strong (two times 
stronger than at 1300LT), which pushes rapidly the O 3 plume to go up to the north and 
north-west of the city. Fig .15(c) shows that at 1500LT the plumes leave the basin of HCMC 
through the north and north-west. The O 3 concentrations remain low in the city. Then, at 
2000LT the wind direction is the same wind direc tion than at 1000LT. At 2000LT, there is not 
solar radiation coming to the earth which prevents O 3 production and promotes the 
destruction of O 3, especially in the north-western part of the city.  
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Fig. 15. Map of O3 concentrations (ppb) at ground level in the domain of 34 km x 30 km, at 
10LT00 (upper left panel), 1300LT (upper right panel), 1500LT (lower left panel) and 
2000LT (lower right panel), 7th Feb 2006 and measurement stations. The different colours 
are the O3 levels. 
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In conclusion, 6th – 8th February 2006 is a period which is representative for one of the 
highest O3 episodes during the dry season of the year in HCMC. The primary pollutants 
show highest values in centre of city where the highest density of traffic is found. Therefore, 
the huge part of population in the centre of  HCMC is living with unfavorable conditions 
due to high concentration of primary pollutants. However, in the case of secondary 
pollutant we can see that it has most favorable conditions for the population living in the 
centre of HCMC and unfavorable for the population living in the north and north-west of 
HCMC. Once the models were shown able to reproduce and understand the principal 
characteristics of pollution in HCMC, it is very useful to study different strategies to reduce 
pollution for the ci ty in the future. 

4.4 Air pollution abatement strategy 

For over 15 years, a lot of studies to evaluate air pollution abatement strategies have been 
carried out by using air quality models (Metcalfe et al. 2002; Palacios et al. 2002; Zarate et al. 
2007 and to cite a few). The previous section shows that it is urgent to establish emission 
control scenarios for HCMC. Over some recently years, the results of air quality monitoring 
have shown that the pollutants exceeded regularly the standard limits in HCMC due to the 
emissions from the traffic source (HEPA, 2005; HEPA, 2006). The local government has 
started to design some emission control plans for traffic in HCMC. The plans are designed 
for the year of 2015 and 2020. The two emission control plans are named: (1) Emission 
reduction scenario for 2015 and (2) Emission reduction scenario for 2020.  

The main ideas are that in 2015 the HCMC government will perform many activities to control 
air pollution concerning the road traffic source (Trinh, 2007): (1) controlling the emission of all 
vehicles (Thang, 2004), (2) the first metro line will be finished at the end of 2014 (Bao du lich, 
2008) and (3) HCMC government will add 3000 new buses during 2006-2015 (Tuong, 2005).  

For the year of 2020, four metro lines will be constructed (metro system will replace 50% of 
total motorcycle) (Bao du lich, 2008) and the number of buses will be increased to 4500 
during 2006-2020 (Bang et al., 2010). 

Spatial distribution of O 3 

The impacts of two strategies on the levels of troposphere O3 in HCMC are shown in Fig .16(a) 
and Fig .16(b). If HCMC follows the reduction plan: (i) For the year of 2015, the reductions for 
the HCMC grid area as a whole are 3.3% for CO, SO2, and CH4. There is an increase in NOx 
emissions of 8%. Mean values of O3 are reduced from 28.5 ppb to 28.0 ppb and the maximum 
from 150 ppb to 136 ppb on 7th Feb. (ii) For the year of 2020, the reductions for HCMC grid 
area as a whole are 8.6% for CO and 12.5 % for CH4, there are increases in NOx, SO2 and 
NMVOC emissions of 20.1%, 7.6% and 6.2%, respectively. Mean values of O3 are reduced from 
28.5 ppb to 27.6 ppb and the maximum from 150 ppb to 120 ppb for 7th Feb.  

The highest reduction of O3 concentration is found at the same place of the principal O3 
plume for both abatement strategies. A deeper analysis of this reduction will be discussed 
by plotting the O 3 concentration variable with respect to  time and its uncertainties. In this 
research, we select some stations where we find the maximum of O3 reduction, the medium 
of O3 reduction and the minimum of O 3 reduction. The MA, D2 and HB stations are chosen 
for the maximum, medium and minimum reduction zones, respectively (Fig .16 (a)). Their 
results are shown in the following section. 
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wind coming from the south-east. Figure 15(b)  shows that until 1300LT, the time with the 
highest solar radiation, the maximum quantity of O 3 is formed. At this time, wind is divided 
in three main convergences which divide the plume of O 3 into two different small plumes. 
Two O3 maxima are formed at this time on 7th Feb, 140 ppb and 150 ppb, for the northern 
and north-western parts of the city, respecti vely. Then, until 1400LT the wind direction is 
the same wind direction than at 1300LT. However the wind speed is very strong (two times 
stronger than at 1300LT), which pushes rapidly the O 3 plume to go up to the north and 
north-west of the city. Fig .15(c) shows that at 1500LT the plumes leave the basin of HCMC 
through the north and north-west. The O 3 concentrations remain low in the city. Then, at 
2000LT the wind direction is the same wind direc tion than at 1000LT. At 2000LT, there is not 
solar radiation coming to the earth which prevents O 3 production and promotes the 
destruction of O 3, especially in the north-western part of the city.  
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Fig. 15. Map of O3 concentrations (ppb) at ground level in the domain of 34 km x 30 km, at 
10LT00 (upper left panel), 1300LT (upper right panel), 1500LT (lower left panel) and 
2000LT (lower right panel), 7th Feb 2006 and measurement stations. The different colours 
are the O3 levels. 
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In conclusion, 6th – 8th February 2006 is a period which is representative for one of the 
highest O3 episodes during the dry season of the year in HCMC. The primary pollutants 
show highest values in centre of city where the highest density of traffic is found. Therefore, 
the huge part of population in the centre of  HCMC is living with unfavorable conditions 
due to high concentration of primary pollutants. However, in the case of secondary 
pollutant we can see that it has most favorable conditions for the population living in the 
centre of HCMC and unfavorable for the population living in the north and north-west of 
HCMC. Once the models were shown able to reproduce and understand the principal 
characteristics of pollution in HCMC, it is very useful to study different strategies to reduce 
pollution for the ci ty in the future. 

4.4 Air pollution abatement strategy 

For over 15 years, a lot of studies to evaluate air pollution abatement strategies have been 
carried out by using air quality models (Metcalfe et al. 2002; Palacios et al. 2002; Zarate et al. 
2007 and to cite a few). The previous section shows that it is urgent to establish emission 
control scenarios for HCMC. Over some recently years, the results of air quality monitoring 
have shown that the pollutants exceeded regularly the standard limits in HCMC due to the 
emissions from the traffic source (HEPA, 2005; HEPA, 2006). The local government has 
started to design some emission control plans for traffic in HCMC. The plans are designed 
for the year of 2015 and 2020. The two emission control plans are named: (1) Emission 
reduction scenario for 2015 and (2) Emission reduction scenario for 2020.  

The main ideas are that in 2015 the HCMC government will perform many activities to control 
air pollution concerning the road traffic source (Trinh, 2007): (1) controlling the emission of all 
vehicles (Thang, 2004), (2) the first metro line will be finished at the end of 2014 (Bao du lich, 
2008) and (3) HCMC government will add 3000 new buses during 2006-2015 (Tuong, 2005).  

For the year of 2020, four metro lines will be constructed (metro system will replace 50% of 
total motorcycle) (Bao du lich, 2008) and the number of buses will be increased to 4500 
during 2006-2020 (Bang et al., 2010). 

Spatial distribution of O 3 

The impacts of two strategies on the levels of troposphere O3 in HCMC are shown in Fig .16(a) 
and Fig .16(b). If HCMC follows the reduction plan: (i) For the year of 2015, the reductions for 
the HCMC grid area as a whole are 3.3% for CO, SO2, and CH4. There is an increase in NOx 
emissions of 8%. Mean values of O3 are reduced from 28.5 ppb to 28.0 ppb and the maximum 
from 150 ppb to 136 ppb on 7th Feb. (ii) For the year of 2020, the reductions for HCMC grid 
area as a whole are 8.6% for CO and 12.5 % for CH4, there are increases in NOx, SO2 and 
NMVOC emissions of 20.1%, 7.6% and 6.2%, respectively. Mean values of O3 are reduced from 
28.5 ppb to 27.6 ppb and the maximum from 150 ppb to 120 ppb for 7th Feb.  

The highest reduction of O3 concentration is found at the same place of the principal O3 
plume for both abatement strategies. A deeper analysis of this reduction will be discussed 
by plotting the O 3 concentration variable with respect to  time and its uncertainties. In this 
research, we select some stations where we find the maximum of O3 reduction, the medium 
of O3 reduction and the minimum of O 3 reduction. The MA, D2 and HB stations are chosen 
for the maximum, medium and minimum reduction zones, respectively (Fig .16 (a)). Their 
results are shown in the following section. 
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Fig. 16. Effect of two strategies on O3 concentration (ppb) fields for the 7th Feb 2006 at 
1300LT ground level. Figure 16(a) represents the reduction of O3 concentration in 2015 from 
the ozone concentration in 2006. Figure 16(b) represents the reduction of O3 concentration in 
2020 from the ozone concentration in 2006. The measurement stations are shown in Fig. 13. 

Analysis of O 3 at different measuring stations 

Strategy in 2015: Figure 17(a, b, c)-upper panels shows the reduction of O3 concentrations 
( 3O�'  in equation 4) in 2015 from the O3 concentration in 2006 and its uncertainties (

3O�V�'  in 
equation 5) in different stations (we consider the standard deviation as the uncertainty). 

The Delta O3 ( 3O�' ) and uncertainties of O3 (
3O�V�' ) presented on Fig .17 are calculated using 

equations (4) and (5). These values are calculated from 100 MC simulations for the base case 
and 100 MC simulations for each strategy. 
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Fig. 17. Reduction of O3 (in ppb) in 2015 (strategy in 2015; Fig .17 (a, b, c)_upper panels) and 
in 2020 (strategy in 2020; Fig .17 (d, e, f)_lower panels) from the O3 concentration in 2006 and 
its uncertainties. The results are plotted for the first layer near the ground during the 
selected episode (on 6th - 8th Feb) at MA, D2 and HB stations. 
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Fig. 16. Effect of two strategies on O3 concentration (ppb) fields for the 7th Feb 2006 at 
1300LT ground level. Figure 16(a) represents the reduction of O3 concentration in 2015 from 
the ozone concentration in 2006. Figure 16(b) represents the reduction of O3 concentration in 
2020 from the ozone concentration in 2006. The measurement stations are shown in Fig. 13. 

Analysis of O 3 at different measuring stations 

Strategy in 2015: Figure 17(a, b, c)-upper panels shows the reduction of O3 concentrations 
( 3O�'  in equation 4) in 2015 from the O3 concentration in 2006 and its uncertainties (

3O�V�'  in 
equation 5) in different stations (we consider the standard deviation as the uncertainty). 

The Delta O3 ( 3O�' ) and uncertainties of O3 (
3O�V�' ) presented on Fig .17 are calculated using 

equations (4) and (5). These values are calculated from 100 MC simulations for the base case 
and 100 MC simulations for each strategy. 
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Fig. 17. Reduction of O3 (in ppb) in 2015 (strategy in 2015; Fig .17 (a, b, c)_upper panels) and 
in 2020 (strategy in 2020; Fig .17 (d, e, f)_lower panels) from the O3 concentration in 2006 and 
its uncertainties. The results are plotted for the first layer near the ground during the 
selected episode (on 6th - 8th Feb) at MA, D2 and HB stations. 
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Where: 3
iO�'  is the difference in O3 concentration between the base case and the strategy in 

2015 for the ith simulation. 

The highest uncertainties of O3 reduction appear at the same time of the highest O3 
reduction at 1200LT - 1400LT of each day (Fig .17). The highest reduction of O3 
concentration at MA, D2 and HB stations duri ng 6th - 8th Feb are 14ppb, 6.7ppb and 3.9ppb, 
respectively. However, the highest uncertainties of O3 reduction at MA, D2 and HB stations 
are 3ppb, 9ppb and 3.5ppb respectively. Therefore, the uncertainties of O3 reduction are in 
general similar to the O3 reduction. We can not conclude that the change in O3 concentration 
is due to the impact of the emission control pl an, because the change can probably be due to 
the impact of uncertainties of input parameters. 

For the evolution of primary pollutants of the strategy in 2015, the concentrations of NOx in 
simulations will increase 7% than those were in 2006. However, the concentrations of CO 
and CH4 decrease around 10% and 8%, respectively than those were in 2006. In conclusion, 
there is very little impact of the emission control plan in 2015. 

Strategy in 2020: Figure 17 (d, e, f)-lower panels shows that the highest uncertainties of O3 
reduction (

3O�V�' ) also appear at the same time of the highest O3 reduction ( 3O�' ) at 1200LT - 
1400LT of each day. In general, the O3 concentration in 2020 is lower than the O3 concentration 
in 2006. The highest reduction of O3 concentration at MA, D2 and HB stations during 6th – 8th 
Feb are 23.5ppb, 13.4ppb and 7.8ppb, respectively. While, the highest uncertainties of O3 
reduction at MA, D2 and HB stations are 8.2ppb, 11ppb and 5.1ppb, respectively. The O3 
reduction is higher than the uncertainty of O 3 reduction in all stations. It means that the change 
in O3 concentration is due to the change in emissions from the emission control plan.  

For the evolution of primary pollutants of the strategy in 2020, the concentrations of NOx in 
simulations will increase 16% than those were in 2006. However, the concentrations of CO 
decrease around 7% than those were in 2006. In conclusion, this emission control plan in 
2020 has strong impact on the primary and secondary pollutants in HCMC. 

5. Summary and key recommendations 

In this chapter, the state of the art for studying urban air pollution was reviewed and 
discussed. Air in the large cities is polluted, especially in developing cities. Road traffic is the 
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main source of pollution in cities. The enviro nmental managers strongly need for air quality 
management systems to help them control air quality in the cities. The available air quality 
management system is discussed. Emission inventory is the most important part in air quality 
management system as it is the mostly used tool to identify the pollution source. However 
there are a lot of difficulties to be faced when we generate EIs. In this chapter, we also present 
an example of generation an EI for developing cities where there are not enough available 
data. The results of EI are used as input parameters for air quality modeling. Then we present 
many Air pollution abatement strategies over HCMC as a case study of developing cities.  
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Where: 3
iO�'  is the difference in O3 concentration between the base case and the strategy in 

2015 for the ith simulation. 

The highest uncertainties of O3 reduction appear at the same time of the highest O3 
reduction at 1200LT - 1400LT of each day (Fig .17). The highest reduction of O3 
concentration at MA, D2 and HB stations duri ng 6th - 8th Feb are 14ppb, 6.7ppb and 3.9ppb, 
respectively. However, the highest uncertainties of O3 reduction at MA, D2 and HB stations 
are 3ppb, 9ppb and 3.5ppb respectively. Therefore, the uncertainties of O3 reduction are in 
general similar to the O3 reduction. We can not conclude that the change in O3 concentration 
is due to the impact of the emission control pl an, because the change can probably be due to 
the impact of uncertainties of input parameters. 

For the evolution of primary pollutants of the strategy in 2015, the concentrations of NOx in 
simulations will increase 7% than those were in 2006. However, the concentrations of CO 
and CH4 decrease around 10% and 8%, respectively than those were in 2006. In conclusion, 
there is very little impact of the emission control plan in 2015. 

Strategy in 2020: Figure 17 (d, e, f)-lower panels shows that the highest uncertainties of O3 
reduction (

3O�V�' ) also appear at the same time of the highest O3 reduction ( 3O�' ) at 1200LT - 
1400LT of each day. In general, the O3 concentration in 2020 is lower than the O3 concentration 
in 2006. The highest reduction of O3 concentration at MA, D2 and HB stations during 6th – 8th 
Feb are 23.5ppb, 13.4ppb and 7.8ppb, respectively. While, the highest uncertainties of O3 
reduction at MA, D2 and HB stations are 8.2ppb, 11ppb and 5.1ppb, respectively. The O3 
reduction is higher than the uncertainty of O 3 reduction in all stations. It means that the change 
in O3 concentration is due to the change in emissions from the emission control plan.  

For the evolution of primary pollutants of the strategy in 2020, the concentrations of NOx in 
simulations will increase 16% than those were in 2006. However, the concentrations of CO 
decrease around 7% than those were in 2006. In conclusion, this emission control plan in 
2020 has strong impact on the primary and secondary pollutants in HCMC. 

5. Summary and key recommendations 

In this chapter, the state of the art for studying urban air pollution was reviewed and 
discussed. Air in the large cities is polluted, especially in developing cities. Road traffic is the 
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main source of pollution in cities. The enviro nmental managers strongly need for air quality 
management systems to help them control air quality in the cities. The available air quality 
management system is discussed. Emission inventory is the most important part in air quality 
management system as it is the mostly used tool to identify the pollution source. However 
there are a lot of difficulties to be faced when we generate EIs. In this chapter, we also present 
an example of generation an EI for developing cities where there are not enough available 
data. The results of EI are used as input parameters for air quality modeling. Then we present 
many Air pollution abatement strategies over HCMC as a case study of developing cities.  
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1. Introduction 

In urban areas, emissions of air pollutants by anthropogenic processes such as traffic, 
industry, power plants and domestic heating systems are the main sources of pollution 
(Fenger, 1999). The massive growth in road traffic and in the use of fossil fuels during the 
last decades has changed the composition of urban air, increasing the frequency of pollution 
episodes and the number of cities experiencing them. The main pollutants monitored in the 
atmosphere in these areas are ozone (O3), nitrogen oxides (NO x), sulphur dioxide (SO 2), 
carbon monoxide (CO), aromatic compounds and particulate matter. While CO, NO and 
aromatic compounds are mainly emitted by traffic, O 3 and NO2 are originated by 
photochemical reactions.  

The high levels of solar irradiation observed in the Mediterranean countries favour, in 
general, the enhanced photochemical production of secondary oxidising pollutants, 
including O 3, nitrogen dioxide (NO 2), and peroxyacetylnitrate (PAN). Amongst these, the O3 
and the nitrogen dioxide (NO 2) are capable of causing adverse impacts on human health 
and the environment (Lee et al., 1996; WHO, 2000a; Mazzeo and Venegas, 2002, 2004).  

Nitrogen dioxide is considered to be an important atmospheric trace gas pollutant not only 
because of its effects on health but also because (a) it absorbs visible solar radiation and 
contributes to impaired atmospheric visibility, (b) as an absorber of visible radiation, it 
could play a potentially direct role in the chan ge in the global climate if its concentrations 
were to become high enough (WHO, 2000a), (c) it is one of the major sources of acid rain 
(Tang and Lau, 1999), (d) it is, along with nitric  oxide (NO), a chief regulator of the oxidising 
capacity of the free troposphere by controllin g the build-up and fate of radical species, 
including hydroxyl radicals, and (e) it plays a cr itical role in determining concentrations of 
O3, nitric acid (HNO 3), nitrous acid (HNO 2), organic nitrates such as PAN (CH3C(O)O2NO 2), 
nitrate aerosols and other species in the troposphere. In fact, the photolysis of nitrogen 
dioxide in the presence of volatile organic compounds is the only key initiator of the 
photochemical formation of ozone and photochemical smog, whether in polluted or 
unpolluted atmospheres (WHO, 2000a; Varshney and Singh, 2003). Therefore, ozone mainly 
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1. Introduction 

In urban areas, emissions of air pollutants by anthropogenic processes such as traffic, 
industry, power plants and domestic heating systems are the main sources of pollution 
(Fenger, 1999). The massive growth in road traffic and in the use of fossil fuels during the 
last decades has changed the composition of urban air, increasing the frequency of pollution 
episodes and the number of cities experiencing them. The main pollutants monitored in the 
atmosphere in these areas are ozone (O3), nitrogen oxides (NO x), sulphur dioxide (SO 2), 
carbon monoxide (CO), aromatic compounds and particulate matter. While CO, NO and 
aromatic compounds are mainly emitted by traffic, O 3 and NO2 are originated by 
photochemical reactions.  

The high levels of solar irradiation observed in the Mediterranean countries favour, in 
general, the enhanced photochemical production of secondary oxidising pollutants, 
including O 3, nitrogen dioxide (NO 2), and peroxyacetylnitrate (PAN). Amongst these, the O3 
and the nitrogen dioxide (NO 2) are capable of causing adverse impacts on human health 
and the environment (Lee et al., 1996; WHO, 2000a; Mazzeo and Venegas, 2002, 2004).  

Nitrogen dioxide is considered to be an important atmospheric trace gas pollutant not only 
because of its effects on health but also because (a) it absorbs visible solar radiation and 
contributes to impaired atmospheric visibility, (b) as an absorber of visible radiation, it 
could play a potentially direct role in the chan ge in the global climate if its concentrations 
were to become high enough (WHO, 2000a), (c) it is one of the major sources of acid rain 
(Tang and Lau, 1999), (d) it is, along with nitric  oxide (NO), a chief regulator of the oxidising 
capacity of the free troposphere by controllin g the build-up and fate of radical species, 
including hydroxyl radicals, and (e) it plays a cr itical role in determining concentrations of 
O3, nitric acid (HNO 3), nitrous acid (HNO 2), organic nitrates such as PAN (CH3C(O)O2NO 2), 
nitrate aerosols and other species in the troposphere. In fact, the photolysis of nitrogen 
dioxide in the presence of volatile organic compounds is the only key initiator of the 
photochemical formation of ozone and photochemical smog, whether in polluted or 
unpolluted atmospheres (WHO, 2000a; Varshney and Singh, 2003). Therefore, ozone mainly 



 
Air Pollution – Monitoring, Modelling and Health 

��

60

generated in the photochemical reaction mentioned above, is a secondary pollutant. Ozone 
is also produced by natural sources (trees and thunderstorms for example). 

It has been found out that the photochemical ozone production in urban areas rises with the 
NOx emissions and is less sensitive to the VOC emissions (Sillman and Samson, 1995). In 
areas moderately contaminated, ozone sensitivity to emission of nitrogen oxides depends on 
the season and on the emission rates (Kleinman, 1991). 

Hence, monitoring of air pollut ion is necessary, not only to comply with the environmental 
directives, but also to provide public information and to measure the effectiveness of 
emission control polices. It is also important to have a number of measurements from 
different cities to help unders tand the role of the different physicochemical processes in the 
troposphere. In addition to meteorological and irradiance conditions, traffic patterns, 
volatile organic compounds (VOC)/NO x emissions and industrial activities vary 
significantly between different locations. 

Monitoring of urban air pollutants has been the subject of study in the city of Ciudad Real 
(in central-southern Spain) using passive and continuous techniques in order to identify, 
measure and study the daily, weekly and seasonal variation of the concentrations of 
important tropospheric constituents (Sai z-Lopez et al., 2006, Martín et al., 2010 and 
Villanueva et al., 2010). Therefore, a review of these studies has been presented in this 
chapter, where the evolution of air quality during three different periods (July 2000-March 
2001; January-December 2007; March-December 2008) is shown and data of O3, NO2 and SO2 
are compared.  

2. Material and methods: Experimental section 

2.1 Area of study 

The study was carried out in the urban area of Ciudad Real (Spain). The city has around 
65,000 inhabitants and is located in the heart of La Mancha region in central-southern Spain 
(38.59 N, 3.55 W, at approximately 628 m above sea level) in a fairly flat area, 200 km south 
of Madrid. With a low presence of industry, tra ffic is likely to be the most important source 
of air pollution in this city. Meteorologically, the zone is characterised by very hot and dry 
summer period with high insulation, variable direction winds and dry and cold winters, 
conditions that could play an important role  in the evolution of the polluting agents.  

A DOAS system, passive samplers and a mobile air pollution control station were used to 
sample, measure and identify the different polluta nts. A map of the city is shown in Figure 
1, where the situation of the all measurement points can be seen. The passive samplers were 
placed in town centre (total sampling area of 7.5 km2 approximately) with the exception of 
points 6, 7 and 10 that correspond to rural zones, but in the case of point 10 in the influence 
zone of a small airport under construction. Industry next to the city is especially scarce, and 
the zone is mainly surrounded by rural areas.  There is a petrochemical complex located in 
Puertollano at 30 km from southwest of Ciudad Real. This complex would affect to increase 
the NO2 and O3 concentrations in the Ciudad Real atmosphere by transporting processes.  

The DOAS instrument was placed at a fixed location inside the campus of the University of 
Castilla-La Mancha, situated in the Eastern part of the city and downwind of the main traffic 
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of the city (also point 1). The mobile station (point MS) was also placed, at a fixed location 
located between the town centre and the ring road. This site represents well-mixed urban air 
conditions near major anthropogenic sources of primary pollutants such as traffic. 

The measurements were carried out in different periods of time, the pollutants were 
monitored by means of DOAS from 21st July 2000 to 23rd March 2001, the passive sampling 
were carried out from January to December 2007 and the mobile station monitored the 
pollutants from March to December 2008.  

 
Fig. 1. Situation map of Ciudad Real (Spain) and the sampling points of passive samplers. P1 
(DOAS and one passive sampler), MS (Mobile station). 

2.2 Description of experimental techniques 

2.2.1 DOAS technique 

The DOAS principle and instrumentation have proven to be a powerful tool for 
simultaneously monitoring relevant atmosphe ric trace gases (Platt, 1994; Plane and Saiz-
Lopez, 2005). The use of light paths which range from hundred of meters to several 
kilometres can avoid the problems of local influences and surface effects, as the measured 
concentrations are averaged over the light path and are barely influenced by small-scale 
perturbations. The technique is based on the fact that all trace gases absorb electromagnetic 
radiation in some part of the spectrum. If the radiation of the appropriate frequency is 
transmitted through the atmosphere, the absorp tion features of each molecule in that 
spectral region allow the identification and quantification of the gas concentration. A 
commercial DOAS system (OPSIS, model AR 500) was employed to simultaneously monitor 
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the gas concentration of O3, NO2, NO, and SO2 integrated along a light path of 391 m. More 
experimental details are described in Saiz-Lopez et al., 2006 and only a brief description is 
made. The system used in this study consists of an emitter (EM 150) and receiver (RE 150) in 
combination with the AR 500 analyzer. The emitter was located on the roof of the School of 
Agricultural Studies about 16m  above the ground, and the receiver system was installed 
12m above street level, on a terrace on the School of Computing Science. 

The average altitude of the optical path was 14m above ground level. The 391m light beam 
crosses over a small parking area and is nearby two interior city roads containing the 
heaviest traffic in the city. Also, a monitoring station of the National Meteorological Institute 
was located in the middle of the light path and provided surface meteorological data for the 
interpretation of the measurements in this st udy. In the evaluation procedure (Platt, 1994; 
Plane and Saiz-Lopez, 2005), the wavelength region of the strongest absorption was used for 
each gas: 200–250 nm (NO), 250–300 nm (O3), 360–440 nm (NO2) and 260–340 nm (SO2). The 
calibration of the DOAS system was made using the cell reference system provided by the 
manufacturer (an OPSISCB100 calibration bench with cells of various lengths, a calibration 
lamp CA 150 and an OPSIS OC 500 ozone calibrator unit). For the pollutants monitored, the 
manufacturer specifies a detection limit of the order of 1 �Íg m�ï3 and an accuracy of 2% for 
NO 2, SO2 and O3 and 3%–15% for NO. 

2.2.2 Passive sampling technique 

Passive samplers are based on free flow (according to the Fick’s first law of diffusion) of 
pollutant molecules from the sampled medium to a collecting medium. These devices can be 
deployed virtually anywhere, being them useful for mean concentrations determinations. 
Radiello® samplers (Fondazione Salvatore Maugeri, Padova, Italy) have been employed to 
measure ambient NO2 and ozone concentrations. Radiello passive samplers are different 
from the axial ones because the diffusion process is radial through a microporous cylinder 
in which a cartridge with adsorbent material is positioned. Consequently, there is a greater 
diffusion area, which facilitates the reaction between the gas and the collection cartridge 
(Cocheo et al., 1999), giving an uptake rate of at least two times higher. 

Radiello passive samplers were used to describe the evolution of NO2 and O3 levels in the 
urban air of Ciudad Real throughout the four  seasonal periods during 2007. The Radiello 
sampler for measuring nitrogen dioxide and O 3 is based on the principle that NO2 and O3 
diffuse across the diffusive body towards the absorbing material on the inner cartridge. NO 2 

and O3 in the atmosphere are captured in the sampler as nitrite (NO2�ï) and 4-
pyridylaldehyde, respectively. According to the Fick’s first law, the quantity of NO 2�ï and 4-
pyridylaldehyde in the sampler is proportional to the concentration outside the sampler, the 
diffusion coefficient, the dimensions of the sampler and the sampling time. Concentrations 
are calculated from the quantity of nitrite or  4-pyridylaldehyde captured in the sampler by 
means of Eq. 1: 

 3 6 6( ) 10 10
k

m z m
C gm

A t D Q t
�P �� �u

� � 
� u � u

 (1) 

Where the sampling rate Qk is constant: 
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z

�� �  (2) 

C represents the ambient air NO2 or O3 concentration measured by the passive sampler 
(micrograms per cubic metre), m is the quantity of NO 2 or O3 captured in the sampler 
(micrograms) and z, A, t and D denote the di ffusion length (centimetres), cross-sectional 
area (square centimetres), sampling time (minutes) and diffusion coefficient (square 
centimetres per second), respectively. Exposure time to sample NO2 and O3 was in all points 
7 days. Details of the extraction and analysis procedure of the samples are given in Martín et 
al., 2010 according with R&P-Co 2001. In all cases, three unused cartridges belonging to the 
same lot were treated in the same manner as the samples. Then, it was subtracted by the 
average blank value from the absorbance values of the samples. 

2.2.3 Mobile air pollution control station 

A Mercedes Sprinter van was selected as rolling platform for the measuring equipment. The 
mobile air pollution control station is equipped with a vertical manifold that distributes the 
sample to all the analyzers, a multipoint calib rator (API, model 700) with an internal ozone 
calibrator and photometer, a zero air generator (API, model 701) and a meteorological 
station. Table 1 presents a list of the characteristics of the instruments and measured 
parameters including meteorological parameters . The methods used to analyze the different 
air pollutants are those used by the Air-Qua lity Networks and therefore, defined by the 
European Directive (2008/50/CE), as reference methods. 

The particulate matter analyzer is based on beta radiation absorption technique and has 
been designated by the American Environmental Protection Agency (EPA) as equivalent 
method for measuring the PM 10 fraction of suspended matter (EQPM-0798-122). The 
calibration of the photometer and flows of the calibrator and analyzers was made at the 
beginning of the measurement period by the accredited calibration laboratory of the 
manufacturer. More experimental details are described in Villanueva et al., 2010. 
 

Parameter Instrument 
Time 
resolution 

Detection limit 

O3 API 400A 20 s 0.6 ppb 

NOx API 200A 20 s 0.4 ppb 

SO2, H2S API 100A 20 s 0.4 ppb 

CO API 300A 20 s 0.04 ppm 

BTX Syntech spectras GC 955 15 min 0.05 ppb for benzene 
PM10 

Temperature and humidity
Pressure 
Wind direction and speed 
Solar radiation 
Rain 

Met One BAM 1020 
Met One HP043 
Met One 091 
Met One 50.5 
Met One 595 
Met One RC15 

1 h 
10 s 
10 s 
10 s 
10 �Ps 
-- 

1 �Pg/m 3 
-40ºC / 0% 
0 mbar 
0.5 m/s 
0 W/m 2 
-- 

Table 1. Monitoring instruments employed  in the mobile monitoring platform. 
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3. Results and discussion 

3.1 Measurements of O 3, NO and NO2 

The evolution of NO, NO 2 and O3 concentration measured using the continuous techniques 
DOAS (Saiz-Lopez et al., 2006) and the mobile station (Villanueva et al., 2010) for a typical 
summer day are shown in Figure 2a and 2b, respectively.  
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Fig. 2. Evolution of O3, NO and NO 2, concentrations for a typical summer day in Ciudad 
Real measured (a) with DOAS (12th August 2000) and (b) with the mobile station (30 th July 
2008). Time scale is given in CET (Central European Time). CET=UTC+2 in summer; UTC 
(Universal time coordinated). 

It can be seen a typical profile for the three pollutants that is similar in both cases during the 
time period from 10:00 to 14:00. The maximum of NO concentrations in the early morning 
(see figure 2b) corresponds with the minimum of O 3. This morning O 3 loss has been 
previously studied by Zhang et al.,  2004. Their results suggested that O3 concentrations are 
depressed by the reaction of NO + O3 �Æ NO2. During daytime, NO 2, can be quickly photo-
disassociated (in a few minutes) and yield O3. Therefore, as the day progresses, solar 
radiation levels favour the increase in the O3 concentrations, having as consequence a 
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decrease in NO and NO2. After sunset, the cease in solar activity decreases the O3 
concentrations. The diurnal cycles registered in both studies (Saiz-Lopez et al., 2006 and 
Villanueva et al., 2010) show that the urban atmosphere of Ciudad Real is mainly influenced 
by road traffic and photochemistry. This beha vior was observed in other urban areas of 
Spain and Europe (Palacios et al., 2002 and Kourtidis et al., 2002). 

Figure 3 shows the evolution of NO, NO 2 and O3 concentrations observed for an autumn 
day with the analyzers of the mobile station. It can be seen a negative correlation between 
O3 and NO2 as it occurred in summer-time and also an additional peak for NO 2 and NO after 
sunset which is related to a second rush hour in the traffic circulation. In this case the drop 
in O3 concentration must be mainly due to the reaction with NO because of the absence of 
solar radiation. The same behavior was observed in 2001 with the DOAS system (Saiz-Lopez 
et al., 2006). 
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Fig. 3. Example of the evolution of O3, NO and NO 2 concentrations for an autumn day (12nd 
December 2008) in Ciudad Real. Time scale is given in CET (Central European Time), being 
UTC+1 in autumn. 

Figure 4 shows the daily averaged mixing ratio of NO 2 and O3 measured by the DOAS 
technique (Saiz-Lopez et al., 2006) and figure 5 the weekly variation of O3 and NO2 using 
passive sampling (Martin et al., 2010). Finally, monthly averaged concentrations for NO, 
NO 2 and O3 obtained from mobile station (Villanueva et al., 2010) are represented in 
figure 6 (in all cases during the whole measurements period). As it can be seen, the annual 
cycle for these trace gases show the largest values of O3 during summer while NO 2 exhibit 
maximum value in winter or autumn months. On average, the production of O 3 is 
reduced in autumn-winter by up to 60% compared to the summer months. Maximum 
monthly averages of O3, (in summer) and NO 2 (in autumn-winter) were: with DOAS, 65 
and 35 �Íg m�ï3, with passive samplers 48 and 24 �Íg m�ï3 and 82 and 18,6 �Íg m�ï3 with the 
analyzers of the mobile station. 

The increase of ozone concentration in spring observed in the case of passive samplers, 
where several sampler points were located outside of downtown, could be due to emitted 
volatile organic compounds of biogenic origin (BVOCs), which reach the maximum levels in 
the spring period as a result of the intense activity of plant specie s and the photochemical 
associated. In the presence of nitrogen oxides (NOx) and under particular weather 
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3. Results and discussion 

3.1 Measurements of O 3, NO and NO2 

The evolution of NO, NO 2 and O3 concentration measured using the continuous techniques 
DOAS (Saiz-Lopez et al., 2006) and the mobile station (Villanueva et al., 2010) for a typical 
summer day are shown in Figure 2a and 2b, respectively.  
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Fig. 2. Evolution of O3, NO and NO 2, concentrations for a typical summer day in Ciudad 
Real measured (a) with DOAS (12th August 2000) and (b) with the mobile station (30 th July 
2008). Time scale is given in CET (Central European Time). CET=UTC+2 in summer; UTC 
(Universal time coordinated). 

It can be seen a typical profile for the three pollutants that is similar in both cases during the 
time period from 10:00 to 14:00. The maximum of NO concentrations in the early morning 
(see figure 2b) corresponds with the minimum of O 3. This morning O 3 loss has been 
previously studied by Zhang et al.,  2004. Their results suggested that O3 concentrations are 
depressed by the reaction of NO + O3 �Æ NO2. During daytime, NO 2, can be quickly photo-
disassociated (in a few minutes) and yield O3. Therefore, as the day progresses, solar 
radiation levels favour the increase in the O3 concentrations, having as consequence a 
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decrease in NO and NO2. After sunset, the cease in solar activity decreases the O3 
concentrations. The diurnal cycles registered in both studies (Saiz-Lopez et al., 2006 and 
Villanueva et al., 2010) show that the urban atmosphere of Ciudad Real is mainly influenced 
by road traffic and photochemistry. This beha vior was observed in other urban areas of 
Spain and Europe (Palacios et al., 2002 and Kourtidis et al., 2002). 

Figure 3 shows the evolution of NO, NO 2 and O3 concentrations observed for an autumn 
day with the analyzers of the mobile station. It can be seen a negative correlation between 
O3 and NO2 as it occurred in summer-time and also an additional peak for NO 2 and NO after 
sunset which is related to a second rush hour in the traffic circulation. In this case the drop 
in O3 concentration must be mainly due to the reaction with NO because of the absence of 
solar radiation. The same behavior was observed in 2001 with the DOAS system (Saiz-Lopez 
et al., 2006). 
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Fig. 3. Example of the evolution of O3, NO and NO 2 concentrations for an autumn day (12nd 
December 2008) in Ciudad Real. Time scale is given in CET (Central European Time), being 
UTC+1 in autumn. 
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technique (Saiz-Lopez et al., 2006) and figure 5 the weekly variation of O3 and NO2 using 
passive sampling (Martin et al., 2010). Finally, monthly averaged concentrations for NO, 
NO 2 and O3 obtained from mobile station (Villanueva et al., 2010) are represented in 
figure 6 (in all cases during the whole measurements period). As it can be seen, the annual 
cycle for these trace gases show the largest values of O3 during summer while NO 2 exhibit 
maximum value in winter or autumn months. On average, the production of O 3 is 
reduced in autumn-winter by up to 60% compared to the summer months. Maximum 
monthly averages of O3, (in summer) and NO 2 (in autumn-winter) were: with DOAS, 65 
and 35 �Íg m�ï3, with passive samplers 48 and 24 �Íg m�ï3 and 82 and 18,6 �Íg m�ï3 with the 
analyzers of the mobile station. 

The increase of ozone concentration in spring observed in the case of passive samplers, 
where several sampler points were located outside of downtown, could be due to emitted 
volatile organic compounds of biogenic origin (BVOCs), which reach the maximum levels in 
the spring period as a result of the intense activity of plant specie s and the photochemical 
associated. In the presence of nitrogen oxides (NOx) and under particular weather 
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conditions (supporting photochemistry), BV OC contribute to the formation in the 
troposphere of secondary pollutants such as ozone (Atkinson, 2000 and Fuentes et al., 2000). 
Nevertheless, in rural areas with high levels  of BVOCs the formation of ozone may be NOx-
limited. In this sense, meteorological condit ions and the dominating trajectories of air 
masses can constitute a source of NOx. Thus, there are several meteorological conditions 
that may enhance the rise on surface ozone during the spring season. In these months the 
heating of the ground favors the formation of higher mixing layers, mostly in continental 
areas such as the studied region, and therefore the photochemical activity inside them is 
elevated. This increase in O3 concentration in spring is also observed for the points in which 
DOAS and the mobile station are located in the urban area. 

Regarding NOx, the highest values found in winter and autumn months must be related 
with the lesser solar radiation and lower temperature which reduce the photochemical 
activity. Therefore, the oxidation of NO from motor traffic and central heating systems will 
increase the concentration of NO2 and it will tend to accumulate due to the less 
photochemical activity in this period. Also, the reduction of the photochemical production 
of O3 will favour the removal of this molecule by reaction with NO to form NO 2 and O2, 
which in turn will contribute of the enhancement of the NO 2 values. 

 
 
 

 

 
 

Fig. 4. Daily mean concentration data for O3 and NO2 obtained from the DOAS dataset for 
the whole period of measurements (August 2000–March 2001).  
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Fig. 5. Evolution of temperature, humidity, NO 2 and O3 average concentrations of the 11 
measured points during the full period (Ja nuary-December 2007) using passive samplers. 
Winter (I-V), Spring (VI-XVI), Summe r (XVII-XXX) and Autumn (XXXI-XLII). 
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Fig. 6. Monthly means of O3, NO2 and NO pollutants measured from daily data (March-
December 2008) with the analyzers of the mobile station. Solar radiation has also been 
plotted. 

Mean annual levels for O3 and NO2 were 50 and 27 �Íg m�ï3 with DOAS, 38 and 20.8 �Íg m�ï3 
with passive samplers and 63 and 13 �Íg m�ï3 for the mobile station. Mean annual levels for 
O3 and NO2 at P1, the point nearest to DOAS and mobile station was 42.5 and 16 �Íg m�ï3. The 
values reported here are generally lower than those observed in previous studies in large 
urban areas in Spain, such as Madrid (Pujadas et al., 2000; Palacios et al., 2002) and 
Barcelona (Toll and Baldasano, 2000), where traffic emissions are considerably higher. 
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Fig. 6. Monthly means of O3, NO2 and NO pollutants measured from daily data (March-
December 2008) with the analyzers of the mobile station. Solar radiation has also been 
plotted. 

Mean annual levels for O3 and NO2 were 50 and 27 �Íg m�ï3 with DOAS, 38 and 20.8 �Íg m�ï3 
with passive samplers and 63 and 13 �Íg m�ï3 for the mobile station. Mean annual levels for 
O3 and NO2 at P1, the point nearest to DOAS and mobile station was 42.5 and 16 �Íg m�ï3. The 
values reported here are generally lower than those observed in previous studies in large 
urban areas in Spain, such as Madrid (Pujadas et al., 2000; Palacios et al., 2002) and 
Barcelona (Toll and Baldasano, 2000), where traffic emissions are considerably higher. 
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One advantage of using passive samplers is the ability to develop a spatial distribution map. 
In this sense, the O3 and NO2 average values obtained in the points P1, P2, P3, P4, P5, P6, P8, 
P9 and P11 have been used to create the spatial distribution map of th ese pollutants (Fig. 7) 
using SurGe Project Manager ver 1.4. As it can be seen, higher values of O3 correspond to 
lower values of NO 2 and vice versa. This behaviour is expected considering the inter-
conversion of both species according to photochemical cycle of tropospheric O3 production 
(Finlayson-Pitts and Pitts, 2000). This same behaviour was also observed in the case of 
analysis by DOAS and conventional analyzers. 

 
Fig. 7. Maps of O3 and NO2 spatial distribution. Units are in �Íg m �ï3. 

As commented above, meteorological conditions can affect the pollutant transport and 
distribution. Ozone concentration (in �Íg m�ï3) from data obtained by passive samplers, 
showed a slight negative correlation with relative humidity (RH in %) ([O 3]=�ï0.62RH + 
88.66) and a positive correlation with temperature (T in degree Celsius; [O3]=0.37T + 2.52). 
Periods with higher temperatures and lower hu midity usually correspond to higher values 
of ozone (Martin et al., 2010). In the case of DOAS analysis, the wind speed does not 
significantly influence the NO 2 observations in winter, by contrast, in summer, higher 
influence of the wind speed in the NO 2 concentrations is observed with a decreasing trend 
on NO2 as the wind speed increases. The higher thermal convection (associated with larger 
eddy diffusion coefficients) and the faster winds in summer will contribute to a more 
efficient mixing leading to a higher dependence of the NO 2 values with wind speed as 
observed by the DOAS (Saiz-Lopez et al., 2006). 

Regarding limit and threshold environmenta l levels values, the European Directive 
2008/50/EC for O 3 establishes a population informatio n threshold defined as an hourly 
average of 180 �Íg m�ï3. Results obtained from DOAS in summer of 2000 and from mobile 
station in summer of 2008, showed that this value was exceeded only one time during 
summer season in 2008, with a concentration of 191 �Íg m�ï3. In addition, the annual mean 
values of 50, 47 (point P6) and 63 �Ígm-3 measured in 2000, 2007 and 2008 exceeded the 
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threshold limit value (40  �Íg m�ï3 calendar year) which implies  damage to materials. The 
values obtained for NO 2 in points P2 and P11 slightly exceeded the annual limit value for 
the protection of vegetation (30 �Íg m�ï3) and human health (40 �Íg m�ï3). 

3.2 Measurements of SO 2  

The levels of SO2 in the urban atmosphere of Ciudad Real during August 2000 to March 
2001 and March to December 2008 were monitored using the continuous remote-sensing 
technique DOAS and the SO2 analyzer placed at mobile station. The data obtained are 
shown in Figure 8 (a) and 8 (b) respectively.  

 

    

SO2

0

0,5

1

1,5

2

2,5

3

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

�P
g

/m
3

SO2

 
Fig. 8. (a) Daily mean concentration data for SO2 obtained from the DOAS dataset for the 
entire period of measurements (August 2000–March 2001) and (b) monthly mean 
concentration data obtained from mobile station (March –December 2008). 

