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Abstract: More than half of the world’s population now lives in cities as a result of unprecedented
urbanization during the second half of the 20th century. The urban population is projected to
increase to 68% by 2050, with most of the increase occurring in Asia and Africa. Population growth
and increased energy consumption in urban areas lead to high levels of atmospheric pollutants that
harm human health, cause regional haze, damage crops, contribute to climate change, and
ultimately threaten the society’s sustainability. This article reviews the air quality and compares the
policies implemented in the Mexico City Metropolitan Area (MCMA) and Singapore and offers
insights into the complexity of managing air pollution to protect public health and the environment.
While the differences in the governance, economics, and culture of the two cities greatly influence
the decision-making process, both have made much progress in reducing concentrations of harmful
pollutants by implementing comprehensive integrated air quality management programs. The
experience and the lessons learned from the MCMA and Singapore can be valuable for other urban
centers, especially in the fast-growing Asia-Pacific region confronting similar air pollution
problems.

Keywords: air pollution; air quality management; health impacts; urban atmosphere; regional haze;
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1. Introduction

The number, size, and geographical distribution of large urban centers have increased
dramatically during the second half of the 20th century. In 2018, 55% of the world’s population (7.6
billion) lived in urban areas and this is projected to increase to 68% by 2050, with most of the increase
taking place in Asia and Africa [1]. The growth in urban population and the increased demands for
energy by transportation, household activities, power generation, and industry have led to the
emissions of large amounts of air pollutants with adverse impacts on human health and the
environment. According to World Health Organization (WHO), air pollution is the most pressing
environmental health crisis in the world; it was responsible for more than 7 million premature deaths
in 2016 of which around 4.2 million were attributed to ambient (outdoor) air pollution [2]. While air
pollution affects all regions, socioeconomic groups, and age groups, there are distinct geographical
differences in exposure levels, with South East Asia, the Eastern Mediterranean, and the Western
Pacific Regions having the highest air pollution levels [3,4].

Cities are the engines of economic growth in many countries of the world; however, many fast-
growing cities are also struggling with environmental degradation, traffic congestion, inadequate
urban infrastructure, and a lack of basic services, such as water supply, sanitation, and waste
management. Maintaining economic growth, while creating sustainable livable cities for all residents,
is the biggest urban challenge facing many countries today.
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This article compares the air quality and the policies implemented in the Mexico City
Metropolitan Area (MCMA, which includes Mexico City and contiguous municipalities as defined
below) and Singapore and offers insights into the complexity of managing the air pollution problem
to protect the public health and the environment. While there are similarities between the two urban
centers as both are challenged to control severe air pollution as a result of rapid population growth,
industrialization, and motorization, there are some important differences. Singapore is a city-state
with very different governance from that of a city such as Mexico City. Mexico and Singapore started
out with comparable GDP per capita in 1960, but it has increased dramatically for Singapore,
changing from $428 in 1960 to $57,700 in 2017 [5], making it one of the highest per capita GDP and
strongest economies of the world. In contrast, the GDP per capita of Mexico was $342 in 1960 and
reached $8910 in 2017, about six times lower than Singapore. Mexico City contributes about 16% to
the national GDP and its GDP per capita is about $19,000, much higher than the rest of the country,
although it is three times lower than that of Singapore.

The differences in the governance, economics, and culture of the two cities greatly influence the
decision-making process. Both cities have worked to overcome severe air pollution problems;
Singapore has become one of the cleanest cities in Asia while Mexico City has become a model for
the emerging cities in the developing world. Nevertheless, both cities face ongoing challenges to
continue reducing concentrations of harmful pollutants to protect the population, as presented in this
article.

An overview of air quality trends and air quality management programs are provided in
Sections 2 and 3 for the MCMA and Singapore, respectively. Section 4 compares the challenges and
lessons learned from the experience of the two cities and Section 5 provides the concluding remarks.

2. Mexico City Metropolitan Area
2.1. Basic Information about the Mexico City Metropolitan Area

2.1.1. Governance

Mexico City Metropolitan Area consists of the 16 boroughs (alcaldias) of Mexico City (Ciudad de
Meéxico, or CDMX, formerly known as the Federal District, DF), 59 municipalities of the State of
Mexico, and one municipality from the State of Hidalgo. With over 21 million inhabitants, the MCMA
is one of the largest megacities of the world and the most populous metropolitan area in North
America [6].

In Mexico, the right to clean air and a healthy environment is supported by different levels of
Mexican legislations: (a) Constitution: Article 4 recognizes the right to a healthy environment, (b) the
recent Constitution of Mexico City: Article 16 guarantees the right to a healthy environment and
requires the development of public policies for the protection of the environment, including the
atmosphere [7]. Because Mexico City is also the capital of the nation, it can never become a state;
however, Mexico City has the same level of autonomy comparable to that of a state. The Secretariat
of Environment (SEDEMA) is responsible for Mexico City’s environmental programs, including air
quality management and climate action plans. Similarly, the environment secretariats of the State of
Mexico and State of Hidalgo manage the environmental programs of their respective states. In 1996,
the Metropolitan Environmental Commission (CAM) was created to coordinate the various levels of
government that converge in metropolitan environmental problems [8]. The members of CAM
consisted of the federal Secretariat of Environment, Natural Resources, and Fisheries (SEMARNAP),
the federal Secretariat of Health, the Chief of Government of the Federal District, and the Governor
of the State of Mexico. CAM was replaced in 2013 by the Megalopolis Environmental Commission
(CAMe) to coordinate the environmental issues in the megalopolis, which covers Mexico City and
the contiguous municipalities of five surrounding states (Puebla, Tlaxcala, Morelos, Hidalgo, and
Mexico) [9], as described below.

In addition to the local environmental agencies, at federal level the Mexican Secretariat of the
Environment and Natural Resources (SEMARNAT) is responsible for the protection and
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management of natural resources and enforcement of environmental laws. The National Centre for
Disaster Prevention (CENAPRED) is responsible for risk management and disaster prevention in
Mexico to reduce public exposure to meteorological, hydrological, geological, and chemical hazards
such as tropical storms, flooding, earthquakes, volcanic eruptions, and chemical releases. The
National Meteorological Service (SMN) provides forecasts and warnings on weather condition, as
well as information on meteorology and climatology for the entire country to support decision
making.

2.1.2. Population and Urban Development of the MCMA

Mexico City has undergone massive transformations in urbanization and demographics
throughout its history [10]. The population of the Valley of Mexico went from less than 2 million
inhabitants in 1940 to more than 21 million in the year 2016, and the urban area increased from about
120 km? to 7585 km? during the same period. The population growth and the urban expansion pushed
the city beyond Mexico City and into the State of Mexico as well as some parts of the State of Hidalgo.
Currently, the MCMA includes 8.8 million inhabitants in Mexico City occupying an area of 1485 km?,
12.5 million inhabitants in the 59 municipalities of the State of Mexico covering an area of 6000 km?,
and 130,000 inhabitants in the municipality of Tizayuca in the State of Hidalgo in an area of 100 km?
(see Figure 1) [11].

The population growth rate of Mexico City has steadied since 2000, while the urban population
of the State of Mexico has increased; therefore, more municipalities of the State of Mexico have been
added to the MCMA over the years. In fact, the neighboring metropolitan areas (Puebla, Tlaxcala,
Cuernavaca, Pachuca, and Toluca) have also shown increasing demographic growth. This multiple
expansion has produced a contiguous urban complex known as the Mexico “Megalopolis” that
include Mexico City and the contiguous municipalities from five states (Mexico, Puebla, Tlaxcala,
Morelos, and Hidalgo) with an estimated population of about 31 million.

Bl MCMA urbanareas
— MCMA limits
] RAMA stations

2,400
|-

0

Figure 1. Mexico City Metropolitan Area in 2016. The black squares refer to the automatic air quality
monitoring stations (RAMA). The background color scheme represents the elevation above sea level.

The combination of continuous urban expansion and growing economic activities has induced
the daily movement of a large number of people and goods, as well as substantial changes in land
use in the region, leading to increased energy demand. Figure 2 shows the energy consumption for
the MCMA between 1990 and 2014, illustrating the largest increase in the transport sector.
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Figure 2. Trends in energy consumption for the key sectors in the Mexico City Metropolitan Area
(MCMA). Source: SEDEMA [11].

2.1.3. Topography and Meteorology of the MCMA

The MCMA lies in an elevated basin at an altitude of 2240 m above mean sea level (masl) and is
surrounded by mountains and volcanoes on three sides, with an opening in the north to the Mexican
Plateau and a mountain gap to the southeast (Figure 1). The MCMA has a subtropical highland
climate: A cool dry season from November to February is followed by a warm dry season until May
and a rainy season from June to October. The MCMA's semi-closed basin, together with its altitude
and latitude, induce the meteorological factors that characterize each of the seasons throughout the
year in the region. The hot dry season is characterized by high-pressure systems with clear skies, high
solar radiation, and weak wind most of the day promoting photochemical processes that form ozone
(Os) and other oxidants, as well as increase secondary aerosol loadings through chemical reactions,
dust, and biomass burning; in addition, the prevailing wind pattern causes the stagnation of
pollutants in the southern area of the basin. Weak winds and strong temperature inversions at night
also lead to high primary pollutant concentrations during rush hour that continue into the morning,
followed by very rapid boundary layer growth to about 2 to 4 km in the early afternoon [12]. The
high elevation and the basin-mountain circulation ventilate the basin effectively; consequently, there
is relatively little recirculation or day-to-day carry-over of pollutants within the basin [13]. The cool
dry season has stronger surface inversions and higher morning concentrations of primary pollutants.
The rainy season has lower concentration of particulate matter (PM) but continues to have relatively
high Os concentration because of intense photochemical reactions occurring prior to the precipitation
in the afternoon. Thus, high Os episodes can occur throughout the year in the MCMA due to its
subtropical latitude and high altitude [14].

2.2. Infrastructure and Air Quality Management Tools

Since the 1990s, the Mexican government has made significant progress in improving the air
quality of the MCMA by developing and implementing successive comprehensive air quality
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management programs that combined regulatory actions with technological changes and were
informed by scientific research. In an effort to successfully achieve clean air goals, the government
has established air quality standards, developed an air quality monitoring network, built emission
inventories, invested in a forecasting air quality model, and supported research field studies. The
combined information on emissions inventory, land cover and urban morphology, meteorology, and
atmospheric chemistry enables air quality models to be developed and to be used as a tool for
forecasting potential air pollution episode, as well as evaluating past episodes and the efficiency of
control measures.

In 1994 and following the lead from the US government, the Mexican government established
the first ambient air quality standards for ozone (Os), carbon monoxide (CO), nitrogen dioxide (NO2),
sulfur dioxide (SOz), lead (Pb), and particulate matter 10 micrometers or less in diameter (PM10) with
the aim of protecting public health. The standards are defined by the Secretary of Health and are
reviewed periodically. The standards were updated in 2014 for Os, PMio, and PM:s (particulate matter
2.5 micrometers or less in diameter) and in 2010 for SOz, but the standards for Pb, CO, and NO:have
not been updated since the onset [15-20]. The current air quality standards for Mexico are presented
in Table 1.

Table 1. Mexico’s ambient air quality standards, Singapore’s air quality targets, and WHO's air

quality guidelines.
Mexico * Singapore ** WHO ***
Pollutant Max. Limit (ug m3) Targets by 2020 (ug m3)  Guidelines (ug m=3)
186 (1-h mean)
Os 137 (8-h mean) 100 (8-h mean) 100 (8-h mean)
50 (24-h mean) 50 (24-h mean)
PMuo 75 (24-h mean) 20 (ann mean) 20 (ann mean)
PM 45 (24-h mean) 37.5 (24-h mean) 25 (24-h mean)
B 12 (ann mean) 12 (ann mean) 10 (ann mean)
290 (24-h) 50 (24-h mean) 20 (24-h mean)
SO: 520 (8-h mean) .
15 (ann mean) 500 (10-min mean)
65 (ann mean)
10 mg m-3(8-h mean)
-3 (8- _
(€0 12.5 mg m=3(8-h mean) 30 mg m (1-h mean)
Pb 1.5 (3 month mean) - -
200 (1-h mean) 200 (1-h mean)
NO: 400 (1-h mean) 40 (ann mean) 40 (ann mean)

* Air quality standards for Os, SOz, NOz, and CO in Mexico are reported in parts per million (ppm);
they are converted to pug m™ for comparison at a reference temperature of 298 K and barometric
pressure of 1 atm.

** Singapore does not have air quality standards; the country has established air quality targets for 2020.
*** WHO Air Quality Guidelines [21].

