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    Chapter 13   
 Urban Air Pollution and Health 
in Developing Countries 

             Junfeng     (Jim)     Zhang      and     Drew     Day   

13.1             Introduction 

 A number of countries have rapidly industrialized in the past few decades, leading 
to severe decreases in air quality associated with industrial processes, urbanization, 
and population growth. Meanwhile, indoor air pollution resulting from household 
combustion of solid fuels remains severe, affecting more than half of the population. 
Each of these two problems contributes greatly to the global burden of disease, as 
outdoor air pollution and household air pollution from solid fuels were responsible 
for 3.4 and 3.5 million premature deaths, respectively, worldwide in 2010 (Lim et al. 
 2012 ). The majority of this disease burden due to air pollution, however, occurs in 
developing countries. Since indoor air pollution from household biomass combustion 
is covered in Chap.   14    , the goal of this chapter is to describe outdoor air pollution 
problems in developing countries with a focus on urban areas. 

 Wealthier nations underwent similar processes decades earlier in a much slower 
fashion, and most have since at least partially addressed the severe air pollution that 
used to affl ict their urban areas. In cities such as Beijing and many northern Chinese 
cities, severe winter smog episodes have frequently occurred in recent years, replay-
ing the historical air pollution episodes of the twentieth century (e.g., Meuse River 
Valley, Belgium in 1930; Donora, Pennsylvania in 1948; and London in 1952). For 
example, daily PM 2.5  concentrations measured on the grounds of the U.S. Embassy 
in Beijing in the month of January from 2010 to 2014 frequently exceeded 100 μg/
m 3  and reached as high as 552 μg/m 3 , about 16 times the US EPA’s 24-h standard for 
PM 2.5  of 35 μg/m 3  (see Fig.  13.1 ). Given that the highest air pollutant concentrations 
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are found in rapidly industrializing developing nations, it is important to understand 
what types of exposures are occurring there and why. The following specifi c 
questions will be addressed: 

    1.    What are the levels and composition of the urban air pollution mixture in 
 developing countries in comparison to those in developed countries? What are 
the trends in emissions?   

   2.    What are the major sources that contribute to urban air pollution in developing 
countries?   

   3.    What are the disease burdens attributable to outdoor air pollution in developing 
countries? Is it appropriate to use concentration-response relationships derived 
from studies at lower concentrations in health risk assessment for developing 
countries?   

   4.    What are the recommendations for reducing health risks associated with urban 
outdoor pollution in developing countries?    

  Fig. 13.1     January PM  2.5   concentrations measured at the U.S. Embassy in Beijing 2010–2014.  
Winter PM 2.5  concentrations in Beijing far exceed international standards. In this  boxplot , the  top 
whisker line  corresponds with the maximum value, the  top line  of the  box  corresponds with the 
75th percentile, the  blue diamond  is the mean, the  middle box line  is the median, the  bottom box 
line  is the 25th percentile, and the  bottom whisker line  is the minimum (Data were retrieved from 
the Beijing U.S. Embassy air monitoring Twitter feed at   https://twitter.com/BeijingAir)           
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13.2       Pollution Levels and Emission Trends 

 Urbanization has been a dominant trend in the developing world that has expanded 
at a much higher rate than what occurred previously in the developed world. For 
example, it took the United States 90 years to go from 40 % urbanized in 1900 to 
over 75 % urbanized in 1990, but the same process took only 20 years in South 
Korea and only 30 years in Brazil (Henderson  2002 ). This urbanization can lead to 
worsening air pollution as increased vehicle traffi c, household emissions, and power 
plant and factory emissions resulting from the tightly packed population centers 
create areas of high emissions and high exposure. Currently, 19 of the top 25 most 
populous cities in the world are in developing countries, and many of these megaci-
ties have annual average concentrations of air pollutants in excess of health-based 
standards and guidelines, as can be seen in Fig.  13.2 . In particular, megacities in 
developing countries tend to have higher air pollution concentrations than those in 
developed countries, consistent with the PM 10  emission trends described below.  

  Fig. 13.2     Annual mean urban PM  10   levels versus international standards in the 25 most 
populous cities  .  Many of the top 25 most populous cities in the world have annual PM 10  levels 
above national and international standards. The cities are ordered in terms of increasing annual 
mean PM 10  concentrations, which are based on WHO data from 2003 to 2010. The top 25 most 
populous cities were determined based on the 2011 population in the “urban agglomeration” as 
defi ned by the UN (UNDESA  2011 ). Shenzhen was in the top 25, but PM 10  data was not available 
for that city. Therefore we used Jakarta (#26) instead. The US EPA annual standard for PM 10  was 
obtained from their website, but this standard was revoked in 2006 in favor of only having a 24-h 
average standard of 150 μg/m 3  for PM 10  that is not to be exceeded more than once a year on 
 average. The EU annual standard of 40 μg/m 3  was established in 2005 and obtained from the 
European Commission website. The WHO annual guideline of 20 μg/m 3  was obtained from their 
website and is up to date as of 2014       
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 Over the past four decades, the developed countries in North America, Europe, 
and the Pacifi c have implemented policies to curtail the severe air pollution events 
that had plagued them during the early and mid-twentieth century. One of the con-
sequences of the increased stringency of pollution control regulations in the devel-
oped, industrialized world is the outsourcing of more polluting manufacturing jobs 
into the developing world by multi-national corporations. This process was coupled 
with domestically driven industrial development by a number of countries that saw 
industry as a path to national prosperity. Increased national wealth is coupled with 
a desire for increased living standards among the population. For example, the use 
of cars as a means of personal transportation rose rapidly with per capita income. 
Many of these developing countries have among the highest population density in 
the world, and so the rise of personal vehicles has become a major source of air 
pollution and transportation congestion in the developing world. Furthermore, these 
higher living standards led to increased energy consumption. These trends coupled 
with higher rates of garbage and agricultural combustion, low quality fuel use, coal 
combustion and other major polluting energy sources, and construction-related dust 
have led to much higher air pollutant concentrations in developing countries in 
 comparison with the developed world. Figure  13.3  shows how drastic the air pollution 

  Fig. 13.3     Global annual PM  10   emissions in 1970 and 2008.  The annual emissions scale ranges 
from  green , marking 0 to 10 tons, to  blue , marking greater than 100 tons. The  lines  over bodies of 
water refl ect the PM 10  contribution of major international shipping and aviation routes (These 
maps were obtained from the European Commission Joint Research Centre Emission Database for 
Global Atmospheric Research (EDGAR)   http://edgar.jrc.ec.europa.eu/overview.php?v=42    )       
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burden shifts of the past four decades have been, using PM 10  emissions as a  surrogate 
marker for other major air pollutants in terms of global trends (PM 2.5  data are largely 
unavailable historically).  