The daily mean concentration profile obtained with DOAS system shows clearly an increase 
in the concentration of SO2 during winter being the maximum monthly average of 10 �Íg m�ï3 
in December 2000. SO2 mean values were two times higher in winter than in summer. In the 
case of mobile station there is not a clear difference throughout the months, the maximum 
monthly average was 2.7 �Íg m�ï3 in November 2008 what means a 73% less than the 
maximum value found in 2000. Mean annual levels were 7 �Íg m�ï3 measured with DOAS 
system and 1.8 �Íg m�ï3 measured with the mobile station. 
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Fig. 8. (a) Daily mean concentration data for SO2 obtained from the DOAS dataset for the 
entire period of measurements (August 2000–March 2001) and (b) monthly mean 
concentration data obtained from mobile station (March –December 2008). 

The daily mean concentration profile obtained with DOAS system shows clearly an increase 
in the concentration of SO2 during winter being the maximum monthly average of 10 �Íg m�ï3 
in December 2000. SO2 mean values were two times higher in winter than in summer. In the 
case of mobile station there is not a clear difference throughout the months, the maximum 
monthly average was 2.7 �Íg m�ï3 in November 2008 what means a 73% less than the 
maximum value found in 2000. Mean annual levels were 7 �Íg m�ï3 measured with DOAS 
system and 1.8 �Íg m�ï3 measured with the mobile station. 
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A diurnal profile of SO 2 for summer and winter time, hourly averaged, is illustrated in 
Figure 9. The higher SO2 concentrations in winter were ma inly related to house heating and 
only at a small extent with road traffic. The main difference between them arises in the later 
part of the day (i.e. 16 h to 22 h). In the case of the January data, the concentration of SO2 
increases up to three times in the early evening hours, when central heating systems (widely 
employed in this city during the cold winter months) are in greater use. The diurnal 
variation of SO2 is also characterised by a secondary small peak observed in the morning, at 
the rush hour of traffic. In the warm season , only this small peak at the rush hour is 
observed. This small peak is broader in August indicating a change in the traffic pattern in 
this vacational month and/or another source of SO 2.  

 
Fig. 9. Mean diurnal variation of the hourly  averaged concentration during August 2000 and 
January 2001. Time scale is given in CET (Central European Time), being UTC+1 in winter 
and UTC + 2 in summer. 

Generally, the levels of SO2 registered in Ciudad Real during 2000/2001 and 2008 were 
found to be lower than those encountered in similar studies on other European cities (Gobiet 
et al., 2000; Vandaele et al., 2002; Kourtidis et al., 2002).  

3.3 Measurements of CO, BTX and PM 10 

The concentrations of CO, PM10 and benzene, toluene and m,p-xylene (BTX) were reported 
for the first time in Ciudad Real (Villanu eva et al., 2010) using the mobile station. 

Figure 10 shows the evolution of BTX, CO and PM10 concentrations observed for an autumn 
day. As above mentioned, the daily evolution of air pollutants reveals a marked daily cycle 
as in the cases of O3 and NO2. The daily evolution of O 3, and NO and their relation with BTX 
is due to common NO and BTX sources and the photochemical mechanism involving these 
species (NO, NO2, BTX, among others) that leads to O3 formation (Finalyson-Pitts and Pitts, 
2000). Two peaks are observed during the day, one in the early morning hours when the 
emissions from road traffic increase and other after sunset which is related to a second rush 
hour in the traffic circulation. During summer, only the first peak corresponding to the early 
morning hours appears as in the cases of NO and NO2.  

 
Monitoring Studies of Urban Air Quality in Central-Southern Spain Using Different Techniques 

��

71 

0
1
2
3
4
5
6
7
8
9

1 3 5 7 9 11 13 15 17 19 21 23
CET (hours)

�P
g

/m
3

benzene toluene m,p-xylene

 

0
2
4
6
8

10
12
14
16
18

1 3 5 7 9 11 13 15 17 19 21 23
CET (hours)

 P
M

10
 �P

g
/m

3

0

0,1

0,2

0,3

0,4

0,5

0,6

C
O

 m
g

/m
3

PM10 CO

 
Fig. 10. Example of the evolution of BTX, CO and PM10 concentrations for an autumn day 
(12nd December 2008) in Ciudad Real. Time scale is given in CET (Central European Time), 
being UTC+1 in autumn. 

Figure 11 shows the monthly averaged concentrations for CO, PM10 and BTX during the 
whole period of measurement. For PM10, there is not a clear trend throughout the months, 
while for CO the highest values are registered in spring, 0.19 mg m�ï3 and autumn, 0.21 mg 
m�ï3 while the lowest values are measured during summer, 0.12 mg m�ï3. For BTX, the 
highest values are registered in spring (benzene 1.5, toluene 10.8, and m,p-xylene 3.6 �Íg m�ï3) 
and the levels decrease up to reach the minimum values in August (benzene 0.4, toluene 2.6, 
and m,p-xylene 1 �Íg m�ï3). Maximum monthly averages were in �Pg m�ï3: 31 (PM10) in 
August, 2 (benzene) in November, 12 (toluene) in March, 4 (m,p-xylene) in May and 0.3 mg 
m�ï3 (CO) in November. The mean values of CO, PM10, benzene, toluene and m,p-xylene 
during the whole measuremen ts period were: 0.2 mg m�ï3, 20.7 �Íg m�ï3, 1.2 �Íg m�ï3, 6.4 �Íg 
m�ï3and 2.4 �Íg m�ï3 respectively.  

Regarding BTX, the average level of benzene found in this study during the whole period 
was 1.2 �Íg m�ï3 as mentioned above, with the highest concentration reaching 2 �Íg m�ï3. This is 
comparable with the results published by Fernandez-Villarrenaga et al., 2004 concerning 
benzene levels in Coruña (Spain); the annual mean was 3.4 �Íg m�ï3 while Cocheo et al., 2000 
reported urban concentrations in a few European cities as a mean annual average of 4.4 �Íg 
m�ï3 for Antwerp, 3.1 �Íg m�ï3 for Copenhagen and much higher for the South European cities. 
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Fig. 10. Example of the evolution of BTX, CO and PM10 concentrations for an autumn day 
(12nd December 2008) in Ciudad Real. Time scale is given in CET (Central European Time), 
being UTC+1 in autumn. 
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m�ï3 (CO) in November. The mean values of CO, PM10, benzene, toluene and m,p-xylene 
during the whole measuremen ts period were: 0.2 mg m�ï3, 20.7 �Íg m�ï3, 1.2 �Íg m�ï3, 6.4 �Íg 
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In the present study, the obtained mean concentration was lower, due to the fact that 
Ciudad Real is not a big city. Toluene and m,p-xylene had concentrations either in the same 
range or lower than the ones reported for other urban areas, especially North European 
cities (Derwent et al., 2000). 
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Fig. 11. Monthly means of CO, PM10 and BTX measured from daily data. The 
meteorological parameters are also presented.  
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The variation in the particulate matter concentration throughout the study, as mentioned 
above, has not a clear trend and there is not a clear relation to meteorological parameters 
such as wind speed that is below 2 m s�ï1 (in the whole period), temperature or humidity 
(Figure 11). This correlation was observed in the study carried out by Kulshrestha et al., 
2009. PM10 concentrations in Ciudad Real must be conditioned for natural processes of 
the pollutants such as dust intrusion from Sahara desert, fires, etc., together with road 
activities and re-suspension of road dust. The mean value obtained in this study was 20.7 
�Íg m�ï3. This value is lower than those reported in other urban areas in Spain (Querol et 
al., 2008). 

Regarding limit and threshold environmenta l levels values, the European Directive 
2008/50/EC defines the threshold to protect the human health as a daily value of 50 �Íg m�ï3. 
This value was exceeded 4 times during the period of study, in all cases during the warm 
season. The highest daily concentration was 56 �Íg m�ï3. On the other hand, since EU has not 
guide value for toluene and xylenes, we compare our measurements with WHO, 2000b, 
recommended air guideline for toluene (9-10 ppb for 24 h). The values measured in Ciudad 
Real are below these limits. 

4. Conclusion 

We analyse in this study, the air quality of an urban atmosphere, Ciudad Real (in central-
southern Spain) through different monitoring  techniques. We perform a comparison study 
on four trace gases (O3, NO, NO 2 and SO2) using three different measurement techniques: a 
commercial DOAS system (Opsis, Sweden), conventional analyzers (API-Teledyne, USA) 
placed at a mobile station and passive samplers (Radiello, Italy). The results showed a fairly 
good agreement between the monitoring methods considering the differences in the 
techniques, the different time period and me teorological situations found during the 
different years and also the altitude and location of the instruments. In this study, 
measurement of BTX, CO and PM10 carried out with the mobile station for first time in 
Ciudad Real have also been included. 

Based on the results of the studies made during the three campaigns (July 2000-March 2001, 
January-December 2007 and March-December 2008) using different techniques it can be 
concluded that Ciudad Real has high air quality with no significant changes during the 
three years monitored and where the pollution mainly comes from road traffic and it is 
influenced by photochemistry. There are not sign s that indicate that the pollution from the 
petrochemical complex located 30 km southwest can significantly affect the air quality of 
Ciudad Real.  
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1. Introduction 

A megacity is defined by the United Nations as a metropolitan area with a total population 
of more than 10 million people. This chapter provides a brief introduction to the air 
pollution in megacities worldwide. This is an  extensive topic and brings together recent 
comprehensive reviews from particular megaciti es. We have here highlighted the air quality 
in megacities that are of particular relevance to health effects.  

The main objective of this chapter is to enhance our understanding of the polluted 
atmosphere in megacities, with respect to the emission characteristics, climate, population 
and specific meteorological conditions that are leading to episodes. Therefore, the chapter 
will provide state-of-the-art reviews of air pollution sources and air quality in some selected 
megacities, particularly Beijing, Cairo, Delhi and Istanbul. Furthermore, a detailed analysis 
of emission sources, air quality, mesoscale atmospheric systems and local meteorology 
leading to air pollution episodes in Istanbul will be extensively presented.  

The world population is expected to rise by 2.3 billion, passing from 6.8 billion to 9.1 billion 
in between 2009 and 2050 (UN Report, 2010). Additionally, population living in urban areas 
is projected to gain 2.9 billion from 3.4 to 6.3 billion in this period. However, during the 
industrial revolution years, only  about 10% of the total population lived in the cities. As an 
example, in 1820, which is the beginning times of the United States (US) transformation 
from rural to urban, the great majority of the population lived in rural areas of US (about 
96%) (Kim, 2007). Today, according to UN Report the world population in urban areas has 
reached to 50.5%. In other words, half of the world's population are concentrated in the 
cities. However, distribution of urban populati on in the world is not evenly. A significant 
diversity in the urbanization levels can be seen in different regions of the world. About 75% 
of the inhabitants of the more developed regions lived in urban areas in 2010, whereas this 
ratio was 45% in the less developed regions. It is expected that urbanization will continue to 
rise in both more developed and less developed regions by 2050 with about 86% and 69%, 
respectively. These developments have created new physical, social and economic processes 
in the cities. For example, uncontrolled urban sprawl has leaded the rising of environmental 
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megacities, particularly Beijing, Cairo, Delhi and Istanbul. Furthermore, a detailed analysis 
of emission sources, air quality, mesoscale atmospheric systems and local meteorology 
leading to air pollution episodes in Istanbul will be extensively presented.  
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in between 2009 and 2050 (UN Report, 2010). Additionally, population living in urban areas 
is projected to gain 2.9 billion from 3.4 to 6.3 billion in this period. However, during the 
industrial revolution years, only  about 10% of the total population lived in the cities. As an 
example, in 1820, which is the beginning times of the United States (US) transformation 
from rural to urban, the great majority of the population lived in rural areas of US (about 
96%) (Kim, 2007). Today, according to UN Report the world population in urban areas has 
reached to 50.5%. In other words, half of the world's population are concentrated in the 
cities. However, distribution of urban populati on in the world is not evenly. A significant 
diversity in the urbanization levels can be seen in different regions of the world. About 75% 
of the inhabitants of the more developed regions lived in urban areas in 2010, whereas this 
ratio was 45% in the less developed regions. It is expected that urbanization will continue to 
rise in both more developed and less developed regions by 2050 with about 86% and 69%, 
respectively. These developments have created new physical, social and economic processes 
in the cities. For example, uncontrolled urban sprawl has leaded the rising of environmental 
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problems due to high traffic volume, irregu lar industry, and low quality housing, etc. 
Massive urbanization in the cities due to the better job opportunities and challenges in the 
urban areas began first in Europe and then in other regions of the world, particularly in Asia. 
At this point, urbanization levels have led to  a new classification and a concept- megacity- 
which is usually defined as a metropolitan area with a total population in excess of 10 million 
inhabitants. Megacities are highly diverse in the world, spanning from Paris (France), Los 
Angeles, New York City (USA) in developed co untries to Delhi (India ), Dhaka (Bengladesh) 
and Lagos (Nigeria) in developing countries. In today’s developing countries, megacities 
exhibit the highest levels of pollution and theref ore, in the studies of the anthropogenic impact 
on atmospheric composition, have become of primary importance, particularly those having 
high traffic volumes, industrial activi ties and domestic heating emissions.  

The United Nations Enviro nment Programme Urban Envi ronment (UNEP-UE) unit 
expressed that more than 1 billion people are exposed to outdoor air pollution annually and 
the urban air pollution is linked to up to 1 million premature deaths and 1 million pre-native 
deaths each year. Additionally, UNEP presented the cost of urban air pollution with 
approximately 2% of GDP in developed countries and 5% in developing countries, 
respectively. In addition, the UNEP/Global Environmental Monitoring System (GEMS) 
reported that rapid industrialization, burgeo ning cities, and greater dependency on fossil 
fuels have caused increasing production of harmful pollutants, creating significant health 
problems in most urban cities. The serious air quality problems, specifically inverse health 
effects, have been experienced in megacities of both developing and developed countries. 
due to the exposure to high concentrations of particular matter (PM), nitrogen oxides (NO x), 
ozone (O3), carbon monoxide (CO), hydrocarbons (HC) and sulfur dioxide (SO 2) depending 
on country’s technology level. Especially, exposure to eleveted levels of particular matter 
and surface ozone causes loss of life-expectancy, acute and chronic respiratory and 
cardiovascular effects. Furthermore, damage to the ecosystem biodiversity by excess 
nitrogen nutrient is an import ant consequence of pollution.  

In the beginning of the 2011, The European Commusion released a paper about the current 
policy efforts and the expected results to maintain a hard line against countries that are yet 
to comply with EU air quality legistlation limiting fine particulate matter (PM 2.5) 
concentrations. WHO (2009) concluded that megacities have faced particularly health 
impact by transportation, governance, water an d sanitation, safety, food security, water and 
sanitation, emergency preparedness, and environmental issues. Furthermore, Baklanov 
(2011) recently shared results of the EU MEGAPOLI project (Megacities: Emissions, Impact 
on Air Quality and Climate, and Improved Tools for Mitigation and Assessment), which 
focuses on the multiple spatial and temporal scales from street to global levels and vice 
versa. The project addresses megacities with air quality and climate having complex effects 
on each other. Another EU-funded project City Zen (Megacities: Zoom for the Environment) 
also focused on impact of megacities on their environment and climate and vice versa from 
local to global aspects using long-term ground and satellite observations as well as regional 
and global modeling. 

2. Megacities and air quality 

As of 2011, there are 26 megacities in the world such as Tokyo, Guangzhou, Seoul, Delhi, 
Mumbai, Mexico City, New York City, Sao Paulo, Istanbul and other sixteen , eight of 
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which exceeds 20 million. Fig. 1 presents the population in megacities world-wide with 
their continents. The four of the megacities are located at the South Hemisphere. Fifteen 
megacities are located at the tropical and humids-subtropical regions. This characteristic 
is important due to the growing evidence of the climate–health relationships posing 
increasing health risks under future projections of climate change and that the warming 
trend over recent decades has already contributed to increased morbidity and mortality in 
many regions of the world (Patz, et al., 2005). A total of 14 megacities, corresponding to 
more than of 50% of the total megacities, are located at the Asia continent, particularly in 
south and east parts. In this very dynamic region of the world, there are significant 
increases in industrialization and urbanization enhanced the urban population growth 
and economic development. This also leads to drastic increases in energy consumption 
and pollutant emissions in these regions. As an example, China is a rapid developing 
country with an urban population rate that increased from 19.6% to 46% within the last 
three decades. 

 
Fig. 1. Populations of the megacities with respect to their continents. 

According to “China’s blue paper”, urban popu lation ratio will reach 65% by 2030 in China. 
In recent years, a remarkable increase in the number of studies for air quality in China has 
been conducted (Kai et al., 2007; Chan and Yao, 2008; Wu et al., 2008; Fang et al., 2009; Wang 
et al, 2010;Zhu et al., 2011; Jahn et al., 2011). As an example, Chan and Yao (2008) extensively 
discussed the urbanization and air quality characteristics in Beijing, Shanghai and cities in 
Pearl River Delta (PRD) which is the mainland of China’s leading commercial and 
manufacturing region covering Guangzhou, Shenzhen and Hong Kong. Th ey noticed that in 
spite of the much attention to reduce emissions through effective control measures, 
particulate pollution is still severe in megaci ties of China. Among them, Guangzhou, which 
is the fourth largest city in Ch ina, is the main manufacturing hu b of the PRD. In this city, the 
major industries are located in this industrial zo ne. In an earlier study by Kai et al. (2007) Air 
Pollution Index (API) values of Guangzhou were  compared with the values of Shanghai and 
Beijing. The API for Guangzhou is higher than those of Beijing and Shanghai indicating that 
TSP was the prominent pollutant accounting for 62% of the major share in Guangzhou 
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increasing health risks under future projections of climate change and that the warming 
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In recent years, a remarkable increase in the number of studies for air quality in China has 
been conducted (Kai et al., 2007; Chan and Yao, 2008; Wu et al., 2008; Fang et al., 2009; Wang 
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Pearl River Delta (PRD) which is the mainland of China’s leading commercial and 
manufacturing region covering Guangzhou, Shenzhen and Hong Kong. Th ey noticed that in 
spite of the much attention to reduce emissions through effective control measures, 
particulate pollution is still severe in megaci ties of China. Among them, Guangzhou, which 
is the fourth largest city in Ch ina, is the main manufacturing hu b of the PRD. In this city, the 
major industries are located in this industrial zo ne. In an earlier study by Kai et al. (2007) Air 
Pollution Index (API) values of Guangzhou were  compared with the values of Shanghai and 
Beijing. The API for Guangzhou is higher than those of Beijing and Shanghai indicating that 
TSP was the prominent pollutant accounting for 62% of the major share in Guangzhou 
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(Zhou et al., 2007). In order to improve the air quality in Guangzhou, several new strategic 
efforts have been planned and established in industry and transportation sectors. Examples 
of the new control measures in transportation are; the metro line, which was opened in 1997, 
bus rapid transit system, hybrid buses, and design of low-emission zones in busy traffic areas. 
In a very recent study, Zhu et al. (2011) investigated the transport pathways and potential 
sources of PM10 in Beijing.  

On the contrary to the classical air pollution ev ents in megacities that are above mentioned, 
Los Angeles, USA (34o03’N; 118o15’W) which is in a large basin surrounded by the Pacific 
Ocean to the west and several mountain peaks to the east and south, and having a 
population of over 18 million, remains the most  ozone-polluted region in the country. The 
Los Angeles region, which has a subtropical Mediterranean climate, enjoys plenty of 
sunshine throughout the year. The frequent sunny days and low rainfall contribute to ozone 
formation and accumulation as well as high levels of fine particles and dust in Los Angeles. 
The city area has the highest levels of ozone nationwide, violating federal health standards 
with an average of 137 days a year. The population growth, dependence on private motor 
vehicles, and adverse natural meteorological conditions can lead the episodic air quality 
levels in this area. 

2.1 The general characteristics of air po llution and emission sources in megacities 

Air pollution in urban areas comes from a wide variety of sources. The sources responsable 
for high emission loads are grouped into several sectors such as transport, domestic 
commercial and industrial activities for anth ropogenic sources and NMVOCs from biogenic 
sources. Transport sector includes mainly motor vehicles, trains, aircraft, ship and boats 
while  industry and domestic activities include fu el combustion including wood, coal, and 
gas for heating and production. Besides, biogenic (natural) emissions include NO x and VOC 
emissions from vegetation and soils (Guenther et al., 2006). Today, urban air quality is a 
major concern throughout the world. Molina (2002) indicated that the quality of the air we 
breathe is fundamental to the quality of life fo r the growing millions of people living in the 
world's burgeoning megacities and deteriorat ing urban air quality threatens the public 
health. Furthermore, airborne emissions from major urban and industrial areas influence 
both air quality and climate change. This challenge is particularly acute in the developing 
world where the rapid growth of megacities is producing atmospheric pollution of 
unprecedented severity and extent. Mage et al. (1996) reviewed the difficulties in finding 
solutions to the air pollution in the megacities. Baldasano et al. (2003) examined the air 
quality for the principal cities in developed and developing countries. According to the 
study, the current state of air quality worldwide indicates that SO 2 maintains a downward 
tendency throughout the world, with the ex ception of some Central American and Asian 
cities, whereas NO2 maintains levels very close to the WHO guideline value in many cities. 
However, in certain cities such as Kiev, Beijing and Guangzhou, the figures are 
approximately three times higher than the WH O guideline value. In the Asian databases 
consulted, only Japan showed really low figu res. Surface ozone levels presents average 
values that exceed the selected guideline values in all of th e analysis by regions, income 
level and number of inhabitants, demonstrat ing that this is a global problem with 
consequences for rich and poor countries, large and medium cities and all the regions. 
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Gurjar et al. (2008) examined the emissions and air quality pertaining to the megacities. He 
and his colleagues ranked megacities in terms of their trace gas and particle emissions and 
ambient air quality, based on the newly proposed multi-pollutant index (MPI) which 
considers the combined level of the three criterion pollutants (TSP, SO2 and NO2) in view of 
the World Health Organization (WHO) guidelines fo r air quality. Simulations of the export of 
air pollution from megacities to downwind lo cations via long-range transport (LRT) have 
shown different transport patterns depending on th e megacity location: in the tropics export is 
occurring mostly via the free troposphere, whereas at mid and high  latitudes it occurs within 
the lowest troposphere (Lawrence et al., 2007). Butler & Lawrence (2009) simulated small 
impacts of megacities on the oxidizing capacity of the atmosphere and larger on reactive 
nitrogen species on global scale. They also pointed out the need of parameterization of the sub-
grid effects of megacities. Butler et al. (2008) analyzed different emission inventories and found 
substantial differences in emission’s geographical distribution within countries even if the 
country total emissions are the same. They also reported large differences in the contribution 
of various sectors to the total emissions from each city. 

Table 1 presents the megacities with their location, climate type, major emissions and 
critical air quality parameters. As seen in Table 1, there is a significant geographical 
variation in domestic heating emissions. Specifically, particulate matter is a major 
problem in almost all of Asian and Latin cities. In all of the megacities, emissions from the 
motor vehicles are a major contributor of harm ful pollutants such as nitrogen oxides and 
particulate matter. The most important sour ce for the classical pollutants such as 
particular matter, sulfur dioxide, nitrogen oxides, carbon monoxide, and volatile organic 
compounds are combustion of fossil fuels.  

3. Megacity of Beijing 

Beijing (39°54�;N; 116°23�;E), the capital of China, has completed its third decade of 
economic development known as the Economic Reform and Open Policy starting in 1978, 
and is a rapidly developing megacity with a 16 million population (Fang et al., 2009). As 
it’s the capital city, Beijing continues to experience substantial growth in population, 
economic activity, business, travel and tourism. The city is situated at the northern tip of 
the roughly triangular North China Plain, which opens to the south and east of the city. 
Mountains to the north, northwest and west shield the city and northern China's 
agricultural areas from the desert steppes. Beijing has been experiencing severe 
anthropogenic air pollution problems sinc e 1980s due to the significant energy 
consumption depending on developments of the city. Furthermore, natural sources have a 
significant impact on the city environment such  as dust transport from the northern parts 
of the city. This leads to polluted smog coveri ng the city as a thick blanket under specific 
meteorological conditions. 

3.1 Climate 

Beijing is in a warm temperate zone and has a typical monsoon–influenced humid 
continental climate with four distinct seasons.  It is usually characterized by hot and humid 
summers and dry winters. 
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Megacity Lat ; Lon 
 Popul. 
(million)

Area 
(km 2)

Climate Type 
Major Emission 
Source(s) 

Critical Air 
Quality 
Parameters 

Beijing 
(CN) 

39°54�;N; 116°23�;E 16.0 16,800

Monsoon-
influenced 
humid 
continental 

Domestic 
heating, 
traffic,industry, 
dust,biomass 
burning 

PM10, 
PM2.5, NO2, 
O3 

Buenos 
Aires 
(ARG) 

34°36�;S; 58°22�;W 15.0 4,758 
Humid 
subtropical 

Motor vehicles, 
industry 

CO, NOx 

Cairo 
(EGY) 

30°3�;N; 31°13�;E 17.2 86,370
Hot and dry 
desert 

Industry, motor 
vehicles,dust 
transport 

PM10, 
PM2.5 

Delhi 
(IND) 

28°36�;N; 77°13�;E 23.0 1,483 
Humid 
subtropical  

Motor vehicles, 
industry 

PM10, 
PM2.5, NO2 

Dhaka 
(BNG) 

23°42�;N; 90°22�;E 14.6 360 
Hot, wet and 
humid tropical 

Industry,road 
dust, open 
burning 

PM10, 
PM2.5, SO2 

Guangzh
ou (CN) 

23°08�;N; 113°16�;E 12.7 7,434 
Humid 
subtropical 

Industry, motor 
vehicles, power 
generation 

PM10, NO2 

Istanbul 
(TUR) 

41°01�;N; 28°58�;E 13.2 5343 Mediterranean 
Motor  
vehicles, 
industry 

PM10, CO, 
NO x 

Jakarta 
(IN) 

6°12�;S; 106°48�;E 18.0 740 
Hot and humid 
tropical wet and 
dry 

Motor vehicles, 
Industry 

PM10, NO2, 
O3,CO 

Karachi 
(PK) 

24°51�;N; 67°0�;E 17.0 3,527 Arid 
Industry,  
Motor  
vehicles 

PM10 (TSP), 
CO, NO2 

Kolkata 
(IND) 

22°34�;N; 88°22�;E 15.6 1,480 
Tropical wet 
and dry 

Domestic, 
Motor vehicles, 
Waste 

PM10,NO2 

Lagos 
(NGR) 

6o 25’N;3o 23’E 12.0 999 
Tropical 
savanna 

Industr y, Motor 
vehicles, 

SO2, PM10, 
NO 2 

London 
(UK) 

51°30�;N; 0°7�;W 12,6 1572 temperate Mostly traffic PM10, NO2  

Los 
Angeles 
(USA) 

34°3�;N;118°15�;W 17.7 1302 
Subtropical-
Mediterranean  

Motor vehicles, 
petroleum 
rafinery, power 
generation 

O3, NOx 

Manila 
(PHP) 

14°35�;N;120°58�;E 20.8 638 

Tropical 
savanna/ 
tropical 
monsoon climate

Power 
generation, 
industry motor 
vehicles 

PM10, SO2 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

83 

Megacity Lat ; Lon 
 Popul. 
(million)

Area 
(km 2)

Climate Type 
Major Emission 
Source(s) 

Critical Air 
Quality 
Parameters 

Mexico 
City 
(MEX) 

19°26�;N; 99°08�;W 21,1 1,485 
Subtropical hi gh 
land 

Motor vehicles 
PM10, 
O3,BC 
(soot), NO2 

Moscow 
(RUS) 

55°45�;N 37°37�;E 16.0 1,081 
Humid 
continental 

Motor vehicles, 
Industr y, Power 
generation 

SO2, PM10, 
NO 2, CO 

Mumbai 
(IND) 

18°58�;N; 72°49�;E 23.0 603 
Tropical wet 
and dry 

Industr y, Motor 
vehicles, Power 
plants, 
Domestic, land 
fill open 
burning, road 
dust 

PM10, PAH, 
hazardeous 
chemicals 

New 
York City 
(USA) 

40°43�;N;74°00�;W 19.0 1,214 
Humid 
subtropical 

Motor vehicles PM 2.5, O3 

Osaka 
(JPN) 

34°41�;N; 135°30�;E 16.6 222 
Humid 
subtropical 

Motor vehicles 
PM10, 
PM2.5, NO2, 
O3 

Paris (F) 48° 51�; N;02° 21�; E 11.8 14,518
Western 
European 
oceanic climate 

Motor vehicles 
PM10, 
PM2.5, O3, 
NO 2 

Rio de 
Janeiro 
(BR) 

22°54�;S; 43°11�;W 14.4 4,557 

Tropical 
savanna climate 
/ tropical 
monsoon 

Motor vehicles PM 10, NO2 

Sao Paulo 
(BR) 

23°33�;S;46°38�;W 22.0 7,944 

Monsoon-
influenced 
humid 
subtropical 
climate 

Industr y, Motor 
vehicles 

PM10, 
BC,O3 

Seoul 
(KR) 

37°34�;N;126°58�;E 25.0 605 

Humid 
subtropical / 
humid 
continental 
climate 

Motor vehicles 
PM10, NO2, 
O3 

Shanghai 
(CN) 

31°12�;N; 121°30�;E 24.7 6,340 
Humid 
subtropical 

Industr y, Motor 
vehicles, Dust 
transport 

PM10, NO2 

Tehran 
(IRN) 

35°41�;N ;51°25�;E 13.4 1,274 
Semiarid 
continental 

Industr y, Motor 
vehicles 

CO, NO2, 
PM10 

Table 1. List of megacities and their characteristics. 
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Megacity Lat ; Lon 
 Popul. 
(million)

Area 
(km 2)

Climate Type 
Major Emission 
Source(s) 

Critical Air 
Quality 
Parameters 

Beijing 
(CN) 

39°54�;N; 116°23�;E 16.0 16,800

Monsoon-
influenced 
humid 
continental 

Domestic 
heating, 
traffic,industry, 
dust,biomass 
burning 

PM10, 
PM2.5, NO2, 
O3 

Buenos 
Aires 
(ARG) 

34°36�;S; 58°22�;W 15.0 4,758 
Humid 
subtropical 

Motor vehicles, 
industry 

CO, NOx 

Cairo 
(EGY) 

30°3�;N; 31°13�;E 17.2 86,370
Hot and dry 
desert 

Industry, motor 
vehicles,dust 
transport 

PM10, 
PM2.5 

Delhi 
(IND) 

28°36�;N; 77°13�;E 23.0 1,483 
Humid 
subtropical  

Motor vehicles, 
industry 

PM10, 
PM2.5, NO2 

Dhaka 
(BNG) 

23°42�;N; 90°22�;E 14.6 360 
Hot, wet and 
humid tropical 

Industry,road 
dust, open 
burning 

PM10, 
PM2.5, SO2 

Guangzh
ou (CN) 

23°08�;N; 113°16�;E 12.7 7,434 
Humid 
subtropical 

Industry, motor 
vehicles, power 
generation 

PM10, NO2 

Istanbul 
(TUR) 

41°01�;N; 28°58�;E 13.2 5343 Mediterranean 
Motor  
vehicles, 
industry 

PM10, CO, 
NO x 

Jakarta 
(IN) 

6°12�;S; 106°48�;E 18.0 740 
Hot and humid 
tropical wet and 
dry 

Motor vehicles, 
Industry 

PM10, NO2, 
O3,CO 

Karachi 
(PK) 

24°51�;N; 67°0�;E 17.0 3,527 Arid 
Industry,  
Motor  
vehicles 

PM10 (TSP), 
CO, NO2 

Kolkata 
(IND) 

22°34�;N; 88°22�;E 15.6 1,480 
Tropical wet 
and dry 

Domestic, 
Motor vehicles, 
Waste 

PM10,NO2 

Lagos 
(NGR) 

6o 25’N;3o 23’E 12.0 999 
Tropical 
savanna 

Industr y, Motor 
vehicles, 

SO2, PM10, 
NO 2 

London 
(UK) 

51°30�;N; 0°7�;W 12,6 1572 temperate Mostly traffic PM10, NO2  

Los 
Angeles 
(USA) 

34°3�;N;118°15�;W 17.7 1302 
Subtropical-
Mediterranean  

Motor vehicles, 
petroleum 
rafinery, power 
generation 

O3, NOx 

Manila 
(PHP) 

14°35�;N;120°58�;E 20.8 638 

Tropical 
savanna/ 
tropical 
monsoon climate

Power 
generation, 
industry motor 
vehicles 

PM10, SO2 
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Megacity Lat ; Lon 
 Popul. 
(million)

Area 
(km 2)

Climate Type 
Major Emission 
Source(s) 

Critical Air 
Quality 
Parameters 

Mexico 
City 
(MEX) 

19°26�;N; 99°08�;W 21,1 1,485 
Subtropical hi gh 
land 

Motor vehicles 
PM10, 
O3,BC 
(soot), NO2 

Moscow 
(RUS) 

55°45�;N 37°37�;E 16.0 1,081 
Humid 
continental 

Motor vehicles, 
Industr y, Power 
generation 

SO2, PM10, 
NO 2, CO 

Mumbai 
(IND) 

18°58�;N; 72°49�;E 23.0 603 
Tropical wet 
and dry 

Industr y, Motor 
vehicles, Power 
plants, 
Domestic, land 
fill open 
burning, road 
dust 

PM10, PAH, 
hazardeous 
chemicals 

New 
York City 
(USA) 

40°43�;N;74°00�;W 19.0 1,214 
Humid 
subtropical 

Motor vehicles PM 2.5, O3 

Osaka 
(JPN) 

34°41�;N; 135°30�;E 16.6 222 
Humid 
subtropical 

Motor vehicles 
PM10, 
PM2.5, NO2, 
O3 

Paris (F) 48° 51�; N;02° 21�; E 11.8 14,518
Western 
European 
oceanic climate 

Motor vehicles 
PM10, 
PM2.5, O3, 
NO 2 

Rio de 
Janeiro 
(BR) 

22°54�;S; 43°11�;W 14.4 4,557 

Tropical 
savanna climate 
/ tropical 
monsoon 

Motor vehicles PM 10, NO2 

Sao Paulo 
(BR) 

23°33�;S;46°38�;W 22.0 7,944 

Monsoon-
influenced 
humid 
subtropical 
climate 

Industr y, Motor 
vehicles 

PM10, 
BC,O3 

Seoul 
(KR) 

37°34�;N;126°58�;E 25.0 605 

Humid 
subtropical / 
humid 
continental 
climate 

Motor vehicles 
PM10, NO2, 
O3 

Shanghai 
(CN) 

31°12�;N; 121°30�;E 24.7 6,340 
Humid 
subtropical 

Industr y, Motor 
vehicles, Dust 
transport 

PM10, NO2 

Tehran 
(IRN) 

35°41�;N ;51°25�;E 13.4 1,274 
Semiarid 
continental 

Industr y, Motor 
vehicles 

CO, NO2, 
PM10 

Table 1. List of megacities and their characteristics. 
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3.2 Air pollution sources 

The major anthropogenic emission sources in Beijing are domestic heating, traffic and 
industry. Coal dominated energy structure is also one of the major causes of air pollution in 
Beijing (Hao, et al., 2007). As an example to the total emissions from energy production 
sector of 16.0 GWh/y, Hao et al. (2007) calculated a 102,497 t/y of SO2, 60,567 t/y of NO x 
and 11,633 t/y of PM 10. Domestic heating in Beijing usually starts in mid-November and 
ends in the following March and it is the major source for SO 2 in the winter season (Chan 
and Yao, 2008; Hao et al., 2005). Furthermore, industrial emissions emitted from Shijingshan 
region, located west of Beijing, are significant sources of particulate matter in Beijing. Beijing 
experiences a serious urban sprawl which has been claimed to be a major factor leading to 
the need for long-distance travel, congestion in the city centre and private vehicle usage 
problem (Zhao, et al., 2010; Deng & Huang, 2004). The number of cars in Beijing has grown 
rapidly and reached to 4.76 million vehicles in 2011, up from 1.5 million in 2000 and 2.6 
million in 2005, according to official statistics provided by the municipal transportation 
authorities. Particulate matter emitted from mo tor vehicles and re-suspension of road dust 
are also likely contributors to PM 10 pollution in the city (Song et  al., 2006). Last but not least, 
natural dust originating from the erosion of deserts in northern and northwestern China 
results in seasonal dust storms that plague the city.  

3.3 Air quality in Beijing 

Beijing is party to the Standard Ambient Air Quality Standards (GB 3095-1996), which sets 
limits for SO 2, CO, PM10 and nitrogen dioxide (NO 2). The Chinese air quality standards set 
separate limits for different types of areas such as Class I, II and III based on physical 
characteristics of the region such as natural conservation areas and special industrial areas. 
Beijing is designated as a Class II area, which applies to residential, mixed commercial/ 
residential, cultural, indu strial, and rural areas. 

TSP and SO2 have been the major pollutants in China for a long time due to the fossil fuel 
burning from power plants, indu stry and domestic heating. However, in recent years, the 
Chinese Government have planned to reveal a major environmental plan to help managing 
air pollution and is expected to include efforts to reduce pollution through new regulations 
and strategies including taxes and investments in this field. As an example, energy-related 
measures include fuel substitution and flue gas desulfurization facilities, which were built at 
the coal fired power plants, control measures such as energy efficiency and fuel use and 
dust control improvements (Hao et al. 2007). Initiatives have also been implemented in 
Beijing. The use of natural gas has been increased four-fold from 2000 as a result of efforts 
made to replace coal fired boilers and family stoves to use natural gas, and coal heating with 
electrical heating. As a result of these initiatives, from 1990 to 1999, the annual average TSP 
concentration in 100 major cities decreased by 30% to 256 �Íg/m3 and it remained almost 
constant from 1999 to 2003 (Sinton et al., 2004), despite an overall decrease of 30% in total 
energy consumption from 1997 to 2002. Fang et al. (2009) examined the air quality 
management in China and the changing air qualit y levels with their reasons. The results of 
the new strategies in Beijing are seen in Fig.2. In 1998, Beijing started its phased intensive 
control program to fight air pollution. PM 10 concentrations increased by around 10% from 
2003 to 2006 because of the increase in coal-fired boiler emissions, construction activities and 
dust storms (United Nations Enviro nment Program, 2007). The annual PM10 concentrations 
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in Beijing decreased from 162�Íg/m 3 in 2006 to 141�Íg/m 3 in 2007 despite an increase in 
energy consumption. The recent measurements of PM10 indicates lower levels such as 
123�Íg/m 3 in 2008; 120�Íg/m3 in 2009, respectively. One of the reasons of the high level of 
PM10 is residential coal-combustion in Beijing. SO2 emissions from residential coal-
combustion in Beijing were increased from 68,800 tons in 2003 to 85,100 tons in 2005. The 
expansion of the urban areas and the increase in SO2 emissions led to increased particulate 
sulfate concentrations, which resulted in higher PM 10 levels. However, SO2 levels in the city 
are decreasing (Fang et al., 2009). Furthermore, Beijing experiences high PM10 pollution 
during spring dust storms. Zhu et al. (2011) showed that the typical wind speed of such dust 
storms is approximately 7 m/s or more, and the sand and dust sources are located about 
1000-2000 km northwest of Beijing. According to Zhu et al. (2011), dust storms can reach to 
Beijing within 3 days. 
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Fig. 2. Variations of annual-mean PM10, SO2, NO2 (µgm-3) and CO (mgm-3) levels in Beijing 
(2000-2008) *Air quality standard for PM10 is 100 µg/m3 and WHO guideliness is 20µg/m 3. 

Recently, heavy industries have been gradually replaced by less polluting industries in 
Beijing. Besides, several possible activities are planned on major polluting industries such as 
the closure of cookery units at coke and chemical plants as well as closure of cement, lime 
and brick plants. The, transport sector is also a major contributor to Beijing’s air quality. In 
this sector, stringent vehicle emission standards have been established. The Beijing 
municipal government will also implement traffic control measures such as the 
improvement of fuel quality to meet the new emission standards and to ease the city's traffic 
congestion.  

4. Megacity of Cairo  

Greater Cairo (30o3’N; 31o13’E), which is the capital of Egypt, is the largest city in Africa and 
located in northern Egypt, to the south of the delta in the Nile basin. The Greater Cairo 
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3.2 Air pollution sources 

The major anthropogenic emission sources in Beijing are domestic heating, traffic and 
industry. Coal dominated energy structure is also one of the major causes of air pollution in 
Beijing (Hao, et al., 2007). As an example to the total emissions from energy production 
sector of 16.0 GWh/y, Hao et al. (2007) calculated a 102,497 t/y of SO2, 60,567 t/y of NO x 
and 11,633 t/y of PM 10. Domestic heating in Beijing usually starts in mid-November and 
ends in the following March and it is the major source for SO 2 in the winter season (Chan 
and Yao, 2008; Hao et al., 2005). Furthermore, industrial emissions emitted from Shijingshan 
region, located west of Beijing, are significant sources of particulate matter in Beijing. Beijing 
experiences a serious urban sprawl which has been claimed to be a major factor leading to 
the need for long-distance travel, congestion in the city centre and private vehicle usage 
problem (Zhao, et al., 2010; Deng & Huang, 2004). The number of cars in Beijing has grown 
rapidly and reached to 4.76 million vehicles in 2011, up from 1.5 million in 2000 and 2.6 
million in 2005, according to official statistics provided by the municipal transportation 
authorities. Particulate matter emitted from mo tor vehicles and re-suspension of road dust 
are also likely contributors to PM 10 pollution in the city (Song et  al., 2006). Last but not least, 
natural dust originating from the erosion of deserts in northern and northwestern China 
results in seasonal dust storms that plague the city.  

3.3 Air quality in Beijing 

Beijing is party to the Standard Ambient Air Quality Standards (GB 3095-1996), which sets 
limits for SO 2, CO, PM10 and nitrogen dioxide (NO 2). The Chinese air quality standards set 
separate limits for different types of areas such as Class I, II and III based on physical 
characteristics of the region such as natural conservation areas and special industrial areas. 
Beijing is designated as a Class II area, which applies to residential, mixed commercial/ 
residential, cultural, indu strial, and rural areas. 

TSP and SO2 have been the major pollutants in China for a long time due to the fossil fuel 
burning from power plants, indu stry and domestic heating. However, in recent years, the 
Chinese Government have planned to reveal a major environmental plan to help managing 
air pollution and is expected to include efforts to reduce pollution through new regulations 
and strategies including taxes and investments in this field. As an example, energy-related 
measures include fuel substitution and flue gas desulfurization facilities, which were built at 
the coal fired power plants, control measures such as energy efficiency and fuel use and 
dust control improvements (Hao et al. 2007). Initiatives have also been implemented in 
Beijing. The use of natural gas has been increased four-fold from 2000 as a result of efforts 
made to replace coal fired boilers and family stoves to use natural gas, and coal heating with 
electrical heating. As a result of these initiatives, from 1990 to 1999, the annual average TSP 
concentration in 100 major cities decreased by 30% to 256 �Íg/m3 and it remained almost 
constant from 1999 to 2003 (Sinton et al., 2004), despite an overall decrease of 30% in total 
energy consumption from 1997 to 2002. Fang et al. (2009) examined the air quality 
management in China and the changing air qualit y levels with their reasons. The results of 
the new strategies in Beijing are seen in Fig.2. In 1998, Beijing started its phased intensive 
control program to fight air pollution. PM 10 concentrations increased by around 10% from 
2003 to 2006 because of the increase in coal-fired boiler emissions, construction activities and 
dust storms (United Nations Enviro nment Program, 2007). The annual PM10 concentrations 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

85 

in Beijing decreased from 162�Íg/m 3 in 2006 to 141�Íg/m 3 in 2007 despite an increase in 
energy consumption. The recent measurements of PM10 indicates lower levels such as 
123�Íg/m 3 in 2008; 120�Íg/m3 in 2009, respectively. One of the reasons of the high level of 
PM10 is residential coal-combustion in Beijing. SO2 emissions from residential coal-
combustion in Beijing were increased from 68,800 tons in 2003 to 85,100 tons in 2005. The 
expansion of the urban areas and the increase in SO2 emissions led to increased particulate 
sulfate concentrations, which resulted in higher PM 10 levels. However, SO2 levels in the city 
are decreasing (Fang et al., 2009). Furthermore, Beijing experiences high PM10 pollution 
during spring dust storms. Zhu et al. (2011) showed that the typical wind speed of such dust 
storms is approximately 7 m/s or more, and the sand and dust sources are located about 
1000-2000 km northwest of Beijing. According to Zhu et al. (2011), dust storms can reach to 
Beijing within 3 days. 
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Fig. 2. Variations of annual-mean PM10, SO2, NO2 (µgm-3) and CO (mgm-3) levels in Beijing 
(2000-2008) *Air quality standard for PM10 is 100 µg/m3 and WHO guideliness is 20µg/m 3. 

