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Preface to the Proceedings  
 

Scientific values of rationality, transparency and universality are the same the world over. They can help to 

underpin good governance and build trust between nations. Science provides a non-ideological environment for the 

participation and free exchange of ideas between people, regardless of cultural, national or religious backgrounds. 

–The Royal Society and AAAS, 2010
1
  

 

Urban areas worldwide face numerous sustainability and health challenges due to rapid growth, 

inadequate and outdated infrastructure, insufficient planning and governance, and a multitude of other 

factors. In 1960, 34% of the world’s total population2 lived in cities. Today, over half of the world’s 7.1 

billion people live in cities and this proportion is expected to grow to more than two-thirds of the 

population by 2050.3 The growing urban sustainability challenge will be particularly stark in the 23 global 

megacities, which must meet this challenge through a better understanding of the urban system and its 

impacts on the environment and the well-being of its residents, along with needed technical and 

structural innovations.4   

Developing meaningful and feasible solutions to these urban challenges requires the cooperative efforts 

of scientists from a diverse range of geographies and disciplines.  Recognizing this need, as well as the 

significant capacities of Iran and the United States in air pollution research, The U.S.-Iran Symposium on 

Air Pollution in Megacities was convened September 3-5, 2013, at the Beckman Center in Irvine, 

California. 

 

This Symposium brought together more than 40 Iranian and American air pollution, transportation, and 

sustainability scientists and interdisciplinary researchers in order to foster new academic collaborations 

and for the two countries to share the latest information on tools, research and regulatory policies in 

the field of air pollution.  Through two days and six panels, participants discussed topics ranging from air 

pollution chemistry and modeling, to human health effects, as well as promising pollution control and 

remediation policies and technologies.  Papers based on these presentations form the basis of the 

                                                           
1
 The Royal Society and AAAS. New frontiers in science diplomacy: Navigating the changing balance of power. 

January 2010. Available at: 
http://royalsociety.org/uploadedFiles/Royal_Society_Content/policy/publications/2010/4294969468.pdf. 
2
 Total population total in 1960 was 3 billion. United Nations. World Population Prospects: The 2011 Revision. 

October 2012.  
3
 United Nations. World Population Prospects: The 2011 Revision. October 2012.  

4
 Megacities are most commonly defined as those with a population of more than ten million people. 

http://royalsociety.org/uploadedFiles/Royal_Society_Content/policy/publications/2010/4294969468.pdf
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Proceedings below. Many of the presentation slides can also be found online at 

http://www.aaas.org/report/Iran-airpollution.  

 

The Symposium was hosted by the American Association for the Advancement of Science (AAAS), the 

University of Southern California (USC), and the U.S. National Academies, with funding from the Richard 

Lounsbery Foundation and the U.S. Department of State’s International Visitors Leadership Program 

(IVLP).  The Symposium was the final event of a three-week program for the Iranian visitors developed 

under IVLP together with the hosting organizations and the tour implementer, World Learning.  

 

The IVLP brings distinguished foreign specialists from many countries and disciplines to the U.S. for 

meetings and visits. Prior to the final Symposium the Iranian air pollution specialists had visited 

Washington, DC; Raleigh, North Carolina; Pittsburgh, Pennsylvania; and Los Angeles, California to meet 

and converse with researchers, government officials and scientists, NGO representatives, policymakers, 

regulators, and other U.S. air pollution stakeholders.  

  

Summary Recommendations for Future U.S.-Iran Collaboration 

For the final session of the Symposium, participants were divided into working groups to identify gaps 

and needs within their disciplinary research areas, explore opportunities for future U.S.-Iran air pollution 

research collaboration, and discuss bilateral research barriers and recommendations.  

Opportunities for Future Collaboration 

In the immediate future there are good opportunities to engage in a variety of collaborations, including 

via student exchanges, faculty sabbaticals, and small-scale joint-research ventures such as writing review 

papers and sharing models and information. Small research grants to promote cooperative research and 

follow-up visits of the U.S. scientists to Iran may be possible and can also be important factors in 

catalyzing collaboration.  

In the medium and long-term, it is important to formalize relationships between universities and other 

stakeholders in both countries. Participants stressed the importance of formal agreements between 

institutions in order to improve the sustainability of scientific collaborations.  Formal agreement 

mechanisms mentioned during the discussion included Memorandums of Understanding (MOUs) and 

letters of agreement; such formal agreements could be important not only in university-to-university 

relationships, but also in building the relationship between academics and industry, NGOs, and quasi-

governmental stakeholders, such as California’s South Coast Air Quality Management District 

(SCAQMD). Developing cooperative MOUs between SCAQMD and Iranian universities was considered 

especially desirable due to Iran’s interest in developing evidence-based, feasible, air quality regulations 

and SCAQMD’s achievements in this area.  

The broad spectrum of air pollution research interests and expertise amongst these participants resulted 

in a wide variety of promising opportunities for scientific cooperation, including:  health impacts, air 

pollution modeling, emission characterization, climate change, and air quality regulations and policies. 

http://www.aaas.org/report/Iran-airpollution
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Clinical and basic research on human health and air pollution was seen as a potentially promising area. 

Specific research areas of mutual interest and capacity included studies on the impacts of air pollution 

on: the relationship between air pollution exposure and metabolic syndrome, diabetes, respiratory 

disease, obesity, and various organs. Furthermore, the existence of a large Iranian population within the 

United States makes these two countries ideal candidates for carrying out a cohort study between 

genetically similar individuals raised under different environmental conditions. 

Iranian emissions and air pollutants have been minimally characterized, due to a lack of monitoring 

capacity and a limited number of validated air pollution-related models. Participants from both 

countries expressed great interest in partnering to improve air quality monitoring; developing and 

validating complex air pollution and atmospheric models of Iran; fully characterizing urban emissions 

sources in Iran; and using remote sensing techniques to better understand Iranian air pollution.  

Collaborative projects and training were proposed to validate dispersion models, characterize urban 

emissions, enable Iranians to use diverse models to understand source apportionment, and to increase 

Iranian capacity for sampling and modeling via remote sensing techniques.  

There was also strong interest within the climate change and air pollution community, with researchers 

noting the need for both sides to work collaboratively to better understand the interactions between 

climate change and air pollution, taking particular advantage of satellite-generated data. 

 

Next Steps in U.S.-Iran Air Pollution Research Collaboration  

With the goal of developing active and longer-term cooperative relationships between U.S. and Iranian 

universities and other air pollution research stakeholders, the following specific bilateral research 

projects were proposed in the areas of model development, monitoring and analysis of pollutants, and 

health: 

 Characterizing fine particulate matter and quantifying the black carbon components of fine 

particulate matter in urban areas 

 Understanding source apportionment of fine particulate matter by quantifying the components 

that contribute to PM2.5 concentrations in urban areas 

 Improving understanding of how aerosol properties evolve during transport within a major dust 

plume, with the plume being part of major dust events that regularly occur during spring and 

summer in Iran 

 Examination of the potential link between aerosol concentrations and precipitation using 

ground meteorological and satellite data 

 Sampling and analysis of the composition of volatile organic compounds found in urban 

background and close-to-source areas 

 Design and development of an assessment tool for global CO2 mitigation scenarios 

 Assessment of the effects of prolonged exposure to high pollution emissions on inflammatory 

and oxidative markers on the brains of rat models 
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Efforts are underway to turn these research ideas into active cooperative projects.   The next step in this 

process will likely be to arrange visits for interested U.S. investigators to Iran.  Longer-term projects will 

depend on the availability of funding and also on obtaining the necessary OFAC licenses.    
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1. Introduction: Air Pollution from Sustainability and Resiliency Perspective 

 

Cities, particularly those in developing countries, face real challenges in responding to a growing urban 

population. Provision of infrastructure and services such as housing, food, water, energy, and 

transportation cannot keep up with rising demand. Consequently, rapid urbanization and the formation 

of megacities exacerbate urban environmental problems. Among the major challenges is the provision 

of clean air in large cities, as clean air is vital for human survival and well-being. Iran is one such country 

where rapid and unplanned urbanization is taking place; this phenomenon has substantial adverse 

impacts on the environment, including on air quality. Of note for Iran, in addition to local urbanization 

the degradation in air quality is also driven by global and regional changes, including climate change, 

and land use and land cover changes. 

 

Dealing with these problems requires a systems approach that integrates population, ecosystems, land 

use, water planning and management, economics, and sociocultural norms; these integrated systems 

can then form the basis of environmental and social policies, as well as development strategies, that are 

evidence-driven and based on the important concepts of sustainability and resiliency. Sustainable urban 

development is central to the quality of life of communities, as well as the health and integrity of the 

environment and ecosystems that support life. The notion of resilient cities – cities that are able to 

respond and adapt to changes – has emerged in response to the challenges of climate change, disaster 

events, rapid urbanization, and the economic downturn. Beyond the notion of a sustainable and 

resilient city, urban air pollution control should be viewed as a product of water, energy, and land use 

choices and issues that exist within a larger regional and global perspective. 

 

2. Air Pollution in Iran 
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Air pollution in Iran has significant natural and anthropogenic sources. The primary anthropogenic 

sources are industrial activities and transportation, both of which are centered in urban areas, while the 

main natural source is wind-blown dust.  

 

 

3. Air Pollution in Tehran 

 

The capital city of Tehran, with a population of more than 8 million, is the largest metropolitan area in 

Iran. Tehran’s population has increased from about 700,000 in 1941 to more than 7 million in 2005 and 

today it has a population density of approximately 10,000 inhabitants per km2. The annual mean 

precipitation and temperature are about 230 mm and 17°C, respectively, with a mild-continental 

climate, featuring hot summers (mid to high thirties) and moderately cold winters (just below zero).  

 

Air pollution in this overpopulated city has grown significantly over the past decade. With three million 

vehicles, nearly half of the country’s industrial firms, and more than 10 percent of the country’s 

population, the city has exceeded its natural carrying capacity and is no longer sustainable, resilient, or 

healthful1. Inhabitants of Tehran are generally exposed to high levels of background particulate matter 

(PM) due to the large number of anthropogenic sources, aggravated by the city’s topography, which 

includes a high altitude mountain chain, downstream of the prevailing wind. Even during regular days 

(not “dusty” days), PM10 concentration in Tehran is more than double the World Health Organization’s 

(WHO) 24-hour mean recommendation of 50 μg/m3.  On dusty days, this already-elevated PM10 

concentration rises significantly to levels more than three times greater than WHO guidelines 

recommend. 

 

 
Figure 1: Average PM10 concentration during dusty and regular days during 2009-2010

3
 

Cars account for 70 to 80 percent of the normal air pollution in Tehran due to the large number of 

automobiles, heavy traffic congestion, and petrol with a sulfur content 2-3 times greater than legally 

permissible levels. 
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Air pollution in Tehran has reached an alarming level in terms of both intensity and duration; the city 

experiences unhealthy air quality conditions for more than a third of the year. As mentioned above, the 

primary air pollution sources in these cities area automobiles and industrial emissions. While mobile 

sources such as vehicles are responsible for the majority of carbon monoxide (CO), nitrogen oxides 

(NOx), hydrocarbon (HC), and particulate matter (PM) emissions, stationary sources such as factories 

account for the majority of sulfur dioxide (SO2) emissions.2 

 

Tehran’s air pollution is responsible for thousands of deaths and costs millions of dollars each year.4 

During fall and winter, the city experiences several episodes of persistent inversion, when pollutants and 

smog accumulate, causing the air quality index to significantly exceed the standard limit and prompting 

authorities to advise children and people with respiratory and heart problems to stay indoors. Measures 

such as reliable forecasting of meteorological parameters and use of air pollution simulation models are 

helping Tehran to undertake more proactive and efficient public health protective measures.  

 

4. Issues and Challenges 

 

Since the establishment of the Department of Environment (DOE) in 1974, several pieces of 

environmental protection legislation have been passed. The main provision is Article 15 of the Islamic 

Republic of Iran Constitution (1979), which in concert with other legislation and standards at the 

national and municipality level forms a sufficient degree of environmental protection. However, 

effectiveness is limited and there has been little progress in air pollution reduction. Leading reasons for 

this lack of progress include: 

 

Governance and enforcement difficulties: 

 Lack of authority to enforce compliance with laws and regulations. Although public awareness 

about air pollution has increased significantly over the past decade, it must become 

institutionalized in the system;  

 Weak governance, including fragmentations and poor cooperation between relevant 

authorities;  

 Lack of inspections and quality control expertise within the regulatory bodies to ensure 

industrial and vehicle production conformity with standards; 

Economic disincentives towards air pollution reduction: 

 Financial disincentives, including budget constraints and shortage of essential equipment, at the 

government level,  

 Burdensome costs to car owners of implementing inspection and maintenance upgrades to 

meet standards;  

 Slow replacement cycle for car fleet, which keeps older and less efficient cars on the roads 

longer than European and North American models would predict; 

 Some industries and domestic car companies do not prioritize environmental protection in their 

production decisions; 

Rapid urban growth:  
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 There is a large number of personal vehicles; the impact of this fleet on air quality is 

exacerbated by poor fuel quality; 

 Rapid urbanization has exceeded the pace of public transit expansion, clogging urban interiors 

with traffic.  

 

5. Major Naturally Caused Pollution Episodes 

 

1. Inversion Episodes 

 

 

Figure 2: Inversion Episodes: Several episodes in cold season 

2. Dust Sources  

Dust is the generic term for fine airborne particulates usually smaller than 1mm. Very fine particulates, 

smaller than 10 microns (PM10) and smaller than 2.5 microns (PM2.5), can become trapped in the lung 

membrane, causing health problems.  

Iran, like many other Middle Eastern countries, is affected by multiple dust storms each year, especially 

in the eastern, western and central regions, which includes Tehran. Such episodes generate high levels 

of PM, which impairs visibility and causes elevated morbidity.3  

Dust activity is visible over much of the country for about half of the year, with activity lowest in winter 

and peaking in May, June, and July. Observations from  NASA’s Total Ozone Mapping Spectrometer 

(TOMS) has been used to validate the timing of dust events according to ground meteorological stations 

in Iran, as well as to characterize primary dust source areas.5 Data shows that the primary sources of 

dust in Iran are the deserts of the Middle East and Arabian Peninsula, as well as intermittent and dry 

lakes and marshes, including: the Dasht-e-Kavir desert, which includes the Daryacheh-ye Namak salt 
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lake; the Hamun-e-Jaz Murian salt lake; the Hamun/Hamoon lakes and swamps on the Iran- Afghanistan 

border, and the Al-Hawizh/Al-Azim marshes along the Iran-Iraq border. 

 

3.1 The Hamoon Lakes5 

The Hamoons are classified as freshwater wetlands and form the political boundary between Iran and 

Afghanistan. When these Hamoons do not get enough water, either due to drought, diversion, or during 

the natural dry periods of the year (April to September), they convert into dry lands where the playa and 

tiny sediments are exposed to the atmosphere. Simultaneously, strong (up to 110-120 km/hr), low-

altitude winds occur seasonally in this area in a south-westerly direction picking up exposed sediments 

as they blow across the basin.5 

 

 
Figure 3: Subdivision of the Hamoons with the main directions of water flow. (UNEP report, History of 

Environmental Change in the Sistan Basin based on Satellite Image Analysis: 1976-2005)
5 
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Figure 4: Hamoon Lakes Drying Out 

 

 

 

3.2 Contribution of the Middle Eastern dust Source areas to PM10 levels in Tehran 

The majority of the dust affecting Tehran, and Iran in general, arises in the vast deserts of the Middle 

East, to the southwest of Iran, where prevailing winds carrying the dust east across the Persian Gulf and 

into Iran.  

A source apportionment study shows that dust comes mainly from the sub-regions including the areas in 

northern Iraq and eastern Syria3. 

 

Figure 5: Potential dust origins during different months of the year including a) Jan., b) Apr, c) July, d) Oct
3
 

3.3 Urmia Lake Drying Out: A New Environmental Disaster 

The Urmia Lake, located at the center of the closed Urmia Basin and west of the Caspian Sea, is one of 

the most important and valuable ecosystems in the country. It is the largest inland lake in Iran and 

because of its unique natural and ecological features (being a permanent hyper saline lake); it has been 

given national park status and has been designated as a Ramsar site (wetland of international 

importance) since 1975 and a UNESCO Biosphere Reserve since 1977.  
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In 1990, the lake’s surface area was estimated to be 5,263 km2. However, since 1995 the lake has been 

gradually shrinking due to unsustainable withdrawals for agriculture. It is estimated that 70 percent of 

the lake has dried up over the past 30 years; as with the Hamoon lakes and marshes, this shrinking 

process exposes fine sediments, which are then prone to being released into the atmosphere.  

 

 
Figure 6: Urmia Lake drying out 

In fact, studies show that dust (mainly salt, with some small PM) from Lake Urmia can attain an altitude 

of up to 1000 m in height before being distributed primarily northward towards a region with a radius of 

more than 250 km6. While not a national problem, this is a significant regional problem in the 

surrounding cities and agricultural areas. 

4. Conclusion and Expectations  

The above-highlighted persistence and severity of air pollution in Iran shows that this is a serious 

challenge for the country—one with significant social and economic costs to the country of Iran and its 

population. Therefore, going into this symposium, the Iranian delegation’s primary expectations and 

goals are: 

 Expanding the participants’ knowledge and becoming familiar with the state of the scientific 

research on air pollution; 

 Learning from experiences in managing and regulating air pollution in United States; 

 Becoming familiar with many different aspects of the air pollution management and educational 

systems in the United States; and  

 Developing knowledge transfer programs and networking capacities, including: student 

exchange, visiting professors, joint research, technology transfer, seminars, conferences, panel 

meetings, and the establishment of joint programs and scientific committees. 
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Most importantly, we look to this symposium as a forum for Iranian and American scientists to discuss 

best practices for combating urban air pollution.  Such learning is critical to the ability of our delegation 

to contribute to confronting the numerous air pollution challenges in Iran.  
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Section 1. Characterizing Air Pollution: Chemistry and Modeling of Air 

Pollutants 
 

 

State of the Science of Computer Models for Urban Air Pollution Dynamics  

 

Marc Carreras-Sospedra and Donald Dabdub 

Department of Mechanical and Aerospace Engineering 

University of California, Irvine 

 

Abstract 

Computational and scientific advances in the last decades have facilitated the widespread use of air 

quality models by industry and governmental regulatory agencies to develop air pollution control 

strategies, support environmental impact assessments, and provide short-term air quality predictions. In 

addition, application of air quality models have been extended to the analysis of potential pollutant 

exposure and health impacts, long-term projections of air quality due to climate change and mitigation 

strategies, and their integration with global models. The models have evolved during the last four 

decades so as to significantly improve our representation of atmospheric chemical and physical 

processes, but many areas need to be further studied to continue the advancement in air quality 

modeling.  This short review discusses the state of the science and future research needs in air quality 

modeling with respect to model components, model inputs and model output analyses.   

Introduction 

Air quality modeling dates back to the 1960s, years after Dr. Haagen-Smit identified the causes of 

photochemical smog in Los Angeles. Those initial photochemical models included parametric 

approximations for smog formation through simplified mechanisms with a limited number of reactions 

[1, 2]. Nowadays air quality models can include hundreds of reactions and species, including gas and 

aerosol species, and possible heterogeneous interaction between phases. Computational and scientific 

advances in the last decades have facilitated the widespread use of air quality models by industry and 

governmental regulatory agencies to develop air pollution control strategies, support environmental 

impact assessments, and provide short-term air quality predictions. In addition, applications of air 
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quality models have been extended to the analysis of potential pollutant exposure and health impacts, 

long-term projections of air quality due to climate change and mitigation strategies, and their 

integration with global models. The models have evolved during the last four decades to significantly 

improve our representation of atmospheric chemical and physical processes, but many areas need to be 

further studied to continue the advancement in air quality modeling.   

Air quality models build upon three pillars that need continuous development: (1) model inputs, (2) 

model components, namely how the different physical and chemical processes, such as transport and 

chemical reactions are modeled, and (3) model output analysis and presentation. This short review 

discusses the state of the science and future research needs in air quality modeling with respect to these 

three areas: model components, model inputs and model outputs.  This is not intended to be a 

comprehensive review, but as a brief list of topics that will be important in the improvement of future 

air quality models. 

Model Inputs 

Model inputs to photochemical regional air quality models include initial and boundary conditions, 

meteorological conditions, and emission fields. Initial conditions are particularly important in real-time 

and short-term forecasting, where modeling of an initial spin-off is not possible. The effect of boundary 

conditions is generally important in the edges of a computational domain, or in the modeling of remote 

areas. The growing availability of high time resolution satellite observations provide a source of data 

from which boundary and initial conditions can be generated, in addition to the results from global scale 

simulations.  

There is a growing trend of having meteorological fields calculated online with air quality models, which 

enable feedback effects between air quality and meteorological fields. The use of online meteorological 

and air quality models is facilitated by the availability of historical and near-real time satellite weather 

observations that can be used to provide initial and boundary conditions for any air quality episode [3, 

4]. 

Emission inventories continue to evolve toward higher resolutions in time and chemical speciation. 

Availability of continuous emission monitoring from large emitters improved the modeling of impacts of 

power generation and other large emitters. Further improvements include the coupling of emissions 

with meteorological conditions, to refine the emissions estimates from sources that are sensitive to 

temperature, solar radiation, wind and other atmospheric parameters. Emission sources sensitive to 

meteorological conditions include biogenic, dust, automobile and power generation. 

Chemical speciation of emissions is also in continuous development. Emissions of reactive organic gases 

(ROG) are of key importance, because they affect the formation of ozone and organic particulate 

matter. There is evidence that ROG emissions are underrepresented, and could be a major cause of 

discrepancies between models and observations. A major component of ROG sources include emissions 

from refineries, which tend to be underestimated in regions such as Houston, with high petrochemical 

activity. Major components from petrochemical operations include olefins, aldehydes and aromatics, 

which contribute to ozone and secondary organic aerosol (SOA) formation. A second major contributor 
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to ROG is biogenic sources, which release major SOA precursors such as isoprene, monoterpene and 

sesquiterpene. 

 

  
(a) (b) 

Figure 1:  Development of air quality models in the recent years is changing models from a modular approach, 
having meteorology, emissions and air quality calculated off-line, to the coupling of meteorological, emissions and 

air quality modeling in an integrated model that can estimate the interactions between the three components. 

 

Model Components 

Air quality models include the major physical and chemical processes that drive pollution formation, 

transport and fate, including:  chemical reactions, aerosol formation, transport due to advection and 

turbulent diffusion, and sources and sinks due to emissions and deposition. This section focuses on the 

areas of chemical mechanisms for gas and aerosol phases and their coupling with atmospheric 

transport, as these are the areas in which the air quality modeling community has focused in recent 

years.   

Chemical Mechanisms: 

Chemical mechanisms have evolved during the last decades from a simplified chemical representation of 

a limited number of reactions to including a comprehensive system of hundreds of reactions that 

represent gas and aerosol phases. An extreme of the complexity that these chemical mechanisms have 

reached is the nearly-explicit Master Chemical Mechanism (MCM) developed at the University of Leeds. 

The number of reactions and species considered in regional modeling has been constrained partly due 

to computational limitations. Due to the advancement in computing resources, integration of the MCM 

into a regional model has been demonstrated [5]. Despite the advances in the last decades, there are 

areas that need further development, including inorganic and organic chemistry, and aerosol formation.  

There are still a number of reactions involving halogen species that are not typically included in air 

quality models. These reactions include heterogeneous release of halogen gases from aerosols that can 
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then participate in the ozone cycle. In addition, there is still high uncertainty in some reactions of 

nitrogen oxides to form nitric acid and recirculation of products back to nitrogen oxides, which also 

affects ozone and inorganic aerosol formation [6]. 

Despite the availability of complex chemical mechanisms to treat volatile organic compounds, there are 

still limitations in the representation of oxidation pathways for certain aromatic species. Development 

of explicit aromatic oxidation mechanisms for relevant species is underway, and they include the 

extension of toluene oxidation in the Carbon Bond 05 (CB05) mechanism [4]. Aromatics have the 

potential to produce SOA, but branching ratios for the various reaction types (i.e. ring-opening vs. 

substitution) and product characterization need to be refined.  

Some of the highest uncertainties in ozone formation lie on the knowledge gaps in temperature-

dependent reactions. Models are unable to accurately represent temperature dependent chemistry 

important during nighttime (which relates to ozone buildup in morning hours), and in the upper 

troposphere (which relates to long range transport of ozone and its precursors). Kinetic constants for 

the reactions of organic peroxy radicals with HO2, NO and NO3 are still a simplification and more specific 

measurements are required. Photolysis rates of all organic peroxides are assumed to be the same as 

methyl hydroperoxide, and hence, need to be refined [6]. 

Development of heterogeneous chemistry is underway. Some inorganic heterogeneous reactions 

involving sea-salt activated chlorine are included in air quality models. In addition, new research is 

underway to include other halogens chemistry in aerosols and ice droplets related to sea-spray 

interaction with ozone formation. Heterogeneous reaction of nitrogen oxides to produce more inorganic 

nitrate particles is also included in some models. Questions about the mixing state of aerosols are being 

studied to determine the morphology of particles (i.e. whether they form stratified structures within 

droplets with differentiated organic and aqueous phases) and their effect on uptake of gas phase 

compounds such as nitrogen oxides. 

Representation of SOA formation in air quality models has improved significantly in recent years, but 

still, organic matter formation is largely underestimated. There are two major model approaches that 

assume equilibrium between the semi-volatile products of organic compounds and the aerosol phase: 

(1) 2-product approach and (2) volatility-based approach. These approaches are based on parametric 

adjustments of laboratory experiments, and new approaches based on mechanistic representation, 

which are just at the initial stages of development [4, 7]. New advances have suggested that organic 

nitrate aerosol formation follows a kinetic irreversible uptake pattern, rather than existing in 

equilibrium. The study of organic aerosol aging and oligomerization of SOA within aerosol phase could 

improve the ability of models to predict organic aerosol [7, 8]. Research on oligomer formation is 

currently focused on product identification, and research on path formation is expected to be a 

challenging problem to determine their contribution to SOA, as oligomerization can be a multiphase 

process that depends on the identity of all organic compounds as well as acidity and water content [7]. 

Transport Mechanisms and Coupling with Chemistry: 
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Traditionally, air quality models use meteorological fields calculated off-line to provide the necessary 

inputs for transport. Recent advances have coupled meteorology and atmospheric chemistry to account 

for feedback effects of air quality on meteorology and vice versa. Improvements in coupling of 

meteorology and chemistry should include aerosol nucleation, under-cloud scavenging of pollutants and 

convection-cloud microphysics [3, 4]. 

Increasing computing power allows for an increase in model spatial resolution. However, improved 

model resolution for transport down to the sub-kilometer scale requires the redesign of some 

parameterizations for turbulence that were designed for coarser resolution. New developments should 

include building and canyon effects that become relevant at such higher resolutions, and require air 

quality modeling to adopt computational fluid dynamics approaches. The inclusion of these effects 

requires very detailed information of local orography and physical dimensions of structures that is 

currently not available. Computational cost precludes the use of simulations with high resolution and 

high levels of detail in regional models, but neighborhood-scale domains have been simulated. 

Higher resolution of models will require a better representation of the planetary boundary layer (PBL). 

Evaluation of models at the upper level is difficult as there are limited measurements at higher altitude, 

although the availability of satellite data is beginning to fill some of these data needs. 

Model Outputs 

Air quality model evaluation is crucial to determine model performance, and to provide levels of 

uncertainty and confidence in model predictions and their applications. For instance, uncertainty levels 

in meteorological modeling are communicated and accepted by the general public, in typical predictions 

of temperatures, precipitation, and even probability of path of a tropical storm. The air quality modeling 

community needs to continue developing standardized metrics to communicate model performance to 

end users, relevant regulatory agencies, policy makers and the general public. Availability of 

measurements is important to provide references. Typically, air quality model evaluation is based on a 

limited number of pollutants (e.g. O3, CO, NOX and PM). Evaluation of organic compounds is still limited 

by the lack of measurements, and likewise, model evaluation at altitude. Only a limited number of 

monitoring campaigns can expand the database that can be used to refine model predictions and 

evaluate model performance.  

Another way to determine model performance relies on model intercomparison. It is common, 

however, that the format of input data varies from model to model, and inputs are not readily available 

to conduct a direct intercomparison. Nevertheless, recent international initiatives such as the Air-Quality 

Modeling Evaluation International Initiatives (AQMEII) are promoting campaigns to conduct 

standardized simulations that will provide a consistent basis for model intercomparison [9]. 

An emerging area in air quality modeling is model ensembles, which provide a range of air quality 

predictions with uncertainty bounds. Ensemble modeling has been used extensively in weather foresting 

for tracking hurricanes and storm systems, and in climate models. The idea behind ensemble modeling is 

that a weighted average of the different models can provide a better agreement with observations 

compared to a single model. Initial examples of model ensemble predictions are being conducted under 
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AQMEII, which will provide new directions in the consolidation of future ensembles. In addition, this 

intensive campaign will help create the necessary tools to standardize output and related output data 

evaluation and synthesis [9, 10]. 
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Abstract  

A methodology was developed to model emissions and project total vehicular emissions reduction from 

different reduction policies for light-duty vehicles in Tehran. Roadside measurements and tunnel studies 

were carried out to establish the current emissions state. The ambient concentration resulting from 

different emission states was predicted and mapped by dispersion modeling. Total emissions from the 

studied network were largely impacted by vehicles technology and age, road speed, and fuel type. 

Enforcing proper emission standards, expanding public transportation, and vehicles’ fleet renewal can 

potentially reduce more than 90 % of current CO emission.  

Keywords: Air Pollution; On-Road Emission; Light-duty Vehicles; Emission Modeling; Tehran; Reduction 

Policy 

 

1. Introduction 

Tehran, capital of Iran, is a megacity with more than 8 million people and high levels of air pollutants 

(Arhami et al., 2013; Givehchi et al., 2013). Among different pollutant sources, vehicles, specifically 

passenger cars, produce a substantial share of the total emissions in this city (Bayat et. al., 2012). Hence, 

studies to model emission and predict pollution reduction from emission management policies are 

crucial for making appropriate decisions to improve air quality in Tehran. Despite the significance of 

vehicular emission reduction, adequate studies have not been conducted to produce useful information 

for policymakers to set policies which effectively reduce vehicular emissions and improve the air quality.  

Vehicular emissions depend on various factors related to the vehicle condition and its operating state. 

Such factors include powertrain and emission control technologies, vehicle model and age, ambient air 

conditions, driving cycles, travelling speeds, and type and quality of utilized fuel (Frey et al., 2008). 



26 
 

Vehicular emission reduction policies include various practices which alter these factors or lessen overall 

traffic volume to diminish the total emissions. These policies usually require a big budget, long term 

planning, and executing large sets of actions. Hence, it is necessary to conduct studies to project the 

total emission reductions from different prospective policies. 

 

Vehicle emissions variation can be investigated by both experimental studies and emission models. The 

experimental studies usually include chassis dynamometer, tailpipe emission measurements and field 

studies (Chan et al., 2004). Tailpipe measurements can potentially provide suitable descriptions of 

vehicular emissions since they are carried out under a loaded vehicle’s normal operating conditions 

(Frey et al., 2008). However, reliable experimental studies for large road networks require extensive and 

vast sets of costly samplings and measurements, which are not available for many large and polluted 

cities around the world. Field studies, such as road-side and in tunnel measurements can represent 

realistic emission state for traffic fleet at operating condition of a network. Emission models are 

developed based on experimental data in different countries to estimate on-road emissions, such as 

MOBILE and COPERT models (Gkatzoflias et al., 2007). The vehicles’ type and their operating conditions 

could be different from the original fleet while applying these models to other countries’ network, which 

may cause some uncertainties. A suitable description of vehicles’ types and operating conditions of the 

targeted road network are crucial to diminish these uncertainties. The traffic data can be incorporated 

via different methods including the Travel Demand Models (TDMs) with a rather acceptable precision 

(Wang et al., 2009). To obtain an acceptable estimation of total link-based emission in a city and avoid 

extensive measurements expenditures, the combination of TDM with proper emission models can be 

used. The effect of implementing different policies can be evaluated by changing the influential factors 

and estimating the total link-based emission through this model (Baldasano et al., 2010). Besides, the 

sensitivity analysis of emissions from a large urban network including thousands of roads to different 

factors can serve as a novel work in traffic and emission management.  

In this research, an emissions model is developed in order to estimate the road link-based pollutants 

emissions. Roadside measurements and tunnel studies were carried out in an endeavor to establish the 

current emission state. This model was applied to different plausible emission reduction scenarios for 

the light-duty vehicles (LDV) in the roads network of Tehran, Iran. The emissions were found separately 

for the road links and mapped throughout the city’s roads network using GIS mapping tools. The 

resulted ambient concentrations were also modeled by applying a dispersion model. 

 

2. Methodology 

2.1 Emission Modeling and Measurement 

A road link-based emission model was developed to estimate the total emissions from roadway 

networks of Tehran. This model was used to study CO, HC and NOx emissions from LDV’s fleet. A 

bottom-up approach was utilized and its performance was compared to the top-down approach. The 
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flowcharts of the model’s computational processes on the input data are presented in Figure 1. This 

model was developed principally by coupling a travel demand model of EMME/2 with vehicle emission 

functions extracted from the COPERT model. The link-based emissions were estimated under real world 

operating conditions, including the road links geographical and traffic conditions, meteorological 

conditions, and the compositions and type of fuel for the existing combination of vehicle types and ages 

in Tehran. 

The best way to verify the modeled emissions is comparing them with comprehensive tailpipe emissions 

measurements under operating conditions, which are not available for Tehran. The other ways to verify 

the modeled results are conducting road-side or tunnel measurements, or using chassis dynamometer 

tests or available emission inventory results; this study utilizes all of these approaches. Total LDV 

emissions for 2010 were extracted from the emissions inventory conducted by the Transportation and 

Traffic Comprehensive Studies Company of Tehran (TTTO, 2010). The mass of pollutants emitted during 

the dynamometer test for CO and HC + NOx was obtained by processing the recorded chassis 

dynamometer measurements, which were produced by the Iranian Fuel Conservation Company in 2004. 

To compare the model outputs to these measurements, the pollutants emissions were modeled at the 

same average speed as the ECE cycle (dynamometer text). Road-side measurements and tunnel studies 

on freeways with dominant LDV traffic were carried out to estimate the current emissions state. During 

the tunnel studies, measurements were made at different locations inside the tunnel, and a box model 

was applied to find the average emission factor during light and heavy traffic conditions. The roadside 

measurements were conducted at different distances downwind of a major freeway, and reverse 

dispersion modeling using the Caline4 model was implemented on the results.   

Network General Information:
 Average Speed in Network

 Total Traveled Distance

Link-based Information:
 Link Speed

 Link Volume

 Link Length

Vehicular Emission Estimation in a Specific Network

Bottom-Up Approach
E= ∑(e(v)×L×T)
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E=e(v)×Total Distance
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E = e (Technology, 
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Ambient air condition)  

Pollutant Emission 
Model:

 COPERT 

GIS Data and Travel Demand Models (EMME 2)

 

Figure 1: Flowchart of total link-based emission estimations procedure 

 



2.2. Emission Reduction Policies 

Emission reductions were projected for several policies, which are based on the local conditions 

implementable within a 15 year period after 2010. Two types of emission reduction policies were 

considered:  alternative vehicles/fuel policies, and new traffic management practices. Alternative 

vehicle/fuel based policies include acquiring vehicles with higher emissions standards, reducing the fleet 

age, and utilizing different/alternative fuel types. Traffic management policies include altering speed 

limits and reducing traffic volume.  

In 2004, an emission certification enforcement schedule was planned to gradually improve the country’s 

emission standards. Based on the European emissions standards, this plan suggested gradual 

implementation, enforcing Euro 2 emission standards beginning in 2005, Euro 3 in 2010, and Euro 4 in 

2012. Based on current data, this certification plan has not been completely enforced for variety of 

reasons and many vehicles pre-ECE and ECE15-04 vehicles remain in the network. The emissions 

assuming complete enforcement of this emission standards’ certification plan, called the certification 

plan scenario from now on, was projected and compared to other emission standard scenarios.  

Emissions assuming that all of the light duty vehicles (LDVs) in the network utilize different fuels, 

including diesel and liquid natural gas (LNG), were compared to the baseline gasoline scenario.  

In looking at traffic management policies, two types of alternative speed scenarios were defined, 

including varying the speed in each link, and increasing speeds in the low-speed road links. The change 

in travelling speed represents improvements to the general traffic flow throughout the entire network. 

Increased speed in low-speed road links represents policies that improve the traffic situation in specific, 

highly congested links. To reflect this situation, a scenario of assuming the average traffic speeds are not 

lower than 10 km/hr in any link was examined.  

The existing long term transportation management plan for Tehran shows a possible 20% reduction in 

passenger car volume with about 15 years, based on a negative travel demand trend, mainly driven by 

promoting greater use and availability of public transportations (TTTO, 2010). The total emission 

reduction in 2025 under this scenario and its accompanying change in the link speeds was estimated. In 

this time period, the traffic fleet could be constantly renewed by decommissioning 25 year old cars, and 

the certification plan could be enforced. Hence, a combined scenario was defined and its effect on 

individual road links was shown by GIS mapping. The average annual ambient concentrations of the 

studied pollutants emitted by LDVs under different emissions states was modeled using the AERMOD 

model. 

 

3. Results and Discussion 

3.1. Emission Modeling and Measurements 

The average emissions of dynamometer measurements were comparable with modeling the network 

assuming Pre-ECE vehicles, which is one of the worst available emission standards. Because there are 
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some uncertainties in using chassis dynamometer measurements to verify the results of emissions 

modeled under operating conditions, the results were also compared to one of the latest available 

emissions inventories (TTTO, 2010), which is indicated by a dashed line in Figure 2.  

The results of field studies showed that the average fleet emission factor (grams of emission/miles 

traveled) is less than assuming the whole fleet complies with Pre-ECE standard, and is closer to the ECE 

15-04 emission factor (Table 1). Since comprehensive tailpipe emission measurements under operating 

conditions are not available for Tehran, it is not possible to accurately estimate the emissions quantity. 

Hence, to be inclusive of all vehicles and scenarios, this study assumes a broad potential average 

emission range—from the entire fleet at Pre-ECE emission standards, up to assuming complete 

enforcement of certification plan.  

Table 1: Emission factors estimated by road-side and tunnel measurements 

Emission Factor (EF), gr/mile Heavy Traffic Light Traffic 

 

 

 

Tunnel Measurements 

Pre-ECE  42<EF<47 34<EF<37 

ECE 15-01  EF~28 EF~23 

ECE 15-02  24<EF<28 18<EF<20 

ECE 15-03  25<EF<30 17.5<EF<19.5 

ECE 15-04  13.5<EF<16.5 9.5<EF<11.5 

Euro 1  2.5<EF<3 2<EF<2.5 

Road-side Measurement 8.03<EF<11.42 9.52<EF<12.61 

 

The link-based emissions modeled by both top-down and bottom-up approaches are presented in Figure 

2. Generally, the estimates of total pollutants emissions using the bottom-up approach were higher than 

the emissions estimated using the top-down approach. The arithmetic averaging of speeds on the 

network links usually lead to lower emissions in the top-down approach, compared to the bottom-up 

approach, since it could not reflect the exponentially elevated emissions in the low or high speed road 

links. Some uncertainties could be associated with the developed emission models’ results, which are 

derived from various and uncertain sources, such as implemented emissions standard functions, and 

traffic and vehicles fleet information.  

3.2. Emission Reduction Policies  

Improving the vehicles emission standards had a significant, positive effect on the road link-based total 

emissions (Figure 2). If the certification plan had been completely applied, CO, NOx and HC emissions 

would have achieved 64%, 68% and 64% reductions, respectively, by 2010 compared to the Pre-ECE 
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emission standard condition. In addition, by advancing the average passenger car emission standard to 

Euro 1 level, the total CO, NOx and HC emissions in the roads network would realize 93%, 85% and 92% 

reductions, respectively, relative to the Pre-ECE level. The emissions are further reduced by changing 

from the Euro 1 to a higher standard. However, this amount of reduction is much lower than the 

reduction obtained by shifting the standards from Pre-ECE or certification plan to Euro 1.  

The effect of utilizing alternative fuels on total network’s emissions is also shown in Figure 2. Assuming 

the same class of emissions standards (Euro 1), CO, HC and NOx emissions were respectively 0.19, 0.26, 

2.22 for diesel, and 0.89, 1.18, 1.06 for LPG, relative to the emissions from gasoline-fueled vehicles. 

Diesel vehicles are advantageous with respect to CO and HC emissions, and unfavorable with respect to 

NOx emissions.  

The other scenario corresponds to vehicle renewal, which consists of decommissioning passenger cars 

older than 25 years, and replacing them with new cars that are certified to Euro 4 emission standard. 

This fleet renewal, which will decrease the average vehicle age from 6.4 years to 5.3 years, leads to 23%, 

21% and 5% reduction in CO, HC and NOx emissions, respectively. These results reflect the significant 

and outsized effect of these old vehicles, which currently comprise only 4% of total passenger cars. 

Table 2 presents the effect of different possible scenarios based on improvements in the speed of the 

traffic flow in the network’s links assuming two different vehicle’s emission standard conditions, Pre-ECE 

and enforcement of the certification plan. Assigning a minimum speed of 10 km/hr saw a 10% speed 

increase and a 5-6% reduction in CO and HC emissions. Increasing the speed by 20% in each link led to 

reductions of 10 to 12% for CO and HC emissions. These scenarios had a negligible effect on NOx 

emissions, as NOx emissions have the least variation by speed under the conditions of this road 

network.  