The Mexico City atmospheric monitoring system (Sistema de Monitoreo Atmosférico or SIMAT)
has a wide geographic coverage and good data collection capacity through its four networks
(automatic, manual, atmospheric deposition, and meteorological). It is one of the most advanced in
Latin America. Figure 1 shows the locations of the automatic atmospheric monitoring network (Red
Automdtica de Monitoreo Atmosférico, RAMA). The air quality data, along with UV index and
meteorological forecasting, are posted hourly on the SEDEMA website; they are also available via
mobile app. The air quality forecast alerts the public in advance about critical pollution levels, helping
to prevent exposure to harmful pollutants. In concert with CAMe, SIMAT announces contingency
actions when measured pollutants levels are above critical threshold [22]. To meet such tasks, SIMAT
is equipped with an air quality monitoring center, an environmental analysis laboratory, and a data
center.
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The MCMA emissions inventory is very well developed and is in compliance with the BASIC+
certification issued by C40 (a network of the world’s megacities and cities committed to addressing
climate change). The inventory is updated every two years and includes criteria and toxic pollutants,
black carbon and greenhouse gases, as well as the diurnal and spatial variability of the emissions.
The inventory estimates emissions of about 2150 regulated industries, and about 3000 regulated
commercial and residential activities, in addition to contributions from vehicular traffic, aviation
operations, waste and wastewater management, and natural sources (i.e., biogenic sources) over a
gridded area of 1 km x 1 km cells (as needed for modeling purposes). Current and past emissions
inventories are available on the SEDEMA website [11].

Mexico City government has maintained an extensive communication infrastructure and
deploys various strategies to disseminate information to the public. These include real-time reporting
of ambient air quality data and forecasting, which are available to the public via its website and
mobile app, and are used by the news media in weather forecast to alert the public of high pollution
episodes and severe weather events, as well as providing hydrometeorological notices and risks atlas.

2.3. Air Quality Trends

Since the 1960s, there were limited measurements of pollutants, particularly SO: and total
suspended particles (TSP) [23]. The government of Mexico City started monitoring air quality in the
1970s with a manual network of 22 stations for SOz and TSP. The automatic air-quality monitoring
network, established in the late 1980s, revealed high concentrations of all criteria pollutants, placing
Mexico City air pollution problems among the worst in the world.

Figure 3 shows the percentage of change of the annual average concentration relative to the
annual average of 1990 for each of the main air pollutants in the MCMA (for PM2s, the reference is
the annual average of 2004, since PM25 measurements started in 2003). The figure shows that after
more than three decades of comprehensive air quality management programs, Mexico City has made
important advances to reduce air pollution. The atmospheric concentrations of Pb, SOz, and CO have
significantly reduced and are below the current air quality standards. However, although Os, PMio,
and PM:s concentrations have also decreased substantially, they are still at levels that are above the
respective air quality standards. Furthermore, no declining trend for Os and PM2s has been observed
since 2006, and several severe pollution episodes in recent years suggest that their concentrations
could be increasing [24].
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Figure 3. Percentage of change of the annual average concentration with respect to the annual average
of 1990 for each of the main air pollutants in the MCMA. For PM25, the reference is the annual average
of 2004. Averages were calculated for sites with 275% of valid data (graphs plotted by authors with
information obtained from SIMAT website [22]).

2.4. Emissions Inventory

The MCMA has developed emissions inventory since the late 1980s, in which mobile source
emissions were estimated using traffic counts while industrial emissions were estimated by voluntary
survey [Molina and Molina, 2002]. Since the year 1994, the emissions inventory covers four categories:
Point sources (industry), area sources (services and residential), mobile sources (transportation), and
natural sources (vegetation and soil). Figure 4 shows the emission trends by sectors for non-methane
volatile organic compounds (NMVOCs), NOx, CO, PMi, PM:s, and SO2. There are important caveats
to consider when comparing the time evolution of MCMA emissions, including: (a) Emission models
and versions used for past and newer inventories; (b) changes in repository databases of activity data;
(c) selected emission factors for specific sources are often updated using improved information; (d)
changes in assumptions and methodologies are often applied in newer inventory versions (e.g.,
adding new, removing, or grouping of similar emission categories; in general, the more recent
inventories include more categories); and (e) changes in the spatial extent of the inventory (e.g.,
including more peripheral municipalities). Differences in data quality protocols during the emissions
estimation can also affect the comparison between past and current inventories. Due to the
uncertainties introduced by these issues, the time evolution of emissions shown in Figure 4 should
be considered only as illustrative until past inventories are re-calculated using the current models
and methods.

2500
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(c) cO
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~
«
o
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Gg per year
w
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0 0
40 20 16
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a
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Figure 4. Emissions time series (2000-2016) by sectors for: (a) non-methane volatile organic
compounds (NMVOCs), (b) NOx, (c) CO, (d) PMuo, (e) PMzs, and (f) SOz obtained from the official
MCMA emissions inventory [25]. The emissions presented here are lumped in major sectors.

The most recent 2016 MCMA emissions inventory includes several improvements relative to
previous inventories, such as the number and specificity of source categories and pollutants, and the
use of MOVES (motor vehicle emission simulator) developed by US Environmental Protection
Agency [26] adapted for Mexico, MOVES-Mexico, for estimating emissions from mobile sources.
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Table 2 presents the annual emissions of the MCMA for the year 2016 and Figure 5 shows the
contributions by source category.

Table 2. Annual emissions (tons per year) of the MCMA for the year 2016.

Sources PMw PM:s SO: CO NOx NMVOC NHs BC Toxics CO2eq

Point 3,055 2,256 878 9,850 12,603 26,130 126 413 12,882 9,547,220

Area 21,859 7,255 1,216 72,278 12,224 267,996 45568 391 84,010 18,196,532

Mobile 11,123 5,497 568 646,434 115275 77,051 2,023 1,897 22,474 34,571,330

Natural 1,930 425 N/A N/A 505 44,912 N/A 0.4 4018 N/A

Total 37,967 15,433 2662 728,561 140,607 416,089 47,717 2701 123,384 62,315,082

Source: SEDEMA Emissions Inventory [25].
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Figure 5. Contributions of emissions sources to the 2016 MCMA emissions inventory. HAP denotes
hazardous air pollutants or air toxics. (Adapted from SEDEMA [25]).

As shown in Figure 5, area sources contribute to high emissions of PMi,, PMzs, NMVOC,
ammonia (NHs), SOz, and hazardous air pollutants (HAP) or air toxics. The inventory includes the
emissions of 172 toxic species (both gaseous and metals). The seven most abundant are toluene,
xylenes, 1,1,1-trichloroethane, isopropanol, hexane, benzene, and methyl tert-butyl ether (MTBE).
Key area sources include: Consumer products, solvents, aircraft operations, and fuel in the residential
sector. Mobile sources have high emissions of PMio, PM25, NOx, CO, NMVOC, black carbon (BC), and
greenhouse gases (GHG, expressed as COzeq). Key mobile sources include: Private vehicles, taxis,
microbuses, and heavy-duty diesel vehicles. Point sources have medium-small emissions of all
pollutants except for CO and NHs. Key point sources include printing, plastics, food, metallic
products, and chemical and electricity generation industries.

2.5. Air Quality Management Programs in the MCMA

Concerted efforts by the Mexican authority to deal with the air pollution problem in the MCMA
began in 1971 with the passage of the Federal Law for the Prevention and Control of Environmental
Pollution [27], a year after the US Clean Air Act [28]. Subsequently, several environmental laws were
introduced; however, actions to prevent pollution were limited during the financial crisis of the 1980s
and the Mexico City’s earthquake in 1985. By the mid-1980s, the public was increasingly alarmed
about the worsened air pollution when the newly established air quality-monitoring network RAMA



Atmosphere 2019, 10, 512 9 of 60

revealed high concentrations of all criteria pollutants, with Os peaking above 300 ppb 40-50 days per
year, leading Mexico City to be ranked as the most polluted megacity in the world at that time [29].

Responding to increased public pressure concerning the worsened air pollution, the government
of Mexico announced emission reduction actions and strengthened the legal framework with the
General Law of Ecological Equilibrium and Environmental Protection (Ley General del Equilibrio
Ecolégico y la Proteccion al Ambiente or LGEEPA) that defined responsibilities at federal, state, and local
government levels [30]. The government of Mexico City (Federal District at that time) and the State
of Mexico were responsible for regulating emissions from commercial enterprises, private motor
vehicles, and public transportation services under their jurisdiction. It soon became clear that air
pollution in the metropolitan area has to be addressed on the regional level. During the 1990s, the
federal government established several administrative agencies to address environmental issues,
including the CAM to coordinate the various levels of government dealing with metropolitan
environmental problems. An Environmental Trust Fund for the Valley of Mexico was created
exclusively to support CAM projects by receiving money collected from the application of a
surcharge of gasoline sold in the MCMA. International environmental agencies and financial
institutions, international and national academic institutions, and foreign governments also provided
financial and technical support, e.g., the World Bank, the Japanese International Cooperation Agency
(JICA), and the German Technical Control Agency (GTZ) [14]).

Most of the Mexican air pollution control programs in the 1960s and 1970s targeted the
ostensibly visible pollution sources, such as the industrial facilities emitting large quantities of soot
and smoke. By the late 1980s and early 1990s, pollution reduction actions focused on both Os and
particulate matter as the monitoring information showed increasing trends on these pollutants. The
emissions targeted by these regulations were the Os precursors VOCs and NOx, with the
transportation sector being the most important emission source.

The MCMA has benefited from the Los Angeles experience as it started to clean up its air two
decades later by adopting strategies and emission control technologies pioneered by California
following the recognition of the Los Angeles smog in the 1950s by Haagen-Smit [31]. The actions
included the introduction of unleaded gasoline and eventual elimination of lead in gasoline, three-
way catalytic converters, stringent NOx control for Os and PMzs, low-sulfur fuels, and diesel particle
filters introduced by the California Air Resources Board [32].

Figure 6 compares the air quality trends (for Os and PM) in the MCMA, the South Coast Air
Basin (SoCAB, consists of Orange County and the non-desert region of Los Angeles, Riverside and
San Bernardino with a population of 18 million), and Singapore. The air quality in the MCMA and
SoCAB shows similar trends. Os and PMio have decreased significantly in both air basins, but even
more rapidly in the MCMA, so that the concentrations in the MCMA have approached those in
SoCAB in recent years despite a large difference in the institutional capacity, financial resources, and
technical personnel, which are necessary for developing and implementing emission control
programs. A comparative study of the air quality management between the MCMA and Los Angeles
is provided in Chapter 2 of Molina and Molina [14]. In the case of Singapore, the air quality data for
the 1980s and 1990s were not available; however, as discussed later in Section 3.3.1, the integrated
urban and industrial planning, strict enforcement plan, and cost-effective policies have allowed the
control of PMi and Os. Nevertheless, PM2s annual concentrations have not changed along this
century, as in the case of the MCMA and SoCAB.

The first air quality management program, Comprehensive Program Against Air Pollution in
the MCMA (Programa Integral contra la Contaminacién del Aire or PICCA), was implemented in 1990
[33] and subsequently was replaced by the Program to Improve the Air Quality in the Valley of
Mexico (Programa Para Mejorar la Calidad del Aire en el Valle de México 1995-2000 or PROAIRE 1995-
2000) in 1996 [34]. In 2002, the 10-year air quality management program (PROAIRE 2002-2010) was
developed [35], and in 2010, the current air quality management program (PROAIRE 2011-2020) was
enacted [36].

An analysis of the air quality management programs and recommendations were conducted by
the Massachusetts Institute of Technology (MIT) Integrated Program on Urban, Regional, and Global
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Air Pollution at the request of the Mexican authority, which provided the foundation for the
PROAIRE 2002-2010 and was documented in the book of Molina and Molina [14]. The assessment
on the air quality programs presented here (Section 2.6) was obtained from the book and updated
using the document prepared from a workshop held in September 2018 to evaluate the progress of
the current air quality management program (PROAIRE 2011-2020); it was sponsored by SEDEMA

and included the participation of local governments, scientific and policy experts, and relevant
stakeholders [37].
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Figure 6. Comparison of air quality trends (for Os and PM) in the MCMA, South Coast Air Basin
(SoCAB), and Singapore (graphs plotted by authors with data from SIMAT [22], South Coast Air
Quality Management District [38], and Singapore Department of Statistics [39]).

As discussed later, the most important factor in the successful environmental management is the
political will to transform the best available scientific and technological knowledge into action, with
strong social support. The following summarizes the air quality management plans developed and
implemented by the Mexican authority as a means to demonstrate how a megacity with limited
resources successfully coped with severe air pollution problems.

(1) Vehicle technology and fuel improvement and substitution:

Development and enforcement of the Program for Atmospheric Environmental
Contingencies, which includes restrictions on vehicle circulation and reductions in industrial
activities during high pollution days (starting in 1986 and updated subsequently).
Introduction of the obligatory vehicle verification program (Programa de Verificacion Vehicular
Obligatorio, or PVVO) in 1988; subsequent enhancement of the program through a centralized
system and advanced measurement technology.

Introduction of oxygenated gasoline in 1989.

Implementation of mandatory “No Driving Day” (Hoy No Circula, HNC) Program in 1989
and subsequent revisions.