Recently, heavy industries have been gradually replaced by less polluting industries in 
Beijing. Besides, several possible activities are planned on major polluting industries such as 
the closure of cookery units at coke and chemical plants as well as closure of cement, lime 
and brick plants. The, transport sector is also a major contributor to Beijing’s air quality. In 
this sector, stringent vehicle emission standards have been established. The Beijing 
municipal government will also implement traffic control measures such as the 
improvement of fuel quality to meet the new emission standards and to ease the city's traffic 
congestion.  

4. Megacity of Cairo  

Greater Cairo (30o3’N; 31o13’E), which is the capital of Egypt, is the largest city in Africa and 
located in northern Egypt, to the south of the delta in the Nile basin. The Greater Cairo 
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consists of Cario, Giza and Kalubia, and has a population of about 17 million inhabitants. 
The city which about one-third of  Egypt’s population and 60% of its industry and is one of 
the world’s most densely populated cities. Gurj ar, (2009) and Decker et al., (2000) reported 
that Cairo’s population is confined in 214 km 2 area making it the most densely populated 
megacity. The urbanization and industrialzatio n have increased very rapidly in Greater 
Cairo, particularly in the second half of the last century. 

4.1 Climate 

The climate in Cairo and along the Nile River Valley is characterized by a hot, dry desert 
climate. Wind storms can be frequent, bringing Saharan dust into the city during the spring. 
Abu-Allaban et al. (2002; 2007 and 2009) reported that wind speeds in wintertime is weaker 
than during summer, implying a lower ventilation of the area during winter that could 
favor pollutant accumulation in the vicinity of the sources. Additionally, Safar and Lebib 
(2010) indicated that the arid climate in the city causes a persistent high background PM 
level in the Cairo area.  

4.2 Air pollutant emissions 

The air pollution in Cairo is a matter of seri ous concern. The major emissions in the city 
come from industry and motor vehicles which cause high ambient concentrations of PM, 
SO2, NOx and CO. There are over 4.5 million cars on the streets of Cairo according to recent 
records. The relative contribution to particulate pollution from  different economic activities 
is shown in Table 2. As seen in the table, the major contribution to the particulate load is 
urban solid waste burning by 30%. Transport and industry follows the solid waste by 26% 
and 23%, respectively. Kanakidou et al. (2011) summarized a comprehensive overview of 
the actual knowledge on the atmospheric polluta nt sources, and the levels in the Eastern 
Mediterranean cities including Cairo. The annual sectoral distribution of pollutants are 
calculated for Cairo based on 2005 year as the reference year. Road transport and residential 
activities are important sources of PM and responsible for almost 35.9% and 53.4% of the 
PM10 emissions, respectively. Industrial activities have a major part for the SO2 with 71.5% 
(Kanakidou et al., 2011). Furthermore, a typical black cloud appears over Cairo and rural 
regions of the Nile Delta in every fall due to biom ass burning. It is found that this event is a 
major contributor to the local air quality.  Molina and Molina (2004) explained the black 
cloud in Cairo during fall seas on based on the open burning of agricultural waste (mostly 
burning of rice harvest by farmers to clear fiel ds for the next harvest in rural areas of Nile 
Delta). Additionally, traffic, industrial emissi ons and secondary aerosols was attributed to 
the black cloud events. Prasat et al. (2010) indicated the long range transport of dust at high 
altitudes (2.5–6 km) from Western Sahara and its deposition over the Nile Delta region. New 
evidence of the desert dust transported from Western Sahara to Nile Delta during black 
cloud season and its significance for regional aerosols have potential impact on the regional 
climate. Recently, the European Investment Bank approved a 90,000 EURO grant in order to 
investigate methods to reduce the burning of ri ce straw, which is thought to be one of the 
potential sources of these clouds (UN and League of Arap States Report, 2006). In addition 
to all, Cairo is the only city in Africa having a metro system (about 42 km length and 
carrying 60,000 passengers per hour in each direction).  
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Contribution 
Solid 
Waste 

Transport 
(fuel) 

Industry 
(non-fuel) 

Industry 
(fuel) 

Agricultural 
Residues 

(%) 30 26 23 9 6 

Table 2. Relative contributions to particulate po llution from different economic activities in 
Cairo (EEPP-Air, 2004). 

4.3 Air quality in Cairo 

Air quality in Greater Cairo is a major concern to the Government of Egypt, particularly 
with regard to adverse health impacts. According to Country Cooperation Strategy (CCS) 
for WHO and the Egypt Report (2010), particulate matter and lead pollution have been 
recognized as the most significant pollutants threatening health in Cairo causing at least 
about 6,000 premature deaths annually and about 5,000 excess cancer cases over the 
lifetimes of current Cairo residents. Under this framework, PM 10 is the most critical air 
quality problem in Egypt. Windblown dusts pa rticles were significantly contributed the 
PM levels in Cairo and surrounding areas (EEPP-Air, 2004). A comprehensive national air 
quality monitoring system has been recently established in Egypt as part of 
Environmental Information and Monitoring Program and implemented with support 
from the Danish Government. The monitoring system has been operational for the 
measurements of common air pollutants such as SO2, NO2, CO, O3 and PM10. This is 
carried out by 42 monitoring stations throug hout the country with one-third of them 
located in Cairo. 

In recent two decades, several studies are published in the literature about the air pollution 
in Cairo (Zakey& Omran, 1997; Abu-Allaban et al., 2007; Favez et al., 2008, Zakey et al., 
2008; Mahmoud et al., 2008; Safar & Labip, 2010). These studies include both anthropogenic 
and natural contributions to air quality in Cairo. As an example, Zakey & Omran (1997) 
showed that the dust and sand storms frequently occur specifically in spring and autumn 
and hot desert cyclones known as the “Khamasin” depressions pass over the desert during 
spring months. Hot and dry winds can often carry the dust and sand particulates to the city 
and they increase PM levels in the Cairo atmosphere. A source attribution study was 
performed by Abu-Allaban et al. (2007) where th ey used the chemical mass balance receptor 
modeling order to examine the sources of PM10 and PM2.5 in Cairo’s ambient atmosphere. 
They found that major contributors to PM 10 included geological material, mobile source 
emissions, and open burning. PM2.5 tended to be dominated by mobile source emissions, 
open burning, and secondary species. Favez et al. (2008) examined the seasonality of major 
aerosol species and their transformations in Cairo. Mahmoud et al. (2008) investigated the 
origins of black carbon concentration peaks in Cairo atmosphere. Seasonal and spatial 
variation of particulate matters was examined in  Cairo by Zakey et al. (2008). They indicated 
that the highest recorded PM10 values were found in industrial and heavy traffic locations. 
The annual mean PM2.5 and PM10 are observed to be 85 and 175 �Íg/m 3, respectively) due to 
the traffic emissions and burning of waste materials. Recently, Safar&Labip (2010) 
investigated health risk assessments of PM and lead in Cairo. They showed that due to the 
arid climate, there is a persistent high background PM level in this area. This is one of the 
reasons of the high daily PM10 levels that is above the air quality limits in the country. From 
the meteorological conditions view, Cairo has very poor dispersion characteristics. Irregular 
settlements, layout of tall buildings and narrow streets create a bowl effect in the city 
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consists of Cario, Giza and Kalubia, and has a population of about 17 million inhabitants. 
The city which about one-third of  Egypt’s population and 60% of its industry and is one of 
the world’s most densely populated cities. Gurj ar, (2009) and Decker et al., (2000) reported 
that Cairo’s population is confined in 214 km 2 area making it the most densely populated 
megacity. The urbanization and industrialzatio n have increased very rapidly in Greater 
Cairo, particularly in the second half of the last century. 

4.1 Climate 

The climate in Cairo and along the Nile River Valley is characterized by a hot, dry desert 
climate. Wind storms can be frequent, bringing Saharan dust into the city during the spring. 
Abu-Allaban et al. (2002; 2007 and 2009) reported that wind speeds in wintertime is weaker 
than during summer, implying a lower ventilation of the area during winter that could 
favor pollutant accumulation in the vicinity of the sources. Additionally, Safar and Lebib 
(2010) indicated that the arid climate in the city causes a persistent high background PM 
level in the Cairo area.  

4.2 Air pollutant emissions 

The air pollution in Cairo is a matter of seri ous concern. The major emissions in the city 
come from industry and motor vehicles which cause high ambient concentrations of PM, 
SO2, NOx and CO. There are over 4.5 million cars on the streets of Cairo according to recent 
records. The relative contribution to particulate pollution from  different economic activities 
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Contribution 
Solid 
Waste 

Transport 
(fuel) 

Industry 
(non-fuel) 

Industry 
(fuel) 

Agricultural 
Residues 

(%) 30 26 23 9 6 

Table 2. Relative contributions to particulate po llution from different economic activities in 
Cairo (EEPP-Air, 2004). 
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lifetimes of current Cairo residents. Under this framework, PM 10 is the most critical air 
quality problem in Egypt. Windblown dusts pa rticles were significantly contributed the 
PM levels in Cairo and surrounding areas (EEPP-Air, 2004). A comprehensive national air 
quality monitoring system has been recently established in Egypt as part of 
Environmental Information and Monitoring Program and implemented with support 
from the Danish Government. The monitoring system has been operational for the 
measurements of common air pollutants such as SO2, NO2, CO, O3 and PM10. This is 
carried out by 42 monitoring stations throug hout the country with one-third of them 
located in Cairo. 

In recent two decades, several studies are published in the literature about the air pollution 
in Cairo (Zakey& Omran, 1997; Abu-Allaban et al., 2007; Favez et al., 2008, Zakey et al., 
2008; Mahmoud et al., 2008; Safar & Labip, 2010). These studies include both anthropogenic 
and natural contributions to air quality in Cairo. As an example, Zakey & Omran (1997) 
showed that the dust and sand storms frequently occur specifically in spring and autumn 
and hot desert cyclones known as the “Khamasin” depressions pass over the desert during 
spring months. Hot and dry winds can often carry the dust and sand particulates to the city 
and they increase PM levels in the Cairo atmosphere. A source attribution study was 
performed by Abu-Allaban et al. (2007) where th ey used the chemical mass balance receptor 
modeling order to examine the sources of PM10 and PM2.5 in Cairo’s ambient atmosphere. 
They found that major contributors to PM 10 included geological material, mobile source 
emissions, and open burning. PM2.5 tended to be dominated by mobile source emissions, 
open burning, and secondary species. Favez et al. (2008) examined the seasonality of major 
aerosol species and their transformations in Cairo. Mahmoud et al. (2008) investigated the 
origins of black carbon concentration peaks in Cairo atmosphere. Seasonal and spatial 
variation of particulate matters was examined in  Cairo by Zakey et al. (2008). They indicated 
that the highest recorded PM10 values were found in industrial and heavy traffic locations. 
The annual mean PM2.5 and PM10 are observed to be 85 and 175 �Íg/m 3, respectively) due to 
the traffic emissions and burning of waste materials. Recently, Safar&Labip (2010) 
investigated health risk assessments of PM and lead in Cairo. They showed that due to the 
arid climate, there is a persistent high background PM level in this area. This is one of the 
reasons of the high daily PM10 levels that is above the air quality limits in the country. From 
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environment. The high levels of lead were recorded in the major Egyptian cities. 
Safar&Labip (2010) explained that the lead levels in Cairo are among the highest in the 
world. The maximum annual average concentratio n of lead is found in the Shoubra Kheima 
industrialized region due to the lead smelters in this area during the period of 1998 through 
2007. The highest annual average Pb levels recorded were 26.2 and 25.4 �Íg/m 3 at the 
Shoubra Kheima and El Sahel monitoring stations, respectively, during the baseline year 
(October 98 to September 99). The annual average Pb levels have been gradually decreased 
when the lead smelters in the area were closed and moved to the industrial area of Abou 
Zaabal. CCS (2010) report indicated that lead was completely phased out from petrol 
distributed in Cairo, Alexandr ia and most of the cities of Lower Egypt in late 1997, and 
consequently, lead concentration in the atmosphere of Cairo city centre and residential areas 
gradually decreased. Surface ozone levels were also examined in Cairo. Gusten et al. (1994) 
studied the ozone formation in the Greater Cairo in 1990. The peak values of 120 ppb and 
daily mean value of 50 ppb throughout the ye ar indicate a substantial contribution of 
photochemistry to the ozone content of the atmosphere. It is estimated that the ozone is 
produced predominantly over the industrial area in the north and in the centre of Cairo and 
transported southward by the prevailing northerl y winds. Contrary to many urban areas in 
Europe and in North America, fairly high average ozone levels of 40 ppb are observed 
during the night throughout the spring an d the summer. This may imply that health 
hazards and crop damage may be higher in the greater Cairo area than in Central Europe. 
Recently, Mi (2009) examined the diurnal, seasonal and weekdays-weekends variations of 
ground level ozone concentrations in an urban area in Greater Cairo (Haram, Giza). He 
found that the daytime (8-h) mean values of wintertime and summertime O 3 were 44 ppb 
and 91 ppb, respectively. Besides, he reported that the highest levels of NOx were found in 
winter. The concentrations of O3 precursors (NO and NO 2) in weekends were lower than 
those found in weekdays, whereas the O3 levels during the weekends were high compared 
with weekdays. 

In order to enhance the air quality in Cairo atmosphere, there are several efforts under the 
new strategy by the Government such as switching to natural gas in industrial, residential 
and transport sectors. Policies to remove old fleet of vehicles from the streets and to promote 
public transport especially th rough the expansion of underground metro, enhancement of 
solid waste management, banning of the open air burning of solid waste are also among the 
major strategies.  

5. Megacity of Delhi  

Delhi (28o36’N; 77o13’E) is the second largest metropolitan in India. The name Delhi is often 
used to refer both to the urban areas near the National Capital Territory of Delhi and New 
Delhi, the capital of India, which is surroun ded by other major urban agglomerations of 
adjoining states such as Haryana and Uttar Pradesh (National Summary Report, 2010). The 
National Capital Territory of Delhi is spread over an area of 1484 km 2. There are three local 
bodies in Delhi. Municipal Corporation of Delh i which is the major one has an area of 1397 
km2 and the two small areas are New Delhi Municipal Committee and Delhi Cantonment 
Board. Its population has increased from 9.4 million in  1991 to 18.9 million in 2010. 
Presently, about 30% of the population lives in squatter settlements. The number of 
industrial units in Delhi in 1951 was appr oximately 8,000. By 1991 this number had 
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increased to more than 125,000. The vehicular population has increased phenomenally, from 
235,000 in 1975 to 2,629,000 in 1996, and closed to touch 6 million in 2011. In 1975 the 
vehicular population in Delhi and Mumbai wa s about the same; today Delhi has three times 
more vehicles than Mumbai.  

5.1 Climate 

The climate of Delhi is a monsoon-influenced humid subtropical climat e with an extremely 
hot summer, and cold winters. Delhi has relati vely dry winters and has a prolonged spell of 
very hot weather. Delhi usually experiences surface inversions and heavy fog events during 
the winter season. This leads to restriction of dilution of the emissions from specifically 
motor vehicles and episodic events in Delhi. In December, reduced visibility leads to 
disruption of road, air and rail traffic. Molina & Molina (2004) explained that during 
summer, large amounts of wind-blown dust carried by strong westerly winds from the Thar 
Desert result in elevated PM levels. These dust storm periods are followed by the monsoon 
season (July to mid-September), which is the least polluted season due to the heavy 
monsoon rains that wash out the pollutants.  

5.2 Air pollution sources 

The major air pollution sources in Delhi are motor vehicles and industry. The number of 
industrial units in Delhi in creased from 8,000 in 1951 to 125,000 in 1991 while automobile 
vehicles increased from 235,000 in 1975 to 4,5 million in 2004 (Government of India, 2006). 
The vehicular pollution contributes 67% of the total air pollution load (approx.3 Mt per day) 
in Delhi and its sharing is rapidly growing (Narain & Krupnick, 2007). The 25% of air 
pollution is generated by industry and coal  based thermal power plants. The three power 
plants in Delhi generate approximately 6,000 Mt of fly ash per day. Industrial effluent load 
is about 320 Mt per day. Municipal solid waste generation is also estimated to be 5,000 Mt 
per day.  

5.3 Air quality in Delhi 

Delhi is the fourth most polluted megacity in the world. Air quality in Delhi is poor and 
airborne concentrations of major air pollutants frequently exceed National Ambient Air 
Quality Standards (NAAQS) set by India’s Central Pollution Control Board (CPCB) (The 
Ministry of Environment and Forests, National Ambient Air Quality Standards 2009) A 
number of studies have analyzed air pollution data for Delhi. Delhi’s annual mean PM 10 
concentration is highest among major Asian cities, and was between three and four times 
the Indian standard during 2001–2004 (HEI, 2004). A summary of PM10, PM2.5, NO2, and 
SO2 levels for different stations (background, residential, industry and kerbside) and 
different seasons (winter, post monsoon, and summer) in Delhi is given in Table 3. As 
seen in Table 3, almost at all locations and in all seasons, standards of PM10 and PM2.5 
have been exceeded (except for the industrial area). Even the background locations are 
highly polluted because these locations also fall within the city area and are impacted 
from the city emissions. PM10 contribution is mainly originated from heavy duty diesel 
vehicles. 
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 Background Residential Industry kerbside 

Pollutant
/Season 

Wint 
Post-
Mon

Sum Wint
Post-
Mon

Sum Wint
Post-
Mon 

Sum Wint
Post-
Mon 

Sum 

PM10 355 300 232 505 671 81 546 781 229 451 941 337 

PM2.5 - - 131 301 - 30 197 314 52 306 361 107 
SO2 8 15 8 14 18 78 85 77 11 20 20 12 

NO 2 31 33 25 73 88 29 159 142 60 109 121 47 

Table 3. Average air quality levels (�Íg/m3) in Delhi at background, residential, industry 
and kerbside areas for winter, post monsoon and summer periods of 2007 (Nat.Rep., 2010). 

It can also be seen that in terms of PM levels, Delhi shows highest air pollution levels during 
post-monsoon. Observations at Delhi show much higher variability according to the 
characteristics of the monitoring station area. NO2 levels are exceeded at the residential area 
sites in Delhi (35%), NO2 levels generally exceed the ambient air quality standards at 
kerbside locations, particularly during winter  and post monsoon seasons at Delhi by 85 – 
95%.This analysis shows that PM problem is severe and NO2 is the emerging pollutant that 
requires immediate planning to control its emissions. NO 2 is mainly contributed by man-
made sources such as vehicles, industry and other fuel combustion activities. Delhi exhibits 
high percentage of NO2 from energy production owing to presence of power plants. Fig. 3 
presents the trend of annual variation of Respirable Suspended Particulate Matter (RSPM or 
PM10), SO2 and NO2 in Delhi in 2001-2008. The annual average RSPM and NO2 
concentrations are increasing in Delhi while SO2 values are declining due to the low sulfur 
fuel use in power plants. Other fuels consumed in domestic use and, in some cities, for 
vehicles, are LPG and CNG respectively. 

 
Fig. 3. Trends in annual average concentrations of RSPM, SO2, and NO2 in residential areas 
of Delhi (National air quality standard is 60 for RSPM ,NO 2 and SO2). 
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6. Megacity of Istanbul 

6.1 Introduction 

Air pollution problem in Istanbul has received  wide public attention since the 1980s and has 
remained the focal point among Turkey’s environmental problems. In the late 1980s and 
beginning of 1990s, Istanbul has experienced significant particulate matter and sulfur 
dioxide episodes due to the fossil fuel burning for domestic heating and industry. Following 
the fuel switching policy, particulate matter co ncentrations and sulfur dioxide levels were 
gradually decreased in the city. However, toda y the city is facing specifically secondary 
particulate matter and NO x problems depending on the emission sources. In this part of this 
chapter, firstly, a general description of the topography and meteorology of Istanbul, 
emission sources, and the spatial and temporal variations of the pollutants, particularly 
PM10 and SO2, in the city will be provided that w ill be followed by a description of the 
recent emission inventory preparations. Surface ozone and its precursors in the city are also 
discussed. Additionally, meteorological characteristics leading to air pollution episodes will 
be extensively presented. 

Istanbul is one of the significant and historic ally ancient megacities in the world with 13.2 
million inhabitants and has an area of 5343 km2 covering 39 districts. The city is the center 
of industry, economics, finance and culture in Turkey. Istanbul generates about 55% of 
Turkey’s trade and produces 27.5% of Turkey’s national product.  This lovely city has been 
associated with major political, religious and artistic events for more than 2,000 years. 
Recently, historical areas of the city have been added to the list of UNESCO World Heritage.  

6.2 Topography and climate 

Istanbul is located at 41oN and 29oE and is in the NW of Turk ey’s from the Black Sea to 
Marmara. The Bosphorus channel separates the city to Asian and European parts on the 
direction of NNE/SSW (Fig.4). The Bosphorus connects the Sea of Marmara to the Black Sea. 
The city also encompasses a natural harbor known as the Golden Horn in the northwest. 
The historic peninsula in the European part of the city is built on seven hills and surrounded 
by historical city walls. There are two signific ant hills in the city. The highest points in 
Istanbul are Yakac�×k (420m) and Aydos (537m) hills in Kartal province and Caml �×ca hill 
(288m) nearby the Bosphorus, on the Asian sides.  

Istanbul has Mediterranean climate in temperat e zone with four distinct seasons. Summer 
months (June-July-August) are relatively dry and warm while winter months (December, 
January, February) are mild and rainy. The lowest monthly average temperature is 6.5oC in 
January and the highest monthly average temperature is 22.7oC in July. Domestic heating in 
Istanbul usually starts in early-November and ends in the late March and early-April. There 
are also around 124 rainy days with a total precipitation of 843 mm. Most of the rain comes 
in winter season. Istanbul is humid and mo nthly average RH is 75%. RH exceeds 80% in 
most winter months. Besides, irradiation is st rong with average daily  values in summer by 
approximately 21 MJ/m 2, and sunshine duration is 2460 hours annually. The prevailing 
wind directions are north-easterly and south- westerly in winter, and northerly in summer, 
especially when the Etesian system controls the weather in the region (Unal et al., 2000). 
However, the prevailing wind direction varies from north northeast to northeast and south 
southwest in the winter and varies from north northeast, northeast and east-northeast in the 
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summer with moderate wind speeds. The urban ar ea in Istanbul has continuously expanded 
to the suburbs.  

  
Fig. 4. A map of Istanbul with air quality measurement stations. 

6.3 Emission sources 

Emission sources in Istanbul have shown significant changes over time. While today, traffic, 
industrial processes, domestic heating, road dust and biogenic emissions are the most 
significant emission sources, domestic heating and industry was the major emission sources 
before two decades ago in the city. 

Istanbul has experienced a complicated period from an ancient metropolis to a sprawling 
megacity, growing from just over 2 million inhabitants in 1970 to 13.2 million today. 
However, due to the migration from the other ci ties its population has increased more than 
six fold between 1970 and 2010 (Tayanc et al., 2009). Rapid urbanization and development of 
society and economy, with the increased migration from the less developed regions of the 
country at the end of the 1980s caused a significant increase in the population and an 
expansion of the built-up areas in the city. Not only the rapid increase of the urban 
population due to influx of the people from ot her cities, but also the establishment of many 
small and medium sized industries in and ar ound Istanbul, caused many environmental 
problems. Atimtay and Incecik (2004) extensively discussed the period of 1970-1980s. The 
industrial as well as the domestic heating mostly burned fuel oil to produce energy before 
1970’s. Following the energy crises of 1970’s, due to the tremendous increase in the oil 
prices, the preferred fuel in the city was coal. The coal used was mostly local Turkish lignite 
with high in sulfur and ash content, but low in  calorific value. In those days there was not 
any regulation on air pollution control. The First Environmental Law was accepted in 1983 
and the first Air Pollution Control Regulation wa s entered in force in 1986. The very active 
period involving the banning of lignite, na tural gas agreement, establishing of gas 
distribution company (IGDAS) and starting th e operations for infrastructure followed the 
regulation. IGDA �û started to distribute natural gas on January 1992, first on the Asian side 
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of the city and then expanded to the metropolitan area (Atimtay&Incecik, 2004). Today 95% 
of the total gas is used for domestic heating and industry purposes. 

As one of the major emission sources, traffic was the secondary source in 1980s. Following 
1980s the number of motor vehicles on Istanbul’s streets has increased even faster than its 
population growing since 1980. It was only about 0.3 million cars in 1980, but now it is 
closing three million (about 2.72 million vehicl es are registered based on the 2010 figures). 
Every day more than 700 new cars enter to the Istanbul streets. About 60% of these vehicles 
are operated by gasoline and 40% by diesel. PM10 emissions on traffic originate from diesel 
vehicles rather than the gasoline powered ones. Besides, most of the heavy vehicles, such as 
buses and commercial vehicles in transport and construction sectors, are powered by the 
diesel system. Furthermore, following the 1999, liquefied petroleum gas has been widely 
used in traffic. Istanbul Chamber of Industry reported and Im et al., 2006; Kanakidou et al. 
(2011) used that the low quality solid and liquid  fuels with high sulfur content, natural gas 
and LPG are the most commonly used fuel types in the industrial activities including textile, 
metal, chemical, food and other industries. Istanbul is on the two transit motorways passing 
over the city connections between Europe and Asia on the east-west direction by the 
Bosphorus and Fatih Sultan Mehmet Bridges. The total length of roads and highways has 
significantly increased from 1980s within thr ee decades while the number of vehicles has 
increased. The city traffic much more depends on the two bridges in the city. The number of 
vehicles crossing the two bridges has increased approximately 25% from 2001 (120,000 
vehicles) to 2010 (150,000 vehicles) (KGM, 2011). Hence, traffic emissions are elevated 
significantly within the past decade. Recently, Turkey adopted the Euro 4 standards to 
reduce vehicular emissions of air pollutants in  the beginning of 2009. Istanbul has a metro 
with 16 km long in the European side and it is still expanding. On the Asian side, a new 
metro construction continues and is scheduled to be opened in 2013. Furthermore, a Bus 
Rapid Transit (BRT) system established in 2009 connecting the both side of the city from far 
west (Avc�×lar) to Sogutlucesme (Kadikoy) with about 30 km. Istanbul will be connected at 
soon with an underwater tunn el. The construction is currently in progress and underwater 
rail tunnel (Marmaray) will be open in 2013.  

There are three industrial zones in the city for small and medium-scale industrial 
operations. They are located at both sides of the city. There are two busy international 
airports. One is located at the European part (Atatürk Airport) and the other is Sabiha 
Gokcen Airport at the Asian part (Fig. 4). Atat ürk International Airport is ranked 34th in the 
busiest airports of the world with a passenger traffic of 32.1 million. Sabiha Gokcen Airport 
serves many domestic and some low-fare international flights, with about 104,000 total 
aircraft movements annually. Istanbul experiences frequently dust transport coming from 
the Sahara. Karaca et al. (2009), Celebi et al. (2010) and Kocak et al. (2011) showed that air 
parcels arriving in Istanbul in the spring mo nths are mainly from the Sahara. Nevertheless, 
even limited amounts coal is consumed for domestic heating in winter months; it causes 
significant particular matter pollution problems at some residential areas in the city where 
mostly illegal squatter settlements are located.  

6.4 Emission inventory preparations 

Emission inventory has always been a significant problem in Istanbul. In recent decade, 
there were several efforts on the emission inventory preparations for Istanbul 
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summer with moderate wind speeds. The urban ar ea in Istanbul has continuously expanded 
to the suburbs.  

  
Fig. 4. A map of Istanbul with air quality measurement stations. 
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period involving the banning of lignite, na tural gas agreement, establishing of gas 
distribution company (IGDAS) and starting th e operations for infrastructure followed the 
regulation. IGDA �û started to distribute natural gas on January 1992, first on the Asian side 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

93 

of the city and then expanded to the metropolitan area (Atimtay&Incecik, 2004). Today 95% 
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(2011) used that the low quality solid and liquid  fuels with high sulfur content, natural gas 
and LPG are the most commonly used fuel types in the industrial activities including textile, 
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over the city connections between Europe and Asia on the east-west direction by the 
Bosphorus and Fatih Sultan Mehmet Bridges. The total length of roads and highways has 
significantly increased from 1980s within thr ee decades while the number of vehicles has 
increased. The city traffic much more depends on the two bridges in the city. The number of 
vehicles crossing the two bridges has increased approximately 25% from 2001 (120,000 
vehicles) to 2010 (150,000 vehicles) (KGM, 2011). Hence, traffic emissions are elevated 
significantly within the past decade. Recently, Turkey adopted the Euro 4 standards to 
reduce vehicular emissions of air pollutants in  the beginning of 2009. Istanbul has a metro 
with 16 km long in the European side and it is still expanding. On the Asian side, a new 
metro construction continues and is scheduled to be opened in 2013. Furthermore, a Bus 
Rapid Transit (BRT) system established in 2009 connecting the both side of the city from far 
west (Avc�×lar) to Sogutlucesme (Kadikoy) with about 30 km. Istanbul will be connected at 
soon with an underwater tunn el. The construction is currently in progress and underwater 
rail tunnel (Marmaray) will be open in 2013.  

There are three industrial zones in the city for small and medium-scale industrial 
operations. They are located at both sides of the city. There are two busy international 
airports. One is located at the European part (Atatürk Airport) and the other is Sabiha 
Gokcen Airport at the Asian part (Fig. 4). Atat ürk International Airport is ranked 34th in the 
busiest airports of the world with a passenger traffic of 32.1 million. Sabiha Gokcen Airport 
serves many domestic and some low-fare international flights, with about 104,000 total 
aircraft movements annually. Istanbul experiences frequently dust transport coming from 
the Sahara. Karaca et al. (2009), Celebi et al. (2010) and Kocak et al. (2011) showed that air 
parcels arriving in Istanbul in the spring mo nths are mainly from the Sahara. Nevertheless, 
even limited amounts coal is consumed for domestic heating in winter months; it causes 
significant particular matter pollution problems at some residential areas in the city where 
mostly illegal squatter settlements are located.  

6.4 Emission inventory preparations 

Emission inventory has always been a significant problem in Istanbul. In recent decade, 
there were several efforts on the emission inventory preparations for Istanbul 
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Metropolitan area. In 2005, EMBARQ and Istanbul’s Directorate General of Environmental 
Protection launched an ambitious initiative to reduce air pollution in the city considering 
reducing transport emissions. In addition , Istanbul Metropolit an Municipality has 
developed an “Istanbul Air Quality Strategy Report” emissions inventory of air pollutants 
(IBB, 2009). The local emissions inventory was based on a European Union project in the 
scope of the EU Life Program has been implemented in a partnership of Istanbul 
Metropolitan Municipality and Dokuz Eylül University (Elbir, 2010). In this project, local 
emission inventory was prepared with 1-ho ur temporal and 1-km spatial resolution 
within an area of 170 km by 85 km centered at the metropolitan area of Istanbul. In a 
systematic way, the emission sources are broadly categorized as point, line and area 
sources, covering industrial, vehicular and domestic sources respectively. Five major 
pollutants consisting of particulate matter (PM 10), sulfur dioxide (SO 2), carbon monoxide 
(CO), non-methane volatile organic compounds (NMVOCs) and nitrogen oxides (NO x) 
emitted through these sources were identified (IBB, 2009). As seen in Table 4, industry is 
the most polluting sector for SO2 contributing to about 83% of total emissions while 
domestic heating is the most polluting sector for PM 10 contributing to 51% of total 
emissions. Traffic is also the most polluting sector for NO x, and CO emissions with the 
contributions of 89% and 68%, respectively.  
 

 Emissions (tons/year) 

 PM10 SO2 NO x NMVOC CO 

Industry 7630 58458 9394 117 1714 

Domestic Heating 13631 10983 7014 18451 123510 

Traffic 5200 1016 158000 38500 270000 

Total 26461 70467 154408 56968 270000 

Table 4. Sectoral emissions in Istanbul (IBB, 2009). 

Furthermore, in recent years, there are important efforts on high er resolution (in high spatial 
(2 × 2 km2) and temporal resolutions) detailed em ission inventories of anthropogenic 
sources studies. Markakis et al. (2012) developed high resolution emission inventory for 
2007 reference year as annual sectoral distribution of pollutants; and cited by Im et al. (2010 
and 2011) and Kanakidou et al, (2011). The sectoral distributions of  these emissions is 
presented in Table 5. Im et al. (2010) showed that wintertime PM 10 episodes can be 
explained almost entirely by the local anthro pogenic sources. Kocak et al. (2011) confirmed 
this finding by the PMF analysis conducted on  the chemical composition data provided by 
Theodosi et al. (2010). The emissions are spatially allocated on the cells using a grid spacing 
of 2 km over the Istanbul. The pollutants considered are NO x, CO, SOx, NH3, NMVOCs, 
PM10 and PM2.5. The NMVOCs emissions are chemically speciated in 23 species based on 
Olivier et al. (2002) and Visschedijk et al. (2005) source sectoral profiles (CARB, 2007). PM10 
emissions were chemically speciated in organic and elemental carbon, nitrates, sulfates, 
ammonium and other particles. According to Markakais et al. (2012) and Kanakidou et al. 
(2011), CO and NOx are the major emissions for road transport by 83.1% and 79.4%, 
respectively. Industry has also major contributer for PM 10 by 64.9% and SO2 by 23.2%, 
respectively. However, shipping emissions in Istanbul is gradually increasing. Because, 
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Bosphorus Istanbul has a busy ship traffic. Recently, there are about 60,000 ships passing 
yearly from the Bosphorus channel (Kesgin and Vardar, 2001; Deniz and Durmusoglu, 2008; 
Incecik et al., 2010). Kanakidou et al. (2011) presents significant contribution of shipping to 
SO2 emissions by 17.6% and NOx by 9.5 and PM10 by 3.1%. 
 

CO NO x SO2 NMVOC PM 10 
Combustion Residential 10.8 2.1 14.7 2.6 7.1 
Industry 3.7 2.4 23.2 0.5 64.9 
Fuel Extraction/Distribution 2.3 0.1 
Solvents Use 29.8 
Road Transport 83.1 79.4 2.3 44.8 17.4 
Off-road machinery 2.8 4.1 0.4 3.9 
Maritime 0.3 9.5 17.6 0.6 3.1 
Waste 0.7 20.4 1.7 
Energy 0.7 3.2 35.6 0.2 1.8 
ALL (ktons) 437 305 91 77 61 

Table 5. Sectoral distribution (%) of annual anthropogenic emissions in Istanbul (Kanakidou 
et al., 2011). 

6.5 Air quality in Istanbul 

6.5.1 Monitoring network  

The first air pollution monitoring network was designed to measure SO2 and suspended 
particulate matter (TSP) concentrations in the air in 1985 with 7 stations in the city by the 
Ministry of Health (Hifzisihha Institute). The network provided daily SO 2 and TSP 
measurements. In this network, daily values of TSP concentrations were measured by the 
reflectivity method and SO 2 concentrations were measured with the West-Geake method. In 
mid-1989, 10 more stations were established in the city. In 1998, the Greater Istanbul 
Municipality established a separate air pollution monitoring network in the city. The new 
network system consists of 10 measuring sites located in residential, commercial and 
industrial parts of the city. The new network measures air pollution parameters on hourly 
basis. Conventional parameters of PM10, which is replaced with TSP and SO2, are measured 
in all stations. CO, NOx are only measured in four stations.  Surface ozone was measured at 
two stations in 1999-2005 and then continued with one station. Now, O3 is being measured 
at two stations in the city. However, understand ing of air quality in megacities requires high 
spatial resolution of the monitoring network. For this purpose, in frame of a new European 
Project (SIPA), about 36 stations including urban, semi urban and rural are being launched 
in Istanbul and Marmara areas.  

6.6 Temporal and spatial variation of air quality 

The first measurements showed that Istanbul has a serious air pollution problem due to 
domestic heating, industry and traffic (Inc ecik, 1996; Tayanc, 2000; Topcu et al.,2001). The 
pollution was more severe especially in th e regions of densely populated settlements. 
Uncontrolled expansion of the city in 1980s also caused severe air pollution problems in 
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Metropolitan area. In 2005, EMBARQ and Istanbul’s Directorate General of Environmental 
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Metropolitan Municipality and Dokuz Eylül University (Elbir, 2010). In this project, local 
emission inventory was prepared with 1-ho ur temporal and 1-km spatial resolution 
within an area of 170 km by 85 km centered at the metropolitan area of Istanbul. In a 
systematic way, the emission sources are broadly categorized as point, line and area 
sources, covering industrial, vehicular and domestic sources respectively. Five major 
pollutants consisting of particulate matter (PM 10), sulfur dioxide (SO 2), carbon monoxide 
(CO), non-methane volatile organic compounds (NMVOCs) and nitrogen oxides (NO x) 
emitted through these sources were identified (IBB, 2009). As seen in Table 4, industry is 
the most polluting sector for SO2 contributing to about 83% of total emissions while 
domestic heating is the most polluting sector for PM 10 contributing to 51% of total 
emissions. Traffic is also the most polluting sector for NO x, and CO emissions with the 
contributions of 89% and 68%, respectively.  
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(2 × 2 km2) and temporal resolutions) detailed em ission inventories of anthropogenic 
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presented in Table 5. Im et al. (2010) showed that wintertime PM 10 episodes can be 
explained almost entirely by the local anthro pogenic sources. Kocak et al. (2011) confirmed 
this finding by the PMF analysis conducted on  the chemical composition data provided by 
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respectively. Industry has also major contributer for PM 10 by 64.9% and SO2 by 23.2%, 
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Bosphorus Istanbul has a busy ship traffic. Recently, there are about 60,000 ships passing 
yearly from the Bosphorus channel (Kesgin and Vardar, 2001; Deniz and Durmusoglu, 2008; 
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at two stations in the city. However, understand ing of air quality in megacities requires high 
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pollution was more severe especially in th e regions of densely populated settlements. 
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certain areas. City regulations banning usage of less efficient, poor-quality lignite for heating 
purposes was inadequate. Fig.5 presents the first results of the measurements as annual 
average SO2 and TSP concentrations in the city. As can be seen in the figure, both SO2 and 
TSP levels were much higher than the air quality standards and WHO guidelines. 

 
 
 
 
 
 

 
 
 
 
 

Fig. 5. Annual mean values of daily SO2 and TSP concentrations in Istanbul for the polluted 
period 1985-1994. 

Incecik (1996) extensively examined the air quality levels and atmospheric conditions 
leading to air pollution episodes in wint er months of 1985-1991 periods. Incecik (1996) 
showed that anticyclonic pressure patterns and lower surface wind speeds lead to 
unfavorable conditions for air pollution potential over the city. Poor quality fuel used in the 
city was the major reason of the dramatic levels of SO2 and TSP in the winter months. 
Furthermore, he examined the ratios of January/July SO2 and TSP concentrations during the 
1985-1994 periods. The ratios for SO2 an TSP presented and increase from 1.4 to 13.6 and 2.3 
to 8.8, respectively in the study period. Besides, it is shown that the higher pollutant 
concentrations in cool seasons might also be related to the generally stable atmosphere, 
which limits the volume of air into which emis sions from the local emissions are dispersed. 
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The relationship between occurrence of the intense episode days and other meteorological 
parameters such as inversions and light winds are seen in many cities. In Istanbul, 
inversions form by radiative cooling at night or as a result of subsidence in anticyclones. 
Table 6 gives the characteristics of inversions recorded from radio sounding station at 
Goztepe-Istanbul in the period of Novemb er 1989 – February 1990. There are almost 16 
episodes occurring in this period and the days with surface or elevated inversions almost 
coincide with the episode days.  
 

 
Time 
LST) 

Surface inversion 
(day) 

Elevated 
inversion (day) 

Mean thickness of 
surface inversion (m) 

November 
0200 10 12 273 

1400 2 13 408 

December 
0200 13 13 242 

1400 2 23 145 

January 
0200 9 2 280 

1400 0 9 - 

Feb 
0200 9 13 126 

1400 3 16 171 

Table 6. Frequency and depth of inversions in Istanbul during November 1989-February 
1990 (Incecik, 1996). 

According to Table 3, the heights of the night time surface inversions in 48% of the cases are 
below 250m. Furthermore, it is found that duri ng the episodic period, calms are about 20% 
or more of the total episodic periods which are probably associated with weak synoptic 
scale pressure gradient at the surface atmosphere in Istanbul. 

In Istanbul, natural gas usage has just started in January 1992 in the Asian part of the city. 
Hence, the city of Istanbul, particularly in  European side, has faced many significant 
episodic air quality problems due to the poor  quality lignite usage and weak dispersion 
conditions in winter periods up to mid 1990s. As an example, one of the dramatic air 
pollution episodes had been experienced in 1993 winter. The catastrophic values of the SO2 
and TSP were measured to be 4070 and 2662 µg/m3, respectively, on 18th of January 1993 in 
the European part of the city (Batuk et al., 1997). The stagnant anticyclonic pressure 
conditions continued for two days in the ci ty and Governor of Istanbul announced the 
emergency situation in the city particularly for sensible people such as older people and 
babies. The schools were closed for two days following the decision in the city. Fig. 6 gives 
the surface synoptic map for 18 January at 00Z. As it can be seen from this figure, a very 
strong anticyclonic pressure system was established over the Central Mediterranean and 
South Europe and consequently the Balkan Peninsula up to the west part of the Asia Minor 
and Black Sea Balkan Peninsula. Such synoptic conditions favor the formation of an 
anticyclonic subsidence inversion, which result s in residential and industrial stack plumes 
capping specifically in the European side of the city. Fig.7 indicates the 850 hPa map 
indicating geopotential heights and temper atures. This map indicates very strong 
temperature advection over Istanbul.  
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conditions in winter periods up to mid 1990s. As an example, one of the dramatic air 
pollution episodes had been experienced in 1993 winter. The catastrophic values of the SO2 
and TSP were measured to be 4070 and 2662 µg/m3, respectively, on 18th of January 1993 in 
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babies. The schools were closed for two days following the decision in the city. Fig. 6 gives 
the surface synoptic map for 18 January at 00Z. As it can be seen from this figure, a very 
strong anticyclonic pressure system was established over the Central Mediterranean and 
South Europe and consequently the Balkan Peninsula up to the west part of the Asia Minor 
and Black Sea Balkan Peninsula. Such synoptic conditions favor the formation of an 
anticyclonic subsidence inversion, which result s in residential and industrial stack plumes 
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Fig. 6. 500 hPa and surface map on 18th Jan. 1993 00Z. 

 
Fig. 7. 850 hPa Geopotential and temperature map indicating the major episode in Istanbul 
on 18th January 1993, 00Z. 

A ridge covers this area and in some cases a significant warm advection are observed on 
17th and 18th of January. As seen in Figures 6 and 8, high pressures were observed at 
surface as well as aloft, and the lower troposphere becomes strong stable. During the night 
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of January 17, a surface temperature inversion was formed. On January 17, the first day of 
the episode, the surface pressure was rather high over the entire Balkans and Eastern 
Mediterranean. The light surface winds blew fr om southern directions, weak at noon and 
from SW at night (Fig.9). The thermodynamic structure of the lower atmosphere during the 
episode shows that during the night of 17 January, a strong surface inversion was formed 
with a depth of 230 m more than 5o C in strength as result of warm advection. On that night 
surface atmospheric pressure was 1028 hPa and surface winds measured at the Goztepe 
meteorological stations from 17th January 00Z to 19 January 12 Z were light (~1 m/s) 
throughout the night and daytime period. around 1 m/s were at the south and southwest  

 
Fig. 8. Skew T log P diagram at 00Z on 17th Jan 1993. 

directions. The pollutants (SO2 and TSP) were accumulated during the following day due to 
the stagnant weather conditions. Very dramatic concentrations of SO2 and TSP (4070 and 
2662 �Íg/m3) on 18th January 1993 were measured to be associated with very strong surface 
inversion and stagnant conditions during the poor quality coal usage in the European and 
west parts of Istanbul. The episode ends on January 20, when a strong low pressure system 
moves over the Black Sea. 
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Fig. 9. Surface winds at 10m on 18 January 1993 at 00Z. 

The hourly concentrations of PM 10 were examined by several researchers. As an example, 
Karaca et al. (2005) interpreted the analyses for monthly average variations of PM10 
concentrations in Istanbul. The numerical results of the study indicate that cyclonic behavior 
of the time series of PM10 concentrations occurs in winter  and summer times with the effect 
of prevailing meteorological conditions. Acco rding to Kindap et al. (2006) Istanbul had 
hourly PM 10 levels observed from monitoring sites that were in excess of 300µg/m3 at 
several locations in the beginning of 2000s. Attributing to predominantly westerly winds at 
this period it is investigated that long-range transport is effective on elevating PM levels in 
Istanbul. Following the 2000s, air quality levels for Istanbul pr esent different characteristics 
based on the changing of emission sources in the city. Fig. 10 presents the temporal variation 
of the annual average concentrations of some critical pollutants following fuel switching 
period in the city. In this figure, the hourly PM 10, SO2 and NOx, concentrations reported over 
the five year period (1 January 2005 through 31 December 2010).As seen in the figure sulfur 
dioxide concentrations in the city remained  below the air quality standards whereas PM 10 
and NO2 concentrations exceeded the air quality standards. 
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Fig. 10. Temporal variation of annual average PM10, SO2 and NO2 concentrations (µg/m3) in 
Istanbul. 