Another plausible traffic management strategy is reducing passenger car volume by using policies such 

as promoting public transportation. Reducing passenger car volume 20% saw NOx, HC, and CO emissions 

decrease by 35%, 44%, and 43%, respectively. This considerable reduction shows the importance of 

reducing the passenger cars’ share in transportation, which also increases the travelling speeds on the 

road links due to improved traffic flow throughout the entire network. The implementation of the 

combined scenario lead to reductions of 88%, 98% and 96% in HC, CO and NOx emissions, respectively, 

compared to the Pre-ECE condition. A map of CO emissions for this combined scenario is shown in 

Figure 3, which also compares the combined scenario to CO emissions with a pre-ECE vehicle fleet and 

with complete enforcement of the certification plan. The impact of the certification plan in reducing CO 

concentration relative to the pre-ECE fleet, as derived from dispersion modeling, is further explored in 

Figure 4. 
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Figure 2: GIS-based maps of CO emissions along Tehran’s road network, assuming a) Pre-ECE emissions standard, 

b) enforcement of the certification plan, and c) implemented combined scenario 
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Figure 3: Total link-based emissions estimated thorough bottom-up and top-down approaches assuming enforcement of various emission standards for the 
studied network
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a) Pre-ECE Scenario 

 

b) Enforcement of Certification Plan Scenario 

 

Figure 4: Concentration of CO (kg/m
3
) estimated assuming a) Pre-ECE scenario, and b) enforcement of the 

certification plan scenario 

Pollutant emissions reductions from LDVs would have a significant effect on vehicular emissions in the 

entire network, especially in the dense downtown area. The great potential for emissions reductions 

from vehicular traffic, particularly in highly congested areas and near roadways, highlights the 

importance of managing passenger car emissions in Tehran, which are the main source of air pollution in 

this polluted and populated city.  

 

4. Conclusion  

In this study a methodology was developed to project total vehicular emissions under different emission 

reduction scenarios. Results showed that total emissions from the studied network were largely 

impacted by vehicle technology and age, speeds in the links, and fuel type. A major reduction in 

emissions is achieved by elevating the current emission standards to Euro 1 levels. A proper 

transportation management plan, such as promoting public transportation, also has the potential for 

significant emission reductions. Concurrent implementation of multiple of these policies is the most 

effective method of vehicular emission reduction analyzed in this study.  

The results of this study could be utilized in future studies and by policymakers looking to effectively 

improve air quality in Tehran. At this stage, there is a clear need for further research on pollutant 
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concentration modeling, and assessing the degree to which future policies could be effective in 

mitigating air pollution in Tehran.  
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Introduction 

Although the first receptor-based source apportionment models for atmospheric particulate were 

developed in the 1970s (Friedlander, 1973), the use of these models did not fully progress and were not 

broadly applied until the late 1990s and early 2000s when significant advances in chemical speciation of 

particulate matter and more advanced receptor models were developed (Poirot et al., 2001; Schauer et 

al., 1996). Although advanced chemical measurements have become a key component of advanced 

receptor models for particulate matter, a basic understanding of the sources of particulate matter can 

be obtained from the bulk chemical measurements of particulate matter. Bulk chemical measurements 

include elemental and organic carbon (ECOC); secondary inorganic ions including sulfate, nitrate and 

ammonium; sea spray in coastal areas; crustal elements including silicon, aluminum, magnesium, 

potassium, titanium, and iron; and trace metals. The use of these major components of particulate 

matter can be used to reconstruct the particle mass that can provide broad categories of sources of the 

particulate matter (Yin and Harrison, 2008). The broad source categories that can be obtained from such 

analysis include secondary ammonium sulfate, secondary ammonium nitrate, carbonaceous aerosol, 

suspended dust, and toxic metals. In cases where ammonium sulfate and ammonium nitrate are the 

dominate sources of particulate matter, the emissions of sulfur dioxide, nitrogen oxides and ammonia 

are the key sources that need to be better assessed and this can often be done through emission 

inventory assessments (Kato and Akimoto, 1992).  

 

The bulk composition data can also provide important information on the contribution of dust, as well 

as metals from industrial sources (von Schneidemesser et al., 2010). However, in many urbanized areas, 

combustion sources such as mobile sources, stationary power generation, food cooking, biomass 

burning and secondary organic aerosol (SOA) are important sources of organic and elemental carbon. In 

such cases, the bulk chemical properties do not provide adequate information to determine the sources 

of the organic and elemental carbon and more advanced methods for source apportionment are 

needed. The use of particle-phase organic compounds, or molecular markers, have been shown to be a 

very effective strategy to determine the sources of organic and elemental carbon present in particulate 

matter (Schauer et al., 1996) and have become a commonly used source apportionment strategy. These 

models have been used in many regions of the world, including a number of developing countries, such 
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as Pakistan (Stone et al., 2010), Mexico (Stone et al., 2008), China (Zheng et al., 2005), and India 

(Chowdhury et al., 2007); and developed countries, including England (Yin et al., 2010), South Korea 

(Park et al., 2006), and the United States (Docherty et al., 2008; Schauer et al., 2002; Schauer et al., 

1996; Sheesley et al., 2007).        

 

 

Capacity Building 

The implementation of source attribution studies requires three basic components: sampling, chemical 

analysis, and receptor modeling. Ambient particulate matter sampling technology can be readily 

transferred to new groups interested in conducting sampling in virtually any region of the world. This is 

evident by the fact that the current US particulate matter speciation networks are predominately 

operated by technicians with only limited scientific training. In contrast, source testing efforts that can 

support source attribution studies require very highly trained staff, very specialized equipment and 

significant resources. With that said, previous studies have demonstrated that source attribution studies 

can be successfully implemented without significant resources directed at source testing. It is expected 

that in most countries in the world, facilities can be established within federal laboratories or 

universities that can conduct chemical measurements and perform receptor modeling calculations, if 

collaborative links are created with well-established particulate matter research groups and 

laboratories. It is likely that the transfer of key technology and equipment for chemical analysis and 

receptor modeling would be required. While basic methods could be directly transferred, moderately 

advanced methods will likely require that chemists or engineers from developing nations—who will be 

responsible for these activities—spend time in established laboratories to receive hands on training.   

 

Overall Strategy 

An effective strategy for sampling fine particulate matter in urban areas is the collection of 24-hour 

average samples taken every 6th day for one year. This sampling strategy can be done with limited 

resources and staff, but can provide a good understanding of the seasonal trends in sources and the 

annual average source contribution in a given location. If sufficient resources are available, samples 

could be collected at a higher frequency or at more than one location in an air shed. The chemical and 

data analysis for a yearlong sampling program could be conducted over the time scale of about one 

year, with an overall project duration of about 2 years, if limited training sampling, chemical analysis and 

data analysis training is needed. Christoforou et al. (2000) summarized and compared the sampling used 

in the some of the early networks used in the Los Angeles (LA) Basin in the 1980s and 1990s that are still 

suitable for source apportionment studies. The basic measurements that were conducted in the initial 

phase of the study were particulate mass, sulfate ion, nitrate ion, ammonium ion, elemental and organic 

carbon, as well as trace metals. Although data on trace metals was not used in this study for source 

attribution, the positive matrix factorization (PMF) study by Poirot et al., (2001) could have been applied 

to the data to expand the knowledge sources of trace elements and the carbonaceous aerosols. 

Although these early studies used X-Ray Fluoresce (XRF) for metals analysis (Lough et al., 2005), more 

recent developed methods for trace metals analysis, specifically inductively coupled plasma mass 
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spectrometry (ICPMS) analysis, are more suitable for PMF and are more likely to be available in many 

countries around the world (von Schneidemesser et al., 2010).  

 

Rogge et al. (1993) were the first to use organic tracers to understand sources of organic aerosols in the 

LA Basin. Although this study did not use a quantitative source apportionment model, the study 

provided a semi-quantitative understanding of the impact of different combustion sources. The same 

data was later integrated into a formal molecular marker chemical mass balance model to apportion 

nine primary sources of fine particulate matter (Schauer et al., 1996). These studies provide a historical 

perceptive on the development of source apportionment tools, but also provide a pathway to 

developing tools to understand the sources of particulate matter in locations where limited air quality 

studies have been conducted. These same relatively low cost methods could be applied today in any 

region of the world to understand the origin of particulate matter in that location, which can ultimately 

be used for the development of control strategies. It is important to note that local source testing is not 

necessarily needed to implement these studies, since many source profiles can be estimated from 

existing literature. In addition, the integration of PMF and CMB methodologies will serve as a 

consistency check for the applicability of the source profiles. These results provide a solid foundation to 

prioritize source testing efforts that may be needed for more advanced source attribution studies.      

 

Logistics  

Samplers for such studies are commercially available, including low cost manual controlled samples and 

more advanced and expensive electronic control systems. The selection of samples should be decided 

with an understanding of the capabilities of the sampler operators and the utilities available at sampling 

sites. In locations with limited power supply, battery back-up systems have been set up to allow 24-hour 

sampling. In some cases, it may be preferable to purchase sampler components, which can be 

configured by a local mechanical shop. Mass, secondary ions and organic and elemental carbon 

measurement could be relatively quickly implemented in laboratories in most countries around the 

world. The metals and ion analysis are common analytical methods that are commonly used for the 

analysis of water and soils. However, the ECOC analysis does require a specialized instrument that is 

commercially available. If such an instrument could not be obtained, there are number of commercial 

laboratories in the United States, Europe, and Asia that conduct these analyses on a fee for service basis.  

Likewise, the metals and ions analyses can be contracted to a number U.S., European and Asian labs.  

The measurement of molecular markers by GCMS and the receptor modeling should be conducted 

within an established institution that has experience with these methods. Ideally, these efforts should 

be conducted as a collaborative effort between an established institute and investigators from locations 

where such methods have not been previously used to study air pollution.   
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Abstract 

This paper analyzes the dispersion of particulate matter (PM) emitted from a steel complex in the 

southwest of Isfahan, Iran, and its impact on the air quality of the surrounding urban are. Three 

approaches, including dispersion modeling using the AERMOD modeling system, PM measurement from 

11 nearby sites, and a chemical mass balance (CMB) model have been used to perform the analysis. The 

CMB model data shows that the steel complex is responsible for 27 percent of PM pollutants in the 

region. In addition, the dispersion modeling results reveal that the annual average concentration of PM 

in the urban area (Zarinshahr) near the steel complex is increased 5-15 µg/m3 by the steel complex 

smoke stacks. These results can be used to plan air pollution control strategy in the Isfahan steel 

complex and Zarinshahr city that is affected by emitted pollutants of the steel complex. 

 

1. Introduction 

Air quality dispersion modeling involves leveraging computer simulations to predict air quality 

concentrations from various types of emission sources. First developed in the early 1930s [1], these 

models are often used to quantitatively correlate the cause and effect of pollutant concentration levels 

and form the primary feed-in for setting air quality regulations and policies. Current models are 

subjected to extensive evaluation to determine performance under a variety of meteorological 

conditions [2].  

AERMOD modeling system is a steady-state and state of the art plum model that was introduced by the 

U.S. Environmental Protection Agency (EPA) for air pollutant dispersion modeling and it is replaced with 

Industrial Source Complex (ISC3) model in 2006 [3]. The U.S. (EPA) has conducted an evaluation of the 

performance of dispersion models. The statistical foundation was established as a result of two 

workshops conducted jointly by the EPA and the American Meteorological Society (AMS). Based on the 

recommendations from these workshops, the EPA began to develop a comprehensive library of statistics 

that summarizes the performance of various models. These statistical measures are so varied, complex 

and numerous that it is almost impossible to compare the overall performance of competing models [1]. 

Kumar et al. discuss the various studies conducted to diagnostically evaluate the performance of the ISC 

model using specific point source field data [4]. The main objective of the present work is to determine 

and study the effects of air pollution emissions from Isfahan steel complex on the surrounding urban 
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area. To achieve this, we have selected the last updated version of the AERMOD modeling system in 

2012.  

This study presents the results and evaluates the performance of the AERMOD model (EPA) for 

estimating 8-hr averages of particulate concentrations from multiple sources. This model was selected 

due to the robustness of the model, which allows for its application over a variety of pollutant sources in 

a wide range of settings and geographies [5].  This model uses a Gaussian and a bi-Gaussian approach in 

its dispersion models and generates daily, monthly, and annual concentrations of ambient air pollution.  

AERMOD predictions are computed using the emission inventory of the year 2010 from a steel complex 

in the Zarinshahr region southwest Isfahan, Iran. This study verifies the model’s performance by 

comparing model predictions with the air quality data from 11 receptor sites in the immediate area 

surrounding the steel complex. Statistical performance measures introduced by the EPA and the AMS 

are used to evaluate the performance of the model.  

2. Materials and Methods 

The research procedure in this study is presented in Figure 1. 

 

Figure 1: The mixed-methods research procedure, including modeling and direct monitoring 
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2.1. Site description 

In 1970 the Isfahan Steel complex began operation in Zarinshahr, Iran and is still located in the West 

Zayande-rud River valley, approximately 1,550 m above sea level (Figure 2). The production facility has a 

present-day capacity of 2.7 million tons of steel annually. 

Zarinshahr city, with a population of 247,345 (2011 national census), is located about 41 km southwest 

of Isfahan (32°, 24’N and 51, 22’E). The region has rich agricultural lands and is one of the most 

important rice producers in the Isfahan Province.  

 
Figure 2: The map of Isfahan steel complex and Zarinshahr city 

 

2.2. Emission Inventory 

The AERMOD model requires emissions data from each smoke stack in the facility (referred to from 

hereon as stacks), which are the main sources of pollution from the plant. Detailed emissions inventory 

data from Isfahan steel complex in 2010 have been obtained from the complex operators and the 

Isfahan Provincial Directorate of Environment Protection.   
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2.3. Dispersion model 

The steel complex has 13 stacks that emit pollution containing PM10; all were included in this model. 

Stacks are divided into three groups. The first group consists of one stack, responsible for about 25 

percent of the pollutant emissions at a rate of 94 grams/second (g/s). The second group consists of six 

stacks, responsible for 54 percent of the pollutant emissions; each stack emits pollutants at a rate 

greater than 21-54 g/s. The third group consists of six stacks, responsible for 11 percent of the pollutant 

emissions; each stack emits pollutants at a rate of 1.6-17 g/s. The Universal Transverse Mercator 

coordinate system (UTM) coordinates the characteristics of the 13 stacks emitting particulate matter 

and is given in Table 1. 

Table 1: Characteristic sources of particulate emissions in Isfahan 

Group Stack X Y Dia. 
Temp. 

(˚C) 
Pressure 
(mmHg) 

Velocity 
(m/s) 

Height 
(m) 

Emission 
Rate 

No.1 Firebrick department 529548 3587216 6.68 32 694.79 4.5 2 94.03 

No.2 

agglomeration- stack 
1 

530117 3587950 2.5 120 241.99 36.69 60 53.92 

agglomeration- stack 
3 

529990 3588174 2.5 130 288.2 31.59 60 44.81 

agglomeration- stack 
2 

530042 3588101 2.5 135 293.64 31.39 60 40.93 

Steelmaking - 
convertor 3 

530398 3587494 2 53 614.75 14.36 103 30.54 

Steelmaking - 
convertor 1 

530398 3587494 2 51 618.76 18.68 103 21.64 

No.3 

Agglo-machins 530210 3587960 2.69 46 356.73 17.4 45 17.75 

coke making stack 2 529583 3588108 2.3 78 512.18 18.35 105 11.63 

coke making stack 1 529704 3588102 2.3 76 616.42 15.16 90 8.93 

agglomeration- stack 
4 

529890 3588104 2.75 56 221.42 27.72 45 6.84 

agglomeration- stack 
5 

529780 3588204 2.69 44 287.97 21.42 45 3.48 

agglomeration- stack 
6 

529790 3588381 2.5 52 593.74 12.4 45 1.63 

- 

rolling 650 530716 3587368 5 200 89.09 30 80 0 

rolling 350 531032 3587660 3 200 195.52 38 80 0 

rolling 300 530751 3587110 5.6 450 74.04 44 80 0 

rolling 500 530763 3587338 4.8 450 92.38 48 80 0 

 

The AERMOD meteorological pathway was used to specify the input meteorological data file and other 

meteorological variables, including 3-hourly observations of surface level parameters, such as wind 

speed and direction, temperature, sky cover, height, station pressure, sea level pressure, dew-point 

temperature, relative humidity and the amount of precipitation. To specify certain meteorological 

measures such as the Bowen ratio, albedo and roughness length, it is necessary to divide the study area 

into three sectors based on land use. Because the values of these equations differ between seasons (due 



44 
 

to faunal and crop changes, among other environmental factors) in the study area, the spring and 

autumn values are calculated separately, as below in Tables 2 and 3. Because parts of central Iran are 

not as cold as the north and west during winter seasons, and land use for the summer and spring 

seasons are similar, only spring and autumn are considered here. 

Table 2: Surface characteristics used in the study for spring 

No. Land Use 
Sector Start 

(degree) 
Sector End 

(degree) 
Albedo Bowen Ratio 

Roughness 
Length 

1 Urban 315 45 0.14 1 1 

2 
Cultivated 

Land 
45 225 0.14 0.3 0.03 

3 
Desert 

Shrubland 
225 315 0.3 3 0.3 

 

Table 3: Surface characteristics used in the study for autumn 

No. Land Use 
Sector Start 

(degree) 
Sector End 

(degree) 
Albedo Bowen Ratio 

Roughness 
Length 

1 Urban 315 45 0.18 2 1 

2 
Cultivated 

Land 
45 225 0.18 0.7 0.05 

3 
Desert  

Shrubland 
225 315 0.28 6 0.3 

 

The AERMOD model domain was a 14X14 km2 area with orthogonal grid spacing of 70 m (40401 grid 

points). 

2.4. Exposure measurements 

As shown in Figure 3, eleven monitoring receptors located on various land use categories around the 

site; these monitors measured total particulates and were used to evaluate the fit of the model. 

 

Figure 3: Area map showing the locations of stacks and monitoring receptors 
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2.5. Air pollutant sources apportionment 

A CMB8.2 receptor model has been  used to quantify the share of heavy metal concentrations emitted 

from this steel complex by considering other sources, namely the Sepahan cement plant, the Mobarake 

steel complex, the Oshtorjan industrial region, and combustion from transportation. Each run of CMB 

fits heavy metals species data from a specified group of sources to corresponding data from a particular 

receptor (monitoring site). The source profile abundances (i.e. the mass fraction of a chemical or other 

property in the emissions from each source type) and the receptor concentrations, with appropriate 

uncertainty estimates, are assumed as input data to the CMB. The output consists of the amount 

contributed by each source type represented by a profile of the total mass and mass of each chemical 

species. The CMB calculates values for the contributions from each source and the uncertainties of 

those values [6].  

Our model uses data on six heavy metals: arsenic, cadmium, nickel, chromium, iron and aluminum. The 

meteorological assumptions used to run CMB8.2 in this study are shown in Table 3, while the input data 

used for fitting pollutants to sources is the rate of heavy metals in stacks outputs of each source (Table 

4). 

Table 4: Assumptions for applying CMB8.2 

Sources 
Isfahan steel complex, Mobarake steel complex, Sepahan cement plant, 
Combustion transportation and Industrial region 

Species Arsenic, Cadmium, Nickel, Chromium, Iron and Aluminum 

Ambient 
Data 

Concentrations of TSP and the heavy metals in 11 samples 

 

Table 5: Weight and uncertainty of fitting sources for generating the pollutants [7]  

  

 

Ambient data samples include the concentrations of the heavy metals at 11 points which have been 

determined in previous studies in the nearby region (Table 6) [8]. 

 

Name Weight %
Uncertainty 

%
Weight %

Uncertainty 

%
Weight %

Uncertainty 

%
Weight %

Uncertainty 

%

Arsenic (As) 0.050 0.009 0 0 0 0 2.645 0.515

Cadmium (Cd) 0.050 0.009 0 0 0 0 0.753 0.34

Chromium (Cr) 1.808 0.314 0.007 0.001 0 0 0.227 0.004

Iron (Fe) 11.660 2.078 2.94 0.58 0.11 0.03 3.259 0.59

Nickel (Ni) 0.550 0.095 0 0 0 0 0.144 0.018

Aluminum (Al) 0 0 2 0.4 0.26 0.23 1.905 0.298

STEEL CEMENT TRANSPORTATION IND. REGION
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Table 6: Concentrations of the pollutants in ambient samples 

 

 

2.6. Evaluation of model results 

This evaluates the performance of AERMOD according to the Guidelines on Model Evaluation 

recommended by the EPA [9]. 

In order to evaluate the results of modeling and examine the differences between observations and 

model prediction, this study uses two kinds of performance measures: measures of difference and 

measures of correlation, which represent a quantitative estimate of the size and association of 

differences between observed and predicted values. Model reliability in this study is based on the 

specific performance parameters suggested by Kumar et al. and detailed in Table 6 [2, 10]. This study 

also uses Q-Q plots, a type of modified scatter plot, to assess operational performance by pairing 

observed versus modeled data at an unspecified time and location [11]. 

 

 

 

 

 

 

 

 

 

ID Arsenic Cadmium Chromium Iron Nickel Aluminum

SAMPLE 1 18 1.2 28 590 22 612

SAMPLE 2 16 3 32 640 24 625

SAMPLE 3 13 3.1 31 665 25 632

SAMPLE 4 17 2.4 30 660 24 634

SAMPLE 5 10 3.2 37 690 26 694

SAMPLE 6 12 2.9 32 710 24 632

SAMPLE 7 14 3.3 33 654 24 620

SAMPLE 8 13 2.5 30 592 21 711

SAMPLE 9 6 3.2 32 653 22 691

SAMPLE 10 9 2.9 31 584 20 678

SAMPLE 11 3 2.77 31.6 643.8 23.2 652.9
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Table 7: Evaluation parameters 

Parameter Proper  value Description 

                 
̅̅ ̅̅ ̅̅ ̅̅ ̅̅   N/A 

The average difference between model 
predictions and observations 

                        
 ̅   ̅ 

 ̅   ̅ 

  -0.5<FB<0.5 
The relative difference between 
averaged observations and averaged 
model predictions 

                           
   

    

   
    

  N/A 
The relative difference between variance 
of observations and variance of model 
predictions 

                                   

  
      
̅̅ ̅̅ ̅̅ ̅̅ ̅̅   

     

 
NMSE<0.5 

Normalized Mean Square Error (MSE) 
between observations and model 
predictions 

                        

     [    ̅   (   ̅ )] 
0.75<MG<1.25 

The logarithmic geometric mean 
between averaged observations and 
averaged model predictions 

                            

     [(   ̅     ̅ )
 
] 

0.75<VG<1.25 
The logarithmic variance between 
averaged observations and averaged 
model predictions 

                   

                            
 ̅ 

 ̅ 

     
Fa2>0.8 

The Factor of Two is relative parameter 
that shows the relative of averaged 
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3. Results and discussion 

The results of total suspended particulates (TSP) monitoring of ambient air is shown in Table 8.  

Table 8: Results of total TSP monitoring 

Station 1 2 3 4 5 6 7 8 9 10 11 

X (m) 531634 534358 528748 535746 536857 533993 533347 532121 531008 528917 524459 

Y (m) 3587167 3586927 3586432 3584015 3584581 3583082 3585306 3583691 3585104 3584163 3583543 

Conc. 
(µg/m3) 

167 89 59 81 33 41 63 35 46 47 14 

 

Receptor model CMB8.2 indicates that the Isfahan steel complex, the Mobarake steel complex, the 

Sepahan cement plant, transportation and the industrial region contribute 27%, 13%, 41%, 7% and 12% 

of TSP, respectively (Table 8).  

Statistical verification of CMB model fit yields an R2 of less than 1, chi square of less than 2 and a mass 

parameter (the sum of contributions from the source type designated by the CMB profile divided by the 

total mass of observed concentration) between 80-120, demonstrating good fit between modeled and 

observed data in this instance (Table 8). 
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Table 9: Results of CMB8.2 

Source Contribution (%) 

Performance Measures Isfahan steel complex 27 

Mobarake steel complex 13 

Cement industry 41 R2 0.99 

Transportation 7 Chi Square 0.72 

Ind. region 12 Mass 112.45 

 

The results for evaluating the 8-hour concentrations of TSP using AERMOD are shown in Table 9. As 

indicated in Table 10 the following observations can be made: 

 The NMSE, which is an indicator of variance, is less than 0.5 for all samples, indicating that the 

model-predicted results and the monitored values are in agreement. 

 The fractional bias (FB) is consistently close to zero and is positive. Thus, the predicted results 

are close approximations of the monitored data. 

 The Fa2 of the results is 0.82 (in 9 of 11 periods the Cp/C0 is between 0.5 and 2) 

 The MG in 8 samples is above 1.25 which means the predicted results are under estimated. 

 The VG in 8 samples is less than 1.25 which shows good performance of the model. 

Table 10: Performance measures for TSP at Zarinshahr 

 

Analysis of Q-Q plots indicates that the model predictions are near the 45 degree reference line, which 

indicates a high degree of accuracy of the AERMOD model at the Isfahan steel complex (Figure 4). 

1 45 38.395 -6.605 0.025 0.079 1.172 1.026 0.853

2 24 18.831 -5.169 0.059 0.121 1.275 1.061 0.785

3 16 11.151 -4.849 0.132 0.179 1.435 1.139 0.697

4 22 17.766 -4.234 0.046 0.106 1.238 1.047 0.808

5 9 4.221 -4.779 0.601 0.361 2.132 1.774 0.469

6 11 6.912 -4.088 0.220 0.228 1.591 1.241 0.628

7 17 12.114 -4.886 0.116 0.168 1.403 1.122 0.713

8 9.4 5.279 -4.121 0.342 0.281 1.781 1.395 0.562

9 12.5 8.288 -4.212 0.171 0.203 1.508 1.184 0.663

10 12.8 8.409 -4.391 0.179 0.207 1.522 1.193 0.657

11 3.7 1.187 -2.513 1.437 0.514 3.116 3.639 0.321

Cp/C0MG VGC0 Cp

8 hours

BIAS NMSE FBSamples
Averaging 

 Period
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Figure 4: Q-Q plots for 8-hr average 

According to the acceptable evaluation results, Figure 5 shows the AERMOD results for TSP dispersion 

around the Isfahan steel complex in the region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Concentration of TSP due to modeling in Zarinshahr (Z=0) 
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4. Conclusions 

Dispersion modeling was conducted using AERMOD based on emission data from the Isfahan steel 

complex for the year 2010. Through monitoring emissions at 11 stations, we determined the percentage 

of emissions emanating from the Isfahan steel complex using the receptor model (CMB8.2). Based on 

the model results and its evaluation, our conclusions and recommendations are: 

 The concentration of PM in the area next to the Isfahan steel complex exceeds 75µg/m3. 

 Most parts of Zarinshahr experience between 5-15 µg/m3 PM from the Isfahan steel complex 

only, not including other sources. 

 Some agricultural areas south and southwest of the Isfahan steel complex are affected by 1-10 

µg/m3 of PM from Isfahan steel complex only. 

 Results of CMB model show that the steel complex accounts for 27 percent of the region’s PM 

pollutants. 

 AERMOD predictions are in this instance a reliable model of single industry emissions. 

 It is important to develop a complete emissions inventory that includes all industries in the 

region and to evaluate AERMOD performance with multiple sources. For this purpose it is 

necessary to estimate and measure air pollutant emissions from all sources in the Zarinshahr 

region and will serve as a test case for further emissions modeling in Iran. 

Monitoring the concentration of heavy metals emitted by the Isfahan stacks is likely more accurate than 

using the CMB mode.  
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Abstract 

Particulate matter in the air is one of the main components of air pollution. Wind erosion of the soil is 

the phenomenon that causes the fine and particularly very fine particles to become suspended in air. 

Use of microorganisms as a cementation agent in soil environments is one possible solution to improve 

resistance of soils against erosion. Cementation is an environmentally friendly method and involves 

minimal application of chemical material for soil stabilization compared to conventional techniques. 

In this experimental study, two types of fine-grained soil—fine sand and rock powder with different 

grain size distributions—are prepared and used. The Chlorella Vulgarisas microalgae are used as the bio-

cementation agent to coat the surface and to stabilize the fine grained soil samples. 

Chlorella is poured onto the surface of thirty 200 x 200 mm samples plots in three different microalgae 

densities with two types of soil; the samples are maintained in a greenhouse for 3, 7, 12, 15, 18, and 21 

days. 

The parameters affecting stability of the coating layer, such as the number of cells per square meter 

(microalgae density), the humidity percent and residence time are investigated. The soil erodibility is 

estimated by measuring the shear strength of improved surface layer using a torvane shear test. 

Results indicate a correlation between high microalgae density and residence time, and soil surface 

shear strength. In addition, greater soil humidity has a positive effect on Chlorella growth, and 

consequently, on surface shear strength and resistance to erosion.  

mailto:taleb@shirazu.ac.ir
mailto:m.m.k.civil@gmail.com
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Soil surface scanning with a scanning electron microscope (SEM) reveals that greater residence time 

yields a more intricate network of polysaccharides.  

Key words: bio-cementation, soil erosion, chlorella, fine-grained, bio-stabilization, torvane shear test 

Introduction 

Airborne soil particles, dust, and debris from natural sources and building materials (concrete, sand, 

etc.) often not only damage construction equipment, but also present a major health hazard. Airborne 

particulate matter (PM) is also responsible for a number of effects aside from human health, such as 

alterations in visibility and climate. Due to negative impacts of the presence of particulate matter in the 

air on human health as well as its undesirable economic and social effects, it is important to reduce the 

level of PM in the air. This can be achieved by decreasing soil erosion. In fact, particles that are detached 

from soil surface and carried by wind make one of the main sources of airborne particulate matter. The 

particles that cause significant air pollution problems are generally in the size range of 0.01µm to 10 µm, 

smaller than the diameter of a human hair. There are several properties of dry soil that control soil 

erodibility; these properties include the mass fraction, size distributions and surface roughness. The 

threshold friction velocities of bare soils also depend upon surface roughness and cover of immobile 

clods and crusts (Woodruff and Siddoway, 1965; Fryrearet al., 1998). 

Bagnold (1941) studied the effects of wind and particle interactions on threshold velocities and 

horizontal mass transport rates. Subsequent research on erosion mechanics of loose particles has 

expanded upon Bagnold's initial work (Anderson, et al., 1991). However, complex wind patterns and 

surface wetness still make predicting the transport of sand on dunes and on beaches a challenging 

research area (Van Dijk et a1., 1999; White and Tsoar, 1998; Gares, 1988). 

The application and the influence of traditional dust suppression methods including spraying water, 

salts, chemicals and petroleum products on airborne dust particles are well studied (Cowherd et al., 

1988; Borlander and Yamad, 1999). Environmental pollution, hazards, high expense, and fire potential 

are some of the many disadvantages of these methods. One of methods that is environmentally safe 

and satisfy environmental criteria is bio-stabilization or bio-cementation. In the bio-stabilization or bio-

cementation process,  fine and very fine particles of soil coagulate by a mineral or an organic agent, 

which is produced by mosses, liverworts, algae, lichens, fungi, bacteria and cyanobacteria or any other 

micro or macro organisms.  

During the last two decades, researchers have shown a great interest in investigating microbiotic soil 

crusts in arid and semi-arid habitats (Harper & Marble, 1988; Johansen, 1993; St. Clair & Johansen, 

1993). These crusts consist of lichens, bryophytes, algae, microfungi, cyanobacteria, and bacteria 

growing on or just below the soil surface within the inter-plant matrix (Eldridge & Greene, 1994). Soil 

crusts of this type have been known by a number of names, including cryptogamic (Kleiner, & Harper, 

1972), microphytic (West, 1990; Williams, 1993), microfloral (Loope& Gifford, 1972), cryptobiotic 

(Belnap, 1993), and microbiotic (St. Clair & Johansen, 1993; Kaltenker et al., 1994). Eldridge and Green 

(1994), also choose this term, as does the current author. One of the important roles of microbiotic soil 
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crusts is soil stabilization, resulting in reduction of erosion by wind and water (Booth, 1941; Fletcher & 

Martin, 1948; Bond & Harris, 1964; Bailey et al., 1972; Schulten, 1985; Beinap& Gardner, 1993; Williams, 

1993). Early studies investigated the binding of soil particles and the cementation of soil surface by algal 

filaments and fungal mycelium. 

This is noteworthy that the cementation (binding) material can be a mineral or an organic compound. 

Calcium carbonate (CaCO3) is a common mineral agent that is induced by a certain type of 

microorganisms (e.g., S.pasteurii) (Bang et al., 2011). In the process of bio-mineralization, a urease 

enzyme is produced by these microorganism, which results in hydrolysis of urea and consequently the 

production of both ammonium and carbonate ions (Brassant et al., 2003) (Reaction 1 below). This 

reaction raises the pH of the surrounding environment (Warren et al., 2001), ultimately precipitating 

calcite from carbonate and calcium ions (Reaction 2 below). 

 

                    
      
→         

      
                

 

          
                                                                        

 

The cementation process can also be achieved by an organic agent, which binds together small particles 

into larger particles (Shields and Durell, 1964). Several mechanisms can contribute to this binding 

process (Bar-or and Danin, 1989) among which the following mechanisms are noteworthy: physical 

binding of soil particles by entangled filaments, adhesion to sticky sheets or slime layers (e.g., 

polysaccharide network excreted by microorganisms such as microalgae) and attachment of particles to 

sites along the microorganisms cell wall. This binding improves soil resistance to both wind and water 

erosion (Ibrahim et al., 2012). After a dry weather cycle the microorganisms die, but the polysaccharide 

network still adheres to the sand grains (Zhang et al., 2006). This cementation process, thus, can be 

naturally made and is very often found in the so-called microbiotic soil crust. As mentioned before, 

microbiotic crusts are formed by living organisms and their by-products which create a surface crust of 

the soil. The microbiotic crust consists of soil particles bounded together by these organic materials 

(Figure 1). Having been inspired by these natural cementation mechanisms, scientists have, recently, 

examined the use of adhesive by-products of metabolic paths of microorganisms for improving soil 

mechanical and hydraulic properties.   

In this study, we have, therefore, investigated application of chlorella vulgaris for soil surface 

stabilization. The objective is to increase the shear strength of soil in order to enhance its resistance 

against wind erosion. More specifically, our focus is on evaluating the influence of different governing 

factors on such a stabilization technique. In what follows, the sample preparation and test procedures 

are described first. Next, the effect of various parameters on the soil improvement by means of 

microalgae is explored and finally concluding remarks are made. 
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Figure 2: SEM micrographs of the microbiotic soil crust. (A) The surface of the crust indicative of a thin coating of 
aeolian dust matrix as well as the sand and coarse silt particles which are strongly packed. (B) A closer look at the 

structure of the crust which reveals the presence of a network of cyanobacterial filaments. (Zhang et al., 2006) 

Material & Methods 

In this section, first the characteristics of the utilized microalgae and basic physical properties of the soil 

samples (soil classification, and soil grain size distribution) are described. Next, the sample preparation 

and curing conditions, as well as a brief description of the tests performed on the samples to evaluate 

the effects of biological treatment, are presented. Finally, details of the microscopic observation method 

are recounted.   

Microorganism 

The unicellular alga, chlorella vulgaris, was used in this experiment. Its cultivation was performed in 

medium BG-11 poured in pure water. Components of BG-11 are presented in                                                                    

Table 1. The ingredients of the trace element, mentioned in the last row of Table 1, are referred to in 

Table 2. The chlorella vulgaris was cultivated in bubbling tubes, which were exposed to the light of the 

four 18-Watt fluorescent lamps. The temperature was kept a constant    . The biomass concentration 

was determined by the cellular count in a Burker chamber. 

                                                                   Table 1: Components of BG-11 medium 

Amount(gr) Components 

1.5       

0.036            

0.006 Citric acid 

0.006 Ferric ammonium citrate 

0.001 Na-EDTA 
(Di sodium salt) 

0.02        

0.075             

0.04         

1.0 mL Trace element 
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Table 2: Amounts of ingredients for 1 litre trace element 

Amount(gr) Components 

2.96       

1.81            

0.222            

0.39         

0.079            

0.0494              

Soil Samples 

Two types of soil examined in this experiment: (1) Very fine sand and (2) Rock powder. Percentages of 

soil components of various sizes were determined through sieve analysis (ASTM c136-06) and 

hydrometer analysis (ASTM D 422). Based on the unified soil classification system (ASTM D 2487) and 

soils size distribution (Figure 3) and their index properties, the designation of two types of soil are very 

close to (SM).            wooden boxes were filled to the rim with dried soil. In order to control 

evaporation from the surface, samples were covered by clear laminate sheets after receiving chlorella. 

 

Figure 3: (a) Grain size distribution of fine sand. (b) Grain size distribution of rock powder 

 

Operating condition 

In order to reproduce the field condition, samples were kept in a             greenhouse placed 

under sunlight with no shade on it during the day. The temperature of the greenhouse was kept 

constant by means of          electronic heater which was equipped with a thermoregulator. The 

soil moisture measurements indicated that the evaporation rate from the surface of samples (with 

laminate sheet) was small enough to have relatively constant moisture content during the testing 

program (evaporation rate varied from 0.13% to 0.16% per hour).  
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Soil strength test 

Gregory (1984) has pointed to a close connection between the soil shear strength and soil erosion. In 

this study, we therefore measure the soil shear strength as an indicator for the improvement of soil 

resistance to wind erosion. A torvane shear test device was used to test torvane soil shear strength 

(Figure 4); the shear strength was determined based on the procedure suggested by ASTM D4648. Five 

shear tests were performed on 400 cm2 surface of each sample and the average value was reported. 

 

 

Figure 4: Torvane shear strength test as performed on the treated samples 

 

The effect of different parameters such as microalgae concentration, moisture content and the 

temperature of soil shear strength were inspected as follows: 

To determine the impact of microalgae concentration on surface shear strength of soil, three solutions 

were prepared by 100ml of medium and three different cell concentrations, so that the applied cell 

densities on the samples’ surface were 5*108,1*109,5*109 cells per square meter of the sample. The 

samples were then kept in the greenhouse. Temperature and moisture content of the samples were 

kept constant (28±2  and 15%, respectively). The torevane shear strength test, which was performed 

on the samples at 3, 7, 12, 15, 18 and 21 days after adding biomass to the surface of soil. To evaluate the 

effect of moisture content, samples were prepared in four moisture contents (5%, 10%, 15% and 20%) 

and kept at 28±2  . For preparing samples, a solution of 5*109 cells/m2 was added to the surface of 

samples by micropipette. For investigating the effect of temperature on bio-stabilization of soil by 

chlorella, moisture content of samples was kept constant at 15%, and then 5*109 cells/m2 of biomass 

was added to surface of samples. 

 

Microscopic observation 

A scanning electron microscope (SEM) was utilized for observation of the soil crust microstructure. For 

this purpose, three 20*20*5 millimeter samples for each soil type were prepared on pieces of coverslip. 

After adding chlorella along with enough water and BG-11 medium, they were kept at 27  under a 36W 

fluorescent light for 15 days. Curing time of 15 days was considered to provide chlorella with enough 
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time to make the polysaccharide network connecting the soil particles.  The samples were then ready 

for scanning electron microscopy. For conventional imaging in scanning electron microscope, specimens 

must be electrically conductive, at least at the surface. Therefore, samples were placed on SEM 

aluminium stabs and coated with gold and imaging performed afterward by a Cambridge S360 SEM.  

 

Results and Discussions 

The obtained results as well as a short discussion are presented in this section. The results span from 

simple visual observations of the soil samples’ surface to quantitative evaluation (soil shear tests) and 

careful examination of the changes in the samples from SEM images. Visual inspection of the samples’ 

surface (Figure 5) revealed the change in their appearance and improvement in the attachment of soil 

particles therein. This improvement may be attributed to the added biomass and the cementation 

mechanism; but of course, it needs quantitative assessment of the samples’ shear strength which is 

described hereafter.  

 

Figure 5: Surface of fine sand. (A) Fine sand before treating. (B) Surface of fine sand treated with microalgae 

 

In this study, the effect of following factors on the efficiency of treatment (in improving shear strength 

of soil samples) was inspected: 

 Cell concentration per unit treated area  

 Sample moisture content  

 Temperature 

 Retention time 

 

In what follows, first the effect of each of the above-mentioned factors on the soil shear strength is 

briefly reported, and then further evidences from microscopic observations on the formation of the 

polysaccharide network which binds the particles together are presented. 

 

A B 
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Effect of the cell concentration on soil surface shear strength 

As compared to the shear strength of control samples, shear strength of rock powder was improved 

more than that of fine sand (more than 700% and 400% improvement in shear strength, respectively) by 

5*109 cells/m2 in 21 days. Results reveal that by increasing the concentration of biomass per unit area of 

surface, the shear strength of soil increased but the final shear strength was limited to a certain value 

(3.03 Kg/cm2 for fine sand and 1.46 Kg/cm2 for rock powder) (Figure 6). The difference in the upper limit 

for enhancement of the shear strength is due to the fact that improvement in shear strength depends 

not only on the ultimate tensile strength of each organic connection (polysaccharide connection), but 

also on the number of connections and quality of connections that can be established with the available 

surface particles. Hence, this upper value may be different for different soil types as indicated in our 

study as well.   

 

 

Figure 6: Soil shear strength improvement by chlorella (density varied, temperature=28±2 , Moisture 
content=15%), the applied density and soil type are mentioned in the legend. Density is expressed in cells/m

2
 

 

Effect of moisture content on the soil surface shear strength  

As it is illustrated in Figure 7, surface shear strength was improved 7.6 times and 4.5 times compared to 

the value of control samples, for rock powder and fine sand samples respectively. Surface shear strength 

improvement increased by increasing moisture content of soil. Results indicate that water content of 

soil is an effective parameter, such that reduction in water content decreases the efficiency of bio-

stabilization.  
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Furthermore, results reveal that under the same conditions (density=5*109 cells/m2, temperature 

28±2 ) increasing the moisture content beyond 15% yields a slight shear strength improvement in both 

fine sand and rock powder. The observed drastic decrease in shear strength improvement in low-

moisture conditions is particularly evident for rock powder (Figure 8). 

 

 

Figure 7: Soil shear strength improvement by chlorella (Moisture content varied, temperature=28±2 , 
density=5*10

9
cells/m

2
) the moisture content and soil type are mentioned in the legend 

 

 

Figure 8: Shear strength improvement versus moisture content (temperature=28±2 , density=5*10
9
cells/m

2
) 
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Effect of temperature on soil surface shear strength  

It was observed that at 10±2 , biomass has no or a little efficiency. At 20±2 , biomass improves the 

shear strength of soil 3.7 and 3.4 times compared to control samples (for rock powder and fine sand, 

respectively) but the best result is obtained at 30±2  in which added biomass improves the soil shear 

strength considerably (Figure 9).  