 There are many noticeable differences between these two time periods. PM 10  
distributed across the eastern area of the United States and Canada diminished over 
the decades. Southern Mexico, Central America, and the Caribbean have increased 
their air pollution emissions, though Cuba produces much less PM now. PM 10  emis-
sions in South America attributable to wide-scale forest burning have abated, though 
the population centers of the continent in Venezuela, Brazil, and Argentina have 
much worse air quality currently. Europe has generally seen remarkable improve-
ments in air quality, though Asia Minor and parts of Northern Africa have gotten 
worse. Most of the line of PM 10  across the former Soviet Union and Kazakhstan has 
disappeared with the collapse of the USSR. A thick belt of heavy PM pollution has 
developed between the Saharan Desert and the equator in Africa, though Southern 
Africa has improved. The already thick pockets of air pollution over South, East, 
and South-East Asia have intensifi ed in the past four decades. Finally, it is apparent 
that the developed countries of the Pacifi c, namely Australia, New Zealand, Japan, 
and South Korea, have experienced air quality improvements. These global trends 
only account for PM 10 , but there are similar patterns of other major air pollutants on 
the global scale. 

 To get a clearer picture of just how the contribution of different countries to 
global air pollution burdens has changed, Fig.  13.4  maps out the regional trends in 
annual PM 10  emissions from 1970 to 2008.  

 The starkest trend in this fi gure is that of the Northern and Western African 
regions, which have dramatically increased particulate emissions in the latter half of 
the 2000s. This has been driven by rapid industrialization in the coastal West African 
countries and the belt of Central and Eastern African nations just south of the Sahel 
Desert, where some of the fastest urbanization rates in the world are occurring. On 
the other end of the emissions scale, the Middle Eastern countries have gone from 
being barely visible on the fi gure in the 1970s to just becoming apparent in the 
 mid- 1990s and 2000s. The regions that are steadily increasing include Northern and 
Western Africa, China and surrounding countries, India and surrounding countries, 
and the Middle East. There have been increases that seem to oscillate in a less 
 discernible pattern for Eastern and Southern Africa, Southeast Asia and Indonesia +, 
and South America. Asia-Stan and Russia + and Central America peaked in the late 
1990s and are on the decline now. The regions that have experienced a steady 
decline in air pollutant emissions are North America, OECD Europe, Central 
Europe, and Japan and Korea. Finally, Oceania, Turkey and Ukraine +, and interna-
tional shipping and aviation have been relatively steady emitters over these past four 
decades. These trends show that the greatest burden of air pollution exposure falls 
on the developing countries, in particular those in the process of massive urbaniza-
tion and industrialization.  
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13.3     Criteria Air Pollutants in Developing Countries 

 The urban air pollution mixture is very complex in terms of its chemical  composition. 
In the United States, common pollutants in this mixture that affect the general 
 population are regulated as criteria air pollutants, including particulate matter (PM 10  
and PM 2.5 ), lead, ozone, nitrogen dioxide, carbon monoxide, and sulfur dioxide. 
Similarly, some or all of these pollutants have national standards in many other 
countries and have guidelines by WHO. In the previous section, we have described 
emission trends and typical ambient concentrations of PM 10 , because PM  (especially 
PM 2.5 ) has been most commonly linked to various adverse health effects. Although 
PM 2.5  is a more health-relevant measure of PM, historical data are less available 
for PM 2.5  than for PM 10 . Given the focus on PM in the previous section, the 
following section will not emphasize that criteria pollutant. Below we describe 

  Fig. 13.4     Global PM   10    emission trends by region from 1970 to 2008 . The regions with more 
developing nations have grown to comprise a greater share of the global PM 10  emissions. The por-
tion of total PM 10  emissions contributed by each world region is shown by the thickness of the 
space between  lines  that represents each region. The regions are organized from highest total PM 10  
emissions from 1970 to 2008 on  top  to the lowest total emission regions on  bottom . Each  line  
represents the trend in total PM 10  annual emissions for that region and all the ones below it. All data 
were obtained from the European Commission Joint Research Centre Emission Database for 
Global Atmospheric Research (EDGAR) (  http://edgar.jrc.ec.europa.eu/overview.php?v=42    ). 
 Asia-Stan : Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan;  China + : China, Hong 
Kong, Macao, Mongolia, Taiwan;  India + : Afghanistan, Bangladesh, Bhutan, India, British Indian 
Ocean Territory, Sri Lanka, Maldives, Nepal, Pakistan;  Indonesia + : Indonesia, Papua New 
Guinea;  Russia + : Armenia, Azerbaijan, Georgia, Russian Federation;  Ukraine + : Belarus, 
Republic of Moldova, Ukraine (For more information on the regional categories, please visit   http://
edgar.jrc.ec.europa.eu/methodology.php)           
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how developing countries differ in other common pollutants of the urban air pollution 
mixture from developed countries. 

13.3.1     Lead 

 Lead can enter the air through a variety of natural processes, such as volcanic eruptions, 
forest fi res, and soil erosion. The natural background concentration of lead in the air 
can vary due to local natural sources. The background lead concentration was 
5–15 ng/m 3  in Central Europe in 2003 (UNEP  2010 ), but it was approaching 100 ng/m 3  
in 2005 in Australia due to a higher prevalence of brush fi res (Heritage  2005 ). The 
corresponding background child blood lead levels worldwide are generally in the 
range of 10–30 μg/l (WHO  2000 ). Anthropogenic sources include lead smelters, 
waste incineration, battery recycling, mining operations, lead paint dust, and leaded 
gasoline. The latter two sources have been reduced signifi cantly through legislation 
either banning or signifi cantly reducing lead content in certain countries. Today 
only some of the developed countries have signifi cant regulations on paint lead 
content, whereas all but six countries in the world have bans on leaded gasoline (see 
the Sect.  13.4.3  for more information on leaded gasoline). Nevertheless, some 
 illegal production of leaded gasoline still occurs. The widespread banning of leaded 
gasoline has reduced the impact of this air pollutant, particularly in developed 
 countries. Finland began phasing out leaded gasoline in the early 1980s, and from 
1980 to 1991 the mean ambient air lead concentrations dropped from 0.335 to 
0.041 μg/m 3  in Helsinki (Ponka et al.  1993 ). Though lead air concentrations have 
dropped in developed countries, they are still an issue due to mining and industrial 
processes. The United States banned lead paint in 1977 and leaded gasoline in 1995, 
but 21 cities or counties exceeded the 3 month rolling average standard of 0.15 μg/m 3  
as of 2014. Lead exposure through ambient air may still be an issue in some 
 developed countries, but the problem is more severe in developing countries. 