In a recent study, Unal et al., (2011) assessed the PM10 data in ten monitoring stations 
considering the EU PM10 standards, and to identify ai r-monitoring sites with similar 
pollutant behavior characteristics by means of hierarchical cluster analysis and to explore 
possible pollutant sources in such clusters. PM10 concentration averages over the monitoring 
sites under the influence of urban traffic and residential heating greatly exceeded the EU’s 
daily ambient air quality standard. As an example, PM 10 data for the monitoring stations of 
the metropolitan air quality monitoring network show that about 32% of the total days in 6 
years (2005-2010) daily PM10 concentrations exceed the limit value of 50 µg/m3 within the 
city. Istanbul yields an urban average PM10 of 58 µg/m3. The monthly means for all stations 
vary in between 32-68 µg/m3 in summer and 43-87 µg/m3 in winter. Unal et al., (2011) 
indicated that Kartal (Asian site) Esenler and Alibeykoy (European sites) (Fig.4), where 
urban areas with high traffic and industri al activity, were seriously polluted by PM 10. Many 
people who live in the Kartal region might be exposed to a much higher PM 10 level than the 
rest of the population. Topography or the ba rriers in the city environment of the Kartal 
might support the accumulation of the concentrat ions. These results indicate that higher the 
PM10 concentration, the greater the risk of premature mortality from heart and lung disease 
to the residents living in these locations. Celebi et al. (2010) found similar PM10 results for 
these locations (Fig.11). 
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Fig. 11. Annual variation of PM 10 hourly concentrations in Ista nbul citywide (Celebi et al., 
2010). 

The first complete chemical composition data for PM 10 levels in Istanbul has been provided 
by Theodosi et al. (2010). Daily PM10 samples were collected at the Bogazici University 
Campus and major ionic species as well as metals and organic and elemental carbon were 
measured between November 2007 and June 2009. Fig. 12 shows the temporal variation of 
major chemical species in Istanbul during the sampling period and Fig.13 shows the 
contribution of aerosol species to PM10 concentrations. The seasonal variations of metallic 
elements revealed that elements of mainly natural origin peak during spring, associated 
with natural processes such as wind flow (Sahara dust transport), whereas elements 
associated with human activities peak during wi nter, due to domestic heating, traffic-related 
and industrial emissions. The organic to elemental carbon ratio indicates that the organic 
carbon is mostly primary and that the elementa l part is strongly linked to traffic. During 
winter additional sources like household heatin g contribute to the total carbon loadings. The 
water-soluble organic to organic carbon ratio is characteristic for an urban area, 
demonstrating a higher ratio in the summertim e, mostly due to the large fraction of 
secondary (oxidized and more soluble) organic species. 
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Fig. 12. Temporal distribution of major aerosol components in Istanbul (Theodosi et al., 2010). 

 
Fig. 13. Annual relative contribution of aerosol species to PM10 mass (Theodosi et al., 2010). 
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Im et al. (2010) simulated the high PM10 levels observed during 13 to 17th of January, 2008 
and showed that high resolution modeling with updated anthropogenic emissions can 
successfully reproduce the wintertime episod es associated with local anthropogenic 
emissions. Figure 14 shows the OC/PM10 ratios simulated by Im et al. (2010) which clearly 
indicate the nature of PM levels in the urban parts of the city. Around the emissions hot 
spots, which are located along the two sides of the Bosphorus, the ratios are calculated to be 
highest (~0.40). Figure 15 shows the origin of crustal materials from Sahara based on Kocak 
et al. (2011). As seen in the figure, Algerian, Libyan and Tunisian deserts are the important 
sources of natural dust affecting Istanbul, as well the north-eastern parts of Black sea region. 
The analysis has been conducted based on the extensive PM10 chemical composition data 
from November 2007 to June 2009 in Istanbul (Theodosi et al., 2010). Further analysis 
conducted by Kocak et al. (2011) clearly showed the potential impacts of Istanbul on its 
surroundings (Fig.16). The results show that Istanbul is under influence of several sources 
including Balkans and Eastern European countries. On the other hand, Istanbul pollution 
influences western Black Sea, Balkan counties, Levantine Basin and north-eastern Africa 
countries. 

 

 
 

Fig. 14. Spatial distributions OC/PM 10 mean ratio averaged over the 5-day period between 
13th to 17th of January, 2008 (Im et al., 2010). 
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Fig. 15. Distribution of crustal source. X: Sampling site (Istanbul), A: Algeria, L: Libya and T: 
Tunisia Kocak et al. (2011). 
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Fig. 16. Sources influencing Istanbul for a) wintertime primary sources, b) summer 
secondary and natural sources, and potential impacts of Istanbul on c) wintertime primary 
sources and d) summertime secondary and natural sources Kocak et al. (2011). 

6.6.1 Surface ozone variations in Istanbul 

Surface ozone is a secondary pollutant produced by a series of complicated photochemical 
reactions involving NO x and HCs in the present of intense solar radiation. The first 
measurements of surface ozone at two sites in Istanbul (Kadikoy and Aksaray as seen in 
Fig.1)) were studied by Topcu & Incecik (2002 and 2003). They showed that ozone levels do 
not show yet episodic values in the city. But, when meteorological conditions  are favorable 
such as when Istanbul and its surrounding region were dominated by an anticyclonic 
pressure system, ozone levels becomes high. During conducive ozone days, southerly and 
south-westerly winds with low speeds (<1m/s) influence Istanbul. Fig 17 presents the time 
serious of the daily peak ozone concentrations in between 2001-2006. Im et al., (2008) 
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evaluated the highest ozone concentrations in Istanbul. They observed in summer periods 
having sunny days and maximum temperatures above 25 °C, and the episodes were mainly 
characterized by south-westerly surface winds during the day and north-easterly surface 
winds during the night. A modeling study conducted by Im et al. (2011a) showed that a 
NO x-sensitive ozone chemistry is more pronounced in the northern parts of the city that are 
characterized by forested areas with high biogenic VOC emissions. Furthermore, the high 
anthropogenic NO x emissions in the urban parts leads to response of ozone more to changes 
in NO x, agreeing with the findin gs of Im et al. (2008).  
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Fig. 17. Daily peak ozone concentrations measured in Aksaray (Sarachane) and Kadikoy.  

Furthermore, an assessment of the wind field simulations for a case study in explaining the 
ozone formation mechanism over Istanbul is performed by Anteplioglu et al., 2003. In this 
study, meteorological conditions favorable for high ozone concentrations appear when 
Istanbul and the surrounding region are domi nated by an anticyclonic pressure system. 
During the ozone favorable days, south and south-westerly winds with low wind speed 
influence Istanbul. In addition to the examinin g of the available monitoring air quality data 
in the city, surface ozone concentrations and NO, NO2 were measured first time at three 
different sites one is on the island (Prince’s Island or Büyükada) as background site; semi 
urban site, Kandilli just over the Bosphorus and as a nearby major high way site (Goztepe 
DMO). Figures 18a,b and 19a,b present the time serious of the data for the major high way 
and background stations (Incecik et al., 2010). The assessment of meteorological variables 
has shown that the production and destruction of the surface ozone was highly related to 
temperature and wind speeds. In urban and ru ral areas emissions of NO decrease ozone 
concentrations in the absence of solar radiation due to the reaction O3, NO, NO 2 and NOx. 
Conversely, O3 concentrations show comparatively less diurnal variability in rural areas due 
to the absence of high NOx emission sources. 
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Fig. 18a. Hourly ozone concentrations for Goztepe (on major highway) air quality station, 
from July 20, 2007 to December 31, 2009. 

 
 
 

 
 

Fig. 18b. Hourly NO x concentrations for Goztepe (on major highway) air quality station, 
from July 20, 2007 to December 31, 2009. 
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Fig. 19a. Hourly ozone concentrations for Princes’s Island Air Quality Station, from January 
9, 2008 to 31 December, 2009. 

 

 
Fig. 19b. Hourly NO x concentrations for Princes’s Island Air Quality Station, from January 9, 
2008 to 31 December, 2009. 

Im et al. (2011b) simulated the summertime ozone concentrations in the Eastern 
Mediterranean, evaluating the contribution of  the physical and chemical process to the 
simulated ozone levels. The results showed that for Istanbul, due to the high NO x emissions, 
chemistry is a sink by 34% in the surface layer and 45% in the whole PBL. By horizontal 
(28%) and vertical transport (22%), Istanbul receives ozone. For the precursors of ozone 
(NO x and VOCs), Istanbul is a sink in terms of transport, leading to  transport of these 
species to downwind locations to produce oz one. Fig.20 shows the simulated surface ozone 
and NOx concentrations in the area. As seen in the Fig. 20a, Istanbul is characterized by low 
ozone concentrations (~19 ppb) due to the high NOx (Fig.20b)). 
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Fig. 19a. Hourly ozone concentrations for Princes’s Island Air Quality Station, from January 
9, 2008 to 31 December, 2009. 

 

 
Fig. 19b. Hourly NO x concentrations for Princes’s Island Air Quality Station, from January 9, 
2008 to 31 December, 2009. 

Im et al. (2011b) simulated the summertime ozone concentrations in the Eastern 
Mediterranean, evaluating the contribution of  the physical and chemical process to the 
simulated ozone levels. The results showed that for Istanbul, due to the high NO x emissions, 
chemistry is a sink by 34% in the surface layer and 45% in the whole PBL. By horizontal 
(28%) and vertical transport (22%), Istanbul receives ozone. For the precursors of ozone 
(NO x and VOCs), Istanbul is a sink in terms of transport, leading to  transport of these 
species to downwind locations to produce oz one. Fig.20 shows the simulated surface ozone 
and NOx concentrations in the area. As seen in the Fig. 20a, Istanbul is characterized by low 
ozone concentrations (~19 ppb) due to the high NOx (Fig.20b)). 
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Fig. 20. Simulated levels of surface a) ozone and b) NOx mixing ratios in Istanbul averaged 
over 1-15 June, 2004 (Im et al., 2011b). 

6.7 Concluded remarks for Istanbul 

As a summary, Istanbul had experienced many episodic air pollution events. One is very 
dramatic happened in January 1993. It is similar to a small scale London smog event. 
Following these events, Istanbul Greater Municipality established several strategically 
programs in Istanbul for air quality management in the beginning of 1990s. The first action 
was about the strict control program for the use of poor quality lignite in domestic heating 
and industry. Then fuel switching program was established in the city in 1992. It was first 
started in Asian parts of the city and then gr adually expanded to the citywide. Now, about 
95% of the city has natural gas. On the other hand, coal combustion is still a leading factor of 
the particulate emissions at residential heating even if it has a limited consumption in the 
city. Due to the high natural ga s prices in the country, in recent years, some parts of the 
urban areas use coal instead of natural gas even if they are equipped with natural gas 
system in their houses. Furthermore, periodical motor vehicle inspection stations 
established at international standards in late 2008. However, traffic is still the most polluting 
sector for NOx, NMVOC and CO emissions. Surface ozone levels are not elevated but 
depending on the increasing number of the moto r vehicles, ozone potential is developing in 
the city.  Industry is the most  polluting sector for both sides of the city. Finally, shipping 
emissions over the Bosphorus in Istanbul is becoming serious problem. The emissions 
should be strictly controlled. 

7. Conclusions 

Megacities in general experience elevated levels of primary pollutants such as particular 
matter, carbon monoxide and sulfur diox ide whereas they influence the secondary 
pollutants like ozone in their surrounding regions. Air pollution in megacities has been 
influenced by many factors such as topography, meteorology, emissions from domestic 
heating, industry and traffic. The level of air pollution in megacities depends on the 
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country’s technology and pollution control capa bility by air quality improving plans, using 
cleaner fuels, renewable.  

Megacities in developed and developing countries have different emission sources and air 
quality problems. Most of the megacities in developed countries (Los Angeles, New York, 
USA; Osaka, Tokyo, Japan and Paris, France) motor vehicles have been the major emission 
source and PM10, PM2.5, and NO2 were the critical air quality parameters whereas, industry, 
motor vehicles and residential heating were major emissions in developing countries. In 
addition to the emission sources, the critical air quality parameters in megacities of 
developing countries are PM10, PM2.5, NO2, SO2 and CO. Dust transport leads to serious air 
quality and visibility problem in some megaciti es in developing countries such as Beijing 
and Cairo.  

Rapid urbanization has resulted in increasing urban air pollution in major cities, especially 
in the developing countries. Over 90% of air pollution in cities of these countries is 
attributed to vehicle emission s brought about by high number of older vehicles coupled 
with low fuel quality. Increased population density causes new risks for the residents 
through deteriorated environment and social problems due to the intense and complicated 
interactions between economic, demographic, social political and ecological processes in 
megacities.  

Finally, in megacities of the developing world, in order to enhance quality of life, city 
planning needs to adopt new visions and innovating management tools. One of the key 
public concerns in megacities is transportation. High population density and high motor 
vehicle rates need to be improved. Transport policies should consist of multiple strategies 
particularly in developing countries. 
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Fig. 20. Simulated levels of surface a) ozone and b) NOx mixing ratios in Istanbul averaged 
over 1-15 June, 2004 (Im et al., 2011b). 
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Following these events, Istanbul Greater Municipality established several strategically 
programs in Istanbul for air quality management in the beginning of 1990s. The first action 
was about the strict control program for the use of poor quality lignite in domestic heating 
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the city.  Industry is the most  polluting sector for both sides of the city. Finally, shipping 
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7. Conclusions 

Megacities in general experience elevated levels of primary pollutants such as particular 
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pollutants like ozone in their surrounding regions. Air pollution in megacities has been 
influenced by many factors such as topography, meteorology, emissions from domestic 
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country’s technology and pollution control capa bility by air quality improving plans, using 
cleaner fuels, renewable.  

Megacities in developed and developing countries have different emission sources and air 
quality problems. Most of the megacities in developed countries (Los Angeles, New York, 
USA; Osaka, Tokyo, Japan and Paris, France) motor vehicles have been the major emission 
source and PM10, PM2.5, and NO2 were the critical air quality parameters whereas, industry, 
motor vehicles and residential heating were major emissions in developing countries. In 
addition to the emission sources, the critical air quality parameters in megacities of 
developing countries are PM10, PM2.5, NO2, SO2 and CO. Dust transport leads to serious air 
quality and visibility problem in some megaciti es in developing countries such as Beijing 
and Cairo.  

Rapid urbanization has resulted in increasing urban air pollution in major cities, especially 
in the developing countries. Over 90% of air pollution in cities of these countries is 
attributed to vehicle emission s brought about by high number of older vehicles coupled 
with low fuel quality. Increased population density causes new risks for the residents 
through deteriorated environment and social problems due to the intense and complicated 
interactions between economic, demographic, social political and ecological processes in 
megacities.  

Finally, in megacities of the developing world, in order to enhance quality of life, city 
planning needs to adopt new visions and innovating management tools. One of the key 
public concerns in megacities is transportation. High population density and high motor 
vehicle rates need to be improved. Transport policies should consist of multiple strategies 
particularly in developing countries. 

8. Acknowledgements 

The authors acknowledge Özkan Çapraz, Dr Huseyin Toros and Melike Celebi for their help 
with graphics of this chapter. 

9. References 

Anteplio �ùlu, U.; Topçu, S. & �úncecik, S. (2003). An Application of a Photochemical Model for 
Urban Air Shed in Istanbul, Journal of Water, Air & Soil Pollution: Focus, Vol.3(5-6), 
pp. 55-66. 

Abu-Allaban, M.; Gertler, A.W. & Lowenthal,  D.H. (2002). A Preliminary Apportionment of 
the Sources of Ambient PM10, PM2.5 and VOCs in Cairo. Atmospheric Environment, 
Vol.36, pp. 5549- 5557. 

Abu-Allaban, M.; Lowenthal, D.H.; Gertler, A.W. & Labib, M. (2007). Sources of PM 10 and 
PM2.5 in Cairo's Ambient Air. Environmental Monitoring and Assessment, Vol.133, pp. 
417-425. 

Abu-Allaban, M.; Lowenthal, D.H.; Gertler, A.W. & Labib, M. (2009) . Sources of Volatile 
Organic Compounds in 

Cairo’s Ambient Air. Environmental Monitoring and Assessment, Vol.157, pp. 179–189. 



 
Air Pollution – Monitoring, Modelling and Health 

��

112 

Atimtay, A. & �úncecik, S. (2004). Air Pollution Problem in Istanbul and Strategically Efforts 
in Air Quality Management, 13th World Clean Air Congress, 22-27 Aug.2004, 
London. 

APCR, Air Pollution Country Report, Rep. of Turkey, Min. of Health, Refik Saydam Center 
for Hygiene (1998). 

Baklanov, A. (2011). Megapoli Project Megacities: Emissions, Urban, Regional and Global 
Atmospheric Pollution and Climate Effect s, and Integrated Tools for Assessment 
and Mitigation THEME FP7-ENV-2007.1.1.2.1: Megacities and Regional Hot-spots 
Air Quality and Climate Collaborative Project (Medium-Scale Focused Research 
Project) Grant Agreement no.: 212520. 

Baldasano, J.M.; Valera, E. & Jimenez, P. (2003). Air Quality Data from Large Cities, Science 
of the Total Environment, Vol.307, pp. 141 – 165. 

Batuk, D.N.; Gürsoy, E.; Ertut, H.; Erdun, H. & Incecik, S. (1997). Analysis of SO2 and TSP 
Under Mesoscale Weather Conditions in Istanbul, Turkey, Environ. Res. Forum, Vol 
7-8,pp 73-83. 

Butler, T.M.; Lawrence, M.G.; Gurjar, B.R.; van Aardenne, J.; Schultz, M. & Lelieveld, J. 
(2008). The Representation of Emissions from Megacities in Global Emission 
Inventories, Atmos. Environ., Vol.42, pp. 703-719. 

Butler, T.M. & Lawrence, M.G. (2009). The Influence of Megacities on Global Atmospheric 
Chemistry: a Modeling Study, Environ. Chem., Vol.6, pp. 219-225. 

Cairo Air Improvement Project, (2004). USAID/ Egypt, Office of Environment Contract 263-
C-00-97-00090-00 

Celebi, M.; �úncecik, S. & Deniz, A. (2010). Investigation of PM10 Levels in Urban Atmosphere 
of a Megacity: Istanbul, Better Air Quality Conference, BAQ2010, 9-11 Nov. 2010. 
Singapore. 

CCS Report , (2010). Country Cooperation Strategy for WHO and Egypt 2005-2009, WHO 
Regional Office for the Eastern Mediterranean. 

Chan, C.K. & Yao, X. (2008). Review: Air Pollution in Megacities in China, Atmospheric 
Environment, Vol.42, pp. 1-42. 

Decker, E.H.; Elliot, S.; Smith, F.A.; Blake, D.R. & Rowland, F.S. (2000). Energy and Material 
Flow Through the Urban Ecosystem. Annual Review of Environment and Resources, 
Vol.25, pp. 685 – 740. 

Deng, F.F. & Huang, Y. (2004). Uneven Land Reform and Urban Sprawl in China: the Case 
of Beijing. Progress in Planning, Vol.61, pp. 211–236. 

Deniz, C. & Durmusoglu, Y. (2008). Estimating Shipping Emissions in the Region of the Sea 
of Marmara, Turkey. Science of the Total Environment, Vol.390, pp. 255-261. 

EEPP-Air, (2004). Egyptian Environmental Policy Program, Planning for Integrated Air 
Quality Management. Final Report | June, Chemonics International Inc. 1133 20t h 
Street, NW Washington, DC 20036 / USA. USAID/Egypt, Office of Environment 
Contract 263-C-00-97-00090-00 

Elbir, T. (2008). A GIS Based Decision Support System for Urban Air Quality Management in 
the City of �ústanbul (LIFE06-TCY/TR/000283) 

Elbir, T.; Mangir, N.; Kara, M. & Ozdemir, S. (2010). Development of a GIS-based Decision 
Support System for  

Urban Air Quality Management in the City of Istanbul, Atmospheric Environment, Vol.44, pp. 
441-454. 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

113 

Fang, M.; Chan, C.K. & Yao, X. (2009). Managing Air Quality in a Rapidly Developing 
Nation, China, Atmospheric Environment, Vol.43, pp. 79-86. 

Farber, R.J.; Welsing, P.R. & Rozzi, C. (1994). PM10 and Ozone Control Strategy to Improve 
Visibility in the Los Angeles Basin, Atmospheric Environment, Vol.28, pp. 3277-3283. 

Favez, O.; Cachier, H.; Sciare, J.; Alfaro, S. C.; El-Araby, T. M.; Harhash, M. A. & 
Abdelwahab , M. M. (2008). Seasonality of Major Aerosol Species and Their 
Transformation in Cairo, Atmospheric Environment, Vol.42, pp. 1503-1516. 

Government of India (2006). Government Report. 
Guenther, A.; Karl, T.; Harley, P.; Wiedinmyer, C.; Palmer, P.I. & Geron, C. (2006). Estimates 

of Global Terrestrial Isoprene Emissions Using MEGAN (Model of Emissions of 
Gases and Aerosols from Nature, Atmospheric Chemistry and Physics Discussions, 
Vol.6, pp. 107 – 173. 

Gurjar, B. R.; van Aardenne, J. A.; Lelieveld, J. & Mohan, M. (2004). Emission Estimates and 
Trends (1990-2000) for Megacity Delhi and Implications. Atmospheric Environment, 
38 (33), 5663-5681. doi: 10.1016/j.atmosenv.2004.05.057  

Gurjar, B. R. & Lelieveld, J. (2005). New Directions: Megacities and Global Change. 
Atmospheric Environment, 39, 391-393. doi:10.1016/j.atmosenv.2004.11.002  

Gurjar, B. R; Butler, T. M.; Lawrence, M. G. & Lelieveld, J. (2008). Evaluation of Emissions and 
Air Quality in Megacities, Atmospheric Environment , Vol.42, pp. 1593-1606. 

Gusten, H.; Heinrich, G.; Wappner, J.; Abdel-Aal, M.M.; Abdel-Hay, F.A.; Ramadan, A.B.; 
Tawfik, F.S.; Ahmed, D.M.; Hassan, G.K.Y.; Cuitas, T.; Jeftic, J. & Klasinc, L. (1994). 
Ozone Formation in The Greater Cairo Area, Science of The Total Environment, 
Vol.155, pp. 285 – 295. 

Hao, J.; Wang, L.; Shen, M.; Li, L. & Hu, J. (2007). Air Quality Impacts of Power Plant 
Emissions in Beijing, Environmental Pollution, Vol.147, pp. 401 – 408. 

HEI (2004). International Scientific Oversight Committee, 2004. 
HEI, (2010). Health Effects Institute Special Report 18, 2010. 
IBB, (2009). Istanbul Municipality Report. 
Im, U.; Tayanc, M. & Yenigün, O. (2008). Interaction Patterns of Major Photochemical 

Pollutants in Istanbul, Turkey, Atmospheric Research, Vol.89, pp. 382-390.  
Im, U.; Markakis, K.; Unal, A.; Kindap, T.; Poupkou, A.; Incecik, S.; Yenigun, O.; Melas, D.; 

Theodosi, C. & Mihalopoulos, N. (2010). Study of a Winter PM Episode in Istanbul 
Using High Resolution WRF/CMAQ Modeling System. Atmospheric Environment, 
Vol.44, pp. 3085-3094. 

Im, U.; Poupkou, A.; Incecik, S.; Markakis, K.; Kindap, T.; Unal, A.; Melas, D.; Yenigun, O.; 
Topcu, S.; Odman, M.T.; Tayanc, M. & Guler, M. (2011a). The Impact of 
Anthropogenic and Biogenic Emissions on Surface Ozone Concentrations in 
Istanbul. Science of the Total Environment, Vol.409, pp. 1255-1265. 

Im, U.; Markakis, K.; Poupkou, A.; Melas, D.; Unal, A.; Gerasopoulos, E.; Daskalakis, N. & 
Kanakidou, M. (2011b). The Impact of Temperature Changes on Summer Time 
Ozone and Its Precursors in the Eastern Mediterranean. Atmospheric Chemistry and 
Physics, Vol.11, pp. 3847-3864.  

Incecik, S. (1996). Investigation of Atmospheric Conditions in Istanbul Leading to Air 
Pollution Episodes, Atmospheric Environment. Vol.30, pp. 2739-2749. 

Incecik, S.; Im, U.; Yenigün, O.; Odman, M.T.; Kindap, T.; Topcu, S.; Tek, A. & Tayanç, M. 
(2010). Simulations of Meteorological Fields and Investigation of Air Pollution in 



 
Air Pollution – Monitoring, Modelling and Health 

��

112 

Atimtay, A. & �úncecik, S. (2004). Air Pollution Problem in Istanbul and Strategically Efforts 
in Air Quality Management, 13th World Clean Air Congress, 22-27 Aug.2004, 
London. 

APCR, Air Pollution Country Report, Rep. of Turkey, Min. of Health, Refik Saydam Center 
for Hygiene (1998). 

Baklanov, A. (2011). Megapoli Project Megacities: Emissions, Urban, Regional and Global 
Atmospheric Pollution and Climate Effect s, and Integrated Tools for Assessment 
and Mitigation THEME FP7-ENV-2007.1.1.2.1: Megacities and Regional Hot-spots 
Air Quality and Climate Collaborative Project (Medium-Scale Focused Research 
Project) Grant Agreement no.: 212520. 

Baldasano, J.M.; Valera, E. & Jimenez, P. (2003). Air Quality Data from Large Cities, Science 
of the Total Environment, Vol.307, pp. 141 – 165. 

Batuk, D.N.; Gürsoy, E.; Ertut, H.; Erdun, H. & Incecik, S. (1997). Analysis of SO2 and TSP 
Under Mesoscale Weather Conditions in Istanbul, Turkey, Environ. Res. Forum, Vol 
7-8,pp 73-83. 

Butler, T.M.; Lawrence, M.G.; Gurjar, B.R.; van Aardenne, J.; Schultz, M. & Lelieveld, J. 
(2008). The Representation of Emissions from Megacities in Global Emission 
Inventories, Atmos. Environ., Vol.42, pp. 703-719. 

Butler, T.M. & Lawrence, M.G. (2009). The Influence of Megacities on Global Atmospheric 
Chemistry: a Modeling Study, Environ. Chem., Vol.6, pp. 219-225. 

Cairo Air Improvement Project, (2004). USAID/ Egypt, Office of Environment Contract 263-
C-00-97-00090-00 

Celebi, M.; �úncecik, S. & Deniz, A. (2010). Investigation of PM10 Levels in Urban Atmosphere 
of a Megacity: Istanbul, Better Air Quality Conference, BAQ2010, 9-11 Nov. 2010. 
Singapore. 

CCS Report , (2010). Country Cooperation Strategy for WHO and Egypt 2005-2009, WHO 
Regional Office for the Eastern Mediterranean. 

Chan, C.K. & Yao, X. (2008). Review: Air Pollution in Megacities in China, Atmospheric 
Environment, Vol.42, pp. 1-42. 

Decker, E.H.; Elliot, S.; Smith, F.A.; Blake, D.R. & Rowland, F.S. (2000). Energy and Material 
Flow Through the Urban Ecosystem. Annual Review of Environment and Resources, 
Vol.25, pp. 685 – 740. 

Deng, F.F. & Huang, Y. (2004). Uneven Land Reform and Urban Sprawl in China: the Case 
of Beijing. Progress in Planning, Vol.61, pp. 211–236. 

Deniz, C. & Durmusoglu, Y. (2008). Estimating Shipping Emissions in the Region of the Sea 
of Marmara, Turkey. Science of the Total Environment, Vol.390, pp. 255-261. 

EEPP-Air, (2004). Egyptian Environmental Policy Program, Planning for Integrated Air 
Quality Management. Final Report | June, Chemonics International Inc. 1133 20t h 
Street, NW Washington, DC 20036 / USA. USAID/Egypt, Office of Environment 
Contract 263-C-00-97-00090-00 

Elbir, T. (2008). A GIS Based Decision Support System for Urban Air Quality Management in 
the City of �ústanbul (LIFE06-TCY/TR/000283) 

Elbir, T.; Mangir, N.; Kara, M. & Ozdemir, S. (2010). Development of a GIS-based Decision 
Support System for  

Urban Air Quality Management in the City of Istanbul, Atmospheric Environment, Vol.44, pp. 
441-454. 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

113 

Fang, M.; Chan, C.K. & Yao, X. (2009). Managing Air Quality in a Rapidly Developing 
Nation, China, Atmospheric Environment, Vol.43, pp. 79-86. 

Farber, R.J.; Welsing, P.R. & Rozzi, C. (1994). PM10 and Ozone Control Strategy to Improve 
Visibility in the Los Angeles Basin, Atmospheric Environment, Vol.28, pp. 3277-3283. 

Favez, O.; Cachier, H.; Sciare, J.; Alfaro, S. C.; El-Araby, T. M.; Harhash, M. A. & 
Abdelwahab , M. M. (2008). Seasonality of Major Aerosol Species and Their 
Transformation in Cairo, Atmospheric Environment, Vol.42, pp. 1503-1516. 

Government of India (2006). Government Report. 
Guenther, A.; Karl, T.; Harley, P.; Wiedinmyer, C.; Palmer, P.I. & Geron, C. (2006). Estimates 

of Global Terrestrial Isoprene Emissions Using MEGAN (Model of Emissions of 
Gases and Aerosols from Nature, Atmospheric Chemistry and Physics Discussions, 
Vol.6, pp. 107 – 173. 

Gurjar, B. R.; van Aardenne, J. A.; Lelieveld, J. & Mohan, M. (2004). Emission Estimates and 
Trends (1990-2000) for Megacity Delhi and Implications. Atmospheric Environment, 
38 (33), 5663-5681. doi: 10.1016/j.atmosenv.2004.05.057  

Gurjar, B. R. & Lelieveld, J. (2005). New Directions: Megacities and Global Change. 
Atmospheric Environment, 39, 391-393. doi:10.1016/j.atmosenv.2004.11.002  

Gurjar, B. R; Butler, T. M.; Lawrence, M. G. & Lelieveld, J. (2008). Evaluation of Emissions and 
Air Quality in Megacities, Atmospheric Environment , Vol.42, pp. 1593-1606. 

Gusten, H.; Heinrich, G.; Wappner, J.; Abdel-Aal, M.M.; Abdel-Hay, F.A.; Ramadan, A.B.; 
Tawfik, F.S.; Ahmed, D.M.; Hassan, G.K.Y.; Cuitas, T.; Jeftic, J. & Klasinc, L. (1994). 
Ozone Formation in The Greater Cairo Area, Science of The Total Environment, 
Vol.155, pp. 285 – 295. 

Hao, J.; Wang, L.; Shen, M.; Li, L. & Hu, J. (2007). Air Quality Impacts of Power Plant 
Emissions in Beijing, Environmental Pollution, Vol.147, pp. 401 – 408. 

HEI (2004). International Scientific Oversight Committee, 2004. 
HEI, (2010). Health Effects Institute Special Report 18, 2010. 
IBB, (2009). Istanbul Municipality Report. 
Im, U.; Tayanc, M. & Yenigün, O. (2008). Interaction Patterns of Major Photochemical 

Pollutants in Istanbul, Turkey, Atmospheric Research, Vol.89, pp. 382-390.  
Im, U.; Markakis, K.; Unal, A.; Kindap, T.; Poupkou, A.; Incecik, S.; Yenigun, O.; Melas, D.; 

Theodosi, C. & Mihalopoulos, N. (2010). Study of a Winter PM Episode in Istanbul 
Using High Resolution WRF/CMAQ Modeling System. Atmospheric Environment, 
Vol.44, pp. 3085-3094. 

Im, U.; Poupkou, A.; Incecik, S.; Markakis, K.; Kindap, T.; Unal, A.; Melas, D.; Yenigun, O.; 
Topcu, S.; Odman, M.T.; Tayanc, M. & Guler, M. (2011a). The Impact of 
Anthropogenic and Biogenic Emissions on Surface Ozone Concentrations in 
Istanbul. Science of the Total Environment, Vol.409, pp. 1255-1265. 

Im, U.; Markakis, K.; Poupkou, A.; Melas, D.; Unal, A.; Gerasopoulos, E.; Daskalakis, N. & 
Kanakidou, M. (2011b). The Impact of Temperature Changes on Summer Time 
Ozone and Its Precursors in the Eastern Mediterranean. Atmospheric Chemistry and 
Physics, Vol.11, pp. 3847-3864.  

Incecik, S. (1996). Investigation of Atmospheric Conditions in Istanbul Leading to Air 
Pollution Episodes, Atmospheric Environment. Vol.30, pp. 2739-2749. 

Incecik, S.; Im, U.; Yenigün, O.; Odman, M.T.; Kindap, T.; Topcu, S.; Tek, A. & Tayanç, M. 
(2010). Simulations of Meteorological Fields and Investigation of Air Pollution in 



 
Air Pollution – Monitoring, Modelling and Health 

��

114 

Istanbul and Kocaeli Regions. Turkish Scientific and Technical Research Council 
Project No: 105Y005 (in Turkish) 

Jahn, H.J.; Schnider, A.; Breitner, S.; Eibner, R. & Wendisch, M. (2011). Particulate Matter 
Pollution in the Megacities of the Pearl River Delta, China-A Systematic Literature 
Review and Health Risk Assessment, Int.J. Hygiene and Environmental Health, 
Vol.214, pp. 281-295.  

Karaca, F.; Anil, I. & Alagha O. (2009). Long-range Potential Source Contributions of Eisodic 
Aerosol Events to PM10 Profile of a Megacity, Atmospheric Environment, Vol.43, pp. 
5713 – 5722. 

Kai, Z.; You-Hua, Y.; Qiang, L.; Ai-Jun, L. & Shao-Lin, P. (2007). Evaluation of Ambient Air 
Quality in Guangzhou, China, Journal of Environmental Sciences, Vol.19, pp. 432–437. 

Kanakidou, M.; Mihalopoulos, N.; Kindap, T.; Im, U.; Vrekoussis, M.; Gerasopoulos, E.; 
Dermitzaki, E.; Unal, A.; Koçak, M.; Markakis, K.; Melas, D.; Kouvarakis, G.; 
Youssef, A.F.; Richter, A.; Hatzianastassiou, N.; Ebojie, A. F.; Wittrock, F.; von 
Savigny, C.; Burrows, J. P.; Weissenmayer, A. L. & Moubasher, H. (2011). Review: 
Megacities as Hot Spots of Air Pollution in the East Mediterranean, Atmospheric 
Environment, Vol.45, pp. 1223-1235. 

Kesgin, U. & Vardar, N. (2001). A Study on Exhaust Gas Emissions from Ships in Turkish 
Streets. Atmospheric Environment, Vol.35, pp. 1863-1870. 

Khoder, M. (2009). Diurnal Seasonal and Weekdays-Weekends Variation of Ground Level 
Ozone Concentrations in an Urban Area in Grater Cairo, Environmental Monitoring 
and Assessment, Vol.149, pp. 349 – 362. 

Kim, S. (2007). Immigration, Industrial Revolution and Urbani zation in the United States, 
1820-1920: Factor Endowments, Technology and Geography, NBER Working Paper 
No. 12900. 

Kindap, T.; Unal, A.; Chen, S.H.; Odman, M.T. & Karaca, M.(2006). Long-range Aerosol 
Transport from Europe to Istanbul, Turkey, Atmopheric Environment, Vol.40, pp. 
3536 – 3547. 

Kocak, M.; Theodosi, C.; Zarmpas, P.; Im, U.; Bougiatioti, A.; Yenigun, O. & 
Mihalopoulos, N. (2011). Particulate matter (PM10) in Istanbul: Origin, source 
areas and potential impact on surrounding regions. Atmospheric Environment, 45, 
6891-6900. 

Lawrence, M.G.; Butler, T.M.; Steinkamp, J.; Gurjar, B.R. & Lelieveld, J. (2007). Regional 
Pollution Potentials of Megacities and Other Major Population Centers, Atmos. 
Chem. Phys., Vol.7, pp. 3969-3987.  

Mage, D.; Ozolins, G.; Peterson, P.; Webster, A.; Orthofer, R.; Vandeweerd, V. & Gwynne, 
M. (1996). Urban Air Pollution in Megacities of the World. Atmospheric Environment, 
Vol.30, pp. 681-686. 

Mahmoud, K.F.; Alfaro, S.C.; Favez, O.; Abdel Wahab, M.M. & Sciare, J. (2008). Origin of 
Black Carbon Concentration Peaks in Cairo, Atmospheric Research, Vol.89, pp. 161-
169. 

Markakis, K., Im, U., Un al, A., Melas, D., Yenigun, O. & Incecik S. (2012). Compilation of a 
GIS based high spatially and temporally resolved emission inventory for the 
Greater Istanbul Area. Atmospheric Pollution Research, Vol. 3, pp. 112-125. 

Markakis, K.; Im, U.; Un al, A.; Melas, D.; Yenigun, O. & Incecik, S., (2009). A Computational 
Approach for the Compilation of a High Spatially and Temporally Resolved 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

115 

Emission Inventory for the Istanbul Greater Area. In: 7th International Conference on 
Air Quality Science and Application, 24–27 March 2009, Istanbul. 

Markakis, K.; Poupkou, A.; Melas, D.; Tzoumaka, P. & Petrakakis, M. (2010). 
A Computational Approach Based on GIS Technology for the Development of an 
Anthropogenic Emission Inventory for Air Quality Applications in Greece, Water, 
Air & Soil Pollution, Vol.207, pp. 157–180.  

Molina, M.J. & Molina, L.T. (2002). Air Qualit y in the Mexico Megacity: An Integrated 
Assessment, Springer, New York. 

Molina M.J, Molina L.T, (2004). Megacities and Atmospheric Pollution, Journal of Air &Waste 
Management Assoc. Vol.54, pp. 644-680. 

National Summary Report, (2010). Air Quality Monitoring, Emission Inventory and Source 
Apportionment Study for Indian Cities , Central Pollution Control Board. 

Narain, U. & Krupnick, A. (2007). The Impact of Delphi’s CNG Program on Air Quality, RFF 
Discussion Paper No 07 – 06. 

Patz, J.; Campbell-Lendrum, D.; Holloway, T. & Foley, , J. A. (2005). Impact of Regional 
Climate Change on Human Health, Nature, Vol.438, pp. 310-317. 

Prasad, A. K.; El-Askary, H. & Kafatos, M. (2010). Implications of High Altitude Desert Dust 
Transport from Western Sahara to Nile Delta During Biomass Burning Season , 
Environmental Pollution, Vol.158, pp. 3385-3391. 

Safar, Z. S. & Labib, M. W. (2010). Assessment of Particulate Matter and Lead Levels in the 
Greater Cairo Area for the Period 1998–2007, Journal of Advanced Research, Vol.1, pp. 
53-63.  

Song, Y.; Zhang, M. & Cai, X. (2006). PM10 Modeling of Beijing in the Winter, Atmospheric 
Environment, Vol.40, pp. 4126-4136. 

Tayanc, M. (2000). An Assessment of Spatial and Temporal Variation of Sulfur Dioxide 
Levels over Istanbul, Env.Poll., Vol. 107, pp. 61-69. 

Theodosi, C.; Im, U.; Bougiatuoti, A.; Zarmpas, P.; Yenigun, O. & Mihalopoulos N. (2010). 
Aerosol Chemical Composition Over Istanbul. Science of the Total Environment, 
Vol.408, pp. 2482-2491. 

Topcu, S.; Incecik, S. & Unal, Y.S. (2001). The Influence of Meteorological Conditions and 
Stringent Emission Control on High TSP Episodes in Istanbul , Environ. Sci. and 
Pollut. Res., Vol.10, pp. 24-32.  

Topcu, S. & �úncecik, S. (2002). Surface Ozone Measurements and Meteorological Influences 
in the Urban Atmosphere of Istanbul, Int.Journal of Environment and Pollution, 
Vol.17, pp. 390-404. 

Topcu, S. & �úncecik, S. (2003). Characteristics of Surface Ozone Concentrations in Urban 
Atmosphere of Istanbul: A  

Case Study, Fresenius Environmental Bulletin, Vol.12, pp.413-417. 
UN and League of Arap States Report, (2006). Air Quality and Atmospheric Pollution in the 

Arab Region, UN Economic and Social Commission for Western Asia & League of 
Arab States. 

UN (2009). United Nations Department of Economic and Social ffairs/Population Division. 
World Urbanization Prospects. 

Unal, Y.S.; Incecik, S.; Borhan, Y. & Mentes, S. (2000). Factors Influencing the Variability of 
SO2 Concentrations in Istanbul, Journal of the Air & Waste Management Association, 
Vol.50, pp. 75-84. 



 
Air Pollution – Monitoring, Modelling and Health 

��

114 

Istanbul and Kocaeli Regions. Turkish Scientific and Technical Research Council 
Project No: 105Y005 (in Turkish) 

Jahn, H.J.; Schnider, A.; Breitner, S.; Eibner, R. & Wendisch, M. (2011). Particulate Matter 
Pollution in the Megacities of the Pearl River Delta, China-A Systematic Literature 
Review and Health Risk Assessment, Int.J. Hygiene and Environmental Health, 
Vol.214, pp. 281-295.  

Karaca, F.; Anil, I. & Alagha O. (2009). Long-range Potential Source Contributions of Eisodic 
Aerosol Events to PM10 Profile of a Megacity, Atmospheric Environment, Vol.43, pp. 
5713 – 5722. 

Kai, Z.; You-Hua, Y.; Qiang, L.; Ai-Jun, L. & Shao-Lin, P. (2007). Evaluation of Ambient Air 
Quality in Guangzhou, China, Journal of Environmental Sciences, Vol.19, pp. 432–437. 

Kanakidou, M.; Mihalopoulos, N.; Kindap, T.; Im, U.; Vrekoussis, M.; Gerasopoulos, E.; 
Dermitzaki, E.; Unal, A.; Koçak, M.; Markakis, K.; Melas, D.; Kouvarakis, G.; 
Youssef, A.F.; Richter, A.; Hatzianastassiou, N.; Ebojie, A. F.; Wittrock, F.; von 
Savigny, C.; Burrows, J. P.; Weissenmayer, A. L. & Moubasher, H. (2011). Review: 
Megacities as Hot Spots of Air Pollution in the East Mediterranean, Atmospheric 
Environment, Vol.45, pp. 1223-1235. 

Kesgin, U. & Vardar, N. (2001). A Study on Exhaust Gas Emissions from Ships in Turkish 
Streets. Atmospheric Environment, Vol.35, pp. 1863-1870. 

Khoder, M. (2009). Diurnal Seasonal and Weekdays-Weekends Variation of Ground Level 
Ozone Concentrations in an Urban Area in Grater Cairo, Environmental Monitoring 
and Assessment, Vol.149, pp. 349 – 362. 

Kim, S. (2007). Immigration, Industrial Revolution and Urbani zation in the United States, 
1820-1920: Factor Endowments, Technology and Geography, NBER Working Paper 
No. 12900. 

Kindap, T.; Unal, A.; Chen, S.H.; Odman, M.T. & Karaca, M.(2006). Long-range Aerosol 
Transport from Europe to Istanbul, Turkey, Atmopheric Environment, Vol.40, pp. 
3536 – 3547. 

Kocak, M.; Theodosi, C.; Zarmpas, P.; Im, U.; Bougiatioti, A.; Yenigun, O. & 
Mihalopoulos, N. (2011). Particulate matter (PM10) in Istanbul: Origin, source 
areas and potential impact on surrounding regions. Atmospheric Environment, 45, 
6891-6900. 

Lawrence, M.G.; Butler, T.M.; Steinkamp, J.; Gurjar, B.R. & Lelieveld, J. (2007). Regional 
Pollution Potentials of Megacities and Other Major Population Centers, Atmos. 
Chem. Phys., Vol.7, pp. 3969-3987.  

Mage, D.; Ozolins, G.; Peterson, P.; Webster, A.; Orthofer, R.; Vandeweerd, V. & Gwynne, 
M. (1996). Urban Air Pollution in Megacities of the World. Atmospheric Environment, 
Vol.30, pp. 681-686. 

Mahmoud, K.F.; Alfaro, S.C.; Favez, O.; Abdel Wahab, M.M. & Sciare, J. (2008). Origin of 
Black Carbon Concentration Peaks in Cairo, Atmospheric Research, Vol.89, pp. 161-
169. 

Markakis, K., Im, U., Un al, A., Melas, D., Yenigun, O. & Incecik S. (2012). Compilation of a 
GIS based high spatially and temporally resolved emission inventory for the 
Greater Istanbul Area. Atmospheric Pollution Research, Vol. 3, pp. 112-125. 

Markakis, K.; Im, U.; Un al, A.; Melas, D.; Yenigun, O. & Incecik, S., (2009). A Computational 
Approach for the Compilation of a High Spatially and Temporally Resolved 

 
Air Pollution in Mega Cities: A Case Study of Istanbul 

��

115 

Emission Inventory for the Istanbul Greater Area. In: 7th International Conference on 
Air Quality Science and Application, 24–27 March 2009, Istanbul. 