Introduction of unleaded gasoline in 1990 and complete phase out of leaded gasoline in 1997.
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Introduction of two-way catalytic converters in new gasoline vehicles in 1991, and
mandatory use of three-way catalytic converters in 1993 for new gasoline vehicles.
Introduction of alternative fuels, liquefied petroleum gas (LPG), and compressed natural gas
(CNGQ) for vehicles starting in 1992.

Reduction of Reid Vapor Pressure and limits on olefins, aromatics, and benzene content in
gasoline in 1996.

Gradual reduction of sulfur in diesel starting in 1998.

Introduction a diesel vehicles self-regulation program.

Introduction and enhancement of Comprehensive Pollutant Emission Reduction Program
(PIREC) in 1999.

Introduction of a school transportation program in 2009.

Introduction of roadside monitoring in 2016.

(2) Emissions reduction actions for industrial and commercial sectors:

Substitution of heavy fuel oil for natural gas in power plants and major industrial facilities
starting in 1986.

Closing down of a large refinery located within the city in 1990.

Gradual relocation of major industries to areas outside of the MCMA starting in 1990.
Installation of emission controls in fuel storage tanks and vapor recovery in the gasoline
distribution system starting in 1996.

Requirement of environmental permits (“licencia ambiental”) for new stationary sources and
annual operations reporting.

Establishment of Inspection and Environmental Audit Programs.

Promotion of cleaner technologies by providing fiscal incentives and tax exemptions.

(3) Actions on transport planning:

Expansion of the Metro, light train, and trolley buses.

Introduction a program for replacement of old taxis.

Establishment of model age limits for taxis and microbuses.

Introduction of new buses with cleaner technology.

Scrapping of old buses, taxis, and freight transport.

Introduction of bus rapid transit system (BRT, locally called Metrobus) in 2005.
Promotion of non-motorized transportation (cycling and walking).

(4) Actions on ecological restoration:

Programs for rural and urban reforestation.

Programs for restoration of eroded areas.

Programs for controlling human settlements in rural areas.
Programs for fire prevention.

5) Environmental education and research programs:

Integration of environmental issues into regular education curricula.

Establishment of an epidemiological surveillance system.

Promotion of air quality research activities and collaboration with national and international
research communities.

2.6. Assessment of Air Quality Programs in the MCMA

2.6.1. Vehicle Technology and Fuel Quality

The modernization of the vehicle fleet in the MCMA started in the 1990s with the introduction
of catalytic converters in new vehicles, the distribution of unleaded gasoline, and the implementation

of stricter emission limits. The technological change and regulatory policies led to significant
reductions of vehicular emissions, despite the increasing number of vehicles.

In addition, gasoline was reformulated to limit the content of reactive compounds (olefins and
aromatics), to lower evaporative emissions (vapor pressure reduction), and to allow a minimum
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oxygen content (oxygenate requirement), aiming to reduce the potential formation of Os and other
oxidants, as well as air toxics such as benzene.

Substantial investments in refinery modernization have been made to lower the sulfur content
of gasoline and diesel distributed in the MCMA. In recent years, these fuels meet standards that are
comparable with low emissions urban quality fuels in the United States and Europe with an allowed
maximum sulfur content of 20 ppm (w/w) for gasoline and 15 ppm (w/w) for diesel. However, the
rest of the country, except the main metropolitan areas, main industrial corridors, and the US-Mexico
border region, still use high sulfur content diesel with a maximum allowed of 500 ppm (NOM-016-
CRE-2016) [40].

2.6.2. Obligatory Vehicle Verification Program

The obligatory vehicle verification program PVVO was first applied in the MCMA starting in
1988 with the objective of reducing vehicle emissions by mandatory inspection of the environmental
performance of the fleet and ensuring proper vehicle maintenance. The program mandates that the
emissions of each vehicle circulating in the MCMA must be inspected every six months [41]. The
program has been coupled with the “No Driving Day” program (see below)—depending on the
model year and the emission levels, the vehicles can obtain different exemptions, thus encouraging
the renovation of the fleet. Recently, the PVVO adopted the acceleration simulation mode (ASM)
emissions test and included tailpipe measurements of NOx emissions. Starting in 2011, a major
technological upgrade was implemented to improve the test performance and minimize the chances
of manipulation of testing results by technicians. Starting in 2016, the OBD (on-board diagnostics)
emission test was included as part of the tests for new vehicles [42].

The maximum permissible limits of emissions have been strengthened several times and new
testing instruments have been added to improve measurement capabilities, such as dynamometers
for dynamic calibration, new configuration and equipment for the measurement of pollutant
emissions and ultrafine particles, and equipment for physical-mechanical testing.

2.6.3. No Driving Day (Hoy No Circula)

The “No Driving Day” (Hoy No Circula or HNC) program has its roots back in 1987 as a citizen
initiative to participate voluntarily to avoid using cars once a week (see Appendix B of Molina and
Molina [14]). The program became mandatory in 1989 as part of a short-term emergency program for
the winter months. Based on the last digit of the license plate, around 20% of all private vehicles were
banned to circulate one weekday per week between 05:00 and 22:00, with the aim of reducing
pollution, vehicular traffic, and fuel consumption. HNC became permanent in 1990 and was tied to
the PVVO. In 1991, taxis and public transport vehicles were included in the HNC program. In 1992,
vehicles using CNG or LPG were excluded from the circulation restrictions.

An undesirable consequence of the obligatory nature of the HNC was that families acquired an
additional vehicle, usually older, increasing the vehicular fleet during the first years of the program.
Despite this, a dramatic reduction in traffic-related pollution was observed in the following years
promoted by the technological controls of exhaust emissions and improved vehicle maintenance.

To make the HNC program more efficient, significant modifications have been made to the
circulation restriction and related policies. In 1997, a stickers code (“hologram”) was used to identify
the emissions level using the number “0” for low-emissions vehicle, and “1” and “2” for high emitters.
The vehicles equipped with three-way catalytic converter complying with tighter emission standards
were recognized with a “Zero” (“0”) sticker and were exempted from the driving ban. In 1999, new
vehicles meeting even tighter emissions limits were issued a “Double Zero” (“00”) sticker, exempting
them from driving restrictions and emissions inspections during the first two years. Vehicles
identified with a “2” sticker were included in the driving ban one day a week during weekdays and
additional restrictions during contingency alert. A natural consequence in these actions was the
gradual renewal of the vehicle fleet, with positive impacts on air quality despite vehicular growth.

The HNC program has undergone further changes in recent years, generally towards increasing
circulation restrictions for older and more polluting vehicles during weekdays and Saturdays. During
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2007, the sticker “1” was removed from the program and in 2008 vehicles not registered within the
MCMA were banned to circulate between 05:00 and 11:00. In 2014, electric and hybrid vehicles
received the sticker “0”, exempting them from any driving restriction. Sticker “1” was resumed in the
program but vehicles were banned to circulate one weekday per week and two Saturdays per month,
while those with sticker “2” were banned to circulate one weekday per week and during all
Saturdays. Recently, vehicles not registered in the entities of the megalopolis not only have morning
circulation restrictions, but they are banned one weekday per week and one Saturday per month.

In July 2015, there was a controversial decision by the Mexican Supreme Court withdrawing the
vehicle age requirement for obtaining the sticker “0”, and exempting any vehicle from driving
restrictions if it had complied with emissions limit. An immediate consequence of this court decision
was the increase in the number of vehicles in circulation, leading to an increase in mobile emissions
[24]. In 2016, after an extreme Os episode during March, the environmental authorities implemented
changes in the program and mandated the installation of on-board diagnostics system (OBD II) in
addition to exhaust emissions and visual inspection tests. The lack of OBD II in older vehicles
prevented them from complying with the new requirements for the “0” sticker, reversing to some
extent the impact of the previous court decision on the vehicle age requirements. In the second
trimester of 2016, the HNC was also temporarily modified in response to the extreme Os episode: In
addition to the regular restrictions, all vehicles were banned to circulate one weekday per week and
one Saturday per month during Phase I Contingency, in addition to the regular restrictions. After the
second semester of 2016, the check of OBD II became part of the regular tests of the PVVO.

In March 2019, the CAMe announced some changes to the program [43]. In 2020, all electric and
hybrid vehicles will be exempted from the driving restrictions. The sticker “00” will be granted to
new vehicles with a performance equal or superior to 15 km 1-'. The sticker “0” will be granted to
vehicles complying with the OBD II, exhaust emissions, and visual inspection tests. In the case of
motorcycles, the registration will be granted only for those that have emission controls or electrical
technology, and newer units will be expected to have EURO IV technology by 2021.

In conclusion, the HNC program has evolved over the years with a major shift in principal
objective from circulation ban to vehicle fleet renewal initiative by coupling with the PVVO Program
and providing strong incentives. The removal of older and more polluted vehicles from circulation
should help in reducing vehicle emissions.

2.6.4. Alternative Fuels: Compressed Natural Gas and Liquefied Petroleum Gas

Environmental authorities encouraged the conversion of intensively used vehicles to LPG with
certified equipment in the 1990s. The authorities also promoted the use of CNG by introducing
vehicles built to run on natural gas. In order to encourage the use of alternative fuels, the vehicles
running on LPG and CNG were exempted from the HNC program. More recently, the government
reviewed the compliance with the technical and administrative guidelines for LPG or CNG converted
vehicles, to assign them a “0” type sticker, allowing them to circulate every day of the week.

An important issue related to the use of CNG and LPG is the potential for increasing fugitive
emissions from such vehicles. Studies have found that leakages in the gas distribution and storage
systems of LPG an CNG are responsible for high concentrations of propane and butane in the
atmosphere of Mexico City that can be associated with the use of LPG for the residential, commercial,
service, and industrial sectors [44-46]. However, the residential, commercial, service, and industrial
sectors are the main consumers of both fuels. Estimates suggest that 65% of LPG in the MCMA is
consumed in the residential sector for cooking and water heating [47], while over 70% of CNG is
consumed by industries [25]. Therefore, it is important to establish inspection and maintenance
programs for industrial, commercial, and domestic installations. As part of the air quality and climate
action programs, the government of Mexico City is encouraging the use of solar heaters to reduce
dependence on LPG.

2.6.5. Diesel Vehicles Self-Regulation Program
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This is a voluntary program in which commercial companies are invited to establish
plans/initiatives for the replacement, preventive or corrective maintenance, and installation of post-
treatment systems of exhaust gases to their diesel vehicles, in order to reduce pollutant emissions
below those obtained by the HNC program. The self-regulated companies commit to submit semi-
annual reports of emission tests prepared by laboratories specialized in emission measurements for
mobile sources. The reports must be accompanied by the calibration certificates of the measuring
equipment used for the testing.

This program promotes the implementation of emissions control systems and fleet renewal with
advanced technologies to reduce emissions. The participating companies benefit from having their
registered vehicles exempted from driving restriction of the HNC program, even when an
environmental contingency is declared.

2.6.6. Program for Atmospheric Environmental Contingencies

The Program for Atmospheric Environmental Contingencies (Programa de Contingencias
Ambientales Atmosféricas, PCAA) is an emergency program with the aim of warning the public during
severe episodes and implementing actions to alleviate pollution levels (see Appendix A of Molina
and Molina [14]). It is based on the concentrations of Os, PM2s, and PMio reported by RAMA and
meteorological forecast. The program began in 1986 with two stages, Phase I and Phase II. In 1996, a
pre-contingency stage was included at lower levels than Phase I and was intended as a preventive
alert stage. Since 1986, the program had been updated several times with respect to the pollutant
concentrations used as contingency thresholds, implementation mechanism, and actions. Figure 7
shows a summary of the changes in the threshold concentrations used for Os. Main actions
implemented during a contingency include banning the circulation of some vehicles and reducing
the activities of high polluting industries. In 1990, a Phase I was declared when Os exceeded the value
of 250 on the metropolitan air quality index (IMECA, now air quality index or ICA in Spanish),
equivalent to 294 ppb. The contingency threshold has been continuously updated as shown in Figure
7. After a severe episode in March 2016, the Phase 1 contingency threshold was set at an ICA value
of 150, corresponding to Os concentration of 155 ppb and the pre-contingency stage was eliminated.
In May 2019, following a severe air pollution episode caused by regional wildfires, authorities
announced new actions during contingencies, including a preventive phase when Os level reaches
140 points (142 ppb) or PM2s reaches 135 points (81.4 pg m-3), and driving restriction to 50% of Mexico
City government official vehicles [48].

The program has the drawback of not guaranteeing an effective reduction of pollution levels on
the day the episode occurs; a reduction in exposure is only granted through the immediate actions
taken by individuals as a result of the initial warning. Currently, the local environmental authorities
are using an air quality forecasting system based on the WRF-CMAQ (weather research and
forecasting (WRF) and the community multiscale air quality (CMAQ)) model to anticipate severe
pollution events that could exceed the contingency threshold and affect public health, and to trigger
a preventive phase of the PCAA [49]. This air quality forecasting system, a collaboration between
SEDEMA and Barcelona Supercomputing Center , has been in place since 2017 to alert the public of
high pollution events 24 hours in advance and is available through the SEDEMA website [50].
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Figure 7. Daily maximum ozone concentrations (1990-2016) illustrating the changes on the threshold
used to trigger environmental contingency.