At the same condition (density of 5*109 cells/m2 and moisture content of 15%) by decreasing the 

temperature, shear strength improvement is decreased which is more noticeable for rock powder 

(Figure 10).  

 

 

Figure 9: Soil shear strength improvement by chlorella (temperature varied, Moisture content=15%, 
density=5*10

9
cells/m

2
) 
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Figure 10: Shear strength improvement versus temperature (moisture content=15%, density=5*10
9
cells/m

2
) 

 

Results of the microscopic observation 

SEM micrographs of the surface of the treated soil samples are presented in Figure 11. Polysaccharide 

produced by microalgae surrounded and connected particles to each other through a coherent network. 

This network links the particles so that excessive force is needed to separate them. Also, if lifting and 

detachment of the particles occur, heavy particles move in the rolling (creep) or saltation mode (not in 

the suspension mode). 

 

 

Figure 11: SEM micrographs of the treated soil samples.  Sand grains linked to each other by glutinous 
polysaccharides produced by microalgae (chlorella vulgaris) 
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Conclusion 

Based on the results obtained for the two soils studied in this investigation, the optimum condition for 

improving the soil shear strength by treating the soil surface with chlorella vulgaris was: 

 Density of microorganisms: 5*109 cells/m2,  

 Moisture content: 15% 

 Temperature: 30±2  

 Retention time: 21 days 

It is possible to achieve the same shear strength in a shorter span of time, but doing so requires a higher 

amount of microalgae. Furthermore, the temperature and moisture content had a marked influence on 

the shear strength, especially for rock powder. 

Other parameters (e.g. pH, chemical composition of soil, etc.) may change the result. Hence, direct 
application of these findings to other types of soils may not warrant similar results.  Additional studies 
are, therefore required in order to arrive at the optimum microalgae concentrations for different soil 
types.  
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Abstract 

European emission factors are mostly used for the purpose of air pollution studies and emission 

inventories in Iran. However, the large differences in traffic conditions, driving cycles, driving behavior, 

fuel quality, emission control devices, effective lifetime, and maintenance conditions makes the use of 

European emission factors debatable. A large-scale national-level measurement campaign is in progress 

in order to directly measure the emission factors of domestically produced passenger cars. Preliminary 

results show a significant difference between national emission factors and European emission factors, 

which highlights the importance of such studies in Iran.  

Introduction 

Iranian national emission inventories are composed mostly of available international data. Emission 

factors for both bottom-up and top-down approaches are usually adopted from sources other than 

nationally developed data. Using available data from other sources often results in inaccuracies in 

estimating emission inventories. As an example, using international data on mobile source emission 

factors for estimating pollution load in traffic tunnels has occasionally resulted in high levels of pollutant 

concentrations despite air supply and recirculation system compliance with the up-to-date prescriptive 

tunnel ventilation standards.  

The major sources of air pollution in large cities within Iran are mobile emission sources. Large 

discrepancies are expected between national and other available mobile emission factors. There are 

several parameters, which cause significant differences between national and international data. Vehicle 

emission standards in Iran are adopted from the European Community (EC). The fleet composition 

consists largely of vehicles in compliance with the Euro 2 emission standards (1996), with only a small 

percentage composed of Euro 1, pre-Euro, Euro 4 and Euro 5 regulated vehicles. Hence, the current 

inventories use emission factors adopted from European emission standards levels.  

A large-scale national-level measurement campaign is in progress in order to directly measure emission 

factors of domestically produced passenger cars. The campaign covers a large fleet of domestic cars of 

various ages, and maintenance conditions. The sample size is statistically significant. Data is collected 

under real world driving conditions on various road types, for each vehicle, using an onboard emission 

measurement system. To identify the relevant and effective parameters on emissions and fuel 

consumption, we carefully considered a number of factors in our experimental design. Several 
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parameters are considered initially for the experimental design process, which includes road type and 

grade, driving behavior and traffic conditions, use of an air conditioning system, and maintenance 

condition. Repeatability and reproducibility tests and statistical models have been developed to quantify 

the margin of errors and confidence intervals. For each vehicle, a chassis dynamometer (CD) test is 

performed to check the validity of data collected under real-world driving conditions. European driving 

cycles are used on CD tests. Driving cycles are certain speed-time behavior of the vehicles representing 

real-world driving conditions. Extensive studies are done to compose such driving cycles. As there is no 

Iranian driving cycle, European cycles are used.      

Emission factors (EFs) are empirical data or a set of tables that estimate the amount of various types of 

pollutants produced by emission sources per unit activity. EFs are developed for both mobile and 

stationary sources. The type of the activity depends on the approach taken for emission inventory 

development. For mobile emission sources, the activity is usually considered to be the unit of distance 

traveled or the unit of mass of fuel consumed. EFs are fundamentally necessary data for air pollution 

research and scenario implementation (Franco et al, 2013, Handford and Checkel, 2011, Reis et al, 2000, 

Xia and Shao, 2005). EF studies are also used as a means to compare emissions production between 

various technologies and new fuels (Vojtisek-Lom, 2007). 

Several methods are used to measure the EFs of mobile sources. Among them, chassis dynamometer 

(CD) and engine dynamometer tests are the most mature techniques, and produce the most accurate 

and repeatable results. However, the relation between data and real-world driving conditions is 

debatable (Franco et al, 2013). Remote sensing, tunnel studies, and portable emission measurement 

systems (PEMS) are superior methods of measuring emissions under real-world driving conditions. 

Several studies have used PEMS method to estimate emission factors and fuel consumption (Guo and 

Checkel, 2007) 

In this study, a combination of PEMS and CDs are used to estimate the EFs of Iranian mobile sources. 

The response time and resolution of the instrument is considered to be a major factor. For instance, 

previous studies indicate the importance of NOx analyzer response time and a constant shift algorithm 

to match the emissions data with real-time engine behavior to an accurate NOx measurement (Manchur 

and Checkel, 2005). This study showed that slow response time might result in 2.5 fold under-estimation 

of NOx emissions. Driving speed, driving behavior, traffic conditions, slopes, auxiliary power 

consumption, such as A/C systems, are also considered to be influential factors on EFs estimation (Andre 

and Hammarstrom, 2000, Boriboonsomsin and Barth, 2008). 

In this study, PEMS technique is used to develop the basic EFs for a statistically significant sample of 

domestic gasoline-fueled, privately owned passenger cars. A smaller sample size of the same fleet goes 

under CD tests to quantify the systematic differences between PEMS and CD methods and to estimate a 

correction factor for the data collected by PEMS. Design of experiments (DOE) was performed to identify 

the effective parameters and to reduce the number of tests in the PEMS method. Cycle data is collected 

to identify the appropriate driving cycle for the CD tests.  
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Sample fleet characteristics 

A total of 30 Iranian-manufactured vehicles were selected for the purpose of this study. The study 

focused on light-duty-, gasoline-fueled, privately owned and operated domestic cars with mileage 

between zero and 100,000km. Table 1 shows a sample of the selected fleet. Each vehicle was certified 

to Euro 2 emission standards.  

 

Table 1: Sample fleet characteristics 

Brand and 

model  

Odometer 

(km) 

Displacement volume 

(cc) 

Rated  power 

(hp/rpm) 

Samand  
40,000 1780  

Kia Pride 

20,000 

1323 63/5000 
43,000 

44,000 

78,000 

Peugeot 206 
111,000 1360 75/5500 

Peugeot 206 
35,000 1587 110/5800 

Peugeot 405 
30,000 1761 100/6000 

Peugeot Pars 

47,000 
1761 100/6000 

69,000 

Peugeot Pars 
75,000 1998 135/5500 

Peugeot Roa 
76,000 1598 80.4/5000 

Nissan Tondar 

3,200 
1598 105/5750 

30,000 

 

Instruments and Experimental Apparatus 

An AVL DiCom 4000 exhaust gas analyzer was used for onboard measurement of O2, CO2, CO, NOx, and 

HC. A sample probe was connected to the exhaust of the vehicle. A gas analyzer was secured to the back 

seat of the car, while the sample line was routed to the analyzer. The analyzer was powered using a 
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separate 12V car battery and power inverter. The onboard emission data was logged using a portable 

personal computer. A GPS sensor was connected to the same computer, logging vehicle speed, position, 

and the elevation of the street. The engine control unit (ECU) operating data was logged using OBD II or 

OBD I connection protocol depending of the type of vehicle. Several engine operating parameters, such 

as manifold absolute pressure, air mass flow, coolant temperature, and ambient air temperature were 

logged using the interface system of the ECU. As data was collected at different sampling rates—time 

differences between engine ECU data, GPS data, and exhaust gas analyzer data—matching methods 

were used to correlate the data after experiments. For this experiment, weather conditions, detailed 

vehicle specifications, and three sets of data (from the gas analyzer, GPS, and ECU interface) were 

recorded.  

Data analyses were performed off-line after the experiment. Time differences between various data sets 

were corrected. Data outliers were eliminated and error analyses were performed. Exhaust mass flow 

was estimated using engine ECU data of the manifold absolute pressure, temperature, and ideal gas law 

or mass airflow. The induced mass was estimated with the assumption that no leakage occurred within 

the system; it was also assumed that the exhaust mass flow rate was equal to the intake mass flow rate 

of air and fuel.  

Design of Experiments  

Several factors influence vehicle emissions, including the type of the road, traffic conditions, driving 

cycle and behavior, use of an air conditioning system, and maintenance and service conditions. Given 

the large fleet size, testing the combination of all influential parameters would require an infeasible 

number of experiments. Hence, a design of experiments (DOE) approach was used to identify influential 

parameters and reduce the number of necessary experiments.   

The DOE method in this case begins by isolating the important factors in order to identify influential 

parameters. By fitting response data to mathematical equations that enable modeling various scenarios, 

this method also provides information about the interaction of different factors and how interconnected 

factors respond over a wide range of values, without requiring the testing of all possible values directly.  

In this study, factorial design was used to identify the effects of each factor on vehicle emissions and 

fuel consumption (FC). Among the possible factors, traffic condition, road slope, maintenance, and air-

conditioning function were selected to run a two-level factorial design. A “level” is basically one of the 

subdivisions that make up a factor. It can be either numerical or categorical. The two levels for each 

factor are defined as indicated in Table . 

Table 2: Factors selected for DOE 

Factor -1 (Low Level) +1 (High Level) 

A: Air conditioning  OFF ON 

B: Service and maintenance Before After 

C: Traffic Light Heavy 

D: Route slope Flat Uphill 



70 
 

A total number of 24=16 experiments were performed. All the sixteen experiments were performed in 

similar traffic pattern conditions (defined for light traffic and heavy traffic), on the same roads and same 

slopes, and using the same vehicle (Samand LX with XU-7 engine, from Iran Khodro Manufacturing Co.) 

to isolate against external effects.  

As an example, the half-normal plot of results of the design for CO2 production (FC) is indicated in Figure 

12. As shown, traffic conditions, and the air conditioning system have the most significant effect on FC 

as expected. The other main factors, including service and maintenance, and interaction effects located 

on the line are insignificant; we therefore ignored these for the remainder of the study. Similar analyses 

were performed for other factors and responses (emissions).  

 

Figure 12: Half-normal plot of DOE for CO2 (fuel consumption) production 

 

The statistical models based on the coded factors for NOx, HC, and CO were obtained as follows: 

 CO2 = +321.59+48.18 * A+78.57 * C+100.63 * D 

NOx =+0.59-0.13× C +0.28×D 

CO =+6.69 + 2.20× D 

HC =+0.032+0.0021× B+0.00439×C+0.00813×D+0.003256× C× D  

 

Further experimentations and analyses are underway to improve the quality of these statistical models.  
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Chassis Dynamometer (CD) Experiment 

CD experiments are used for the certification process, type approval and conformity of production tests. 

New vehicles require certain tests before mass production and sale are approved. Such tests are called, 

type approval, which cover a variety of performance parameters and emission levels. The conformity of 

production tests are random tests performed on a selected vehicle from the production line to ensure 

the conformity of performance with the vehicle tested under type approval conditions. Chassis 

dynamometers are used for both TA and COP tests. The experiments are performed under controlled 

conditions and therefore benefit from high repeatability and reproducibility of results. However, 

emission levels depend on the type of cycle. And as CD experiments are expensive, a limited number of 

experiments were performed.  

In order to evaluate the performance of the PEMS instrument, and specifically to quantify the effect of 

time response and resolution of the instrument on measured emissions, a single CD test with European 

ECE-EUDC test cycle was performed on the test vehicle.    

 

Figure 2: Comparison of PEMS and CD results in an ECE-EUDC cycle, measurements of both methods were done 
simultaneously, Vehicle: Samand LX-40,000 KM 

Figure shows the difference between the PEMS method and the CD method, during the same cycle. 

While the vehicle was being tested on the chassis, PEMS measurement was also done simultaneously. As 

shown in Figure, response time of the PEMS instrument causes considerable differences in HC and NOx 

values, while CO measurement closely follows the CD results. The main source of the systematic 

difference lies on the PEMS instrument measurement method. AVL InDicom 4000 measures all gaseous 
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emissions using a non-dispersive infrared (NDIR) technique, while the emission analyzer system in the 

CD experiments uses other methods such as chemiluminescence for NOx and flame ionization detector 

(FID) for HC measurement. As a result, the CD emission analyzer exhibits fast and almost instantaneous 

response to change in emissions, especially during the highly transient part of the cycle, while the PEMS 

instrument cannot follow rapid changes. More tests and analyses are underway to characterize the 

systematic differences between PEMS and CD results.  

Preliminary Results  

Figure  and 4 show the total emissions produced by a sample of the selected fleet, over four various 

types of roads, including highway flat, highway uphill, urban flat and urban uphill.  

 

Figure 3: CO emission production in grams per kilometer for selected fleet of 15 vehicles over highway and urban 
roads using PEMS instrument 
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Figure 4: NOx emission production in grams per kilometer for selected fleet of 15 vehicles over highway and urban 
roads using PEMS instrument 

Considering the fact that all selected cars are Euro 2-certified, levels of emissions are compared to Euro 

2 and Euro 4 levels. The cumulative mass emissions produced per km are, much higher than designated 

Euro 2, Euro 3, and Euro 4 levels for both CO and NOx emissions. Considering the systematic difference 

between emissions measured by PEMS and CD methods, as indicated in Figure, results of PEMS 

measurement in Figure  and Figure  are an underestimation of actual levels. The real emissions 

produced are higher than those of indicated in Figure  and Figure .  

Comparison with Regulated Emission Levels 

Figure  shows a comparison of the measured and calculated emission levels with European regulated 

emission levels of Euro 1, Euro 2, and Euro 4, which shows much higher emission levels compared to 

those of regulated emission standards levels.  
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Figure 5: A comparison of emissions measurement by PEMS method of the sample fleet with European regulated 
emissions levels of Euro 1, Euro 2, and Euro 4.  

Conclusion  

In this study, a portable emission measurement system (PEMS) was used to measure CO, HC, and NOx 

emissions, as well as fuel consumption of a select fleet of Iranian domestic-manufactured, gasoline 

fueled, light duty vehicles certified as in compliance with Euro 2 emission standards. Preliminary results 

show that in practice these vehicles exhibit much higher emissions than allowed under the Euro 2 

standards. This result demonstrates the significance of emission factor measurements to national 

mobile source emissions inventory composition and indicates that the regulated emissions level of the 

mobile sources is not a reliable proxy in developing a national mobile emissions inventory.  

Work in progress 

Further experimentation and studies are underway to produce a statistical model for domestic gasoline 

fueled light-duty vehicles. Error analyses and systematic error identification are being conducted to 

ensure the quality of data produced by the PEMS instrument. A larger sample, containing natural gas 

and liquefied petroleum gas fueled vehicles, is being considered for the next step of the project. 

Gasoline fueled 4-stroke motorcycles are also being tested for emissions and fuel consumption. Upon 

approval of funding and acquisition of the instrument, diesel powered medium- and heavy-duty vehicles 

emission factors measurements are being planned.  
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1.  Introduction 

Emissions from vehicular sources make dominant contributions to air pollution in many global 

megacities with acknowledged impacts on human health, visibility and the climate1. Vehicle emissions 

contribute to both primary (e.g. CO, NOx, CO2 and hydrocarbons; HC) and secondary (e.g. ozone) 

gaseous air pollutants and primary and secondary fine particulate matter (PM2.5). To prioritize pollution 

control efforts, a key need is to identify the dominant emission sources (whether vehicular or not) and 

the efficacy of potential control approaches. Several methods can help constrain the relative 

contribution to vehicle emissions to overall pollutant levels. Source apportionment models provide ‘top-

down’ estimates of vehicles’ contribution to gaseous HC and PM by using chemical ‘fingerprints’ to link 

ambient concentrations back to their source. For example, a source apportionment study in Delhi, India 

apportioned approximately 20-25% (depending on season) of fine PM to gasoline and diesel-fuel use 

(mostly vehicular emissions). ‘Bottom-up’ approaches can also elucidate the contribution of different 

sources to overall loadings. Emission inventories combine estimates of emission factors (emission per 

activity; e.g. g km-1) and activity (e.g. vehicle kilometers traveled; VKT) to help catalog emissions from 

vehicular sources and other source classes within a domain. Local to national regulatory bodies typically 

develop emission inventories as a critical component of an air quality management regime. Emission 

inventories are crucial for effective policy-making as they enable straightforward comparison of 

different sources and prioritization of control and mitigation efforts. Emission measurements are pre-

requisites for both top-down and bottom up approaches to source apportionment and meet other 

important needs for effective air quality management. This paper briefly discusses the objectives, policy 

drivers and technical approaches that should be considered in designing an emission measurement 

campaign. The focus here is on characterizing tailpipe emissions from road transportation, though other 

transportation-related emissions (e.g. road dust, tire wear particles, evaporative emissions, non-road 

sources) may make substantial contributions to air pollution levels and impacts.  

Top-down and bottom-up approaches to determine pollution sources both critically rely on knowledge 

of vehicle emissions specific to a region. Ideally, location-specific fingerprints (source profiles) would be 

used to apply source-apportionment methods to a setting, though there are relatively few profiles 

available from regions outside of developed countries. Emission inventories are completely dependent 

on accurate characterization of vehicle emission factors and usage. Vehicle emission factors, even for 

equivalent vehicle types, are highly variable and location-specific. Various factors influence the emission 

rates of specific vehicles or vehicles classes in a particular location (Fig. 1). For example, vehicle, fuel and 
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emission control technologies, vehicle usage patterns, topography, climate and other factors may be 

highly context specific and may strongly influence emission rates. A number of factors contribute to 

uncertainty in uncertainty in fleet-wide emissions, including inter- and intra-vehicle variability (between 

vehicles and within a single vehicle under varying operating conditions, respectively). Inter-vehicle 

variability is often a dominant source of uncertainty in estimating vehicle category- or fleet-wide 

emission factors. Even vehicles from of the same age and with equivalent emission controls can have 

emission factors which vary by several-fold or more, depending on condition and upkeep. These 

differences can be even more dramatic between vehicles of different ages or using different emission 

control technologies. Fleets are composed of a huge range of vehicles of different types, ages and 

conditions. Therefore, testing a single vehicle or a small sample of vehicles is insufficient to characterize 

emission rates, even within a single vehicle class or vehicles meeting an equivalent emission standard. 

Rather, as is discussed in this paper, a number of complementary measurement approaches should be 

taken to measure a sufficient sample of vehicles and capture information needed to build a complete 

picture of fleet emissions. Results of these measurements are typically integrated into vehicle emission 

models2 that allow the extrapolation of results to different usage and climatic conditions and the 

simulation of fleet turnover as different vehicle technologies come into wider use.  

Figure 13. Schematic showing the policy levers available to influence vehicle air pollutant emissions and 
their multi-scale impacts  
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In addition to characterizing current fleet emissions, vehicle emission testing plays a vital role in 

anticipating and assessing the efficacy of policies to reduce vehicle emissions. For example, Figure 1 

shows a range of different policy areas in which vehicle testing can help meet the goals of reducing 

emissions’ impact. Technology and performance standards are a critical means to reduce emissions from 

vehicles entering the fleet by requiring reduced emissions from new vehicles. However, fuel standards 

must generally accompany such changes to meet the requirements of emission control technologies 

(e.g. catalytic converters or particulate filters). Efforts to modify usage (e.g. reduce strong acceleration 

events or excessive idling) or reducing overall VKT by offsetting vehicle demand are other means by 

which to reduce total emissions. Finally, inspection and maintenance (I&M) programs are crucial to 

prevent the deterioration of the vehicle fleet performance over time. All of these policy mechanisms 

have the potential to reduce emissions and mitigate their impacts. However, when possible, selection 

and evaluation of appropriate, efficient and effective policies should be informed by test data that 

directly assesses the impacts of different options.     

A policy approach to limit vehicle emissions must consider a large number of dimensions. For example, 

there may be tradeoffs between emissions of different emission components, and these mixtures 

should be addressed within a multi-pollutant framework where non-linear atmospheric chemistry and 

differential health impacts of emission components are considered. In assessing a policy, questions of 

acceptability, institutional capacity, cost, durability and equity must be considered. Further, as concerns 

over the global and regional climate impacts of emissions (e.g. greenhouse gases such as CO2 and short-

lived species such as ozone and black carbon particles) grow, policy decisions should consider the 

climate impacts of different policy options. For example, there may be options that provide benefits 

both in terms of air pollution and climate change mitigation (or ‘co-benefits’, the upper-right quadrant 

of Fig. 2)3. On the other hand, there may be options that present trade-offs between climate and health 

(air pollution) benefits. Where possible, options that maximize each benefit should be adopted, and 

options that sacrifice one dimension over the other avoided. Figure 2 shows examples of each of these 

possibilities.  
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Figure 14. Health and Climate co-benefits or co-impacts associated with different strategies for reducing PM 
emissions from heavy duty diesel vehicles, an example of the multi-criteria decisions involved in pollution 

mitigation efforts. Figure from Ref. 3. 

 

2.  Mobile source emission measurements approaches  

As noted, fleet-wide emissions are influenced by a large number of factors that may vary between 

vehicles, for a given vehicle and over time and space. Ideally, measurements of emission factors will 

constrain these uncertainties and determine values that represent emissions in a given domain (e.g. 

metropolitan area, state, air quality model grid cell). Emission measurements can either be collected 

under controlled, laboratory conditions or during real-world vehicle use4. This section provides a brief 

overview of available measurement approaches and their utility for providing policy-relevant 

information. A more complete exposition on this topic can be found in the review of Franco et al.4 and 

references therein.  Table 1 lists the objectives that should be met by measurements and a subjective 

assessment of different measurement approaches’ ability to meet these objectives.   
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Table 3. Summary of basic objectives (columns) for vehicle emissions testing and the ability of different testing 
approaches (rows) to mmet them. ‘+’, ‘o’, and ‘-‘ indicate high, moderate, and low ability to meet a given objective, 

respectively.  

 

Emissions 

measured in 

detail 

Measure 

activity-

emission 

linkage 

Capture 

realistic 

vehicle 

activity 

Capture inter-

vehicle 

variation 

Low resource 

per sample 

size 

Laboratory Testing 

Engine Dyno + + - - - 

Chassis Dyno + + o o/- - 

Field Testing 

PEMS Study - + + o o 

Roadside remote 

sensing 
- - o + + 

On-road ‘chase’ 

studies 
+ - o/- + o 

Tunnel Study + - o o/- + 

 

2.1 Laboratory testing 

Laboratory measurements in purpose-built testing facilities enable the detailed study of vehicle 

emissions under carefully controlled conditions. Engine and chassis dynamometers (dynos) are devices 

used to test engines or vehicles, respectively, under a range of loads and speeds. Drive cycles, in the 

form of speed-time traces, are used to simulate on-road usage and to recreate emissions of actual on-

road use. Drive cycles should be vehicle and context-specific as driver behavior can vary substantially 

between different locations and for different vehicle classes (e.g. transit vehicles versus light duty 

automobiles). The key benefit of dyno testing is that it enables detailed study of the relationship 

between vehicle activity and emissions and the chemical/physical properties of emissions and careful 

control of testing conditions (e.g. temperature, vehicle preparation). For example, the use of a dilution 

tunnel in conjunction with a dynamometer (Fig. 3) enables the collection filters and canisters to analyze 

PM and HC speciation. Further, there is evidence that cold-start emissions may dominate running 

emissions for some pollutants, and it is generally only possible to quantify these during controlled 

laboratory tests. On the other hand, construction and operation of laboratory facilities, especially 

chassis dynos required for dynamic testing of actual vehicles, is very expensive. This both limits the 
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availability of the facilities and also the number of vehicles that can be tested for a given time or 

financial resource. As noted above, inter-vehicle variability can be a dominant source of uncertainty, and 

thus constraints on sample size limit the overall utility of measurements. That said, lab measurements 

have traditionally formed the basis for emission inventory development and are the only option for 

several important measurement tasks including development of source-specfic marker profiles and the 

detailed assessment of the influence of different emission control technologies.  

 

Figure 15. Schematic representation of a chassis dynamometer facility for vehicle emission testing. (Figure taken 
from Franco et al., 2013). 

2.2  Field testing 

Table 1 lists a number of approaches to quantify emissions from in-use/on-road vehicles, each 

presenting trade-offs in terms of the detail and representativeness of the information collected. Tunnel 

studies4,5 use roadway traffic tunnels as ‘concentrators’ for vehicle emissions to allow the bulk 

measurement of emissions from a huge number of vehicles specific to a geographical area and season. 

Emission factors are developed based on traffic measurements and/or calculation of fuel use via a 

carbon-balance on carbon-containing exhaust constituents (CO, CO2, total HCs). Measurement 

equipment can be installed in a fixed location, thus enabling detailed measurements and collection of 

integrated samples for later laboratory analysis (e.g. detailed chemical analysis of PM components). 

Limitations include the facts that measurements are typically not vehicle- or even vehicle-class-specific, 

are generally taken over a fairly narrow range of loading conditions not under experimental control, and 

the integrated nature of the sample means that time-varying emissions cannot be discerned. 

 Roadside remote sensing studies, in which cross-road optical sensors are used to measure the plumes 

from individual vehicles, offer the ability to measure vehicle-specific emissions, lending important 

insight into inter-vehicle variation in emission rates and ratios6. These studies can link emission rates to 

specific vehicles if a camera is employed to gather license plate images. This approach thus offers the 
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ability to gather emissions information on a vast population of individual vehicles. However, optical 

sensors are only available for a limited number of pollutants (CO, CO2, total HCs, NOx and PM), can only 

be used across a single lane of vehicles under relatively constant operating conditions (usually a freeway 

on-ramp) and suffer from interference between vehicles and background variability. On-road ‘vehicle 

chase’ studies involve a truck carrying a full array of instrumentation and a front-mounted sampling inlet 

to sample plumes of on-roadway vehicles, especially heavy duty vehicles with high-mounted exhaust 

pipes6. These have many of the similar benefits of roadside sampling, but are substantially more time- 

and labor-intensive to complete and the complex dilution process between emission and measurement 

complicates the direct linkage of vehicle activity to measured emissions.  

A final form of on-road emissions testing that is growing in prevalence is the use of portable emission 

measurement systems (PEMS), which are battery-powered in-vehicle measurement systems that collect 

emissions directly from the vehicle tailpipe and other data from the engine control module (ECM)7. 

PEMS measure real-time tailpipe concentrations and enable calculation of distance and fuel-based 

emission factors under varying real-world operating conditions. They are relatively simple to install and 

operate, which enables the measurement of a large sample of vehicles and direct linkage of vehicle 

operation parameters (speed/acceleration/grade) to emission rates. PEMS measurements provide some 

of the advantages of dyno testing (control over vehicle operation and condition) with far smaller 

resource and time requirements for testing. However, PEMS systems are still relatively expensive and 

require trained technicians for operation; sample sizes are thus still somewhat limited. Finally, because 

PEMS must be small, battery powered and easily installed/removed, only limited measurements are 

available. For example, PEMS PM measurements are generally via optical or other indirect/calibrated 

methods, which limits accurate measurement of the regulatory standard parameter for PM emissions 

(particulate mass).  

In summary, a range of approaches are available to provide information about emissions from individual 

vehicles and vehicle categories and fleets. No single measurement is optimal for all objectives that might 

motivate emission measurements. For example, PEMS testing could provide needed information about 

gaseous emissions from vehicles in the on-road fleet and even on the efficacy of a potential policy or 

emission control option. However, PEMS testing will not provide detailed information about emissions 

of PM, PM marker species or individual HCs that contribute to ozone formation. In contrast, a 

dynamometer test can provide the latter information, but only on a very limited number of vehicles 

under prescribed (and not necessarily representative) operating conditions.  

3.  Case study: Emission measurements following the CNG Switch in Delhi, India  

Here we present results from a vehicle emission study on auto-rickshaw (three-wheeled taxis) vehicles 

in Delhi, India as an example of how measurements can lend insight into policies to limit vehicle 

emissions. In this case, measurements allow a post-facto assessment of the impact of a fuel switch (from 

gasoline (petrol) to compressed natural gas (CNG)) in a megacity’s public transit fleet. The fuel switch 

occurred as a result of an 1998 order from the Indian Supreme Court for all public transportation 

vehicles in Delhi (including auto-rickshaws), to operate on “clean fuel ”. As a result, all buses, taxis and 

auto-rickshaws in the Delhi region operated on CNG by 2003. The overall goals of the study were to: (a) 
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determine EFs from light-duty CNG-fueled engines for use in inventories of health- and climate-relevant 

emissions, (b) compare emissions from two-stroke and four-stroke CNG engines, (c) develop an activity-

based emission model to explore the influence of differing vehicle activity on vehicle emissions, (d) 

develop source fingerprints and volatility distributions8 of organic PM for use in source apportionment 

and emission inventory development. 

In this study, chassis dynamometer testing of 31 individual vehicles with two engine types (2- and 4-

stroke) and operating on two fuels (petrol and CNG) was conducted in a vehicle test cell at the 

International Centre for Automotive Technology (ICAT) in Manesar, near New Delhi. Vehicles were 

mounted on a chassis dynamometer, and driven over the Indian Drive Cycle9.The exhaust stream was 

diluted in a constant volume sampler; a bag-sample collected over the cycle was analyzed for gaseous 

emissions with an AVL-Pierburg AMA-4000 analyzer bench. Meanwhile, PM2.5 was collected on a Teflon 

filter train (for mass measurement) and two quartz fiber filters (one in parallel with the Teflon filter and 

one behind the Teflon filter to correct for positive sampling artifact). Offline analyses of PM yielded 

PM2.5 , organic and elemental carbon (OC; EC )mass concentration measurements. Gas and particle data 

were used to calculate fuel- and distance based emission factors of a number of species and ‘CO2-

equivalent’ emissions to represent the vehicles’ net climate impact9. Real-time data were combined to 

generate lookup-table based emission models that predict emission rates as a function of vehicle speed 

and acceleration10.  

Figure 4 shows the distribution of selected emission factors measured from the different engine and fuel 

types during dyno testing. The first observation is of the wide variation in many of the measured 

quantities, an indication of the large heterogeneity among different vehicles (inter-vehicle variation). 

Also notable is the fact that impacts of a shift from petrol to CNG and 2S to 4S vary depending on the 

pollutant. For example, shifting a PET-4S vehicle to CNG generally greatly decreased CO emissions but 

increased NOx emission rates. Focusing on PM as the single pollutant with the strongest direct 

association with adverse health effects, it is clear that engine choice (4S vs 2S) has a much larger 

influence on PM emissions than fuel. Likewise, the climate impacts (GWC) of the CNG-2S vehicles are 

well above even PET-4S. This indicates that a quick removal of 2S vehicles from Delhi roads would have 

huge benefits in terms of both air pollution and climate change, and for this reason should be prioritized 

over a fuel switch (among this vehicle population). In fact, it appears that removal of the 10% of CNG-2S 

auto-rickshaws remaining in the Delhi fleet would reduce PM emissions the same as switching the 

remaining 90% from petrol to CNG fueling, at a far smaller cost.  

Other data from this study give insight into optimal use of resources and efforts for developing emission 

inventories. Results from the real-time emission model10 suggest that while the choice of vehicle activity 

set used during testing (e.g. the IDC versus other drive cycles) can introduce some bias into measured 

emission rates or fuel consumption values, this variability is small relative to inter-vehicle variability. This 

result suggests that, to maximize information about fleet- or category-wide emissions, resources should 

be used to enhance the sample size rather than testing vehicles using multiple drive cycles, and that 

simple emission modeling based on real-time emission data can be used to extrapolate to different 

driving conditions. On-going analysis of samples and data from this study will result in the first volatility 

distributions and source profiles of organic PM from these vehicle classes. These results can be applied 
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in modeling efforts in other settings in order to help built emission inventories, develop atmospheric 

models and complete source apportionment studies. For example, recent work has shown that the 

volatility of organic emissions from vehicles and other combustion sources plays a critical role in their 

atmospheric lifetime8; inclusion of this property in atmospheric models vastly improves their predictive 

capabilities. Such models are of critical importance for designing regional- or urban-scale multi-pollutant 

control approaches.  

 

 

Figure 4. Fuel-based emission factors from dynamometer study of Delhi auto-rickshaws with CNG and petrol 
fueling (CNG; PET) and 2- and 4-stroke engines (2S; 4S). GWC-ALL emissions show the equivalent CO2 emissions 

including emissions of CO, CH4 and PM species weighted by Global Warming Potential (GWP) values. The line in the 
box indicates group median, box ends give the interquartile range (IQR) and whiskers show data within 1.5 * IQR of 

the box end.  Figures from Reynolds et al, 2011. 

 

4.  Conclusions 

On-road vehicles contribute a substantial, and often dominant, portion of total air pollution emissions in 

urban settings worldwide. Development of policies to limit these emissions and their impacts should be 
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informed by knowledge of the different contributors and the likely efficacy of technical (e.g. emission 

standards or specific control technologies) and institutional (e.g. inspection and maintenance programs) 

approaches. Measurements of vehicle emissions play a primary role in all of these efforts, in addition to 

being a primary need for accurate emission inventories as a basis for integrated air quality management.  

A range of measurement approaches are available, each with attributes that make it better suited for 

different applications. Measurement efforts should be designed with these attributes and the data and 

analysis needs in mind. Emerging methods, such as PEMS, enable testing of a larger sampler of in-use 

vehicles, which is critical when characterizing a highly heterogeneous fleet. Emission measurements can 

yield insight into possible ‘win-win’ policy or technical approaches that provide ‘co-benefits’ in which air 

pollution and climate change (or possibly other) impacts are jointly minimized with a single policy action.  
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1. Background and Motivation 

Aerosol particles impact the planet’s energy balance, the hydrologic cycle, atmospheric visibility, and 

public health. These aerosol effects depend on their spatiotemporal distribution and physicochemical 

properties. Areas with especially high vulnerability to the deleterious effects of particulate matter 

include urban areas, within which over half of the world’s population lives with an expected increase in 

coming years (Bremner et al., 2009). Because such regions are exposed to high levels of anthropogenic 

emissions superimposed on top of natural regional emissions, numerous coordinated studies have been 

conducted in megacities to monitor and ultimately improve air pollution problems. Examples of such 

megacities are Beijing (Campaign of Air Quality Research in Beijing, CAREBEIJING; e.g. Matsui et al., 

2009) and Mexico City (Megacity Initiative: Local and Global Research observations, MILAGRO; e.g. 

Molina et al., 2010).  

 

Another especially important natural laboratory for air quality research, which has achieved tremendous 

improvements in recent decades due to air pollution regulations, is Los Angeles, California 

(http://www.aqmd.gov/smog/o3trend.html). This metropolitan area of more than 17 million inhabitants 

has been extensively studied with previous experiments, including recently the California Research at 

the Nexus of Air Quality and Climate Change (CalNex) 2010 field project (Ryerson et al., 2013). Los 

Angeles can serve as a role model in terms of a major urban metropolitan area that has been closely 

monitored overtime with clear indications that air pollution regulations have worked to improve air 

quality. There are a host of other megacities globally that would greatly benefit from these efforts, 

including areas in the Middle East such as Tehran, Iran. 

 

Measurement infrastructure is a key limitation to monitor and improve air quality in many global 

regions. On one extreme end, there are intensive field campaigns such as CalNex that involve multiple 
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aircraft, ground stations, satellite remote sensors, and modeling components to comprehensively 

examine air pollution characteristics in a megacity such as Los Angeles. On the other extreme are 

regions with no or limited ground station measurements of basic meteorological parameters (e.g. 

temperature, relative humidity, wind speed, precipitation accumulation) and visibility. Here we contrast 

two case studies of how megacities in different parts of the world can be examined with current 

capabilities in those regions. We focus on Los Angeles and Tehran with a view towards proposing steps 

forward for Iran. 

 

2. Los Angeles, California 

The CalNex field study was conducted between May and July of 2010 and is summarized by Ryerson et 

al. (2013). Briefly, the study was focused on a variety of aspects associated with California air pollution, 

including the following: (i) transport and dispersion of air pollutants and how their properties evolve 

upon aging, (ii) emission inventory assessments, and (iii) aerosol-cloud-radiation interactions. 

Measurements were conducted with a variety of aircraft platforms, a research ship, tall towers, balloon-

sondes, surface sites, and satellite remote sensors. Due to an extensive surface air pollutant monitoring 

network across the state of California and multiple intensive field experiments in recent decades, CalNex 

provided the additional advantage that it continued an already established time series of critical 

monitoring data in the greater Los Angeles metropolitan area. The results of the experiment could be 

compared with earlier data in the region to assess the efficacy of regulatory acts.  

 

A specific example of the capability of an effort such as CalNex is described here. A critical component of 

ambient aerosols is a highly complex fraction of organic species, of which many are water-soluble and 

thus critical in shaping aerosol hygroscopic and radiative properties. Secondary organic aerosol (SOA) 

refers to organic species that are produced via gas-to-particle conversion mechanisms as compared to 

direct emission from sources such as vehicles and power plants. Due to improvements in measurement 

methods, the importance of SOA has been realized in recent years as it has been shown to comprise up 

to over 90% of fine aerosol mass (particle diameter < 2.5 µm) in urban regions. This is critical 

information with regard to improving assessments of how urban aerosol impacts air quality, regional 

microclimate, and public health. However, many uncertainties exist with regard to knowledge of how 

SOA is produced and the vertical profile of such species in the atmosphere. An instrument measuring 

water-soluble organic carbon (WSOC), a proxy for secondary organic aerosol in the absence of biomass 

burning, was deployed on the Center for Interdisciplinary Remotely Piloted Aircraft Studies’ (CIRPAS) 

Twin Otter airplane for numerous flights across the Los Angeles basin (Duong et al., 2011) in May 2010. 

A similar instrument was employed at two ground sites: Riverside and Pasadena. Figure 1 reports a 

comparison of WSOC concentrations during multiple overpasses at both sites. WSOC concentrations 

were typically higher aloft (≥ 500 m) than at the surface, pointing to the importance of considering the 

vertical structure of this fraction of the regional aerosol. Concentrations were especially higher aloft 

during periods of higher relative humidity aloft relative to the surface, suggestive of an aqueous-phase 

production route for these species in ambient aerosol. Additional analysis of the CalNex dataset showed 

that indeed periods of enhanced relative humidity assist with SOA formation due to some combination 
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of more efficient partitioning of SOA precursor gases and heterogeneous chemistry to produce SOA. 

Enhanced levels of SOA aloft are important with regard to the planet’s energy balance as the radiative 

effects of aerosol are altitude dependent. 

 

 

 
 

Figure 1: Comparison of surface and airborne concentrations of water-soluble organic carbon (WSOC) in ambient 
aerosol particles at two sites in the Los Angeles metropolitan area (Pasadena and Riverside). This species is an 

important proxy for secondarily-produced organic aerosol in the absence of biomass burning. 

 
3. Tehran, Iran 

Since there are scarce airborne and routine nationwide surface measurements of detailed aerosol and 

gas species concentrations in Iran, a decadal aerosol climatology for the capital city of Tehran and 

surrounding areas (Figure 2) was developed using a combination of satellite remote sensing data, 

surface meteorological data, and transport model calculations. An extensive description of this effort is 

provided by Crosbie et al. (in review). These datasets are available and free to the public, which serves 

as a demonstration for how areas with reduced in-situ air pollution data can be examined in terms of 

their air pollution characteristics. Table 1 lists the datasets examined with associated spatial and 
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temporal ranges. Daily Level 3 data were obtained from the Moderate Resolution Imaging 

Spectroradiometer (MODIS), Total Ozone Mapping Spectrometer (TOMS), and the Multi-angle Imaging 

Spectroradiometer (MISR).  MODIS-AQUA data include the daily 1° gridded Deep Blue Aerosol Optical 

Depth (AOD; 0.55 µm) (Hsu et al., 2004), which is appropriate for desert land surfaces as it is sensitive to 

particles over bright surfaces. MODIS and MISR provide AOD data, which is a measure of total column 

aerosol extinction. MODIS additionally provides Angstrom Exponent data, which are related to the size 

distribution of aerosol (e.g., lower values are suggestive of larger particles). TOMS provides the 

ultraviolet aerosol index (UV AI), which is a measure of the relative abundance of absorbing aerosols 

(Torres et al., 1998), including dust and smoke. Surface meteorological data are obtained from the 

National Climatic Data Center (NCDC) database. Daily predictions of the total optical depth (0.55 µm) 

associated with various aerosol components (sea salt, sulfate, dust, organic carbon, and black carbon) 

were provided by the GOCART model (Chin et al., 2002) at a resolution of 2° x 2.5°. 

 

Table 1: Summary of temporal and spatial characteristics of datasets used. 