Markakis, K.; Poupkou, A.; Melas, D.; Tzoumaka, P. & Petrakakis, M. (2010). 
A Computational Approach Based on GIS Technology for the Development of an 
Anthropogenic Emission Inventory for Air Quality Applications in Greece, Water, 
Air & Soil Pollution, Vol.207, pp. 157–180.  

Molina, M.J. & Molina, L.T. (2002). Air Qualit y in the Mexico Megacity: An Integrated 
Assessment, Springer, New York. 

Molina M.J, Molina L.T, (2004). Megacities and Atmospheric Pollution, Journal of Air &Waste 
Management Assoc. Vol.54, pp. 644-680. 

National Summary Report, (2010). Air Quality Monitoring, Emission Inventory and Source 
Apportionment Study for Indian Cities , Central Pollution Control Board. 

Narain, U. & Krupnick, A. (2007). The Impact of Delphi’s CNG Program on Air Quality, RFF 
Discussion Paper No 07 – 06. 

Patz, J.; Campbell-Lendrum, D.; Holloway, T. & Foley, , J. A. (2005). Impact of Regional 
Climate Change on Human Health, Nature, Vol.438, pp. 310-317. 

Prasad, A. K.; El-Askary, H. & Kafatos, M. (2010). Implications of High Altitude Desert Dust 
Transport from Western Sahara to Nile Delta During Biomass Burning Season , 
Environmental Pollution, Vol.158, pp. 3385-3391. 

Safar, Z. S. & Labib, M. W. (2010). Assessment of Particulate Matter and Lead Levels in the 
Greater Cairo Area for the Period 1998–2007, Journal of Advanced Research, Vol.1, pp. 
53-63.  

Song, Y.; Zhang, M. & Cai, X. (2006). PM10 Modeling of Beijing in the Winter, Atmospheric 
Environment, Vol.40, pp. 4126-4136. 

Tayanc, M. (2000). An Assessment of Spatial and Temporal Variation of Sulfur Dioxide 
Levels over Istanbul, Env.Poll., Vol. 107, pp. 61-69. 

Theodosi, C.; Im, U.; Bougiatuoti, A.; Zarmpas, P.; Yenigun, O. & Mihalopoulos N. (2010). 
Aerosol Chemical Composition Over Istanbul. Science of the Total Environment, 
Vol.408, pp. 2482-2491. 

Topcu, S.; Incecik, S. & Unal, Y.S. (2001). The Influence of Meteorological Conditions and 
Stringent Emission Control on High TSP Episodes in Istanbul , Environ. Sci. and 
Pollut. Res., Vol.10, pp. 24-32.  

Topcu, S. & �úncecik, S. (2002). Surface Ozone Measurements and Meteorological Influences 
in the Urban Atmosphere of Istanbul, Int.Journal of Environment and Pollution, 
Vol.17, pp. 390-404. 

Topcu, S. & �úncecik, S. (2003). Characteristics of Surface Ozone Concentrations in Urban 
Atmosphere of Istanbul: A  

Case Study, Fresenius Environmental Bulletin, Vol.12, pp.413-417. 
UN and League of Arap States Report, (2006). Air Quality and Atmospheric Pollution in the 

Arab Region, UN Economic and Social Commission for Western Asia & League of 
Arab States. 

UN (2009). United Nations Department of Economic and Social ffairs/Population Division. 
World Urbanization Prospects. 

Unal, Y.S.; Incecik, S.; Borhan, Y. & Mentes, S. (2000). Factors Influencing the Variability of 
SO2 Concentrations in Istanbul, Journal of the Air & Waste Management Association, 
Vol.50, pp. 75-84. 



 
Air Pollution – Monitoring, Modelling and Health 

��

116 

Unal, Y.S.; Deniz, A.; Toros, H. & Incecik, S. (2011). Influence of Meteorological Factors and 
Emission Sources on Spatial and Temporal Variations of PM10 Concentrations in 
Istanbul Metropolitan Area, Atmospheric Environment, Vol.45, pp. 5504-5513. 

UNEP United Nations Environment Program, Urban Environment Unit. 
United Nations Environment Programme/Globa l Environmental Monito ring System. Urban 

Air Pollution; Environmental Library No.4, Oxford, England, 1991. 
Visschedijk, M.; Hendriks, R. & Nuyts, K. (2005). How to Set up and Manage Quality 

Control and Quality Assurance, The Quality Assurance Journal, Vol.9, pp. 95 – 107. 
Wang, H.; Fu, L.; Zhou, Y.; Du, X. & Ge, W. (2010). Trends in Vehicular Emissions in China’s 

Mega Cities from 1995 to 2005, Environmental Pollution, Vol.158, pp. 394–400. 
WHO, (2008). Air Quality and Health, Fact Sheet N°313 
WHO, (2009). Center for Health Development, World Health Organization Centre for 

Health Development (WHO Kobe Centre – WKC) 
Wu, Z.; Hu, M.; Lin, P.; Liu, S.; Wehner, B. & Wiedensohler, A. (2008). Particle Number Size 

Distribution in the Urban Atmosphere of Beijing, China, Atmospheric Environment, 
Vol.42, pp. 7967-7980.  

Zakey, A.S.; Abdelwahab, M.M.; Pattersson, J.J.C.; Gatari, M.J. & Hallquist, M. (2008). 
Seasonal and Spatial Variation of Atmospheric Particular Matter in a Developing 
Megacity, the Greater Cairo, Egypt Atmosfera, Vol.21, pp. 171-189.  

Zhao,P (2010). Sustainable Urban Expansion and Transportation in a Growing Megacity: 
Consequences of Urban Sprawl for Mobility on the Urban Fringe of Beijing, Habitat 
International, Vol.34, pp. 236–243. 

Zhou, K.; Ye, Y-H.; Liu, Q.; Liu, A-J. &Peng, S-L. (2007). Evaluation of Ambient Air Quality 
in Guangzhou, China, Journal of Environmental Sciences, Vol.19, pp. 432-437. 

Zhu, L.; Huang, X.; Shi, H.; Cai, X. & Song, Y. (2011). Transport Pathways and Potential 
Sources of PM10 in Beijing, Atmospheric Environment, Vol.45, pp. 594-604. 

5 

Air Pollution Monitoring  
Using Earth Observation & GIS 

Diofantos G. Hadjimitsis, Kyriacos Themistocleous and Argyro Nisantzi  
Cyprus University of Technology 

Cyprus 

1. Introduction 

Air pollution has received considerable attention by local and global communities (Wald et 
al, 1999). Many major cities have established air quality monitoring stations but these 
stations tend to be scarcely distributed and do not provide sufficient tools for mapping 
atmospheric pollution since air quality is highly variable (Wald et al, 1999). Satellite remote 
sensing is a valuable tool for assessing and mapping air pollution as satellite images are able 
to provide synoptic views of large areas in one image on a systematic basis due to the 
temporal resolution of the satellite sensors. Blending together earth observation with 
ground supporting campaigns enables the users or governmental authorities to validate air 
pollution measurements from space. New state-of-the-art ground systems are used to 
undertake field measurements such as Lidar system, automatic and hand held sun-
photometers etc. The rise of GIS technology and its use in a wide range of disciplines 
enables air quality modellers with a powerful tool for developing new analysis capability. 
Indeed, thematic air pollution maps can be developed. Moreover, the organization of data 
by location allows data from a variety of sources to be easily combined in a uniform 
framework. GIS provides the opportunity to fill the technical gap between the need of 
analysts and decision-makers for easy understanding of the information.  

This Chapter presents an overview of how earth observation basically is used to monitor air 
pollution through on overview of the existing ground and spac e systems as well through the 
presentation of several case studies. 

2. Relevant literature review  

The use of earth observation to monitor air pollution in different geographical areas and 
especially in cities has received considerable attention (Kaufman and Fraser, 1983; Kaufman 
et al., 1990; Sifakis and Deschamps, 1992; Retalis, 1998; Retalis et al., 1998; Sifakis et al., 1998; 
Retalis et al., 1999; Wald and Balleynaud, 1999; Wald et al., 1999; Hadjimitsis et al., 2002; 
Themistocleous et al., 2010; Nisantzi et al. 2011; Hadjimitsis et al., 2011). All the studies have 
involved the determination of aerosol optical thickness (AOT) either using indirect methods 
using Landsat TM/ETM+, ASTER, SPOT, ALOS, IRS etc. images or MODIS images in which 
AOT is given directly. The superior spatial re solution of Landsat and SPOT enable several 
researchers to develop a variety of methods based on the radiative transfer equation, 



 
Air Pollution – Monitoring, Modelling and Health 

��

116 

Unal, Y.S.; Deniz, A.; Toros, H. & Incecik, S. (2011). Influence of Meteorological Factors and 
Emission Sources on Spatial and Temporal Variations of PM10 Concentrations in 
Istanbul Metropolitan Area, Atmospheric Environment, Vol.45, pp. 5504-5513. 

UNEP United Nations Environment Program, Urban Environment Unit. 
United Nations Environment Programme/Globa l Environmental Monito ring System. Urban 

Air Pollution; Environmental Library No.4, Oxford, England, 1991. 
Visschedijk, M.; Hendriks, R. & Nuyts, K. (2005). How to Set up and Manage Quality 

Control and Quality Assurance, The Quality Assurance Journal, Vol.9, pp. 95 – 107. 
Wang, H.; Fu, L.; Zhou, Y.; Du, X. & Ge, W. (2010). Trends in Vehicular Emissions in China’s 

Mega Cities from 1995 to 2005, Environmental Pollution, Vol.158, pp. 394–400. 
WHO, (2008). Air Quality and Health, Fact Sheet N°313 
WHO, (2009). Center for Health Development, World Health Organization Centre for 

Health Development (WHO Kobe Centre – WKC) 
Wu, Z.; Hu, M.; Lin, P.; Liu, S.; Wehner, B. & Wiedensohler, A. (2008). Particle Number Size 

Distribution in the Urban Atmosphere of Beijing, China, Atmospheric Environment, 
Vol.42, pp. 7967-7980.  

Zakey, A.S.; Abdelwahab, M.M.; Pattersson, J.J.C.; Gatari, M.J. & Hallquist, M. (2008). 
Seasonal and Spatial Variation of Atmospheric Particular Matter in a Developing 
Megacity, the Greater Cairo, Egypt Atmosfera, Vol.21, pp. 171-189.  

Zhao,P (2010). Sustainable Urban Expansion and Transportation in a Growing Megacity: 
Consequences of Urban Sprawl for Mobility on the Urban Fringe of Beijing, Habitat 
International, Vol.34, pp. 236–243. 

Zhou, K.; Ye, Y-H.; Liu, Q.; Liu, A-J. &Peng, S-L. (2007). Evaluation of Ambient Air Quality 
in Guangzhou, China, Journal of Environmental Sciences, Vol.19, pp. 432-437. 

Zhu, L.; Huang, X.; Shi, H.; Cai, X. & Song, Y. (2011). Transport Pathways and Potential 
Sources of PM10 in Beijing, Atmospheric Environment, Vol.45, pp. 594-604. 

5 

Air Pollution Monitoring  
Using Earth Observation & GIS 

Diofantos G. Hadjimitsis, Kyriacos Themistocleous and Argyro Nisantzi  
Cyprus University of Technology 

Cyprus 

1. Introduction 

Air pollution has received considerable attention by local and global communities (Wald et 
al, 1999). Many major cities have established air quality monitoring stations but these 
stations tend to be scarcely distributed and do not provide sufficient tools for mapping 
atmospheric pollution since air quality is highly variable (Wald et al, 1999). Satellite remote 
sensing is a valuable tool for assessing and mapping air pollution as satellite images are able 
to provide synoptic views of large areas in one image on a systematic basis due to the 
temporal resolution of the satellite sensors. Blending together earth observation with 
ground supporting campaigns enables the users or governmental authorities to validate air 
pollution measurements from space. New state-of-the-art ground systems are used to 
undertake field measurements such as Lidar system, automatic and hand held sun-
photometers etc. The rise of GIS technology and its use in a wide range of disciplines 
enables air quality modellers with a powerful tool for developing new analysis capability. 
Indeed, thematic air pollution maps can be developed. Moreover, the organization of data 
by location allows data from a variety of sources to be easily combined in a uniform 
framework. GIS provides the opportunity to fill the technical gap between the need of 
analysts and decision-makers for easy understanding of the information.  

This Chapter presents an overview of how earth observation basically is used to monitor air 
pollution through on overview of the existing ground and spac e systems as well through the 
presentation of several case studies. 

2. Relevant literature review  

The use of earth observation to monitor air pollution in different geographical areas and 
especially in cities has received considerable attention (Kaufman and Fraser, 1983; Kaufman 
et al., 1990; Sifakis and Deschamps, 1992; Retalis, 1998; Retalis et al., 1998; Sifakis et al., 1998; 
Retalis et al., 1999; Wald and Balleynaud, 1999; Wald et al., 1999; Hadjimitsis et al., 2002; 
Themistocleous et al., 2010; Nisantzi et al. 2011; Hadjimitsis et al., 2011). All the studies have 
involved the determination of aerosol optical thickness (AOT) either using indirect methods 
using Landsat TM/ETM+, ASTER, SPOT, ALOS, IRS etc. images or MODIS images in which 
AOT is given directly. The superior spatial re solution of Landsat and SPOT enable several 
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atmospheric models and image-based methods. Indeed, Kaufman et al. (1990) developed an 
algorithm for determining the aerosol optical th ickness (using land and water dark targets) 
from the difference in the upward radiance re corded by the satellite between a clear and a 
hazy day. This method assumes that the surface reflectance between the clear day and the 
hazy day images does not change. Sifakis and Deschamps (1992) used SPOT images to 
estimate the distribution of air pollution in the city of Toulouse in France. Sifakis and 
Deschamps (1992) developed an equation to calculate the aerosol optical depth difference 
between one reference image (acquired under clear atmospheric conditions) and a polluted 
image. Their method was based on the fact that, after correction of solar and observation 
angle variations, the remaining deviation of apparent radiances is due to pollutants. Retalis 
(1998) and Retalis et al. (1999) showed that an assessment of the air pollution in Athens 
could be achieved using the Landsat TM band 1 by correlating the aerosol optical thickness 
with the acquired air-pollutants. Moreover , Hadjimitsis and Clayton (2009) developed a 
method that combines the Darkest Object Subtraction (DOS) principle and the radiative 
transfer equations for finding the AOT value for Landsat TM bands 1 and 2. Hadjimitsis 
(2009a) used a new method for determining AOT through the use of the darkest pixel 
atmospheric correction over the London Heathr ow Airport area in the UK and the Pafos 
Airport area in Cyprus. Hadjimitsis (2009b) de veloped a method to determine the aerosol 
optical thickness through the application of the contrast tool (maximum contrast value), the 
radiative transfer calculations and the ‘tracking’  of the suitable darkest pixel in the scene for 
Landsat, SPOT and high resolution imagery such as IKONOS and Quickbird.  

Satellite remote sensing is certainly a valuable tool for assessing and mapping air pollution 
due to their major benefit of providing comple te and synoptic views of large areas in one 
image on a systematic basis due to the good temporal resolution of various satellite sensors 
(Hadjimitsis et al., 2002). Chu et al. (2002) and Tang et al. (2004) reported that the accuracy of 
satellite-derived AOT is frequently assessed by comparing satellite based AOT with 
AERONET (AErosol RObotic NETwork – a networ k of ground-based sun-photometers) or 
field based sun-photometer. The determination of the AOT from the Landsat TM/ETM+ 
imagery is based on the use of radiative transfer equation, the principle of atmospheric 
correction such as darkest pixel method (Hadjimitsis et al., 2002). Since MODIS has a sensor 
with the ability to measure the total solar radian ce scattered by the atmosphere as well as 
the sunlight reflected by the Earth’s surface and attenuated by atmospheric transmission, 
the AOT results found by MODIS were compar ed with the sun-photometer’s AOT results 
for systematic validation (Tang et al., 2004). For the MODIS images, despite its low pixel 
resolution, aerosol optical thic kness values were extracted for the 550 nm band. MODIS data 
have been extended correlated with PM10 over several study areas (Hadjimitsis et al., 2010; 
Nisanzti et al., 2011) with improved correlation coefficients but with several limitations. 
PM2.5 are also found to be correlated against MODIS data using new novel improved 
algorithms (e.g Lee et al., 2011) that considers the low spatial resolution of MODIS with 
future positive premises. Themistocleous et al. (2010) used Landsat TM/ETM+ and MODIS 
AOT data to investigate the air pollution near to cultural heritage sites in the centre of 
Limassol area in Cyprus. Nisantzi et al. (2011) used both particulate matter (PM10) device, 
backscattering lidar system, AERONET and hand-held sun-photometers for developing 
PM10 Vs MODIS AOT regression model over the urban area of Limassol in Cyprus.  
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It is expected that future satellite technologies will provide data with finer spatial and 
temporal resolutions and more accurate data retrievals (Lee et al., 2011). Moreover, the 
advanced capability of discriminating by aerosol species in satellite technologies will further 
contribute to health effect studies investigatin g species-specific health implications (Lee et 
al., 2011). 

3. Aerosol Optical Thickness – Aerosol Optical Depth (AOD) 

The key parameter for assessing atmospheric pollution in air pollution studies is the aerosol 
optical thickness, which is also the most important unknown element of every atmospheric 
correction algorithm for solving the radiative transfer equation and removing atmospheric 
effects from satellite remotely sensed images (Hadjimitsis et al, 2004). Aerosol optical 
thickness (AOT) is a measure of aerosol loading in the atmosphere (Retails et al, 2010). High 
AOT values suggest high concentration of aerosols, and therefore air pollution (Retalis et al, 
2010). The use of earth observation is based on the monitoring and determination of AOT 
either direct or indirect as tool for assessing and measure air pollution. Measurements on 
PM10 and PM2.5 are found to be related with the AOT values as shown by Lee et al. (2011), 
Hadjimitsis et al. (2010), Nisantzi et al. (2011). 

"Aerosol Optical Thickness" is defined as the degree to which aerosols prevent the 
transmission of light. The aerosol optical depth or optical thickness (�Õ) is defined as ‘the 
integrated extinction coefficient over a vertic al column of unit cross section. Extinction 
coefficient is the fractional depletion of radian ce per unit path length (also called attenuation 
especially in reference to radar frequencies)’. (http://daac.gsfc.nasa.gov/data-
holdings/PIP/aerosol_optical_t hickness_or_depth.shtml).  

4. PM10 

Particulate matter (PM10) pollution consists of very small liquid and solid particles floating 
in the air. PM10 particles are less than 10 microns in diameter. This includes fine particulate 
matter known as PM2.5. PM10 is a major component of air pollution th at threatens both our 
health and our environment. 

5. Satellite imagery 

Several remotely sensed data are used to provide direct or indirect air or atmospheric 
pollution measurements. MODIS satellite im agery provides direct AOT measurements; 
however, Landsat TM/ETM+, ASTER, SPOT or other satellites provide indirect 
measurements of AOT through the application of specific techniques. 

5.1 MODIS 

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard NASA’s Terra 
spacecraft performs near-global daily observations of atmospheric aerosols. The MODIS 
instrument measures upwelling radiance in 36 bands for wavelengths ranging from 0.4 to 
14.385 �Ím and has a spatial resolution of 250m (2 channels), 500m (5 channels), and 1 km (29 
channels) at nadir. (Kaufman et al, 1997; Tanré et al, 1997, 1999; Remer et al, 2005 ; Vermote 
and Saleous, 2000). The aerosol retrieval makes use of 7 of these channels (0.47 – 2.12 �Ím) to 
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contribute to health effect studies investigatin g species-specific health implications (Lee et 
al., 2011). 
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correction algorithm for solving the radiative transfer equation and removing atmospheric 
effects from satellite remotely sensed images (Hadjimitsis et al, 2004). Aerosol optical 
thickness (AOT) is a measure of aerosol loading in the atmosphere (Retails et al, 2010). High 
AOT values suggest high concentration of aerosols, and therefore air pollution (Retalis et al, 
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integrated extinction coefficient over a vertic al column of unit cross section. Extinction 
coefficient is the fractional depletion of radian ce per unit path length (also called attenuation 
especially in reference to radar frequencies)’. (http://daac.gsfc.nasa.gov/data-
holdings/PIP/aerosol_optical_t hickness_or_depth.shtml).  

4. PM10 
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in the air. PM10 particles are less than 10 microns in diameter. This includes fine particulate 
matter known as PM2.5. PM10 is a major component of air pollution th at threatens both our 
health and our environment. 

5. Satellite imagery 

Several remotely sensed data are used to provide direct or indirect air or atmospheric 
pollution measurements. MODIS satellite im agery provides direct AOT measurements; 
however, Landsat TM/ETM+, ASTER, SPOT or other satellites provide indirect 
measurements of AOT through the application of specific techniques. 

5.1 MODIS 

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard NASA’s Terra 
spacecraft performs near-global daily observations of atmospheric aerosols. The MODIS 
instrument measures upwelling radiance in 36 bands for wavelengths ranging from 0.4 to 
14.385 �Ím and has a spatial resolution of 250m (2 channels), 500m (5 channels), and 1 km (29 
channels) at nadir. (Kaufman et al, 1997; Tanré et al, 1997, 1999; Remer et al, 2005 ; Vermote 
and Saleous, 2000). The aerosol retrieval makes use of 7 of these channels (0.47 – 2.12 �Ím) to 
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retrieve aerosol boundaries and characteristics. MODIS has one camera and measures 
radiances in 36 spectra bands, from 0.4 �Ím to 14.5 �Ím with spatial resolutions of 250m 
(bands 1-2), 500 m (bands 3-7) and 1000 m (bands 8-36). Daily level 2 (MOD04) aerosol 
optical thickness data (550 m) are produced at the spatial resolution of 10x10 km over land, 
using the 1 km x 1 km cloud-free pixel size. MODIS aerosol products are provided over land 
and water surfaces. Typical MODIS satellite image with raw AOT values over Cyprus is 
shown in Figure 1. 

 
Fig. 1. MODIS AOT satellite image (direct measurements of AOT). 

5.2 ASTER 

ASTER is an advanced multi-spectral imager that was launched onboard NASA’s Terra 
spacecraft in December 1999. ASTER covers a wide spectral region with 14 bands from 
visible to thermal infrared with high spatia l, spectral and radiometric resolutions. The 
spatial resolution varies with wavelength: 15m  in the visible and near-infrared (VNIR), 30m 
in the short wave infrared  (SWIR), and 90m in the thermal infrared (TIR). 

5.3 LANDSAT TM/ETM+ 

The Landsat Thematic Mapper (TM) is an advanced, multi-spectral scanning, Earth resources 
sensor designed to achieve higher spatial resolution, sharper spectral separation, improved 
geometric fidelity, and greater radiometric accu racy and resolution (Guanter, 2006). TM data 
are scanned simultaneously in 7 spectral bands. Band 6 scans thermal (heat) infrared radiation, 
the other ones scan in the visible and infrared. The Enhanced Thematic Mapper-Plus (ETM+) 
on Landsat-7 that was launched on April 15, 1999 is providing observations at a higher spatial 
resolution and with greater measurement precision than the previous TM 
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6. Ground measurements for supporting remote sensing measurements 

As both direct or indirect re trieval of the aerosol optical thickness from satellites require 
ground validation, several resources (equipments, systems) are available to support such 
outcomes. The authors provide an overview of the existing systems which are used to 
support the air pollution meas urements from space. Such systems are available at the 
Cyprus University of Technology-The Remote Sensing Laboratory. 

6.1 Automatic sun-photometer (AERONET) 

The CIMEL sun-tracking photomet er (Fig.2) measures sun and sky luminance in visible and 
near-infrared. Specifically, it measures the direct solar radiance at 8 wavelengths (340nm, 
380nm, 440nm, 500nm, 675nm, 870nm, 1020nm, 1640nm) and sky radiance at four of these 
wavelengths (440nm, 670nm, 865nm, 1020nm) providing information for determination of 
aerosol optical properties such as size distribution, angstrom exponent, refractive index, 
phase function and AOT. The CIMEL sun-photom eter is calibrated according to program of 
AERONET specifications. An example of how measurements of AERONET aerosol optical 
depth (AOD) retrievals compared with the AOD derived from satellite MODIS data are 
correlated are shown in Figure 3. Such regression models are essential in order to test and 
validate the AOD retrieved from sate llites with ground measurements. 

 
 
 

 
 
 

Fig. 2. CIMEL sun-photometer (Cyprus Un iversity of Technology Premises: Remote 
Sensing Lab). 
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Fig. 3. Correlation between MODIS AOD and AERONET AOD (level 2) for Limassol, April 
2010 - March 2011. 

6.2 Hand-held sun-photometer 

The MICROTOPS II is a hand-held multi-band sun photometer (fig. 4). The sun-photometer 
measures the aerosol optical thickness (440 nm, 675 nm, 870 nm, 936 nm and 1020 nm 
bands) and precipitable water (936nm and 1020nm bands) through the intensity of direct 
sunlight. The sun-photometer consists of five optical collimators (field of view 2.5 degrees) 
while the internal baffles eliminate the reflec tions occurred within th e instrument. In order 
to extract the aerosol optical thickness the Langley method was used. 

Such hand-held sun-photometers are useful to assess the effectiveness of the AOT 
measurements derived from satellites. For example, Figure 5 shows the results obtained 
from applying a linear regression model concer ning the satellite AOT retrievals and ground-
based Microtops derived AOT for more than two years measurements in the area of 
Limassol centre area in Cyprus.  
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Fig. 4. View of hand-held sun photom eter (MICROTOPS II sun-photometer). 
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Fig. 5. Correlation between MODIS and Microtops AOD for Limassol, January 2009 - May 
2011. 
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6.3 LIDAR 

The Lidar system (see Fig.6) is able to provide aerosol or cloud backscatter measurements from 
a height beginning from 200m up to tropopau se height. The Lidar emits a collimated laser 
beam in the atmosphere and then detects the backscattered laser light from atmospheric 
aerosols and molecules. The Lidar transmits laser pulses at 532 and 1064 nm simultaneously 
and co-linearly with a repetition rate of 20 Hz . Three channels are detected, with one channel 
for the wavelength 1064 nm and two channels for 532 nm. One small, rugged, flash lamp-
pumped Nd-YAG laser is used with pulse en ergies around 25 and 56 mJ at 1064 and 532 nm, 
respectively. The primary mirror has an effectiv e diameter of 200 mm. The overall focal length 
of the telescope is 1000 mm. The field of view (FOV) of the telescope is 2 mrad.  

 
Fig. 6. Light Detection and Ranging, Lidar System. 

Using the two different wavelength of lidar we can extract aerosol optical properties such as 
color index (CI), aerosol backscatter and extinction coefficient, Angstrom exponent, 
depolarization ratio and AOT, which are all  us eful parameters for characterizing the type 
and the shape of particles within the atmosphere. Moreover the lidar system can be used for 
the detection of clouds and the provision of the Planetary Boundary Layer (PBL) height in 
near-real time. The data that was extracted after the processing of lidar signals is shown in 
Fig. 7 and 8. Such data are important for supporting the findings from satellite imagery and 
through systematic measurements a local atmospheric model can be used for future 
applications. Moreover, air pollution episodes can be fully supported and explained. 
According to Fig. 7 and 7, the PBL extends from the surface up to 1600m and there are also 
two layers above the PBL, the first are centred around 3300m and the second at 3800m. 
Additionally there are multiple layers within the PBL and it can be distinguished not only 
by the different colours of temporal evolutio n of atmosphere (fig.7) but from the peaks 
presents in the signal of backscatter coefficient (fig.8). 
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Fig. 7. Temporal evolution of the dust layers over Limasol on 1st of June 2010: Profile from 
the Lidar system. 

 
Fig. 8. The vertical distribution of the backscatter coefficient on 1 June 2010, Limassol. 

6.4 PM10 device 

Several PM10 devices are available to measure particulate matter. Such devices can be 
used to develop regression models between PM10 measurements with AOT values 
obtained from satellites,which assists in the systematic monitoring of PM10 from space. 
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6.4 PM10 device 

Several PM10 devices are available to measure particulate matter. Such devices can be 
used to develop regression models between PM10 measurements with AOT values 
obtained from satellites,which assists in the systematic monitoring of PM10 from space. 
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For example, the TSI DustTrak (model 8520/ 8533) (fig. 9) is a light scattering laser 
photometer that is used to measure PM mass concentrations. The instrucment specifically 
measures the amount of scattering light which is proportional to volume concentrations of 
aerosols and it could obtain the mass concentration of them. The instrument is placed in 
the Environmental Enclosure and is mounted to a standard surveyor tripod for allowing 
reliable and accurate sampling.  

 
 

 
 

 

Fig. 9. PM10 devices (for example, Dust Trak model 8533/ 8520). 

6.5 Field spectroradiometers 

Several spectroradiometers are available to support the effective removal of atmospheric 
effects from satellite imagery such as the GER-1500 and SVC HR-1024 field 
spectroradiometers (see Fig.10). Spectroradiometers are used to retrieve the ground 
reflectance of various standard calibration targets. The GER1500 field spectroradiometer are 
light-weight, high performance covering the vi sible and near-infrared wavelengths from 350 
nm to 1050 nm while the SVC HR-1024 provides high resolution field measurements 
between 350 nm and 2500 nm. The application of an effective atmospheric correction 
algorithm by using the retrieved ground reflec tance values in conjunction with the use of 
the radiative transfer equation provides an indirect method for determining the aerosol 
optical thickness. Field spectroradiometric measurements are acquired over dark targets 
such as asphalt areas (see Fig.10) so as to retrieve the AOT values through the application of 
atmospheric correction algorithms over satellite imagery such as Landsat TM/ETM+, 
ASTER, SPOT, ALOS, IRS etc. 
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Fig. 10. Field spectroradiometric measurements over dark asphalt target.  

7. Case studies 

7.1 Case study 1: Retrieval of aot through the application of rt equation and 
atmospheric correction algorithm 

Hadjimitsis et al. (2010) provides several examples of how Lidar and sun-photometers 
measurements can support the AOT values found from the Landsat TM/ETM+ satellite 
images. AOT values are derived from Landsat TM/ETM + imag es using the darkest pixel 
atmospheric correction method and radiative transfer equation.  

The basic equations used to retrieve AOT values is described by Hadjimitsis and Clayton 
(2009) has been fully applied. The revised method presented by Hadjimitsis et al. (2010) 
differs from the traditional DOS (Darkest Object Subtraction) method in the following ways: 
The method incorporates the true reflectance value which is acquired from in-situ spectro-
radiometric measurements of selected pseudo-invariant dark-targets such as dark water 
bodies or asphalt black surfaces (fig.9); the method combines both the basic principles of the 
darkest object subtraction and radiative tr ansfer equations by incorporating in the 
calculations the aerosol single scattering phase function, single scattering albedo and water 
vapour absorption (i.e. Relative Humidity) (values as acquired from several in-situ 
measurements). 

The retrieved target reflectance is given by equation 1: 
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tg�U  is the target reflectance at ground level 
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tsL  is the at-satellite radiance (integrated band radiance measured in W/m 2/sr) 

PL  is the atmospheric path radiance (integrated band radiance measured in W/m 2/sr) 

GE  is the global irradiance reaching the ground 

( )t �P �n is the direct (upward) target-sensor atmospheric transmittance 

For a dark object such as a large water reservoir the target reflectance (at ground level, 

tg dg�U �U�  is very low but is not zero. From this large reservoir the darkest pixel will be seen 
at-satellite to have radiance ts dsL L� . Therefore equation 1 can be re-written as: 
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where 

dg�U  is the dark target reflectance at ground level 

dsL  is the dark target radiance at the sensor in W/m2/sr 

The aerosol optical thickness was calculated using equation 3 as given by Hadjimitsis and 
Clayton (2009) [3]: 
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The algorithm as presented by Hadjimitsis and Clayton (2009) required the following 
parameters:  

�x ground reflectance values for the selected ground dark target either zero or any value 
up to 5 % until the AOT value gets maximu m (from spectro-radiometric measurements, 
suitable water target, for example for water da ms values of 0 to 5 % for TM band 1)  

�x the at-satellite reflectance value of the darkest pixel or target (from the image) 
�x  and the aerosol characteristics (e.g. aerosol scattering albedo) unless you will make 

assumptions based on previous studies .eg for urban areas aerosol scattering 
albedo=0.78 

By running equation (3) and (2), AOT value was found for Landsat TM band 1. 

The first example indicates the AOT values as measured by CIMEL sun-photometer for the 
whole day, 20/4/2010 as well for the whole month (see Figures 10 and 11). For the Landsat 
ETM+ image acquired on 20/4/2010, the AOT wa s found to be 1.4 after the application of 
the darkest pixel atmospheric correction i.e indi rect method of retrieving AOT values. Such 
value complies with the AOT value found duri ng the satellite overpass for that day as 
shown from Figure 11. Figure 12 shows that the daily AOT values for April 2010 from 
AERONET, the 20th of April 2010 has the highest value.  
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Fig. 11. Daily distribution of AOT by AERONET for the 20 th of April 2010. (Hadjimitsis et al., 
2010). 

 
Fig. 12. Monthly distribution of AOT (11-30 /April/2010) by AERONET (Hadjimitsis et al., 
2010). 
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For a dark object such as a large water reservoir the target reflectance (at ground level, 

tg dg�U �U�  is very low but is not zero. From this large reservoir the darkest pixel will be seen 
at-satellite to have radiance ts dsL L� . Therefore equation 1 can be re-written as: 
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where 

dg�U  is the dark target reflectance at ground level 

dsL  is the dark target radiance at the sensor in W/m2/sr 

The aerosol optical thickness was calculated using equation 3 as given by Hadjimitsis and 
Clayton (2009) [3]: 
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The algorithm as presented by Hadjimitsis and Clayton (2009) required the following 
parameters:  

�x ground reflectance values for the selected ground dark target either zero or any value 
up to 5 % until the AOT value gets maximu m (from spectro-radiometric measurements, 
suitable water target, for example for water da ms values of 0 to 5 % for TM band 1)  

�x the at-satellite reflectance value of the darkest pixel or target (from the image) 
�x  and the aerosol characteristics (e.g. aerosol scattering albedo) unless you will make 

assumptions based on previous studies .eg for urban areas aerosol scattering 
albedo=0.78 

By running equation (3) and (2), AOT value was found for Landsat TM band 1. 

The first example indicates the AOT values as measured by CIMEL sun-photometer for the 
whole day, 20/4/2010 as well for the whole month (see Figures 10 and 11). For the Landsat 
ETM+ image acquired on 20/4/2010, the AOT wa s found to be 1.4 after the application of 
the darkest pixel atmospheric correction i.e indi rect method of retrieving AOT values. Such 
value complies with the AOT value found duri ng the satellite overpass for that day as 
shown from Figure 11. Figure 12 shows that the daily AOT values for April 2010 from 
AERONET, the 20th of April 2010 has the highest value.  
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Fig. 11. Daily distribution of AOT by AERONET for the 20 th of April 2010. (Hadjimitsis et al., 
2010). 

 
Fig. 12. Monthly distribution of AOT (11-30 /April/2010) by AERONET (Hadjimitsis et al., 
2010). 
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Hadjimitsis et al. (2010) provided another example for the May 2010 (27th and 28th of May 
2010) measurements both from LIDAR and AERONET. An assessment of the existing 
atmospheric conditions was done using Lidar system and CIMEL sun-photometers for the 
27th and 28th of May 2010 in which dust scenarios were occurred. By considering the 
values given by the CIMEL sun-photometer as well the support given by the Lidar 
regarding the dust event, the user assessed air pollution through the application of the 
atmospheric correction algorith m. By using three months of measurements with both 
CIMEL sun-photometer and LIDAR, it was found that the mean daily value of Aerosol 
Optical Thickness exceeded 0.7, while the highest value of AOT during the day was 1.539 
(Figure 13). 

 
 
 

 
 

Fig. 13. Monthly distribution of AOT (May ) by AERONET (Hadjimitsis et al., 2010). 

The measurements from LIDAR showed the pr evious day a distinct layer in a height 
between 2 and 3 km (Fig.14). Thus the dust layer in a specific altitude above the Planetary 
Boundary Layer (PBL) followed the high AOT values a day after as prescribed the CIMEL 
sun-photometer from AERONET. Morevoer, according to Hadjimitsis et  al. (2010), in order 
to verify dust transport to Cyprus, the NOAA Hysplit Model was used, which provided 
three-days air-mass back-trajectories in three different levels within the atmosphere. The 
relevant 72-h back-trajectory analysis for air-masses ending over Limassol, Cyprus at 00:00 
UT on 28 May is presented in Figure 15. It is remarkable that for 28 May all air-mass 
trajectories ending over Limassol at levels between 1km and 4km originated from Saharan at 
levels 0.5-4 km. 
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(a) 

 

(b) 

Fig. 14. (a)Temporal evolution of a dust layer at an altitude of 1.9-2.6 km over the area of 
Limassol (b) vertical distribution of the aerosol extinction coefficient in a case of high aerosol 
loading (27/05/2010) (Hadjimitsis et al., 2010). 
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Fig. 15. 72-h air-mass back-trajectories ending over Limassol, Cyprus at 00:0 UT on 28 May 
2010 (Hadjimitsis et al., 2010). 

By extending the same procedure over a large area of interest, AOT maps can be produced 
using Landsat TM.ETM+ imagery as shown in Fig. 16 

 
Fig. 16. AOT map from Landsat TM images using indirect method such as the application of 
atmospheric correction (Themistocleous et al., 2010). 
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7.2 Case study 2: Retrieval of aot from modis and development of regression model 
between aot vs pm10 

Nisantzi et al. (2011) show how MODIS AOT data can be correlated with PM10 over an 
urban area in Limassol, Cyprus. Based on the developed regression models, such model can 
be used for systematic monitoring of air pollu tion such as PM10 over the urban area of 
Limassol. Nisantzi et al. (2011) made a comparison between MODIS AOD at 550nm and 
AERONET AOD (automatic-sun photometer as shown in Fig.2). The number of 
measurements are 136 and the correlation coefficient according to coefficient of 
determination (R² = 0.67) is R=0.822 (fig.16). These results indicate that MODIS-derived 
AOD values can be used in case of no AERONET AOD will be available and vice versa. 
Similarly MODIS AOD compared with Microtops II (See Fig.3) AOD at 500nm and the 
retrievals for 141 data shows a better correlation R=0.867 (R²=0.7525) for more than two 
years measurements (fig.18). 
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Fig. 17. Correlation between MODIS AOD and AERONET AOD (level 2) for Limassol, April 
2010 - March 2011. (Nisantzi et al., 2011). 
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Fig. 17. Correlation between MODIS AOD and AERONET AOD (level 2) for Limassol, April 
2010 - March 2011. (Nisantzi et al., 2011). 
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Fig. 18. Correlation between MODIS AOD and Microtops AOD for Limassol, January 2009 - 
May 2011 (Nisantzi et al., 2011). 

In order to develop a regression model between MODIS data and PM10, Nisantzi et al. 
(2011) attempted several correlations between PM10 and AOT sun-photometer prior to the 
MODIS correlation in order to be more accurate. Nisantzi et al. (2011) acquired PM10 data 
(using the DUST TRAK -Figure 9) every 10 minutes and AOD measurements for the CIMEL 
sun photometer at the same time, with a possible deviation 5 minutes. The correlation is 
shown in fig.19.  
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Fig. 19. Correlation between PM10 and AERONET AOD for Limassol area, March 2011 
(Nisantzi et al., 2011). 
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Nisantzi et al. (2011) considered the effect of dust in the field campaign measurements. By 
taking into consideration the measurements within the red cycles it was found that these 
measurements corresponded to days with dust layer above the ABL. Also examined the lidar 
measurements (see Figure 6) and by using backward trajectories for the three dust events 
(3/3/2011-5/3/2011, 16/3/2011-18/3/2011 and 28/3/2011-31/3/2011) occurred within this 
period. Nisantzi et al. (2010) excluded the data for these days and the correlation increased as 
shown in Fig. 20 (n=231, R=0.68). By excluding the measurements with aerosol layer above the 
ABL from both sun photometer  and MODIS data, the correlation between the two variables 
PM0 Vs. AOD (MODIS & Sun photometer) increases and the plots are shown in figures 21, 22. 

March 2011 (wit hout dust events) y = 0,071x + 0,0147
R2 = 0,4591

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0 0,1 0,2 0,3 0,4 0,5 0,6

AERONET AOD 500nm (level2)

P
M

10
 (

m
g

r/
m

^3
)

 
Fig. 20. Correlation between PM10 and AERONET AOD (level 2) for Limassol area for March 
2011 after excluding days with dust  layers (Nisantzi et al., 2011). 
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Fig. 21. Correlation between PM10 and MODIS-derived AOD (Nisantzi et al., 2011). 
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Fig. 18. Correlation between MODIS AOD and Microtops AOD for Limassol, January 2009 - 
May 2011 (Nisantzi et al., 2011). 
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Fig. 19. Correlation between PM10 and AERONET AOD for Limassol area, March 2011 
(Nisantzi et al., 2011). 
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Fig. 20. Correlation between PM10 and AERONET AOD (level 2) for Limassol area for March 
2011 after excluding days with dust  layers (Nisantzi et al., 2011). 
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Fig. 21. Correlation between PM10 and MODIS-derived AOD (Nisantzi et al., 2011). 
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Fig. 22. Correlation between PM10 and Microtops II-derived AOD (Nisantzi et al., 2011). 

8. GIS 

GIS has the advantage of the high power of analysing of spatial data and handling large 
spatial databases. Indeed, in air pollution there are a large amount of data that GIS can be 
used for their handling. Data th at is used for air pollution studies is air pollutants, wind 
direction, wind speed, traffic flow, solar radiat ion , air temperature, mixing height etc. The 
integration of both GIS and remote sensing provides an deal efficient tool for the air 
pollution monitoring au thorities (Zhou, 1995) 

With GIS, remote sensing data can be integrated with other types of digital data, such as air 
pollution measures. Merging satellite remote  sensing and GIS tools provides a quick and 
cost effective way to provide an improved qualitative assessment of pollution. GIS is a tool 
that can be used for assessing the air pollution through the use of AOT values retrieved 
directly from satellite imagery or in-situ sun-photometers, from  air pollution measurements 
including CO 2, CO, SO2, PM10 and other environmental data. The integration of the above 
information can be inserted into a GIS software which can monitor and map high risk areas 
resulting air pollution. By using the AOT values  retrieved from satellite, a thematic map can 
be developed through the application of Kr iging algorithm in order to indicate high-
polluted areas. Based on the determined AOT over an area of interest, and through 
interpolation, thematic maps can be generated using colour themes showing the levels of the 
AOT and/or pollution. Such in formation can be used as a tool for decision-makers to 
address air quality and environm ental issues more effectively. Figure 23 shows a typical 
example of air pollutants ov er Cyprus using a GIS. 
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Fig. 23. GIS indicating air pollutant emissions in Cyprus. 

Several studies showed the importance of using both GIS tools as well as satellite remotely 
sensed imagery to view and analyze the concentration of air pollutants and linkages with 
land cover and land use (Hashim and Sultan, 2010; Weng et al; 2004; 2006). 

8.1 Case study 

After determining the AOT using both MODIS (direct method) and Landsat TM/ETM 
imagery (indirect method), AOT threshol ds were established based on PM10 
measurements acquired over studies shown in section 7.1 and 7.2. Using the developed 
regression models shown in study area 7.2, thresholds of AOT values were obtained using 
the relevant limit, which is 50 �Íg/m 3 as prescribed by the European Union. Then , a GIS 
map was developed using the Kriging algorithm to identify areas with PM10 
measurements above the acceptable threshold in order to monitor and map high risk areas 
due to air pollution (figure 24) by blending together satellite imagery and GIS. The GIS 
was conducted by dividing the area of interest using grid cells. The study found that by 
using the AOT values from MODIS or Landsat, a GIS map can be produced which can 
show high-polluted areas as shown in Figure 24. Themistocleous (2010) developed the fast 
atmospheric correction algorithm and the simplified image based AOT retrieval based on 
RT equation for GIS modeling which was used to create a thematic map of AOT values 
over Limassol. 
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Fig. 22. Correlation between PM10 and Microtops II-derived AOD (Nisantzi et al., 2011). 
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Fig. 24. GIS Thematic map using Krigging algorithm to display AOT levels in the 
Limassol area. 

9. Conclusion 

Earth observations made by satellite sensors are likely to be a valuable tool for monitoring 
and mapping air pollution due to their major be nefit of providing complete and synoptic 
views of large areas in one snap-shot. Blending together GIS and remote sensing, AOT 
values can derived over a large area of interest systematically. GIS is used also to map air 
pollutants based on ground and satellite-derived AOT values. 
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Fig. 24. GIS Thematic map using Krigging algorithm to display AOT levels in the 
Limassol area. 