 Although the US EPA monitors ambient air concentrations of lead, many 
 countries do not, and so it is diffi cult to assess lead exposure via air in developing 
countries. More countries monitor blood lead levels (BLLs) in children, and so this 
can be used as a marker of the total exposure that a child receives in a given country. 
The WHO based the establishment of its 2000 air lead concentration guideline for 
Europe, 0.5 μg/m 3 , on the assumption that 1 μg/m 3  lead in the air corresponds to 
50 μg/l lead in the blood through inhalation exposure and other indirect routes 
(WHO  2000 ). The U.S. phasing out and eventual ban of leaded gasoline contributed 
to an 84 % reduction (from 8.6 to 1.4 %) in the percentage of children with elevated 
blood lead levels (≥100 μg/l) from 1988 to 2004 (Jones et al.  2009 ). The banning of 
leaded gasoline in 2000 in China was a large factor in the 29 % reduction (from 33.8 
to 23.9 %) in the mean percentage of children with elevated blood lead levels from 
the 1995–2003 sampling period to the 2001–2007 period (He et al.  2009 ), but the 
fraction of children with elevated blood lead levels still remain much higher in 
China than in the U.S. 
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 Similarly, blood lead levels measured in Kinshasa, the capital of the Democratic 
Republic of the Congo, are much higher than those measured in the U.S., even after 
the banning of leaded gasoline. In 2008, the ambient lead concentration in the urban 
air ranged from 0.57 to 5.22 μg/m 3 . Sixty three percent of children measured in 
2004 and 71 % of children measured in 2008 had elevated BLLs (Tuakuila et al. 
 2013a ). Leaded gasoline was banned in 2009, and by 2011 only 41 % of children 
measured had elevated BLLs, a 42 % reduction. Nevertheless, this is still a very high 
incidence of hazardous lead exposure, indicating that the children of Kinshasa are 
still being exposed to signifi cant amounts of lead through other routes (e.g., inhala-
tion and ingestion of lead-contaminated soil, the use of fi red clay as a traditional 
treatment for gastritis during pregnancy, household paint chips, and household 
Portland cement) (Tuakuila et al.  2013b ). The post-leaded gasoline phase-out 
 incidence of elevated BLLs is higher in Kinshasa in comparison to other areas of 
Africa. In 1991, over 90 % of the children attending inner city schools in the Cape 
Peninsula of South Africa had elevated BLLs, but by 2002, when leaded gasoline 
represented only 30 % of the market, only 10 % of children in those same schools 
had elevated BLLs (Mathee et al.  2006 ). Leaded gasoline was phased out of Uganda 
in 2005, and a 2009 study of schoolchildren in Kampala found that 20.5 % had 
elevated BLLs, less than the percentage found in Kinshasa and China but still far 
greater than that found in the USA (Graber et al.  2010 ). These examples indicate 
that the phasing out of leaded gasoline has signifi cantly reduced ambient air lead 
concentrations and children’s blood lead levels, but lead exposure through airborne 
and other routes still remains much more of a problem in the developing world.  

13.3.2     Sulfur Dioxide 

 SO 2  is used as an indicator for the sulfur oxides (SO X ), as it is the sulfur oxide with 
the highest concentration in the atmosphere. SO 2  is also a precursor of particulate 
sulfate formed photochemically in the atmosphere. SO 2  has been dramatically 
reduced in developed countries due to regulations concerning industrial emission 
controls and other important sources. The US EPA Clean Air Act resulted in a 78 % 
reduction in national SO 2  levels (CAI-Asia  2010 ). On the whole, global SO 2  
 emissions have declined from 1990 to 2010 (from 121 to 103 Tg SO 2 ), led mostly 
by declines in the developed world (Klimont et al.  2013 ). The greatest sources for 
2011 in order of contribution are the energy sector (40 Tg; primarily coal with 
petroleum combustion as the next largest source), industry (38.7 Tg), shipping (13.6 
Tg), residential sources (6.4 Tg), transportation (1.6 Tg), and waste (0.3 Tg). 

 China contributed 29.1 % of global SO 2  emissions in 2011, showing a peak in 
2005, after which the control measures in the 11th Five Year Plan (2006–2010) 
resulted in a 14 % reduction in SO 2  emissions and a concomitant 13–15 % and 
8–10 % reduction in ambient SO 2  and SO 4  2− concentrations, respectively, over 
eastern China (Wang et al.  2014 ). Nevertheless, China is still the largest contributor 
to global SO 2  emissions of any country. India is the next largest contributor, just 
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behind total international shipping, and it has been steadily increasing SO 2  emissions 
from 1990 to 2011, rising from 2.8 to 10 % of the global total (Klimont et al.  2013 ). 
Much higher coal usage in China and India is the main factor leading to their 
 relatively high SO 2  levels. Coal use in U.S. is relatively high for an industrialized 
nation, making it the next greatest contributor to emissions behind India (6.2 % of 
the global total in 2011). Over 70 % of total SO 2  emissions in the U.S. came from 
coal-fi red power plants in 2008 (USEPA  2012 ). However, cleaner coal processing 
and increased removal of gaseous byproducts from fl ue gas in the U.S. have made it 
so that SO 2  ambient levels in 2012 are nearly all below the US EPA 1 h maximum 
standard (99th percentile of 1 h daily maximum concentrations, averaged over 
3 years) of 75 ppb (196 μg/m 3 ) (USEPA  2013a ). For most other countries in the 
world, regardless of economic status, SO 2  is a relatively minor pollutant, though it 
may still have a signifi cant health impact below national standards. A recent study 
in Seoul on ambient pollution levels and tuberculosis incidence found that SO 2  was 
the only pollutant correlated with a signifi cantly increased risk of TB in males, even 
though SO 2  levels (annual average of 6.1 ppb) were below Korean standards (annual 
average of 20 ppb) (Hwang et al.  2014 ). It is not clear if the health effects of SO 2  are 
mainly attributable to the pollutant itself or to the secondary pollutants it creates 
through atmospheric chemical reactions.  

13.3.3     Nitrogen Dioxide 

 NO 2  is used as an indicator of the nitrogen oxides (NO X ) due to its more common 
prevalence than NO and N 2 O, much like SO 2  and SO X . NO 2  is formed by high 
 temperature combustion, in which nitrogen reacts with oxygen to form NO and then 
NO 2 . NO 2  and other NO X  contribute to the formation of secondary pollutants such 
as particulate nitrate (He et al.  2014 ). For example, due to increasing emissions of 
NOx, the nitrate/sulfate ratio in PM 2.5  increased from 0.43 to 0.75 from 2000 to 
2009 in Shanghai, China (Huang et al.  2012a ). 