2.6.7. Reduction of Emissions in Industries and Services

The partial substitution of fuel oil by natural gas in the two power plants in Mexico City and the
use of low sulfur diesel in major industries around the MCMA have been successful in reducing SO:
concentrations in the MCMA, as well as emissions of particles and their precursors. Currently,
emissions are relatively well controlled for large industries, but not for the medium, small, and micro
industries. However, the large industrial Tula-Tepeji corridor, located about 70 km northwest of the
MCMA center, is still the main source of SOz and particulate sulfate in Mexico City [51,52].

The establishment of the environmental permits for industries of local jurisdiction (Licencia
Ambiental Unica, LAU) and for facilities of federal jurisdiction (Cédula de Operacion Anual, COA) has
been an important step for improving the environmental management of industries. However, the
emissions inventory shows that industries of local jurisdiction are still high emitters of NMVOCs,
while industries of federal jurisdiction are large emitters of NMVOCs and NOx. Some of the NMVOCs
emitted by industries are highly toxic and reactive. Furthermore, many industries are not included
in the MCMA emission inventory because they are not regulated and do not have reporting
requirements. There is also confusion in classifying small but abundant industrial sources as area
sources; some shops classified as area sources should in fact be considered as point sources.

Currently, there are no regulations in Mexico that control the VOC content in products for
commercial, industrial, or domestic use, such as cleaners, pesticides, and personal and automotive
care products. Also, VOC emissions from informal sources (e.g., food cooking street vendors, auto-
parts painting, and mechanical shops) will need to be better characterized. Efforts in reducing VOC
emissions from the transport and large industrial sectors have shifted the relative contribution of
emission sources to atmospheric loadings of VOC in urban areas, increasing the relative contribution
of VOC emissions from area sources. Therefore, in order to continue improving air quality, regulatory
efforts and technological changes should include control strategies for reducing key VOC compounds
from formal and informal area sources and to have a better understanding of the contribution of VOC
from consumer products in atmospheric chemistry.

2.6.8. Improvement of the Public Transportation System
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Although all the air quality management programs have prioritized the expansion of public
transportation to improve air quality and mobility, the MCMA has not provided the road
infrastructure required to accommodate needs of the massive population expansion. A lack of
coordination at the metropolitan level on transportation and urban planning exacerbates this
situation.

In recent years, in addition to the growing motorization rate, commuters have shifted from high-
occupancy modes of transport (e.g., buses and subway) to medium- and low-occupancy mass transit
vehicles and private cars. To a large degree, these changes have occurred because the existing
transportation system has not adequately adapted to the changing demographic spatial distribution
and more recently to public safety issues, resulting in new travel patterns. Because of inadequate
strategic urban planning, the areas for living, working, and other activities are dispersed and
disconnected. Low-income housing has been developed in locations that lack adequate mass
transportation options; similarly, new commercial development occurs with inadequate roadway
construction and transit access. The result is an increase in the number of trips from the periphery to
the urban center, and vice versa, leading to worsening congestion. A survey in 2017 found that 66.5%
and 31.1% of non-walking trips in the MCMA were done using public and private transportation,
respectively. About three out of four trips were done in microbuses (small occupancy vehicles)
whereas the “Metro” subway system is the second most used public transportation mode. About
90.5% of the private trips were done with private vehicles, of which 68.3% with only one occupant
[53].

The average vehicle speed in Mexico City reduced from 38.5 km h-! in 1990 to about 12 km h-!
in 2012, which is very close to an average bicycle speed [54]. Recent studies show that reducing
vehicle speeds are generally associated with stop-and-go driving conditions, which increase the
tailpipe emissions of both toxic and GHG [55]. The observed reduction in average transit speed in
Mexico City has led to a significant increase of vehicular emissions, in addition to increased
commuter’s exposure to harmful pollutants [56].

Improving the efficiency of the transportation systems is a long-term challenge that should
include regional coordination integrating urban planning, urban mobility, and air quality
management. The cooperation between federal and local agencies responsible for environment,
transportation, health, urban development, and public works is needed, as well as the public
participation. Furthermore, it is essential to develop metropolitan public transport policies that link
sufficient and efficient routes to the municipalities surrounding Mexico City, from where a significant
number of long-distance trips originate.

2.6.9. Integration of Metropolitan Policies

As mentioned above, since 2013 the Megalopolis Environmental Commission has been
responsible for coordinating the regional air quality programs of Mexico City with the surrounding
municipalities of five states. However, the different jurisdictions and available resources among the
entities of the megalopolis have created an ongoing challenge for the implementation of regional air
quality programs and is one of the major barriers for integrated sustainable environmental policies
in the megalopolis. In light of this challenge, the CAMe needs to be strengthened financially and
politically, making it effectively independent from the presiding government, as well as increase its
capacity building and of human resources. The CAMe should also increase its efforts to encourage
public participation. Academic, private, and non-governmental sectors should help in designing and
monitoring the implementation of environmental policies.

2.6.10. Climate Mitigation Plans

In addition to reducing emissions of criteria pollutants and Os precursors, Mexico City has aimed
to reduce emissions of GHG and short-lived climate pollutants (BC, methane, and
hydrofluorocarbons) through a series of air quality management programs and climate action plans
developed and implemented over the past decades. These actions have included strengthening
emission control standards for vehicles, promoting energy efficiency for public and private buildings,
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encouraging solar water heating, improving collection and disposal of solid waste, and using landfill
gas recovery to supply clean energy [57].

2.6.11. Health Impacts of Air Pollution

Most of the actions listed in the PROAIRE to reduce the emissions of pollutants are ultimately
related to decreasing the impacts of air quality on human health. In addition, the program explicitly
lists several strategies for protecting public health: Updating air quality thresholds and regulations
according to harmful effect, strengthening the early warning system for severe episodes,
communication of risk, updates to the PCAA, preventing impacts on climate change and health, and
establishment of a system for the evaluation of costs of health impacts. The improvements in air
quality since the 1990s suggest that important health benefits have been achieved in terms of reducing
chronic exposure. A recent collaborative study between SEDEMA and the Harvard School of Public
Health estimates that 22,500 premature deaths were avoided during the period of 1990 to 2015 due
to air quality improvement [58,59]. However, some air quality standards are still not met, and it is
estimated that 2000 premature deaths per year are attributed to exposure to PM25 and around 200 to
Os.

2.7. Scientific Research in the MCMA

Scientific research has played an important role in helping the environmental authorities of the
MCMA to characterize emission sources of pollutant species and their transport and transformation
in the atmosphere, identify effective emission reduction strategies, and monitor the progress of
regulations that are already in place to ensure that programs are successfully implemented. One of
the actions of the air quality management programs has been to enhance scientific research by
collaborating with national and international scientific and technical experts.

The high levels of aerosols and intense photochemical formation in the atmosphere of the
MCMA have motivated several large international collaborative field studies since the 1990s. Two
intensive field studies, the 1991-1994 Mexico City air quality research initiative (MARI) project and
the 1997 aerosol and visibility evaluation (IMADA-AVER), provided measurements of chemical
composition particulate and meteorological parameters for supporting air quality modeling [60-62].

As mentioned in Section 2.5, in 1999, the assessment of previous air quality programs conducted
by the MIT Mexico City Project to support the design of a new strategic plan for the following 10
years highlighted the need for more extensive experimental data from field measurements. Scientific
information was needed to update and improve the MCMA emissions inventory and to improve the
current knowledge of the chemistry, dispersion, and transport processes of the pollutants emitted to
the MCMA atmosphere. Innovative exploratory mobile and fixed site field measurements, sponsored
by CAM, were performed during February 2002. This was followed by the intensive MCMA-2003
field measurement campaign in the spring of 2003 by Molina et al. [63].

The MCMA-2003 field measurement campaign was carried out in April 2003 during the height
of the annual photochemical season by deploying a highly instrumented supersite and a mobile
laboratory for vehicle-chase sampling measurements, as well as for fixed multi-day measurements at
various locations around the MCMA. Many high time resolution instruments were deployed for the
first time during this campaign. MCMA-2003 and the exploratory mission in February 2002 generated
extensive data of many oxidant precursors, photochemical products, and intermediates including
radicals, speciated VOC, and PM, as well as meteorology and emissions [63]. MCMA-2003 scientific
findings were instrumental in the planning of the MILAGRO campaign in March 2006, the largest
and most important study on air pollution in the MCMA to date [64,65].

The MILAGRO (megacity initiative: Local and global research observations) campaign was a
large, international, multi-agency, collaborative project involving more than 400 researchers to
evaluate the urban and regional impacts of air pollution plume from a megacity. Mexico City
Metropolitan Area was selected as the case study. The month-long field measurements included a
wide range of instruments at ground sites (three supersites), on aircraft (seven instrumented research
aircraft), and satellites. Additional platforms in or near Mexico City included mobile laboratories and
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mobile and stationary lidars, observations from an eddy covariance flux tower within the urban core,
and fixed mobile units located at the boundary sites to measure criteria pollutants and meteorological
parameters. The overall campaign was supported by forecasts from meteorological and chemical
models, the ambient air quality monitoring network operated by SIMAT, and meteorological
measurements provided by SMN [64,65].

The MCMA-2003 and MILAGRO-2006 campaigns provided wide-ranging meteorological, gas,
and aerosols measurements. Over 200 peer-reviewed publications resulted from both intensive
campaigns [63-65]. The review of these publications significantly improved our understanding of the
meteorological and photochemical processes contributing to the formation of Os, secondary aerosols,
and other pollutants and their transport and transformation.

Since the MILAGRO campaign, there have been relatively few field studies conducted in the
MCMA, although some special studies have been conducted by SIMAT and university researchers.
The following highlights some of the major results from MCMA-2003 and MILAGRO campaigns as
well as results from recent studies.

2.7.1. Meteorology

The MILAGRO campaign provided the most extensive measurements of meteorology in the
MCMA to date. A conceptual model of meteorological flow patterns was developed for the MCMA -
2003 campaign with three event groups: Os-South, Os-North, and Cold Front [66]. This was extended
during the MILAGRO campaign with events such as South-venting, Convection-South, and
Convection-North [67]. These were very useful in classifying the air pollution episodes. Observations
and modeling studies showed that under most conditions, pollutant export from the basin was
relatively rapid and that pollutant carryover from day to day was not a major factor in the basin’s
photochemistry. Much of the air remained in the basin for less than 12 hours, and the recirculation
rate was generally less than 25%. The high elevation and the basin-mountain circulation effectively
ventilated the basin.

The variability of the boundary layer height over Mexico City was recently evaluated by Garcia-
Franco et al. [68] through continuous backscattering measurements using a commercial lidar for five
years. This long-term study allowed them to investigate the impact of the boundary layer evolution
on the local air pollution and meteorology. They consistently found maximum heights over 2.7 km
and minimum heights below 500 m throughout the year.

Larger-scale meteorology influences surface Os concentrations. Barret and Raga [69] observed
that the intraseasonal variability of surface Os, in both summer and winter, is driven by the variability
in the cloud cover due to the upper-troposphere circulation modulated by the Madden-Julian
oscillations (MJO). Also, stratospheric Os intrusions into the boundary layer were identified by Barret
et al. [70] during a stratosphere—troposphere exchange event linked to changes in the subtropical jet
stream.

In recent years, the SIMAT monitoring stations have shown an increase in ambient temperature;
2017 was warmer than the average of 2000-2016. It is important to conduct an in-depth analysis of
the increase in atmospheric temperature on air quality in the MCMA. The role of meteorology can be
included in the analysis of the air pollution data to examine if some of the recent air pollutant trends
are due to changes in meteorology (temperature, humidity, wind speed, mixing heights) or whether
they are a result of changing emissions. The varying strength of the urban heat island effect should
also be explored.

2.7.2. Emissions of Gaseous and Particulate Pollutants

MCMA-2003 and MILAGRO demonstrated the synergy of using multiple bottom-up and top-
down analysis techniques with data obtained from multiple platforms and instruments to evaluate
the accuracy of emission inventories [63-65]. The combined process helped to reduce the associated
uncertainties in the emission estimates and provided guidance for setting priorities for improving
further development and refinement of the emission inventories. The following lists some key results
from studies to reduce the uncertainties in past MCMA emission inventories, either by direct
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measurement of local emission factors and emissions, or by top-down analysis of emissions and
activity data of key emission sources. Due to changes in source activities, technologies, fuels, and
regulations, the development of an emissions inventory is a continuous endeavor that needs to be
frequently evaluated using new field-based studies and improved modeling activities. The current
challenges to reduce Os, PMio, and PM:zsnecessitate renewed efforts by the government agencies and
the research communities to promote field-based and modeling evaluations of the most recent
emissions inventory of the MCMA.