Data Type Latitude (°) Longitude (°) Altitude (m AMSL) Date Range 

NCDC:  Tehran Mahrabad 35.68 51.32 1191 1/1/2000-12/31/2009 
NCDC: Semnan 35.55 53.38 1131 1/4/2000-12/31/2009 

NCDC: Gharakhil 36.45 52.82 14 1/25/2000-12/31/2009 

MODIS TERRA 35-36 51-52 N/A 2/24/2000-12-31-2009 
MODIS AQUA 35-36 51-52 N/A 7/4/2002-12/31/2009 

MISR 35-36 51-52 N/A 2/25/2000-12/31/2009 
TOMS 35.15-35.65 51-51.5 N/A 2/24/2000-12/14/2005 

GOCART 34-36 50-52.5 N/A 2/24/2000-12/31/2007 

 
 

 

Figure 2: Geographic locations of the ground-based meteorological data monitoring stations. Figure adopted from 
Crosbie et al. (in review). 
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Examples of information that can be extracted from these datasets are displayed in Figures 3-5. We 

specifically focus on the following three research questions: (i) how does topography and geography 

impact visibility at three sites in the greater Tehran area?; (ii) how does column aerosol extinction and 

composition of the aerosol vary in the greater Tehran area over the course of a typical year?; and (iii) 

what is a typical weekly cycle of low-level pollution levels, as inferred from visibility data, in Tehran? 

 

To address the first question, surface meteorological and visibility data were obtained at three sites near 

and around Tehran. The local meteorology around Tehran is strongly influenced by the presence of 

significant topography in the region, specifically the Alborz Mountains to the north of the city. This 

mountain range presents a strong meteorological barrier and is responsible for the significant difference 

in climate between Gharakhil on the northern flank and Tehran (Mehrabad) and Semnan on the 

southern flank (Figure 3). The mountains prevent marine air from the Caspian Sea reaching Tehran 

particularly in the summer when the mountains act as a barrier to the prevailing northerlies at low 

levels.  In addition, the mountains help trap air at low levels particularly in the winter when lower mixing 

heights prevail and stagnant air builds at the surface resulting in poor visibility in the city. A significant 

reduction in visibility is observed at Mehrabad during the winter months, which is not as obvious at 

Semnan, and is suggestive of the influence of local emissions from the city, which are trapped in the 

stagnant air near the surface. 

 

 

Figure 3: Monthly summary of surface meteorological data at three sites near Tehran (see Figure 2 for locations) 

between 2000 and 2009 for (a) dry bulb temperature (T), (b) relative humidity (RH), (c) wind speed, (d) 

accumulated precipitation, and (e) visibility. Figure adopted from Crosbie et al. (in review). 



92 
 

 

The second question is best addressed with satellite remote sensing data and a chemical transport 

model, which is GOCART in this case. The satellite-derived AOD data show a consistent increase during 

the late spring and summer (Figure 4) owing largely to increased regional emission sources mainly 

associated with dust from the expansive desert regions to the west (Arabian and Sahara), local dust 

sources which may be favored more in the summer, and potential biomass burning emissions from 

wildfires. In addition, the summer AOD maximum is supported by low precipitation rates. During the 

winter, the AOD is at a minimum driven by a combination of reduced regional emission sources of dust, 

negligible influence from fires, and an increased level of aerosol wash out due to precipitation. Although 

not shown, wet scavenging of aerosol is found to be effective, even for low precipitation rates, in Tehran 

during winter.   

 

Throughout the entire annual cycle, dust optical depth (which includes coarse and fine dust), accounts 

for the largest fraction of the total optical depth at 68% of the average annual aerosol with highest 

levels during April. Sulfate contributes the next highest fraction with an annual average of 25% with little 

variability through the year.  Black carbon and organics are responsible for a relatively small fraction of 

the total AOD at 2.8% and 3.6%, respectively; however, the peak occurs during July and August and is 

suggestive of a biomass-burning source due to wildfires in upwind regions such as the Ukraine and 

Russia. 
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Figure 4: Monthly summary of remotely-sensed and GOCART model data for the greater Tehran area (see Table 1) 
for different satellite products (a-c): (a) AOD from MODIS-TERRA, MODIS-AQUA, MISR and MODIS Deep Blue; (b) 

Angstrom Exponent from MODIS-TERRA and MODIS-AQUA; (c) TOMS ultraviolet aerosol index; (d) monthly 
summary of fractional optical depth accounted for by different chemical constituents as predicted by GOCART. 

Figure adopted from Crosbie et al. (in review). 

 

Sea salt is also a very low impact contributor to the total AOD (approximately 0.6% annual average) with 

the peak occurring during winter and early spring where upper air trajectories are from the west and 

southwest. The high terrain and lack of local sea salt sources suggests that marine air intrusions would 

not affect the lower troposphere and this is confirmed by the contrast in meteorology at Mehrabad and 

Semnan as compared to Gharakhil and justifies the lack of sea salt aerosol. Certainly there are 

uncertainties and inaccuracies in the model predictions, which can only be addressed with detailed 

aerosol chemical measurements in the greater Tehran area. For instance, the monthly trends of light-

absorbing aerosol species from GOCART disagree with those from the satellite remote sensors and the 

contribution of organics in reality may be quite larger as organic compounds constitute roughly one half 
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of atmospheric aerosol mass globally and this fraction can be even higher in urban areas (e.g. 

Wonaschuetz et al., 2011).  

 

To address the weekly cycle of surface pollution in Tehran, visibility data were obtained from Mehrabad, 

which is the most urban-impacted of the sites chosen. The impact of human activities on visibility was 

apparent when viewing the average visibility anomaly for each day of the week (Figure 5).  There is a 

positive visibility anomaly observed on Friday and, to a lesser extent on Thursday, which points to 

reductions in local emissions during the weekend in Iran. The size of the anomaly is increased during the 

winter and fall seasons which further strengthens the argument that low level aerosol is more sensitive 

to local anthropogenic sources during these seasons compared to spring and summer when dust 

transport, fires, and increased mixing overshadows local emissions.    

 

 

Figure 5: Average visibility anomaly in Tehran (Mehrabad) filtered by day-of-week for each season of the year.  The 
visibility anomaly is calculated as the average deviation for each day-of-week from the climatological mean for 

each season. Note that the weekend in the study region is Friday, although some industries also observe Thursday 
as a reduced working day. Figure adopted from Crosbie et al. (in review). 

 

4. Strategies Moving Forward 

A comparison of the case studies described above point to the critical opportunity at hand for 

improvements in air pollution monitoring and regulations that can be put in place in a Middle Eastern 

urban area such as Tehran, Iran. Los Angeles can serve as a role model for the success of air pollution 

regulations, which has been confirmed owing to numerous intensive field experiments over recent years 

such as CalNex and the dedication to long-term monitoring with a consistent set of measurements at a 

network of air pollutant monitoring sites. While the case study for Tehran has shown some coarse 
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trends in aerosol characteristics for Tehran, there are several limitations in the datasets used that do not 

allow for a thorough understanding of the sources, magnitude, and effects of air pollution in that region. 

Applying a research and monitoring model such as that in Los Angeles would certainly allow for more 

detailed knowledge of the relative contribution of natural and anthropogenic sources, which would 

benefit the development of effective air pollution strategies in Tehran and similar under-studied urban 

areas. 
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Abstract 

Today, a transportation demand management (TDM) approach favoring efficient use of transportation 

resources has been implemented among many cities of the world. Although the majority of TDM policies 

are justified at the time of implementation, they have become part of cities' long-term regulations due 

to a lack of innovative and alternative approaches. This paper examines the role of TDM policies on 

commuters' choice in the city of Mashhad. A system dynamics model has been used in order to describe 

the effect of potential TDM policies on the long-term environmental costs to the city of Mashhad. Three 

TDM policies, including increasing fuel costs, increasing parking costs and implementing cordon pricing 

are assessed in order to study their imposed costs to the city over a twenty-year period. Furthermore, 

pair-wise combinations of the mentioned policies are also studied. This study reveals that increasing 

parking cost policies is the most effective approach for decreasing the imposed cost of transportation to 

the city of Mashhad. The results of this evaluation also show that the combination of increasing parking 

costs and cordon pricing policies has the highest impact compared to other combinations. 

Keywords: Transportation demand management policy, air pollution, system dynamics model, long-term 

evaluation 

Introduction 

Transportation is one of the main contributors to urban air pollution, especially in megalopolises. In 

addition to air pollution, transportation also produces daily delays, noise pollution, and depletion of 

energy, road casualties, water pollution and waste production. These negative consequences have led 

many to consider revisions to transportation planning in order to achieve sustainable transportation [1]. 

To reduce car usage and its negative consequences, policymakers and transportation planners have 

proposed transportation demand management (TDM) policies over the past several decades. Today, 

TDM is a general term for strategies that result in more efficient use of transportation resources [2].  

mailto:Habibian@aut.ac.ir
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Although TDM policies are usually introduced to impact transportation patterns due to a specific 

problem, such as air pollution or traffic congestion, they have been applied long-term in most cities due 

to a lack of innovative and/or alternative approaches. Pricing policies utilized in London, Singapore and 

Tehran, for example, have been in effect for more than ten years. Although many studies have looked at 

the impact of a TDM policy on meeting efficient car usage goals at the time of implementation, only a 

few studies focus on the long-term impacts of TDM policies on, for example, land use patterns  [3].  

Simultaneous implementation of TDM policies is another issue which should be highlighted in the 

context of long-term evaluation. Because TDM policy implementation generally requires significant 

amounts of time, it is possible to design complementary policies with synergistic benefits, where the 

sum of their benefits together are greater than the sum of either one benefit alone (See [2] for a more 

general review of synergy).     

Concentrating on TDM to decrease urban air pollution, this paper intends to assess the long-term 

impacts of combined TDM policies on a city. Therefore, a system dynamics model has been adopted to 

describe the effects of various TDM policies on air pollution over a long-term period.  

Research Context 

Although the development of transportation demand management has led to a wide and diverse range 

of policies in the past two decades, the recent challenge is to explore how to integrate and implement 

TDM policies in a more effective way [4]. To deal with urban transportation problems, integrated 

transport policies are more realistic and effective than single policy approaches; however, the many 

interactions between individual policies makes determining the impact of each policy, and of policy 

combinations, more difficult.    

The effects of simultaneous implementation of TDM policies were studied by Pendyala et al. [5], who 

assessed five TDM policies by adopting an activity-based micro-simulation model system (AMOS) to 

simulate changes in individual travel patterns. They also assessed combinations of specific policies in 

four TDM scenarios and determined the possible impacts of those scenarios. Eriksson et al. focused on 

evaluating the impact of policies individually and in combination on car commuters. Their research 

showed that a combination of policies led to a larger modeled reduction in car usage than when the 

policies were implemented individually [6]. Vieira et al. explored the concept of multi-instrumentality as 

a procedure of policy integration and implementation, whereby a systematic search for complementary 

policies was sought when planning and designing one, or several, core policies with the same objective 

[4].  

While some studies attempted to propose complementary policies based on theoretical methods [7,8], 

a few are concentrated on developing models to assess the combined policies impacts on transportation 

consequences for a specific city. Habibian and Kermanshah developed a model to assess the impact of 

five TDM policies on car usage for the city of Tehran [9]. Adopting the synergy concept, they also 

developed the synergy function and demonstrate the synergy between the studied pairs of policies 

regarding a commuters’ car usage [2].  May et al. presented a long-term optimization procedure to 

identify optimal strategies for packaging TDM policies for three European cities [3]. However, a number 
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of cities (e.g., Bogota, Sao Paulo, Mexico City) are adopting combinations of policies without specific, 

well-reported studies predicting their impacts. This paper is focused on assessing the role of pair-wise 

combinations of three different TDM policies on the imposed environmental cost of transportation to 

the city of Mashhad. To achieve this purpose, a system dynamics model, which has been formerly 

calibrated for the city of Mashhad, was adopted [1]. Generally, system dynamics models allow the 

researcher to capture the variable growth of the interested variables in the period of the study. As the 

traditional transportation forecasting methods are cannot account for variable growth in interested 

parameters in the long-term, the system dynamics approach is more suitable to evaluate long-term 

effects [10].      

System Dynamics Model 

System dynamics, which is constructed on the basis of "everything is dependent and changing", is an 

approach to understanding the behavior of complex systems over time. It deals with internal feedback 

loops and time delays that affect the behavior of the entire system. What makes system dynamics 

different from other approaches to studying complex systems is the use of feedback loops, stocks and 

flows. These elements help describe how even seemingly simple systems display baffling nonlinearity. 

System dynamics is currently being used throughout the public and private sector for policy analysis and 

design. 

Components of the system dynamics model involve independent variables (causes), dependent variables 

(effects) and arrows showing direction between causes and effects. The relation between these 

variables results in the formation feedback loops. Feedback loops are divided into positive and negative 

loops depending on whether they work towards or against the primary objective of the system.  

Figure 1, shows the general structure of the adopted model which has been developed for the Mashhad 

transportation system [1]. This model is constructed based on information which is mainly obtained 

from Mashhad transportation master-plan. In Figure 1, the model contains a number of loops with 

positive and negative polarity. For example, increase in travel demand by private car leads to increases 

in traffic volume, increases in traffic density, decreases in mean speed, increases in travel time, 

increases in fuel consumption, and finally in decreases in the tendency to travel by private car. As such, 

the process results in a decline in travel demand by private car; the polarity of this loop is negative. 

Figure 1 also demonstrates a positive polarity loop with regards to public transit demand.  

It is worth noting that the adopted model also consists of similar loops (which are not shown in Figure 1) 

to estimate the state of non-motorized transportation modes. Therefore, the model is able to predict 

the effect of independent variables, such as implementation of TDM policies, on the mode choice of 

citizens in an interested period. 

Case Study 

In this research, the city of Mashhad, Iran is selected to evaluate long-term impacts of combined TDM 

policies. With a population of 2.6 million, the second largest in Iran, this holy city attracts an additional 

15 million people annually for pilgrimages. In recent years, population growth, increasing car ownership, 

http://en.wikipedia.org/wiki/Complex_system
http://en.wikipedia.org/wiki/Feedback
http://en.wikipedia.org/wiki/Stock_and_flow
http://en.wikipedia.org/wiki/Stock_and_flow
http://en.wikipedia.org/wiki/Nonlinearity
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economic development and growing religious travel demands have resulted in serious urban 

transportation problems. Therefore, policymakers have initiated TDM studies to cope with the 

congestion. 

In order to assess the long-term impact of TDM policies on air pollution, the system dynamics model is 

applied to evaluate the transportation system of Mashhad over a twenty year period through a set of 

selected outcome indicators.   

This set includes the emission rate of contaminants CO, HC and NO2. Therefore, an index is 

defined in this study as imposed cost, IC, which is equal to the summation of the costs imposed by each 

of the mentioned outcomes over the study period. The imposed cost is presented in equation (1), 

   ∑  

  

   

∑                         

 

   

  
(1) 

  

where,         ,        ,        , are the costs caused by emission of NO2, CO and HC, all imposed by 

vehicle type i (i.e., car, bus, motorcycle) in the year n, respectively.  

Table 1 shows the costs related to each part of equation (1) per vehicle-km in 2009 as the base year of 

this study.  

 

Table 1: Costs of Environmental Pollutants per Vehicle-km [11] 

Item  Variable Unit Cost  (Rials) 

    

1 NO2 Vehicle-Km 4800 

2 CO Vehicle-Km 1500 

3 HC Vehicle-Km 1700 

 

Three TDM policies:  increasing fuel costs (F), increasing parking costs (P) and cordon pricing into the 

central business district (CBD) of the city (C) are selected in this study. These policies were selected as 

each policy has been implemented separately for some period of time and with some level of success in 

Mashhad, and people are therefore familiar with them. For each policy, four levels of cost are 

considered including cost in the base year (2009) as a baseline value (Table 2).  

Pair-wise combinations of policies result in 45 simultaneous combinations. The above-mentioned 

system dynamics model for each combination determines the value of IC.  
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Figure 1: General Structure of Adopted Model [1] 

Table 2: Policies and Their Levels 

Policy Comment Do Noting (1) Scenario (2) Scenario (3) Scenario (4) 

Fuel cost per km Abbreviation F-1 F-2 F-3 F-4 

Level 320 960 1600 2240 

Parking cost per hour Abbreviation P-1 P-2 P-3 P-4 

Level 3000 9000 15000 21000 

Cordon pricing Abbreviation C-1 C-2 C-3 C-4 

Level 25000 50000 75000 100000 

 

Results 

To explore the effect of implementing simultaneous policies on the total imposed cost of air pollution to 

the city over twenty years, Ic, pair-wise combinations of policies including (F & P), (F & C) and (P & C) are 

examined.  

Fuel Cost and Parking Cost (F & P)  

As can be seen in Figure 2, increasing parking costs has led to considerable decrease in the Ic 

index. Increasing the hourly parking costs from 3,000 Rials to 9,000 Rials decreased car usage such that 

imposed costs to the city were reduced. Figure 2 also shows, however, that beyond 9,000 Rials, hourly 

parking cost increases yield a slower decline in the Ic index. On the other hand, increasing fuel costs has 
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not resulted in a considerable decline in car usage, and thus imposed costs to the city, over twenty years 

(Ic). According to Figure 2, fuel cost and parking cost policies do not show significant interaction effect in 

the studied range. In other words, their combinational impact conforms to summation of their separate 

impacts and has no synergistic impact. 

 

Figure 2: Simultaneous Implementation of Fuel Cost and Parking Cost (F & P). 

Fuel Cost and Cordon Pricing (F & C)  

Figure 3 shows the imposed cost of air pollution while implementing fuel cost and cordon pricing 

concurrently. The graph indicates that Mashhad citizens are more sensitive to the cordon pricing policy 

in the studied ranges. It seems that regarding the amount of change in (Ic) index, implementing cordon 

pricing policy would be a more appropriate alternative than increasing fuel costs to reduce Mashhad’s 

air pollution problem. 

 

Figure 3: Simultaneous Implementation of Fuel Cost and Cordon Pricing (F & C). 
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Parking Cost and Cordon Pricing (P & C)  

Previous sections demonstrated that cordon pricing and parking pricing policies are more effective than 

fuel cost policy against the imposed cost of air pollution to the city. Figure 4 illustrates the outcome of 

simultaneous implementation of increasing parking costs and cordon pricing policies. In the studied 

ranges, increasing parking costs is more effective than increasing cordon pricing policy to reduce Ic 

index. As expected, the combined impact of parking cost and cordon pricing plan is more effective than 

other combinations. 

 

Figure 4: Simultaneous Implementation of Cordon Pricing and Parking Cost (C & P) 

 

Conclusion 

Since a TDM approach is noted as a way to move toward sustainable urban transportation, long-

term evaluation of impacts of policies will be necessary. In this research, three TDM policies, including 

fuel cost increases, parking cost increases and cordon pricing are assessed in order to study their 

impacts on air pollution in  Mashhad over a twenty-year period.  

Results of this study show that regarding the impact to the air pollution of the city of Mashhad, 

increasing parking cost is the most effective policy followed by cordon pricing and increase in fuel cost.   

The results of this evaluation indicate that the simultaneous impact of increasing parking cost 

and cordon pricing policies is more significant than the other studied combinations. Raising fuel prices is 

the least effective policy for reducing car usage over twenty years and has little observable impact on 

imposed cost extent. A likely rationale for this finding is that fuel costs are too low—even after a price 

increase—to be a significant economic factor in changing driver behavior.  
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It seems as though the approach utilized for this study could be a useful one for to studying the 

impacts of TDM policies on air pollution over a long-term period.  

The results from this study indicate that further research is needed to understand the dynamics 

of TDM policy impacts on cities, including: 

 Investigating more TDM policies, 

 Comparative analysis of  TDM policies across multiple cities, and 

 Applying different models to elaborate policy interactions. 
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Over the second half of the last century and the first part of the current century, the states that received 

the most attention with respect to air quality issues are California and Texas. This interest primarily was 

a result of their exceedance of the National Ambient Air Quality Standards (NAAQS) established as part 

of the Clean Air Act by the United States Environmental Protection Agency (USEPA) for ozone (O3) in the 

Houston metropolitan area (the fourth largest city by population in the US) and for both O3 and fine 

particulate matter (PM) in the Los Angeles metropolitan area (the second largest in the United States). 

Although both urban locations suffer from poor air quality, there are stark differences between the two 

cities in terms of the chemical and physical processes that determine concentrations of various air 

pollutants. In the South Coast Air Basin of California in which Los Angeles resides, topography and 

meteorology play very important roles in determining air quality. The basin is bounded to the west by 

the Pacific Ocean; on all other sides, mountains encompass the basin. Meteorological inversions often 

limit atmospheric mixing depths to heights shorter than the mountains, essentially creating a cap on the 

basin, and limiting the amount of mixing of pollutants out of the air basin. The predominant wind 

direction is west-to-east, meaning that background air is clean and that both primary (emitted directly) 

and secondary (formed chemically in situ) pollutants accumulate in the eastern end of the basin, 

particularly when photochemistry is strong enough to drive secondary chemistry. The Los Angeles basin 

is home to limited (defined on a relative scale) industry besides some port activities. As a result, the 

area’s air quality issues can be attributed predominantly to the very large number of automobiles that 

emit O3 and secondary PM precursors (oxides of nitrogen (NOx) and volatile organic compounds (VOCs)) 

as well as primary PM. 

In contrast, the topography of Houston is very flat, with no geographic features that limit vertical or 

horizontal mixing. Abundant sunshine often is available to drive photochemistry during summer, and 

wind speed and direction are incredibly important in determining pollution levels. Re-circulation 

patterns such as land-sea breezes influence pollution levels on the local scale, and unlike Los Angeles, 

background air is not always clean and is thus very important in determining pollution levels. For 

example, under certain conditions, air masses arrive in Houston from the Gulf of Mexico (considered as 

a clean background state); however, under other conditions, air masses arrive in Houston from the 

continental United States, which elevates significantly the background pollution level. In addition to 

these meteorological and topographical differences between these two cities, Houston is home to a very 

large industrial influence. Houston is home to the Houston Ship Channel (HSC) area, which houses one 

of the largest conglomerations of petrochemical facilities in the world. In addition to the direct 

emissions of VOCs from these operations, combustion and power generation occur throughout the HSC 



 

 

area, leading to emissions of O3 and secondary PM precursors as well as of primary PM. Although not as 

significant as in Los Angeles, the large population in Houston also contributes importantly to its poor air 

quality through its strong dependence on automobiles for transportation. 

Houston is not the only area in Texas with a documented history of air quality issues. The Dallas-Fort 

Worth combined metropolitan area (which is actually larger with respect to population than Houston), 

like Houston and some areas near Houston, are not in compliance with the O3 NAAQS. Like Houston, 

DFW has a flat topography and experiences strong insolation in the summer. Motor vehicular emissions 

also lead to significant pollutant formation. As opposed to Houston, which continuously is impacted 

heavily by emissions from the HSC, the DFW area does not have major petrochemical operations. 

However, the area recently has been impacted by a very significant increase in the number of 

operations associated with natural gas extraction, compression, and transportation, particularly to the 

northwest in the Barnett Shale area. 

Other urban Texas locations (Corpus Christi, Austin, San Antonio, and Victoria) are considered early 

action or near non-attainment areas, indicating the potential for these areas to be in non-compliance 

with the O3 NAAQS in the near future. The El Paso area has a more significant coarse PM issue, and Big 

Bend National Park has received some attention due to visibility degradation as part of the Interagency 

Monitoring of Protected Visual Environments (IMPROVE) network. However, because of the industrial 

influence and because of documented non-attainment issues, this discussion will focus on the Houston 

and DFW metropolitan areas of Texas. An overview of the monitoring networks for O3, PM, and their 

precursors in these areas will be followed by a description and example findings from larger-scale field 

operations in each location since the beginning of this century. 

Monitoring stations are located throughout both the Houston and DFW metropolitan areas, as 

described on the website of the Texas Commission on Environmental Quality (TCEQ). Various agencies 

including the TCEQ itself, municipal and county-level governments, academic institutions, and private 

consulting firms operate these sites. In Houston, the monitoring network is very dense, particularly near 

the HSC, and focuses on O3 and O3 precursors. Very few monitoring locations include instrumentation 

for PM; the PM monitors are not widely distributed beyond the east side of the city near the HSC, and 

only two include chemical speciation of the collected PM. There are well over fifty monitors included in 

the network (with varying instrumentation). While the DFW monitoring network has the same focus on 

O3 rather than PM, it is significantly less dense, with a total of approximately twenty monitoring sites 

that measure O3. These are spread across an area significantly larger than the Houston monitoring 

network. 

Several large field campaigns have been held in Houston and DFW since 2000. These campaigns included 

additional ground-based measurements at so-called supersites that include equipment well beyond that 

typical of a monitoring station and measurements based on mobile facilities including airplanes (to 

investigate vertical pollutant distribution and meteorology), ships (to consider air quality over the 

adjacent Gulf of Mexico), and trucks. The first Texas Air Quality Study (TexAQS I) was performed in and 

around Houston in 2000, with the predominant aim of understanding O3 and PM formation chemistry 

and how various emission sources and chemical and physical processes impact O3 and PM in Houston 
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(e.g., Daum et al., 2003). A similar campaign (TexAQS II) was held in 2006, with the aim of investigating 

how emissions changes between 2000 and 2006 potentially led to improved air quality in Houston 

(Parrish et al., 2009). A specific supersite investigation during TexAQS II was the TexAQS II Radical and 

Aerosol Measurement Program (TRAMP), which was operated at the University of Houston (UH) Moody 

Tower site (Lefer and Rappenglück, 2010). The two TexAQS campaigns were held in the latter part of the 

summer. However, Houston historically has exhibited two peaks in the annual seasonal frequency of 

highest O3 levels: one in late spring and one in late summer. To address air quality issues during the 

spring peak, the Study of Houston Area Radical Precursors (SHARP) was held at the UH Moody Tower 

site in 2009 (Wong et al., 2012). Earlier this decade (2011), initial detailed attention was paid to the DFW 

area, due to the potential influence of natural gas extraction, compression, and transportation 

operations. The Eagle Mountain Lake Air Quality Study (EMAIL-AQS) was held at a TCEQ monitoring site 

(at Eagle Mountain Lake) to the northwest of downtown Fort Worth in order to investigate potential 

natural gas operation influences on air quality (Gong et al., 2013). Factors considered in each of these 

four campaigns included primary pollutant emissions, meteorology, and atmospheric chemistry. 

For example, in TexAQS I, airplane flights were able to quantify for the first time emissions of NOx and 

VOCs from specific power plants and other specific stationary point sources in the HSC (Washenfelder et 

al., 2010). During TexAQS II, the existence of a low-level jet and dispersive winds were shown to strongly 

control O3 concentrations (Tucker et al., 2010). During SHARP, physical and chemical processes leading 

to daytime formation of nitrous acid were hypothesized; these processes are thought to be linked to 

photosensitized nitrogen dioxide chemistry on surfaces (Wong et al., 2012). During EMAIL-AQS, 

significantly enhanced organic-nitrogen species were observed in PM during the only high-relative-

humidity period of the campaign (Gong et al., 2013). 

Although much has been learned from the governmental monitoring activities and the more detailed 

field campaigns described above, each of these approaches has its limitations. For example, monitoring 

networks might not be dense enough to truly capture the spatial heterogeneity associated with air 

pollution concentrations and dynamics. In addition, the equipment used may be limited to only one or 

two pollutants of interest, and the time resolution, while adequate according to governmental 

requirements, may be inadequate to address appropriately important and relevant scientific and 

sociological questions. Information garnered during field campaigns can be limited due to their relatively 

short temporal duration. While they typically provide information about the atmosphere when air 

quality is at its worst, they provide no detailed and time-resolved information during other temporal 

periods during which poor air quality also may exist. In addition, if a field campaign is held at a fixed 

surface location with all equipment located at one site, there is the potential that meteorology will not 

vary sufficiently to give an adequate picture of the regional air quality issues. Instead, the campaign 

could result only in an understanding of air quality under a very specific set of meteorological 

conditions; it may not be appropriate to extrapolate this understanding to other meteorological 

situations. 

 



 

 

To address these shortcomings, two approaches have recently been taken. The first of these is the 

development of low-cost, robust, highly time resolved sensors for atmospheric measurements for use in 

networks of fine spatial resolution. This approach has been adopted, for example, by the Mid-infrared 

Technologies for Health and the Environment (MIRTHE) Engineering Research Center sponsored by the 

US National Science Foundation. While MIRTHE technology has been deployed in Texas urban areas 

(Gong et al., 2013) as well as other locations, widespread networks have not yet been established, 

though that is one of MIRTHE’s future end goals. 

The second approach is the long-term, near continuous utilization of mobile laboratories that can cover 

ground between monitoring stations and that operate analytical equipment that is highly time and 

chemically resolved. In the past, several research groups have operated mobile laboratories within 

Houston including Aerodyne Research, Inc. (ARI), the City of Houston, UH, and Chalmers University. 

Additional mobile laboratory operations recently were conducted in Houston during the National 

Aeronautic and Space Administration (NASA)—and TCEQ—sponsored Deriving Information on Surface 

conditions from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) 

project during September 2013. The DISCOVER-AQ project focused on vertical resolution of air pollution 

in Houston using airplane-based instrumentation and on the use of satellite-based measurements to 

approximate air quality parameters near the Earth’s surface over a major urban area. It was desired that 

the capabilities of satellites to measure/detect pollution in urban areas be tested and then further 

improved. 

The ground-based mobile facilities during DISCOVER-AQ were operated by NASA, ARI, Princeton 

University, Chalmers University, and by a collaborative team from UH and Rice University. The UH-Rice 

mobile laboratory operated for the first time during DISCOVER-AQ. Its scientific payload included a high 

resolution time-of-flight aerosol mass spectrometer for measurement of sub-micron, non-refractory PM, 

an aethalometer for measurement of black carbon PM, a photoelectric aerosol sensor for measurement 

of polycyclic aromatic hydrocarbons in PM, a proton-transfer reaction mass spectrometer for 

measurement of VOCs, and monitors for measurement of O3, NOx, carbon monoxide, sulfur dioxide, and 

other important gases that are relevant photochemically. Ten airplane flight days occurred during 

DISCOVER-AQ; on these days, the UH-Rice laboratory was tasked with driving a circuit to the northwest 

of Houston to look at air quality parameters in the outflow from Houston (assuming traditional summer 

wind patterns). On non-flight days, the UH-Rice facility considered operations near the HSC, near other 

major industrial facilities (e.g., power plants, wastewater treatment facilities, and landfills), along the 

west side of Houston where PM monitoring is very thin, and near the Gulf of Mexico to consider inflow 

to the Houston area (again assuming historical wind patterns).  Unfortunately, data from DISCOVER-AQ 

are too preliminary to include in this manuscript. 

To be of greatest benefit, these highly resolved measurements must be used not only to investigate 

physical and chemical processes affecting air quality. In addition, they should be used to investigate 

social or climate issues affecting the relevant population, for example health impacts, as these are the 

primary reason for the existence of the NAAQS. Through the summer of 2015, data from the UH-Rice 

mobile laboratory will be used in conjunction with existing monitoring data and clinical health records to 

investigate health impacts of air pollution in Houston, specifically PM. The Houston Aerosol 
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Characterization and Health Experiment (HACHE) represents a new paradigm in terms of spatial, 

temporal, and chemical resolution of air quality data and in terms of health data availability. 

Other major urban areas that are subject to large emissions from both mobile sources and significant 

industrial point surfaces can learn from the monitoring and field campaigns conducted in Texas (and 

California). This is particularly true in areas with similar hot and humid climatology and for areas that are 

expected to experience large population growth in the coming decade. 
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Abstract 

This paper presents climate change activities in Iran since ratification of the UNFCCC in 1996, which 

include institutional arrangements, establishing the national rules and regulations and the National 

Communications (NC) to the UN.  An inventory of Iran’s greenhouse gas (GHG) emissions, mitigation 

policies for GHG reduction from 2000 through 2025, and an assessment of technology needs for GHGs 

mitigation are described. Modeling of vulnerability and adaptation potential were carried out to assess 

the impacts of climate change on water resources, agriculture, forestry, coastal zones, human health 

and biodiversity. 

Introduction 

It is evident from the most recent IPCC assessment report (Part I: The Science of Climate Change-

September 2013) that anthropogenic climate change is real and mainly due to the increase of 

greenhouse gases in the atmosphere. Climate change is a global environmental challenge, which has 

received the greatest attention of the environmentalist and policy makers in the past two to three 

decades. The Islamic Republic of Iran became a Party to the UNFCCC in 1996 and since then has 

established the necessary institutional and legal arrangements to implement the UNFCCC and its Kyoto 

Protocol. In addition, Iran has submitted two National Communications to the UNFCCC and a third is in 

progress. This paper is based on the second national communication of Iran, which was submitted to the 

UNFCCC in November 2011. 

 

In this paper, after a brief description of the national circumstances of Iran, the following issues will be 

presented: (1) the inventory of the greenhouse gases in various sectors including: the energy, industrial 

processes, agriculture, forestry and waste sectors; (2) the assessment of the mitigation policies for 

reduction of greenhouse gases in the sectors mentioned above; (3) vulnerability of Iran to climate 

change in different sectors including: water resources, agriculture, forestry, coastal zones, human health 

and biodiversity. 

 

 



 

 

The Geography of Iran as it Relates to Climate Change  

Iran is a mountainous land, with a mean altitude of more than 1,200 meters above sea level. More than 

half of Iran's land consists of mountains, with one quarter being plains and deserts and less than one 

quarter constituting arable land. Almost 11.2% of the land of Iran is agricultural, while forests, 

rangelands and deserts account for 8.7%, 52.1% and 19.7%, respectively; the remaining landmass 

allocated to industrial and the residential areas.  The vast majority of the country is arid to semi-arid, 

with a mean annual rainfall of about 246 mm and a range of between 50 and 2000 mm.   Internal 

renewable water resources are estimated at 128.5 bcm/year. In addition to being a relatively water-

poor country, Iran also experiences extreme temperatures; ranges from -20 to +50 degrees Celsius are 

common.  

Iran has a highly diverse climate and environment, which is due to its unique geography and ecosystem. 

However, over the past decades great pressure has been put on environmental resources due to the 

lack of precipitation, persistent drought and heavy stress and on scarce water resources; this has caused 

tremendous damage to the agriculture, forests, water resources and other sectors comprising the 

national economy. This environmental stress has been exacerbated by severe urban and industrial air 

pollution, degradation of natural vegetation, soil erosion and biodiversity loss.  

To better integrate climate issues into its broader National Development Plans, in 2009 the government 

of Iran established and approved the National Regulations for Implementation of the UNFCCC and the 

Kyoto Protocol (further modified in 2012). In addition, Iran has established the necessary institutional 

arrangements for streamlining climate preparation development plans, including the Steering 

Committee for the preparation of the National Communications. These institutions encompass almost 

all relevant ministries, as well as NGOs, academia and research institutions.  

National Greenhouse Gas Emissions Inventory 

In 2000 (the base year according to the UNFCCC Guidelines), the total CO2 emissions from different 

sectors was about 375,187 Gg, with the energy sector contributing about 90% of the total emissions and 

industrial processes and forestry contributing about 8% and 2%, respectively. The total CO2 equivalent 

GHG emission was estimated at 491,052 Gg in 2000. The energy sector was responsible for the largest 

share, at 77%, while the forestry sector was responsible for lowest share, at 2%.  

 

Within all energy sub-sectors the emissions of CO2 in the year 2000 was estimated at 337,351 Gg, which 

compared to 1994 emissions (285,891 Gg), represents  a compound rate increase of about 18% (an 

average rate of 2.8% growth per annum). Within the industrial sector, iron and steel (43.3%), and 

cement (40.3%) contribute to about 90% of CO2 equivalent emissions. In 2000, the total amount of CO2 

equivalent emissions from agriculture sector stood at about 42,993 Gg, with N2O and CH4 accounting for 

55.6% and 44.4%, respectively. Agricultural soils contributed to 55% of the total GHG emissions, 

whereas the share of enteric fermentation, rice cultivation, animal waste and agricultural residue 

burning stood at 39%, 3%, 2% and 1%, respectively. It should be mentioned that there are no emissions 

reports on prescribed burning of savannahs. 

http://www.eoearth.org/article/Water_resources
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 The net GHGs emissions and uptake from land-use change and forestry stood at 9,278 Gg CO2 

equivalent and the amount of CO2 uptake in the land use and forestry sectors at about 523.93 Gg CO2 

equivalent. It should be noted that compared to the reporting year of INC (1994) the contribution of 

forestry to emissions has decreased from 7% to 2%, which indicates a decreased rate of deforestation. 

In 2000, the total CO2 equivalent emission from sewage and waste was about 31,608.97 Gg. Methane 

was responsible for 59.3% of total GHG emissions from waste, whereas the share of N2O amounted to 

about 40.7%. Moreover, liquid waste contributed to 44.4% of CH4 and 66.9% of total GHG emissions in 

the waste sector.  

Greenhouse Gas Mitigation in Iran 

Mitigation assessments have been carried out in two distinct sectors, energy and non-energy. As 

mentioned above, the energy sector is responsible for about 77% of total GHGs emission, thus requiring 

attention to this challenging and complex sector in Iran.  

Energy Sector 

Three scenarios have been considered in mitigation assessment, namely: (1) Business As Usual (BAU), 

where for the period 2000-2025 all of the exogenous variables of energy modeling vary based on 1994-

2007 realities and using econometric functions and methods to evaluate the scenario; (2) Official 

Development Plan (ODP) , where the energy prices are considered to vary based on the energy subsidy 

removal program of the government during the 5th FYDP (Five Year Development Plan 2010-2015); and 

(3) Mitigation, where eight different mitigation policies (MP), have been considered with different 

options [Iran’s SNC, Chapter 3]. 

The aggregate effect of all mitigation policies 

Under the Mitigation Scenario, the GHG emissions are projected to stand at 696.6 million tonnes CO2 

equivalent in 2025, which indicates a reduction of 64.6% and 69.0% in comparison to the ODP and BAU 

scenarios, respectively. The largest impact is on emissions from the electricity sector, which decrease 

due to demand-side pressures. This study shows that the most effective policy in the 2010-2025 

timeframe is energy efficiency improvements of end-use sectors.  The second most important initiative 

would be to increase the share of natural gas in the industrial sector, followed by the increased use of 

natural gas in commercial and residential sectors.  

Overall Mitigation Assessment 

Figure 1 shows the GHG emissions trend from 2000 through 2025 in various scenarios.  

Considering the mitigation options in both the energy and non-energy sectors, it is obvious that Iran 

enjoys a significant GHG mitigation potential, provided that financial and technical support becomes 

available under the UNFCCC. The energy sector, with a mitigation potential of more than 1,270 million 

tons of CO2 equivalent by 2025, has the largest potential, followed by waste, agriculture, industry and 

the forestry sector. GHG emissions under the ODP scenario would increase from 490 million tons in 

2000 to 2.2 billion tones, representing an annual growth rate of 6.2%, while under the mitigation 

scenario it peaks at 890 million tons of CO2 equivalent, representing an annual average growth rate of 



 

 

2.4%. In 2025 the potential for GHG mitigation in non-energy sectors would be about 54 million tons CO2 

equivalent, with the waste sector having the greatest potential at 28 million tons and forestry the lowest 

at 6 million tons. 

 

Figure 1: GHGs emission trend in different scenarios for all sectors 

 

Vulnerability and Adaptation Assessment (V&A)  

Iran is highly vulnerable to the adverse impacts of climate change. It is an arid to semi-arid country with 

limited water and forest cover that is susceptible to extreme weather events and desertification, has 

high urban air pollution, fragile mountain ecosystems and an economy highly dependent on production, 

processing and export of fossil fuels. The V&A study was used to assess the adverse impacts of climate 

change on water resources, agriculture, forestry, coastal zones, human health and biodiversity. 

The Impact of Climate Change on Water Resources  

Modeling results indicate temperature and precipitation changes in the range of ±6°C and ±60%, 

respectively. Such a temperature rise not only increases evaporation and decreases runoff, but also 

accelerates snow melt; this in turn decreases runoff and water availability in spring. Modeling results 

also show that at a constant level of rainfall, an increase in temperature of only about 2 degrees 

increases evaporation and transpiration over Iran by 27.3 bcm annually. Furthermore, the results 

prognosticate that runoff will decline in all but three regions in Iran. This will have important 

consequences on surface and underground water resources and thus the availability of water for 

irrigation and other uses in these areas. 

As an adaptation measure and in order to preserve the already depleted groundwater resources, plans 

are in place to increase the utilization of surface water resources from the present level of 46% to 55% 
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within the next 20 years. Hydroelectric potential in Iran is over 25,000 MW; of this, 6,700 MW is 

currently utilized, with about 6,000 MW under construction. Due to the reduction of river runoffs under 

climate change projections, the efficiency of hydropower plants will decrease—adversely impacting 

plans for further dam construction. As additional adaptation measure and in order to store large 

quantities of freshwater, the construction of underground catchment systems and reservoirs is being 

considered. 

Impact of Climate Change on Agriculture  

The agriculture sector accounts for about 18% of national GDP, more than 20% of employment, 85% of 

the food supply, 25% of non-oil products and 90% of the raw materials used in agro-industry. 

Agricultural activities in Iran are quite diversified and include production of various staple crops, fruits 

and nuts, greenhouse cultivation, agro-forestry, poultry, small and large livestock industries, apiculture, 

silkworm farming and fisheries. In 2004, close to 90% of the total national agricultural production came 

from irrigated lands. Due to this dependency on irrigation, arid regions of the country are particularly 

vulnerable to climate change and to reductions in water availability.  

Cereals, particularly wheat, are the most important annual crops produced in the county. For the years 

2020, 2050 and 2080 (based on a 1990 baseline), under various scenarios of economic growth cereal 

production will decrease 30% without the CO2 effect and up to 10% with the CO2 effect. For rain fed 

wheat production, yield reduction of up to 26% by 2025 and 36% by 2050 is predicted. For irrigated 

crops, the results of future weather simulation for 500 ppm CO2 concentration in certain provinces has 

shown a 0.3-9.8% increase in yield, and 4%-16% decrease in the water requirement of sugar beet.  

 

Impact of Climate Change on Forests  

Forests in Iran have undergone serious fragmentation and degradation from roads, agriculture and 

development, and are thus impeded in their ability to migrate as their local climate changes. 

Temperature and precipitation patterns in the Hyrcanian forest in the north of Iran have changed during 

the last half a century. A warmer climate and changes in precipitation precedents will cause disparate 

effects on forest ecosystems, making some species contract and others expand. Increases in CO2 

concentration will compound this effect in some systems while dampening the impact in other systems, 

which may lead to extinction of some species.  