 In many areas the greatest source of NO X  is traffi c-related pollution. Overall, 
mobile sources (57.5 %), fuel combustion from stationary sources (24.2 %), and 
industrial processes (8.4 %) account for the majority of the 14.1 Tg of NO X   emissions 
in the U.S. (USEPA  2014a ). As a result, the cities with the greatest concentrations 
of NO 2  in the U.S. often have the worst traffi c problems, such as downtown Los 
Angeles, which had an annual 98th percentile of daily 1-h maximum average of 
67 μg/m 3  in 2011 (USEPA  2013b ). In the U.S., over 90 % of NO 2  concentrations 
have been below the national annual 98th percentile of daily maximum 1-h average 
standard of 100 ppb (188 μg/m 3 ) at least since the early 2000s, and they continue to 
show a decline. The Japanese government enacted the Automobile NO X  Law in 
1992 to ban vehicles in certain areas not conforming to emission standards and 
strengthened it to include PM considerations and stricter standards in 2001. Areas 
in which the law was enforced had half the average annual NO 2  concentration that 
unenforced areas did (21.8 versus 39.3 μg/m 3  for 2006–2009), and this was 
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 correlated with a reduction in asthma and atopic dermatitis prevalence even after 
 controlling for PM (Hasunuma et al.  2014 ). 

 China is the largest producer of NO X , emitting 23.4 Tg in 2012. However, 
 according to the Chinese Ministry of Environmental Protection, 70.9 % of this was 
from industrial sources, with motor vehicles only accounting for 27.4 % (MEP 
 2013a ). Beijing has a high concentration of vehicle traffi c, but it also receives about 
50 % of its NO X  from regional and not local sources (Ma et al.  2014 ). The high 
industrial contribution to Beijing NO X  levels is likely due to sources in the greater 
Beijing/Tianjin/Hebei area, which accounts for 43 % of national coal consumption, 
30 % of national thermal power consumption, and 50 % of national steel and coke 
 production. Beijing had a monthly mean concentration of 100 ppb NO X  in January 
2013 (He et al.  2014 ). During this time levels spiked to around 350 ppb a few times 
and over 200 ppb several times, and so the 98th percentile of daily maximum 1-h 
average would likely be much higher than the monthly mean. Nationwide average 
concentrations of NO 2  show a slightly increasing trend. 

 In India, NO 2  pollution shows increasing trends in many areas. In the National 
Capital Region and surrounding states, increasing trends from 2007 to 2011 have 
been seen in the annual mean NO 2  concentrations of the National Capital Territory 
of Delhi (49.67–57 μg/m 3 , 15 % increase), Uttar Pradesh (36.17–44 μg/m 3 , 22 % 
increase), and Haryana (25–54 μg/m 3 , 116 % increase) (Board, N.C.R.P  2013 ). By 
2011, each of these regions exceeded the national annual average NO 2  air quality 
standard of 40 μg/m 3 .  

13.3.4     Carbon Monoxide 

 As a principal product of incomplete combustion, CO has global background 
 concentrations ranging from 0.06 to 0.14 mg/m 3  depending on natural sources such 
as photochemical synthesis, volcanic eruptions, and forest fi res (WHO  2000 ). 
Mobile sources account for the bulk of CO emissions (50.8 % of total U.S.  emissions 
in 2011 (USEPA  2014b )), and so concentrations of this pollutant tend to be higher 
in urban environments with dense traffi c. Vehicle emission controls greatly  infl uence 
CO emissions, as average Pakistani vehicles emitted 25 times more CO than the 
average U.S. vehicle in 2000 (Barletta et al.  2002 ). The EU has made great strides 
to reduce CO emissions from 1990 to 2010, with all but one member country 
showing reductions ranging from 92 % in Luxembourg to 18 % in Romania, in large 
part through vehicle emission regulation (EEA  2010 ). 

 CO pollution has been very effectively curbed in the U.S., so much so that no 
counties exceeded the 8-h average standard of 9 ppm (10.3 mg/m 3 ) more than once 
per year in 2012 (USEPA  2014c ). The last nonattainment area for CO in the U.S. 
was redesignated as being in attainment in September 2010. CO concentrations 
dropped 83 % from 1980 to 2012 in the U.S., from a mean annual second maximum 
8-h average of 8.9 ppm (10.2 mg/m 3 ) to 1.5 ppm (1.7 mg/m 3 ). CO levels have also 
been dropping in Chinese cities. In Shanghai, CO annual averages have dropped 
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from about 1.4 mg/m 3  in 2008 to 0.88 mg/m 3  (37 % decrease) in 2012  (EPB- Shanghai 
 2013 ), and Beijing annual averages have dropped from about 2.5 mg/m 3  in 2006 to 
1.4 mg/m 3  (44 % decrease) in 2012 (EPB-Beijing  2013 ). However, increasing 
 vehicle traffi c in East Asia, South Asia, Africa, and other rapidly urbanizing 
 environments may lead to increased CO exposure to urban populations. In Lagos, 
short-term air monitoring along a busy road found CO values exceeding the US 
EPA 8-h standard (Olajire et al.  2011 ). The average roadside concentration seen in 
Lagos, 19.27 ppm, is much higher than that seen roadside in central London, 
0.53 ppm (von Schneidemesser et al.  2010 ). Furthermore, a global comparison 
found higher CO concentrations in Latin America and Asia when compared to the 
United States and U.K. (von Schneidemesser et al.  2010 ).  

13.3.5     Ozone 

 Ozone is a major component of photochemical smog. Concentrations of ozone 
 typically have large daily variations depending on variations in heat, sunlight, and 
precursor gas concentrations. Monitoring in Agra, India found a diurnal ozone cycle 
with an average maximum concentration of 117 μg/m 3  in the peak noontime and an 
average minimum concentration of 23.2 μg/m 3  at sunrise (Saini et al.  2005 ). Though 
ozone concentrations can be high in urban environments, the presence of NO in the 
local urban air can “quench” ozone, causing there to be lower concentrations of O 3  
in urban areas and possibly higher O 3  in non-urban areas where NO concentrations 
are low. 