Several innovative techniques were developed in 2003 and expanded in 2006 to evaluate the
official emissions inventory used in air quality models. On-road vehicle fleet emission rates in fleet-
average mode for various vehicle classes and driving speeds were obtained using a mobile laboratory
and identified several discrepancies between the observations and the emission estimates in the 2004
emissions inventory. These included slight over predictions of CO and NO, a probable under
prediction of VOC by a factor of 1.4-1.9, and a severely underestimation of the PM emission estimates
[71,72]. Recent studies have shown that some chemical species emitted by vehicular traffic in the
MCMA have decreased since then [46,73]; however, motor vehicles still play a major role in supplying
the NOx and VOC precursors that fuel MCMA's extremely active photochemistry [24], as well as
producing abundant amounts of primary PM, elemental carbon, particle-bound polycyclic aromatic
hydrocarbons, and a wide range of air toxics.

The first worldwide eddy covariance flux tower to measure emissions of selected VOC over an
urban surface was instrumented during MCMA-2003 and demonstrated the feasibility of the
technique to evaluate the accuracy of gridded emission inventories [74]. A second flux tower was
erected during MILAGRO, expanding the number of VOC species and including flux measurements
of chemically speciated aerosols [75,76]. The direct flux measurements of both campaigns suggested
that the emission estimates of the inventory at that time of COz, olefins, and selected aromatic and
oxygenated VOC were accurate for emissions from combustion sources, but overestimated for
evaporative emissions from area sources within the 2-3 km scale footprint of the measurements. In
contrast, the aircraft flux measurements conducted during MILAGRO suggested an underestimation
of the toluene and benzene emissions reported in the 2004 emissions inventory for the northeast
industrial sector of the city [77]. An important conclusion was that additional sources from informal
commerce and street-side food preparation could be relevant and would need to be characterized. A
subsequent study found that the CO: estimates reported in the 2010 emissions inventory were
overestimated by a factor of 2.8 due to a severe overestimation of the traffic load for that particular
sector of the city [78], suggesting the need of counting with updated traffic volume data to predict
accurate emissions.

2.7.3. Volatile Organic Compounds (VOCs)

Multiple VOC species were measured during the two campaigns at different spatial and
temporal scales with equipment installed at background, source, and downwind sites, as well as at
rural, suburban, and industrial sites [45,79]. The complementary independent methods provided
greater certainty and helped in identifying areas of uncertainty. The main findings from the MCMA-
2003 campaign include the first spectroscopic detection of glyoxal in the atmosphere [80] and a
unique analysis of the high fraction of ambient formaldehyde from primary emission sources [81].
The complexity of VOC in the MCMA was further investigated using an array of measurement
methods deployed at a number of fixed ground sites and in several airborne sampling platforms
during MILAGRO [82-85]. The results showed that LPG use was an important source of low
molecular weight alkanes, while evaporative fuel and industrial emissions were important sources
for aromatic VOC and methanol in the basin. The two most important measured VOC species in
terms of OH reactivity were formaldehyde and acetaldehyde; aldehydes were major components of
the outflow reactivity

Since MILAGRO, there have been very limited new data of VOC in the MCMA, although
SEDEMA has conducted a number of campaigns monitoring selected non-methane hydrocarbons
(NMHCs). Measurements conducted in 2012 showed that ambient concentrations of light alkanes
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and aromatic species have decreased, in contrast to concentrations of olefins associated with
vehicular traffic [46]. Another study measured 64 VOC, including toxic VOC in 2011-2012, and
reported that most of the VOC come from vehicular emissions and solvent-related industrial sources
[86].

2.7.4. Urban and Regional Photochemistry

The high photochemical formation of Os in Mexico City is due in large part to the co-emission
of NOx and VOCs, which provides a large source of radicals needed for photochemical reactions.
Important precursors, formaldehyde, hydroxyl (OH), hydroperoxyl (HOz), glyoxal, as well as OH
reactivity were measured during the two campaigns [87-89]. Observations and modeling studies
indicated that Os production within the urban core of the MCMA was generally VOC-limited. Ozone
formation in the surrounding mountain/rural area was mostly NOx-limited, but could be VOC-
limited, and the range of the NOx-limited or VOC-limited areas depended on meteorology [90-92].
Although the formation of the urban photochemical smog resulted to be VOC-limited, it was found
that reductions of NOx emissions could reduce the formation of regional oxidants. The production of
Os was found to continue in the outflow for at least several days, due to the formation of peroxyacetyl
nitrates (PAN), which can regenerate NOx and contribute to regional Os formation [93].

Garcia-Yee etal. [94] investigated the role of the Tenango del Aire mountain pass at the southeast
of the MCMA during the venting of the city’s air pollution during a field study conducted in February
and March of 2011. They found that the Mexican Os standards were not exceeded during days with
low pressure synoptic systems but were exceeded on almost all days with high-pressure synoptic
systems. Days with low-pressure systems were dominated by southerly wind throughout the day,
while during high-pressure systems, northerly winds transported photochemically active air masses
from the MCMA in the morning.

2.7.5. Ambient Particulate Matter

During MCMA-2003 and MILAGRO, an extensive mixture of different types of particles was
observed, including dust, particles emitted from biomass burning and anthropogenic sources, and
aerosols of secondary origin, as a result of using different measurement techniques at multiple
monitoring sites [64]. It was found that in the city center the fine fraction was mainly composed of
organic (50%), secondary inorganic (25%), BC, and mineral material. In contrast, the mineral fraction
was very important (36%) in the outskirts of the city, while BC showed concentrations slightly higher
than that found inside the City [95,96].

One of the major results during MCMA-2003 was the observation by Volkamer et al. [97] that
secondary organic aerosol (SOA) production was faster and higher than explained by traditional
atmospheric models or laboratory simulation experiments. This result was supported by further
studies from MILAGRO, indicating that SOA formation from primary semi-volatile and intermediate
volatility precursors has the potential to close the gap in predicted vs. measured SOA see e.g., [98,99].
However, these predictions were poorly constrained by the data and more specific measurements are
needed. SOA accounts for a large fraction of organic aerosol burden; the formation, evolution, and
climate impacts of SOA (and organic aerosols) remain one of the least understood aspects in
atmospheric science and is an important current research topic.

Since 2013, the local government through SIMAT has conducted a series of studies to elucidate
the particles” chemical composition. A first campaign took place at the environmental analysis
laboratory of SEDEMA located at the north of the city during the period of November 2013 to April
2014. Distinctive characteristics in the chemical composition of particles smaller than 1 um (PM)
were observed according to seasonal changes [100]. Particles were persistently acidic during
November and December, contrary to warmer months. The aerosols” low acidity during those
months was probably due to higher relative humidity, lower temperature, and more frequent
winds from the NW, where the Tula-Tepeji industrial complex is located. Although this result is
consistent with satellite observations of lower NHs concentrations in the gas phase during the same
period [101], long-term studies are needed to verify the seasonal variability in the aerosol
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chemistry in Mexico City. This campaign included also measurements of water-soluble inorganic
ions and equivalent black carbon. The former contributed 33% and the latter 8% to the total PMas
mass [102]. With the exception of higher concentrations of sulfate, nitrate, and ammonium observed
from November to February, the aerosols chemical composition and diurnal variability were
found to be similar to those observed during MCMA -2003 and MILAGRO-2006.

Another field study conducted from January to March of 2015 showed that the PM1 mass
concentration measured in the south side of the city was lower than those measured in the north and
east sides; the aerosols were also more aged, consistent with the location of the PM sources and
their precursors in the city, as well as the meteorological patterns [52]. These findings point out
that the formation of secondary aerosols might have a substantial spatial variability that needs to
be further investigated. The impact of fireworks activity and bonfires on the aerosol burden was
investigated during Christmas and New Year of 2013 and 2014. Retama et al. [103] found that both
fireworks and bonfires are major sources of PM2s during such festivities. The emissions from the
fireworks’ bursting and bonfires produced immediately elevated PM concentrations, and their
chemical transformations led to enhanced levels of secondary organic and inorganic aerosols in
the following morning. The bursting of fireworks emits also important amounts of BC and nitrous
oxide (HONO).

2.7.6. Aerosol Radiative Properties

MILAGRO results showed that the MCMA plumes were significant sources of both primary and
secondary aerosols at the regional scale, and BC and SOA contributed to single scattering albedos
(SSA) inside and outside the city. SSA were frequently in the 0.7-0.8 range with some early morning
values being even lower, which is consistent with high absorbing aerosol concentrations from both
fossil and biomass burning sources [104,105]. Aerosol contributions from biomass burning sources
contained both BC and oxidized organics that enhanced UV absorption, indicating that biomass
burning can have important impacts on the absorption or heating by carbonaceous aerosols in the
urban and regional scales.

More recently, Paredes-Miranda et al. [106] compared the daily variation of BC absorption and
scattering coefficients in five cities around the world and found that Mexico City has the highest
values. Retama et al. [107] analyzed one-year equivalent BC data (from March 2013 to March 2014)
collected at SEDEMA’s laboratory, which is not too far from the urban supersite during MILAGRO,
and found a strong seasonal variation. The observed concentrations did not differ substantially from
those of previous field campaigns, suggesting no major changes in the BC emissions.

MILAGRO also showed that the use of sun photometers was valuable for evaluating aerosol
optical depth (AOD) derived from satellite. Measurements of surface albedo and reflectance in the
MCMA showed that many urban surfaces are more reflective than assumed in common satellite
retrieval algorithms, and that use of larger visible surface reflectance in algorithms can produce more
accurate retrieved AOD [108]. The combined surface measurements with satellite data estimates can
be useful in determining PM for air quality research in the megalopolis.

2.7.7. Health Benefits of Air Quality Improvement

Quintana et al. [109] investigated the oxidative potential, biological effects, induced hemolysis,
and DNA degradation from PMio samples during observed ventilation transport events in the
MCMA. They found that oxidative potential correlated with Cu/Zn content but not with biological
effects, and that ventilation patterns had little effect on intrinsic PM1 composition and toxicological
potential, which suggests a significant involvement of local sources. Calderén-Garciduenias et al.
[110,111] reported associations between exposure and the development of Alzheimer and
Parkinson’s diseases in childhood and young adults, adding to the growing evidence that long-term
exposure to air pollution is a risk factor for a number of neurodegenerative diseases,
neuroinflammation, and altered innate immune response. O'Neill et al. [112] showed that air
pollution exposure in Mexico City may be a risk factor for preterm births, probably through
inflammatory mechanisms. As mentioned in Section 2.6, in 2015 the Secretariat of Environment and
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the Secretariat of Health of the Government of Mexico City in collaboration with Harvard University
School of Public Health evaluated the health benefits derived from air quality improvement from
1990 to 2015. They found that the control measures implemented during such period avoided 22,500
premature deaths [58].

Recently, Mexico City launched a risk index for susceptible persons, which is a health-based
indicator that captures additive effects of multiple pollutants on public health risk with the aim of
improving risk communication [113]. It is computed using same-day and forecasted air pollution
data. This indicator is expected to deliver more accurate information to residents vulnerable to
respiratory illness, therefore helping them to take precautionary measures to protect their health.

3. Singapore

Singapore is widely recognized for its environmental achievements and often cited as a model
of a high-density, livable, and sustainable city. Through a unique strategy based on an integrated
urban and industrial planning, strict enforcement programs, pragmatic and cost-effective policies,
and a flexible approach to changes in technology have allowed Singapore to achieve a dynamic
economy and a high-quality living environment. Since its inception as an independent nation,
Singapore understood the importance of solving environmental problems for the physical and mental
wellbeing of its population, as well as a key strategy for convincing foreign investors that it was a
well-planned and sustainable city [114]. Despite increased urbanization and industrialization,
Singapore has been able to maintain clean air compared to other major cities of the region. This
section reviews the strategies and policies that have provided economic progress without
compromising seriously its air quality.

Despite Singapore’s stringent emission regulations that have been generally effective in keeping
pollutants concentration below international limits, air pollution still poses a threat to public health
as exposed by a high incidence of cardiovascular and respiratory illnesses associated to long- and
short-term exposure. The economic loss of such ailments represents an important fraction of the city-
state’s GDP, in addition to reducing life expectancy and quality of life. This is because there is a lack
of a threshold below which pollutants concentrations do not have health impact [115].

With the aim of providing a technical platform to develop an improved air quality management
that allows to solve Singapore’s air pollution problems, this section provides a comprehensive and
critical review of the current legislation, regulations, and programs and their effectiveness based on
publicly available information. The current state and progress of the air quality assessment tools, i.e.,
ambient monitoring, emission inventories, and numerical modeling are reviewed, as well as the
scientific knowledge on the subject.

The material presented here is a continuation of two previous publications on Singapore’s
atmospheric environment. The first publication reviewed the available information on air quality and
climate change mitigation until 2010 [116], while the second publication demonstrated the need of
timely air quality information to provide effective awareness on extreme air pollution episodes [117].
As concluded in both publications, based on its dynamic economy and profile in advanced
technological innovations, Singapore has a unique opportunity not only to provide better air quality
to its residents, but of opening new frontiers in air quality management, atmospheric research, and
public communication. In such a context, the material presented in this third publication together
with similar review of Mexico City’s air quality management is expected to provide valuable
information to other fast-growing cities in Southeast Asia and Latin America, and (sub)tropical places
in general.