 

Impact of Climate Change on Coastal Zones 

Caspian Sea 

The Caspian Sea, being a closed basin, demonstrates much higher rates of sea-level change (up to 340 

mm/yr) than the oceans, experiencing sea-level rise of 3m between 1929 and 1995. The sea-level 

fluctuation impacts the basin architecture and changes the coastal morphology, which leads to the 

formation of new aquatic environments and forces migration in those organism capable of moving. As 

the Caspian coast is both the focal point for economic activities in the north of Iran and the most 



 

 

biologically productive area of the sea, any changes in sea level have a great influence on the region. 

Based on some scenarios, a sea level rise will inundate more than 300 km2 of the coast, affecting more 

than 2,000,000 people and causing damage estimated at USD 5 billion.  

Persian Gulf 

The average sea surface temperature of the Persian Gulf in some parts has risen up to 2.5°C during the 

last two decades. It is predicted that the trend of rising sea surface temperature will continue as 

precipitation decreases on the average of about 0.6mm/year in the next 100 years. This region is also 

characterized by dust storms that increase the suspended load of the water and its turbidity. The rise in 

temperature is already apparent, as seen in the bleaching of coral reefs in the Persian Gulf during recent 

decades. Decreasing precipitation and the consequent reduction of river discharges, accompanied by 

direct human activities, create conditions for seawater intrusion into the coastal aquifers in the 

northwest flank of the Persian Gulf.  

Oman Sea 

Tropical storms in the Indian Ocean are the primary factor for creating long waves in the Oman Sea. 

Their maximum speed and motion track, their durability and frequency are variable. The study of these 

storms reveals that their frequency and strength, as well as the probability of their reaching the Iranian 

coasts, has increased during the last 30 years.  The increasing strength and frequency of the storms, in 

combination with the sparse vegetation of the area, will enhance soil erosion and carry large amounts of 

alluvium to the Oman Sea during flash floods. Strong waves will also contribute to coastal erosion along 

the predominantly rocky coastline.  

Human Health 

In Iran the major climate change health related issues include: malaria, leishmaniasis, cholera, diarrhea, 

air and water pollution and some natural disasters. Two periods (1995-2005 and 2010-2039) were 

studied for climate change impacts (mostly due to temperature and precipitation) on human health. An 

epidemiologic study of leishmaniasis showed increasing outbreaks of leishmaniasis (an incidence rate of 

up to 175% greater) in Isfahan province and Kashan, largely due to ecological changes that alter the 

disease vector’s habitat. Study on cholera also revealed outbreak of this disease in some provinces.  

Biodiversity 

Iranian habitats support some 8,200 plants species of which 2,500 are endemic, over 500 species of 

birds, 160 species of mammals and 164 species of reptiles (26 endemic species). Iran has 22Ramsar 

Convention-recognized wetlands, which collectively encompass 1,481,147 hectares and are considered 

extremely important ecosystems for local biodiversity and migratory birds. These wetlands are amongst 

the ecosystems in Iran most vulnerable to climate change. At present, Iran is losing its biodiversity at an 

alarming rate—a phenomenon which is likely linked to climate change.  
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Conclusions 

Iran has actively been involved in climate change studies under the UNFCCC and is currently 

streamlining climate change activities to align with the country’s national development plans. Iran emits 

significant amount of GHGs emissions and at the same time has great potential for emission reduction. 

Iran is highly vulnerable to the adverse impacts of climate change, which will impede national 

development. 
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1. Introduction 

Within the past decade, much of the focus of the air quality and transportation research communities 

has shifted away from regional photochemical smog to the more localized impacts of vehicle emissions 

in the near-roadway environment. In the United States, regional photochemical smog has been reduced 

dramatically over the past forty years. Photochemical smog has also been reduced substantially in many 

locations across the globe, such as Mexico City, Santiago, Chile, and Europe.  An important impetus for 

this shift to roadway sources has been the numerous epidemiological studies linking traffic-related air 

pollutant exposures to a broad range of adverse health outcomes, including both morbidity and 

mortality (Penttinen et al. 2001; Pope et al. 2002; Hoek et al. 2010).  In addition to particles less than 2.5 

microns in diameter (PM2.5) and black carbon, particular concern has focused on ultrafine particles 

which are sufficiently small, less than 100 nanometers in diameter, to penetrate cell walls and cross the 

blood-brain barrier. Ultrafine particles in urban areas can be highly elevated in emissions from both 

gasoline and diesel powered vehicles, depending on control technology, and commonly increases 

dramatically as vehicles age beyond the warranty period of their emission control devices. Together with 

particulate pollution, a range of organic vapors are also emitted.   

 

Traffic and mobile source concentrations can vary by neighborhood depending on proximity to sources, 

including freeways, rail yards, ships and aircraft. These combine in complex ways with meteorology to 

result in ambient concentrations (see for example Choi et al. 2013). Because pollution penetrates 

reasonably effectively into indoor environments, when outdoor pollutant concentrations are high, 

indoor exposures generally increase (Zhu et al. 2005). In buildings that are heavily impacted by roadway 

pollutants and/or occupied by particularly sensitive populations (such as children, the elderly, and 

individuals with existing respiratory or cardiovascular conditions) the particle fraction of the pollutants 

can be effectively filtered (AQMD and AIR 2011; Russell et al. 2011). Alternatively, infiltration of most 

pollutants is reduced if windows are kept closed, and in some cases can be further reduced if 

mechanical air handling systems are engaged (Zhu et al. 2005). Due to these impacts from vehicle 
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emissions, policies to reduce traffic volume and congestion, as well as to reduce emissions from the 

fleet, could form effective strategies to mitigate urban air pollution.   

 

Historically, pollutants such as carbon monoxide (CO) and nitrogen oxides (NOx) were available to assess 

concentrations of primary pollutants, but as regulations targeting these pollutants have been 

implemented, mobile source emissions of CO and NOx have been reduced enough that they are no 

longer effective tracers of roadway emissions. Additionally, in the United States, the practice has been 

to site air monitoring stations away from direct sources such as freeways (although this is not the case 

everywhere, e.g. South Korea). For these reasons, for the most part existing air monitoring networks 

provide limited information for assessing spatial variability in roadway pollutant exposure.  As a result, 

epidemiological studies routinely use freeway proximity and similar spatial metrics as crude methods to 

estimate exposures. If exposure estimates could be improved, epidemiological investigations of disease 

outcomes could produce clearer results, and thus provide better understanding of health mechanisms 

and importantly, support development of more effective mitigation policies. 

 

2. Factors Controlling Spatial Variability of Primary Pollution in Urban Areas 

 

2.1. General features 

Spatial variability in pollutant concentrations varies widely depending on several factors; short lived 

pollutants such as ultrafine particles tend to be much more variable than longer lived pollutants such as 

NO2 and CO, which persist in the air and become part of the elevated urban background. Ultrafine 

particle and black carbon concentrations can vary over more than two or three orders of magnitude on 

time scales of tens of seconds, while concentrations of other species such as CO rarely vary by more 

than a factor of ten.  

 

It is now well-established that the impacts of these pollutants downwind of major roadways can extend 

up to 100 - 300 meters during the day (Karner et al. 2010). However, in the early morning the exposure 

area is much larger, up to 2,000 m or more (Hu et al. 2009; Choi et al. 2012; Choi et al. 2013), potentially 

resulting in much larger population exposures. Figure 1 (from Choi et al. 2012) shows average shapes of 

the freeway plumes from several locations in Southern California. The metric plotted is ultrafine 

particles, adjusted by subtracting the upwind background and normalizing to the peak concentration. 

Once the concentrations are adjusted this way, removing effects of differences in traffic and background 

specific to the particular time/day, the shapes are very similar between coastal plain, inland valley, sub-

urban and more urbanized sites. Because concentrations are also much higher in the pre-sunrise and 

early morning hours, particularly around the hours of 6 – 9 AM (see for example Figure 2), the high and 

more spatially extended morning concentrations have the potential to significantly increase exposures. 

In the United States, approximately 11% of the population lives within 100 m of a four lane highway 

(Brugge et al. 2007), and in an urban area such as Los Angeles, as much as half of the population lives 

within 1500 m of a major freeway (Polidori et al. 2009). 



 

 

 

Figure 1: (Adapted from Choi et al. 2012). Variations in upwind background-subtracted ultrafine particle 

concentrations with respect to distance from the freeway. Values are smoothed after being normalized to peak 

concentrations. The solid green line: mean concentration profiles of freeways that pass over the surface street on 

which measurements were collected; blue dashed line: mean profiles of freeways that pass below the surface 

street; magenta dashed line: daytime observations in West LA reported by Zhu et al. (2002). Negative and positive 

distance indicates upwind and downwind locations, respectively. 

 
Figure 2: Comparison of ultrafine particle concentrations on Pearl St. (600 m south of I-10 freeway in Santa 

Monica, California, USA) at different times in winter: pre-sunrise (PSR), morning (AM), and afternoon (PM). PSR 

measurements were collected between 6:00 and 7:50 AM, AM measurements between 8:00 and 11:00 AM, and 

PM measurements were collected between 14:00 and 17:00. Local sunrise time was ~6:55 AM (from Hu et al., 

2009). 
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Proximity to a source and the strength of that source is the key in determining its impact on a receptor 

site. Roadway sources such as automobile and truck emissions do not have noticeably different 

dispersion profiles in urban environments, however sources such as aircraft have been observed to 

impact much larger areas compared to roadway emissions. This is likely due to a combination of factors, 

primary among them the high source strength; aircraft produce very high numbers of ultrafine particles 

per unit of fuel consumed for example, and also have very high fuel burn rates compared to road-based 

transport (Westerdahl et al. 2008; Hu et al. 2009). Likely less significant factors are plume buoyancy and 

the high airflow associated with jet exhaust, and the preferred takeoff direction (into the wind), which 

results in an exhaust plume that is aligned with the wind. It is noted that once aircraft are airborne, they 

should not impact surface concentrations of pollutants in the immediate area, as their emissions are 

released into elevated layers of the atmosphere. Gasses mix slowly into the surrounding air, and while 

particles have a downward component to their transport due to gravitational settling, rates for this 

process are very small, ranging from 0.01 cm h-1 for the most common particles in aircraft emissions 

(about 10 nm (Hu et al. 2009)) to 0.3 cm h-1 for 100 nm particles.  

 

3. Meteorology 

After proximity to sources and source strength, the conditions of the atmosphere are the major 

determinant of pollutant concentrations. Most important among these is the stability of the 

atmosphere. Wind speed commonly covaries to a degree with atmospheric stability; however, its 

relative variability over the course of a day is commonly much smaller than that of the mixing height. 

Wind direction, obviously also plays a role in the specific location and extent of pollutant “plumes” from 

individual sources. While the afternoons of sunny days often provide sufficient mixing to limit pollutant 

exposures to the immediate vicinity of a source, nocturnal surface inversions can effectively trap 

pollutants near the surface, resulting in much larger impact areas. Nocturnal surface inversions begin to 

break up during the hour following sunrise. Depending on when sunrise occurs, more or less of morning 

rush hour traffic emissions will be trapped in the nocturnal surface inversion, and this will be slowly 

diluted as the mixed layer develops. It is worth noting that the afternoon rush hour is typically emitted 

into an atmosphere that is well mixed for the lowest 1-3 km under most common weather conditions. 

As a result, afternoon rush hour can have a much smaller impact on surface concentrations and resulting 

exposures, especially for individuals who are not in the immediate vicinity of a source.  

 

The interaction of the time of sunrise, the subsequent breakup of the nocturnal surface inversion, and 

morning traffic has a strong influence on the seasonality of the very high early morning concentrations 

of primary pollutants. In the winter, the sun rises later, and as a result much more of the intense pulse 

of morning traffic is trapped in the nocturnal surface inversion. The seasonality has not been well 

characterized, but results of Hu et al. (2009) in Southern California suggest a difference of more than a 

factor of two is easy to achieve. In locations with more variation in sunrise time, this effect may be more 

pronounced.  

 

    



 

 

4. Experience in the Los Angeles Area 

As a result of unprecedented and aggressive long-term air pollution control programs for both mobile 

and stationary sources, the Southern California region can look back on forty years of dramatically 

improved air quality and claim for itself one of the most remarkable environmental success stories 

anywhere in the world.  Despite enormous growth—a near tripling in population and more than a 

tripling in vehicle miles traveled—the region now meets the federal air quality standards for four of the 

six criteria pollutants regulated under the original Clean Air Act, and has eliminated all first, second and 

third stage alerts for ozone, reducing peak ozone levels by more than two-thirds. 

 

Even in just the decade between 2001 and 2011 comparison of measurements taken adjacent to the I-

405 freeway in those two years (Zhu et al. 2002; Quiros et al. 2012; Choi et al. 2013), accounting for 

traffic flow and instrumental differences, show a decrease in weekday ultrafine particle concentrations 

of approximately 60 - 85% per vehicle. This happened without any direct regulation of ultrafine particles. 

A modest fraction of the reduction is due to a reduction in the fraction of diesel truck traffic (from ~5% 

to ~3%), with the remainder most likely due to fleet turnover bringing vehicles with lower emissions and 

more durable control devices into the fleet.   

 

5. Future Outlook  

Despite this impressive progress, technological fixes for combustion vehicles may not lead to significant 

further gains in air quality. Indeed, South Coast Air Quality Management District staff indicated in 

technical meetings that it is not clear where the necessary reductions in tons per day of oxides of 

nitrogen and volatile organic compounds can be obtained to meet current state and federal air quality 

standards for ozone and PM2.5. Hence, the region faces new challenges if we are to maintain our clean-

air initiatives and ever hope to meet mandated air quality standards, as well as dramatically reduce local 

roadway-related air pollutant impacts on human health. 

 

As we are atmospheric scientists, and not transportation planners, we do not feel qualified to suggest 

how these policies might be developed or what the specific mechanisms might be. Either transportation 

policies or alternatives to single-occupancy automobile traffic have to be developed to drastically reduce 

vehicle miles traveled, or over time there must be widespread adoption of so-called super low emission 

and zero-emission vehicles. Of course, in parallel it is critical to further reduce or eliminate emissions 

from heavy-duty diesel trucks. And we note that beyond the direct improvements in the health of 

millions of infants, children, adults and the elderly, many other social, environmental and economic 

benefits would accrue from reducing vehicle miles traveled and vehicle emissions, as well as from 

improving fuel economy.  Examples include lower fuel expenditures, less dependence on imported oil, 

reductions in greenhouse gases, fewer environmental justice impacts, and less congestion, stress and 

lost productivity. 
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Abstract 

Background: Chronic exposure to air pollutants has been a challenge in the majority of epidemiological 

studies. 

Objectives: Our main objective was to assess the possibility of developing Land Use Regression (LUR) 

models to evaluate chronic individual-scale exposure of residents in Tehran, Iran, to criterion air 

pollutants. In fact, we were interested in the assessment of chronic exposure of all residents of the 

greater Tehran metropolitan area, to air pollutants, irrespective of their proximity to the air pollutant 

monitoring stations in Tehran. 

Methods: A linear regression model was developed based on the annual-mean concentration of 

criterion air pollutants (including PM10, Ozone, So2, NOx and CO) for 2010 as the response variables 

(obtained from governmental monitors), and predictor covariates, which were compiled within 

geographic information systems. We selected our independent (predictor) variable using a modified 

algorithm. The validity of models was assessed using the leave-one-out cross-validation (LOOCV) 

method. 

Conclusions: Future air pollution epidemiological studies, especially those focused on chronic outcomes 

across the Tehran mega-city, can benefit from a developed model to obtain the individual-scale 

exposures to the selected air pollutants. To the best of our knowledge, we developed the first LUR 

model for the assessment of exposure to Ozone. 

Key words: air pollution; exposure assessment; spatial variation; geographic information systems (GIS); 

land use regression (LUR) 
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Introduction 

Although in small studies it is possible to make measurements at the individual level, conducting major 

population-based cohort and/or cross sectional studies requires methods that capture within-city 

variability from exposure to different air pollutants. In areas with air quality monitoring networks, one 

can use the results of nearest measurement station as a proxy measure of exposure in that area.1 

However, the main objective of installing such stations is to capture overall background concentrations. 

Recently, land use regression (LUR), a geospatial technique, has been used to model within-city spatial 

variability for air pollutants. Physical and geographic characteristics that might be associated with the 

pollutant concentrations are measured at selected sites using instruments and satellites that feed into a 

Geographic Information System (GIS). These variables are assumed to describe some characteristics 

around each station, such as population density, point sources, and traffic patterns. Multiple regression 

methods are used to correlate the measured variables with the selected predictive variables. The 

resulting equation can then be used to estimate the level of pollutant concentrations in any location 

where of the predictor variables are measured. 

 

Tehran experiences high air pollution concentrations mainly due to combustion related traffic sources. 

The level of air pollutants in Tehran exceed those of a majority of European and North American cities, 

where most LUR models have been developed.2-4 Although a few studies have been conducted on the 

acute health effects of air pollution in Tehran, there are no major studies on chronic health effects. We 

hope that results of present work will provide the foundation for such large cohort studies in the future 

in Tehran.  

 

Materials and methods 

Study area 

Tehran, the capital of Iran, has an annual mean daily temperature of 18.5 °C and an average annual 

precipitation of 150 millimeters. It is typically sunny, with an annual average of 2,800 hours of sunshine 

and a mean cloud cover of 30%.5 Tehran is the most populous city in Iran, with 8.7 million residents, and 

a daytime service population of more than 10 million (Statistical Centre of Iran, 2012). The study area is 

comprised of about 613 km2 of the metropolitan area. 

 

Air pollution data 

Hourly SO2 and PM10 concentrations were extracted from 21 air quality monitoring stations during the 

2010 calendar year. The monitoring stations used UV fluorescence analyzers (Model AF22M of 

Environment SA, France) to measure SO2, and beta-radiation attenuation instruments or beta-gauge 

monitors (Model MP 101M of Environment SA, France; FH 62 IN, FAG Kugelfischer, Germany, and APDA-

351E of Horiba, Japan) to measure PM10.  

 

The warmer and cooler seasons were defined as April through September and October through March, 

respectively, based on WHO guidelines for countries in the Northern hemisphere.6  
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Generation of spatial predictors  

210 potentially predictive variables (PPVs) in six classes and 73 sub-classes were generated. The classes 

were Traffic Surrogates, Land Use, Distance Variables, Population Density, Product Variables, and 

Geographic Location. The Traffic Surrogates class measured the vehicular characteristics in buffers 

around the monitoring stations. The Land Use class described ten land use types within buffers around 

each station. The Distance Variables measured the distance and/or natural logarithm of the distance 

from each station to the Traffic Surrogate and Land Use variables, as well as to other features. The 

Population Density was calculated for the total population and for the population, excluding 

unemployed people and children less than five years of age. The Product Variables class included the 

products of variables in the Traffic Surrogates class divided by variables in the Distance Variables class, 

and the Geographic Location class included the elevation of each monitoring site above sea level and the 

slope of the monitoring site. The final PPVs were all depicted in raster format with a horizontal 

resolution of 5 by 5 meters.  

 

Model development  

We developed a stepwise algorithm using 4 criteria:  

(1) consistency with a priori assumptions about the direction of the effect for each variable  

(2) a p-value of < 0.1  

(3) increases in the coefficient of determination (R2) for a leave-one-out cross-validation 

(LOOCV)7 

(4) a multicollinearity index (VIF)8 

 

First, we built a single variable linear regression model for each of the PPVs in the eligible pool (210). 

Each model was checked for the mentioned criteria (consistency with a priori assumptions and a p-value 

less than 0.1), and the variable with the strongest LOOCV R2 value was selected for the second step. All 

possible second variables were added to the best single variable model and the p-value and consistency 

criteria checked again. The model with the highest LOOCV R2 was chosen for the next step, where all 

possible third variables were added to the two-variable model. This process was followed until no 

further variables could be added. The stability of the LUR models was checked using the minimum, 

maximum, and coefficient of variation of the regression coefficients for the LOOCV. 

 

Regression mapping 

The Raster Calculator of the ArcGIS Spatial Analyst extension was used to render final regression 

equations into maps. A quantification limit (QL) for predictions at the lowest measured concentration 

divided by √  was established. Any grid cells with predictions below the QL value were set to the QL 

value and high predictions were set to 120% of the maximum observed concentrations.  

 

 

 

 



 

 

Results  

Air pollution data 

Final LUR models 

19 of the 210 variables generated (9%) were significantly predictive in at least one of the final models. 

The adjusted R2 values for the yearly average of the SO2 and PM10 models were 0.83 and 0.53, 

respectively. The adjusted R2 values for the cooler and warmer season models were 0.93 and 0.91, 

respectively, and the SO2 values were 0.72 and 0.64, respectively, for the PM10 models. The final model 

of both pollutants contained the variables: distance to airports or air cargo facilities, distance to nearest 

major roads, the natural logarithm of distance to the nearest bus terminal, and surrounding land use 

categorization of official/commercial-, transportation-, industrial-, and others. The R2 values for the 

leave-one-out cross validations ranged from 0.61 to 0.82 for the SO2 models, and from 0.48 to 0.63 for 

the PM10 models. 

 

Model stability 

A final LOOCV was run for each of the final models, resulting in the 21 different coefficients for all 

variables. The minimum and maximum of the LOOCV coefficients had the same direction for all variables 

in all models. For SO2, the maximum coefficients of variation for the LOOCV coefficients in the annual, 

cooler season, and warmer season models were 12.2%, 10.2%, and 17.9%, respectively. For PM10, the 

maximum coefficients of variation for the LOOCV coefficients in the annual, cooler season, and warmer 

season models were 10.8%, 10.4%, and 8.5%, respectively, indicating that the stability of the LOOCV 

coefficients was slightly better than the SO2 models. 

 

Discussion 

LUR models were built for SO2 and PM10 in Tehran using data from 21 monitoring stations. The spatial 

pattern reported for SO2 in this study is consistent with other studies. Increasing official/commercial and 

industrial land use areas, proximity to bridges, and street density drove the cooler season 

concentrations. 

 

The PM10 LUR models were more consistent across the seasons. Concentrations increased with 

increasing street density and proximity to bus terminals, airports or air cargo facilities, major roads, and 

military areas. Concentrations decreased with increasing density of the “other” land use category. 

Although “other” land uses are not specified in the spatial data, the large villas of wealthy residents are 

a dominant feature in this landscape category.  

 

There were some major limitations in our study. The biggest limitation of this study was the small 

number of monitoring stations relative to the number of variables that entered the final model. There is 

no specific method to determine the number of sites required for LUR analyses, but most studies use 

20-100 locations.9 To account for this, we elected variables based on improvements to the LOOCV R2 

value instead of the model R2. Another potential limitation may be the location of the monitoring sites. 
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Although there is no specific method for choosing LUR sites, a distribution of sites that maximizes the 

variability in measured concentrations is considered ideal.9 The monitoring stations network in Tehran is 

widely spatially distributed, but not optimized for concentration variability (Figure 1). 

 

Our LUR models and regression maps of SO2 and PM10 can be used in population-based epidemiological 

studies in the future. These methods can be further applied in other areas where the costs of dedicated 

LUR campaigns are prohibitive, and in more conventional LUR studies to explore best practices for 

model selection. 

 
Figure 1: The study area of Tehran showing the locations of the Air Quality Control Company (AQCC) and the 

Department of Environment (DOE) air quality monitoring stations in 2010. 
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Abstract 

Chronic non-communicable diseases (NCDs) are an emerging global epidemic. A growing evidence base 

suggests that the adverse effects of early life exposure to air pollutants may predispose individuals to 

increased risk of chronic diseases in later years.  

 

We present a summary of the findings of a series of studies conducted in healthy children and 

adolescents living in Isfahan, the second largest and second most air-polluted city in Iran. These studies 

document the association between air pollutants, notably particulate matter, and insulin resistance, 

surrogate markers of endothelial dysfunction, markers of inflammation, hematologic parameters, a 

possible pro-coagulant state, and hypovitaminosis D, which are precursors of NCDs in adulthood. The 

presence of these associations in children and adolescents living with moderate air quality conditions 

(commonly considered to have minimal or no health effects) highlights the need for the Iranian 

Environmental Protection Agency to re-examine environmental health policies and standards for the 

pediatric age range. In light of the emerging epidemic of NCDs and their origins in early life, as well as 

the independent role of air pollutants in the development of NCDs and their risk factors, planning 

effective air pollution control programs is a key step in the primary prevention of NCDs. 

 

Introduction  

 

Air pollution is a global health issue with serious adverse health implications, particularly within the 

pediatric age group. Chronic non-communicable diseases (NCDs) are considered an emerging global 

epidemic, with the global rate accelerating, notably in low- and middle-income countries. Although it is 

well documented that lifestyle changes within populations play a crucial role in this regard, lifestyle 

changes alone cannot explain the rapid change in the pattern of diseases. The increasing incidence of 

NCDs does match the rapid rise in urbanization, and in turn the rise in air pollution. Of special concern is 

that early life exposure to air pollutants may predispose individuals to increased risk of NCDs in later 

years. Such health consequences may also have transgenerational effects.  

 

Studying the effects of environmental factors on the early stages of health disorders can aid future 

studies and may offer strategies for primary prevention of NCDs. In addition to the respiratory effects of 



 

 

air pollutants, which are well-studied, exposure to criteria air pollutants in early life may have several 

short- and long-term health effects that in turn might have long-term impacts on chronic non-

communicable diseases [1]. Therefore, we conducted a series of studies testing the association of air 

pollutants with risk factors of NCDs in the pediatric age group. 

 

Methods 

 

We conducted a series of cross-sectional studies among sample subjects generated from pediatric 

population living in Isfahan, the second largest and second most air-polluted city in Iran. Isfahan is an 

industrial city, located in the center of the Iranian plateau, with a population of nearly two million, an 

average altitude of 1,500m above sea level, and bounded by a mountain range reaching 3,000m above 

sea level. The air of this city is predominantly affected by industrial emissions and motor traffic. 

 

We determined the relationship between the air quality index and the level of air pollution with various 

markers of NCD risk factors in the pediatric sample. All analyses were adjusted for dietary factors and 

physical activity levels to reduce the effects of lifestyle factors. 

 

Results 

 

One of these studies revealed a relationship of air pollutants (notably particulate matter) to insulin 

resistance, oxidative stress, and inflammation in adolescents [2]. Likewise, our other study revealed the 

independent association of air pollutants with surrogate markers of endothelial dysfunction [3], as well 

as the synergistic effects of genetic polymorphism and air pollution on markers of endothelial 

dysfunction and vascular injury in adolescents [4]. In a study on young prepubescent children, we found 

a significant association between air quality level and the flow mediated dilation of the brachial artery – 

a sonographic marker for endothelial function. This association was comparable to the effects of 

second-hand smoke exposure. We found that children living in highly polluted areas coupled with 

exposure to tobacco smoke experienced  the worst endothelial function [5]. We also documented the 

association of air pollutants with markers of inflammation, hematological parameters, and a possible 

pro-coagulant state in young children [6, 7]. Our studies also revealed an association between air 

pollutants and CYP1A1 gene expression level in newborn umbilical cord blood. This may have long-term 

carcinogenic effects. Moreover, in our systematic review, we highlighted the role of environmental 

factors on obesity [8]. 

 

A growing body of evidence supports the role of vitamin D deficiency on NCDs such as cardiovascular 

diseases, type-2 diabetes, and metabolic syndrome, as well as on their risk factors for obesity, 

dyslipidemia, insulin resistance, and high blood pressure. We found an independent inverse association 

between the air quality index and 25-hydroxy-vitamin D in pregnant mothers, newborns, and young 

children [9, 10]. 
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Discussion 

 

Infants and children are among the most susceptible age groups to air pollutants. This is especially 

important during summertime, when smog levels are highest; This age group has higher respiratory 

rates compared to adults, and are consequently exposed to a greater amount of  air pollutants; in 

addition, they rely heavily on mouth breathing – bypassing the nose’s ability to filter incoming air – and 

subsequently inhale higher levels of pollutants compared to adults. Children, generally, spend 

significantly more time outdoors compared to adults. Additionally, a child’s immune system and 

developing organs are still immature. 

 

Similar to the findings of the American Heart Association [1], our study demonstrated the relationship 

between air pollutants, notably PM10 and insulin resistance in healthy adolescents [2], which is the first 

biological evidence of its kind. This may suggest, at least in part, that the rapid increase in the 

prevalence of diabetes and its consequences at the global level may be related to air pollutant exposure, 

as well as biological and dietary causes. 

 

The independent association of air pollutants with surrogate markers of endothelial dysfunction [3, 5] 

and a possible pro-coagulant and pro-inflammatory state [3, 5, 7] in healthy children and adolescents 

underscores the role of air pollutants in the development of atherosclerotic diseases.  

 

Many studies have documented the effects of criteria air pollutants on low birth weight and or 

prematurity. There is a growing body of evidence documenting the association of intrauterine growth 

retardation, low birth weight, and/or prematurity with increased risk of chronic NCDs, such as obesity, 

hypertension and cardiovascular diseases later in life. It is widely assumed that improper lifestyle habits 

and limited education are underlying factors that cause NCDs and mortality. However, these findings 

indicate that the role of air pollution in causing low birth weight and premature birth might also be a 

significant underlying factor. 

 

Our findings further suggest that the body’s systemic inflammatory responses to long-term air pollution 

exposure could potentially increase the risk of developing obesity, dyslipidemia, metabolic syndrome, 

hypertension, and diabetes mellitus. For example, there is conclusive evidence that the over-generation 

of reactive oxygen species (ROS) is linked to environmental stresses; excessive ROS production may 

damage cellular structure, including cellular DNA [11]. Our studies associate air pollution specifically 

with measurable inflammation and oxidative stress, even among otherwise healthy children [2, 7]. 

 

Our findings also indicate that there is an independent inverse association of the air quality index with 

vitamin D levels in young [9, 10] individuals living in Isfahan, which may explain the very high prevalence 

of vitamin D deficiency in some sunny regions. Because vitamin D deficiency (hypovitaminosis) can be a 

precursor of NCDs and their risk factors, hypovitaminosis can be considered one of the mechanisms by 

which air pollution contributes to the development of NCDs. 

 

 



 

 

Conclusion 

 

Air pollution is a global health issue with serious public health implications particularly for children. 

Usually, the respiratory effects of air pollutants are well considered in public health planning, but the air 

pollution’s other health hazards should also be highlighted. In addition to short-term effects, exposure 

to criteria air pollutants from early life might have long-term impacts, principally on chronic NCDs.  

 

Although the clinical importance of our findings warrants further examination in prospective studies 

with long-term follow-up, we suggest that environmental protection activities, particularly for reducing 

the allowable emission of air pollutants, should be considered as a public health measure for the 

primary prevention of chronic NCDs, especially in developing countries. 

 

In addition, given the adverse health effects of air pollutants on children and adolescents, publically 

available and free mechanisms (for example, the local news and other forms of mass media) should 

provide families with access to air quality information year-round, including information on daily air-

quality levels and air-pollution forecasts. This is especially important as smog levels rise during hotter 

seasons. Protective measures should be taken to reduce the exposure of children and pregnant women 

to air pollutants (e.g. these groups should avoid congested streets and rush hour traffic, where possible); 

moreover, families should try to limit the amount of time children spend exerting themselves outdoors 

during days with poor air quality.  

 

The presence of the associations of various risk factors of NCDs in children and adolescents with PM10, 

with moderate air quality (which is commonly considered to contain few or no health effects for the 

general population) highlights the need of the Iranian Environmental Protection Agency to re-examine 

environmental health policies and standards for the pediatric age group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 
 

References 

 

1. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV,Holguin F, Hong Y, 

Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith SC Jr, Whitsel L, Kaufman JD; American 

Heart Association Council on Epidemiology and Prevention, Council on the Kidney in 

Cardiovascular Disease, and Council on Nutrition, Physical Activity and Metabolism. Particulate 

matter air pollution and cardiovascular disease: An update to the scientific statement from the 

American Heart Association. Circulation. 2010; 121(21): 2331-78. 

2. Kelishadi R, Mirghaffari N, Poursafa P, Gidding SS. Lifestyle and environmental factors associated 

with inflammation, oxidative stress and insulin resistance in children. Atherosclerosis. 2009; 

203(1): 311-9. 

3. Poursafa P, Kelishadi R, Lahijanzadeh A, Modaresi M, Javanmard SH, Assari R, Amin MM, 

Moattar F, Amini A, Sadeghian B. The relationship of air pollution and surrogate markers of 

endothelial dysfunction in a population-based sample of children. BMC Public Health. 2011 Feb 

18; 11:115.  

4. Poursafa P, Kelishadi R, Moattar F, Rafiee L, Amin MM, Lahijanzadeh A, Javanmard SH. Genetic 

variation in the association of air pollutants with a biomarker of vascular injury in children and 

adolescents in Isfahan, Iran. J Res Med Sci. 2011; 16(6): 733-40.  

5. Hashemi M, Afshani MR, Mansourian M, Poursafa P, Kelishadi R. Association of particulate air 

pollution and secondhand smoke on endothelium-dependent brachial artery dilation in healthy 

children. J Res Med Sci. 2012; 17(4): 317-21. 

6. Kargarfard M, Poursafa P, Rezanejad S, Mousavinasab F. Effects of exercise in polluted air on the 

aerobic power, serum lactate level and cell blood count of active individuals. Int J Prev Med. 

2011; 2(3): 145-50.  

7. Poursafa P, Kelishadi R, Amini A, Amini A, Amin MM, Lahijanzadeh M, Modaresi M. Association 

of air pollution and hematologic parameters in children and adolescents. J Pediatr (Rio J). 2011; 

87(4): 350-6.  

8. Kelishadi R, Poursafa P, Jamshidi F. Role of environmental chemicals in obesity: a systematic 

review on the current evidence. J Environ Public Health 2013; 2013: 896789. 

9. Kelishadi R, Sharifi-Ghazvini F, Poursafa P, Mehrabian F, Farajian S, Yousefy H, Movahedian M, 

Sharifi-Ghazvini S. Determinants of hypovitaminosis d in pregnant women and their newborns in 

a sunny region. Int J Endocrinol. 2013; 2013: 460970. 

10. Kelishadi R, Moeini R, Poursafa P, Farajian S, Yousefy H, Okhovat-Souraki AA. Independent 

association between air pollutants and vitamin D deficiency in young children in Isfahan, Iran. 

Paediatr Int Child Health. 2013 [Epub ahead of print].  

11. Aseervatham GS, Sivasudha T, Jeyadevi R, Arul Ananth D. Environmental factors and unhealthy 

lifestyle influence oxidative stress in humans--an overview. Environ Sci Pollut Res Int. 2013; 

20(7): 4356-69. 

 

 

 



 

 

The Assessment of Respiratory and Cardiovascular Patients Referred to 

University Clinics Related to Air Pollutants in Tehran  
 

Vahid Mansouri1, Simin Derayeh1, A.A.Khadem Maboudi1, Eznollah Azargashb2 

 

1: ShahidBeheshti University of Medical Sciences. College of Paramedical Sciences. Tehran, Iran 

2: ShahidBeheshti University of Medical Sciences. College of Medicine. Tehran, Iran 

 

Corresponding author: Vahid Mansouri. Mansouri@SBMU.AC.IR 

 

Abstract 

 

Aims & Objectives: The aim of this study is to assess patients affected by different respiratory and 

cardiac diseases referred to clinics of Shahid Beheshti University of Medical Sciences in Tehran, the most 

populated and air polluted city of Iran from 2009 to 2011. 

 

Materials & Methods: The weekly and annual mean quantitative data of air pollutants (PM10, PM2.5, SO2, 

NO2, CO and O3) and the annual mean climate temperature of Tehran were used to assess patients 

admitted to university hospitals according to the WHO International Classification of Diseases 10th 

Revision (ICD 10). Poisson regression statistical analysis was used in this study. Admitted patients with 

different pollutant-related diseases were classified as: infectious respiratory disease, obstructive 

respiratory disease, chronic respiratory disease, asthma, cardiac chest pain, cardiac mortality, and 

respiratory mortality. 

 

Discussion: The results revealed that the total annual amount of NO2, SO2, CO, O3 and PM10 in Tehran is 

in excess of the legal daily limits. Current scientific evidence links NO2 exposure with adverse respiratory 

effects, including airway inflammation in healthy people, and increased respiratory symptoms in people 

with asthma. High levels of NO2 could be a key factor in the excessive amount of patients with infectious 

respiratory diseases and asthma in Tehran’s hospitals, a trend that is significant during reported poor air 

quality months. The significant upswing in SO2 pollution in 2010 and 2011 could account for the 

increased rate of obstructive respiratory disease and asthma. Current scientific evidence links exposure 

to SO2 with an array of adverse respiratory effects, including bronchoconstriction and increased asthma 

symptoms. The annual mean amount of particular matter (PM), in particular, is extraordinary and likely 

plays a significant role in the high levels of infectious respiratory disease. Although this study does not 

link air pollution with other disease risk factors, such as cigarettes, stress, or nutrition, we suggest that 

further epidemiological studies are necessary to determine more precise causal factors for respiratory 

and cardiovascular diseases in Tehran. 
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Introduction 

 

Tehran is located within a valley and is surrounded on the north, northwest, east and southeast by 

mountains. These mountains prevent the flow of humid wind through the capital and traps air pollution 

over the city. Weak wind and cold air cause the polluted air to remain over the city during the winter 

months. These concomitant conditions make Tehran one of the most air-polluted cities in the world (1). 

Twenty percent of Iran’s total energy is consumed in Tehran. Pollutants such as PM10, PM2.5, SO2, NO2, 

O3 and CO are the primary pollutants of concern in Tehran, 80-85% of which are produced by mobile 

sources (2). NO2 is a toxic gas emitted from mobile sources and a regulated pollutant under the air 

pollution index. NO2 reacts with ammonia, moisture, and other compounds to form small particles, 

which penetrate deeply into sensitive parts of the lungs and can cause or worsen respiratory diseases, 

such as emphysema and bronchitis, and can aggravate existing heart disease, leading to increased 

hospital admissions and premature death (4). SO2 is a toxic air pollutant emitted by industries and 

vehicles. The SO2 concentration over Tehran is more than 30 parts per billion (ppb) – well above the legal 

standard (3). Over exposure of this gas causes respiratory disease and death (5). 

 

According to the diameter, particulate matter is classified as PM10 ("thoracic" particles, <10μm), PM2.5-10 

("coarse" particles, 2.5 to 10μm), and PM2.5 (fine particles, <2.5 and ultrafine or UFP particles, < 0.1μm) 

(3). The smaller particles could be more pathogenic, prooxidant and have proinflammatory effects. UFPs 

enhance early atherosclerosis, and tissue oxidative stress. Exposure to UFPs also results in 

cardiovascular and respiratory diseases, such as arrhythmia and asthma (6), due to their superior 

penetration into lung tissue (7). UFPs are also more abundant and capable of carrying heavy metals and 

aromatic pollutants (8). They are mostly emitted by vehicle engines (9) and are the primary focus of air 

pollution control measures by the Iranian Environmental Protection Agency (10).  

 

The aim of this study is to assess the effects of air pollutants on hospital admissions in Tehran over 3 

years. 

 

Materials and Methods 

 

This study has verified the relationship of ambient air pollution (between 2009 and 2011) to admissions 

and mortality rates from 22 hospitals. The data source for this investigation is the records of patients 

admitted with respiratory and cardiac disease to the emergency sections of these 22 hospitals, all 

affiliated with Shahid Beheshti University of Medical Sciences. The diseases are classified according to 

WHO ICD 10. The different classified diseases were as follows: infectious respiratory diseases (J06-39-22-

12-18-49), obstructive respiratory diseases (J44-44.8-44.9), chronic respiratory diseases (J98), cardiac 

chest pain (I20-I21-I21.9), and asthma (J45-45.8-45.9-45.1). The mortality rates of patients with 

cardiovascular and respiratory diseases were also recorded over a 42-month period. The number of 

patients admitted with any of these diseases in the sample hospitals was recorded daily and weekly.  

That data was compared to a quantitative measure of air pollution for SO2, NO2, O3, CO and PM in 

Tehran, obtained from the Air Quality Control Company (AQCC). AQCC has 20 stations in different 

municipality divisions of Tehran. These stations perform daily measurement of five main air pollutants: 



 

 

O3, NO2, SO2, PM10, and PM2.5. The mean data of AQCC air pollutants were used in our analysis. The 

statistical and regression analysis, performed in SPSS, compared the hospital and pollution data with 

daily mean temperature data in 2009-2012, as reported by www.weatherspark.com.  

 

Results 

 
While the AQCC daily analysis of air pollutants is available for Tehran, the annual mean data of different 

stations were more useful. The mean value of air pollutant for NO2, SO2, PM10, PM2.5, CO and O3 were all 

above the regulatory limit (Figure 1). The legal pollution limits are: PM10 <20micgr/m3, PM2.5 

<10micgr/m3, NO2 <21ppb and So2 <7ppb. AQCC did not have any authorized amount for O3 in 2010. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 

 

The maximum and minimum temperatures from 2009 to 2012 were obtained from 
www.weatherspark.com. The coldest month in 2009 was April, with an average temperature of 9°C. The 
coldest month in 2010 was February, with an average daily temperature of 5°C. The coldest month in 
2011 was January with an average daily low temperature of 1°C. The hottest month across the three 
years was July, with temperature maximums of 41°C, 42°C, and 42°C, respectively. 

 

 

 

Figure 1: Annual mean quantity of air pollutants from 19 monitoring stations in Tehran.  The red line represents 
AQCC health standard limits (courtesy of AQCC). 

http://www.weatherspark.com/
http://www.weatherspark.com/
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Table 1: Shows the disease classification and number of the patients admitted in hospitals in 2009-2012 (42 

months). 

 

Figure 2 Shows the patients admitted to medical university hospitals, broken down by season and 

disease classification. 

 

 

 

 

 

 

 

 

 

 

Statistical analysis revealed that there are significant effects between some air pollutants and hospital 

admitted patients (Table 2). 

Figure 2: Number of patients admitted to hospitals in 2009-2012. (1: spring, 2: summer, 3: autumn, 
and 4: winter) 



 

 

Table 4: The statistical relationship between various diseases and pollutants. 