 Ozone is still a major problem in both the developing and developed world. In 
July 2006, afternoon mean surface ozone concentrations show the highest levels 
between the 30° N and 60° N parallels, especially the Eastern and Western U.S., 
Europe, the Middle East, Central Asia, and the Yellow Sea area (WHO  2007 ). Other 
areas of high ozone include the Arabian Peninsula and southern Africa. In Delhi, 
average hourly concentrations measured in 2008 ranged from about 20 μg/m 3  at 
9:00 pm to over 70 μg/m 3  at 3:00 pm (Guttikunda  2009 ). Ozone concentrations are 
much higher in the summer, and so there is considerable seasonal variation. 2010 
peak pre-monsoon summer average ozone concentrations in the twin Pakistani 
 cities of Islamabad and Rawalpindi were about 42.7 μg/m 3 , as compared with about 
31.8 μg/m 3  in the deep winter (Ahmad and Aziz  2013 ). In the United States, ozone 
levels decreased the least of all the criteria air pollutants following the Clean Air 
Act and other relevant air pollution legislation. There was only a 9 % reduction in 
O 3  from 2000 to 2012, compared to the next smallest reduction, 27 % for PM 10 , and 
the largest reduction, 57 % for CO (USEPA  2014c ). Furthermore, 94 % of people in 
the United States estimated to live in counties with at least one air pollutant concen-
tration exceeding its relevant standard in 2012 live in counties with ozone exceed-
ances, far greater than for any other criteria pollutant. The high burden of ozone in 
the U.S. is apparent in that the US EPA 1-h and 8-h ozone standards are higher than 
those for most Asian nations or territories with the exception of the Hong Kong 
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SAR (1-h), Indonesia (1-h), Singapore (8-h), and Bangladesh (1 and 8-h) (CAI-Asia 
 2010 ). Interestingly, unlike other directly emitted air pollutants, ozone is not 
 necessarily higher in developing countries.   

13.4     Air Pollution Sources More Common in Developing 
Countries 

 Common anthropogenic sources of air pollution in urban atmospheres in both 
developed and developing countries include fuel combustion for energy production 
(e.g., power plants, steam generation, household and commercial boilers/heaters), 
industrial processes (e.g., oil refi nery), solvent utilization, gasoline or diesel pow-
ered vehicles, and fugitive dust (for PM only). In addition, the pollutants generated 
outside a city can be transported, along with secondary pollutants that are formed 
via photochemical reactions, contributing to the complex mixture of urban air pollu-
tion. Here we describe some unique air pollution sources in developing countries. 

13.4.1     Industrial Emissions Especially from Coal Combustion 

 Industries emit air pollutants in every country, but more developed countries have 
much more stringent standards in regards to point source emission control. For 
instance, the EU has experienced signifi cant reductions in industrial air pollutants as 
a result of its Large Combustion Plant (LCP) Directive, implemented in 2001, which 
required that new plants follow strict standards and that old plants exhibit signifi cant 
reductions in criteria pollutants by 2008 (Commission  2014 ). From 2007 to 2009, 
LCPs reduced emissions of SO 2  by 44 %, NO X  by 27 %, and dust by 44 % (Grebot 
et al.  2012 ). Nearly all member nations showed negative trends for these pollutants, 
with the exceptions of Romania, Sweden, and Slovakia for SO 2 ; Greece, Hungary, 
and Sweden for NO X ; and Cyprus, Hungary, Lithuania, and Latvia for dust. In terms 
of meeting emissions ceilings, compliance was exceedingly good, with only Estonia’s 
and Romania’s SO 2  emissions as well as Bulgaria’s SO 2 , NO X , and dust levels 
exceeding their limits. Even with a number of developing countries in its member 
nations, the EU was able to successfully curb industrial emissions with good com-
pliance rates using well-enforced legislation. Many developing countries suffer 
much higher air pollution due to a lack of enforcement of emission standard laws. 

 In more developed industrialized nations, policies requiring fl ue gas scrubbers 
and other technologies have been instrumental in reducing industrial sources of air 
pollution. The common technologies used to clean fl ue gases include electrostatic 
precipitators and fabric fi lters for reducing PM; fl ue-gas desulfurization (FGD) for 
reducing SO 2 ; fl ue-gas denitrifi cation for reducing NO X  through selective catalytic 
reduction (SCR) and selective non-catalytic reduction (SNCR); and wet and dry 

J. Zhang and D. Day



367

scrubbing, absorbers, fl ue gas recirculation, etc. for a variety of air pollutants. China 
has adopted most of these technologies to varying extents, including circulating 
fl uidized beds (CFB), in which a gas or fl uid is passed through a high kinetic energy 
solid-fl uid mixture to increase gas/fl uid-solid contact, to increase coal combustion 
effi ciency and reduce emissions (Chen and Xu  2010 ). In addition, they have 
 extensive FGD system use in coal-fi red plants due to the 11th Five Year Plan, which 
has helped to reduce SO 2  emissions from the 2005 peak though enforcement and 
implementation across provinces is still an issue. However, the relatively high oper-
ating costs of NO X  removal systems such as SNCR/SCR, which inject urea or 
ammonia into the fl ue gas to reduce NO X  into N 2 , have impeded its large scale instal-
lation in China until the 12th Five Year Plan (2011–2015) required that all new 
thermal power plants be fi tted and old, large plants be retrofi tted with SCR/SNCR 
(Chen and Xu  2010 ; Zhao et al.  2013 ). Though China has issued laws requiring the 
use of these technologies, enforcement appears to be too relaxed given the number 
of plants and factories above emission standards. 

 The severe, prolonged smog episodes in Northern China have major inputs from 
industrial plants in Hebei and Shandong Province as well as other northern and 
central provinces. Unprecedented transparency in air pollutant monitoring results 
ordered by the Ministry of Environmental Protection (MEP) in July 2013 revealed 
that several large scale steel factories and thermal power plants were consistently 
breaching discharge standards. From October to December 2013, a comparison of 
eight major pollution sources each in Hebei and Shandong showed that NO X  emis-
sions were 30 and 37 times greater, respectively, than eight major sources in Beijing 
(Ma et al.  2014 ). This contributed to Hebei and Shandong being the No. 1 and No. 
2 greatest emitters of NO X  of any Chinese province in 2012 (MEP  2013b ). Industrial 
emissions accounted for 84–91 % of total national SO 2  emissions for China in 2011, 
and the industries monitored in these provinces also showed a high frequency of 
exceeding SO 2  standards. During a month and a half period in fall 2013, 13 cities in 
Shandong had a 24-h moving average air quality index over 200, and many indus-
tries in those cities were exceeding NO X  and SO 2  emission standards every hour 
during the worst days (Ma et al.  2014 ). Shandong has already implemented more 
stringent emission standards, but most companies will require signifi cant measures 
to bring their emissions down. Thermal power and cement production facility 
 emission standards are lacking in Hebei, and so are municipal standards in other 
major polluting provinces, such as Jiangsu, Zhejiang, and Liaoning. The use of coal 
to power industrial and power plants is a major source of many air pollutants. Coal 
use is extremely high in the Yangtze River Delta region (Jiangsu/Zhejiang/Shanghai, 
1.2 billion metric tons in 2011), with the industrial sector being the greatest con-
sumer (39 %). This region consumes more coal than the entire U.S. (807 million 
metric tons in 2012 (USEIA  2014 )), which contributed to it being the area of China 
with the greatest discharge intensity (tons per km 2  land area) for SO 2 , NO X , and 
VOCs (Ma et al.  2014 ). Though China has adopted some technologies to clean fl ue 
gas on a case by case basis, it lacks widespread legislation and enforcement  measures 
to ensure these technologies are used across the country. Issues with power plant 
and factory emissions is not a problem unique to China, but it provides an extreme 
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example of how a lack of regulation enforcement can contribute  signifi cantly to 
ambient pollution. Other less industrialized developing countries also lack 
 legislation concerning industrial emissions.  