9. Conclusion 

Earth observations made by satellite sensors are likely to be a valuable tool for monitoring 
and mapping air pollution due to their major be nefit of providing complete and synoptic 
views of large areas in one snap-shot. Blending together GIS and remote sensing, AOT 
values can derived over a large area of interest systematically. GIS is used also to map air 
pollutants based on ground and satellite-derived AOT values. 
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1. Introduction 

Several studies worldwide have reported the effects of air pollution on human health, 
especially those related with exposure to particulate matter 1,8,17,20,21,25, research it is currently 
focussed on studying the acute and short-term effects, especially the mortality and 
morbidity impact due to cardiovascular and respiratory reasons 1,8,17,21,25. 

This has meant that countries take a series of environmental management measures to 
control particulate material emissions and also to generate early prediction of high air 
pollution episodes. Some measures are: a systematic shift to cleaner fuels, restriction of daily 
circulation of a certain percentage of motor vehicles, temporary shutdown of some 
industries, and so on. Air pollution causes ar e diverse, being anthropogenic activities the 
major contributor to the problem. But the air pollution level is also influenced by other 
factors such as climate and topography. Climate has a decisive influence on the persistence 
of air pollutants, and the winds, temperatur e and solar radiation drastically alter the 
dispersion and the type of contaminants present at one time. Topography influences the 
movement of air masses and hence the persistence of pollution levels in a given 
geographical area. The combination of these ultimately determines the quality of air 20. 

Prediction of critical episodes of air pollution in large cities has become an environmental 
management tool aimed to protect the health of the population, allowing health authorities to 
know with some certainty the likely levels of  air pollution border within a certain time 
interval. This prediction has been addr essed through different models combining 
deterministic and probabilistic approaches  using various types of information 6,9,13,14,22,28. The 
official methodology in use by the administrati ve authority of the Metropolitan Region of 
Santiago de Chile to forecast PM10 concentrations is the Cassmassi Model, proposed in 1999 
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1. Introduction 

Several studies worldwide have reported the effects of air pollution on human health, 
especially those related with exposure to particulate matter 1,8,17,20,21,25, research it is currently 
focussed on studying the acute and short-term effects, especially the mortality and 
morbidity impact due to cardiovascular and respiratory reasons 1,8,17,21,25. 

This has meant that countries take a series of environmental management measures to 
control particulate material emissions and also to generate early prediction of high air 
pollution episodes. Some measures are: a systematic shift to cleaner fuels, restriction of daily 
circulation of a certain percentage of motor vehicles, temporary shutdown of some 
industries, and so on. Air pollution causes ar e diverse, being anthropogenic activities the 
major contributor to the problem. But the air pollution level is also influenced by other 
factors such as climate and topography. Climate has a decisive influence on the persistence 
of air pollutants, and the winds, temperatur e and solar radiation drastically alter the 
dispersion and the type of contaminants present at one time. Topography influences the 
movement of air masses and hence the persistence of pollution levels in a given 
geographical area. The combination of these ultimately determines the quality of air 20. 

Prediction of critical episodes of air pollution in large cities has become an environmental 
management tool aimed to protect the health of the population, allowing health authorities to 
know with some certainty the likely levels of  air pollution border within a certain time 
interval. This prediction has been addr essed through different models combining 
deterministic and probabilistic approaches  using various types of information 6,9,13,14,22,28. The 
official methodology in use by the administrati ve authority of the Metropolitan Region of 
Santiago de Chile to forecast PM10 concentrations is the Cassmassi Model, proposed in 1999 
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by Joseph Cassmassi 2. It uses multiple linear regression to predict the maximum concentration 
of 24-hour average PM10 for the next day (00 to 24 hours). This model includes observed 
meteorological variables, observed and forecasted weather conditions rates, pollutants 
expected concentrations rates of expected variations in emissions and others predictors. 

Different statistical methods have been used in Chile to model airborne PM10 
concentrations of air pollutants including time series 20, neural networks 13,22 and regression 
models based on multivariate adaptive smoothing functions (splines) MARS 23 .The 
predictive efficiency of these models is variable and is closely associated with the behavior 
and evolution of environmental characteristics.  Models that use extreme value theory are 
widely used for this purpose, especially for epis odes that occur over short periods of time and 
present extreme values or exceedances of emergency limits established by the authority 3. 

The aim of this study is to compare the predictive  efficiency of multivariate predictive models 
Gamma vs MARS to predict “tomorrow” maxi mum concentration of PM10 in Santiago de 
Chile in the period between April 1 and August 31 of the years 2001, 2002, 2003 and 2004. 

2. Methods 

2.1 Information sources 

We used the databases of PM10 collected at the Pudahuel monitoring station, that it is 
element of the MACAM2-RM monitoring netw ork, for the years 2001, 2002, 2003 and 2004. 
For each year measurements were selected from April 1 to August 31, which correspond to 
the time of year with less ventilation in the Santiago basin. We worked with the moving 
average of 24 hours. For missing data, imputed values were generated by a double 
exponential smoothing with  a smoothing coefficient �Â = 0.7 (see Annex 1). We selected this 
monitoring station because most of the year presents the highest levels of PM10 
concentration. It is also the most influential in taking administrative decisions about 
forecasting critical episodes for the next day. Moreover, because of environmental 
management measures implemented when declaring a critical episode of PM10 pollution, 
the behavior of the time series, is affected generating lower levels of concentrations that do 
not reflect actual observed concentration that would have occurred without environmental 
management measures , so we penalize this effect by introducing a correction constant 
given by 

124 24[ ]
I IIC mean CPM CPM
��

� ' �  ��  where 
124 24I I

CPM and CPM
��

 are the average of 

PM10 concentration on the day before and the day of intervention, respectively, for each 
month of the study period; the number of episodes in excess of 240 (�Íg/m 3) for 2001, 2002, 
2003 and 2004 corresponds to 4 (2.6%), 11 (7.2%) 5 (3.3%) and 2 (1.3%) respectively. For the 
construction of the Gamma models use the statistical program Stata 11.0 and MARS models 
use a demo of the program obtained from the web page of Salford Systems. 

2.2 Procedures 

152 multi-dimensional observations were used; they consisted of a response variable PM10 
and 13 predictors. The modeling includes delays of 1 and 2 days for the variables of interest, 
corresponding (N+1) to tomorrow, i.e. the day to be modeled. The predictor variables for 
today (delay 1) were defined as pm0 the hourly average PM10 concentration at 0:00 hrs of 
day N, pm6 the average hourly PM10 concentration at 6:00 hrs on day N, pm12 the average 
hourly PM10 concentration at 12:00 hrs on day N, pm18 the hourly average PM10 
concentration at 18:00 hrs on day N.  
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Some predictor variables incorporate delays of 2 days; they are: pm10h maximum PM10 
concentration of 24-hour moving average between19 hrs of day N-1 and 18 hrs day N, mth  
maximum temperature between 19 hrs of day N-1 and 18 hrs o day N, mhrh  minimum 
relative humidity between 19 hrs of day N-1 and 18 hrs of day N, dth  difference between 
maximum and minimum temperature between 19 hrs of day N-1 and 18 hrs of day N, vvh  , 
average wind velocity 19 hrs of day N-1 and 18 hrs of day N. The predictors of tomorrow 
(N+1) correspond to: mtm  maximum temperature of day N+1, mhrm  minimum relative 
humidity of day N+1, dtm  difference between the maximum and minimum temperature of 
day N+1 and vvm  average speed wind of day. The response in this study (pm10m) is the 
maximum concentration of the 24 hs moving av erage of PM10 of a day N+1. The values of 
the variables of tomorrow are forecasts validated and reported by the Chilean 
Meteorological Office using models Mesoscale Modeling System (MM5), which is a 
numerical model that uses the equations of physics of the atmosphere for weather 
forecasting in limited areas at the regional level 15, 

The authorities of the Nation al Environment Commission (CONAMA), have defined four 
levels of PM10, in order to make management decisions when critical events occur: good 0 - 
193 (µg/m 3); alert  194 - 239 (µg/m3), pre-emergency 240 - 329 (µg/m3) and emergency 
PM10 > 330 (µg/m3) 3. For our study we dichotomized the response into two classes I : 
pm10m < 240 (µg/m 3) and II:  pm10m > 240 (µg/m 3), ie, "good or alert" versus "pre-
emergency or emergency." The aim of the dichotomy is to generate 2 x 2 cross-tabulations 
between the observed and predicted values of the response for each proposed model. 

2.3 Construction of Gamma models and MARS models 

The fit of the models of a given year was validated with the information of the following 
year, thus ensuring the independence of the data used for validation with respect to those 
used in its construction. Therefore no predictions are given for the model year built with 
year 2004 information since there is no information for 2005. Each model was estimated with 
data from the period between April 1 and Augu st 31 of a year and applied to the following 
year's data for the same period, evaluating the fit of these estimates compared with actual 
observations for that second year.  

Gamma regression 

Gamma models are used in situations where the variable has non negative values; were 
originally used for continuous data, but now the family of Gamma generalized linear 
models is used with count data 7. In general, these models consider different ways of how to 
work the response variable, such as exponentiation of the response using the log-gamma 
transformation 12.  

The probability density function for the generalized gamma function is given by  

( )( ; , , ) ; 0
( )

z uf y e y
y
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�J�J
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and exp( )u z�J �N� . The parameter �P is equal to tx �E where x is the matrix of predictors 
including the intercept and �E is the vector of coefficients. For generalized Gamma 
distribution the expected value conditional on x is given by: 
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given by 
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� ' �  ��  where 
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��

 are the average of 

PM10 concentration on the day before and the day of intervention, respectively, for each 
month of the study period; the number of episodes in excess of 240 (�Íg/m 3) for 2001, 2002, 
2003 and 2004 corresponds to 4 (2.6%), 11 (7.2%) 5 (3.3%) and 2 (1.3%) respectively. For the 
construction of the Gamma models use the statistical program Stata 11.0 and MARS models 
use a demo of the program obtained from the web page of Salford Systems. 

2.2 Procedures 

152 multi-dimensional observations were used; they consisted of a response variable PM10 
and 13 predictors. The modeling includes delays of 1 and 2 days for the variables of interest, 
corresponding (N+1) to tomorrow, i.e. the day to be modeled. The predictor variables for 
today (delay 1) were defined as pm0 the hourly average PM10 concentration at 0:00 hrs of 
day N, pm6 the average hourly PM10 concentration at 6:00 hrs on day N, pm12 the average 
hourly PM10 concentration at 12:00 hrs on day N, pm18 the hourly average PM10 
concentration at 18:00 hrs on day N.  

Critical Episodes of PM10 Particulate Matter Pollution in Santiago of Chile,  
an Approximation Using Two Prediction Methods: MARS Models and Gamma Models 

 

143 

Some predictor variables incorporate delays of 2 days; they are: pm10h maximum PM10 
concentration of 24-hour moving average between19 hrs of day N-1 and 18 hrs day N, mth  
maximum temperature between 19 hrs of day N-1 and 18 hrs o day N, mhrh  minimum 
relative humidity between 19 hrs of day N-1 and 18 hrs of day N, dth  difference between 
maximum and minimum temperature between 19 hrs of day N-1 and 18 hrs of day N, vvh  , 
average wind velocity 19 hrs of day N-1 and 18 hrs of day N. The predictors of tomorrow 
(N+1) correspond to: mtm  maximum temperature of day N+1, mhrm  minimum relative 
humidity of day N+1, dtm  difference between the maximum and minimum temperature of 
day N+1 and vvm  average speed wind of day. The response in this study (pm10m) is the 
maximum concentration of the 24 hs moving av erage of PM10 of a day N+1. The values of 
the variables of tomorrow are forecasts validated and reported by the Chilean 
Meteorological Office using models Mesoscale Modeling System (MM5), which is a 
numerical model that uses the equations of physics of the atmosphere for weather 
forecasting in limited areas at the regional level 15, 

The authorities of the Nation al Environment Commission (CONAMA), have defined four 
levels of PM10, in order to make management decisions when critical events occur: good 0 - 
193 (µg/m 3); alert  194 - 239 (µg/m3), pre-emergency 240 - 329 (µg/m3) and emergency 
PM10 > 330 (µg/m3) 3. For our study we dichotomized the response into two classes I : 
pm10m < 240 (µg/m 3) and II:  pm10m > 240 (µg/m 3), ie, "good or alert" versus "pre-
emergency or emergency." The aim of the dichotomy is to generate 2 x 2 cross-tabulations 
between the observed and predicted values of the response for each proposed model. 

2.3 Construction of Gamma models and MARS models 

The fit of the models of a given year was validated with the information of the following 
year, thus ensuring the independence of the data used for validation with respect to those 
used in its construction. Therefore no predictions are given for the model year built with 
year 2004 information since there is no information for 2005. Each model was estimated with 
data from the period between April 1 and Augu st 31 of a year and applied to the following 
year's data for the same period, evaluating the fit of these estimates compared with actual 
observations for that second year.  

Gamma regression 

Gamma models are used in situations where the variable has non negative values; were 
originally used for continuous data, but now the family of Gamma generalized linear 
models is used with count data 7. In general, these models consider different ways of how to 
work the response variable, such as exponentiation of the response using the log-gamma 
transformation 12.  

The probability density function for the generalized gamma function is given by  
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and exp( )u z�J �N� . The parameter �P is equal to tx �E where x is the matrix of predictors 
including the intercept and �E is the vector of coefficients. For generalized Gamma 
distribution the expected value conditional on x is given by: 
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where 0 1ˆ (1 / ) exp( ln( ( )))i
i

n f x� V � D�D� ���¦  and ln( )�V  is parameterized as 0 1 ln( ( ))f x� D � D�� . 

Since it is required to report estimates and results in the original measurement scale, we 
work with the exponentiation of the mo del using the log-gamma transformation 

( ) exp( )tE Y x�P �E� �  and ensure that the transformation does not affect the interpretations 
which refers directly to the original scale 12. 

Multivariate Adaptive Regression Splines (MARS) 

MARS is a methodology proposed by Jerome Friedman in August 1991, it tries to build a 
model of non-linear regression that is based on a product of functions called base smoothing 
functions (splines). These functions incorporated into its stru cture predictors entering the 
model as part of a function, not directly as in  classical regression, produces a model for the 
response in study that may be continuous or binary that automatically selects the predictors 
present in the final equation, they are incorporated in the smoothing basal functions 5,10,11.  

Model for a predictor 

The methodology MARS, proposed by Friedman 5 , selects K nodes of the predictor variable 
x, denoted by kt , 1,.......,k K� , which could correspond to each of the observations of the 
variable; then K +1 defined regions on the range of x, where it is associated to each node the 
linear smoothing function, generating  a family of basis functions:  
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Where ( )qkx t ����  it is known as a truncation functi on . For the approximation of order q, we 

estimate the function ( )
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K
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� �¦ , usually the order of smoothing to be taken must 

be less than or equal to three, so the function and its q -1 first derivatives are continuous. 
This restriction and the use of polynomial fu nctions in each subregion produce smooth and 
tight functions. 

Generalization to p  predictors 

For the vector of predictors 1 2( , ,...., )px x x x�  the smoothing function is defined analogously 
to the univariate case. In this case the space pR  is divided into a set of disjoint regions and 
within each region a polynomial of p variables is fitted. 

For p > 2 disjoint regions are considered to define the smoothing approximation as tensor 
products of disjoint intervals in each of the variables associated to the node location. So 
placing Kj nodes in each variable produces a product of Kj +1 regions, j = 1,..,p. A set of basis 
functions generating the space of smoothing functions for the entire set of regions, is the 
tensor product of the corresponding basal one-dimensional smoothing functions associated 
with the location of the nodes in each variable given by:  
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The selection of basis functions looks for a good set of regions to define a smoothing 
approach adequated to the problem; MARS generates the basis functions by a stepwise 
process. It starts with a constant in the model and then begins the search for a variable-node 
combination that improves the model. The impr ovement is measured in part by the change 
in the sum of squared errors (MSE) , adding basis functions is done whenever it reduces 
reduce the MSE. 

To evaluate this model, Friedman proposes using the Generalized Cross Validation statistic  
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 where 1( ) 1 ( ( ) )t tC M trace B B B B��� �� ,  

B is the design matrix, the numerator is the lack of fit on th e training data set and the 
denominator is a penalty term that refl ects the complexity of the model.  

To compare the models we considered the following statistics: (a) Pearson's linear 
correlation between the observed and the predicted value and (b) mean absolute error ratio 
(mpab) between the observed (obs) and the predicted value (pred) given by 
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that is equivalent to evaluate the average errors committed by both models in the 
predictions. We also considered the concordance proportion in each class. 

In order to compare the settings of the models and the regions selected for predicting the 
response variable two MARS models were constructed to each year, one based on 20 and 
another using 40 base functions, allowing us to choose that pattern which best fits the 
expected response based on the partitions of the predictor variables 11. In the case of Gamma 
regression we used a logarithm link function , with three sets of predictors: the first 
corresponds to all variables, the second set involved yesterday and today variables and the 
third included the variables: pm 0, pm6 , pm18, dtm, dth and vvm . This last set of variables 
would better describe the behavior of the pm10 concentrations, as has been described by 
other authors 18. 

3. Results 

Table 1 shows the descriptive statistics of the variables incorporated in the final modeling of 
PM10 concentrations. We can see that the maxima for the years 2001, 2002 and 2003 exceed 
the value of 240 (µg/m 3), such behavior is not seen for 2004. 
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model as part of a function, not directly as in  classical regression, produces a model for the 
response in study that may be continuous or binary that automatically selects the predictors 
present in the final equation, they are incorporated in the smoothing basal functions 5,10,11.  
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The methodology MARS, proposed by Friedman 5 , selects K nodes of the predictor variable 
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This restriction and the use of polynomial fu nctions in each subregion produce smooth and 
tight functions. 

Generalization to p  predictors 

For the vector of predictors 1 2( , ,...., )px x x x�  the smoothing function is defined analogously 
to the univariate case. In this case the space pR  is divided into a set of disjoint regions and 
within each region a polynomial of p variables is fitted. 

For p > 2 disjoint regions are considered to define the smoothing approximation as tensor 
products of disjoint intervals in each of the variables associated to the node location. So 
placing Kj nodes in each variable produces a product of Kj +1 regions, j = 1,..,p. A set of basis 
functions generating the space of smoothing functions for the entire set of regions, is the 
tensor product of the corresponding basal one-dimensional smoothing functions associated 
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The selection of basis functions looks for a good set of regions to define a smoothing 
approach adequated to the problem; MARS generates the basis functions by a stepwise 
process. It starts with a constant in the model and then begins the search for a variable-node 
combination that improves the model. The impr ovement is measured in part by the change 
in the sum of squared errors (MSE) , adding basis functions is done whenever it reduces 
reduce the MSE. 

To evaluate this model, Friedman proposes using the Generalized Cross Validation statistic  
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B is the design matrix, the numerator is the lack of fit on th e training data set and the 
denominator is a penalty term that refl ects the complexity of the model.  

To compare the models we considered the following statistics: (a) Pearson's linear 
correlation between the observed and the predicted value and (b) mean absolute error ratio 
(mpab) between the observed (obs) and the predicted value (pred) given by 
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that is equivalent to evaluate the average errors committed by both models in the 
predictions. We also considered the concordance proportion in each class. 

In order to compare the settings of the models and the regions selected for predicting the 
response variable two MARS models were constructed to each year, one based on 20 and 
another using 40 base functions, allowing us to choose that pattern which best fits the 
expected response based on the partitions of the predictor variables 11. In the case of Gamma 
regression we used a logarithm link function , with three sets of predictors: the first 
corresponds to all variables, the second set involved yesterday and today variables and the 
third included the variables: pm 0, pm6 , pm18, dtm, dth and vvm . This last set of variables 
would better describe the behavior of the pm10 concentrations, as has been described by 
other authors 18. 

3. Results 

Table 1 shows the descriptive statistics of the variables incorporated in the final modeling of 
PM10 concentrations. We can see that the maxima for the years 2001, 2002 and 2003 exceed 
the value of 240 (µg/m 3), such behavior is not seen for 2004. 



 
Air Pollution – Monitoring, Modelling and Health 

 

146 

 2001 2002 

 Mean (sd) Minimum  Maximun  Mean (sd) Minimum Maximun 

pm10m 
pm0 
pm6 
pm18 
dtm 
vvm 

122,83 (58,4) 
123,85 (106) 
78,06 (57,9) 
117,50 (83,5) 
10,37 (5,3) 
1,54 (0,48) 

18,50 
1,00 
1,00 
2,00 
2,50 
0,53 

307,80 
492,00 
250,00 
467,00 
23,00 
3,40 

123,90 (67,2) 
133,00 (126,6) 
80,10 (56,9) 
116,70 (83,6) 
11,00 (5,1) 
1,40 (0,4) 

10,40 
1,00 
1,00 
4,00 
0,00 
0,00 

298,00 
625,00 
222,00 
412,00 
24,00 
2,49 

 2003 2004 

 Mean (sd) Minimum  Maximun  Mean (sd) Minimum Maximun 

pm10m 
pm0 
pm6 
pm18 
dtm 
vvm 

127,50 (50,50) 
133,60 (101,40) 
86,50 (55,20) 
116,10 (72,10) 
11,90 (5,03) 
1,42 (0,40) 

28,38 
1,00 
1,00 
6,00 
2,11 
0,56 

260,30 
450,00 
263,00 
385,00 
22,90 
2,72 

101,00 (43,10) 
105,50 (88,30) 
68,60 (42,30) 
91,40 (59,20) 
11,20 (5,02) 

missing 

20,60 
1,00 
1,00 
1,00 
1,53 

missing 

230,00 
519,00 
202,00 
345,00 
24,00 

missing 

sd: standard deviation;  
pm0, pm6, pm18: PM10 concentration at 00, 06 and 18 previous day, respectively; 
dtm: temperature difference of tomorrow; vvm: wind velocity of tomorrow.  

Table 1. Mean and standard deviation of predictor variables used to model PM10. Years 
2001 to 2004. 

Table No. 2 shows the successes of the class I and II by the Gamma models and the MARS 
models. The correlations are significant for the three models per year, the mpab remain high 
for all models, except the 40 fb MARS 2002 model where we can see a 19% mean absolute 
error similar to the Gamma Model. In general for all three years the Gamma models have 
better performance than MARS for the PM10 concentrations < 240 (µg/m3); MARS models 
have better performance for PM10 exceeding 240 (µg/m3). 
 

 2001 to 2002 2002 to 2003 2003 to 2004 

 Gamma 
MARS 
20 bf 

MARS 
40 bf 

Gamma 
MARS 
20 bf 

MARS 
40 bf 

Gamma 
MARS 
20bf 

MARS 
40bf 

mpab % 
rpearson 

Class I % 
Class II % 

38,00 
0,83 
98,00 
50,00 

44,00 
0,86 
67,00 
97,00 

32,00 
0,74 
44,40 
95,40 

19,00 
0,82 
99,00 
12,50 

29,00 
0,81 
0,00 
98,00 

19,00 
0,86 

100,00 
97,00 

28,00 
0,78 
99,00 
0,00 

14,00 
0,92 
99,00 
100,00 

25,00 
0,82 
99,00 
0,00 

mpab: mean abolute proportion  
bf: basis function. 

Table 2. Results of MARS and Gamma modeling. 
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Fig. 1. Shows that the Gamma model predictions are further away from  observed PM10 than 
MARS predictions for high PM10 concentrations for year 2003 using model of 2002, but 
Gamma model gives better predictions for values below 200 (µg/m 3). 

 
Fig. 2. Corresponds to the MARS model with 40 basis functions for 2002 and illustrates in 
part (a) the interaction of the basis functions max (0; pm18-137) and max (0; vvm-1, 522) that 
generate the basis function BF8 which represents an interaction surface (Table No. 3) with 
maximum value 165 (µg/m 3) . This implies that for PM10 concentrations at 18 pm (pm18) 
above 137 (µg/m3) and wind speed for tomorrow of 1,522 m/s, the contribution to the PM10 
tomorrow concentration due to the interaction has a maximun of 165 (µg/m 3). On the other 
hand, figure (b) shows that for concentrations above 240 (µg/m 3), the variable pm0 has a 
maximum contribution to the response of 70 (µg/m 3), which represents the value with 
which the base function BF4 contributes to the predicted value. 
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Fig. 1. Shows that the Gamma model predictions are further away from  observed PM10 than 
MARS predictions for high PM10 concentrations for year 2003 using model of 2002, but 
Gamma model gives better predictions for values below 200 (µg/m 3). 

 
Fig. 2. Corresponds to the MARS model with 40 basis functions for 2002 and illustrates in 
part (a) the interaction of the basis functions max (0; pm18-137) and max (0; vvm-1, 522) that 
generate the basis function BF8 which represents an interaction surface (Table No. 3) with 
maximum value 165 (µg/m 3) . This implies that for PM10 concentrations at 18 pm (pm18) 
above 137 (µg/m3) and wind speed for tomorrow of 1,522 m/s, the contribution to the PM10 
tomorrow concentration due to the interaction has a maximun of 165 (µg/m 3). On the other 
hand, figure (b) shows that for concentrations above 240 (µg/m 3), the variable pm0 has a 
maximum contribution to the response of 70 (µg/m 3), which represents the value with 
which the base function BF4 contributes to the predicted value. 
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Table No. 3 shows the explicit model for the MA RS models with 20 and 40 basis functions 
and the Gamma models for the years 2001, 2002 and 2003. The complexity of the model is 
seen in the number of basis functions incorporated into the explicit model, the model for 
2002 has nine basis functions of which five are interactions of univariate basis functions, the 
BF9 and BF8 functions correspond to interactions of the mirror variable for vvm and the 
corresponding basis function  associated with pm18. 

 

 

 
 

Fig. 3. Shows MARS model with 20 basis functions for 2003 and illustrates in part (a) the 
interaction of the basis functions max (0;72-pm18) and max (0; vvm-0,56) that generate the 
basis function BF10 which represents an interaction surface (Table N . 3). In the other figure 
(b) shows the surface contour are four regions where the letters A, B, C and D, D represents 
the area for values less than 0,56 meters per second (vvm) and particulate matter 
concentrations at 18 hours greater than 72 micrograms per cubic meter that generated by the 
interaction of both base functions with the maximum contributi on values to the response 
variable of interest. 
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Mars
 20 basis function BF1 = max(0;pm18-180) BF7 = max(0; 1,035-vvm)

BF2 = max(0; 180-pm18) BF9 = max(0;1,56-vvm)*BF1
BF3 = max(0; pm6-13) BF10 = max(0; pm0-241)
BF5 = max(0; dtm-2,55) BF15 = max(0;87-pm6)*BF1
BF6 = max(0;vvm-1,03) BF16 = max(0;pm18-183)*BF6

Gamma

Mars 
40 basis function BF1 = max(0; pm18-137) BF7 = max(0; 1,307-vvm)*BF5

BF2 = max(0; 137-pm18) BF8 = max(0; vvm-1,522)*BF1
BF4 = max(0; 240-pm0) BF9 = max(0; 1,522-vvm)*BF1
BF5 = max(0; dtm+ 0,00000512) BF12 = max(0; vvm-0,998)*BF5

BF24 = max(0; vvm-0,867)*BF5
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BF6 = max(0;1,07-vvm) BF16 = max(0;dtm-2,11)
BF7 = max(0;pm0-212)*BF1 BF17 = max(0;pm18-79)*BF16

Gamma

pm10m=94,2-1,58*BF2-25,99*BF5+111,24*BF6-0,0022*BF7-0,002*BF8+ 0,0009*BF9+0.75*BF10-0,1*BF11+2,02*BF16+0,1*BF17

                                              pm10m=exp(3,885+0,00108*pm0+0,00107*pm6+0,0030047*pm18+0,02658*dtm)

Year 2001

Year  2002

Year 2003

pm10m=exp(4,15+0,00076*pm0+0,00223*pm6+0,00292*pm18+0,02504*dtm-0,20295*vvm)

 pm10m=109,5-0,48*BF2+0,24*BF3+2,98*BF5+204,5*BF7+0,61*BF9+0,26*BF10-0,008*BF15+0,68*BF16

 pm10m=146,343-0,553*BF2-0,286*BF4+7,072*BF7+2,093*BF8+0,537*BF9-22,888*BF12+21,844*BF24

      pm10m=exp(3,818+0,00118*pm0+0,002267*pm6+0,00298*pm18+0,035488*dtm-0,149482*vvm)

 
bf: basis functions;  
pm0, pm6, pm18: PM10 concentration at 00, 06 and 18 previous day, respectively; 
dtm: temperature difference of tomorrow; vvm: wind velocity of tomorrow.  

Table 3. Explicit MARS models for 20 and 40 basis functions and Gamma models for years 
2001, 2002 and 2003. 

4. Discussion 

The MARS modeling selects those significant predictors and detects possible interactions 
between them generating more flexible models from the point of view of interpretation; 
since interactions are always restricted to a subregion, they are expressed algebraically 
through the basis functions, generating a parsimonious model that represents without any 
further transformation the nature of the workin g variables. This procedure creates nodes or 
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cutting points that act as threshold values for each predictor variable selected, indicating the 
change in the contribution generated by the basis function to the response under study. 

After selecting the optimal model, MARS fits the model removing one variable, in order to 
determine the impact on the quality of the model due to eliminate that variable and assigns 
a relative ranking from the variable most important to the least important. Thus, 
replacement or competing variables are defined in the MARS methodology allowing us to 
treat missing values generating a special basis function for those variables that have no 
information, ie, generate an allocation basis function whose purpose is to impute the 
average value of the predictor without information. 

As could be determined in this study, th e MARS models performed similarly in their 
predictive efficiency wh en changing the number of basis functions, regardless of the year for 
which the model was built and the year used for  validation. Partitioning the range of the 
predictor variables did not improve the qualit y of predictions, showing that sometimes a 
less fine partition (minus subregions) methodology was more robust than a thin partition. 
This could be explained as the time series of PM10 over time show a downward trend and 
variations in lower concentrations si nce the intervention measures applied 3. 

The Pudahuel monitoring station registered ch anges in annual and monthly concentrations 
of PM10 between 1998 and 2004. These changes were due mainly to global decontamination 
measures, extraordinary administ rative actions on critical air pollution events, use the 
forecast model of critical events to reduce their negative impact and meteorological factors. 
Such changes affect the performance of these models allowing a less complex structure 
without loss of efficiency because the relationship established between the predictors is not 
as complex, this is reflected in the basis functions constructed. In turn there are differences 
from one year to another, which could be in fluenced by weather conditions of each year, 
such as dry year, El Niño and other climate changes. Another factor to evaluate and that 
could be relevant in this behavior is the increase in car ownership in recent years. 

Additionally, different methodologies have been  implemented to model the concentration of 
particulate matter in the metropolitan region of Santiago de Chile. For example, Silva and 
colleagues applying time series using transfer functions involving meteorological variables, 
reported a 40% average ratio of absolute error in the prediction of critical events 24. Moreover 
Perez and colleagues, using neural networks with pre-smoothing, re ported approximately 
30% mean absolute error in predicting the critical episodes 19. Subsequent work by the same 
author using a neural network shows results superior to classical linear regression 18. 
Furthermore, Silva and colleagues assessed two methodological approaches to the problem 
of predicting air pollution by particulate ma tter, reporting that MARS generated better 
predictions than the discriminant analysis 23. 

Application of these models to the monitoring  station Pudahuel shows that the predictor 
variables that best predict the answer would be (i) some PM10 concentrations: pm0, pm6 
and pm18 and (ii) meteorological variables: vvm dtm; this is consistent since MARS selected 
variables related to persistence of ventilation conditions, which are related to meteorology 23. 

Prediction methodologies give us adequate models to study particulate matter pollution. 
Gamma regression was generally lower in Class II hits than MARS models, except for 
predicting from 2003 to 2004, so MARS appears as a better prediction tool of pollution 
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episodes above the 240 (µg/m3). Additionally, an advantag e of the Gamma model is that 
generally makes better predictions for the class I (PM10 < 240 µg/m3), ie, is sensitive to 
values of concentrations of particulate matter associated to air quality good or warning; this 
would be given by the behavior of the variable of interest. For example, for 2001 the 
intervention measures explain the best fit of the Gamma modeling in that year, whereas 
later on these measures had a moderate impact on the values of the series of PM10, making 
these models less efficient compared to MARS, as happens for the years 2002, 2003 and 2004. 

This study basically aims to proposed models being able to detect concentrations above the 
threshold of 240 µg/m 3 that mandate periods of epidemiological alert in Santiago de Chile; 
this consideration would place the MARS modeling as a tool statisti cally more powerful 
than Gamma modeling. This last point is consistent with previous findings showing that 
MARS is more efficient than other techniques 4,23,27. This could be explained by the 
smoothing approximation that uses this me thodology generating breakdowns in the 
predictors time series and locally adjusting the basis functions in function on such nodes. 

5. Appendix 1. – Exponential smoothing 

This technique uses a smoothing constant; if the constant is close to 1 it affects very much 
the new forecast and conversely when this constant is close to 0, the new forecast will be 
very similar to the old observation . If you want a sharp response to changes in the predictor 
variable you must choose a large smoothing constant. The formula that relates the 
coefficient and the time series is given by [2] [2]

1(1 )t t tS S S� D � D���  � � � � where 

1(1 )t t tS x S� D � D���  � � � �; to generate the smoothing is necessary to have the values S0 and St, 
where xt corresponds to the values of the original series 16,26. 
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1. Introduction 

Air pollution is defined as the in troduction by man, directly or indirectly, of substances into 
the air which results in harmful effects of such  nature as to endanger human health, harm 
living resources and ecosystems, cause material damage, interfere with amenities and other 
legitimate uses of the environment (Uni ted Nations Environmen t Programme [UNEP], 
1999). The air pollution sources is categorized according to form of emissions whether 
gaseous or particulates. Air pollution sources also can be distinguished by primary or 
secondary air pollutants. Primary air pollutants ar e in the atmosphere that exists in the same 
form as in source emissions, whereas, secondary air pollutants are pollutants formed in the 
atmosphere as a result of reactions such as hydrolysis, oxidation, and photochemical 
oxidation (David Liu & Lipták, 2000). World He alth Organization (WHO) had been listed 
six “classic” air pollutants: carbon monoxide (CO), lead, nitrogen dioxide (NO 2), suspended 
particulate matter (SPM) sulphur dioxide (SO 2) and tropospheric ozone (O3) (World Health 
Organization [WHO], 1999).  

In Malaysia, the country’s air qualities were monitored by Department of Environment 
(DOE). The five main air pollutants focus in Malaysia air quality monitoring are CO, O 3, 
NO 2, SO2 and respirable SPM of less than 10 microns in size (PM10).  

CO is a colorless, odorless, tasteless gas. It produced by the incomplete combustion of 
carbon-based fuels and by some industrial and natural processes. NO2 is colorless, slightly 
sweet, relatively nontoxic gas. It has a pungent, irritating odor and, because of high 
oxidation rate, is relatively toxic and corrosive (Godish, 2004). O3 is formed in the air by the 
action of sunlight on mixtures of nitrogen oxides and VOCs. O3 concentrations are higher in 
the suburbs and in rural areas downwind of large cities than in  the city centre, due to ozone 
removal from the air by reactions with  nitric oxide and other components. SO2 is a colorless 
gas, which emitted from the combustion of fo ssil fuels and industrial refining of sulphur-
containing ores (McGranahan & Murray, 2003). Respirable SPM is a suspension of solid and 
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1. Introduction 

Air pollution is defined as the in troduction by man, directly or indirectly, of substances into 
the air which results in harmful effects of such  nature as to endanger human health, harm 
living resources and ecosystems, cause material damage, interfere with amenities and other 
legitimate uses of the environment (Uni ted Nations Environmen t Programme [UNEP], 
1999). The air pollution sources is categorized according to form of emissions whether 
gaseous or particulates. Air pollution sources also can be distinguished by primary or 
secondary air pollutants. Primary air pollutants ar e in the atmosphere that exists in the same 
form as in source emissions, whereas, secondary air pollutants are pollutants formed in the 
atmosphere as a result of reactions such as hydrolysis, oxidation, and photochemical 
oxidation (David Liu & Lipták, 2000). World He alth Organization (WHO) had been listed 
six “classic” air pollutants: carbon monoxide (CO), lead, nitrogen dioxide (NO 2), suspended 
particulate matter (SPM) sulphur dioxide (SO 2) and tropospheric ozone (O3) (World Health 
Organization [WHO], 1999).  

In Malaysia, the country’s air qualities were monitored by Department of Environment 
(DOE). The five main air pollutants focus in Malaysia air quality monitoring are CO, O 3, 
NO 2, SO2 and respirable SPM of less than 10 microns in size (PM10).  

CO is a colorless, odorless, tasteless gas. It produced by the incomplete combustion of 
carbon-based fuels and by some industrial and natural processes. NO2 is colorless, slightly 
sweet, relatively nontoxic gas. It has a pungent, irritating odor and, because of high 
oxidation rate, is relatively toxic and corrosive (Godish, 2004). O3 is formed in the air by the 
action of sunlight on mixtures of nitrogen oxides and VOCs. O3 concentrations are higher in 
the suburbs and in rural areas downwind of large cities than in  the city centre, due to ozone 
removal from the air by reactions with  nitric oxide and other components. SO2 is a colorless 
gas, which emitted from the combustion of fo ssil fuels and industrial refining of sulphur-
containing ores (McGranahan & Murray, 2003). Respirable SPM is a suspension of solid and 
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liquid particles in the air (Moussiopoulos, 2003) . The aerosol particles with an aerodynamic 
diameter of less than 10 µm and 2.5 µm are referred to as PM10 and PM2.5 respectively 
(Mkoma et al., 2010). The particles are also sites for accumulation of compounds of moderate 
volatility (Brimblecombe & Maynard, 2001). Many particulates in the air are metal 
compounds that can catalyze secondary reactions in the air or gas phase to produce aerosols 
as secondary products (David Liu & Lipták, 2000). 

1.1 Monitoring stations in Malaysia 

Department of Environment (DOE) monitors the country’s ambient air quality through a 
network of 51 Continuous Air Quality Moni toring stations (CAQM) (Department of 
Environment [DOE], 2008). Location of the CAQM in Peninsular Malaysia and East 
Malaysia are shown in Figure 1 and Figure 2 respectively. 

 
 
 
 

 
 
 
 

Fig. 1. Location of CAQM, Peninsular Malaysia, 2008 (Source: DOE, 2008). 
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Fig. 2. Location CAQM, East Malaysia, 2008 (Source: DOE, 2008). 

CAQM monitors a wide range of anthropogenic and natural emissions, there are SO2, NO2, 
O3, CO, and PM10 (Parkland Airshed Management Zone [PAMZ], 2009). 

CAQM (Figure 3) is designed to collect or measure data continuously during the monitoring 
period. CAQM typically include measurement instrumentation (for both pollutant gases 
and meteorological parameters); support in strumentation (support gases, calibration 
equipment); instrument shelters (temperature controlled enclosures); and data acquisition 
system (to collect and store data) (DOE, 2008). 

 
Fig. 3. Schematic Diagram of CAQM (Source: DOE, 2008). 
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DOE Malaysia publishes the air quality status to public using Air Pollutant Index (API) 
system on its website. The API system of Malaysia closely follows the Pollutant Standard 
Index (PSI) system of the United States. 

An API system normally includes the major air pollutants which could cause potential harm 
to human health should they reach unsafe levels. The air pollutants included in Malaysia’s 
API are O3, CO, NO2, SO2 and PM10. 

The Table 1 show the category corresponds to a different level of health concern. The five 
levels of health concern and what they mean are (DOE, 1997): 

�x "Good" API is 0 - 50. Air quality is considered satisfactory, and air pollution poses little 
or no risk.  

�x "Moderate" API is 51 - 100. Air quality is acceptable; however, for some pollutants there 
may be a moderate health concern for a very small number of people.  

�x "Unhealthy" API is 101 - 200. People with lung disease, older adults and children are at 
a greater risk from exposure to ozone, whereas persons with heart and lung disease, 
older adults and children are at greater risk from the presence of particles in the air. 
Everyone may begin to experience some adverse health effects, and members of the 
sensitive groups may experience more serious effects. 

�x "Very Unhealthy" API is 201 - 300. This would trigger a health alert signifying that 
everyone may experience more serious health effects.  

�x "Hazardous" API greater than 300. This would trigger a health warning of emergency 
conditions. The entire population is more likely to be affected.  

 
API Descriptor 
0-50 Good 

51-100 Moderate 
101-200 Unhealthy 
201-300 Very unhealthy 

>300 Hazardous 

(Source: DOE, 1997) 

Table 1. General human health effect and cautionary statements with in each of the API 
categories. 

1.2 Trend/status pollutions and air pollutants sources in Malaysia 

An annual Environmental Quality Report (EQR) had been published in compliance with the 
Section 3(1)(i) of the Environmental Quality Act 1974. The EQR reported that air quality, 
noise monitoring, river water quality, groundwa ter quality, marine and island marine water 
quality, and pollution sources inventor in Malaysia. 

In Malaysia EQR 2009, the air quality status reported in 5 regions of Malaysia. There are 
Selangor, northern region of west coast of Peninsular Malaysia (Perlis, Kedah, Pulau Pinang 
and Perak), southern region of west coast of Peninsular Malaysia (Negeri Sembilan, Melaka 
and Johor), east coast of Peninsular Malaysia (Pahang, Terengganu and Kelantan), as well as 
Sabah, Labuan and Sarawak. Meanwhile, the overall air quality for Malaysia in 2009 was 
between good to moderate levels most of the time. However, there was a slight decrease in 
the number of good air quality days recorded in 2009 (55.6 percent of the time) compared to 
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that in 2008 (59 percent of the time) while remaining 43 percent at moderate level and only 
1.4 percent at unhealthy level (DOE, 2009b).  

The highest number of unhealthy air quality st atus days was recorded in Shah Alam (41 
days) for the state of Selangor (Figure 4). Figure 4 also showed that, from year 2001 until 
2009, Shah Alam has the highest number of unhealthy air quality than other in the states of 
Selangor. The air quality of the northern and southern region of west coast of Peninsular 
Malaysia was between good to moderate most of the time. Then, east coast of Peninsular 
Malaysia the air quality remained good most of the time and occasionally moderate. Last, 
Sabah, Labuan and Sarawak were generally good and moderate. 

 
Fig. 4. Malaysia: Number of Unhealthy Days , Klang Valley, 2001-2009 (Source: DOE, 2009b). 

The air quality trend of five air pollutants for the period of 1998 to 2009 was showed in the 
EQR 2009. In 2009 the annual average value of PM10 (Figure 5) was 44 µg/m 3 and no 
significant change compared to the annual average of PM10 (42 µg/m 3) in 2008. The higher 
level of PM10 recorded in several areas in Selangor and Sarawak from June to August 2009  

 
 

Fig. 5. Malaysia: Annual Average Concentration of PM 10, 1999-2009 (Source: DOE, 2009b). 
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was caused by the incidences of local peat land fires and trans-boundary haze (DOE, 2009b). 
However, the trend of the annual average levels of PM10 concentration in the ambient air 
from 1999 to 2009 complied with the Malaysian Ambient Air Quality Guidelines (PM 10 
concentration not exceed 50 µg/m3). 

In EQR 2009, it is estimated that, the combined air pollutant emission load was 1,621,264 
metric tonnes of CO; 756,359 metric tonnes of NO2; 171,916 metric tonnes of SO2 and 27,727 
metric tonnes of PM10 (DOE, 2009b). There was an increase in emission load for CO, NO2 
and SO2 compared to 2008. Figure 6 (a-d) showed the emission by source for SO2, PM10, 
NO 2, and CO respectively. The results reveal that, power stations contributed the highest 
SO2 and NO2 emission load, 47% and 57% respectively. On the other hand, PM10 and CO the 
highest contributor were industries (49% ) and motor vehicles (95%) respectively. 

   
(a) SO2        (b) PM10 

 

  
(c) NO2        (d) CO 

Fig. 6. (a-d): Malaysia: Emission by Sources (Metric Tonnes), 2009 (Source: DOE, 2009b). 

2. Spatial air pollutants mapping in Malaysia 

Presenting of the air pollutant concentration or API to public always is a challenge for the 
DOE. Air pollutants data from the monitoring station present in numerical or literal form 
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are wearisome and cannot well present a large surrounding area. Meanwhile, actual 
situation of air pollution cannot be figured ou t to public. Moreover, the air pollutants data 
present in the numerical form have lack of geographical information. Beside, the way to get 
more actual pollution status in a huge area, have more monitoring stations is a high cost of 
the solvent method. Increase the monitoring station will increase the persistence of the 
pollution information. However, building new monitoring station is very costly. According 
to Alam Sekitar Malaysia Sdn. Bhd. (ASMA), an air monitoring station is cost about one 
million and the station only can present the area with the radius of 15 km. In other word, 
bigger areas for a States require more monitoring station and the higher cost of the air 
quality monitoring in the States. 

A picture can describe thousand words, air pollutants statuses describe in an image (spatial 
map) can be more easily been visualized. In this century, presenting the data in a compact 
and full of information ways are preferred. Th ere are many researcher nowadays attempt to 
study the dispersion of air pollutants with an im age. In this study, a GIS-based approach of 
spatio-temporal analysis is attempted to use for presenting the air pollutions situation in an 
area.  