3.1. Basic Information of Singapore

3.1.1. Governance

Singapore employs a strategy of integrated urban and industrial planning, together with strict
enforcement programs to control vehicular and industrial emissions and air quality monitoring
under the Environmental Protection and Management Act (EPMA) [118]. This act was originally
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enacted on 1999 and is periodically revised. Its regulations stipulate the emission standards and
testing methods for industry and vehicles. The Environmental Protection and Management (Air
Impurities) Regulations, which came into force since 1 January 2001 and last updated on 1 July 2015,
stipulate emission standards for industries. The Environmental Protection and Management
(Vehicular Emissions) Regulations, which came into force since 1 July 1999 and last updated on 31
January 2019, stipulate standards for vehicle exhaust emissions.

The Ministry of the Environment and Water Resources (MEWR) has the task of ensuring a clean
and sustainable environment for Singapore. It formulates, reviews, and implements strategic policies
to address key concerns on Singapore’s environment. The National Environment Agency (NEA) is
the operational statutory board that implements MEWR’s policies. NEA develops and leads
programs to monitor, reduce, and prevent environmental pollution, as well as to enhance sustainable
development. The NEA’s Pollution Control Department manages air pollution through prevention,
enforcement, and monitoring. It regulates air emissions from industries, trade premises, and vehicles.
It monitors the air quality to which the population is exposed to for the different types of environment
found in Singapore (urban, industrial, and suburban) and assesses the effectiveness of emission
control programs. It also formulates and implements joint programs on transboundary pollution with
Singapore’s neighboring countries. NEA provides up-to-date weather information to support public
health and socioeconomic activities through the Meteorological Service Singapore (MSS). The agency
also issues alerts of severe air pollution episodes triggered by wildfires at regional scale, locally
known as haze events.

With the aim of addressing the recurrent transboundary haze triggered by widespread wildfires
resulting from the aggressive deforestation and agricultural expansion experienced by neighboring
countries in recent decades, in 2002, Singapore, together with other members of the Association of
Southeast Asian Nations (ASEAN) signed the ASEAN Agreement on Transboundary Haze Pollution
[119], with the objective of preventing, monitoring, and mitigating forest fires to control
transboundary haze pollution through concerted national efforts, regional, and international
cooperation. The agreement assigns particular tasks to each nation in the southern ASEAN region,
with Malaysia overseeing preventative measures, Indonesia on fire-fighting resources and Singapore
on regional monitoring. In this context, the MSS under NEA hosts the ASEAN Specialized
Meteorological Centre (ASMC), which monitors daily the weather and haze situation for the entire
ASEAN region. One year after the infamous one-week haze episode of 2013, the government of
Singapore introduced the Transboundary Haze Pollution Bill, a unilateral law that holds companies
accountable for causing severe air pollution by illegal forest burning activities, even if these activities
occur outside the island-state [120].

3.1.2. Population and Urban Development

As of 2018, Singapore’s total population is over 5.6 million, of which 3.9 million (71% of total
population) are citizens and permanent residents. Singapore’s 742 km? of land area means a
population density of about 7796 people per km?, one of the highest in the word.

Singapore has transformed from a developing nation to a developed one in about 50 years since
gaining independence in 1965. As mentioned before, its per capita GDP increased from $428 in 1960
to $57,700 in 2017 [5]. Similarly, the energy consumption associated to such fast development has
increased over 13-fold, as shown in Figure 8.
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Figure 8. Historical consumption of energy in Singapore. Panel (a) shows the total energy
consumption by source in megatons of oil equivalent (Mtoe). Oil products and electricity have been
the two main sources of energy; panels (b) and (c) show their consumption from 1990 to 2016 by type
of fuel and fuel used for its generation, respectively. Data were extracted from the International
Energy Agency (IEA) World Energy Balances 2018 (https://www.iea.org).

This economic growth together with a dynamic governance have enabled Singapore to build a
modern city, making the best use of its limited land space following an integrated master planning
system. This system embodies the key principles to make Singapore a livable and resilient city while
maintaining a competitive economy, building a sustainable environment, and ensuring a high quality
of life for its population. The master plan on land and property that guides Singapore’s development
in the medium term (10-15 years) is reviewed every five years and translates the broad long-term
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(40-50 years) strategies for land use and transportation [121]. As a city-state, Singapore must provide
not only for housing, business, social, and recreational needs, but also for activities that are typically
located outside a city, for instance, seaports and airports, water catchment areas, and utilities such as
waste treatment plants and power stations. Singapore has considered all land use demands
comprehensively, and through a continuous land reclamation process has expanded its land by 25%
since independence, while its built-up area has increased by a factor of four reaching over 420 km?,
primarily at the expense of forest and farm areas.

From its earliest days as an independent nation, Singapore has prioritized the construction of
high-rise public housing to meet the housing demands of a population that has tripled its size since
then. Today, over 80% of the population lives in high-rise, high-density flats, locally called HDB units.
Some of the general industrial areas (e.g., electronics, manufacturing, etc.) are located within
residential estates, but most of the heavy industries (e.g., oil refining, petrochemical, steelworks, etc.)
are concentrated in a large industrial estate in the western part of the island that includes several
reclaimed offshore islands as shown in Figure 9. Nine percent of Singapore’s land has been set aside
for parks and ecological reserves [122]. Including the extensive tree cover (roadside greenery, park
connector network), about half of Singapore is covered by vegetation [123], and therefore its motto
of “City in a Garden’ is well-deserved. The commercial and business center is located in the southern
part of Singapore and primarily consists of shopping malls, hotels, and entertainment complexes.
These areas generally have a high density of workers, visitors, and vehicular traffic that continues
past midnight. The central business district, which houses the financial center and includes numerous
tall skyscrapers, is located in the center of the southern part.

At regional scale, Singapore together with the urban areas of Johor Bahru in Malaysia
(population 1.8 million) and the Indonesia’s island of Batam (1.2 million) form the Sijori Growth
Triangle with over 8.6 million people. As shown in Figure 9, Johor Bahru borders Singapore to the
north, whereas Batam is located 20 km off the Singapore south coast. These two cities concentrate a
large number of labor-intensive industries and are characterized by growing population.
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Figure 9. Map of Sijori Growth Triangle formed by the urban areas (indicated by line shading) of
Singapore, Johor Bahru, and Batam. Stars are locations of heavy industries in Singapore (Jurong
Industrial Estate and Jurong Island) and Malaysia (Pasir Gudang). Similarly, yellow and red dots are
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locations of ambient and roadside air quality monitoring stations according to the Sustainable
Singapore Blueprint 2015 [122].

3.1.3. Topography and Meteorology

Singapore is an island-state located at the southern tip of the Malay Peninsula between latitudes
1°09" N-1°29" N and longitudes 103°36" E-104°25" E. The main island of Singapore is about 49 km
from east to west and 25 km from north to south with a coastline of 203 km. Singapore is generally
flat, with much of the island lying within 15 m of sea level. The highest point of the island’s surface
reaches 163 m.

Because of its geographical location near the equator and coastal setting, Singapore’s climate is
characterized by perennial high temperatures, relative humidity, and rainfall, and low average wind
speeds typical of a tropical climate. Temperatures range from 23-25 °C during the night to 31-32 °C
in the afternoon. Relative humidity is 90% in the early morning and remains above 60% during the
rest of the day. The local wind climate is dominated by the reversal of wind direction between the
two monsoon seasons (northeast (NE) and southwest (SW)) and modified by land/sea breezes and a
possible urban heat island (UHI) circulation. The NE monsoon occurs between November and
January and is characterized by widespread heavy rainfall with monthly means ranging from 170 to
330 mm. The SW monsoon typically falls between May and September and is characterized by
relatively drier conditions with average monthly rainfall between 130 and 160 mm. Given the high
temperatures, humidity, and strong solar radiation, strong convection characterizes the daytime
mixing dynamics of the atmosphere. The UHI, a regional-scale phenomena describing the urban-
rural temperature difference, is well established and shows a seasonal variation with higher (lower)
mean monthly nocturnal temperature differences, measured between the commercial district and a
mostly undeveloped rural area in the northwest (NW) of Singapore, during the drier SW (wet NE)
monsoon season of 5.5 (3.5) °C [124]. The presence of an UHI in combination with the rough city
surface maintains predominantly unstable atmospheric stratification even at night.

3.2. Infrastructure and Air Quality Management Tools:

Singapore recognizes that the current urbanization trend and intensive industrial development,
both locally and in the region, represent an increasing challenge to identify, quantify, and prioritize
air pollution sources, as well as to differentiate the impact of transboundary sources from local
sources [120]. To address such a challenge, Singapore counts with a robust air quality monitoring
network and plans to integrate a dispersion modelling system to better forecast air quality and trace
pollution sources.

3.2.1. Air Quality Monitoring

The air quality monitoring network is formed by 22 fixed stations, 18 monitor general ambient
air quality, and 4 roadside air quality. The former stations are strategically located to accurately assess
the air quality in different parts of Singapore (Figure 10). The latter are used to assess the effectiveness
of Singapore’s vehicular emission control programs. The monitoring network measures hourly
concentrations of PM1 and PM2s, SOz, NOz, O3, and CO. The ambient concentrations of these six
pollutants are used to determine a local pollutant standard index (PSI) to inform the air quality
conditions to the larger public. The PSI computation is similar, but not identical, to the air quality
index developed by the US EPA. It is based on the 24-h moving average concentrations of PMzs, PMuo,
and SOz, 8-h moving average concentrations of CO and Os, and hourly concentration of NO:z [125].
Along the PSI, the hourly moving average concentrations mentioned above are made available to the
public together with the 1-h PMas concentration. After the infamous haze episode of 2013, the
authorities made the 1-h PM2s data publicly available as an indicative measure of the current air
quality. During transboundary haze episodes, PM:s is usually the predominant pollutant among
those monitored and because of its temporal variability the use of moving averages dampens the
hourly peak concentrations to which the public may end exposed as demonstrated by Velasco and
Rastan [117].
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With the aim of providing easily understandable information about the air quality level, an air
quality descriptor is published hourly according to the PSI value for each one of the five regions in
which the city-island is divided for this purpose, as shown in Figure 10 [126]. This descriptor acts as
a health advisory based on the previous 24-h air quality data. The sub-indexes computed for each
pollutant and from which the PSI is derived are also disclosed to the public. This information is
widely disseminated through the local media (i.e., TV, radio, newspapers), an official website [124],
and as part of a mobile application (myENV) for weather and environmental updates. However, the
public does not have access to the pollutants’ concentration measured at each monitoring station, and
the precise location of the stations and monitors’ characteristics are not disclosed. Furthermore, the
public does not know if the six reference pollutants are measured by all stations. An urban air quality
monitoring network like Singapore’s might not need to measure necessarily every pollutant at each
station [127].

Similarly, the authorities have mentioned in diverse forums that some air quality stations are
equipped with instrumentation to monitor continuously 56 VOCs to detect toxic species in the air
(e.g., oral reply of the MEWR to parliamentary questions on investigation into chemical odor from
Pasir Gudang on 6 November 2017 [128]). However, no major information on the monitored data
have been publicly disclosed.
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Figure 10. Air quality information provided hourly by Singapore’s authorities [126]. The screenshot
of the map shows the pollutant standard index (PSI) values for each of the five sections in which the
island is divided for air quality purposes; the corresponding sub-indexes for each monitored pollutant
show that PM2s triggered moderate air quality conditions on that particular day and hour. The
breakpoints for PM2s that are used to define the PSI category are included for reference.

In the case of 1-hour PMas data, the authorities have implemented a system of four bands to act
as a guide for the public to adjust immediate activities. The first band corresponds to concentrations
<55 ug m= and indicates normal PM:s levels. The following bands are labelled as elevated, high, and
very high levels of PMzs pollution and cover concentrations of 56-150, 151-250, and >250 ug m-,
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respectively. The thresholds for these bands were designated according to the breakpoints used to
compute the 24-h PSI (see Figure 10). The band labelled as normal covers both the good and the
moderate PSI ranges. The band of elevated concentration corresponds to the unhealthy PSI range, the
band of high concentration to the very unhealthy PSI range, and the band of very high concentration
to the hazardous PSI range. Using 1-h PM:2s data retrieved from the air quality official website
between June 2014 and August 2016, it was found that 97% of all 1-hour periods that were not affected
by transboundary haze fell under the band labelled as normal and the remaining 3% under the band
labelled as elevated. However, if the threshold of 12 g m= used to determine the PSI range of good
air quality had been applied, only 13% of the hours would have fallen under such category, while
84% would have presented a moderate air quality. Indeed, the PSI concept is fundamentally based
on epidemiological studies that use average daily exposure estimates and its threshold concentrations
cannot be directly translated to hourly estimates, but it is unclear why the categories of good and
moderate PSI are merged into the normal 1-h PM2s band. It would make more sense to use the same
PSI thresholds, as it was done for the other bands. Alternatively, the 24-h recommended maximum
concentration of 25 pg m=3 by WHO could be used to set the 1-hour PM2s band for clean air quality,
with the finding that 65% of the hours fall under such category. It is important to note that as it stands
today (April 2019), only 1-h data for PM2s and NO;, as well as 24-h or 8-h moving averages for the
other contaminants are publicly available, but on a day-to-day basis. In other words, previous day’s
records cannot be retrieved. All hourly data from previous day are restricted the day after. Also, the
public has no access to historical data concentrations.