 

Diseases that show significant correlation with specific air pollutants are as follows: 

- Infectious respiratory disease with CO, O3, NO2, SO2, and PM10. 

- Cardiac chest pain with NO2, SO2, CO, and O3 

- Obstructive respiratory disease with NO2, CO, O3, PM10, and SO2 

- Asthma with NO2, PM10, O3, and SO2 

- Cardiac mortality with SO2 

- Respiratory mortality with SO2 and NO2 

- Chronic respiratory disease showed no significant correlation 
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Figure 3: The statistical mean of patients across the 3 years with diseases affected by PM comparing months with 

healthy versus unhealthy air. (1: Infectious respiratory disease, 2: Obstructive respiratory disease, 3: Chronic 
respiratory disease, 4: Cardiac chest pain, and 5: Asthma) 

 
We divided the 3 years into healthy and unhealthy months according to whether the PM10 measurement 

was above or below the legal limit. The results reveal that there is a relationship between unhealthy 

days and five diseases (infectious respiratory disease, obstructive respiratory disease, chronic 

respiratory disease, cardiac chest pain, and asthma). There are fewer patients with chronic respiratory 

disease than other diseases, while there are more patients reporting cardiac chest pain (Figure 4). 

 

Discussion 

 

Our data revealed that annual air quality might be a better measure of air quality impacts on human 

health than daily measurement. 

 

Current scientific evidence links short-term exposure to SO2 (ranging from 5 minutes to 24 hours) with 

an array of adverse respiratory effects, including bronchoconstriction and increased asthma 

symptoms. These effects are particularly important for asthmatics at elevated ventilation rates (e.g., 

while exercising or playing.) (5, 6). SO2 can react with other compounds in the atmosphere to form small 

particles. These particles penetrate deeply into sensitive parts of the lungs and can cause or worsen 

respiratory diseases, such as emphysema and bronchitis, and can aggravate existing heart disease (8). 

Our data also shows that elevated NO2 levels affect hospital emission rates of infectious respiratory 

patients, obstructive respiratory patients, asthma patients, and cardiac patients (Table 2).  NO2 exposure 

concentrations near roadways are of particular concern for susceptible individuals, including people 

with asthma, children, and the elderly (2).  

Measured annual pollution levels were highest for PM2.5 and PM10, with the most highly polluted months 

in winter and summer according to the EPA. One of the reasons for this phenomenon is probably 

atmospheric inversion in winter and higher emissions in summer with no wind. The annual PM level was 

categorized as unhealthy on all days of year and by all AQCC stations. 



 

 

Increased PM may play an important role in causing asthma and obstructive respiratory diseases, as well 

as possibly cardiac chest conditions. While we cannot renounce other cardiac chest pain risk factors, 

such as stress, we suggest high levels of PM as an aggravating factor. Based on the results of this 

experiment, the authors have suggested that the Iranian Ministry of Health address the problem of 

chronic high air pollution in Tehran with new public health policies. To further understand the link 

between respiratory and cardiovascular disease and air pollution, additional epidemiologic studies are 

necessary to characterize the relationship between disease and UFPs. 
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Introduction 

“If any one wishes to see in how little space a human being can move, 
how little air – and such air! – he can breathe…it is only necessary to travel hither…. 

Everything which here arouses horror and indignation is of recent origin, 
belongs to the industrial epoch.” 

 

As evident from the above extracted quote from Friedrick Engles’s 1844 work entitled: ‘The Condition of 

the Working Class in England’; adverse health outcomes, associated with exposure to anthropogenic 

sources of air pollutants, have long been known and lamented. In today’s society, laws have been 

incorporated to limit human exposure and the corresponding undesirable health outcomes. Many of 

these regulations are based on studies showing a link between exposure to components of ambient air 

pollution and toxicity. Particulate matter (PM) is one constituent of polluted air shown to cause adverse 

health effects.  

 

Ambient particles are categorized into three size fractions (coarse > fine > ultrafine) based on their mass 

median aerodynamic diameter. PM formation may be from anthropogenic sources (industrial and 

vehicle emissions) or natural sources (forest fires and volcanic eruptions). The size, composition, and 

physicochemical characteristics of particles determine tissue accessibility and potential toxicity. These 

parameters are influenced not only by the point source of the pollution, but also by seasonal variations. 

Presently, highly populated urban cities in developing countries have some of the world’s dirtiest air. 

Using air quality information from China, a new study reports that long-term exposure to total 

suspended particles is associated with a profound reduction in life expectancy (Chen et al., 2013).  

 

Brain as a Potential Target for PM-Induced Adverse Effects 

While the adverse consequences of PM exposure on cardiopulmonary system are well established, the 

potential impact on the brain and spinal cord, collectively known as the central nervous system (CNS), is 

not as well understood. Inhaled pollutants can enter the lung and access the vasculature. Once in the 

systemic circulation, the particles can be carried in the blood to all organs. The blood-brain barrier (BBB) 

can effectively limit direct entry of pollutants from the systemic circulation into the CNS. However, there 

is a potential for inhaled particles to directly enter the brain through the cribriform plate of the ethmoid 

bone (Figure 1). After inhalation, translocation of ultrafine particles into brain tissue has been reported 

(Oberdorster et al., 2004). However, it is still not completely understood whether components of air 
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pollution directly influence neural tissue by gaining entry into the brain via the nasal tract, or the effects 

are more indirect and dependent on systemic responses.  

 

Recent epidemiological studies have linked exposure to PM with cognitive impairments. A prospective 

birth cohort study in children reported that higher exposure to black carbon (surrogate for traffic-

related particulates) was associated with a decline in cognitive function. This correlation was evident 

even after adjustments were made for other factors linked to cognitive dysfunction. These included low 

birth weight, socioeconomic status, blood lead levels, and exposure to tobacco smoke (Franco Suglia et 

al., 2008). In a more recent epidemiological study it was reported that children exposed to elemental 

carbon during the first year of life, have a greater tendency for abnormal behavior characteristic of 

attention deficit/hyperactivity disorder (Newman et al., 2013). The vulnerability of the brain to PM 

exposure is not solely evident during development; the aging brain also appears to be susceptible. 

Exposure to black carbon was associated with impaired cognition in older men (Power et al., 2011) and 

elderly women (Weuve et al., 2012). Longer duration and level of exposure provided a stronger 

correlation with worsening of cognitive function. Although the exact mechanisms underlying PM-

induced effects on the CNS are not well understood, an increase in inflammatory events has been 

demonstrated. 

 
Figure 1: Once inhaled, particles in air can enter the cerebral cortex of the brain via the olfactory receptors 

(neurons) which then enter the olfactory bulb. Because of their functional role in olfaction, these neurons can 

bypass the BBB by directly entering the nasal tract through the cribriform plate of the ethmoid bone. Although the 

particles can be absorbed into the peripheral circulation, the BBB protects the brain from entry of the particles 

from the cerebral microvasculature. 

 

 

 

 



 

 

Inflammation as a Mechanism Underlying CNS Toxicity of PM  

 

Inflammation is part of the body’s innate immune response which comprises a network of cellular, 

molecular, and chemical mediators. These factors coordinate a response which protects the body from 

harm. Various stress factors such as microorganisms (bacteria, fungi, virus), environmental toxins (PM, 

venoms), or physical damage (cuts, burns) can pose a threat to human health. Inflammation is a natural 

process whereby cells of the innate immune system are recruited to a breached area. It also initiates the 

process by which damaged tissue can be repaired. Although, historically the brain has been considered 

immunologically privileged, it is evident that innate immune responses are present and allow the tissue 

to protect itself. Microglial cells are the main immune-competent cells in the CNS. Once activated, they 

become phagocytic and can remove foreign particles, pathogens, as well as cellular debris. Astrocytes 

also mediate inflammatory responses which are in line with their role of maintaining a healthy 

microenvironment for the function of neurons (Campbell, 2004).  

 

In human post-mortem tissue, markers of neuroinflammation are increased in residents living in high 

pollution cities compared to low pollution city residents (Calderón-Garcidueňas et al., 2004). We first 

reported that exposure to PM derived from a highly polluted area in Los Angeles, CA, enhances 

inflammatory markers in the mouse brain (Campbell et al., 2005). Many other research teams have now 

substantiated our initial findings and thus it appears that PM does activate innate immune processes in 

the rodent brain (Block and Calderón-Garcidueňas, 2009). Transient activation of these responses is 

normal and necessary to resolve potential pathogenic conditions. However, prolonged inflammation, 

induced by stress factors which cannot be eliminated, may be harmful. The extent to which PM 

exposure may have adverse neurological consequences is at present unknown and the subject of 

intense research. 

Aging Contributes to Neuroinflammation and Neurodegeneration  

In the aged brain, there is an enhancement of inflammatory markers. Senescence may compromise the 

BBB, allowing factors which are normally restricted to the systemic circulation to gain entry into the 

CNS. This leads to the activation and proliferation of microglial and astrocytic cells. These cells then 

produce proinflammatory mediators which recruit more microglia to the breached site. Once an 

inflammatory response has been initiated, secreted cytokines and chemokines as well as upregulation of 

cell adhesion molecules allow macrophages from the periphery to enter the brain. The inflammatory 

milieu activates these cells which then contribute further to the process (Campbell, 2004). Aging is an 

important cofactor in neurodegenerative disorders, such as Alzheimer’s disease (AD).  

 

According to the 2013 ‘Alzheimer’s Disease Facts and Figures’, approximately 5.2 million people in the 

United States have Alzheimer’s disease (AD). This number includes 11% of individuals aged ≥65 and 32% 

of people aged ≥85. Because life expectancy is increasing, it is estimated that these numbers will 

continue to grow. In 2013, the cost of caring for AD patients was estimated to be $203 billion and by 

2050, these costs are projected to reach $1.2 trillion. Considering these facts, it would be beneficial to 

delineate the contributing factors in the initiation and progression of this neurodegenerative disease so 
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that effective preventive measures can be employed. Presently, the exact etiology of idiopathic AD is 

poorly understood although it is generally accepted that aging, as well as gene-environment 

interactions, are important in the disease pathogenesis. Since it is clearly evident that exposure to PM 

potentiates inflammatory markers in the brain, it is possible that polluted air contributes to AD 

pathogenesis. To what extent PM exposure can accelerate the pathological hallmarks of the disease is 

currently unknown and requires further investigation. A pilot project in our laboratory indicates that PM 

exposure may increase formation of AD-associated markers in a mouse model of the neurodegenerative 

disease, thus validating the impetus for continued research in this area. 

 

Conclusions 

 

Limited and confined neuroinflammation is appropriate and beneficial. However irresolvable inducers 

such as PM may lead to chronic activation of inflammatory events that can accentuate existing problems 

in the diseased brain. Environmental exposure to PM may exacerbate the endogenous heightened CNS 

inflammation that is a result of normal aging, and by doing so, may accelerate neuronal cell loss. 

Etiology of most neurodegenerative disorders is multifactorial and consists of aging, environmental 

factors, and genetic predisposition. Aging and genetics are irreversible risk factors. However, 

environmental exposure is modifiable. More studies are needed to determine whether there is a 

causative role for PM in the development of brain pathology. Once a solid causative role for PM has 

been established, it would strengthen the necessity to limit exposure and thus prevent adverse health 

outcomes. 
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Abstract 

Several studies have revealed that exposure to air pollutants can lead to lung inflammatory responses 

and serotonin elevation, which is shown to be present in peripheral blood of symptomatic asthmatic 

patients. 

 

In this study, two genes that have important roles in serotonin operation, 5HTR2a and MAO-A, have been 

studied in peripheral blood mononuclear cells (PBMCs) of two groups: individuals who have been 

exposed to air pollution, allergic asthmatic patients and suburban residents as normal control. The 

results have shown significant increase in 5HTR2a gene expression in both groups compared to control 

group, whereas, no significant changes were observed for MAO-A expression level.  

Key words: air pollution, 5HTR2a, MAO-A, asthma allergy 

 

Introduction 

Air pollution – common in large cities – is mostly composed of gasses and suspended particles from fuel 

sources of combustion engines (1, 2). Many studies have shown an association between air pollution 

exposure and various respiratory diseases such as lung function decrements, asthma and allergic 

reactions (3). Asthma is a chronic inflammatory disorder of the airways which causes lung eosinophilic 

inflammation, bronchioles epithelial mucus thickening, smooth muscle hypertrophy and 

bronchoconstriction. It has been shown that both genetic and environmental factors play a role in this 

type of disease (see Figure 1 on Environmental Pathways). Environmental factors such as dust, smoke or 
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industrial pollutants contribute to and play a key role in allergic reactions that cause asthma. There is 

also evidence that environmental and genetic factors can interact to bring about asthma (2). Atopy and 

allergies, which are the characteristics of asthma and other diseases in which high immunoglobulin E is 

observed is the result of helper T cell type 2 activation and mast cell degranulation. This leads to release 

of high levels of leukotriene, histamine and other inflammatory mediators like platelet activating factors, 

which ultimately induce releasing of serotonin from platelets.  

Serotonin (5-hydroxytryptamine) is a monoamine, which was observed to be elevated in peripheral 

blood of  patients with asthma symptoms and individuals who have been exposed to air pollution (4). 

Serotonin has two kinds of receptors, including G protein-coupled receptors (GPCRs) and gated cation 

ion channels. All serotonin receptors are G protein-coupled receptors except 5HTR3. 5-

Hydroxytriptamine receptor type 2a (5HTR2a) is a G protein-coupled receptor (GPCRs). 5HTR2a exists on 

several immune cells such as dendritic cells (DC), macrophages, monocytes, T and B cells. Upon binding 

of serotonin to its receptor, a signal cascade leads to the release of several pro-inflammatory factors 

such as IL-6, IL-1β, and IL-8/CXCL8 from the cells. Through these cytokines, serotonin can exacerbate and 

further the allergic and inflammatory symptoms of asthma (5). 

Monoamine oxidase (MAO) is one of the serotonin regulators, which is placed on mitochondrial outer 

membrane as a flavoprotein. This enzyme removes the amine group of the monoamines and inhibits 

their activity by a process called Oxidative deamination. MAO has two isoforms: MAO-A and MAO-B. 

Normally Norepinephrine and 5-HT are the preferred substrates for MAO-A, and Phenylethylamine is 

the preferred substrate for MAO-B. In humans, the highest concentrations of MAO-A are found in the 

organism’s barriers: gut, placenta, lungs and liver. Researchers have shown MAO level reduction in 

PBMCs, which were obtained even from heavy smokers or mouse models exposed to smoke. 

 

 

Figure 1: Environmental paths 



152 
 

Since exposure to air pollution was observed to increase the risk of allergic asthma, and considering the 

fact that an incremental rise in serotonin levels in the peripheral blood of asthmatic patients, and MAO 

activity decreases in smokers were confirmed, the hypothesis of this study was established to 

investigate the gene expression profile of 5HTR2a and MAO-A, which were believed to have important 

roles in serotonin signaling and metabolism. We hypothesized whether there is an association between 

the expression profile of these two genes and exposure to air pollution in PBMCs. 

 

Material and Methods 

Sampling 

The first sample group consisted of 25 individuals (22-32 years of age) who had been persistently 

exposed to high levels of air pollution for at least six months. They had been working in the areas which 

were estimated to be the most polluted areas in the city, by the municipality, during fall and winter 

seasons.  

 

The second sample group consisted of 30 allergic asthmatic patients (15 men and 15 women) between 

the ages of 18 and 60 who had been clinically diagnosed with asthma at least five years prior to their 

inclusion. These participants were otherwise healthy and were selected from the pulmonary division of 

Imam Khomeini hospital.  

 

The control group was selected from volunteers living in one of Tehran’s suburbs who had no history of 

smoking and showed no clinical symptoms of asthma.  All participants voluntarily signed an informed 

consent agreement. 

For each individual, 4 mL of peripheral blood  was drawn from the cubital vein and transferred to blood 

sample tubes containing 0.5 mM Ethylene Di-amine Tetra-acetic Acid (EDTA). Tubes were transferred to 

the lab in flasks. 

 

PBMCs separation 

A Ficoll–hypaque (Pharmacia, Uppsula, Sweden) centrifuge was used for PBMCs separation. Cells were 

then washed with phosphate-buffered saline (PBS) and centrifuged. Viability was tested by Trypan blue 

staining and concentration was normalized (7×106 cells/mL). The percentage of viable cells was >99 %.  

Plaques were suspended in PBS and placed in a 1.5 mL tube for further use (6, 7). 

Total RNA isolation, cDNA synthesis and primers design 

Total RNA was extracted from PBMCs using a Roche high pure RNA isolation kit according to the 

manufacturer’s instructions. Using a Fermentas cDNA synthesis kit (RevertAidTM, Fermentas, USA), 

cDNA was synthesized from the total mRNA. Primer pairs for both target genes and β-actin were 



 

 

designed using the primer express software NCBI/ Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast) (Table 1).  

 

The resulting products were loaded on 2% agarose gel to allow accuracy of specific segment 

amplification to be assessed. The cDNA purity and concentration was determined using a NanoDrop 

2000 spectrophotometer (Wilmington, USA) at 260/280nm. 

 

Table 1: Primers used in RT-QPCR 

Gene  
detect

ed 

Primer  sequence Accessi
on 

numbe
r 

Position  in  
the 

published 
sequence 

Predicte
d Tm 

Tm  
found 

Amplico
n 

size 
(bp) 

5HTR2a Forward primer  
CCATCCAGAATCCCATCCACC 

Reverse primer   
GGACAAAGTTATCATCGGCGAG 

NM_00
0621.4 

1258 
1437 

54 54 180 

MAO-A Forward primer  
GCTGGACAAAGACTGCTAGGCGG 

Reverse primer  
GCTTCACTTGGTCTCCGAGGAGGT 

NM_00
0240.2 

675 
899 

59 60 225 

β –
actin 

Forward primer  
AGACGCAGGATGGCATGGG 

Reverse primer   
GAGACCTTCAACACCCCAGCC 

NM_00
1101.3 

617 
457 

56 61 161 

 

mRNA quantitation by real-time PCR 

Real-time-PCR for target genes done on the Thermocycler Rotor-Gene™6000 (Corbett Research, 

Australia) using SYBR® Green fluorescent dye (LightCycler FastStart DNA Master Plus SYBR Green I, 

Roche, Germany). Differences in the total RNA volume of each reaction were synchronized using β-actin 

as an endogenous control. 

 

Real-time PCR was carried out on 1 μL cDNA templates by using 0.4 μL pairs of primer (200 nM, β-actin, 

5HTR2a and MAO-A) and 2 μL of the SYBR® Green I Master Mix in 10 μL of final reaction volume (PCR 

process on Table 2). RT-PCR operated for 8 seconds at 95°C, then temperature was dropped to 54°C for 

5 minutes to allow annealing of the primers, and then temperature was raised to 72°C for 13 seconds. 

After RNA was amplified, the Rotor Gene drew a melting curve by increasing the temperature from 72 to 

95°C. 

 

Specific gene amplification of the real-time PCR products was confirmed by loading 5 μl of each 

amplicon on 2% agarose gel and staining with Ethidium bromide. 
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Table 2: Schedules for QPCR 

Amplified 
gene 

Annealing 
temperature 

Time for 
annealing 

Cycling 

5HTR2a 54 5 45 

MAO-A 60 10 50 

β -actin 61 10 40 

 

Statistical analysis 

The output data from Corbett Real-Time PCR was transferred into the Linreg PCR software to calculate 

the Cycle of threshold (Ct) and the efficiency of each reaction. Gene expression ratios and p-value 

analysis of 5HTR2a and MAO-A was performed by using REST software, with P-values of up to 0.05 

accepted as significant. 

 

Results 

 

Real-time PCR  

Gene expression analysis of 5HTR2a showed significant increases in asthma patients and individuals who 

had been exposed to air pollution compared to suburban residents. However, MAO-A gene expression 

was not significantly different. Table 3 shows gene expression analysis of 5HTR2a and MAO-A in 

individuals exposed to air pollutions compared to the control group. Table 4 shows gene expression 

change of 5HTR2a and MAO-A in asthma patients compared to the control group. 

 

Table 3: Expression ratio of 5HTR2a and MAO-A in individuals exposed to air pollution. Expression of 5HTR2a and 

MAO-A genes was calculated relative to β-actin 

Gene 
type 

Control  individuals Individuals exposed to air 
pollution 

P  values PCR 
Efficiencies 

Expression 
Ratios 

 Mean standard 
error 

Mean standard error    

5HTR2a 26.27 0.41 30.52 0.81 0.001 1.899542748 35.801 

MAO-A 29.86 0.12 29.11 0.21 0.464 1.913510337 1.449 
 

 

 

 

 



 

 

Table 4: Expression ratio of 5HTR2a and MAO-A in allergic asthmatic patients. Expression of 5HTR2a and MAO-A 

genes was calculated relative to β-actin 

Gene 
type 

Control  individuals Allergic asthmatic patients P  values PCR 
Efficiencies 

Expression 
Ratios 

 Mean standard 
error 

Mean standard error    

5HTR2a 15.82 0.36 17.90 0.48 0.001 1.908697369 3.996 

MAO-A 29.61 0.19 29.55 0.38 0.190 1.934023718 0.417 

 

Sequencing of coding region of target genes (Mutations in 5HTR2a and MAO-A cDNA) 

Sequencing results acknowledged accuracy of 5HTR2a and MAO-A sequencing in PBMCs. No participants 

exposed to air pollution or allergic asthmatic patients showed changes in their sequences. 

 

Discussion and Conclusions  

A first immune barrier, the respiratory system has direct contact with environmental pollution. Air 

pollutants known as allergic reaction inducers can cause lung inflammation diseases, including allergic 

asthma. While the exact mechanism by which allergic reactions and allergic asthma is stimulated is 

unclear, the main goal of this research is to reveal new molecular insights into asthma by gathering and 

analyzing the current results. Furthermore, this research is a step toward clarifying the biosystemic 

flowchart improving our understanding of asthma and allergy reactions with the goal of finding better 

ways to prevent and even cure them.  

Environmental changes and pollution are important factors affecting the increase in chronic diseases 

such as cancer, asthma and autoimmunities in susceptible individuals.   

In 1993, the first prospective study demonstrated an adverse health impact of long-term air pollution 

exposure. To date there have been numerous studies focused on the human health effects of air 

pollution and a number of researchers have confirmed a relationship between air pollution and asthma. 

Several researchers have also discovered an association between serotonin elevation in peripheral blood 

samples and asthma symptoms (3). 

Serotonin content of peripheral blood is released by some PBMCs, but the main source is platelets. 

Different serotonin receptors have been found on lung epithelial cells and PBMCs, including ligand gated 

cation channels and G-protein coupled ones, which both play a role in calcium signaling pathways 

leading to allergic reactions associated with helper T-cell type 2 activation and inhibition of the type 1 

helper T cells. 5HTR2a belongs to G protein-coupled receptors (GPCRs). In the presence of serotonin, 

5HTR2a stimulates an intercellular signaling pathway through the accumulation of IP3, di-acylglycerol 

(DAG) and activation of protein kinase C (PKC), and like other serotonin receptors causes a release of 

calcium from intracellular endoplasmic reticulum stores. This cascade eventually results in releasing of 



156 
 

some pro-inflammatory mediators such as IL-6, IL-1β, and IL-8/CXCL8. High levels of these molecules 

lead to inflammatory reactions including an increase in prostaglandin E2, IL10, IgE and Th2 cytokines and 

inhibiting Th1 cytokine levels like TNF and IL-12, as well as neutrophils and eosinophils enhancement. 

Additionally, IL-6 causes an increase in the expression level of mucin genes and finally leads to the 

airway remodeling. Serotonin acts as a mitogen for smooth muscle cells of airways by activating protein 

kinase C and MAP kinase cascade, thus narrowing the airways, which is the pathologic aspect of asthma. 

Serotonin is a well-studied neurotransmitter and 5HTR2a is a well-known serotonin receptor. This 

research reliably demonstrates an association between 5HTR2a gene expression in PBMCs and exposure 

to air pollution or having asthma. The changes in 5HTR2a gene expression were not due to the mRNA 

sequence mutations; possible factors include environmental pollution and allergens, stress, hormones 

and other causal factors in inducing the expression of the 5HTR2a receptor in the sample population’s 

PBMCs. This significant change in serotonin receptor gene expression serves to further strength the 

influence of serotonin, which is naturally elevated in allergic asthmatic patient’s plasma.  

These findings support the results of a previous study by these authors, which demonstrates a 

significant increase in the gene expression of 5HTR3a both in individuals with long-term air pollution and 

in allergic asthmatic patients (8, 9).  

In this research, the gene expression of the enzyme MAO-A was assessed but no tests were performed 

on the activity of the enzyme. It might be possible that relative activity of this enzyme in asthmatic and 

pollution-exposed subjects is low, but further research is necessary to determine the mechanisms by 

which MAO-A expression remains stable despite elevated serotonin levels. Baloira et al., studies 

polymorphisms in serotonin transporters in patients with pulmonary hypertension related to high levels 

of blood serotonin, suggesting that the transporters responsible for reuptake of serotonin from 

peripheral blood to the cells and tissues may not work correctly (10).  
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Abstract 

The present study investigates the variations of ambient benzene concentration levels and their health 

impacts within the urban area of Tehran. Sampling was conducted in 33 locations during the rush hours 

from April 2010 to March 2011. Accordingly, benzene concentration levels were predicted by the 

Inverse Distance Weighting (IDW) model. The cancer risk was also assessed using the method proposed 

by the United States Environmental Protection Agency (US EPA).  

 

According to the results, the gas stations and heavy traffic were the two main reasons for high ambient 

benzene concentrations within the urban area of Tehran. The average annual concentration levels of 

ambient benzene was 2 to 20 times greater than the national standard (1.56 ppb) and the risk analysis 

resulted from cancer risk estimates ranged from 47×10-6 to 3,384 ×10-6 (EPA acceptable risk is 0.68×10-6 

to 2.4×10-6). 

 

Keywords: Benzene; Urban area; Inverse Distance Weighting (IDW); Cancer risk assessment, Tehran 

 

Introduction 

The vehicle exhaust system is known as the main source of benzene emission into the air followed by 

evaporation from gasoline, solvents and paints, natural gas, and unleaded gasoline additives [ATSDR, 

2007]. Benzene is an aromatic volatile organic compound characterized by the United States 

Environmental Protection Agency (US EPA) as a “known” human carcinogen for all routes of exposure 

and is categorized  as class 1 carcinogen by the International Association on the Risks of Cancer [IARC, 

1987].  

 

In Japan, the ambient standard for benzene has been set to be 0.69 ppb (Laowagul and Yoshizumi, 

2009). Iran Department of the Environment (DOE) recommended the ambient level for benzene 

concentration to be 1.56 ppb (Iran DOE, 2010). Benzene concentrations in Mexico City and Bangkok   

were reported to be 14.46 ppb (Anabtawi et al., 1996 and 1.81 ppb (Laowagul & Yoshizumi, 2009), 

respectively.  Meanwhile in China, the daily average benzene concentration was observed to be 3.6 ppb 

(Wang et al., 2010).  

 

Benzene concentrations and the cancer risk assessment are not investigated in Tehran due to the lack of 

data on ambient benzene concentration levels. In this study, a comprehensive field measurement was 



 

 

performed within the urban area in northern Tehran and statistical analysis was conducted to spatially 

characterize and estimate the variability of hazardous benzene concentrations. Also, the associated 

cancer risk was assessed.  This is the first time that such an extensive study about benzene has been 

carried out in Tehran. 

 

Materials and methods 

The studied area and experimental work 

Tehran is divided into 22 municipal districts, and District 1, with an area of 46 km2, is located at northern 

part of the city surrounded by the traffic corridors.  The district is confined by ‘Chamran’ and ‘Modares-

Babaei’ highways and ‘Niroozamini’ Boulevard in the south. Meanwhile ‘Sadr’ and 'Chamrran' highways, 

located in the southwest and the east of District 1, have considerable traffic flows near the densely 

populated areas.  

 

In this study, 33 sampling locations including 4 gas stations, 9 roadsides, 5 main roads, 8 residential 

areas and 7 traffic intersections were monitored, between 4:00 and 8:00 pm, once a week, from 5 April 

2010 to 25 March 2011. Samplings were set up at about 1.5 m above the ground. The sampling stations 

are shown in Figure 1. 

 
 Figure 1: Locations of 33 sampling stations in district 1 in Tehran. 

 

Sampling of ambient benzene concentration levels was conducted using a portable photo ionization 

detector (PID, Model PhoCheck 5000Ex, Ion Science Ltd. UK), which was calibrated using 100 ppm of iso-

butene. ‘PhoCheck’ is an intrinsically safe transportable gas-detector suitable for the detection of 

volatile organic compounds using a PID. The instrument was placed near the stations and the data was 

recorded every 10-minutes. The monitoring schedule in all stations followed the 4-hourly samples 

during rush hour. 
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Inverse Distance Weighting (IDW) model  

Inverse Distance Weighting (IDW) as a spatial interpolation method was used to apply the sampling data 

to estimate the ambient benzene concentration levels in unmeasured locations. The IDW formulas are 

given as Equations 1 and 2: 

 

Z(x) = ∑ wi zi / ∑ wi        (1) 

wi  = di
-p          (2) 

 

where Z(x) is the predicted value at an interpolated point, zi is the measured value at an 

known point, di is the distance between point i and the prediction point, and wi is the weight 

assigned to point i. The greater weighting values are assigned to the values closer to the 

interpolated point; p is the weighting power that decides how the weight decreases as the 

distance increases [Xie Y. et al., 2011]. In the adopted approach, spatial regression of the 

mean annual and seasonal concentrations was assumed to be a function of time for each 

location.  

 

 Assessment of cancer risk 

In the Integrated Risk Information System (IRIS), the EPA states that the increase in life time cancer risk 

of a person exposed for a life time to 0.313 ppb of ambient benzene is in a range of 0.68×10-6 to 2.4×10-

6. This is referred to as the unit risk [US EPA, 2007]. The aggregate population cancer risk of the total 

population in District 1 was estimated using Equation 3, which is the sum of the yearly population risk 

for each sampling station, obtained by multiplying the annual individual risk by the population for each 

sampling station. Equation 3 is: 

 

R = (∑ U Ci Pi) / L         (3) 

 

where R is the aggregate population excess cancer risk caused by one year exposure to benzene, U is the 

inhalation unit risk estimate (probability of cancer for a 70-year exposure to 0.313 ppb of benzene), Ci is 

the individual exposure level in the region, Pi is the population in each sampling station and L is the 

average lifetime, set as 70 years [WHO, 1993]. 

 

Results and Discussion 

Estimation of ambient benzene concentrations 

High concentration levels of benzene were detected in all samples. The seasonal and annual averages of 

total ambient benzene concentrations at different stations were estimated by the IDW interpolation 

model (Figure 2). The related annual regression function obtained from IDW model for the 33 stations is 

presented in equation 4 (Atabi F. et al., 2013): 

 

y = 0.866 x + 2.105             and               R² = 0.973                       (4) 



 

 

Consequently, the predicted results of the model were calculated and compared with the measured 

data in the sampling stations within four seasons. To facilitate the interpretation of the simulated maps, 

each map was divided into three distinct parts, namely I, II and III sectors, covering the western (left 

side), central and eastern (right side) parts of the map, respectively. 

  

Results indicate that the highest benzene concentration levels occurred at the eastern half of the 

studied area and the benzene concentration levels for the station codes 13, 21, 29, 28 and 32 were in 

the range of 15 to 30.63 ppb. Thus, the eastern half can be labeled as the most polluted area in the 

present study. The lowest benzene concentration levels were obtained from central part of the studied 

area that encompasses a congested residential area. The absence of a gas station this central area 

accounts for the lowest level of annual ambient benzene. Benzene concentration levels in this area were 

in the range of 0.6 to 4 ppb. Similar to part I, high benzene pollution levels were detected in part III. 

However, the benzene concentration level decreased in northern parts, due to the reduction of traffic 

flow and its distance from the pollution sources.  

 

The values in all samples were much greater than the WHO’s standard concentration levels (1.56 ppb). 

Generally, ambient benzene concentration levels were higher in winter and autumn than in spring and 

summer. Benzene concentrations reached the maximum level in fall and winter due to the higher 

atmospheric stability conditions. Conversely, the minimum level in summer was observed due to the 

greater importance of atmospheric dispersion. Since more sunlight and higher temperatures lead to 

higher chemical removal reaction rates, the chemical removal of benzene by OH radicals acts faster in 

summer than in winter. As measured in all five main categories, the lowest ambient benzene 

concentration level was measured in spring. This season may have the lowest concentration due to 

seasonal benzene concentration variation, as well as the Iranian New Year holidays in spring, during 

which there was a considerable decline in traffic flow in the studied area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Annual average of ambient benzene concentration levels predicted by IDW model in District 1. 
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The observed benzene concentration levels in this study have been compared to the values reported 

from other parts of the world (Table 1). 

 

Table 1: Ambient benzene concentration levels (ppb) reported from several worldwide sites 

(Atabi F. et al). 

City 
Benzene concentration 
(ppb) 

Location Reference 

London, UK 6.25 Main Road 
Derwent et al. 
1995 

Tehran ,Iran 13.85 Main Road Present study 

Tehran ,Iran 29.01 
vicinity of the gas 
stations 

Present study 

Tehran ,Iran 3.26 Residential Area Present study 

Alberta, Canada 0.94 Roadside Heeb et al. 1999 

Athens, Greece 5.00 Roadside Moschonas 1996 

Port Alegre, 
Brazil 

7.81 Roadside 
Grosjean et al. 
1998 

Tehran ,Iran 9.97 Roadside Present study 

Shirogane, Japan 0.25 Roadside Laowagul  2009 

Tehran ,Iran 14.98 Traffic Intersection Present study 

El Qualaly, Cairo 13.44 Traffic Intersection Abu-Allaban 2002 

Delhi, India 27.1 Traffic Intersection Khillare et al. 2008 

Pamplona, Spain 0.89 Residential Area Parra  et al. 2009 

Germany 0.385- 0.507 Residential Area 
Schneider et al. 
2001 

 

According to Table 1, the concentrations of ambient benzene for traffic intersections in this study were 

in the range of those found in Cairo, Egypt, but were lower than those found in Delhi, India. European 

cities show generally lower benzene concentration levels, including cities measured in Germany, Britain, 

and Spain. In Shirogane, Japan, the benzene concentrations were much lower than those in Tehran. 

 

Cancer risk assessment  

The aggregate population risk in District 1 was estimated using Equation 3. The three main parameters 

including the expected and measured values of ambient benzene concentration levels per location and 

population (Figure 3), and the inhalation unit risk factor were classified in 3 GIS layers (Figure 4). In order 

to display the local populations, the whole region’s population distribution was presented as a grid layer 

using an interpolation tool.  



 

 

 
Figure 3: Estimation of population for all sampling stations in District 1 in Tehran. 

 

In Figure 4, the most populated areas are illustrated by the darker colored polygons. Furthermore, the 

position of each sampling station as well as its suburb population is marked. It can be seen that the 

largest population is in the vicinity of gas station #27 (Pasdaran). 

 

Figure 4: Estimation of lifetime cancer risk probability for people in District 1 in Tehran. 

 

It is obvious that gas station #27 (Pasdaran) and gas station #139 (Baghe ferdos) are located in the areas 

with the highest risk of cancer caused by exposure to benzene. This is due to the benzene 

concentrations of more than 25 ppb as well as high population density. The maximum concentration 

was attributed to gas station #139 (Baghe ferdos). This location is not only close to the gas station, but 

also is located within an area of heavy traffic and high population density. According to the results, the 

most polluted part of the studyarea was its eastern part. The calculated risks for gas stations #27 and 

#139 were 3,384×10-6 and 902×10-6, respectively. The mean ambient benzene concentration levels 

ranged from 0.74 to 30 ppb. The regulatory risk analysis provided cancer risk estimates ranging from 
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47×10-6 to 3,384 ×10-6; all of which exceeded the EPA acceptable risk of 0.68×10-6 to 2.4×10-6. This is 

mainly due to the poor quality of consumed gasoline. According to the Euro IV standard, the benzene 

content level of gasoline should be less than 1% by volume. However in Iran, regular gasoline contains 

benzene concentration levels of about 4 - 4.47% by volume (RIPI, 2011). Furthermore, inappropriate 

fueling methods (lack of gasoline vapor collectors), absence of proper catalytic converters, gasoline 

transportation by non-standard containers, and the improper site selection of gas stations (which are 

usually located adjacent to the roads with heavy traffic) are the main reasons for high ambient benzene 

concentration levels in Tehran (2010-2011). 

 

Conclusions 

Based on the measured data in this study, the gas stations and heavy traffic were the two 

main reasons for high ambient benzene concentrations. The identified ambient benzene 

concentration levels in decreasing order were detected at: vicinity of the gas stations > traffic 

intersections > main roads > roadsides > residential areas. The mean ambient benzene 

concentration levels ranged from 0.74 to 30 ppb. According to the results, the average annual 

concentration levels of benzene in District 1 of Tehran was 2 to 20 times higher than the 

international and national standards (1.56 ppb). The regulatory risk analysis resulted in cancer 

risk estimates ranging from 47×10-6 to 3384 ×10-6, all of which exceeded the EPA acceptable 

risk of 0.68×10-6 to 2.4×10-6. 

 

Improving the gasoline quality and using proper benzene vapor collecting systems in gas stations are top 

priorities in controlling ambient benzene concentration levels. Since high levels of benzene 

concentration increase the cancer risk in metropolitan areas, continuous sampling of ambient benzene 

concentrations is highly recommended to improve the air quality within the urban area of Tehran.  
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Introduction 

Since the inception of the Kyoto Protocol in 2000, both the public and government bodies have focused 

major attention on climate change and its environmental and human consequences across the globe. 

The 2009 report from the US Global Change Research Program identifies a total of 19,958 deaths in 11 

hazards categories due to climate change from 1970 to 2004, with the largest number of deaths 

associated with heat/drought, severe weather (fog, hail, wind, thunderstorm), and winter weather, 

together accounting for approximately 60% of all deaths (1). While there has been significant overall 

media and public attention on the immediate deaths caused by climate change, there has been 

significantly less focus on the direct effects of pollutants that contribute to climate change on human 

health. This is not unexpected as the resulting health hazards from air pollution are less easily 

recognizable and less directly attributable.  

Data collected from National Aeronautics and Space Administration (NASA) AURA Satellite Tropospheric 

Emission Spectrometer (TES) over the past decade documents both the magnitude and the spread of 

ground level air pollution. The data, which is available from NASA’s Earth Observatory website (2), has 

been synthesized in the form of images and movies of earth that show the vast production and 

distribution of both particle and gas components of air pollution. What may be the most impressive 

finding from these images is the global nature of air pollution. The images show that the pollutants do 

not merely map to metropolitan or industrial centers where they are produced, but rather cover large 

parts of non-urban areas around these centers and are even carried by global winds over remarkably 

long distances across the earth.  

Ozone, a potent oxidant gas, is a major component of air pollution, which is produced through the 

interaction of volatile organic compounds with nitrogen oxide species and oxygen under the effect of 

solar (or other sources of) ultraviolet light. Despite extensive control efforts in the U.S. and Canada over 

the past two decades, ozone remains an important pollutant in North America, and in fact, it  is 

increasingly a major pollutant to which millions of people are regularly exposed in other parts of the 

world.  

Ozone is a prime example of an exogenous oxidizing agent that is capable of reacting with many 

biomolecules. While not a free radical, ozone has high redox potential. Most inhaled ozone reacts with 

components of the fluid layer that covers the respiratory epithelium, the respiratory-tract lining fluid 



 

 

(RTLF). The responses observed following exposure to ozone are thought to be mediated through 

oxidation reactions occurring within this air-fluid interface (3). The low solubility and high reactivity of 

ozone (4) allow little of the gas to react directly with the underlying cells. Instead, its toxicity is 

transmitted to the respiratory epithelium by secondary oxidation products formed by the direct 

ozonization of RTLF lipids (5). The lipid peroxidation species then trigger the underlying cells to produce 

reactive oxygen species (ROS) and initiate inflammatory signals (6), resulting in airway neutrophilia that 

leads to secondary release of ROS with ensuing tissue injury. 

Over the past two decades, a large body of epidemiological evidence has linked air pollution to both 

short-term and long-term cardiovascular and respiratory morbidity and mortality. Although in the recent 

past the particle component of pollutants (particulate matter, PM) has been the major focus of air 

pollution studies, recent time-series studies have shown ozone to be associated with increased mortality 

independent of the effects of PM. The Air Pollution and Health: A European Approach (APHEA2) project 

by Gryparis and colleagues, analyzed the ozone concentration data collected from 23 cities or areas in 

Europe for at least 3 years since 1990, and reported an increase in overall, cardiovascular, and 

respiratory mortality within 1 day of linear increases in peak ozone concentrations independent of other 

pollutants (7). In another study of 95 U.S. urban communities, Bell and colleagues found an association 

between short-term changes (within 3 days) in ozone and mortality on average between 1987 and 2000 

(8). A meta-analysis of 144 effect estimates from 39 time-series studies provided strong evidence of a 

short-term association between ozone and mortality, with an overall 0.87% [95% confidence interval: 

0.55%-1.18%] increase in total mortality for every 10 ppb increase in daily ozone within 2 days (9). In 

another study using data from the American Cancer Society Cancer Prevention Study II, Jerret and 

colleagues correlated mortality in 448,850 subjects from 1977 through 2000 with long-term exposure to 

ozone in 96 U.S. metropolitan areas, and found that respiratory mortality increased by 0.40% [95% CI: 

0.10%-0.67%] with every 10 ppb increase in ozone concentration after an adjustment for PM (10). The 

association with cardiovascular mortality was only significant in a univariate model, and not after an 

adjustment for PM. The mortality effect from ozone appears to be a true shortening of life, and not the 

result of mortality displacement (11).  

The mechanism by which ozone contributes to mortality may be attributed to its effects on respiratory 

and cardiovascular systems as well as its carcinogenicity.  