13.4.2     Open Burning 

 The widespread burning of trash and other waste can be a major contributor to 
ambient air pollution, particularly on a local scale. Garbage burning releases 
 particulate matter, carbon monoxide, toxic organics from plastics, toxic metals, 
PAHs, and to a lesser extent SO X  and NO X . Many developing countries lack regula-
tions or suffi cient enforcement concerning garbage disposal or other forms of open 
burning. Open burning is defi ned as combustion that releases emissions directly into 
the open air without passing through an adequate chimney or duct. This is an issue 
that affects both rural and urban settings in a local sense, but the health burden of 
this practice is especially severe and wide reaching in crowded urban settings where 
more people are exposed to these emissions. However, no data are available on the 
quantitative assessment of the health impact from such unique sources. 

 Open burning exists even where it is illegal when laws are not suffi ciently 
enforced. This practice is illegal in Mumbai, but about 2 % of the solid waste gener-
ated in each of the city’s wards is disposed of in this fashion (NEERI  2010 ). Open 
burning in Mumbai accounts for 8.7 % of all annual combustion-related emissions 
of PM, CO, NO X , SO 2 , and hydrocarbons (HC). More specifi cally, it accounts for 
23.9 %, 15.7 %, and 26.1 % of all annual combustion-related PM, CO, and HC 
emissions, respectively. This open burning includes the combustion of municipal 
waste, auto parts, wood refuse, small-scale industrial waste, and leaves. One of the 
more distinctive components of garbage is plastic materials, which give off some 
unique compounds when combusted. Plastic combustion mainly produces non- specifi c 
even-carbon-chain alkanes, terephthalic acid, phthalates, and 4- hydroxybenzoic 
acid. Minor products include PAHs (in particular triphenylbenzenes) and tris(2,4-
di-tert-butylphenyl)-phosphate, and air sampling in Chile suggested that 1,3,5-tri-
phenylbenzene and tris(2,4-di-tert-butylphenyl)-phosphate could be used as unique 
markers of plastic burning (Simoneit et al.  2005 ). 

 These trash-burning operations can be a signifi cant source of fi ne particulate 
matter in certain areas. For example, a study in Accra, Ghana found that an increase 
of 5 open trash burning spots per hectare was associated with a 27 % increase 
in local PM 2.5  concentrations (Rooney et al.  2012 ). Garbage burning in the home in 
Accra was also associated with a 195 % increased risk of low birth weight (Amegah 
et al.  2012 ). There is not only an increase in fi ne particulate matter surrounding the 
burning sites, but also an increase for the entire urban environment. An analysis of 
monitoring stations around Hyderabad, India found that waste burning accounted 
for 12 % of PM 2.5  in the summer and winter (7 % during rain), and 4–6 % of PM 10  
depending on weather and season conditions (Guttikunda et al.  2013 ). A study of 
the Mexico City Metropolitan Area found that there were about 25 tons of primary 
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organic aerosols (POAs) emitted in the area each day as a result of trash burning, 
which is a similar amount to fossil fuel POA emissions for that city (Hodzic et al. 
 2012 ). The authors concluded that reducing or eliminating trash burning could 
reduce ambient POA concentrations by 2–40 % and PM 2.5  concentrations by 1–15 % 
depending on the location within the city. 

 In contrast, developed countries do use burning as a means of eliminating waste, 
but this is usually done in incineration plants with much higher temperatures and 
scrubbers to remove pollutants from the emissions. These strategies lead to a much 
lower exposure burden for the local population. In terms of particulate matter pollu-
tion, sampling and modeling of British incineration plants found that the levels of 
PM 10  immediately at the mouth of the fl ue, or waste gas duct, varied between 0 and 
10 μg/m 3  depending on use, and ground concentrations were modelled to not exceed 
0.01 μg/m 3  even under the most intense use conditions (Ashworth et al.  2013 ). 
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs) are carcinogenic byproducts of combustion that can be associated with 
waste incineration, especially if it is performed at lower temperatures or if the fl ue 
contains electrostatic precipitators that can provide a surface that catalyzes these 
compounds’ formation. However, commonly employed wet scrubbers in the fl ue are 
effi cient at removing these  pollutants (Karademir and Korucu  2013 ). Even workers 
inside of the incineration plants are exposed to metal, VOC, PM, and airborne 
microorganism levels well below international occupational exposure standards 
(Sabatini et al.  2013 ). The contribution of open waste burning to air pollution in 
developing countries is largely absent from developed countries, and this leads not 
only to higher levels of general combustion products such as CO, PM, PAHs, but 
also some unique pollutants such as chlorinated compounds.  

13.4.3      Low Quality Gasoline and Diesel 

 Mobile sources are signifi cant contributors to urban air pollution in megacities. 
Emission rates of pollutants depend on engine combustion effi ciency, whether there 
is a catalytic converter or other pollution control device, and fuel quality. The com-
position of gasoline and diesel can vary signifi cantly based on refi ning processes, 
and these variations affect the emissions produced through gasoline combustion. 
Various regulations in developed and developing countries have phased out harmful 
additives and components. However, much of the gasoline in developing countries 
still has not caught up with the standards of developing countries. 

 One of the fi rst initiatives to improve gasoline quality was the international effort 
to phase out tetraethyl lead (TEL) as an anti-knocking agent in gasoline. Knocking 
is a process by which small pockets of the air/fuel mixture in gasoline combust 
outside of the normal combustion front caused by spark plug ignition, and the 
effects of this phenomenon were potentially destructive to early engines. TEL was 
not only able to reduce knocking, but also to boost octane and subsequently improve 
engine effi ciency. The use of TEL as a gasoline additive began in the 1920s, but its 
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contribution to neurotoxic lead exposures and coating and inactivating of catalytic 
converters led to it being phased out in the U.S. beginning in the mid-1970s. 
Catalytic converters have been used starting in 1975 in the U.S. to catalyze redox 
reactions that decrease hydrocarbon, CO, and NO X  emissions, but they can become 
less useful if gasoline components coat the converter and prevent harmful chemicals 
from interacting with the catalytic surface. Japan enacted the fi rst ban on leaded 
gasoline in 1986, and most countries had offi cially phased out TEL use by the early 
2000s. Only six countries continue to use leaded gasoline today (2014): Afghanistan, 
Algeria, Iraq, Myanmar, North Korea, and Yemen. However, there is evidence that 
illegal leaded gasoline production in some developing nations such as China is 
being performed despite national regulations (Chung  2013 ). Though there has been 
dramatic international improvement in TEL regulation in the past decade, other 
potentially hazardous gasoline additives are not as controlled. 