3.2.2. Emissions Inventory

According to the environmental authorities, the industrial sector and vehicular traffic are the
main sources of air pollution in Singapore [129]. From time to time, transboundary haze from land
and forest fires in the region also affect Singapore’s air quality, particularly during the Southwest
monsoon period.

To address the air pollution from SO:, NEA builds every year an annual inventory of SO:
emissions, including contributions from refineries, power stations, other industries, and motor
vehicles. The first three sources are responsible for 99.9% of Singapore’s SOz emissions; however, this
inventory does not include emissions from shipping or aviation. Singapore is the busiest port in the
world in terms of shipping tonnage, with more than 130,000 vessel calls annually, but does not count
with an emission control area (ECA) to minimize SOz emissions from ships as defined by Annex VI
of the 1997 MARPOL Protocol. Every 2-3 min, a ship arrives or leaves Singapore, and at any one time,
there are about 1000 vessels passing through the Singapore Strait, as stated by the Maritime and Port
Authority of Singapore [130], without any fuel regulation to limit their impact to the local air quality.
Similarly, Singapore’s airport is one of the largest transportation hubs in Asia, handling 7200 weekly
flights or one every 80 seconds [131], but its emissions are not included in the SO: emissions
inventory.

Singapore, as a member of the Intergovernmental Panel on Climate Change (IPCC), periodically
updates its GHG emissions inventory to outline mitigation measures to manage its carbon emissions
toward achieving its international commitments to address climate change. In 2009, Singapore
pledged to reduce emissions by 16% from business-as-usual levels by 2020, and in 2015 to reduce its
emissions intensity by 36% from 2005 levels by 2030 and stabilize emissions with the aim of peaking
around 2030 [132]. Singapore’s GHG emissions reached 51,000 Gg COzeq in 2014. Carbon dioxide is
the most important GHG, alone contributing almost 96%. It is produced by the burning of fossil fuels
to generate energy used by the industry, buildings, household, and transport sectors [133]. Figure 11
shows the emissions evolution of SO2 and GHG by emission source category as reported by
Singapore’s authorities.
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Figure 11. Singapore’s SO2 and GHG emission evolution. The annual emissions of SOz in 2017
accounted for 81,036 Mg, while the emissions of GHG in 2014 for 50,908 Gg CO2eq including emissions
of COz, CHs, N20O, HFCs, PECs, and SFs. The green areas acted as net source of GHG and contributed
0.1% to the total emissions [129,133].

Until 2012, the NEA annual reports were used to present an emission inventory for PM2s. For
that year, a total emission of 2880 Mg was reported, with a contribution of 56% from vehicular traffic
and the rest from refineries, power plants, industries, and incinerators [134]. No update of PMas
emissions has been disclosed since then. For the other pollutants used as reference for Singapore’ air
quality, no emissions information is available from the authorities. However, since Singapore is an
island-state, the emissions computed at country scale by the Emissions Database for Global
Atmospheric Research (EDGAR) initiative can be used to identify positive actions to reduce
atmospheric pollution and mitigate climate change. Figure 12 shows the time series of 11 pollutant
species and GHG of relevance for Singapore’s air quality management from 1970 to 2012 by major
emission sectors as reported by EDGAR.
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Figure 12. Singapore’s emission time series (1970-2012) by sectors for Os precursor gases (CO, NO,
and NMVOCs), acidifying gases (NHs, NOx, and SOz), primary particles (PM1o, PM25, black carbon,
and organic carbon), and greenhouse gases (CO2 and CHai) as computed by the global air pollutant
emissions EDGAR v4.3.2 inventory (Crippa et al, [135]; Janssens-Maenhout et al., [136]). The
emissions presented here are lumped in major sectors; the contributions from specific sectors can be
retrieved from EDGAR database [137].

A comparison of the COz emissions reported for 2012 by the local authorities and EDGAR shows
an excellent agreement. For the case of PM2s5, there is a discrepancy of 424% between both inventories.
Estimations for vehicular emissions are within 2%, but emissions from refineries, power plants, and
industries are 2.2-fold higher in EDGAR. However, the discrepancy relies on the emissions reported
from refuse incinerators. The official inventory reports 26 Mg, while EDGAR reports 10,776 Mg.
Although further analysis is required, the incinerators’ emissions reported by EDGAR could be
excessively overestimated based on the contribution from the other sources. Finally, for SO, such
comparison is not possible since no emissions from the same year are available for both inventories;
however, a comparison of the emissions reported by EDGAR in 2012 with those of the local
authorities in 2013 suggests an underestimation of 50% in the latter.

3.2.3. Air Quality Modeling

Singapore’s air quality management apparently does not rely on modeling capabilities to
investigate the origin, dispersion, transformation, and impact of atmospheric emissions within the
urban environment. It is unclear if the air quality policies in place were previously evaluated through
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numerical simulations to assess their effectiveness under present and future emission and climatic
scenarios. Nevertheless, as part of Singapore’s weather and haze monitoring commitments at the
regional scale, the MSS under NEA hosts the ASMC, which runs the open software Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model of National Oceanic and Atmospheric
Administration (NOAA) air resources laboratory on a daily basis to forecast the occurrence of
transboundary haze from wildfires in the region. The HYSPLIT model simulates the haze dispersion
from fire hotspots in Southeast Asia that are detected by NOAA’s satellites. With the aim of
improving the local capabilities to forecast the regional haze, the MSS in collaboration with UK Met
Office recently developed a Lagrangian dispersion modeling system for real-time prediction based
on high-resolution numerical weather simulations and satellite-based active-fire detection that
demonstrated promising results for forecasting haze episodes [138]. However, its operational
implementation is unclear.

3.3. Air Quality and Emissions Trends

3.3.1. Air Quality Trends

Although Singapore’s environmental authorities have collected hourly, if not continuous, data
of six reference pollutants since decades ago, no robust information on the air quality evolution
throughout the years is available. The access to the hourly and historical records is confidential and
restricted to the public. Before 2012, the public had only access to annual average concentrations and
to a 24-h PSI reported once a day. Although 1-h PM2s concentration data have been collected for
several years, it was not included in the PSI until 2014. After the haze episode of 2013, the authorities
started to disseminate the PSI and moving average concentrations every hour. Velasco and Rastan
[117] reviewed the changes on the public access to air quality data in Singapore and demonstrated
the need of reporting 1-h pollutant concentrations along with moving average records in the local
context and of disclosing historical records to have a more transparent air quality management.

Based on the publicly available annual mean concentration, 8-h annual maximum concentration,
or 99th 24-h annual percentile concentration depending on the pollutant species, Figure 13 shows the
annual trend of such pollutants as the percentage difference relative to 1999 concentrations, except
for PM:s, for which 2002 is used as the reference year. A clear decreasing trend for SOz and NO:2
responding to a switch from fuel oil to natural gas for power generation was observed from 2000 to
2005. Singapore’s electricity generated by natural gas increased from 19% in 2000 to 74% in 2005,
reaching a contribution of 95% since 2015 to the total electricity generation [139] (see Figure 8c). The
decreasing trends of these two pollutants is also observed in their emissions as discussed in the
following section. Similarly, CO annual concentrations show a decreasing trend during the same
period, but in response to a reduction in vehicular emissions. If 2000 and 2003 were selected as
reference years for PMio and PM:s, respectively, no major change on their annual trends would be
found. It is fair to affirm, therefore, that the annual levels of PM1o and PM2s have remained constant
during this century, while the 2006 and 2015 spikes are explained by prolonged transboundary haze
episodes on those years. As depicted in Figure 6, the progress for reducing PM2s in Mexico City and
Los Angeles has been also null. As explained in the following sections, the design of effective control
measures against PMzs requires a complete understanding of the chemical and physical processes
driving its formation and dispersion, besides a thorough identification of local and regional emission
sources. The pollution by Os has not changed, although a sudden increase of 40% was recorded in
2017.

Figure 14 shows the time series of 1-hour PM2s data retrieved daily from NEA website between
June 2014 and August 2016 [140]. This period covers the haze episode of September—October 2015,
when PMzs concentrations >100 ug m- were frequently recorded, with a historical maximum of 471
ug m-? on October 19th at 23 h. The built up of the previous year during the same months was also
produced by wildfires in the neighboring islands of Sumatra and Kalimantan. Some of the short-lived
spikes, particularly those during the Northwest monsoon period, respond to fires in peninsular
Malaysia. As discussed above, the PM2sbands system implemented by the local authorities as a guide
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on the actual air quality reports that the majority of days are not affected by transboundary haze
under the normal air quality band. However, as shown in Figure 15, each of the five regions in which
Singapore is divided for air quality purposes exhibits mean diurnal concentrations exceeding the
annual threshold of 10 pg m=3 recommended by WHO, as well as the annual threshold of 12 pg m=
currently in place in Mexico City and US. Based on the mean maximum hourly concentrations
recorded across Singapore, it is found that during this period of 27 months, the PM25 concentrations
exceeded 20 pug m=3 every day, regardless of transboundary haze.

80+
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Figure 13. Percentage difference of the annual mean concentration (PMzs, NOz, and SOz), 8-h annual
maximum concentration (Os and SO2) or 99th 24-h annual percentile concentration (PMiw) to
respective concentrations of 1999, except for PMz2s, for which 2002 is the used as reference year. Years
2006, 2013, and 2015 were affected by transboundary haze. Data were obtained from the Department
of Statistics Singapore [39].
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3.3.2. Emissions Trends

The historical emissions reported by EDGAR in combination with the emissions of SOz and CO2
reported by the local authorities in recent years indicate that after the switch from fuel oil to natural
gas for power generation between 2000 and 2005, no major reductions have been experienced in the
emissions of pollutants and GHG, except for black carbon and CO as depicted in Figure 12. The
reduction in the total emissions of black carbon initially responded to the shift to natural gas in power
plants, subsequently to more stringent tailpipe emission regulations in vehicles, which also
contributed to the reduction of CO emissions. The industrial sector has always appeared as the main
contributor of SOz, NOy, and CO, and as an important source of other pollutants. In addition to CO
and black carbon, the transport sector is a major emission source of NOx, organic particles, NMVOCs,
and NHs. The vehicular emissions of NHs are explained by the use of catalytic converters since ~20
years ago. The waste incineration is the main emission source of PM1o and PM2s5 according to EDGAR,
with contributions of 71% and 72%, respectively; however, such estimations might be overestimated
as already mentioned in Section 3.2.2. The use of solvents and paints contribute 42% to the net
emissions of NMVOCs and represent the main emission source. For CH4 wastewater treatment shows
an increasing contribution of 44% followed by waste disposal with 36%.

Improving energy efficiency has been Singapore’s key strategy for reducing industrial
emissions, but the consumption of oil fuels and electricity keeps increasing (see Figure 8). Singapore’s
economy has grown faster than its emissions. NMVOCs and CO: are the only two pollutants that
show a clear increasing trend.

In terms of GHG, Singapore’s carbon intensity (i.e., CO2 emissions per dollar of economic
output) is among the lowest in the world. Singapore ranks among the 15 best-performing countries
[141]. The official GHG emissions inventory indicates that industry increased its emissions by 7.8%
from 2010 to 2014 (see Figure 11b), while its production grew 12.1% in the same period [39]. While
the strategies to meet Singapore’s commitments to address climate change are all worthwhile [132],
no absolute emission cut has been proposed.

3.4. Air Quality Control Management in Singapore

3.4.1. Air Pollution from Industries

Singapore officially recognized the air pollution’s adverse health effects in 1971 through the
Clean Air Act “The ill effects of air pollution on human beings are numerous, ... they are impairment of
general health, irritation of the eyes and throat, and chronic bronchitis .... It can also cause economic loss
through high maintenance costs and loss in man-hours, and can also contribute to the physical deterioration”
(Singapore Parliamentary Debates Official Reports, vol. 31, 1971-1972, col. 449) [142]. It was
Singapore’s earliest attempt to control industrial pollution just as the country was industrializing
rapidly. The act required industries and trade premises to operate in such a manner as to meet certain
air quality standards.

Before the Clean Air Act, there was a general provision in the Local Government Integration
Ordinance, 1963 that broadly forbade the discharge of pollutants in a quantity that would be
dangerous to public health. These provisions were subsequently incorporated into the Environmental
Public Health Act, 1968. Enforcement of these provisions were conducted first by the Director of
Medical Services, and then by the Commissioner of Public Health. These provisions did not have
established emission standards and were highly subjective, which made enforcement ineffective
[143].