 

Respiratory Effects 

Controlled human exposure studies have shown that short-term inhalation of ozone at doses equivalent 

to what is experienced on a single high pollution day causes acute decline in lung function, granulocytic 

airway inflammation, and airway epithelial cell injury in both healthy subjects and those with mild to 

moderate asthma (12-14).  
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In addition, several controlled human exposure studies have also examined the effect of repeated short-

term exposure to ozone as it typically occurs during smog episodes. These studies have shown that the 

ozone-induced decline in lung function is greatest after the exposure on second day, but then 

attenuates after the exposure on the 3rd day, and by the 4th day, ozone exposure does not significantly 

alter lung function (15, 16). In one study, the average ozone-induced decline in lung function in subjects 

with mild to moderate asthma was over 25% after the second day of exposure (16), which may provide 

an explanation for the associated respiratory morbidity and mortality with short-term ozone exposure.  

While the majority of ozone-induced morbidities have been described in the elderly and individuals with 

respiratory diseases, such as severe asthma or chronic obstructive pulmonary disease (COPD), the 

controlled human exposure studies have exclusively included young subjects that were either healthy or 

had mild to moderate asthma. Since the disease mechanisms in severe asthma and COPD are distinct 

from mild to moderate asthma, it is unclear how and to what degree short-term inhalation of ozone may 

affect individuals with such diseases. This knowledge gap identifies the need for further research on the 

short-term effect of ozone on lung function in these groups. The Health Effect Institute is currently 

conducting the Multicenter Ozone Study in Elderly Subjects (MOSES; Clinical Trial.gov #NCT01487005), 

which is a study of the health effects of a low dose (70 ppb) and medium dose (120 ppb) of ozone in 90 

subjects between the ages of 55 and 70 with no pulmonary or significant cardiac diseases. The results of 

this study are expected to be available in 2015. However, controlled human exposure studies in 

individuals with severe asthma or COPD continue to be an unexplored, yet essential area of research. 

The contribution of ozone to long-term mortality has been substantiated by several population studies. 

In a cross sectional study of 255 college freshmen, between 18 and 22 years old, who were lifelong 

residents of the Los Angeles (LA) or San Francisco Bay (SF) areas prior to attending college at the 

University of California (UC), Berkeley, Tager and colleagues showed that those from the LA area (an 

area with a higher average level of pollution) had lower lung function compared to those from the SF 

area (an area with a lower average level of pollution) even after they had spent several weeks at UC 

Berkeley in the SF area (17). In addition, within the overall population, lifetime exposure to ozone was 

found to be associated with decreased levels of measures of small airways function (FEF25-75 and 

FEF75) independent of the subjects’ history of respiratory diseases, allergy, secondhand smoke 

exposure, or exposure to PM and NO2 . Corroborating these results, Rojas-Martinez and colleagues 

tracked the lung function of 3,170 8-year old school children in Mexico City every 6 months for 3 years, 

finding that children exposed to higher levels of ambient ozone had a deficiency in their lung function 

growth (increase in FEV1 and FVC) over the 3-year follow up period with or without adjustment for acute 

exposures, exposure to PM and NO2, and other potential confounders (18). Overall, these and other 

studies provide strong evidence suggesting that inhalation of an ambient level of ozone adversely affects 

lung function growth and results in lower lung function. The resulting lower lung function could then 

predispose these individuals to possible respiratory morbidities. 

The mechanisms by which long-term exposure to ozone affects lung function is unclear, but several 

animal studies have shown evidence of small airway remodeling with chronic models of ozone exposure 

that use animal-equivalent doses of ozone. Controlled human exposure studies have shown that while 

ozone-induced lung function decline resolves to nearly nothing after 4 days of repeated exposure, the 



 

 

airway inflammatory processes continue to persist. Granulocytic airway inflammation, which is observed 

within a single short-term exposure, attenuates in the airways (15), but continues to persist in the lung 

parenchyma after 4 days of repeated exposures (19). In addition, the airways seem to be flooded with a 

doubling number of alveolar macrophages, a large number of which have a foamy vacuolated 

appearance suggesting high metabolic activity (16). Gene expression analysis of the cells obtained by 

bronchoalveolar lavage after 1 day or 4 days of repeated short-term exposure has been reported to 

show upregulation of several biologic pathways including chemokine and cytokine secretion, activity, 

and receptor binding; metalloproteinase and endopeptidase activity; adhesion, locomotion, and 

migration; and cell growth and tumorogenesis regulation. Some of these pathways have been 

upregulated and implicated in airway remodeling processes, and may contribute to decreased lung 

function seen with long-term ozone exposure particularly in the setting of ozone-induced epithelial cell 

injury. 

 

Cardiovascular Effects 

Although it is now well established that air pollution contributes to cardiovascular morbidity and 

mortality (20, 21), the association between ozone and cardiovascular responses is not as clear. Some 

studies have reported associations between increased ambient ozone concentrations and emergency 

room visits and hospital admissions (22-27) while others have not found similar associations (28-32). 

Despite the statistical adjustments, it is challenging to separate the effects of ozone from those of PM in 

these studies because these components of air pollution are often closely correlated temporally and 

geographically. 

Air pollution likely promotes cardiovascular events by multiple mechanisms. General pathways by which 

air pollution could cause vascular dysfunction have been reviewed by Brook (33). Of these, (1) the 

induction of systemic inflammation and/or oxidative stress and (2) alterations in autonomic balance 

have the most plausible relationship to ozone. These initial responses ultimately lead to endothelial 

dysfunction, acute arterial vasoconstriction, arrhythmias, and pro-coagulant activity.  

Controlled human exposure studies have examined the mechanisms by which ozone may contribute to 

cardiovascular morbidity and mortality. In a small controlled human exposure study, Gong et al., studied 

ten hypertensive and six healthy males exposed to air or 0.3 ppm ozone for 3 hours using right heart 

catheterization (34). Ozone exposure was associated with increased heart rate and the rate-pressure 

product, without effects on the cardiac index, pulmonary artery pressure, or pulmonary capillary wedge 

pressure. This study was limited by a non-randomized exposure sequence (air always first), with air and 

ozone exposures on consecutive days. These design issues were necessitated by the use of an invasive 

procedure to assess cardiovascular function, and may have biased the study toward a negative result. 

Nevertheless, the finding of increased rate-pressure product suggests that ozone may increase 

myocardial oxygen demand and worsen ischemia in patients with coronary artery disease.  

Other groups have assessed the effects of exposure to combinations of ozone and PM. In a series of 

studies, Brook et al. exposed healthy volunteers to 0.12 ppm O3 and 150 μg/m3 concentrated ambient 
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particles (CAPS) for two hours in Toronto and found that this exposure increased brachial artery 

constriction in one experiment and increased diastolic blood pressure in another compared to filtered 

air (FA) control (35, 36). The most recent report from this group compared several biomarkers of 

cardiovascular response [including blood pressure (BP), heart rate variability (HRV), brachial flow-

mediated dilatation (FMD)] of healthy subjects exposed for 2 hours to ozone alone, CAPS alone, the 

combination of the two, and FA; the experiments were conducted with different sets of subjects at two 

locations: Toronto, Canada, and Ann Arbor, Michigan (37). No effects attributable to ozone were 

reported. Another study conducted by Power et al. reported decreased HRV after exposure to 200 ppb 

ozone and 250 μg/m3 carbon and ammonium nitrate particles, but not after exposure to the particles 

alone (38). Two limitations of this study were the small sample size (n=5) and lack of an ozone-only 

exposure arm. More recently, a study by Devlin et al. showed that exposure to ozone at 300 ppb for 2 

hours causes an increase in biomarkers of systemic inflammation including C-reactive protein (CRP, a 

risk factor for cardiovascular disease), and changes in markers of fibrinolysis including plasminogen 

activator inhibitor 1 (PAI-1, an enzyme involved in coagulation pathway), and changes in HRV (a 

biomarker of heightened sympathetic activity and dampened parasympathetic activity that is associated 

with decreased arrhythmia threshold and increased risk of malignant ventricular arrhythmias and 

death).  

Overall, these studies provide biological plausibility for the epidemiological studies that have shown 

association between exposure to ozone and cardiovascular morbidity and mortality. However, the need 

persists for epidemiologic studies with better characterization of ozone effects and controlled human 

exposure studies with a larger sample size that enables better understanding of ozone cardiovascular 

effects and their underlying mechanisms. The current Multicenter Ozone Study in Elderly Subjects 

(MOSES) sponsored by the Health Effect Institute (mentioned above) should help to further clarify the 

threshold and the mechanisms by which ozone contributes to cardiovascular diseases.  

 

Carcinogenesis 

Recent evidence suggests that the cancer burden due to air pollution is substantial. Exposure to the PM 

component of air pollution was recently estimated to have contributed to 223,000 deaths from lung 

cancer worldwide in 2010 (39). The evidence for carcinogenicity of ozone is less clear. A recent case-

control study comparing 2,390 cases of lung cancer and 3,507 controls from 8 Canadian provinces from 

1994 to 1997 showed ozone to be significantly associated with lung cancer in a single pollutant model, 

but in multivariate model adjusting for PM and NO2, only a non-significant increase in incidence of lung 

cancer was observed (odds ratio of 1.09 [95% CI: 0.85-1.39] with each 10 ppb increase in ambient level 

of ozone) (40). The investigators suggested further research into possible effects of ozone on 

development of lung cancer. 

In another part of the study of UC Berkeley freshmen (41), Chen and colleagues used cytokinesis-block 

micronucleus assay to examine whether elevated ambient ozone levels could induce cytogenetic 

damage. Micronucleus assay is a sensitive and well-validated measure of genetic damage due to 



 

 

oxidative injury, and has been shown to be predictive of prospective cancer risk. It identifies whole 

chromosomes or chromosome fragments that fail to engage with the mitotic spindle and therefore lag 

behind when the cell divides. Chen and colleagues collected buccal cells from two groups of students (N 

= 126) from the University of California, Berkeley, in the spring and again in the fall. One group spent 

their summer in the Los Angeles (LA) area where summer ozone concentrations are significantly higher 

than in the San Francisco Bay (SF) area, and the other remained in SF. The micronucleus assay 

demonstrated a 39% increase in micronuclei (MN) from spring to fall in the LA group (from 0.87 to 1.52 

MN/1,000 cells, P = 0.001), while students who spent the summer in SF had a non-significant increase of 

12.7% (P = 0.48). More recently, in a controlled human exposure study, Arjomandi and colleagues 

reported a dose-dependent increase in micronuclei in peripheral blood lymphocytes in healthy 

volunteers with short-term exposure to 100 ppb and 200 ppb ozone (42).  

Together, these studies provide impressive evidence on how inhalation of ambient levels of ozone could 

contribute to carcinogenesis.  

 

Conclusion 

Air pollution is a major global and public health issue that contributes to many human diseases. Both PM 

and ozone have been implicated separately and together as culprits in the measured health effects of air 

pollution. Epidemiologic studies, together with controlled human exposure studies, have shed light on 

some of the health effects of ozone and their cardiopulmonary bases; however, given the magnitude of 

the air pollution problem, further research is needed to better understand how inhalation of ambient 

levels of ozone affects human health in the short-term and through lifelong exposure.  
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Abstract 

The transportation sector accounted for 23% of global carbon dioxide (CO2) emissions in 2011, with 

approximately 40% of these emissions associated with long-haul trucking. Efforts to minimize CO2 

emissions have been primarily focused on the electricity sector, with the transportation sector generally 

being ignored, despite its obvious contribution to global emissions. The work proposed aims to focus on 

the development of a high-temperature, low-cost catalytic membrane reactor that would allow for on-

board hydrogen (H2) production from reforming compressed natural gas (cNG) with steam. It is intended 

that the membrane reactors may be added to vehicles of the current global fleet and traditional internal 

combustion engines modified to burn H2 in place of gasoline, thereby producing combustion water for 

reinjection, with compressed CO2 (cCO2) left on the vehicle for off-loading. Due to potential space 

limitations on a traditional automobile, the first-generation technology may be applied to long-haul 

trucks in which space limitations would not be a significant issue. With the imminent exploitation of 

shale gas, our dependence on this energy resource will continue to rise and it will be important that 

there exist tractable approaches for capturing CO2 from natural gas processes. The development of a 

robust, thermally tolerant hydrogen separating membrane is the key to this technology; combining 

reaction and H2/CO2 separation into one efficient catalytic membrane reactor module. 

Introduction  

The transportation sector accounted for 23% of global CO2 emissions in 2011, with approximately 40% 

of these emissions associated with long-haul trucking.1 A portfolio of solutions are being considered for 

the remaining global CO2 emissions from the industrial and electricity sectors, some of which include 

carbon capture and storage, increased energy efficiency, and land management. Efforts to minimize CO2 

emissions have been primarily focused on these sectors, while generally ignoring the transportation 

sector, despite its large contribution to global emissions. The reason for this omission is due to the lack 

of options and their related expense. For instance, the two methods for tackling emissions from 

transportation include capturing CO2 directly from the atmosphere or electrifying the transportation 



 

 

sector. Since there are currently 1 billion cars on the planet and another billion expected over the next 

20 years, the second option would have minimal impact in the near-term.1 The work carried out by 

Wilcox et al. focuses on the development of a catalytic membrane reactor that would allow for on-board 

hydrogen (H2) production from compressed natural gas (cNG) and steam. It is intended that these 

membrane reactors could be added to vehicles of the current global fleet and traditional internal 

combustion engine (ICE) modified to burn H2 in place of gasoline2, thereby producing only water vapor 

as a combustion byproduct, with compressed CO2 (cCO2) left on the vehicle for off-loading. Due to 

potential space limitations on a traditional 

automobile, the first-generation technology may be 

applied to long-haul trucks in which space would not 

be a significant issue. With the imminent exploitation 

of shale gas, our dependence on this energy resource 

will continue to rise and it will be important that 

there exist tractable approaches for capturing CO2 

from natural gas processes. 

As shown in Figure 1, cNG is fed directly into the 

steam methane reforming-water gas shift (SMR-

WGS) reactor, at which point it reacts with H2O from 

the exhaust and any required make-up water to 

complete the required stoichiometry of the coupled 

reactions to optimize H2 production. In application, 

the reactor would consist of a series of tubes (similar 

to a heat exchanger design) as shown in Figure 2, in 

which H2 will be produced. In the space between the 

reactor housing and tubing, catalyst material would 

be packed for the coupled SMR and WGS reactions to take place with the tubes coated with catalyst 

layered approximately only a few microns-thick over porous ceramic-coated stainless steel. The metallic 

membrane allows for only H2 to be dissociated and subsequently transported through the interstitial 

sites of the metal lattice, and recombined to form molecular H2 on the inside of the tubes as shown in 

Figure 2. As shown in Figure 1, heat integration will also take place between the reactor and H2 ICE. 

Compressed CO2 (cCO2) is produced as a result of the coupled SMR and WGS reactions and produced on 

the high-pressure side of the reactor to be offloaded for pipeline transport for CO2 utilization activities 

such as enhanced oil recovery (EOR). The H2 produced from the coupled reactions is supplied to the H2 

ICE (or fuel cell) where it reacts with air (i.e., O2) to produce power, heat and water vapor, which are 

then recycled back into the reactor.  

As a seed proposal, the work will involve investigation and testing of the optimal materials for each 

catalytic reaction in isolation in a membrane reactor prior to coupling in a total combined reactor. The 

three different catalytic processes include: 1) steam-methane reforming, 2) water-gas shift, and 3) H2 

dissociation and atomic diffusion following recombination of H into H2. Future work will involve the 

 

Figure 1: Schematic of reactor - H2 internal 

combustion engine coupling reaction and 

separation. 
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advanced design and testing of a combined SMR-WGS reactor coupled to a metallic membrane for 

hydrogen-carbon dioxide (H2-CO2) separation. The SMR and WGS reactions proceed as follows:  

Steam-Methane Reforming   CH4 + H2O ➔ CO + 3H2 

Water-Gas Shift    CO + H2O ➔ CO2 + H2 

In a combined membrane approach as shown in Figure 2, the two reactions take place at the same 

temperature and pressure conditions, since the catalytic membrane reactor selectively removes H2 from 

the product side of the reactions, thereby shifting the equilibrium of the WGS reaction so that its 

thermodynamic limitations can be overcome, and the reaction may proceed at the higher temperature 

required of the SMR reaction. In the proposed work, temperature and pressure conditions of 110-350 

bar and 670-870K, respectively, will be investigated. The aim is to optimize the catalyst and catalytic 

metallic membrane in such a way that the dual reactor can be placed on board vehicles and coupled to 

(1) a H2 ICE and applied as a modification of the current fleet or (2) hydrogen fuel cell and applied to 

new vehicles.  

In addition to on-board H2, CO2 will simultaneously be separated on the high-pressure side of the 

catalytic membrane for offloading at pipeline conditions (e.g., 110 bar) for H2 oxidation in either an ICE 

or fuel cell. Currently, there exist over 500 cNG "energy stations" across the US, with many located in 

Texas nearby the Permian Basin. In such areas where CO2 pipelines exist for EOR operations along with 

the cNG facilities, the economics for such a technology are the most favorable.  

A strategy for deployment may involve a conversion "kit" for a portion of the existing global fleet of 1 

billion cars involving the H2 production reactor assembly in place of the existing fuel tank in addition to 

the conversion of existing gasoline-based ICEs to H2. For future vehicles, it is likely that a H2 fuel cell 

would be more appropriate from an efficiency standpoint. The approach would be favored to direct 

natural gas oxidation only in a carbon-constrained world. This is because the flue gas of natural gas 

oxidation is too dilute ( 6%) to apply a membrane technology for the CO2 capture process, thereby 

leaving options of adsorption or absorption, which would be much too bulky for on-board applications.  

 

Figure 2: Schematic of the combined steam-methane reforming and water-gas shift reactions in a H2-selective 

membrane reactor. 



 

 

Ongoing Research  

Catalyst optimization for the dual SMR-WGS reactions take place in the annular region shown in Figure 

2. Nickel (Ni) is the current catalyst of choice for these reactions, but one limitation associated with the 

technology may be the space requirements of the cNG and steam reactant species. By using advanced 

catalytic materials such as metal-organic frameworks (MOFs) or zeolites, cNG and steam may be able to 

occupy less volume on the vehicle while still maintaining their reactivity toward H2 and CO2. It is well-

known that these materials have optimal storage properties for natural gas. Although these novel 

catalysts will be considered, they will be investigated alongside traditional Ni catalyst materials. MOFs 

functionalized with Ni, iron (Fe) and copper (Cu) metal centers will be investigated in particular. The PI 

will test the catalytic properties of the MOFs from the Walton group that are specifically designed for 

enhanced natural gas storage. If these MOFs show promise, future work will involve collaboration with 

Prof. Walton to tune the design for enhanced catalytic performance.  

The Wilcox lab is equipped with a packed-bed reactor, capable of testing temperature and pressure 

conditions characteristic of the SMR and WGS reactions. The PI will use an electron ionization 

quadrupole mass spectrometer to directly measure the reaction products CO, H2, and CO2 to determine 

the extent converted. It is important to note that the PI has experience in carrying out combustion 

experiments, which involves the use of a steam generator to simulate flue gas conditions in application 

to mercury and CO2 capture, and has the relevant expertise for testing these catalytic reactions. The 

catalytic performance of the novel MOF and zeolite catalysts will be tested against traditional Ni-based 

catalysts. In addition to the catalytic reaction experiments, cNG and water adsorption isotherms will be 

measured using an in-house Rubotherm microbalance. Combining the extent of reaction obtained from 

the catalyst experiments to the capacity estimates from the Rubotherm balance, estimates will be made 

that will allow for reactor volume optimization along with desired H2 production levels. The H2 

production estimates will then be coupled to the flux measurements carried out in the catalytic 

membrane experiments. A Quantachrome Autosorb will be used to determine catalyst properties such 

as porosity, surface area, and pore size distribution.  

Metallic membrane material optimization for controlled H2 flux.  

The H2 flux can be directly measured based upon:  
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such that    
is the flux of hydrogen across the metallic membrane,    

is the permeability of H2 across 

the membrane, L is the membrane thickness, P2 is the partial pressure of H2 on the high-pressure SMR-

WGS reactor side, P1 is the partial pressure of H2 on the low-pressure hydrogen production side of the 

membrane reactor, and    
̅̅ ̅̅̅ is the permeance of H2 across the metallic membrane. Flux is measured in 

units of mol/s*m2. The PI has received prior funding from Shell and through a Young Investigator Award 

through the Army Research Office for material design and testing of metallic membranes for selective 

H2 removal from synthesis gas. Similar work will be carried out using a high-temperature catalytic 

membrane reactor that the PI has in her lab, as shown in Figure 3. The membrane reactor is capable of 

testing 2-inch diameter membrane foil disks. The PI has established collaborations with Dr. Kent Coulter 

of Southwest Research Institute and Dr. Stephen Paglieri of TDA Research. These collaborations involve 

the design and synthesis of porous stainless steel metallic membranes coated with selective thin films 

for gas separations. Letters of support are available upon request.  

 

In the proposed work, the PI will continue these collaborations to investigate alloys of palladium (Pd) in 

addition to Group V metals, which have shown promise in terms of enhanced H2 permeation through 

metallic membranes. An electron ionization quadrupole mass spectrometer, benchmarked with a 

bubble flow meter will be used to measure the H2 fluxes through these materials. Future work will 

involve coupling the SMR, WGS, and metallic membrane reactors into one unit as pictured in Figure 2. 

 

 
Figure 3: High-temperature membrane reactor for H2 flux measurements. 



 

 

Typical H2 permeances range from 0.001 to 0.005 mol/m2*s*Pa1/2 at temperatures ranging from 500 to 

700K.4 Prior results from the PI’s work will be used to establish the framework of advanced simulations 

and material design in the proposed work.1 Materials will consist of alloys of Pd (e.g., gold, silver, and 

copper) and Group V metals (e.g., niobium and vanadium). The alloys will be deposited via sputtering, 

vapor deposition, or by some other technique (e.g., electroless plating) onto porous stainless steel 

supports.  

 

In application at the next scale, the options for H2 production will include the straightforward gas 

production from the metallic membrane into the internal region of the membrane reactor, in addition to 

the use of a metal hydride housed inside. The use of a metal hydride will allow for enhanced storage 

capacity of H2 on the vehicle, in some cases increasing the storage by up to 2 orders of magnitude in the 

case of traditional magnesium hydrides for instance compared to H2 gas storage at similar temperature 

and pressure conditions.6  

Future work would involve coupling the dual membrane reactor to a H2 ICE. It will be important that the 

H2 flux from the reactor assembly couples adequately to the required H2 flux of the H2 ICE. In addition, it 

is anticipated that the water vapor produced from the oxidation of H2 in the ICE will be fed into the 

reactor and that only make-up water will be required when cNG is loaded onto the vehicle. In addition, 

it will be expected that the heat generated in the engine block will be recycled to some extent to the 

reactants reservoir of the SMR-WGS reactor assembly.  

 

Preliminary Reactor Calculations  

The coupled SMR-WGS reactor design will take place at multiple scales ranging from a single tubular 

reactor to a larger-scale reactor assembly that will be used for coupling at scale to a H2 ICE. Preliminary 

calculations suggest that given a reactor size of approximately 0.2 m3 may lead to approximately 350 mi 

on a H2 ICE assuming an average speed of 50 mph. This size equates to about 3 times that of an average 

15-gallon gasoline tank. These estimates are based upon the use of a traditional Ni catalyst in the SMR-

WGS component and a metal hydride for the internal H2 reservoir of the metallic membrane component 

of the reactor. Several assumptions went into the reactor volume and design estimate. For instance, 

using a permeance of 0.00147 mol/m2*s*Pa1/2 at a temperature of 690K, H2 partial pressure of 280 bar 

on the SMR-WGS reactor side (i.e., P2) under the assumption of full conversion to a H2 mole fraction of 

0.8 based upon the reaction stoichiometry, and a H2 partial pressure of 70 bar on the H2 production side 

of the metallic membrane (i.e., P1). Based upon existing H2 ICEs, a vehicle may travel approximately 350 

miles on 3 kg H2 (BMW Hydro 7; Peugot 207 Epure). Hence, the production of 3 kg H2 at an average 

speed of 50 mph, leads to a required H2 production rate of 0.214 kg H2/hr (i.e., 0.0297 mol H2/s). The Ni 

catalyst housed in the annulus region of the SMR-WGS reactor unit is assumed to be in pelletized form 

with porosity of 40% and pore volume of approximately 1 cm3/g with a bed density of 0.85 g/cm3 and 

bed voidage of approximately 40%. These assumptions lead to a require membrane reactor surface area 

of approximately 2.4 m2. To minimize the volume of the required reactant gas (i.e., cNG and steam), 

while maintaining the required metallic membrane surface area, a total of 4 reactor tubes are suggested 
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for a first generation unit. This equates to a reactor volume of approximately 0.2 m3. Investigation of 

advanced catalytic materials, as proposed in this work, will lead to optimizing the mileage and reactor 

volume.  

 

Potential Impact to Energy Use or Production  

The realization of a combined reactor approach as outlined in this seed proposal would allow for CO2 

mitigation from the transportation sector, which currently accounts for approximately 23% of global CO2 

emissions. With state-of-the-art gas separation technologies such as adsorption and absorption 

approaches reasonable for point-source emitters such as natural gas and coal-fired power plants, CO2 

capture from the transportation sector would lead to significant impacts of carbon capture on 

minimizing global CO2 emissions. In addition, the proposed technology has the potential for application 

to the current fleet of 1 billion automobiles on the planet through ICE conversion to H2 oxidation and 

the addition of a compact onboard reactor assembly to replace the existing fuel tank. Another impact of 

this work is on energy production. For instance, opportunity exists for the use of CO2 for EOR. In the 

Permian Basin, with the co-location of cNG and CO2 pipelines, this approach would have the opportunity 

to be readily implemented.  

 

References 

1. J. Wilcox, Carbon Capture, 2012.  

2. D. Sperling, D. Gordon, Two Billion Cars: Driving Toward Sustainability, 2010.  

3. National Academy of Sciences, National Research Council, Hydrogen as a Fuel, 1979.  

4. R.E. Buxbaum, A.B. Kinney, Ind. Eng. Chem. Res. 35, 530-537, 1996.  

5. E. Ozdogan, J. Wilcox, J. Phys. Chem. B, 114, 12851-12858, 2010. 

6. B. Sakintuna, F. Lamari-Darkrim, M. Hirscher, Int. J. Hydrogen Energy, 32, 1121-1140, 2007. 

 

 

 

 

 

 

 

 



 

 

Section 6. Challenges Going Forward: Climate Change and Urban 

Growth 
 

 

Characterization of Physical, Chemical and Biological Properties of Aerosols 

Generated During Dust Storms over Ahvaz, Iran 
 

Gholamreza Goudarzi1,Mohammad Heidari2,Zahra Soleimani3,Batool Sadeghinejad4,Nadali Alavi1,Kambiz 

Ahmadi Ankali5,Abbas Shahsavani6,Mohammad Arhami7,Alireza Zarasvandi8, Kazem 

Naddafi6,Mohammad reza Akhond9 

1
Department of Environmental Health Engineering, Health faculty and Environmental Technologies Research 

Center (ETRC), Ahvaz Jundishapur University of Medical Science (AJUMS), Ahvaz, Iran
 

2
Department of Environmental Health Engineering, school of public Health, Ahvaz Jundishapur University of 

Medical Sciences, Ahvaz, Iran. 
3
Department of Environmental Health Engineering, School of Public Health and Paramedical, Semnan University of 

Medical Sciences, Aradan, Semnan, Iran. 
4
Department of Medical Mycology, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran 

5
Department of Statistics and Environmental Technologies Research Center (ETRC), Ahvaz Jundishapur University 

of Medical Science (AJUMS), Ahvaz, Iran 
6
Department of Environmental Health Engineering, School of Public Health, Tehran University of Medical Sciences, 

Tehran, Iran 
7
Department of Civil Engineering, Sharif University of Technology, Tehran, Iran 

8
Department of Geology, Shahid Chamran University, Ahvaz, Iran

 

9
Department of Statistics, Mathematical science and Computer faculty, Shahid Chamran University, Ahvaz, Iran 

  

Abstract 

The main purpose of our study was to determine the biological, physical and chemical properties of 

Ahvaz dust storm particles. To achieve this end, dust monitors, as well as high volume and quick take 

samplers were used to determine particle properties. The results of our study showed that 

concentrations of PM10, PM2.5 and PM1 during dust event days were higher than normal days, and the 

maximum PM10 concentration reached over 30 times higher than the standard level. Five dominant fungi 

genera in three sampling stations at Ahvaz city were Cladosporium, Alternaria, Aspergillus, Penicillium 

and Rhizopus–the concentrations of which were higher during dust events than normal days.  

 

1. Introduction  

The level of indoor pollutants can be higher than levels encountered outside at the same time period. In 

general, people spend more than 90% of their day in residential, commercial and office environments, 

and this is why indoor air quality plays an important role in community health. While indoor air quality is 
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primarily associated with ventilation, temperature, organic matter in building materials and the load of 

bioaerosols that enter from outdoors, outdoor air quality is primarily related to natural and 

anthropogenic air pollution, climatic factors, wind speed and direction, precipitation and atmospheric 

stability. Bioaerosols, formaldehyde, carbon monoxide, asbestos and radon are the most important 

pollutants that affect indoor air quality. Aerosols are of paramount importance in ambient atmosphere, 

particularly during dust storms, due to its complex mineralogical, biological, chemical and physical 

nature. The massive volume of dust associated with dust storms generally originate in arid lands and 

deserts, can rise to high altitudes and travel long distances, and often carry chemical and biological 

agents. Environmental concerns, loss of crops and observed anxieties and distresses in affected 

communities are the most obvious drawbacks of this phenomenon. Additional impacts include those 

related to short-term human migration and health, including increased hospital admissions from 

cardiopulmonary and respiratory disorders. The physical, chemical and biological composition of 

incoming dust particles varies depending on the dust source (i.e. deserts or dried wetlands). For 

example, previous studies have shown that most of Aspergillus fungi found in Iran originates from desert 

of Saudi Arabia (the Rub al Khali) (Sole imani et al, 2013). According to the WHO, the city of Ahvaz 

suffers from the highest level of particulate matter pollution in the world. Ahvaz, with latitude 31’32, 

longitude 48’68, is the capital city of Khuzestan province in southwestern Iran. Ahvaz is faced with 

numerous environmental problems due to old infrastructure, deficiencies in wastewater collection 

systems, increasing salinity in the water distribution network, and high levels of naturally occurring air 

pollution. Recently, dust storms over southwestern Iran, due to a combination of drought and 

ecosystem damage to the Tigris and Euphrates river basins, have increased anthropogenic air pollution 

to the city. Dust storm frequency between 2005 and 2009 was 29, 33, 55, 45 and 17 respectively, with 

some storms lasting up to 48 to 72 hours. 

 

2. Material and Methods   

2.1.  Area of study and physical procedure 

Three samples were collected from a school, university and hospital in central Ahvaz (Figure 1). A 

portable dust monitor (Grimm model) was selected to measure PM1, PM2.5 and PM10 concentrations.  

 

2.2. Chemical procedure 

A high volume sampler was equipped with a fiberglass filter to collect samples at sampling stations. 

Samples were taken every six days, with a sampling variation time between 12 and 24 hours. After 

sampling, one-fourth of the exposed fiberglass filter was cut and put in a Teflon container, combined 

with a mixture of nitric acid, hydrochloric acid, and hydrofluoric acid, and then placed in a 170 degrees 

Celsius oven for 4 hours. The cap of the Teflon container was then removed and the mixture heated at 

95-100 oC to evaporate all remaining acids. 

 

 After cooling, concentrated nitric acid and distilled water (ratio 1:9 V %) were added and shaken for 15 

minutes. The obtained solution was filtered through a Whatman-42 filter paper. Distilled water was then 



 

 

added to the resultant solution to dilute the mixture to 25 mL, and stored in a sterile plastic bottle at 4oC 

(Mohd Tahir et al., 2009; A. Shahsavani et al., 2012). Heavy metals that persist in aerosols are derived 

from various natural and anthropogenic sources. Enrichment factors (EF) are used to determine and 

assess the source type of released heavy metals in particulate matter. Aluminum (Al) is normally used as 

the source indicator element for natural sources from the earth’s crust; lead (Pb) and zinc (Zn) are used 

as indicator elements for anthropogenic sources (i.e. industrial sources and vehicles). EF can be 

calculated using the following equation (Mohd Tahir et al., 2009): 

    

   

  
   

  

⁄  

where Cxp and Cp are the concentration of a trace metal x and Al in the particulate, respectively, and Cxc 

and Cc are their concentrations in average crustal material. According to this equation, an EF value of 

less than 10 is taken as an indication that a trace metal in an aerosol has a significant crustal source, and 

these are termed the non-enriched elements (NEE). In contrast, an EF value of greater than 10 indicates 

that a significant proportion of an element has a non-crustal source, referred to as the anomalously 

enriched elements (AEE).  

 

 
 

Figure 1: Wind rose and sampling stations in Ahvaz 
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2.3. Biological procedure 

Bioaerosol sampling was performed using a biostage sampler (QuickTake 30, SKC Inc). Sampling height 

was 1.5 meters and sampling time was 2-15 minutes depending on the severity of the dust storm. 

Identification of fungi (as a representative of microorganisms) was conducted based on micro- and 

macro-morphological characteristics.  

 

1. Result and discussion 

3.1. Biological properties of dust storm particles 

Figure 2 illustrates dominant isolated fungal percentages in three seasons during normal and dust event 

days. During the first study period – summer – the highest concentration of fungi was associated with 

Aspergillus at 35.7% and 46.5% during normal and dust days, respectively. 

 

  Figure 2: Percentages of dominant fungi in three seasons during normal and dust event days in Ahvaz 

For total fungi measured, as well as Aspergillus and Rhizopus, the difference between dust event and 

normal days showed statistical significance (p<0.0001, p=0.003 and p=0.029, respectively).  

This difference became less strongly significant for total fungi during the autumn study period (p=0.009), 

though statistically significant differences between dust event and normal days were observed for 

Rhizopus, Cladosporium, Alternaria and Aspergillus (p<0.05). Penicillium did not show a significant 

difference during normal and dust event days in this season (p>0.05).  

 

In winter, there were no significant differences for Penicillium, Cladosporium and Rhizopus 

concentration levels (p>0.05) during normal and dust event days. However, significant differences for 

Alternaria, Aspergillus and total fungi were observed (p<0.05). In Table 1, the minimum, mean, median 

and maximum values of airborne fungi during each season are presented. 
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During normal days the average concentration of total fungi in winter, autumn and summer was 621.2 

CFUM-3, 551.2 CFUM-3 and 300 CFUM-3, respectively. It should be noted that between seasons, there 

was a significant difference in the total fungi. During dust event days the average concentration level of 

total fungi in autumn (1504.3) was higher than those measured levels in summer and winter; in fact, the 

concentration of total fungi was significantly different between three seasons of this study during dust 

event days (p<0.05).  

Table 1: Concentration of airborne fungi (CFUM
-3

), temperature (ºC) and relative humidity (RH %) measured during 

“normal” and “dust event” days in three seasons 

 

3.2. Physical properties of dust storm particles                    

Figure 3 shows the mean and maximum concentrations of PM10, PM2.5 and PM1 as temporal trends. 

Clearly, the mean and maximum concentrations of particulate matter reached their highest peaks in 

May and June, in which PM10 and PM2.5 concentrations in June, in particular, exceeded 5,000 µg/m3 and 

350 µg/m3
, respectively. This finding is consistent with the result of Draxler et al. (2001). In that study, 

the maximum PM10 concentrations in Kuwait, Iraq, and Saudi Arabia were observed on calendar days 

120 through 180, corresponding to May and June. Accordingly, most dust storms in the Middle East are 

expected to occur during the late spring and early summer. These results could also indicate that the 

shamal wind, a northwesterly wind that is dominant during the spring and summer months, plays an 

important role in bringing large amounts of dust from southern Iraq. 

Bioaerosol/Tem RH 

Time 

sample  
*summer **autumn ****winter 

 

Min Max Mean Median Min Max Mean median Min Max Mean median 

Total fungi 

Normal 
42 480 300.0 296.0 0 7500 551.2 347.0 0 

156

0 621.2 561.6 

Dust 
288 800 446.9 408.0 400 

1645

6 1504.3 1016.0 502 

183

2 1026.8 823.0 

Temperature 

Normal 28 36 29.2 32.0 18.5 33 24.4 24.2 20 26.7 23.1 23.7 

Dust 25 33 28.2 32.4 17 26 18.5 21.0 16 24 17.5 19.4 

Humidity 

Normal 24 39 33.5 33.0 25 72 42.5 40.4 18 65 44.9 42.5 

Dust 32 43 36.2 36.5 25 58 39.6 38.0 26 48 30.4 29.0 
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Figure 3: temporal mean (a) and maximum (b) trends of PM10, PM2.5 and PM1 in ahvaz city 

3.3. Chemical properties of dust storm particles 

3.3.1. Heavy metal analysis 

The heavy metals concentrations on dusty and normal days are shown in Table 2. Even within a month, 

heavy metal concentrations vary widely and minimum and maximum heavy metal concentrations were 

recorded in all three seasons. For example, in the autumn, the mean concentrations for Zn, Pb, and Cd 

during dusty days were 1.43, 1.3, and 2.7 times higher than normal ones. These results show that 



 

 

particulate matter released from point and line sources mostly carries the metals. The results of this 

study also show that the heavy metals concentrations in the winter were higher than the autumn. This 

could be due to the combined effects of local pollutant sources such as vehicles, meteorological 

conditions (low temperature, low wind speed and mixing height), and regular temperature inversion, 

which cause the pollutants accumulation by limiting the dilutions and dispersions. 

Table 2: The mean concentrations of PM10 and the associated heavy metals in the ambient air of Ahvaz during 

“dusty” and “normal” days in the two seasons 
Winter 

(dust day) 

Winter 

(normal day) 

Autumn 

( dust day) 

Autumn 

(normal day) 

Pollutant()µg/m3) 

741.646 189.410 410 116.508 PM10 

0.876 0.225 0.517 0.190 Cd 

1.582 0.849 1.446 0.298 Co 

1.814 1.051 1.548 0.394 Cr 

2.353 1.583 1.781 0.609 Ni 

5.782 5.718 3.671 2.848 Pb 

8.231 7.950 4.026 2.810 Zn 

34.324 16.316 21.307 11.339 Al 

 

Cao et al (2009) observed that the concentrations of most of the heavy metals were higher in the winter 

compared to those in the other seasons. Such high concentrations were attributed to more vehicular 

activities and the presence of temperature inversion during the winter season. Singh and Sharma (2012) 

also reported that the heavy metals concentration were higher during the winter season. They indicated 

that these high concentrations were due to high fossil fuels and biomass consumption, low mixing, and 

the presence of inversion in this city. Lee and Park (2010), who investigated heavy metals in airborne 

particulate matter on misty and normal days at both urban-residential and industrial areas, reported 

that average concentrations of TSP and heavy metals in TSP on misty days were significantly higher than 

those on normal ones. These high concentrations were attributed to the differences between relative 

humidity and ambient ventilation indices on misty days and normal days. Haritash and Kaushik (2007) 

also observed that meteorological factors played an important role in the concentrations of the heavy 

metals in respirable suspended particulate matter (RSPM) during the two different seasons. Based on 

that study, low wind speed, low temperature, and high relative humidity favor low concentrations of the 

pollutants, whereas, turbulent conditions result in higher concentrations.  

3.3.2. Enrichment factors 

The distribution of EFs for the individual heavy metals is shown in Figure 4. The results of this section of 

the study show that Al metal exhibited low enrichment suggesting crustal origin, whereas Zn and Pb 

metals appeared to be the result of non-crustal sources, such as vehicular and industrial emissions, 

because of their high enrichment factors. Mohd Tahir et al. (2009), who determined trace metal levels in 

airborne particulate matter of Kuala Terengganu, Malaysia, found that Pb, Cd and Zn metals originate 

from vehicular emission with an enrichment factor <10, and Al, Fe, Mn and Cr appear to have crustal 

origin with an enrichment factor >10. Haritash and Kaushik (2007) reported that Pb, Cu, Ni, and As were 

chiefly emitted from anthropogenic sources, and Fe, Mn, and Mg in RSPM were observed as crustal in 

origin. 
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Figure 4: Enrichment factors (EFS) distribution for the heavy metals in the ambient air of Ahvaz city 

 

2. Conclusions  

Concentration of biological agents, particularly fungi, during dust event days was higher than levels on 

normal days. Airborne fungi such as Aspergillus, Mucor and Rhizopus are opportunistic fungi, which can 

cause aspergillusis and mucormycosis infections in immunodeficient vulnerable and healthy individuals. 

Overall mean values of 319.6 ± 407.07, 69.5 ± 83.2, and 37.02 ± 34.9 µg/m3 were obtained for PM10, 

PM2.5, and PM1, respectively, with corresponding maximum values of 5,337.6, 910.9, and 495 µg/m3. 

The presence of the westerly prevailing winds implied that Iraq is the major source of dust events in this 

area. The longest dust event, during the study period occurred in July, lasted five days, and had a peak 

concentration of 5,338 µg/m3. These high concentrations produced AQI values over 500. Enrichment 

Factors distribution showed that main elements had crustal origin. However, some of heavy metals such 

as Zn derived from non-crustal sources. 
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Abstract:  The combustion of CH4 in the combustor of an industrial gas turbine is studied and NOx 

formation/emission is simulated numerically. The governing equations are solved by the finite volume 

method in the main combustion code. The formation and emission of NOx is numerically simulated in a 

post-processing fashion. It is shown that in a gaseous-fuelled combustor, the thermal NOx is the 

dominant mechanism for NOx formation. Results indicate that the exhaust temperature and NOx 

concentration decrease while the excess air factor increases. Results also show that as the combustion 

air temperature increases, combustor temperature increases and the thermal NOx concentration 

increases sharply.  

Key words: combustion, NOx, chemical kinetics, fuel-air ratio, gas turbine.  