 High sulfur content is another gasoline component that can increase harmful 
emissions through disruption of the catalytic converter and increasing SO X  
 emissions. Sulfur is a naturally occurring component of crude oil, and its levels vary 
by region. It is present in the fuel in the form of thiols, thiophenes, and disulfi des. 
When combusted in a vehicle, SO 2  is formed, and this can adsorb onto palladium, 
platinum, or rhodium catalytic converters, in order of most to least sensitivity to 
sulfur adsorption (Truex  1999 ). This adsorbed sulfur both physically and electrically 
blocks the binding of other emission chemicals to the catalytic surface. The “dose-
response” curve for fuel sulfur content and catalytic inhibition is supralinear, 
meaning that lower levels of SO 2  have a disproportionately high effect on inhibition. 
Refi ning processes are capable of reducing sulfur content in both gasoline and 
 diesel fuels, resulting in a greater effi ciency of the catalytic converter and a subse-
quent reduction in the emissions of several pollutants. The reduction of sulfur con-
tent in fuels from 450 to 50 ppm has led to reductions of 35 % for acetaldehyde, 
21 % for benzene, 19 % for CO, 17 % for hydrocarbons, and 8 % for NO X  (Schuetzle 
et al.  1994 ). Though high sulfur content in fuel can lead to direct increases in SO 2  
tailpipe emissions, traffi c is generally a much lower source of SO 2  than energy sec-
tor or industrial emissions. SO 2  reacts with hydroxyl radicals in the air to form sul-
furic acid (H 2 SO 4 ) particles that can combine with each other in a rare process 
known as homogeneous nucleation. The EPA estimates that over 12 % of SO 2  emit-
ted in the urban U.S. is converted into sulfate fi ne and ultrafi ne particulate matter, 
which indicates that gasoline and diesel vehicles may be responsible for eight times 
more than what is accounted for in direct diesel emission inventories of PM 
(Blumberg et al.  2003 ). 

 The most stringent sulfur standards for gasoline and diesel (below 15 ppm for 
diesel) tend to be in the wealthier nations, particularly those in Europe, North 
America, and Australia (Programme., P.f.C.F.a.V.U.N.E  2014 ). Moderate to high 
diesel sulfur standards (between 50 and 500 ppm) exist in Mexico, southern and 
parts of central Africa, Russia, South Asia, East Asia, and Southeast Asia. The least 
stringent standards (greater than 500 ppm) predominate in South America, Central 
Asia, the Middle East, and most of Africa. Hence, the relative contribution of fuel 
sulfur in gasoline and diesel to SO 2  and fi ne particles emissions would be higher in 
developing countries where fuel sulfur content is higher.   
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13.5     Disease Burdens Attributable to Air Pollution 
in Developing Countries 

 The disease burden attributable to air pollution is the product of population,  exposure 
concentration, and the concentration-response relationship. Hence, large disease 
burdens are expected to occur in heavily polluted, populous urban areas of develop-
ing countries. 

 Figure  13.5  shows the relationship between regional PM 10  concentration, gross 
national income per capita, and the PM 10 -attributable disease burden in disability- 

  Fig. 13.5     Trends between annual mean urban PM 10 , GNI, and PM  10  -attributable DALYs by 
region . Wealthier nations in more developed regions tend to have lower annual PM 10  and DALYs 
attributable to air pollution. All data were obtained from the WHO Global Health Observatory 
Data Repository. The annual mean PM 10  data was averaged over the period of 2003–2010, the 
regional mean GNI data is averaged over the period of 1980–2012, and the regional mean PM 10  
burden of disease data was collected in 2004.  Amr  Americas (includes North, Central, and South 
America and the Caribbean),  Eur  Europe (includes all of Europe, Israel, and some of Central 
Asia),  Wpr  Western Pacifi c (includes Pacifi c nations, East Asia, and eastern South-east Asia),  Sear  
South-east Asia (includes South Asia, western South-east Asia, and some Pacifi c nations),  Emr  
Eastern Mediterranean (includes the Middle East and some northern African nations),  Afr  Africa 
(includes most African nations),  HI  High income,  LMI  low-middle income (For more information 
on the WHO regions, please visit   http://www.who.int/healthinfo/global_burden_disease/GBD_
report_2004update_AnnexC.pdf?ua=1)           
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adjusted life years (DALYs). DALYs can be defi ned as healthy years lost due to a 
disease-causing factor, and they are calculated as the sum of years of life lost (YLL) 
from premature mortality and years lost due to disability (YLD) from a disease or 
set of diseases (DALY = YLL + YLD). The WHO-defi ned world regions are 
 organized by increasing annual mean PM 10  levels, and in general all the high-income 
regions have the lowest PM 10  concentrations. (The Eastern Mediterranean regions 
are an exception due to the contribution of sandstorms and desert dust to ambient 
PM 10  levels.) The relationship between particulate matter concentrations and  disease 
burden is less clear on the regional scale, as it is a function of air pollution levels, 
the size of the affected population, and the population of the WHO region. The 
 low-middle income European region has a high disease burden despite having only 
moderate annual PM 10  levels because those areas over which the PM 10  is distributed 
are consistently highly populated across the region, and the relatively small popula-
tion of the lower income European countries infl ates the per capita DALY value. For 
the Western Pacifi c region, countries like China have high air pollution over densely 
populated areas, but the region also contains countries with sparse populations, such 
as Mongolia, and has a large total population, which dampens the effect of high air 
pollution there on DALYs. Generally, the high-income WHO regions tend to have 
smaller total populations than the low to middle income regions because there are 
fewer countries that meet the high income criteria, thus infl ating their DALYs per 
capita values. Nevertheless, the global data shows that regions with lower average 
GNIs tend to have higher exposures to PM 10  and higher overall burdens of disease 
attributable to PM 10 . Two issues, however, arise when comparing DALYs between 
developing and developed countries, namely the nature of the concentration-
response relationship and the infl uence of regional differences on air pollution 
composition.  

13.5.1     Concentration-Response Relationship 

 A linear dose-response relationship (slope factor) has been applied to estimate the 
global burden of disease attributable to air pollution. This slope factor, however, has 
been largely derived from  observations made in developed countries where the pol-
lution level was substantially lower. Hence, questions arise as to whether this would 
have resulted in an overestimation or underestimation of the actual burden. Such 
questions are related to fundamentals on the shape of dose-response curves, as 
depicted in Fig.  13.6 . The prevailing evidence, particularly in terms of PM effects 
on mortality, suggests that the response is linear or approximately linear across a 
wide range of concentrations measured in both developed and developing countries. 
Figure  13.7  shows that meta- analyses of multi-city studies of air pollution and mor-
tality have found similar effect sizes of PM 10  on mortality in all regions of the world, 
even though the concentration ranges differ greatly between these regions.   