Geographic information system (GIS) is an integrated assembly of computer hardware, 
software, geographic data and personnel designed to efficiently acquire, store, manipulate, 
retrieve, analyze, display and report all form s of geographically referenced information 
geared towards a particular set of purposes (Burrough, 1986; Kapetsky & Travaglia, 1995, as 
cited in Nath et al., 2000). The power of a GIS within the framework of spatio-temporal 
analysis depends on its ability to manage a wide range of data formats, which are 
represented by digital map layers extended by attributes with various observations, 
measurements and preprocessed data (Mat��jí��ek et al., 2006). The statistical data of the GIS 
can include area, perimeter and other quantitative estimates, including reports of variance 
and comparison among images (Nath et al., 2000). GIS is useful to produce the interpolated 
maps for visualization, and for raster GIS maps algebraic functions can calculate and 
visualize the spatial differences between the maps (Zhang & McGrath, 2003).  

Nowadays, the applications of the GIS become wider. The increased use of GIS creates an 
apparently insatiable demand for new, high resolution visual information and spatial 
databases (Pundt & Brinkkötter-Runde, 2000). GIS able to do spatio-temporal analysis due 
to its ability to manage a wide range of data formats, which are represented by digital map 
layers extended by attributes with variou s observations, measurements and preprocessed 
data (Mat��jí��ek et al., 2006).  

Concentration of pollutant present in spatio -temporal GIS-based image allow the reader 
more understand the real pollution level of the area. A GIS-based image with the 
coordination, geographical information, and the concentration of the air pollution can figure 
out or visualized the pollutant level of the study area. A GIS-based image of the spatio-
temporal analysis only requires few set of data from different monitoring stations. 
Dispersion of the air pollutants can be produc ed by the spatio-temporal analysis with few 
point of the air monitoring data. Pollution level of Malaysia can be present with lesser 
monitoring station build.  

Various technique of interpolating that GIS a llow user to interpolate the variation of air 
pollutants. Inverse Distance Weighted (IDW),  example, estimate of unknown value via a 
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known value with the decrease of value throug h the increase of the distance as a simple 
interpolation method for air pollutants.  

2.1 Inverse distance weighted of the PM 10 spatial mapping federal territory  
Kuala Lumpur 

Federal Territory Kuala Lumpur has the total areas of 243 km2 with the population of 
1,655,100 people in 2009. In year 2009, Kuala Lumpur has the highest population density in 
Malaysia with 6,811 people per km2 (Department of Statistics, 2009). Federal Territory Kuala 
Lumpur has a rapid transformation and its wider urban region during the last decade of the 
twentieth century demands greater critical scrutiny than it has so far attracted (Bunnell et 
al., 2002). Kuala Lumpur is the social and economic driving force of a nation eager to better 
itself, a fact reflected in the growing number of  designer bars and restaurants in the city, and 
in the booming manufacturing industries surrounding it (Ledesma et al., 2006). Figure 7 
shows the average temperature and the rainfall in area of Kuala Lumpur, temperatures have 
not much different and humidity  is high all year around. 

 
Fig. 7. Graph average daily temperature and rainfall (Source: Ledesma et al., 2006). 

Air quality of a small area with a high population is the most concern issue for the 
government. It cannot be ignoring to study the dispersion of the pollutants. In year 1997, 
Kuala Lumpur and surrounding areas had been shrouded by haze with a pall of noxious 
fumes, smelling of ash and coal, caused by the fires in the forests to clear land during dry 
weather at neighbor country Indonesia’s Sumatra Island (msnbc.com, 2010). In year 2005, 
the highest number, 67 days, of unhealthy day were recorded in Kuala Lumpur (DOE, 2006). 

In section 2.1 and 2.2, IDW is the method used to interpolate the dispersion of PM 10 
concentrations in Kuala Lumpur. Changing of the study of pollu tant with the air monitoring 
station had to change to more presentable of dispersion image form. The dispersion of the 
PM10 concentration in Kuala Lumpur using the inte rpolation of IDW is the first attempted to 
have spatial air pollutants mapping in Malaysia. Some more, API in Malaysia always show 
by the concentration of PM10 (DOE, 2009a), which mean that PM10 is the parameter most 
contribute to the air pollution in Malaysia. So that, PM 10 was chose as study air pollutant. 
PM10 concentration data which collected from DOE are the main data were used.  

0

50 
100 
150 
200 
250 
300 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Rainfall (mm)

30

30.5

31

31.5

32

32.5

33

33.5

Temperature (°C)

Rainfall (mm) 
Max (°C) 

Mapping the Spatial Distribution of Criteria Air Pollutants  
in Peninsular Malaysia Using Geographical Information System (GIS) 

 

161 

There are three air monitoring stations located at the Federal Territory Kuala Lumpur. 
CAQM which build at Kuala Lumpur are station CA0012, station CA0016 and station 
CA0054 (Figure 8). Station CA0012 operated since December 1996 and ceased operation on 
February 2004. Whereas, Station CA0016 and CA0054 operated since December 1996 and 
February 2004 respectively until today both still well monitoring the air quality in Federal 
Territory Kuala Lumpur. However, to make th e interpolation more persistent, all the PM 10 
data which the CAQM located in States of Selangor were obtained to do the interpolation of 
the dispersion in Kuala Lumpur. Figure 9 sh ow the CAQM station location on Selangor 
map. 
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known value with the decrease of value throug h the increase of the distance as a simple 
interpolation method for air pollutants.  

2.1 Inverse distance weighted of the PM 10 spatial mapping federal territory  
Kuala Lumpur 

Federal Territory Kuala Lumpur has the total areas of 243 km2 with the population of 
1,655,100 people in 2009. In year 2009, Kuala Lumpur has the highest population density in 
Malaysia with 6,811 people per km2 (Department of Statistics, 2009). Federal Territory Kuala 
Lumpur has a rapid transformation and its wider urban region during the last decade of the 
twentieth century demands greater critical scrutiny than it has so far attracted (Bunnell et 
al., 2002). Kuala Lumpur is the social and economic driving force of a nation eager to better 
itself, a fact reflected in the growing number of  designer bars and restaurants in the city, and 
in the booming manufacturing industries surrounding it (Ledesma et al., 2006). Figure 7 
shows the average temperature and the rainfall in area of Kuala Lumpur, temperatures have 
not much different and humidity  is high all year around. 

 
Fig. 7. Graph average daily temperature and rainfall (Source: Ledesma et al., 2006). 

Air quality of a small area with a high population is the most concern issue for the 
government. It cannot be ignoring to study the dispersion of the pollutants. In year 1997, 
Kuala Lumpur and surrounding areas had been shrouded by haze with a pall of noxious 
fumes, smelling of ash and coal, caused by the fires in the forests to clear land during dry 
weather at neighbor country Indonesia’s Sumatra Island (msnbc.com, 2010). In year 2005, 
the highest number, 67 days, of unhealthy day were recorded in Kuala Lumpur (DOE, 2006). 

In section 2.1 and 2.2, IDW is the method used to interpolate the dispersion of PM 10 
concentrations in Kuala Lumpur. Changing of the study of pollu tant with the air monitoring 
station had to change to more presentable of dispersion image form. The dispersion of the 
PM10 concentration in Kuala Lumpur using the inte rpolation of IDW is the first attempted to 
have spatial air pollutants mapping in Malaysia. Some more, API in Malaysia always show 
by the concentration of PM10 (DOE, 2009a), which mean that PM10 is the parameter most 
contribute to the air pollution in Malaysia. So that, PM 10 was chose as study air pollutant. 
PM10 concentration data which collected from DOE are the main data were used.  
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There are three air monitoring stations located at the Federal Territory Kuala Lumpur. 
CAQM which build at Kuala Lumpur are station CA0012, station CA0016 and station 
CA0054 (Figure 8). Station CA0012 operated since December 1996 and ceased operation on 
February 2004. Whereas, Station CA0016 and CA0054 operated since December 1996 and 
February 2004 respectively until today both still well monitoring the air quality in Federal 
Territory Kuala Lumpur. However, to make th e interpolation more persistent, all the PM 10 
data which the CAQM located in States of Selangor were obtained to do the interpolation of 
the dispersion in Kuala Lumpur. Figure 9 sh ow the CAQM station location on Selangor 
map. 

 
 
 
 
 

 
 
 
 
 

Fig. 8. Kuala Lumpur map with the located CAQM. 
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Fig. 9. Selangor map with the located CAQM. 

Table 2 showed geographical information for th e CAQM stations in Selangor, latitude and 
longitude had been converted to Rectified Skewered Orthomocphic (RSO) map projection, 
X-Y coordinate. RSO is a local map projection commonly used in Malaysia. 
 

Station 
Code 

Latitude Longtide 
x 

(meters) 
y 

(meters) 
Jan-04 

(µg/m 3) 
Feb-04 

(µg/m 3) 

CA0005 3º15.702'N 101º39.103'E 406223.4 360936.1 53 62 

CA0011 3º00.620'N 101º24.484'E 379076.9 333208.9 65 73 

CA0016 3º06.612'N 101º42.274'E 412048.4 344183.5 47 64 

CA0023 2º59.645'N 101º44.417'E 416001.4 331336.1 33 48 

CA0025 3º04.636'N 101º30.673'E 390551.5 340581.4 54 61 

CA0048 3º19.592'N 101º15.532'E 362596.0 368240.6 57 68 

CA0053 2º56'37.81N 101º41'54.25E 411326.1 325756.9 33 45 

CA0054 3º06.376'N 101º43.072'E 413529.3 343750.0 44 77 

Table 2. Geographical information for the CAQM stations in Selangor. 
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IDW interpolations for the dispersion PM 10 concentration in Kuala Lumpur was computed 
by the GIS software validate with the in-situ moni toring (section 2.2.1). Then, the result will 
be further discussed in section 2.2. GIS software integrated collection of computer software 
and data used to view and manage informat ion about geographic places, analyze spatial 
relationships, and model spatial processes. GIS provides a framework for gathering and 
organizing spatial data and related informatio n so that it can be displayed and analyzed. 

2.2 Decision making mapping 

IDW method interpolates the pollutants concen tration to a spatial air pollutants mapping. 
Spatial air pollutants mapping clearly show the dispersion of pollutant in a study area and 
leave a visual tool to the decision maker or public. Referring to the dispersion of PM 10 
concentrations in Kuala Lumpur, it is more eas ily been visualized the air pollution status in 
Kuala Lumpur.  

Figure 10 show the IDW interpolation of the dispersion of PM 10 concentration in Federal 
Territory Kuala Lumpur March 2004. Two points  shown in the map are the located CAQM 
stations in Kuala Lumpur. Interpolation of the dispersion PM 10 concentration show the PM10 
concentrations decreasing when the distance from the CAQM station increasing. The nearest 
areas, Cheras, shows highest interpolate PM 10 concentration which in the range 70 – 73 
µg/m 3. The interpolation show areas of Cheras having a highest value this is due to the high  

 
 

Fig. 10. Dispersion of PM10 Concentration at Kuala Lumpur March 2004. 
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PM10 concentration at the CA0054 obtained is high and the Cheras is the nearest to the 
CA0054. Then, areas of Ampang and Sungai Besi have the estimated PM10 concentrations 
about 66 – 70 µg/m3 as well as areas of Damansara and Sentul having 62 – 66 µg/m3 of 
estimation PM10 concentrations. The areas of Sungai Besi, Ampang, Damansara and Sentul 
respectively far from the CAQM areas, so that, the interpolation PM 10 concentration 
decreasing across the areas. 

One of the great powers of the GIS is the analysis of the values for every raster. Users can 
analysis the value of mean, maximum or minimum for a set of spatial air pollutants 
mapping. Figure 11 show the mean for the estimation dispersion of PM 10 concentration from 
year 2004 until 2008. Averages of the dispersion of PM10 concentrations from year 2004 until 
2008 are in the range of 44 – 54 µg/m3. Areas of Cheras and Sungai Besi show the PM10 
concentration between 52 – 54 µg/m3. There are two factors effected the high average of the 
interpolation PM 10 concentration at the middle areas of Kuala Lumpur. First, the values use 
for the interpolation, CAQM data, located at the middle areas of Kuala Lumpur. Second, the 
centering of human daily activiti es at the middle of Kuala Lumpur also effected the highest 
concentration of PM10 at the middle areas of Kuala Lumpur. Next, areas of Damansara and 
Ampang have about 49 – 52 µg/m 3 estimation of PM10 concentrations. As well as areas of 
Sentul show 47 – 49 µg/m3 of PM10 concentrations. Areas far apart from the CAQM station, 
CA0016 and CA0054, have lower average PM10 concentration. 

 
 

Fig. 11. Mean PM10 Concentration at Kuala Lumpur from 2004-2008. 
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Figure 12 shows the maximum for the estimation dispersion of PM 10 concentration from 
year 2004 until 2008. Maximum of the dispersion of PM10 concentrations from year 2004 
until 2008, at the middle areas of Federal Territory Kuala Lumpur, is in the range of 112 – 
118 µg/m 3. The highest maximum values show are nearest to the CA0016 station, which 
mean that the maximum PM 10 concentrations are obtained from the CA0016 station. The 
maximum values of 118 µg/m 3 have the API of 84 and this shows “Moderate” in the API 
status. Areas of Cheras, Sungai Besi, Damansara and Ampang show the PM10 concentration 
between 107 – 112 µg/m3. Next, areas of Sentul show about 102 – 107 µg/m3 of PM10 

concentrations. All the areas in Kuala Lump ur show “Moderate” API status for the 
maximum PM 10 concentration.  

 
Fig. 12. Maximum PM10 Concentration at Kuala Lumpur from 2004-2008. 

The weather in Malaysia is characterized by two monsoon regimes, namely, the Southwest 
Monsoon from late May to September, and the Northeast Monsoon from November to 
March (Weather Phenomena, 2009). The dispersion of PM10 concentration in Federal 
Territory Kuala Lumpur during Southwest Mo nsoon and Northeast Monsoon can be easily 
showed by the aid of analysis tool of GIS. The haze which shrouded the Kuala Lumpur and 
surrounding areas in year 1997 is one of the effects of the Southwest Monsoon. The wind 
blowing from the Southwest bring along the ai r pollutant from the neighbor Indonesia’s 
Sumatra Island. Addition, during Southwest monsoon, Peninsular Malaysia will have less 
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rain and dry. Otherwise, during Northeast mo nsoon, Peninsular Malaysia will have heavy 
rain and flooding (Ecographica, 2010). 

The mean of the PM10 concentration dispersion in Kuala Lumpur during Northeast 
Monsoon year 2004 until 2008 is show in Figure 13 Averages of the dispersion of PM10 
concentrations during Northeast Monsoon from  year 2004 until 2008 are in the range of 39 – 
50 µg/m 3. The higher average of PM10 concentration is about 47 – 50 µg/m3, it shown in the 
middle areas of Kuala Lump ur. The highest mean PM10 concentrations shows are nearest to 
the station CA0016. Areas of Cheras, Sungai Besi, Damansara and Ampang show the PM10 
concentration between 45 – 47 µg/m3. Next, areas of Sentul show about 42 – 45 µg/m3 of 
PM10 concentrations. The dispersion PM10 concentration of mean during Northeast monsoon 
is similar with the dispersion of maximum PM 10 concentration along the year 2004 till 2008. 
Both image shown the highest value of PM10 concentrations are nearest to the CAQM 
station, CA0016.  

 
Fig. 13. Mean PM10 Concentration at Kuala Lumpur during Northeast Monsoon Nov-Mar 
2004-2008. 

Figure 14 shows the maximum for the dispersion of PM 10 concentration during Northeast 
Monsoon from year 2004 until 2008. Maximum of the dispersion of PM 10 concentrations 
during Northeast Monsoon from year 2004 un til 2008, at the areas of Cheras and 
Damansara, is in the range of 54 – 58 µg/m3. Areas of Sungai Besi and Ampang show the 
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PM10 concentration between 50 – 54 µg/m3. Next, areas of Sentul show about 47 – 50 µg/m3 
of PM10 concentrations during the Northeast Monsoon. 

 
Fig. 14. Maximum PM10 Concentration at Kuala Lumpur  during Northeast Monsoon Nov-
Mar 2004-2008. 

The dispersion PM10 concentration of mean during Northeast monsoon is similar with the 
dispersion of mean PM10 concentration along the year 2004 till 2008. During the wet season 
or Northeast monsoon, the maximum of PM 10 concentration can be seen are the averaging of 
the PM10 concentration. Meanwhile, the mean of the PM10 concentration dispersion in Kuala 
Lumpur during Southwest Monsoon year 2004 unt il 2008 is shows in Figure 15. Averages of 
the dispersion of PM10 concentrations during Southwest Monsoon from year 2004 until 2008 
are in the range of 52 – 60 µg/m3. Areas of Cheras, Sungai Besi, and Damansara show the 
highest PM10 concentration between 57 – 60 µg/m3. Next, areas of Ampang show about 55 – 
57 µg/m 3 of PM10 concentrations. As well as areas of Sentul, the PM10 concentrations are in 
the range of 52 – 55 µg/m3. The averaging of the PM10 concentration during Southwest 
monsoon or dry season is higher than the overall averaging PM10 concentration from year 
2004 until 2008. This shows that Kuala Lumpur had a higher pollution during the dry 
season.  

Figure 16 shows the maximum for the dispersion of PM 10 concentration during Southwest 
Monsoon from year 2004 until 2008. Maximum of the dispersion of PM 10 concentrations 
during Southwest Monsoon from year 2004 until 2008, at the middle areas of Federal 
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Territory Kuala Lumpur, is in the range of 72 – 75 µg/m 3. The highest maximum PM10 
concentrations shows are around the areas of station CA0016. Areas of Cheras, Damansara, 
Sungai Besi and Ampang show the PM10 concentration between 69 – 72 µg/m3. Next, areas 
of Sentul show about 63 – 66 µg/m3 of PM10 concentrations during the Southwest Monsoon. 

 
Fig. 15. Mean PM10 Concentration at Kuala Lumpur during Southwest Monsoon May-Sep 
2004-2008. 

The dispersion of PM10 concentration during Southwest monsoon or dry season is show 
similarity with the overall maximum PM 10 concentration from year 2004 until 2008. During 
dry season or Southwest monsoon, the average of the PM10 concentration show higher value 
than wet season or Northeast monsoon. As well as the maximum PM10 concentration during 
Southwest monsoon also show higher than during Northeast monsoon. From Figure 15 and 
Figure 16, the highest PM10 concentration show during Southwest Monsoon. The maximum 
concentration of PM10 during Southwest Monsoon is 75 µg/m 3, whereas, during Northeast 
Monsoon the PM10 concentration is 58 µg/m 3. The overall maximum PM 10 concentrations 
from year 2004 until 2008, it can be said similar with the mean PM10 concentration during 
Northeast monsoon and maximum PM 10 concentration during Southwest monsoon. In other 
word, the overall maximum PM 10 concentrations from year 2004 till 2008 most of it are 
contribute by the maximum PM 10 concentrations during the dry season, Southwest 
monsoon. However, the maximum PM 10 concentration shown in the Figure 12, Maximum 
PM10 concentration from year 2004 till 2008 is 118 µg/m3. This value is not found in the PM 10 
concentration during monsoon, it can be said that it is in intermediate of the monsoon.  
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Fig. 16. Maximum PM10 Concentration at Kuala Lumpur during Southwest Monsoon May-
Sep 2004-2008. 

2.2.1 Validation of IDW interpolation 

IDW interpolations for the dispersion PM 10 concentration in Kuala Lumpur have to validate 
with the in-situ monitoring. Due to the diff erences device are using to detect the PM10 
concentration, one relationship have to make between the data of both devices. The DOE 
PM10 concentration data is the main reference in this study. The compatible in-situ PM 10 
concentrations, after that, are used to validate the interpolation of the dispersion. 

Equation 1, the regression between CAQM data and Casella Microdust Pro (PM10 detection 
device) data (Figure 17), had been formed. Equation 1 showed the linear relationship 
between CAQM data and Casella Microdust Pro data with the correlation coefficient of 
0.148, weak relationship: 

 y  46.173  0.098x� ��  (1) 

where, y is CAQM PM 10 concentrations and x is Casella Microdust Pro PM10 
concentrations respectively. However, equation 1 makes the Casella Micodust Pro data 
more compatible to the CAQM data. 
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2004-2008. 

The dispersion of PM10 concentration during Southwest monsoon or dry season is show 
similarity with the overall maximum PM 10 concentration from year 2004 until 2008. During 
dry season or Southwest monsoon, the average of the PM10 concentration show higher value 
than wet season or Northeast monsoon. As well as the maximum PM10 concentration during 
Southwest monsoon also show higher than during Northeast monsoon. From Figure 15 and 
Figure 16, the highest PM10 concentration show during Southwest Monsoon. The maximum 
concentration of PM10 during Southwest Monsoon is 75 µg/m 3, whereas, during Northeast 
Monsoon the PM10 concentration is 58 µg/m 3. The overall maximum PM 10 concentrations 
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contribute by the maximum PM 10 concentrations during the dry season, Southwest 
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concentration during monsoon, it can be said that it is in intermediate of the monsoon.  

Mapping the Spatial Distribution of Criteria Air Pollutants  
in Peninsular Malaysia Using Geographical Information System (GIS) 

 

169 

 
 
 

Fig. 16. Maximum PM10 Concentration at Kuala Lumpur during Southwest Monsoon May-
Sep 2004-2008. 

2.2.1 Validation of IDW interpolation 

IDW interpolations for the dispersion PM 10 concentration in Kuala Lumpur have to validate 
with the in-situ monitoring. Due to the diff erences device are using to detect the PM10 
concentration, one relationship have to make between the data of both devices. The DOE 
PM10 concentration data is the main reference in this study. The compatible in-situ PM 10 
concentrations, after that, are used to validate the interpolation of the dispersion. 

Equation 1, the regression between CAQM data and Casella Microdust Pro (PM10 detection 
device) data (Figure 17), had been formed. Equation 1 showed the linear relationship 
between CAQM data and Casella Microdust Pro data with the correlation coefficient of 
0.148, weak relationship: 

 y  46.173  0.098x� ��  (1) 

where, y is CAQM PM 10 concentrations and x is Casella Microdust Pro PM10 
concentrations respectively. However, equation 1 makes the Casella Micodust Pro data 
more compatible to the CAQM data. 
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Fig. 17. Regression between CAQM data and Casella Mircodust Pro data. 

Figure 18 showed the dispersion of PM10 concentration in Kuala Lumpur at 3pm 1/12/2009 
with the selected in-situ monito ring point. The interpolated PM 10 concentration for the 
selection monitoring point, Sekolah Jenis Kebangsaan (C) Chi Man, is extracted from Figure 
18. The interpolated PM10 concentration the selected point is 30.178 µg/m3. Then, the 
interpolated PM 10 concentration, data on map, compare with the in-situ monitoring PM 10 
concentration. 

 
Fig. 18. Dispersion of PM10 concentration in Kuala Lumpur at 3pm 1/12/2009. 
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Equation 2, the regression between interpolated and in-situ monitoring PM 10 concentrations, 
formed (Figure 19). The relationship between interpolated and in-situ monitoring PM 10 
concentrations is double reciprocal with the correlation coefficient 0.289: 
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where, y is the in-situ monitoring PM 10 concentrations or the actual PM10 concentration; 
then, x is the interpolated or Spatio-temporal PM 10 concentrations.  

 
Fig. 19. Regression between interpolated and in-situ monitoring PM 10 concentrations. 

A model is considered validate if the calculated and measured values do not differ by more 
than approximately a factor of 2 (Pratt et al., 2004; Weber, 1982). Table 3 show a part of the 
interpolated (Spatio-temporal) and in-situ monitoring (Microdust) PM 10 concentrations and 
have not differ by more than a factor of 2, thus, the IDW interpolation method can be used 
to describe the PM10 dispersion in Kuala Lumpur. 
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Table 3. A part of Microdust and Spatio-temporal PM 10 concentration. 
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3. Conclusion 

Malaysia air quality monitoring generally are focused on five air pollutants which are CO, 
O3, NO2, SO2 and PM10. Ambient air quality monitoring in Malaysia was installed, operated 
and maintained by ASMA under concession by the DOE through a network of 51 CAQM. 
CAQM monitors a wide range of anthropogenic and natural emissions; there are SO2, NO2, 
O3, CO, and PM10. 

Similar to other ASEAN countries, the air quality in Malaysia is reported as the API. API 
system of Malaysia closely follows the PSI system of the United States. Four of the index's 
pollutant components (i.e., CO, O3, NO2, and SO2) are reported in ppmv on the other hand 
PM10 is reported in µg/m 3. An individual score is assigned to the level of each pollutant and 
the final API is the highest of those 5 scores. To reflex the status of the air quality and its 
effects on human health, the ranges of index values is categorized as follows: good (0-50), 
moderate (51-100), unhealthy (101-200), very unhealthy (201-300) and hazardous 
(>300).Most of the time, API in Malaysia is always based on the concentration of PM10. 

EQR 2009 reported that, there was a slight decrease in the number of good air quality days 
recorded in 2009 (55.6 percent of the time) compared to that in 2008 (59 percent of the time) 
while remaining 43 percent at moderate level and only 1.4 percent at unhealthy level. It is 
estimated that, the combined air pollutant emi ssion load was 1,621,264 metric tonnes of CO; 
756,359 metric tonnes of NO2; 171,916 metric tonnes of SO2 and 27,727 metric tonnes of PM10. 
There have a change of presenting air pollutants data in spatial from the wearisome 
numerical or literal fo rm. The dispersion PM10 concentration, spatial PM10 mapping, was 
drawn by the IDW method. The results reve al that decreasing of estimation PM10 
concentration with the increasing of the di stance between the CAQM. The average of the 
dispersion of PM 10 from year 2004 until 2008 is in the range of 44 – 54 µg/m3. The maximum 
of the dispersion of PM10 concentrations from year 2004 until 2008 is about 112 – 118 µg/m3. 
During the Northeast Monsoon and Southwest Monsoon, the mean are in the range 39 – 50 
µg/m 3 and 52 – 60 µg/m3 respectively. The maximum concentration of PM 10 during 
Southwest Monsoon is 75 µg/m 3, whereas, during Northeast Monsoon the PM 10 
concentration is 58 µg/m 3. The intermediate monsoon period PM10 concentration is the 
highest value contribution of the PM 10 concentrations to the maximum overall the year 2004 
until 2008.  

The different between the interpol ated and in-situ monitoring PM 10 concentration at the 
selected point have not differ by more than a factor of 2, thus, the IDW interpolation method 
can be used to describe the PM10 dispersion in Kuala Lumpur. Do uble reciprocal relationship 
formed between in-situ monitoring data and estimation IDW data with the correlation 
coefficient 0.289. Therefore, the IDW interpolation method is suitable for determining the air 
pollution status in areas which are not covered by the monitoring stations. 
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1. Introduction 

Composition of the Earth’s atmosphere is evolving in time in continuous interaction with 
the land, ocean, and biosphere. Growth of the world’s population leads to increased human 
impact on the nature, causing substantial changes in atmospheric composition due to 
additional emissions of gases and particles. The concerns about the consequences of the 
human induced changes have resulted in the ratification of several important international 
agreements regulating anthropogenic emissions of different substances. To understand the 
reasons and consequences of the atmospheric composition change complex multi-
component global observations are essential. In spite of the long enough history of the 
observations several parts of the world still remain sparsely covered by observations, and 
Russia is among such regions.  

Due to a huge territory and diverse climatic cond itions it is extremely difficult to cover the 
territory of the world’s biggest country, Russia,  by the observational network of the proper 
spatial resolution. Moreover, disproportions of the industrial development of different 
regions, the dominance of natural resource-based industry, and varied application of 
imperfect technologies, have produced non-uniformities in pollution level in the different 
regions of the country. At the same time, over 65% of the territory contains almost no 
industrial activity, and the ecosystem state is close to the background conditions.  

Ecosystems are very diverse in Russia as well. The Russian boreal forests (73% of the world 
area of such forests), wetlands and peatland ecosystems are the most capacious reservoir of 
carbon and powerful sources/sinks of the gree nhouse and reactive gases. These systems are 
climate sensitive and need careful assessment under changing conditions. 

Due to degradation of the efficiency of the Russian meteorological network in the beginning 
of 1990s and termination of the background monitoring of O 3, NOx, SO2, and aerosol by 
many stations the question arose on how to continue with the observations of the key 
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pollutants in the most efficient way. In this crucial period (February, 1995) Dr. Prof. P.J. 
Crutzen proposed to the director of the A. M. Obukhov Institute of Atmospheric Physics 
(OIAP), academician G.S. Golitsyn, carrying out observations of surface ozone and its 
precursors from a passenger train moving along the Trans-Siberian Railroad. In November–
December 1995 the first experiment of such kind was performed utilizing a specialized car-
laboratory. Experience of the first campaign demonstrated that reliable information on the 
regional boundary layer composition can be obtained if the car-laboratory is coupled at the 
head of a train moving along electrified ra ilroads (Crutzen et al ., 1996). Since then the 
experiments are performed on a regular basis and comprise the Trans-Continental (or Trans-
Siberian) Observations Into the Chemistry of the Atmosphere (TROICA) project.  

The routes and the dates of expeditions are summarized in Table 1. TROICA expeditions 
were mainly performed along the Trans-Siberian Railroad on the Moscow-Khabarovsk or 
Moscow-Vladivostok routes. The most complic ated program was performed in 2000; it 
consisted of monitoring along the railroad fr om Murmansk to Kislovodsk and monitoring 
based on stationary scientific stations located on the Kola Peninsula, in central regions of 
Russia, in the town of Kislovodsk, and in the mountainous North-Caucasian region. The 
measurements were performed everywhere in “local spring” allowi ng for study of the 
transition from winter to summer conditions. 
 

Experiment Date  Route 
TROICA-1 17/11 -  2/12/1995  N.Nov gorod-Khabarovsk-Moscow  
TROICA-2 26/07 – 13/08/1996  N.Nov gorod-Vladivostok-Moscow  
TROICA-3 1/04 – 14/04/1997  N.Nov gorod-Khabarovsk-Moscow  
TROICA-4 17/02  – 7/03/1998  N.Nov gorod-Khabarovsk-N.Nov gorod 

TROICA-5 26/06 - 13/07/1999 
N.Nov gorod-Khabarovsk-Moscow  
Ob river beating 

TROICA-6 6/04 – 25/06/2000 
Moscow-Murmansk-Kislovodsk-Kislovodsk-
Murmansk-Moscow 
Observations at 4 stations 

TROICA-7 27/06 – 10/07/2001 Moscow-Khabarovsk-Moscow 

TROICA-8 19/03  – 1/04/2004  Moscow-Khabarovsk-Moscow  
TROICA-9 4/10  – 18/10/2005  Moscow-Vladivostok-Moscow  
TROICA-10 4/10  - 7/10/2006  Arou nd and cross-section of Moscow megacity 
TROICA-11 22/07 - 5/08/2007  Moscow-Vladivostok-Moscow  
TROICA-12 21/07 - 4/08/2008  Moscow-Vladivostok-Moscow  
TROICA-13 9/10  – 23/10/2009  Moscow-Vladivostok-Moscow  

TROICA-14 
26/05 – 24/06/2010  
 

Moscow-Murmansk-Sochi-Murmansk-Moscow 

TROICA-15 7/12  – 10/12/2010  Moscow-S.-Petersburg- N.Nov gorod-Moscow 

Table 1. TROICA experiments: dates and routes. 

In October 2006, the Moscow megacity was circumnavigated (mean radius ~70km) three 
times via the electrified circuit railroad and Moscow city was traversed twice (TROICA-10). 
In the course of the TROICA-5 experiment, shipboard atmospheric monitoring was 
performed while traveling down the 2000 km Ob Rive r starting from the city of Novosibirsk.  
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2. TROICA observing system 

In 2003 OIAP together with the Russian Research Institute of Railway Transport (RRIRT) 
constructed and equipped a new mobile laboratory (Fig.1). It consists of two cars intended 
for continuous measurements of gas and aerosol concentrations and of radiative and 
meteorological parameters. It also housed equipment for chemical analysis of air, water, 
soil, and vegetation samples (Elansky, 2007; Elansky et al., 2009). Interior of the car is 
shown in Fig.2. 

  
Fig. 1. Mobile laboratory for TROICA experiments (from TROICA-8 on) and its set up in the 
passenger train. 

  
Fig. 2. Interior of the laboratory for atmospheric monitoring. 

Since January 2009, the scientific instrumentation included the: 

�x instruments for continuous measurement of the gas mixing ratios: gas analyzers, 
chromatographs, PTR-MS; 

�x instruments for continuous measurements of concentration and microphysical 
characteristics of aerosols: particle counters, nephelometers, aerosol spectrometer, 
aetholometer, trap for bio-aerosol and radiometer-spectrometer analyzing gamma-
radiation;  

�x instruments for remote sounding of the co mposition of the troposphere and the middle 
atmosphere: photometer, spectrophotometers operating in the UV-VIS and IR spectral 
regions (including MAX-DOAS and microwave spectro-radiometer);  

�x instruments for measurements of the solar radiation, optical and meteorological 
characteristics of the atmosphere: spectrometer, fluxmeters operating in the UV, VIS 
and IR spectral regions, photometers for determining the rate of NO 2 photodissociation, 
a temperature profiler, sonic anemometer and meteorological sensors;  
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pollutants in the most efficient way. In this crucial period (February, 1995) Dr. Prof. P.J. 
Crutzen proposed to the director of the A. M. Obukhov Institute of Atmospheric Physics 
(OIAP), academician G.S. Golitsyn, carrying out observations of surface ozone and its 
precursors from a passenger train moving along the Trans-Siberian Railroad. In November–
December 1995 the first experiment of such kind was performed utilizing a specialized car-
laboratory. Experience of the first campaign demonstrated that reliable information on the 
regional boundary layer composition can be obtained if the car-laboratory is coupled at the 
head of a train moving along electrified ra ilroads (Crutzen et al ., 1996). Since then the 
experiments are performed on a regular basis and comprise the Trans-Continental (or Trans-
Siberian) Observations Into the Chemistry of the Atmosphere (TROICA) project.  

The routes and the dates of expeditions are summarized in Table 1. TROICA expeditions 
were mainly performed along the Trans-Siberian Railroad on the Moscow-Khabarovsk or 
Moscow-Vladivostok routes. The most complic ated program was performed in 2000; it 
consisted of monitoring along the railroad fr om Murmansk to Kislovodsk and monitoring 
based on stationary scientific stations located on the Kola Peninsula, in central regions of 
Russia, in the town of Kislovodsk, and in the mountainous North-Caucasian region. The 
measurements were performed everywhere in “local spring” allowi ng for study of the 
transition from winter to summer conditions. 
 

Experiment Date  Route 
TROICA-1 17/11 -  2/12/1995  N.Nov gorod-Khabarovsk-Moscow  
TROICA-2 26/07 – 13/08/1996  N.Nov gorod-Vladivostok-Moscow  
TROICA-3 1/04 – 14/04/1997  N.Nov gorod-Khabarovsk-Moscow  
TROICA-4 17/02  – 7/03/1998  N.Nov gorod-Khabarovsk-N.Nov gorod 

TROICA-5 26/06 - 13/07/1999 
N.Nov gorod-Khabarovsk-Moscow  
Ob river beating 

TROICA-6 6/04 – 25/06/2000 
Moscow-Murmansk-Kislovodsk-Kislovodsk-
Murmansk-Moscow 
Observations at 4 stations 

TROICA-7 27/06 – 10/07/2001 Moscow-Khabarovsk-Moscow 

TROICA-8 19/03  – 1/04/2004  Moscow-Khabarovsk-Moscow  
TROICA-9 4/10  – 18/10/2005  Moscow-Vladivostok-Moscow  
TROICA-10 4/10  - 7/10/2006  Arou nd and cross-section of Moscow megacity 
TROICA-11 22/07 - 5/08/2007  Moscow-Vladivostok-Moscow  
TROICA-12 21/07 - 4/08/2008  Moscow-Vladivostok-Moscow  
TROICA-13 9/10  – 23/10/2009  Moscow-Vladivostok-Moscow  

TROICA-14 
26/05 – 24/06/2010  
 

Moscow-Murmansk-Sochi-Murmansk-Moscow 

TROICA-15 7/12  – 10/12/2010  Moscow-S.-Petersburg- N.Nov gorod-Moscow 

Table 1. TROICA experiments: dates and routes. 

In October 2006, the Moscow megacity was circumnavigated (mean radius ~70km) three 
times via the electrified circuit railroad and Moscow city was traversed twice (TROICA-10). 
In the course of the TROICA-5 experiment, shipboard atmospheric monitoring was 
performed while traveling down the 2000 km Ob Rive r starting from the city of Novosibirsk.  
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2. TROICA observing system 

In 2003 OIAP together with the Russian Research Institute of Railway Transport (RRIRT) 
constructed and equipped a new mobile laboratory (Fig.1). It consists of two cars intended 
for continuous measurements of gas and aerosol concentrations and of radiative and 
meteorological parameters. It also housed equipment for chemical analysis of air, water, 
soil, and vegetation samples (Elansky, 2007; Elansky et al., 2009). Interior of the car is 
shown in Fig.2. 

  
Fig. 1. Mobile laboratory for TROICA experiments (from TROICA-8 on) and its set up in the 
passenger train. 

  
Fig. 2. Interior of the laboratory for atmospheric monitoring. 

Since January 2009, the scientific instrumentation included the: 

�x instruments for continuous measurement of the gas mixing ratios: gas analyzers, 
chromatographs, PTR-MS; 

�x instruments for continuous measurements of concentration and microphysical 
characteristics of aerosols: particle counters, nephelometers, aerosol spectrometer, 
aetholometer, trap for bio-aerosol and radiometer-spectrometer analyzing gamma-
radiation;  

�x instruments for remote sounding of the co mposition of the troposphere and the middle 
atmosphere: photometer, spectrophotometers operating in the UV-VIS and IR spectral 
regions (including MAX-DOAS and microwave spectro-radiometer);  

�x instruments for measurements of the solar radiation, optical and meteorological 
characteristics of the atmosphere: spectrometer, fluxmeters operating in the UV, VIS 
and IR spectral regions, photometers for determining the rate of NO 2 photodissociation, 
a temperature profiler, sonic anemometer and meteorological sensors;  
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�x systems for collection of gas and aerosol samples and instruments for express chemical 
analysis of some samples (gas chromatographs, mass-spectrometer, x-ray fluorimeter);  

�x integrated (combined with GIS) PC-system for data collection;  
�x communication TV and audio systems 

For some special experiments various instruments belonging to the partner institutions were 
deployed, namely, multi-channel chromatograph ACATS-IV (NOAA-ESRL, Hurst et al., 
2004); proton-transfer-reaction mass spectrometer (MPIC); different mobility particle sizer, 
air ion spectrometer, humidity – tandem differential mobility analyzer (UH); particle into 
liquid sampler with ion chromatograph, aethalometer (FMI); and some others. 

A computerized integrated instrumentation set was developed for continuous atmospheric 
observations on the basis of the mobile laboratory. Detailed description of the used 
instruments can be found in the TROICA related publications. 

It is important to estimate the degree of influe nce of the leading train and of oncoming trains 
in the area where the measurements are performed for adequate interpretation of the results 
obtained from the TROICA mobile observatory.  Detailed analysis of the collected dataset 
showed that measurements performed on board of the laboratory moving along electrified 
railroads (air samples are taken above the roof just after locomotive) is capable of reflecting 
the principal peculiarities of the background state of the atmosphere over the continent. 
However, under calm conditions with nighttim e temperature inversions, air pollution along 
the route can be accumulated within the bounda ry layer and in these cases a railroad can be 
considered as an enterprise polluting the atmosphere (Panin et al., 2001).  

Therefore prior to the analysis of the phenomena of different scale all data were separated 
into several groups representing different pollution conditions, namely polluted (urban and 
industrial) and unpolluted (rural) route sections . The special and temporal features of trace 
gases variations were analyzed for each group separately. 

3. Gases and aerosol over the continent 

3.1 Surface ozone variations 

Most of the observations were performed along the Trans-Siberian railroad covering a belt 
of the North-Eurasia between 48o and 58oN and 37�� and 135���ó (exclusive of the Khabarovsk-
Vladivostok zonal route section). The entire data file was divided into two groups of data 
corresponding to polluted areas (towns/villages and industrial regions) and unpolluted 
areas. The regions with the NO and CO mixing rations lower than 0.4 ppb and 0.2 ppm, 
respectively, were taken as the unpolluted areas; the rest regions were considered as the 
polluted ones. 

Surface ozone mixing ratio was measured with 1008RS and 1008AH gas analyzers Dasibi. 
These instruments are based on the photometric method. They are capable of measuring 
mixing ratios in the range from 1 to 1000 ppb with a total uncertainty of ±1 ppb. 

Analysis of the data of all expeditions shows that minimum ozone mixing ratios were 
observed in the boundary layer under nighttime temperature inversions. Maximum mixing 
ratios were always associated with daytim e conditions which are favorable for ozone 
generation. The spatial distribution of ozone is characterized by slight zonal gradient to the 
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East with a magnitude of 0.47±0.02 ppb per 10 degrees longitude. Such a spatial gradient is 
probably due to increasing availability of precursors toward the eastern part of the country 
(biogenic �ÿ�û4 and VOC emissions in Siberia, forest fires, transport of ozone precursors from 
China), intensive air exchange between stratosphere and troposphere over east continental 
regions, and some other factors (Crutzen et al., 1998; Elansky et al., 2001b; Golitsyn et al., 
2002; Markova & Elansky, 2002).  

Analysis of the campaign averaged ozone mixing ratios under unpolluted conditions 
showed that spring campaigns are characterized by the highest ozone mixing rations. This is 
likely to be connected with intensive stratosp here–troposphere exchange (Shakina et al., 
2001), bringing ozone from the stratosphere, especially at the eastern part of the continent. 
The absence of the pronounced summer maximum, which is often reported for the stations 
in the Central Europe, indicates that phot ochemical ozone production in temperate 
latitudinal belt of the substantial part if Eurasia is weak and that ozone destruction under 
powerful continental temperature inversions plays very important role.  

Diurnal variations of the surface ozone mixing  ratio averaged over several expeditions and 
over the whole expedition route (Fig.3) confirm an important role of vertical mixing and 
ozone destruction on the surface by pronounced morning minimum and daily maximum 
(re-build ozone levels due to the developed mixing in the boundary layer). Comparison of 
the diurnal variations for different seasons allo wed estimation of the average rate of ozone 
dry deposition over extended continental re gions: 0.08 and 0.65 cm/s on the surfaces 
covered and not covered with snow, respectively (Elansky et al., 2001b). 

3.2 Nitrogen oxides variations  

Nitrogen oxides distribution along the route is characterized by high and quite localized 
peaks, associated with main anthropogenic emission sources (Markova et al, 2004). The city 
plumes stretch over several tens of kilometers and, under some conditions, can reach even 
several hundreds of kilometers (e.g. under stable atmospheric stratification with slow 
mixing in the boundary layer).  

The NO and NO 2 mixing ratios were measured in di fferent expeditions either with TE42C-
TL instrument (Thermo Electr on Corp., USA) or with M200AU instrument produced by 
Teledyne Corp. (USA). Both instruments are based on the chemiluminescent method. The 
minimum NO and NO 2 mixing ratios detectable with these instruments are 0.05 ppb 
allowing for measurements under unpolluted conditions.  

Numerous anthropogenic emission sources in the latitudinal belt 48-58o N lead to the 
excesses in the NO and NO2 mixing ratios averaged over th is part of the route (all data) 
above NO and NO2 mixing ratios measured at background (unpolluted) conditions. The 
excess in NO2 mixing ratio is less pronounced than the one in NO mixing ratio (Markova et 
al, 2004) due to the fact that NO is a primary form for nitrogen oxides emission while NO 2 is 
already oxidized and diluted. There was no strong seasonal cycle detected in the NOx 
mixing rations. Diurnal cycle of NOx is also weak in the considered latitudinal belt, except 
for the NO mixing ratio which is  enhanced during the daytime ov er small and large cities as 
a result of household heating. Burning of the dry grass in spring and autumn can have some 
impact on NOx levels as well. 
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�x systems for collection of gas and aerosol samples and instruments for express chemical 
analysis of some samples (gas chromatographs, mass-spectrometer, x-ray fluorimeter);  

�x integrated (combined with GIS) PC-system for data collection;  
�x communication TV and audio systems 

For some special experiments various instruments belonging to the partner institutions were 
deployed, namely, multi-channel chromatograph ACATS-IV (NOAA-ESRL, Hurst et al., 
2004); proton-transfer-reaction mass spectrometer (MPIC); different mobility particle sizer, 
air ion spectrometer, humidity – tandem differential mobility analyzer (UH); particle into 
liquid sampler with ion chromatograph, aethalometer (FMI); and some others. 

A computerized integrated instrumentation set was developed for continuous atmospheric 
observations on the basis of the mobile laboratory. Detailed description of the used 
instruments can be found in the TROICA related publications. 