Nomenclature 

Ea [Cal/mol] Activation energy of reaction  

P [Pa] Pressure 

R [Cm3.atm/mol. K] Gas constant 

Sφ [kg/m3.s] Source  

T [K] Temperature 

Φ [-] Equivalence ratio 

 

1. Introduction 

In recent years, many researchers have attempted to realize the mechanisms of NOx generation and 

destruction during combustion processes. Barths and Peters [1] simulated the pollutant formation in an 

aircraft gas-turbine combustor using unsteady flamelets. Sharma and Som [2] investigated the influence 

of fuel volatility and spray parameters on combustion characteristics and NOx emission in a gas turbine 

combustor. Loffler et al [3] presented a new simplified reaction scheme for CFD calculations for NOx 

formation in natural gas combustion. Their results show that Prompt NO formation is of minor 

importance. For temperatures higher than 1600°C, thermal NO formation is dominant. Biagioli and 

Guthe [4] studied the influence of pressure and mixing of fuel and air on NOx formation in industrial gas 

turbine burners. Fichet et al [5] have predicted NOx emissions in gas turbines via a reactor network 

model. They defined a Reactor Network to model the NOx formation with detailed chemistry and. 
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proposed an optimized procedure to split the reactive flow field into homogeneous zones considered as 

Perfectly Stirred Reactors. 

Gobbato et al [6] used a coarse computational fluid dynamics model for calculation of flow field and 

NOx emissions of a gas turbine combustor. 

The purpose of present study is to predict the NO formation using different models describing thermal 

NOx and prompt NO formation. The computation of NOx is performed in a post-processing step. 

Beforehand, the flow field including combustion has been determined in a three-dimensional geometry 

in the main combustion code. 

 

2. Description of Models 

The Gas Turbine Combustor simulation typically involves solution of turbulent flows with heat transfer, 

species transport, and chemical reactions. The 3-D Reynolds-Averaged Navier–Stokes (RANS) equations, 

together with the standard k-ε turbulence model, are solved [7]. The Probability Density Function, which 

is a skilled method for cases that include combustion processes and turbulent flows, was used.  

2.1. NOx Formation models 

In this study, the N2O-intermediate NOx model is also employed. This model is accompanied by existing 

thermal and prompt NOx models for prediction of the NOx formation in the combustion chamber. 

2.1.1. Thermal NOx model 

The formation of thermal NOx is determined by the following three extended Zeldovich mechanisms [6]. 

NNONO KK   21,

2
 (R.1) 

ONOON KK   43 ,

2
 (R.2) 

HNOOHN KK   65 ,  (R.3) 

Based on the quasi-steady state assumption for N radical concentration, the net rate of NO formation 

via the foregoing reaction can be determined as follows: 
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in which T is temperature K. The reaction constants, Ai, Bi and Ci, were taken from Baulch et al. [8]. For 

gaseous fuels the concentration of H atom is set to zero. In this work, the concentrations [O] and [OH] 

can be calculated from the partial equilibrium as following [8]. 

0.5 0.5 3

2[ ] 36.64 [ ] exp( 27123/ ) ( / )O T O T gmol m   mol/m3 (3) 

2/1

2

2/1/459557.02 ][][10129.2][ OHOeTOH T  mol/m3 (4) 

2.1.2. Prompt NOx model 

For gaseous fuels, De Soete [9] proposed a roughly estimated chemical reaction rate appropriate for the 

prompt-NO formation mechanism as follows. 

)exp(]][[][ 22
RT

E
fuelNOfk

dt

dNO aa

pr


  (5) 

where  

2 34.75 0.0819 23.2 32 12.2f n        (6) 

16 )(104.6  a

pr
P

RT
k  (7) 

molcalEa /47.72601  (8) 

where T is temperature K, R is the gas constant, P is the pressure, Ea is the activation energy, n is the 

number of carbon atoms per molecule for the hydrocarbon fuel, Φ is the equivalence ratio, and a is 

related to oxygen mole fraction in the flame: 
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(9) 

2.1.3. N2O-intermediate NOx model 

According to the kinetic rate laws, the rate of NOx formation via the N2O-intermediate mechanism is 

[10]: 

2

625 [NO]KO][O][NK
dt

dNO
  (10) 

It is often assumed that N2O is at quasi-steady-state (d[N2O]/dt=0), which implies: 

[H]K)[O]KK([M]K

][OH][NK[NO]K]][O[NK][O][M][NK
O][N

7532

28

2

622421
2






 (11) 

The final relation for estimating the source term in the transport equation of NO may be written as: 



 

 

)./( 3

intPr 2
smkgSSSS ermediateONomptthermalNO   (12) 

In turbulent flows, the interactions between turbulence and chemical kinetics have a great influence on 

NOx formation and other thermo-chemical properties such as temperature. The probability density 

function is usually used to consider this effect [11]. In this study, the β-Pdf probability density function is 

used to consider this effect in both main code (combustion calculations) and post processing (NOx 

calculations). 

 

3. Geometry and Configurations 

A schematic view of combustion chamber is depicted in Figure (1). The inlet air enters the outer casing 

and is divided into the three zones in the inner casing. Table (1) shows the percentage of airflow 

entering through the mentioned three zones. The geometry of combustion chamber is presented in 

Table (2). 

 

Figure 1: A schematic view of the combustion chamber 

 

Table 1: The geometry of combustion chamber 

Equivalent radius of burner 12 mm 

Bottom radius of the chamber 390 mm 

Outlet radius of the chamber 580 mm 

Length 3.5 m 

 

Table 2: Air distribution in various regions of the 

combustor 

Burning zone 20% 

Recirculation zone 30% 

Dilution zone 50% 

 

4. CFD MODELING 
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The above geometry with characteristics presented in Table (3) is used for simulations. The fuel is CH4, 

which enters the combustion chamber through 7 ports. 

 

Table 3: The characteristics of the combustion chamber 

Equivalent radius of burner 12 mm 

Bottom radius of the chamber 390 mm 

Cutlet radius of the chamber 580 mm 

Length 3.5 m 

Inlet air temperature 688 k 

Inlet fuel temperature 300 k 

The mass flow rate of inlet air 307 t/hr 

The mass flow of inlet fuel 3 t/hr 

The inlet angle of air 42 

The inlet angle of Fuel Normal to 

boundary 

 

The employed boundary conditions in the model are summarized as follows:  

 inlet preheated air for burning zone: velocity inlet= 52.36 m/s; angle =42, temperature= 414.85 

°C; 

 the preheated air from ring air hole: velocity inlet=  91.22 m/s, angle= 53, temperature= 414.85 

°C; 

 inlet air for diluting zone from each hole: mass flow rate= 10.66 kg/s, angle= normal to 

boundary, temperature= 414.85 °C; 

 combustion chamber stack at the pressure outlet: atmospheric pressure; 

 inlet fuel into the fuel nozzle: mass flow rate= 12 kg/s, angle= normal to boundary, 

temperature= 14.85 °C.  

 At the wall boundaries no-slip and adiabatic conditions were chosen.  

A uniform mesh distribution, containing 525,323 meshes and 546,762 nodes is adopted based on 

numerical study for a grid independent solution. Figure (2) illustrate the meshing of the combustion 

chamber. 

 



 

 

 

Figure 2: The inlets of fuel and air and the meshes of the combustion 

chamber 

 

5. RESULTS AND DISCUSSION 

Figures (3) show the temperature contours in a longitudinal cross section plane. Note that a good 

estimation of mixture fraction and its variance results is a good predictor of temperature and species 

mass fractions.  The highest values of temperature are observed after complete combustion at the end 

of primary zone.  

  

Figure 3: Temperature contours 
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        Figure 4: contours of thermal NOx mass fraction       Figure 5: contours of Prompt NOx mass fraction 

Figure (4) shows the contours of thermal NOx mass fraction in the cross section of the chamber. 

According to the thermal NOx equation, the mass fraction should be high in the high temperature zones 

with high concentration of oxygen and nitrogen. In spite of high temperature in the central zone at the 

beginning of chamber, the amount of NOx is low due to the insufficient oxygen. But in the top and 

bottom regions where temperature and the amount of oxygen are high, thermal NOx is formed and 

convected to the chamber outlet. Furthermore, due to high temperature and oxygen concentration in 

the vertical section of the chamber, thermal NOx increases again.  

Figure (5) shows the distribution of prompt NOx in the cross section of the combustion chamber. There 

are two zones with high concentrations of prompt NOx. The common feature of these two zones is that 

the concentration of fuel near them is high and due to the high concentration of CH radicals, the prompt 

NOx is high. 

The distribution of the N2O intermediate NOx mechanism has also been performed, but the contour plot 

is not presented here due to lack of space. It is, however, a very small portion of the total NOx. 

Table (4) shows the associated values of NOx at the combustor outlet.  

Table 4: comparison of the mass weighted average values of NO at 

the chamber outlet 

Mechanism Mass Fraction of 

No 

Thermal NOx 2.55 × 10-4 

Prompt NOx 1.12 × 10-5 

N2O intermediate NOx 6.95 × 10-8 

Thermal, prompt and N2O intermediate 

NOx 

2.662 × 10-4 
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Based on this table, it is obvious that thermal NOx is the predominant mechanism for formation and 

emission of NOx in the investigated combustion chamber. Prompt NOx is secondary with one-order of 

magnitude difference. The share of N2O intermediate NOx is negligible. 

5.1. Effects of combustion parameters on Temperature and NOx 

Several simulations have been performed to investigate the effects of different combustion parameters 

on NOx. Table 5 shows the effects of these parameters on NOx production. 

 

Table 5: Variation of temperature and NOx as a function of combustion parameters 

Parameter 
(changed) 

Parame
ter 
value 

Maximum 
Temperatur
e (K) 

Average 
Exhaust 
Temperatur
e (K) 

 
 

NO concentration (ppm) 

Tota
l 

Ther
mal 

Prom
pt 

N2O 

Excess Air ratio λ=1.1 2152 1230  236 227 8.6 0.0618 
 λ=1.2 2162 1196  220 216 7.8 0.0559 
 λ=1.3 2172 1165  205 190 7.2 0.0518 
 λ=1.4 2181 1139  192 185 6.7 0.0484 

Air 
temperature 
(K) 

T= 700  2151 1285  286 275 11.2 0.0720 

 T= 730 2167 1317  341 329 12.3 0.0783 
 T= 760 2182 1350  403 390 13.5 0.0850 
 T= 800 2223 1394  504 491 14.6 0.0949 

Swirl angle  θ= 42 2144 1272  266 255 11.0 0.0695 
 θ= 48 2147 1274  277 265 10.6 0.0635 
 θ= 55 2167 1271  285 275 10.0 0.0636 
 θ= 60 2150 1298  279 270 9.2 0.0686 

Fuel 
temperature 
(K) 

T= 320 2146 1273  273 263 11.1 0.0699 

 T= 370 2149 1274  286 275 11.8 0.0706 
 T= 420 2153 1275  301 290 12.2 0.0713 
 T= 470 2156 1276  317 305 12.6 0.0720 

 

5.1.1. Influence of air to fuel ratio 

The influence of air to fuel ratio (via Excess Air ratio), at a fixed fuel mass flow rate is shown in Table (5). 

It is shown that although the GT combustion chamber maximum temperature increases considerably, 

the outlet average temperature decrease dramatically as the A/F ratio increases. It is seen that as the air 

flow rate is increased above the theoretical value, the gas turbine chamber input energy per kg of flue 

gases is reduced and, thus, the exhaust gas temperature decreases. Since the NOx concentration is 

mainly a function of temperature, in spite of increasing in oxygen availability with increasing air to fuel 

ratio, total NOx and thermal NOx decrease due to a decrease in the average temperature. 
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5.1.2. Influence of combustion air temperature 

The influence of combustion air temperature is shown for different air temperatures in Table (5). As 

expected, when the inlet combustion air temperature increases, the GT combustion chamber’s 

maximum temperature increases significantly from 2151K to 2223K. In addition, the exhaust average 

temperature increases from 1280 to 1390K. As the exhaust temperature increases, the thermal 

efficiency of the gas turbine improves. However, thermal NO and prompt NO increase with increased 

exhaust gas temperature. The NOx models used in this investigation also follow this trend. It is known 

that NOx concentration is very sensitive to air temperature. It also appears that thermal NO formation is 

highly dependent on temperature.  

5.1.3. Influence of swirl angle 

The influence of swirl angle θ on temperature and NOx formation is also tabulated in Table (5). The 

values indicate that the maximum temperature of the combustion chamber reaches a peak at a swirling 

angle of 55°, which is consistent with the trend of maximum temperature variation inside the 

combustor. As θ increases, the total NOx and thermal NOx increase gradually until the swirl angle of 55° 

is reached and then decreases. Results also show that further increase in the swirl number results in 

decerased maximum temperature and decreased thermal NOx concentration at exit of the combustion 

chamber, which may be attributed to incomplete mixing and extension of the reaction up to the exit 

plane, as the mean outlet temperature is higher than the other cases.  

5.1.4. Influence of fuel temperature 

The variation of fuel temperature from 320 to 470K results in different combustion characteristics and 

NOx values, as seen in Table (5). As expected, the maximum temperature of the combustion chamber 

increases gradually from 2146K to 2156K, but the exhaust temperature has a fairly constant trend, while 

combustion fuel temperature increases. Additionally it can be seen that thermal NOx increases with 

rising fuel temperature but prompt NOx do not change considerably. 

 

6. CONCLUSION  

According to this study, thermal mechanism is the main source of NOx formation in gas fuelled GT 

combustion. Based on these results, thermal NOx formation depends strongly on temperature and 

oxygen concentration. Prompt NOx is an important mechanism only in regions where high concentration 

of hydrocarbon radials exists.  

Results show that an increase in the excess air factor causes a reduced exhaust temperature and 

reduced NOx concentrations. When combustion air temperature increases, maximum temperature 

increases and thermal NOx concentration increases sharply. Results also show that NO concentration at 

the exit of combustion chamber exhibits a maximum value at swirl angle of 55°. In addition, the 

maximum temperature and NOx concentration increase with fuel temperature.  
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An Optimized Model for Sustainable Development Planning Based on 

"Horizontal Equity Concept and GHGs Emissions Reduction-Allocation (GERA)" 

from National Perspectives 
 

M. Shafie Pour, K. Ashrafi, A. Tavakoli 

   

Abstract 

The adverse effects of climate change can be combated by the application of emission reduction policies 

based on the "Equity" concept. Lack of equity in emission reduction rules and policies places a greater 

burden on and requires greater sacrifice from poor people and less developed regions. However, there 

is neither a commonly accepted definition for equity, nor enough attention paid to allocation of 

emissions allowances at a national scale. Thus, this article evaluates different aspects of equity at a 

national scale by presenting two models of equitable allocation of GHG emissions and reductions (GERA) 

that are based on sustainable patterns for establishment of new industry.  

 

The first part of this article applies fifteen different linear combinations of certain indicators in order to 

explore different kinds of burden sharing rules among provinces/states in a country such as Iran. 

However, the focus is on "Horizontal Equity"—on the premise of reduction targets, economic 

development and the fulfillment of regional equity. Amongst the models examined for the 

appropriateness in a developing country, the model which assigns a greater weight to the criteria of CO2 

per Added Value was the most viable economical choice that is also fully supportive of less developed 

provinces. The results of this research show that a 20% cut in Iran’s GHG emissions will lead to about 7-

9% reduction of GDP over the period 2010-2020. So, it can be argued that demanding emissions 

reductions from developing countries, which have energy-dependent economies, means freezing the 

standard of living at this stage in their development.  

 

In the second part of this article, a top-down model of equity deploying five linear combinations of 

equity indicators, provides a tentative answer to the question of whether and to what degree GHG 

emissions should be deliberately allocated to achieve sustainable development and leave adequate 

room for less developed regions to grow. This study indicates that: share of population, per capita GDP, 

per capita of accumulated emissions, preserving future development opportunities and per capita of 

carbon efficiency of production are the most appropriate indicators for this evaluation.  

 

Key words: Climate Change, Emission, Equity, Urban Sustainable Development, Iran. 

 

 

1.  Introduction 

Climate change and its consequences have been amongst the most challenging threats during the past 

decades. This phenomenon must be urgently addressed and represents a potentially irreversible risk to 

human societies and our planet. It is clear that in order to prevent the most severe climate change 



 

 

hazards, global emissions will have to be cut by more than 50% within 20 years or over 95% by the end 

of this century (Figure 1). 

 

In 2011, through decisions adopted at 17th Conference of Parties (COP17) in Durban, South Africa, 

parties decided that in order to maximize the effectiveness of the Kyoto Protocol in mitigation, the 

second commitment period of the Kyoto Protocol should begin immediately. During COP 18 in Doha, 

Qatar in 2012, it was concluded that Kyoto Protocol be extended for eight years. This period will begin 

on 1 January 2013 and end on 31 December 2020. 

 

Based on the decisions in COP 17, the aggregate GHGs emission by Annex I (primarily developed) 

countries should be reduced by at least 25-40 percent below 1990 levels by 2020 and by 2020, all 

countries will have pledged GHG emissions reductions of 20-30 percent below the reference year (1990 

or 2010.) Under this path, it may be inferred that the developed countries and developing countries as 

another should reduce their emissions 30-50 percent and 15-30 percent, respectively. 

 
Figure 1: GHGs emission pathways consistent with 2 ºC warming  

 

To paint a realistic picture of future concentration of GHGs and global mean temperature projections, it 

is first necessary to understand how to distribute and allocate the reductions to each country and then 

pay attention to allocating emissions allowances within a country. 

Each member should be given sufficient incentives to join and remain in the emissions reduction 

coalition. These incentives can be in the form of equity and right to grow. A relatively new field of study, 

the equity perspectives and principles which have been proposed thus far focus on the burden sharing 

and CO2 emission allocation across nations, rather than within countries. 

The significance and novelty of this paper is to explore two country-scale models of equity for GHG 

Emissions Reduction and Allocation (GERA) based on a sustainable growth pattern.  

Determining the most effective types of burden sharing and allocation rules at a national scale is the 

primary of this modeling, which seeks to set a roadmap for global reduction-allocation of GHG. It should 

be noted that the focus of this approach is on achievement of "Horizontal Equity" which means that 
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individuals under the same circumstance should be treated equally to ensure that the holistic objective 

of emission targets, economic development and regional equity are simultaneously achieved. 

2.  Equity principles and burden sharing rules 

Over the past decade, a distinct body of research has begun investigating the concepts and principles of 

equity in the context of climate change. Although there is no commonly accepted definition for equity, 

some principles of fairness have been identified as relevant in the broader context of climate change. 

These are summarized in Table 1.  

Table 1: Equity principles and burden sharing rules 

Equity 

principle 
Interpretation Examples of implied burden sharing rule 

Egalitarian 
Equal rights of people to use 

atmospheric resources 

Reduce emissions in proportion to the 

population or per capita emissions 

Sovereignty 
Rate of emissions constituting the 

current status quo 

Reduce emissions proportionally across all 

countries to maintain relative emission 

levels among them 

Horizontal 

Similar economic circumstances have 

similar emission rights and burden 

sharing responsibilities 

Equalize net welfare change across 

countries (i.e. the net cost of abatement as 

a proportion of GDP is the same for each 

country) 

Vertical 
The greater the ability to pay, the 

greater the economic burden 

The net cost of an abatement is positively 

correlated to per person GDP 

Polluter pays 
The abatement burden corresponds to 

the level of emissions 

Share abatement costs across countries in 

proportion to emission levels 

 

Central to our analysis is determining the principles for emission reduction or allocation of individual 

provinces of Iran. For emissions reduction targets, selected indicators include CO2 emissions per capita, 

GDP, CO2 emissions per unit of GDP, GDP per capita, population, accumulated CO2 emissions and CO2 

per unit of added value. These seven indicators can be used in different linear combinations in order to 

quantify the reduction burdens that each province might shoulder. 

1) Per capita emissions: Per capita CO2 emissions as the first indicator reflects the principles of 

sovereignty and polluter pays. The degree of inequality in per capita emissions determines the different 

degree of responsibility to contribute to efforts targeted at the climate change problem. 

2) GDP: The second variable in quantifying burden sharing rules is GDP. This criterion points to 

Horizontal Equity and reflects the economic capacity of individuals.  

3) CO2 emissions per unit of GDP: Carbon intensity of growth or CO2 emissions per unit of GDP is a 

measure of how emissions contribute to making income. Thus, reduction of this index in a region means 

finding less carbon consuming ways to fuel growth.   



 

 

4) GDP per capita: It is apparent that mitigation will impose economic costs in terms of reduced 

consumption and growth because of higher prices of carbon and energy. The ability to pay for mitigation 

or abatement can easily be captured as per capita GDP of an individual (vertical equity principle). 

5) Population: Each province's percentage share of population is another factor that in combination with 

percentage share of CO2 emissions and GDP can useful for determining burden sharing rules.  

6) Accumulated CO2 emissions: Accumulated CO2 emissions can be interpreted as "the historical 

responsibility" and has a long and illustrious pedigree in climate change negotiations. This concept which 

is related to "polluter pays principle," means that greater reduction burdens should be proportional to 

those with larger historical responsibility.   

7) CO2 per unit of added value (AV): This criterion is selected as indicator of emission reduction potential 

and shows the amount of emissions necessary to create a unit of economic activity as measured by 

added value. The provinces which use clean fuels or advanced technologies can reduce the amount of 

emissions relative to economic added value, which can be an incentive in burden sharing rules as 

greater emissions reductions are possible with less economic impact. 

  

3.  Allocation of emission reduction targets at a country scale  

The allocation target of this evaluation is based on 20% GHGs emission cut from a 2010 baseline level by 

2020. The units of analysis are provinces of a country, in this case Iran. This means that the GHG 

emissions reduction burden is quantified for each province, such that the sum of total emissions 

reduction is equivalent to 20% for Iran as a whole. 

So far, the most important principles effective on equity and burden sharing are defined broadly. Thus a 

"Comprehensive Index" (CI) needs to be constructed based on multiple criteria and weighting 

coefficients to provide better and more integrated representation of equity and fair distribution for 

emission cuts. Three comprehensive indices (CIs) are proposed for the calculation of fair emissions cuts. 

The economic aspects of each approach are also examined.  

CI I: The share of GHGs emission, GDP, GHGs emission per unit of GDP and GDP per capita for each 

province to Iran averages for the same indicators are selected for this equation as below, 

Z
D

D
w

C

C
w

B

B
w

A

A
wR i

D
i

C
i

B
i

Ai 









 
(1) 

where, 

Ri: Percentage emission reduction target for province i 

A: GHG emissions per capita 

B: GDP 

C: Emissions per unit of GDP 

D: GDP per capita 
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Z: Correction factor (the average equal 0.1524) 

w: Weighting coefficient as w = 100.  

 

Weights are given to each of the indicators, resulting in five cases with different decision preferences 

(equally weighting,  preferring CO2 per capita, preferring CO2 per GDP, preferring GDP per capita and 

Analytic Hierarchy Process (AHP)) and the result of this allocation are shown in Table 2 and Figure 2, 

respectively. 

Table 2: Weighting coefficient under five decision preferences 

Values 

Case 1, 

Equally 

weighting 

Case 2, 

Preferring CO2 

per capita 

Case 3, 

Preferring CO2 

per GDP 

Case 4, 

Preferring GDP 

per capita 

Case 5, 

AHP  

WA 

 (CO2 per capita) 
25 55 15 10 45.45 

WB 

 (GDP) 
25 15 15 10 15.15 

WC 

 (CO2 per GDP) 
25 15 55 10 9.09 

WD 

 (GDP per capita) 
25 15 15 70 30.30 

 

CI 2: Each province’s percentage share of population, GHGs emission and GDP in comparison to Iran's 

total, are used to calculate the second comprehensive index of reduction (CI 1) (Eq. 2).  

 iGiFiEi GwFwEwR 
 (2) 

where, 

Ei: Percentage share of population for province i  

Fi: Percentage share of CO2 emission for province i  

Gi: Percentage share of GDP for province i  

w: Weighting coefficient as w = 1. 

Again in CI 2, weights are given to each of three indicators and one case is calculated based on the AHP 

method (Table 3). The results of emissions cuts for each province based on five cases of CI 2 are 

represented in Figure 2. 

Table 3: Weighting coefficient for CI 2 

Values 
Case 1, Equally 

weighting 
Case 2 Case 3 Case 4 Case 5, AHP  

WE (population) 0.33 0.05 0.05 0.05 0.14 

WF (emission) 0.33 0.6 0.8 0.35 0.57 

WG (GDP) 0.33 0.35 0.15 0.6 0.29 

CI 3:  
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(3) 

where, 

Ri: Percentage emission reduction target for province i 

A: GHGs emission per capita 

D: GDP per capita 

H: GHGs cumulative emission (2001-2010) 

J: GHGs emission per unit of added value 

Z: Correction factor (the average equal 0.1466) 

w: Weighting coefficient as w = 100, Table 4. 

Table 4: Weighting coefficient for CI 3 

Values 

Case 1, 

Equally 

weighting 

Case 2, 

Preferring CO2 

per capita 

Case 3, 

Preferring CO2 

per GDP 

Case 4, 

Preferring GDP 

per capita 

Case 5, 

AHP  

WA 

 (CO2 per capita) 
25 30 20 20 41.67 

WD 

 (GDP per capita) 
25 30 20 20 27.78 

WH 

 (CO2 cumulative) 
25 20 20 40 16.67 

WJ  

(CO2/AV) 
25 20 40 20 13.88 

 

It is evident that considering different principles or putting different weights on the indicators could lead 

to considerable changes in the amount of emissions allowed and income in each province. From a 

government point of view, a loss in national income (represented by GDP) is one of the most important 

selection criteria. As such, it is vital to calculate the amount of GDP reduction at a national scale for each 

case. Accordingly, the cost of 20 percent emissions reduction as a percentage of reduction in national 

GDP in the target year (2020) under different scenarios is presented in Table 5. 
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Figure 2: GHGs emission reduction burdens for Iran provinces for 15 decision preferences 

 

 



 

 

Table 5: National GDP reductions (%) in 2020 from 20% reduction in emissions (BAU) 

CI 1  CI 2  CI 3 

Case 1 8.77 Case 1 8.99 Case 1 8.21 

Case 2 8.71 Case 2 8.98 Case 2 8.28 

Case 3 8.79 Case 3 8.99 Case 3 7.72 

Case 4 8.76 Case 4 8.96 Case 4 8.52 

Case 5 8.72 Case 5 8.99 Case 5 8.42 

The results of 20% emission cuts (to 2010 level) from three CIs, five cases for each CI and percentage of 

national GDP, show that the national income as a percentage of GDP will be reduced in the range of 

7.72% (CI 3, Case 3) to 8.99% (CI 2, Case 1).  

 

4.  Quantifying principles for emission allocation 

The second part of this article applies equity principles from a development perspective, by quantifying 

the share of each province in future GHGs emissions. Criteria that can be used to quantify this principle 

include: population, accumulated GHGs emissions, GDP, future economic growth and per capita of clean 

technologies. 

4.1. Population share (per capita) 

Each province's percentage share of population or the per capita approach means that all citizens of a 

country have the same right and emission entitlement. Provinces with large populations are thus 

allowed greater emissions. Also, each province's share of future investments and economic growth will 

be in proportion to its population:   
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(4) 

Where P

i  refers to share of population in each province's future investment and Pi is the population of 

each province.     

4.2. Per capita of GDP 

This criterion is a measure of ability to pay for mitigation. It simply states that a fair share of future per 

capita emissions should be inversely related to the share of per capita GDP for each region. The inverse 

relationship could then be captured as: 
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(5) 
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4.3. Per capita of accumulated emissions 

In order to consider the concept of justice and equity at a provincial level, it would seem appropriate to 

measure past emissions (also measured per capita). This is a cumulative parameter, where greater 

historic responsibility should lead to a lower future share or better put, future per capita emissions is 

inversely related to the share of cumulative historic emissions per capita:  
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(6) 

 

4.4. Preserving future development opportunities 

Considering the possibility of technological progress, it is clear that both energy on the consumption 

side and growth on the production side, are important indicators for future economic opportunities. 

Due to the strong correlation between these factors, economic growth is perhaps the best indicator for 

future economic opportunities. In addition, based on the current rate of technological progress, future 

economic growth will cause a predictable future emissions growth. It is vital to consider a region's fair 

share of future emissions from a perspective of preserving economic opportunities not only for future 

economic growth, but also considering the current level of emissions. Where CE

i is the per capita share 

of current emissions and FDO

i is the share of future development opportunity of each province, as 

expressed below: 
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CE

i

GDP

i

FDO

i  
 (8) 

 

4.5. Per capita of carbon efficiency of production 

Carbon efficiency of production, also synonymous to carbon productivity, is a measure of emissions 

needed to create a unit of economic activity. This parameter represents the added value of a region per 

unit of emissions for emissions-related economic sectors, per capita (per capita of AV/E). The per capita 

of added value per unit of GHG emissions could be used as an indicator of emissions reduction potential 

or a motivating factor for green economic development, such that:   
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where CP is carbon productivity and AV is added value of emissions-related economic sectors. 

 

 

5.  Comprehensive Index for allocation of emissions 

All the discussed individual elements can be brought together for the construction of a "comprehensive 

index," which provides better and more integrated representation of equitable allocation for the 

establishment of new industries and planning for future investments. In this research, a simple linear 

functional relationship is posited for fair share of emissions, investments and their determinants. This 

relationship is expressed as: 

 
CP

i

FDO
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i

GDP

i
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i

EQ

i xxxxx  54321  (10) 

where, x1 to x5 are the weights for applied indicators the sum of which equals one.     

  Table 6: Weights of indicators under five decision preference cases 

Values 
Equally 

weighting 

Preferring 

capacity 

Preferring 

responsibility 

Preferring 

development 

potential 

Preferring 

emission 

productivity 

X1 0.2 0.15 0.15 0.15 0.15 

X2 0.2 0.4 0.15 0.15 0.15 

X3 0.2 0.15 0.4 0.15 0.15 

X4 0.2 0.15 0.15 0.4 0.15 

X5 0.2 0.15 0.15 0.15 0.4 

Xi 1.0 1.0 1.0 1.0 1.0 

The results of applying the second part of this allocation model (GERA) for 28 provinces and regions in 

Iran under the five cases are presented in Figure 3. Looking at the results, the emissions share of each 

province is only influenced by the selected criteria; the weighing factors are insignificant. By multiplying 

the total investment budget as a percent share of each province, the proportion future development for 

each province can be determined. 
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Figure 3: GHGs emission shares for Iran provinces under five decision preferences (% share) 

 

6.  Results and Discussion  

During recent decades, combating the adverse effects of climate change and GHG emissions has 

received increasing attention. Lack of authority and accountability at the provincial level may lead to 

poor implementation of national emissions reduction policies and allocation targets. The work 

presented in this article points to the need for a deeper look into the concept of equity in how emission 

cuts are allocated. Thus, this article has explored a model for the distribution of commitments to GHG 

emission cuts in a country that disaggregates national targets to provincial targets, making 

implementation more achievable. 

On the premise of achieving reduction or development targets, it is desirable that economic 

development and at the same time regional equity be fulfilled. As expected, this results reveal that 

emission cut correspond to national income losses in the form of GDP. S, but this GDP loss varies 

between scenarios. It is thus important to select a scenario that provides the most cost effective means 

for a country to restrain emission growth and retain economic evaluation as a primary focus. 

Based on the results of this research and evaluation of historical CO2 data, added value and GDP, a 20% 

cut in emissions will lead to about 7-9% reduction of GDP from 2010-2020. 

Provinces with higher responsibility values have to control their emissions by applying advanced and low 

carbon technologies, controlling emission intensive industries and establishing mechanisms such as 

carbon trading markets. Also, adjustment of industry structure in-line with the ecological and natural 

resources of each region, and utilization of energy efficient and economically efficient industries in less 

developed regions, are the best available sustainability and green development options. It is 

recommended that all provinces—more, medium and less developed—immediately steer away from 

high carbon content fuels. Iran's unique geographical position will enabled this country to take 

advantages a variety of renewable energy resources and this advantage should be maximized.  
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Abstract 

As one of the most evident natural hazards and significant environmental issues, the dust phenomenon 

has raised significant concern within the research community. In light of the negative effect of dust mass 

in urban areas, robust and effective early warning systems are necessary; continuously enhanced 

monitoring of dust aerosols are a critical step in developing such systems. In this study, based on 

Moderate Resolution Imagine Spectroradiometer (MODIS) imagery, the sequential separation of dust 

clouds from bright underlying surface and water clouds was accomplished using two dust indices: 

Normalized Difference Dust Index (NDDI) and Brightness Temperature Difference (BTD). Validations 

using ground meteorological observations over the region indicated good agreement for the BTD with 

visibility and good, but slightly lower NDDI matches with visibility, indicating the superior performance 

of thermal-infrared indices for dust detection in comparison to visible indices. The proposed thresholds 

of NDDI and BTD reveal the capability of MODIS images in separating dust from bright surface and 

clouds, which obviate the deficiency of remote-sensing data products of dust particles near source. The 

results show that applying NDDI and BTD synergistically has the advantage of enhancing dust 

measurement capabilities. Statistical analysis proposes the utilization of this method for dust monitoring 

enhancement and the relevant regional weather impacts evaluation. 

 

1. Introduction 

Dust phenomena have been a recurrent problem in Iran for thousands of years, especially in the west 

and southwest regions, but have become particularly problematic in recent years. Dust events in Iran 

are the result of its semiarid climate, location in the global dust belt, and proximity to the Arabian 

deserts. In recent years, the intensity of dust phenomenon originating from western neighbors has 

significantly increased, most especially in west and south west of Iran (Sehatkashani et al. 2013). The 

majority of these dust storms originate in Iraq, Kuwait, Saudi Arabia, and Syria—all countries with 

geographies that consist primarily of arid deserts.  Technically, one of the greatest challenges to 

mailto:savizsehat@yahoo.com


 

 

detecting and monitoring dust events is doing so over brilliant, highly reflective desert surfaces (Karimi 

et al. 2006). 

Due to the limited ground-based environmental and climatic observations in the relevant regions, 

satellite remote sensing (RS) has become an important approach to detecting dust storms (Qu et al. 

2006). 

Many methods have been proposed to discriminate dust from cloud and surface features, using solar 

reflective bands, or thermal emissive bands, or a combination of both. 

The MODIS instrument onboard the Terra and Aqua satellites senses the Earth’s entire surface in 36 

spectral bands, spanning from the visible (0.415μm) to the infrared (14.235μm) and at spatial 

resolutions of 1 km, 500 m, and 250 m. Therefore, MODIS images and its products could be very useful 

to determine dust storm properties and monitor dust transport (Zhao 2012, Karimi et al. 2012, Xu et al. 

2011, Qu et al. 2006, and Miller 2003). 

Detecting dust events over the surface of the desert and other land bodies are very difficult using 

unadjusted VIS satellite imagery because of their similar reflectivity. Moreover, several challenges exist 

in differentiating mineral aerosol from cloud, sea salt, and anthropogenic pollution. Hence, a number of 

studies have used brightness temperature changes between mineral aerosols and land surfaces to 

distinguish them from each other (Zhao 2012, Zhao et al. 2010, Xu et al. 2011, Qu et al. 2006, 

Roskovensky et al. 2005, and Miller 2003) 

In this paper, in order to distinguish the thick airborne dust from the surface features and clouds, the 

threshold value of dust indices were first determined. Next the capability of proposed dust indices 

(NDDI, BTD, and their combination) for detecting major dust events over land and during day time was 

evaluated using visualization techniques and meteorological observation data.   

 

2. Methodology 

2.1 Frequency and Distribution of Dust in the study area  

Figure 1b shows the distribution of dust frequencies in southwestern Iran (45-54°E, 27-37°N). It reveals 

that the intensity of the most frequent suspended dust events (those that cause visibility reductions of 

between 1000 and 2000 m) are found in the west and southwest of Iran, decreasing from west to east 

across the region. Although dust storms are common during the summer and late spring due to 

seasonal westerly and northwesterly winds that blow across the Arabian deserts, few dust events occur 

during the winter. This seasonal variation of dust activities is in agreement with recorded wind 

velocities (fig.1a). Strong winds are found most frequently in late spring and early summer, reaching a 

peak in May; strong winds are least frequently recorded in late autumn and early winter, notably 

November and December (Sehatkashani et al. 2013). 
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Over the period of 2000-2009, Ahwaz, with 257 records of 3-hour interval observations, experienced 

the most frequent suspended dust events, which reduced visibility between 1000 and 2000 m, while 

Khark Island, with 0 records of 3-hour interval dust observations, ranked the lowest of all sites in the 

study region. It is notable that in recent years, winter dust storms have increased significantly (Karimi et 

al. 2012). 

 

Figure 1: (a) The location of synoptical meteorological stations used in this study and the distribution of dust 

frequency causing visibility reduction of between 1000 and 2000 m. (b) Monthly average strong wind (larger than 

6.5 m s−1) frequency (right Y axis) and average monthly blowing dust event frequency (left Y-axis) for the period 

January 2000–December 2009 in west and southwest of Iran of all events studied (Sehatkashani et al. 2013). 

 

2.2. Ground observation data and satellite productions  

In order to investigate the feasibility of dust indices derived from MODIS images, two dust events 

originating in the Middle East region and affecting Iran were studied. Table1 shows the properties of 

meteorological data selected, while the spectral ranges of these bands are listed in Table 2. 

Table 1: Meteorological parameters used for evaluation of dust indices 

 

Table 2: MODIS reflective and thermal bands used for dust detection  

Satellite  Sensor Product Bands Band width (μm) Dates 

Terra MODIS MOD09 

MOD09 

MOD021km 

MOD021km 

3 

7 

31 

32 

0.459-0.479 

2.105-2.155 

10.8-11.3 

11.8-12.3 

5 July 2009 

6 July 2009 

Type of weather 

station 

Parameter Time step Number of stations Dates 

Synoptic Horizontal 

Visibility(m)  

3hours 35 2000-2009 

Synoptic Wind (knot) 3hours 35 2000-2009 

(a) (b) 



 

 

2.3. Normalized Difference Dust Index (NDDI) 

Since there is a strong discrimination between dust reflectance and water or ice clouds in 2.13-μm band 

and the 0.469-μm band, the NDDI was proposed by Qu et al. (2006), and its capability for separation 

between dust and water/ice cloud has been demonstrated (Qu et al. 2006). The spectral characteristic 

of dust particles suggests that dust events can be obtained using the difference between the reflectance 

in 2.13-μm and reflectance in the 0.469-μm. The NDDI is proposed as: 

  NDDI = (ρ2.13μm − ρ0.469μm)/ (ρ2.13μm + ρ0.469μm) (1) 

where ρ0.469μm and ρ2.13μm are reflectance in the 0.469-μm and 2.13-μm bands, respectively (Xu et 

al. 2011). 

2.4. Brightness Temperature Difference (BTD) 

Brightness temperature difference between band 31 and band 32 is sensitive to dust loading and hence 

is feasible to be used for dust outbreak tracking (Hao et al. 2007). Since the brightness temperature over 

dust at band 32 is greater than band 31, the brightness temperature difference between band 31 and 

band 32 is negative over dust clouds. The brightness temperature can be derived by inversing the Planck 

equation:  

  (
  

  
)(

 

  (
       

  
  )

)(2) 

Where λ is the wavelength and Iλ is the radiance and the physical constants are: 

h = 6.6262x10
-34 

joule sec  

k =1.3806x10
-23 

joule deg
-1 

 

c =2.99793x10
+8 

m/s  

T = object temperature in Kelvin  

 

3. Results and Discussion 

In order to investigate the feasibility of NDDI for dust detection, we studied 111 cases of extreme dust 

occurrences over the study area between 2000 and 2009. The NDDI ranges of dust over land were 

analyzed and the thresholds were determined as indicated in figure 2(a). For clouds, reflectance at the 

0.469-μm band is higher in comparison with the reflectance at the 2.13-μm band. Hence, the NDDI value 

is negative. Since the NDDI values of dust are higher than 0.23 and less than 0.28 over the west and 

southwestern parts of Iran, it is proposed that NDDI can be used to extract dust from water or ice clouds 

and ground features. Since airborne sand and dust are cooler than ground sand and dust, the threshold 

of 278 K related to BT of MODIS band 31 is used to separate airborne dust from ground sand and dust 
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while diluting the errors. Validations with ground observations over the west and southwest of Iran 

demonstrate good performance of the proposed methods in separating dust from bright surfaces and 

clouds (Fig.4b & 5b). 

Moreover, data from MODIS thermal infrared bands (bands 31 and 32) were analyzed in relation to 

major dust events over the west and southwest of Iran during the study period. It has been inferred that 

when subtracting the value band 31 from band 32, a resulting value < 0 K demonstrates the presence of 

mineral dust while the value > 0 K indicates non-mineral aerosol, which show a good consistency with 

ground observations of visibility (Fig.5a). The proposed NDDI index matches BTD very well with a 

squared correlation coefficient of 0.745 (Fig.2b). This result indicates that the implementation of both 

solar reflective bands and thermal emissive bands improves dust detection. 

 

 

Figure 2: (a) The NDDI values of dust over land, dust over sea, and their frequencies. (b) The NDDI vs. the 

brightness temperature difference between MODIS bands 32 and 31 (5 July 2009). 

 

Figure 3: (a) MODIS true-color image (July 5, 2009). (b) Dust region extracted using BTD (July 5, 2009). 
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Figure 4: (a) MODIS true-color image (July 6, 2009). (b) Dust region extracted using NDDI (July 6, 2009). 

 

 

Figure 5: (a) The brightness temperature difference between MODIS bands 32 and 31 vs. visibility. (b) The NDDI vs. 

visibility. 

4. Conclusion 

This paper examined a method to enhance dust detection using multiple MODIS thermal IR bands and 

solar reflective bands, testing this method by analyzing data for major dust events over the west and 

southwest of Iran from 2000-2009. BTD has the advantage of differentiating dust from non-mineral 

aerosols, while NDDI can detect dust over bright-reflecting source regions and discriminate between 

airborne dust and landmass during daytime. In order to separate airborne dust from ground sand and 

dust, this paper establishes that 0.22<NDDI<0.28, while  278K<BT31<288K. Thermal emissive bands are 

insufficient to precisely separate dust from clouds; the combination of solar reflective bands and 

thermal infrared bands synergistically seems effective. 

Further efforts will be made to validate MODIS with ground measurements in order to better 

understand seasonal flux in dust events. In addition, further studies will be conducted in near future to 

identify appropriate NDDI thresholds in different regions in Iran. 
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