 The studies summarized in Fig.  13.7  show an excess risk of all-cause mortality 
per 10 μg/m 3  increase in PM 10  ranging from 0.27 % (95 % CI, 0.12–0.42 %) in the 
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8 Asian studies reviewed by Anderson et al. to 0.77 % (95 % CI, 0.6–1 %) in the 
2012 Latin American nine-city study conducted by Romieu et al. The variation in 
these estimates is not apparently correlated with PM 10  levels, as similar estimates 
were reported in two studies that were conducted in areas with several-fold differ-
ences in PM 10  (Schwartz  2004 ; Chen et al.  2012 ). Considering likely contributions 
of inter- population variability and differences in the statistical methods to the varia-
tions in the concentration-response relationship between different studies, the esti-
mates are remarkably similar, suggesting that the dose-response relationship 
between PM 10  exposure and mortality is fairly constant across air pollution levels. 

  Fig. 13.6    Hypothetical shapes of concentration-response relationships       

  Fig. 13.7     Excess risk of mortality and 95 % confi dence intervals associated with a 10 μg/m  3  
 increase in PM  10   concentration . There appear to be small variations between the increased 
all- cause mortality risk associated with unit increases in PM 10  between countries and regions, sug-
gesting a linear dose-response relationship between air pollutants and mortality.  Dots  represent 
mean increases in percent mortality risk per 10 μg/m 3  increase in PM 10  from multi-city or multi-
study models. The  bars  represent 95 % confi dence intervals. Any mean change in risk with confi dence 
interval  bars  not overlapping the  dashed zero line  represents a signifi cant change. This fi gure is 
based on a similar one in (Anderson et al.  2010 ) (Sources: Levy et al.  2000 ; Stieb et al.  2002 ; 
Schwartz  2004 ; PAHO  2005 ; Anderson et al.  2010 ; Chen et al.  2012 ; Romieu et al.  2012 )       
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However, from a toxicological standpoint, differences in PM 10  chemical composi-
tion are expected to cause differences in PM toxicity. This is supported by limited 
epidemiological evidence. For example, PM 2.5  rich in secondary species, such as 
sulfate and nitrate, and certain organic compounds has been associated with greater 
effects on mortality. Specifi cally, it was found that transmural myocardial infarc-
tions (MIs), blockages of major coronary arteries, were more associated with PM 2.5  
that was composed mostly of nitrate, sulfate, and ammonium and had the least ele-
mental carbon (Rich et al.  2013 ). The fact that similar PM 10 -mortality relationships 
(effect size) were observed as shown in Fig.  13.7  may not refl ect PM 10  toxicity or 
effects. In these studies, PM 10  concentrations may have simply served as a surrogate 
for exposure to the whole pollution mixture.  

13.5.2     Composition of Pollution Mixture 

 Another issue that needs to be considered in understanding the health effects of air 
 pollution in developing countries is the difference in the pollution mixture composi-
tion compared to that in developed countries. In most areas of developed countries, 
concentrations of sulfur dioxide and carbon monoxide, for example, are low and 
potentially below a threshold level for health effects. This is perhaps a major reason 
that PM has often been used in epidemiological studies and has been regarded as the 
outdoor air pollutant most relevant to health in estimating risk (as done in the global 
burden of disease assessment). In contrast, the gaseous pollutants in areas of devel-
oping countries are still high enough to cause signifi cant health problems, or they 
may be a more accurate surrogate for certain air pollution sources (e.g., SO 2  for coal 
and high-sulfur oil combustion) than PM 10  or PM 2.5 . For example, ambient SO 2  
concentrations in Chinese cities have been associated with various adverse health 
effects, such as pathophysiological biomarkers of adverse cardiopulmonary events 
(Huang et al.  2012b ; Rich et al.  2012 ), respiratory symptoms and lung function 
(Roy et al.  2012 ; Zhang et al.  2002 ), and low birth weight (Wang et al.  1997 ). The 
associations were stronger with SO 2  than PM 2.5  or PM 10  in some of these studies.   

13.6     Historical Lessons and Recommendations 

 Since the Industrial Revolution, urban air pollution has been an incessant problem. 
Local air quality became so severe in the early and mid-twentieth century that 
industrialized countries such as the U.K. and the U.S. had to establish the Clean Air 
Act or similar laws to protect the public from the harmful impact of air pollution. 
Pollution control technologies have been developed and advanced consistently to 
meet the increasingly stringent air quality standards. For example, although gross 
domestic product (GDP) and vehicle miles traveled increased by 133 % and 92 %, 
respectively, from 1980 (10 years after the US Clean Air Act was passed) to 2012 in 
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the U.S., the aggregate emissions of the six criteria pollutants decreased by 67 % in 
the same period (see Fig.  13.8 ). A recent analysis of the relationship between reduc-
tions in ambient PM 2.5  concentrations and increases in life expectancy in U.S. cities 
suggests that the 1970 Clean Air Act alone may have extended life expectancy by a 
half year to a year (Pope et al.  2009 ). The additional measures of the 1990 Clean Air 
Act Amendment have and will continue to reduce a number of disease burdens, as 
is shown in Table  13.1 . The formula for this kind of success may be simply 
described as: 

   Legislation + Technology + Enforcement = Clean Air 

 On the contrary, air quality in some developing countries such as China has 
 actually become worse long after the establishment of national air quality standards 
(China’s fi rst clean air law was passed in 1989). The key issue, hence, is not the lack 
of laws or regulations, but the effectiveness in enforcing the laws, pointing to the 
importance of “Enforcement” in the clean air success formula. Today in places like 
China, air pollution problems are so severe and widespread that they consistently 
become major topics in the press. During severe smog episodes schools are closed, 
people are advised to stay indoors, and people use air fi lters or purifi ers and wear 
dust masks. There is strong public support to combat the air pollution. The timing 
for the above success formula is ideal, as developing countries do not have to go 
through the long history during which developed countries learned about  various 
aspects of air pollution (e.g., sources, fate and transport, and health effects). Most 
importantly, developing countries have opportunities to utilize the most advanced 

  Fig. 13.8     The 1970 Clean Air Act lowered emissions of key air pollutants even as energy 
consumption, GDP, vehicle miles, and population increased  (This graph was adapted directly 
from the US EPA website USEPA  2014c )       
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emission control technologies that were nonexistent when developed countries 
experienced their worst air pollution problems.     
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