It is important to estimate the degree of influe nce of the leading train and of oncoming trains 
in the area where the measurements are performed for adequate interpretation of the results 
obtained from the TROICA mobile observatory.  Detailed analysis of the collected dataset 
showed that measurements performed on board of the laboratory moving along electrified 
railroads (air samples are taken above the roof just after locomotive) is capable of reflecting 
the principal peculiarities of the background state of the atmosphere over the continent. 
However, under calm conditions with nighttim e temperature inversions, air pollution along 
the route can be accumulated within the bounda ry layer and in these cases a railroad can be 
considered as an enterprise polluting the atmosphere (Panin et al., 2001).  

Therefore prior to the analysis of the phenomena of different scale all data were separated 
into several groups representing different pollution conditions, namely polluted (urban and 
industrial) and unpolluted (rural) route sections . The special and temporal features of trace 
gases variations were analyzed for each group separately. 

3. Gases and aerosol over the continent 

3.1 Surface ozone variations 

Most of the observations were performed along the Trans-Siberian railroad covering a belt 
of the North-Eurasia between 48o and 58oN and 37�� and 135���ó (exclusive of the Khabarovsk-
Vladivostok zonal route section). The entire data file was divided into two groups of data 
corresponding to polluted areas (towns/villages and industrial regions) and unpolluted 
areas. The regions with the NO and CO mixing rations lower than 0.4 ppb and 0.2 ppm, 
respectively, were taken as the unpolluted areas; the rest regions were considered as the 
polluted ones. 

Surface ozone mixing ratio was measured with 1008RS and 1008AH gas analyzers Dasibi. 
These instruments are based on the photometric method. They are capable of measuring 
mixing ratios in the range from 1 to 1000 ppb with a total uncertainty of ±1 ppb. 

Analysis of the data of all expeditions shows that minimum ozone mixing ratios were 
observed in the boundary layer under nighttime temperature inversions. Maximum mixing 
ratios were always associated with daytim e conditions which are favorable for ozone 
generation. The spatial distribution of ozone is characterized by slight zonal gradient to the 
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East with a magnitude of 0.47±0.02 ppb per 10 degrees longitude. Such a spatial gradient is 
probably due to increasing availability of precursors toward the eastern part of the country 
(biogenic �ÿ�û4 and VOC emissions in Siberia, forest fires, transport of ozone precursors from 
China), intensive air exchange between stratosphere and troposphere over east continental 
regions, and some other factors (Crutzen et al., 1998; Elansky et al., 2001b; Golitsyn et al., 
2002; Markova & Elansky, 2002).  

Analysis of the campaign averaged ozone mixing ratios under unpolluted conditions 
showed that spring campaigns are characterized by the highest ozone mixing rations. This is 
likely to be connected with intensive stratosp here–troposphere exchange (Shakina et al., 
2001), bringing ozone from the stratosphere, especially at the eastern part of the continent. 
The absence of the pronounced summer maximum, which is often reported for the stations 
in the Central Europe, indicates that phot ochemical ozone production in temperate 
latitudinal belt of the substantial part if Eurasia is weak and that ozone destruction under 
powerful continental temperature inversions plays very important role.  

Diurnal variations of the surface ozone mixing  ratio averaged over several expeditions and 
over the whole expedition route (Fig.3) confirm an important role of vertical mixing and 
ozone destruction on the surface by pronounced morning minimum and daily maximum 
(re-build ozone levels due to the developed mixing in the boundary layer). Comparison of 
the diurnal variations for different seasons allo wed estimation of the average rate of ozone 
dry deposition over extended continental re gions: 0.08 and 0.65 cm/s on the surfaces 
covered and not covered with snow, respectively (Elansky et al., 2001b). 

3.2 Nitrogen oxides variations  

Nitrogen oxides distribution along the route is characterized by high and quite localized 
peaks, associated with main anthropogenic emission sources (Markova et al, 2004). The city 
plumes stretch over several tens of kilometers and, under some conditions, can reach even 
several hundreds of kilometers (e.g. under stable atmospheric stratification with slow 
mixing in the boundary layer).  

The NO and NO 2 mixing ratios were measured in di fferent expeditions either with TE42C-
TL instrument (Thermo Electr on Corp., USA) or with M200AU instrument produced by 
Teledyne Corp. (USA). Both instruments are based on the chemiluminescent method. The 
minimum NO and NO 2 mixing ratios detectable with these instruments are 0.05 ppb 
allowing for measurements under unpolluted conditions.  

Numerous anthropogenic emission sources in the latitudinal belt 48-58o N lead to the 
excesses in the NO and NO2 mixing ratios averaged over th is part of the route (all data) 
above NO and NO2 mixing ratios measured at background (unpolluted) conditions. The 
excess in NO2 mixing ratio is less pronounced than the one in NO mixing ratio (Markova et 
al, 2004) due to the fact that NO is a primary form for nitrogen oxides emission while NO 2 is 
already oxidized and diluted. There was no strong seasonal cycle detected in the NOx 
mixing rations. Diurnal cycle of NOx is also weak in the considered latitudinal belt, except 
for the NO mixing ratio which is  enhanced during the daytime ov er small and large cities as 
a result of household heating. Burning of the dry grass in spring and autumn can have some 
impact on NOx levels as well. 
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Fig. 3. Mean daily variations of ozone mixing ratio along Moscow – Vladivostok route. 

3.3 Carbon compounds CO, CO 2 and CH4  

Observations of carbon dioxide and methane were used to study natural and anthropogenic 
sources of these important long-lived greenhouse gases. Taking into consideration diversity 
of ecosystems across the Eurasian continent and very limited availability of the stationary 
observations, train based observations can be used to validate emission inventories used for 
atmospheric greenhouse gas modeling. 

Carbon monoxide (CO) mixing ratios were detected continuously using an automated 
infrared absorption gas filter correlation instrument TE48S instrument (Thermo Electron 
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Corp). It allows for measuring background CO mi xing ratios at a level of less than 100 ppb 
with the total uncertainty of ±10 ppb. 

Carbon dioxide (CO 2) measurements were carried out in situ using a differential non-
dispersive infrared analyzer LI-6262 (L iCor, USA). The measurement range is 0�ï3000 ppm. 
The outputs from the analyzer were averaged over 10-min periods and reported in ppm on 
a dry air basis. The accuracy of the measurements is ±1 ppm.  

Mixing ratios of CH 4 and non-methane hydrocarbons (NMHC) were measured with APHA-
360 instrument (Horiba Company, Japan). This gas analyzer separates CH4 and NMHC 
using selective catalytic absorbers and measures gas mixing ratios with a flame-ionization 
detector. The total uncertainty of CH 4 and NMHC mixing ratio measurements doesn’t 
exceed ±5 ppb. To supply the flame-ionization detector with hydrogen necessary for its 
operation, the instrumentation set included hydrogen generators of different types.  

Observation of CO, CH4 and CO2 averaged over 10 degrees latitude for different seasons are 
presented in Fig. 4. The plot shows no systematic large scale gradient either Eastward or 
Westward in CO 2 spatial distribution. Analysis of CO 2 diurnal variations (Belikov et al., 
2006) demonstrated that high CO2 mixing ratios are observed during night-time, when 
vegetation and soil respiration fluxes are intensive and mixing is weak, so that CO 2 is 
accumulated in the boundary layer under temperature inversions. In industrial regions CO 2 
from anthropogenic sources is accumulated as well. CO2 peaks in many cases are 
accompanied by the accumulation of anthropogenic CH 4.  

Important findings on the key greenhouse gases and CO distribution and variability are 
summarized in the number of papers (Oberlande r et al., 2002; Belikov et al., 2006, Tarasova 
et al., 2005a and Tarasova et al., 2005b). Below the results are presented for rural areas, 
where anthropogenic emissions do not influence observed mixing ratios.  

Mean CO mixing ratio equals to 0.21�r0.03 ppm for the cold periods. For warm periods, the 
mean CO mixing ratio is significantly lower, 0.12 �r0.03 ppm. This seasonality is controlled by 
CO sink in the reaction with OH in summer, which is rather typical for unpolluted stations 
in the mid latitudes (Tarasova et  al., 2005b). CO distribution function is a bit broader for 
winter, showing bigger variability around th e average than in summer months. Such 
variability is connected with a higher stability of the PBL in winter than in summer, which 
leads to irregular accumulation of CO fr om local sources along the train track. 

Different shape of the distributi on function is observed for CO 2 in different seasons (Belikov 
et al., 2006). If in winter CO2 distribution is quite narrow and most of values are in the range 
380-400 ppm, then in summer period, active biosphere causes substantial variations in CO2 
mixing ratio, especially unde r the influence of strong surface temperature inversions. The 
mean summertime CO2 mixing ratio is 376�r34 ppm. Excess of the winter CO2 levels over the 
summer ones demonstrates that biosphere in the studied latitudinal belt of Russia servers as 
a sink for CO2. Nevertheless, summer peaks in CO2 (e.g. under night temperature inversions 
or in the zones of biomass burning) exceed winter CO 2 levels which are primarily controlled 
by anthropogenic sources. 

The frequency distribution of CH 4 mixing ratios is similar to that of CO 2 (Tarasova et al., 
2005a; Belikov et al., 2006); however, the CH4 mixing ratio depends on the surface 
temperature inversions to a lesser degree than CO2 mixing ratio does.  
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Fig. 3. Mean daily variations of ozone mixing ratio along Moscow – Vladivostok route. 
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sources of these important long-lived greenhouse gases. Taking into consideration diversity 
of ecosystems across the Eurasian continent and very limited availability of the stationary 
observations, train based observations can be used to validate emission inventories used for 
atmospheric greenhouse gas modeling. 

Carbon monoxide (CO) mixing ratios were detected continuously using an automated 
infrared absorption gas filter correlation instrument TE48S instrument (Thermo Electron 
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Corp). It allows for measuring background CO mi xing ratios at a level of less than 100 ppb 
with the total uncertainty of ±10 ppb. 

Carbon dioxide (CO 2) measurements were carried out in situ using a differential non-
dispersive infrared analyzer LI-6262 (L iCor, USA). The measurement range is 0�ï3000 ppm. 
The outputs from the analyzer were averaged over 10-min periods and reported in ppm on 
a dry air basis. The accuracy of the measurements is ±1 ppm.  

Mixing ratios of CH 4 and non-methane hydrocarbons (NMHC) were measured with APHA-
360 instrument (Horiba Company, Japan). This gas analyzer separates CH4 and NMHC 
using selective catalytic absorbers and measures gas mixing ratios with a flame-ionization 
detector. The total uncertainty of CH 4 and NMHC mixing ratio measurements doesn’t 
exceed ±5 ppb. To supply the flame-ionization detector with hydrogen necessary for its 
operation, the instrumentation set included hydrogen generators of different types.  

Observation of CO, CH4 and CO2 averaged over 10 degrees latitude for different seasons are 
presented in Fig. 4. The plot shows no systematic large scale gradient either Eastward or 
Westward in CO 2 spatial distribution. Analysis of CO 2 diurnal variations (Belikov et al., 
2006) demonstrated that high CO2 mixing ratios are observed during night-time, when 
vegetation and soil respiration fluxes are intensive and mixing is weak, so that CO 2 is 
accumulated in the boundary layer under temperature inversions. In industrial regions CO 2 
from anthropogenic sources is accumulated as well. CO2 peaks in many cases are 
accompanied by the accumulation of anthropogenic CH 4.  

Important findings on the key greenhouse gases and CO distribution and variability are 
summarized in the number of papers (Oberlande r et al., 2002; Belikov et al., 2006, Tarasova 
et al., 2005a and Tarasova et al., 2005b). Below the results are presented for rural areas, 
where anthropogenic emissions do not influence observed mixing ratios.  

Mean CO mixing ratio equals to 0.21�r0.03 ppm for the cold periods. For warm periods, the 
mean CO mixing ratio is significantly lower, 0.12 �r0.03 ppm. This seasonality is controlled by 
CO sink in the reaction with OH in summer, which is rather typical for unpolluted stations 
in the mid latitudes (Tarasova et  al., 2005b). CO distribution function is a bit broader for 
winter, showing bigger variability around th e average than in summer months. Such 
variability is connected with a higher stability of the PBL in winter than in summer, which 
leads to irregular accumulation of CO fr om local sources along the train track. 

Different shape of the distributi on function is observed for CO 2 in different seasons (Belikov 
et al., 2006). If in winter CO2 distribution is quite narrow and most of values are in the range 
380-400 ppm, then in summer period, active biosphere causes substantial variations in CO2 
mixing ratio, especially unde r the influence of strong surface temperature inversions. The 
mean summertime CO2 mixing ratio is 376�r34 ppm. Excess of the winter CO2 levels over the 
summer ones demonstrates that biosphere in the studied latitudinal belt of Russia servers as 
a sink for CO2. Nevertheless, summer peaks in CO2 (e.g. under night temperature inversions 
or in the zones of biomass burning) exceed winter CO 2 levels which are primarily controlled 
by anthropogenic sources. 

The frequency distribution of CH 4 mixing ratios is similar to that of CO 2 (Tarasova et al., 
2005a; Belikov et al., 2006); however, the CH4 mixing ratio depends on the surface 
temperature inversions to a lesser degree than CO2 mixing ratio does.  
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Figure 4 shows spatial gradients of CO, CO2 and CH4 over the continent during cold and 
warm seasons (averaged over two expeditions each time). As it can be seen in the figure, CO 
distribution over the continent in cold periods is almost uniform. Rather small elevations of 
the longitudal zone averages are observed for the parts of the route which include big cities 
and their plumes. Longitudinal gradient of CO  mixing ratio of 0.6 ppb/degree in the East 
direction, is clearly pr onounced in Siberia in warm periods. This gradient is connected with 
intensive biomass burning in Eastern Siberia and Far East, which is known to be a 
substantial CO emission source.  

CO2 spatial distribution (Fig. 4) in cold periods is also almost uniform. The non-uniformities 
observed in warm periods are caused by variations in the landscape and vegetation. These 
variations are unlikely to be connected with  anthropogenic sources as they are either 
seasonally independent or would be stronger in winter (heating season).  

 
             (a)                    (b) 

Fig. 4. Spatial distributions of the CO, CO2, and CH4 mixing ratio over the continent in  
(a) cold and (b) warm periods (averaged over 10 degrees longitude).  

CH4 mixing ratio distribution non-uniformities (F ig. 4) observed in cold periods are caused 
by anthropogenic sources (similar to the case of CO). The enhance mixing ratio near 70-90 E 
is due to the plume of the largest in Russia Kuznetsky coil basin which is one of the 
important sources of atmospheric CH 4 in any season. This conclusion was further confirmed 
using isotopic analysis of methane (Tarasova et al., 2006). In warm periods, a well-
pronounced increase in the CH4 mixing ratios is observed over West Siberia. This effect is 
associated with intensive CH4 biogenic production by bogs. 

3.4 Isotopic composition studies 

Analysis of the carbon, oxygen, and hydrogen isotopologues of the atmospheric methane 
and carbon monoxide in the air samples collected from the mobile observatory was used to 
identify the sources of these compounds and to estimate their contribution to the global and 
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regional carbon budgets. The 13�ÿ, 14�ÿ, 18O, and D isotopes analysis of methane and carbon 
monoxide in the air samples  was done in Max-Planck Institute for Chemistry. CH 4 isotopes 
measurements in the air samples were performed in the campaigns TROICA-2, 5, 7, 8 along 
Trans-Siberian railroad. The TROICA-5 campaign included also an exploratory expedition 
along the river Ob using a boat as a measurements platform (Oberlander et al., 2002). To 
identify primary processes contributing to the measured methane levels a two component 
mixing model was used. 

Analysis of methane isotopic composition ( 13C and D) showed that a predominant source of 
atmospheric methane observed in the boundary layer has a biogenic origin and is likely 
emitted to the atmosphere from bogs (Tarasova et al., 2006). Natural-gas leakages during the 
production, processing, and transportation of natural gas also contribute to the atmospheric 
methane levels. Shipboard measurements showed substantial increase of methane mixing 
ratio of up to 50% above the background level at a distance of 0.5 km from natural gas-
extraction enterprise. Methane accumulation took place under temperature inversion, while 
its isotopic composition has not been analyzed. 

In majority of expeditions an elevated mixing ratio of CH 4 was observed in the Perm 
region where train crosses several gas pipe lines connecting Polar Ural and Western 
Siberia gas fields with Central Russia. For example in the TROICA-5 the excess of CH4 
reached about 200 ppb above background mixing ratio and identified source isotopic 
signature �Å13Csource=-52.42% showed the presence of the natural gas in the collected air 
sample. 

The performed analysis (Tarasova et al., 2006) showed that biogenic methane sources play 
the principal role not only in Western Siberia but in other parts of Russia. At the same time 
for a few samples strong contributions of natural gas can be observed. In most of cases such 
samples were taken in the vicinity of the objects of gas industry or of the large cities (like 
Novosibirsk). Several examples of the city footprinted were observed in the spring 
campaign TROICA-8, when the strong local peaks were associated with the gas leakages 
from the low pressure gas distribution networks. 

Analysis of the 14�ÿ and 18O in CO (Bergamaschi et al., 1998; Rochmann et al., 1999; Tarasova 
et al., 2007) in combination with trajectory analysis allowed identification of CO source in 
the summer campaign TROICA-2 as biomass burning, in particular, forest fires and 
combustion of agriculture waste in China. Identified sources of CO along the Ob river in the 
TROICA-5 campaign is likely to be connected with methane oxidation based on an inferred 
�Å13Csource=-36.8±0.6‰, while the value for �Å18Osource=9.0±1.6‰ identifies it as burning 
(Tarasova et al., 2007). Thus flaring in the oil and gas production was supposed to be a 
source. The extreme 13C depletion and concomitant 18O enrichment for two of the boat 
samples unambiguously indicates contamination by CO from combustion of natural gas 
(inferred values �G13Csource= -40.3‰ and �G18Osource=17.5‰). The impact of industrial burning 
was discernable in the vicinity of Perm-Kungur.  

3.5 Carbon dioxide �û14CO2  

The unique spatial distribution of 14CO2 over Russia was obtained as part of TROICA-8 
expedition. The details of the method of 14CO2 measurement in the collected flasks are 



 
Air Pollution – Monitoring, Modelling and Health 

 

182 

Figure 4 shows spatial gradients of CO, CO2 and CH4 over the continent during cold and 
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intensive biomass burning in Eastern Siberia and Far East, which is known to be a 
substantial CO emission source.  

CO2 spatial distribution (Fig. 4) in cold periods is also almost uniform. The non-uniformities 
observed in warm periods are caused by variations in the landscape and vegetation. These 
variations are unlikely to be connected with  anthropogenic sources as they are either 
seasonally independent or would be stronger in winter (heating season).  

 
             (a)                    (b) 

Fig. 4. Spatial distributions of the CO, CO2, and CH4 mixing ratio over the continent in  
(a) cold and (b) warm periods (averaged over 10 degrees longitude).  

CH4 mixing ratio distribution non-uniformities (F ig. 4) observed in cold periods are caused 
by anthropogenic sources (similar to the case of CO). The enhance mixing ratio near 70-90 E 
is due to the plume of the largest in Russia Kuznetsky coil basin which is one of the 
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3.4 Isotopic composition studies 

Analysis of the carbon, oxygen, and hydrogen isotopologues of the atmospheric methane 
and carbon monoxide in the air samples collected from the mobile observatory was used to 
identify the sources of these compounds and to estimate their contribution to the global and 
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described by Turnbull et al. (2009). It was shown that the addition of fossil fuel, 14C-free CO2 

had the greatest influence on the spatial distribution of �¦  14CO2. In addition, 14CO2 produced 
by nuclear reactors caused local enhancement in �¦  14CO2 in some samples.  

�¦ 14CO2 increases by 5± 1.0% across the transect from 400E to 1200E (Fig. 5) and this 
difference is significant at the 99% confidence level. The magnitude of the �¦ 14CO2 gradient is 
consistent with the dispersion of fossil fuel CO 2 emissions produced in Europe and 
atmospheric transport across northern Asia dispersing and diluting the fossil fuel plume. 
The observed isotopic change implies a gradient of 1.8 ppm of fossil fuel derived CO2 
(assuming a -2.8‰ change in �¦  14CO2 per ppm of fossil fuel CO 2 added). �¦ 14CO2 
measurements from Niwot Ridge, Colorado, USA (NWR, 40.05° N, 105.58° W, 3475 m.a.s.l.) 
representing  relatively clean free troposphere, give a mean �¦14CO2 value of 66.8±1.3‰ for 3 
sampling dates during the time of the TROICA-8 campaign (grey bar in Fig. 5). The Eastern 
Siberian part of the TROICA transect shows values (62.8±0.5‰) most similar to the NWR 
value, consistent with an easterly dilution of the fossil fuel content in boundary layer air 
away from the primary source, but suggesting that some influence from the European fossil 
fuel CO2 source remains in the Eastern Siberian air mass.  

 
Fig. 5. �¦ 14CO2 as a function of longitude. Cl osed diamonds are the clean air �¦ 14CO2 
dataset. Open symbols indicate samples that may be influenced by either nuclear reactor 
effluent (triangles) or local city pollution (circles). The shaded bar indicates the Niwot 
Ridge �¦ 14CO2 value measured over the same time period and its 1-sigma error envelope. 
Modeled estimates for each sampling time and location have been done on the basis 
standard (solid line) and fast (dashed line) mixing (see Turnbull et al., 2009). 

3.6 Volatile organic compounds 

Volatile organic compounds (VOCs) were measured in a number of expeditions (Elansky et 
al., 2000; Elansky et al., 2001a). VOCs were retrieved analyzing sorbent samples or in air 
samples pumped into stainless-steel canisters. These measurements can be performed in 
mobile or stationary chemical laboratories.  
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Among all campaigns, the highest VOC mixing  ratios were observed in summer 1999. 
Extremely high levels and unusual distribution  of pollutants during TROICA-5 were caused 
by the abnormally torrid weather that led to in tense evaporation of organic substances and a 
high atmospheric oxidative capacity.  

In the TROICA-6 experiment the mixing ratios  of a number of VOCs which are important 
for understand of reactivity of many species were measured using a proton mass-
spectrometer (Elansky et al., 2001a). The highest VOC mixing ratios in this campaign along 
the Murmansk-Kislovodsk railroad, were seen in  vicinities of cities of Novocherkassk, 
Ryazan', Moscow and St. Petersburg. A spring zonal VOC gradient associated with a 
northward decrease in biogenic emissions was revealed (Table 2) over the unpolluted rural 
areas.  
 

Substance Gradient, ppb /1000 km 

Methanol 2.37 ± 0.11 

Acetonitrile 0.08 ± 0.01 

Acetaldehyde 0.23 ± 0.03 

Acetone 0.89 ± 0.04 

Isoprene, vegetable alcohols  0.06 ± 0.01 

C-pentane 0.03 ± 0.01 

Benzene 0.07 ± 0.01 

Toluene 0.05 ± 0.01 

C8-benzenes 0.03 ± 0.01 

C9-benzenes 0.07 ± 0.01 

Table 2. Zonal gradient of VOC mixing rati os for TROICA-6 Kislovodsk-Murmansk route 
(May 27-29, 2000). 

Detailed Trans-Siberian VOC measurements were carried out using PTR-MS during 
summer experiment TROICA-12 (Timkovsky et al., 2010). Figure 6 shows a spatial 
distribution of isoprene from Moscow to Vladiv ostok. This plot in particular demonstrates 
an influence of meteorological conditions on is oprene levels. If for the Eastern transect the 
weather over most of the Trans-Siberian railroad was warm and sunny, the weather was 
colder and less sunny of the back route (Westward). Due to these weather difference 
biogenic emissions in boreal and broad-leaved forests at the East of the continent on Eastern 
transect were more active compared with western transect which can be clearly seen in the 
Fig. 6. Anthropogenic emissions are mostly ‘weather independent’. Observations of benzene 
and toluene which are connected with industrial activities  or transport do not show 
difference between two transects of campaign. Most of peaks in the mixing ration of these 
compounds are associated with cities and industrial centers. 
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Extremely high levels and unusual distribution  of pollutants during TROICA-5 were caused 
by the abnormally torrid weather that led to in tense evaporation of organic substances and a 
high atmospheric oxidative capacity.  

In the TROICA-6 experiment the mixing ratios  of a number of VOCs which are important 
for understand of reactivity of many species were measured using a proton mass-
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Table 2. Zonal gradient of VOC mixing rati os for TROICA-6 Kislovodsk-Murmansk route 
(May 27-29, 2000). 

Detailed Trans-Siberian VOC measurements were carried out using PTR-MS during 
summer experiment TROICA-12 (Timkovsky et al., 2010). Figure 6 shows a spatial 
distribution of isoprene from Moscow to Vladiv ostok. This plot in particular demonstrates 
an influence of meteorological conditions on is oprene levels. If for the Eastern transect the 
weather over most of the Trans-Siberian railroad was warm and sunny, the weather was 
colder and less sunny of the back route (Westward). Due to these weather difference 
biogenic emissions in boreal and broad-leaved forests at the East of the continent on Eastern 
transect were more active compared with western transect which can be clearly seen in the 
Fig. 6. Anthropogenic emissions are mostly ‘weather independent’. Observations of benzene 
and toluene which are connected with industrial activities  or transport do not show 
difference between two transects of campaign. Most of peaks in the mixing ration of these 
compounds are associated with cities and industrial centers. 
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Fig. 6. Spatial distribution of isoprene mixing ratio along eastern (a) and western  
(b) transects in the summer campaign of 2008 (TROICA-12). 

3.7 Aerosols 

Concentration and microphysical and chemical pr operties of aerosol have been measured in 
most of the TROICA experiments. A big archiv e of data on aerosol concentration, size 
distribution and chemical composition was collected. Up-to-now the complete analysis of 
these data has not been finished yet. Some results were published by Andronova et al. 
(2003).  

Distribution of the aerosol mass concentration over the route of the TROICA campaigns is 
shown in Figure 7. Aerosol size distribution for unpolluted region is presented in Figure 8. 

Aerosol mass was compared between rural and industrial regions. In the plumes of 
industrial zones and cities, the mean aerosol mass concentrations were 100-120 �Íg/m 3. A 
pronounces weekly cycle was observed in these regions as well. For comparison, the rural 
aerosol mass concentrations varied between 10 and 20 �Íg/m 3. In the plumes of forest fires 
observed by the TROICA expeditions, maximum identified aerosol mass concentrations 
exceeded 800 �Íg/m 3. 
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The soot aerosol concentration was measured using atmospheric aerosol sampling with 
quartz fiber filters and subsequent measurements of the light absorption by the aerosol 
samples (Kopeikin, 2007 and Kopeikin, 2008). Along the Murmansk-Kislovodsk transect, the 
mean level of atmospheric pollution by soot is about 1-2 �Íg/m 3. However, the atmospheric 
pollution by soot is higher by an order of magn itude at the parts of the railroad where diesel 
locomotives are used. Large-scale (extended over 500-1000 km) non-uniformities in the soot 
aerosol distribution in the atmospheric boundary  layer are seen during winter. In the spring 
of 1997, large-scale polluted zones extending over about 1000 km resulted from grass fires. 
In the winter-spring period, the atmospheric s oot concentration over South Siberia and Far 
East were twice as high as that over European Russia. In summer, the atmosphere is weakly 
polluted by soot nearly along the entire railroad.  

More detailed information on aerosol physical and chemical properties have been obtained 
by groups of specialists leaded by M.Kulmal a and V.-M. Kerminen (Kuokka et. al., 2007; 
Vartiainen et al., 2007). During the TROICA-9 expedition the equipment for continuous 
monitoring of aerosol parameters with high time resolution was mounted in the moving 
laboratory. During this expedition the total pa rticle concentration was typically of the order 
of few thousand particles /cm 3 varying between 300 and 40 000 particles /cm3. The 
concentrations were the lowest in the rural area between Chita and Khabarovsk and the 
highest near larger villages and towns. Particle concentration levels measured on the way to 
Vladivostok and back were similar at both ends of the route but differed in the middle, 
between 4000 and 7000 km, were the concentration was notably lower on the westward 
route.  
 

 
 

Fig. 7. Mass aerosol concentration variations along the Moscow-Khabarovsk railroad; the 
TROICA expeditions of 1998, 1999, and 2001. 
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1. Introduction 

Asthma, which is characterized by reversible airway obstruction and inflammation, is the 
most frequent chronic disease in children. Recent global studies showed, although the rising 
trends in occurrence of allergic diseases in children appear to have leveled off or even 
reversed in many developed countries, while in many developing countries, the increase in 
prevalence has only recently started (Asher et al. 2006; Bjorksten et al. 2008; Pearce et al. 
2007). These findings indicate that the global burden of asthma is continuing to be rising 
with the global prevalence differences lessening (Pearce et al. 2007). It has been suggested 
that this increase can not be explained by genetic factors and improvements in diagnostic 
methods alone. Comparative studies of the population of the same ethnic background living 
in different environments revealed import ant environmental risk factors for asthma, 
especially for ambient air pollution, which may play an important role in the development 
of asthma symptoms (Asher et al. 2010; Berhane et al. 2011; Samoli et al. 2011; McConnell et 
al. 2010). A systematic review concluded that, although weather, pollen, and environmental 
tobacco smoke (ETS) are important risk factors for asthma, each has been found to act 
independently of air pollution, and thus they  do not explain the association between air 
pollution and asthma (Leikauf 2002).  

Comparing with the adults, children appear to be  most vulnerable to the harmful effects of 
air pollutants exposure due to their stage of  physical growth, immature immune system, 
and development of lung function with increased permeability of the respiratory epithelium 
(Dietert et al. 2000). Children also inhale a higher volume of air per body weight compared 
with adults (Oyana and Rivers 2005), delivering higher doses of different compositions that 
may remain in the lung for a longer duration  (Bateson and Schwartz 2008). Another source 
of increased sensitivity of children to air po llution may be the qualit ative and quantitative 
differences in the respiratory, immune, endocr ine, and nervous systems during stages of 
rapid growth and development (Selgrade et al . 2006). Although epidemiologic studies have 
shown associations between asthma outcomes and routinely monitored air pollutants 
including particulate matter (PM), sulfur dioxide (SO 2), nitrogen oxides (NO 2) and ozone 
(O3), the contribution of ambient air pollution exposure to children’s asthma seems to vary 
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1. Introduction 

Two parallel observations have historically linked poor air quality to human disease. The 
first of these is the recognition that substances in inspired air can pose health risks, and the 
second is the view that growing industrialization at the global level has contributed to 
deteriorating air quality. In the case of the latter, environmental scientists, economists and 
urban planning experts have spoken and written about the impact of industrial growth, 
income and urban development in the context of an “EKC” relationship (Environmental 
Kuznets Curve; “inverted U shaped” curve). This concept is predicated on the fact that as 
human activities related to industry and urban growth increase, an initial and sharp 
deterioration in air quality ensues. Subsequently, as income levels in a society inevitably 
rise, regulation, awareness and increasing attitudes of social and environmental 
responsibility intervene and the air quality standards improve 1. However, since many 
emerging economies and industrial powers (such as China and Brazil) find themselves on 
the left-hand limb of the curve, the consequent impact of their industrial growth and urban 
expansion contribute to the aggregate decline in global air quality and pollution. 

2. Historical perspective 

It is believed that in 1872 Smith published the first scientific report of air pollution 2. This 
and subsequent studies have laid the foundation for the scientific examination of pollutants 
as hazardous components of breathable air and its impact on human populations. In 
subsequent decades, particularly in the 20th century, several major incidents came to 
prominence which underscored the importance of air pollution in human health. For 
example, in 1930 a combination of high atmospheric pressure and mild winds created a 
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1. Introduction 

Several studies have shown that exposure to air pollution leads to important adverse health 
effects resulting in increased morbidity and mo rtality (Brook, Franklin et al. 2004; Bhatnagar 
2006; Brook, Rajagopalan et al. 2010). According to the World Health Organisation, air 
pollution constitutes the 13 th leading cause of mortality in the world (WHO 2009). Increased 
mortality is mostly due to increased cardio vascular diseases in the exposed population, 
particularly those of ischemic nature (Pope, Burnett et al. 2004). While air pollutants are 
composed of a mixture of particulate matter (PM) and gases such as carbon monoxide, 
ozone, sulphur oxide and nitrog en oxide, recent studies have shown that the particulate 
matter component of air pollution is mainly responsible for the cardiovascular health effects 
(Araujo and Nel 2009). This chapter will mo stly focus on the links between PM, 
atherosclerosis and ischemic heart disease.  

2. Particulate matter and sources of exposure 

2.1 Classification of particulate matter 

Particulate matter is constituted by compounds of varying sizes, numbers, chemical 
composition, and derived from various sources.  They are mainly classified according to 
their size and divided into the following categories: i) Thoracic particles, with an 
aerodynamic diameter less than 10 micrometers (< 10 µm), ii) Coarse particles, with an 
aerodynamic diameter greater than 2.5 micrometers and less than 10 micrometers (PM2.5-10), 
iii) Fine particles, less than 2.5 micrometers and iv) Ultrafine particles (UFP), less than 0.1 
micrometers (<0.1 µm) (Table1) (U.S.EPA 2004).  

2.2 Sources of PM emissions 

The characterization of PM emissions is rather complicated by limitations in the measuring 
instrumentation. In addition, emissions from  the same sources change with time and 
operating conditions. What is actually released by the source of the emissions may not be 
what is found in the atmosphere at varying distances from the sources, since particulates 
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1. Introduction 

Several studies have shown that exposure to air pollution leads to important adverse health 
effects resulting in increased morbidity and mortality (Brook, Franklin et al. 2004; Bhatnagar 
2006; Brook, Rajagopalan et al. 2010). According to the World Health Organisation, air 
pollution constitutes the 13th leading cause of mortality in the world (WHO 2009). Increased 
mortality is mostly due to increased cardiovascular diseases in the exposed population, 
particularly those of ischemic nature (Pope, Burnett et al. 2004). While air pollutants are 
composed of a mixture of particulate matter (PM) and gases such as carbon monoxide, 
ozone, sulphur oxide and nitrogen oxide, recent studies have shown that the particulate 
matter component of air pollution is mainly responsible for the cardiovascular health effects 
(Araujo and Nel 2009). This chapter will mostly focus on the links between PM, 
atherosclerosis and ischemic heart disease.  

2. Particulate matter and sources of exposure 

2.1 Classification of particulate matter 

Particulate matter is constituted by compounds of varying sizes, numbers, chemical 
composition, and derived from various sources. They are mainly classified according to 
their size and divided into the following categories: i) Thoracic particles, with an 
aerodynamic diameter less than 10 micrometers (< 10 µm), ii) Coarse particles, with an 
aerodynamic diameter greater than 2.5 micrometers and less than 10 micrometers (PM2.5-10), 
iii) Fine particles, less than 2.5 micrometers and iv) Ultrafine particles (UFP), less than 0.1 
micrometers (<0.1 µm) (Table1) (U.S.EPA 2004).  

2.2 Sources of PM emissions 

The characterization of PM emissions is rather complicated by limitations in the measuring 
instrumentation. In addition, emissions from the same sources change with time and 
operating conditions. What is actually released by the source of the emissions may not be 
what is found in the atmosphere at varying distances from the sources, since particulates 
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undergo a variety of chemical and physical tr ansformations after they have been released 
into the atmosphere (Robinson, Donahue et al. 2007). Particulates are emitted directly from 
various sources such as fossil fuel combustion (primary particles) like diesel and gasoline 
exhaust particles or are formed from gases through chemical reactions involving 
atmospheric oxygen (O2), water vapor (H 2O), free radicals such as nitrate (NO3-) and 
hydroxyl ( .OH) radicals, reactive species such as ozone (O3), organic gases from 
anthropogenic and natural sources and pollutants such as nitrogen oxides (NOx) and sulfur 
dioxide (SO2) (U.S.EPA 2004). 

As shown in Table 1, various sources are involved in the generation of particles via different 
mechanisms that result in particles with di stinct lognormal modes in the particle-size 
distributions by number and volume (nucleatio n, Aitken, accumulation and coarse modes). 
Nucleation and Aitken modes contain particles derived from the combustion of fossil fuels 
and are due to the nucleation of gas-phase compounds to form condensed-phase species in 
particles that are newly formed with little chance to grow (nucleation mode) or in newly 
formed particles in the process of coagulation (Aitken mode). These modes of generation are 
responsible for the ultrafine particles, emitted indeed from the combustion of fuels such as 
diesel and gasoline used in the operation of motor vehicles, aircrafts and ships. In the 
accumulation mode, particles grow in size and accumulate either by coagulation or by 
condensation, responsible  for the generation of the bigger fine particles that are also emitted 

 

Particles Sources Mode of generation 
Aerodynamic 
diameter (µm) 

Atmospheric 
half-life 

Ultrafine 
particles 
(UFP) 

Combustion of 
fossil fuels 
(gasoline & diesel) 
and emissions from 
mobile sources 
(aircrafts, ships, 
motor vehicles) 

Fresh emissions, 
secondary 
photochemical 
reactions  
(nucleation mode) 

< 0.1 Minutes to 
hours 

Fine particles 
(FP) 

Residential fuel 
combustion, power 
plants, tailpipe and 
brake emissions 
and Oil refineries 

Condensation, 
coagulation 
conversion of gas-to-
particle 
(accumulation mode)  

<2.5 Days to weeks 

Coarse 
particles (CP) 

Suspension from 
construction, plant 
and animal 
fragments, 
disturbed soil 
(mining, farming) 

Evaporation of 
sprays, suspension of 
dusts, mechanical 
disruption  
(crushing, grinding, 
abrasion of surfaces) 

2.5-10 Minutes to 
hours 

Thoracic 
particles (TP) 

- - <10 - 

Source: Modified from Araujo (Araujo and Nel 2009). 

Table 1. Size fractions of PM emissions into the atmosphere. 
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from fuel combustion as well as power plants , oil refineries, tail pipe and brake emissions. 
The coarse mode contains coarse particles (PM 2.5-10) derived from the suspension of material 
from construction, disturbed soil as well as plant and animal fragments. Most of the coarse 
particles in the PM10 are emitted into the atmosphere fr om the process and open dust 
sources of fugitive emissions. The process sources are associated with industrial operations 
such as rock crushing while the open dust sources are those that produce non-ducted 
emissions of solid particles formed from forces of wind or machinery acting on exposed 
material. The latter include particulate emissions from industrial sources associated with the 
open transport, storage, transfer of raw, intermediate and waste aggregate materials and 
nonindustrial sources such as unpaved roads and parking lots, paved streets and highways, 
agricultural tilling and heavy construction  activities (WRAP 2004). Different sources 
involved in the generation of ambient particulate can be classified depending on their 
mobility, into mobile vs. non-mobile sources, as shown in table 2. 
 

Sources 
Percentage contribution  
(% total/ % within cate gory) 

Mobile Sources * 
 

1. On-road Mobile Sources 
       i. Heavy Gasoline Vehicles 
       ii. Light Gasoline Trucks 
       iii. Cars& Motorcycles 
       iv. Diesel Vehicles 
 
2. Non-road Mobile Sources 
       i. Railroads 
       ii. Aircraft 
       iii. Marine 
       iv. Gasoline Equipment 
        v. Diesel Equipment 

28% 
 

           10% 
                   3% 
                   10% 
                   15% 
                    72 % 
 
           18% 
                   7% 
                   7% 
                   10% 
                   20% 
                   56% 

Not Mobile Sources * 72% 
PM 2.5 Emissions by Source Sector ** 
 

Road Dust 
Industrial Processes 
Electricity Generation 
Fires 
Residential Wood combustion 
Waste Disposal 
Non-road Equipment 
Fossil fuel combustion 
On road vehicles 
Solvent Use 
Fertilizer and Livestock 
Miscellaneous 

 
          
          21.5% 
          12.1% 
          11.5% 
          9.2% 
          8.5% 
          6.2% 
          6.0% 
          4.8% 
          3.0% 
          0.2% 
          0.03% 
          17.0% 

* Based on data from the 1999 National Air Quality and Emissions Trends Report (U.S.EPA 1999).  
** Based on data from the 2005 National Summary of Particulate matter emissions by source sector 
(U.S.EPA 2005). 

Table 2. Different sources of PM2.5 emissions into the atmosphere. 
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undergo a variety of chemical and physical tr ansformations after they have been released 
into the atmosphere (Robinson, Donahue et al. 2007). Particulates are emitted directly from 
various sources such as fossil fuel combustion (primary particles) like diesel and gasoline 
exhaust particles or are formed from gases through chemical reactions involving 
atmospheric oxygen (O2), water vapor (H 2O), free radicals such as nitrate (NO3-) and 
hydroxyl ( .OH) radicals, reactive species such as ozone (O3), organic gases from 
anthropogenic and natural sources and pollutants such as nitrogen oxides (NOx) and sulfur 
dioxide (SO2) (U.S.EPA 2004). 

As shown in Table 1, various sources are involved in the generation of particles via different 
mechanisms that result in particles with di stinct lognormal modes in the particle-size 
distributions by number and volume (nucleatio n, Aitken, accumulation and coarse modes). 
Nucleation and Aitken modes contain particles derived from the combustion of fossil fuels 
and are due to the nucleation of gas-phase compounds to form condensed-phase species in 
particles that are newly formed with little chance to grow (nucleation mode) or in newly 
formed particles in the process of coagulation (Aitken mode). These modes of generation are 
responsible for the ultrafine particles, emitted indeed from the combustion of fuels such as 
diesel and gasoline used in the operation of motor vehicles, aircrafts and ships. In the 
accumulation mode, particles grow in size and accumulate either by coagulation or by 
condensation, responsible  for the generation of the bigger fine particles that are also emitted 

 

Particles Sources Mode of generation 
Aerodynamic 
diameter (µm) 

Atmospheric 
half-life 

Ultrafine 
particles 
(UFP) 

Combustion of 
fossil fuels 
(gasoline & diesel) 
and emissions from 
mobile sources 
(aircrafts, ships, 
motor vehicles) 

Fresh emissions, 
secondary 
photochemical 
reactions  
(nucleation mode) 

< 0.1 Minutes to 
hours 

Fine particles 
(FP) 

Residential fuel 
combustion, power 
plants, tailpipe and 
brake emissions 
and Oil refineries 

Condensation, 
coagulation 
conversion of gas-to-
particle 
(accumulation mode)  

<2.5 Days to weeks 

Coarse 
particles (CP) 

Suspension from 
construction, plant 
and animal 
fragments, 
disturbed soil 
(mining, farming) 

Evaporation of 
sprays, suspension of 
dusts, mechanical 
disruption  
(crushing, grinding, 
abrasion of surfaces) 

2.5-10 Minutes to 
hours 

Thoracic 
particles (TP) 

- - <10 - 

Source: Modified from Araujo (Araujo and Nel 2009). 

Table 1. Size fractions of PM emissions into the atmosphere. 
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from fuel combustion as well as power plants , oil refineries, tail pipe and brake emissions. 
The coarse mode contains coarse particles (PM 2.5-10) derived from the suspension of material 
from construction, disturbed soil as well as plant and animal fragments. Most of the coarse 
particles in the PM10 are emitted into the atmosphere fr om the process and open dust 
sources of fugitive emissions. The process sources are associated with industrial operations 
such as rock crushing while the open dust sources are those that produce non-ducted 
emissions of solid particles formed from forces of wind or machinery acting on exposed 
material. The latter include particulate emissions from industrial sources associated with the 
open transport, storage, transfer of raw, intermediate and waste aggregate materials and 
nonindustrial sources such as unpaved roads and parking lots, paved streets and highways, 
agricultural tilling and heavy construction  activities (WRAP 2004). Different sources 
involved in the generation of ambient particulate can be classified depending on their 
mobility, into mobile vs. non-mobile sources, as shown in table 2. 
 

Sources 
Percentage contribution  
(% total/ % within cate gory) 

Mobile Sources * 
 

1. On-road Mobile Sources 
       i. Heavy Gasoline Vehicles 
       ii. Light Gasoline Trucks 
       iii. Cars& Motorcycles 
       iv. Diesel Vehicles 
 
2. Non-road Mobile Sources 
       i. Railroads 
       ii. Aircraft 
       iii. Marine 
       iv. Gasoline Equipment 
        v. Diesel Equipment 

28% 
 

           10% 
                   3% 
                   10% 
                   15% 
                    72 % 
 
           18% 
                   7% 
                   7% 
                   10% 
                   20% 
                   56% 

Not Mobile Sources * 72% 
PM 2.5 Emissions by Source Sector ** 
 

Road Dust 
Industrial Processes 
Electricity Generation 
Fires 
Residential Wood combustion 
Waste Disposal 
Non-road Equipment 
Fossil fuel combustion 
On road vehicles 
Solvent Use 
Fertilizer and Livestock 
Miscellaneous 

 
          
          21.5% 
          12.1% 
          11.5% 
          9.2% 
          8.5% 
          6.2% 
          6.0% 
          4.8% 
          3.0% 
          0.2% 
          0.03% 
          17.0% 

* Based on data from the 1999 National Air Quality and Emissions Trends Report (U.S.EPA 1999).  
** Based on data from the 2005 National Summary of Particulate matter emissions by source sector 
(U.S.EPA 2005). 

Table 2. Different sources of PM2.5 emissions into the atmosphere. 
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