In 1970, the government asked the advice of WHO for establishing a first air quality monitoring
network and drafting a first air pollution control legislation. This initial request laid down guidelines
for setting up an air pollution control unit, requirements for monitoring efforts, air pollution
legislation, future consultancy work, as well as general public education [144]. The advice of
additional overseas experts contributed to the beginning of Singapore’s air quality monitoring that
year. The Public Utilities Board (PUB) acquired equipment to measure the degree of smoke, SO, and
other pollutants in the air, and sent principal officers for training to existing air pollution control units
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abroad [145]. Based on the air quality data collected by PUB and experts’ advice, the Clean Air Act
was enacted a year later and came into force in January 1972.

The implementation of the Clean Air Act required industries to install air pollution control
equipment to comply with the new prescribed emission standards, among them the discharge of dark
smoke, defined as smoke darker than shade No. 2 on the Ringelmann Chart. Highly polluting
industries, such as those manufacturing cement, concrete, asphalt, ceramic, chemicals, petroleum,
coke, and crushing, grinding, milling or pulping works, and primary metallurgical activities, as well
as premises using high-capacity steam generators, large incinerators and furnaces, or used for the
storage of large quantities (>100 ton) of toxic or flammable material, were classified as ‘scheduled
premises’ requiring to get a license before starting operations. Following amendments between 1973
and 1980 that prohibited the use of open fires in industrial premises, the construction sites were
brought under scrutiny and provided new regulations for a stricter control over the emission of
certain pollutants such as dust, acid gases, chlorine, and CO. These regulations were effective in
controlling air pollutants associated with Singapore’s fast industrialization. Throughout the 1970s
and 1980s, the air pollution levels remained constant and within the limits recommended by the
WHO at that time [146,147]

The Clean Air Act was replaced in February 1999 when the parliament passed the
Environmental Pollution Control Act 1999 [148]. This new act consolidated previous laws relating to
air, water, and noise pollution control into a single act with the aim of providing a stronger legislative
framework for the overall control of the environmental pollution from any industrial or trade
premise. This act was revised in December 2002 to specify emission standards and testing methods
[118]. It was renamed as Environmental Protection and Management Act (EPMA), and after 29
amendments, its regulations are still in place.

3.4.2. Air pollution from Vehicles

The air pollution from vehicular traffic has been regulated by indirect and direct control
measures. The indirect measures include a combination of traffic management and an intense
promotion for using public transport. Measures to manage private transport include controlling the
vehicle population growth rate, restricting car ownership, and managing traffic congestion by
charging vehicles entering to certain roads. Simultaneously, significant efforts have been made to
make public transport the commuting choice in Singapore. This has been done by improving
accessibility, reliability, and comfort in the subway system and bus service. Presently, 67% of trips
during peak hours use public transport. The new land transport master plan aims for 9 in 10 peak-
period journeys to be undertaken by a combination of walking, cycling, and riding public transport
in 2040 [149].

The data publicly available to evaluate the impact of such indirect measures on Singapore’s air
quality are insufficient; however, their impact on traffic flow can provide some insight on their
environmental impact. Restricting car use and reducing car ownership have undoubtedly controlled
vehicular emissions, while the use of road-pricing schemes has moved traffic away from congested
roads and lowered peak-hour emissions. Initially, the road-pricing scheme was introduced in 1975 to
relieve congestion in the city center [150]. It consisted of levying a flat charge to all motorists entering
the restricted zone. Its implementation, in addition to lessening traffic by ~45% during the morning
peak hour, improved air quality. Immediately after its introduction, the ambient levels of NOx and
CO dropped 10% and 30%, respectively, according to air quality data collected by authorities to prove
its environmental benefit [151].

Throughout the years, the road pricing-scheme has evolved and succeeded in maintaining the
city free of traffic congestion. As charges are levied on a per-use basis, the negative externalities of
road congestion caused by road users are accounted for, encouraging road users to use public
transport, or other routes and travel timings. In 1998, Singapore became the first city to introduce an
electronic toll that varies according to the hour, location, traffic volume, and vehicle characteristics.
The electronic road pricing (ERP) system, has proved to be an efficient policy that forces motorists to
be part of the solution rather than the problem. Current plans expect to make the scheme more
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flexible, charging motorists according to the distance travelled on congested roads, instead of
charging all motorists the same amount as long as they pass a gantry [149]. Several studies have
evaluated its effectiveness to manage traffic congestion as a unique case of innovation in the public
sector [152-154]. However, follow-up assessments of its impact on air quality have not been done;
this is needed for improving the current scheme or implementing new sophisticated systems for
managing vehicular traffic, as well as for demonstrating its ability for maximizing roads efficiency
capacity and reducing commuting time. The data collected by the existing roadside air quality
monitoring stations and estimations of the vehicular emissions would help to address the associated
environmental benefits.

In addition to the ERP system, the number of vehicles on the roads is controlled by the cost of
owning a car. In addition to the sales tax, registration fee, an excise duty, and other special taxes, a
certificate of entitlement (COE) is needed to get legal right to own a car for a period of 10 years [155].
The cost of this certificate depends on the demand and it can often exceed the cost of the car itself.
These certificates are allocated through a bidding process twice a month. As of April 2019, the COE
price varied from SG$27,589 to SG$43,102 according to the car category. The final price of a car can
be up to 4 times of its open market value. The introduction of the COE in 1990 as part of a vehicle
quota system (VQS) limited the vehicles growth rate to 3% per year. In previous years, the growth
rate was as high 12%. The annual growth rate is currently set at 0.25%.

The indirect measures to control traffic air pollution have been complemented by regulatory
policies to control directly vehicular emissions. They include fuel policies, vehicle emission
standards, vehicle inspection and maintenance programs, and scrapping old cars.

Since the 1980s, the lead in gasoline was progressively lowered. Unleaded gasoline was
introduced in 1991. To promote its consumption, it was priced 10 cents per liter cheaper than leaded
gasoline through taxing. At the end of 1997, unleaded gasoline accounted for 75% of the total gasoline
sales. The oil industry voluntary agreed to phase out leaded gasoline in 1998 [156], and by 1999 no
vehicle was allowed to use leaded gasoline. The sulfur content in gasoline and diesel has been
lowered since the 1990s from 3000 ppm to 10 ppm currently. Since 2005, the use of low-sulfur (50
ppm) diesel has been mandatory, and since 2017 the use of ultra-low or near sulfur free (10 ppm)
diesel and gasoline has also been mandatory [157]. New limits in the content of four toxic additives,
namely methanol, methylcyclopentadienyl manganese tricarbonyl, phosphorus, and fatty acid
methyl ester, are planned to be introduced in both gasoline and diesel from July 2019 as part of
Singapore’s continuous effort to improve fuel quality [158].

The progressive elimination of lead and move to lower sulfur content in diesel and gasoline have
allowed the tightening of emission standards. Since July 1992, every gasoline vehicle registered for
the first time has had to comply with specified standards for exhaust emission prescribed by the
Environmental Protection and Management (Vehicular Emissions) Regulations. Over the years, the
emission standards have been tightened to keep up with new vehicle technology. Since January 2018,
all new diesel and gasoline vehicles have to meet the Euro VI emission standards or their equivalent
Japanese standards JPN 20109/2018 [157]. It is important to point out that the Euro VI diesel emission
standards include emission limits for ultrafine particles. With regard to motorcycles, those with an
engine capacity >200 cc are tightened to Euro IV standard, while smaller motorcycles with an engine
capacity <200 cc will see the Euro IV emission standards implemented from January 2020.

All vehicles on the road are required to undergo mandatory periodic inspections to ensure that
they comply with the emission standards stipulated in the regulations. The schedule of inspection
depends on the age and type of vehicles, with the frequency of inspection being shorter for older and
diesel-driven vehicles [157]. Smoky vehicles on the roads are sent for emission inspection. If the
vehicle fails the inspection, the owner is fined and required to rectify; the vehicle must pass re-
inspection before it can circulate again.

To prevent unnecessary pollution and at the same time reduce fuel wastage, it is an offence to
leave the engine of a vehicle idling while it is stationary; offenders are fined if caught [157]. Many
Singapore motorists leave the engine on to keep the air-conditioning system running while idling.
Members of the public are encouraged to report high-polluting vehicles or idling engines.
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To encourage earlier retirement of older cars, motorists receive a rebate for the COE and
registration fee for a new car when they deregister vehicles with still valid COEs. The rebate is based
on the amount paid originally for the COE and its remaining validity. Owners have to send their cars
for scrapping or exporting. This rebate works as a mechanism to control the cars’ population, because
with every deregistered car a new car is registered. In recent years, the cars population has decreased
because of the high cost of getting a COE, making motorists hold their cars for a longer time.
Currently, half of the cars are less than five years old, in contrast to a decade ago, when the average
car was 3.5 years old [159].

3.4.3. Air Pollution from Shipping

The Maritime and Port Authority of Singapore launched the Maritime Singapore Green
Initiative in 2011 to ensure that shipping and its related activities grow in an environmentally
responsible and sustainable manner [160]. The initiative comprises five programs: (1) The Green Ship
Program encourages Singapore-flagged ships to reduce emissions of CO2 and SO: by adopting
energy-efficient ship designs, installing SOz scrubbers or using LNG as fuel in exchange for reduced
registration fees and rebates on annual tonnage taxes; (2) the Green Port Program reduces port dues
by 25% to ocean-going vessels that burn clean fuels (<50 ppm of sulfur content) or use approved
abatement technology; (3) the Green Technology Program provides grants to develop and adopt
technologies that reduce the emissions of SO2, NOx, and COz; (4) the Green Awareness Program
supports actions and forums in favor of sustainable shipping; and (5) the Green Energy Program
provides support for the adoption of alternative/cleaner marine fuels. The initiative was originally
funded for five years and then extended to 2019. It has been well received by the shipping sector but
has the drawback that it is voluntary and does not fully address the shipping impact on air quality.

3.4.4. Air Pollution from Fireworks

The local tradition of lighting fireworks to celebrate particular festivities became a serious
problem of public safety by the late 1960s. During the 1970 Chinese New Year season, the
indiscriminate use of fireworks killed six people, injured 25 others, and damaged up to SG $500,000
worth of property [161]. In response, a total ban on the use of fireworks in Singapore was
implemented in 1972 through the Dangerous Fireworks Act. After an amendment in 1988, the illegal
use and distribution of fireworks is punishable by fines or imprisonment. Repeat offenders face
mandatory imprisonment and caning [162]. In addition to solving a major public safety problem, the
enforcement of this strict ban eliminated the threat of fireworks to air quality. The worst air pollution
episodes in many locations occur on days of intense fireworks activity [103].

3.4.5. Recent Air Quality Management Programs

Since the late 1960s, Singapore has periodically revised its policies to ensure an economic growth
model that does not compromise its environment. The Singapore Green Plan (SGP) issued in 1992
was the country’s first formal plan to balance environmental and development needs. It described
the policy directions that Singapore would take to become a model “green city’ by the year 2000 [163].
New environmental concerns in the city-island such as transboundary air pollution and climate
change were included in a second plan launched in 2002 [164]. An extensive review was conducted
in 2005, releasing a revised version in 2006. The SGP 2012 moved towards attaining environmental
sustainability from just being clean and green [165].

The revised SGP 2012 drew a strategic management against air pollution based on prevention,
monitoring, enforcement, and education. The three main targets were (1) to maintain the PSI within
the good range for 85% of the year, and within the moderate range 15%; (2) to reduce the ambient
concentration of PMzs to within an annual mean of 15 pg m= by 2014; and (3) to improve carbon
intensity by 25% from 1990 level by 2012. To achieve such targets, the proposed measures include
reviewing regulatory measures for stationary and mobile emission sources, encouraging co-
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regulation by industry and consumers, improving energy management practices, and promoting use
of natural gas and renewable energy.

The Sustainable Singapore Blueprint launched in 2009 set out a new framework to guide
Singapore’s sustainable development efforts up to 2030 [166]. It set higher targets than those in the
SGP 2012 with the vision of making Singapore a livable and lively city by boosting resource efficiency,
enhancing urban environment, building capabilities, and fostering community action. For air quality,
the main target was to reduce further the annual ambient concentration of PM2s to 12 ug m- by 2020,
as well as cap SOz levels at 15 ug m=. To do that, the emission standards for industry and transport
would be regularly reviewed, and the use of public transport would be strongly encouraged. The
cost-effectiveness of new technologies to reduce emissions from public transport would be tested,
including the introduction of diesel hybrid vehicles and diesel particle filters. To address the
industry’s emissions, the government would promote the use of more efficient pollution control
equipment and the use of improved sulfur recovery systems for refineries.

The latest edition of the Sustainable Singapore Blueprint launched in 2015 [122] outlines the
updated vision and plans, including new targets for air quality to be meet in 2020 and in the long
term pegged to the WHO guidelines (see Table 1). To work towards achieving such targets, Singapore
has proposed, among others, the following abatement measures for industry and vehicles:

Industry:

e Impose SO: caps on key industrial emitters, and simultaneously reduce the emission of other
pollutants including PM:s.

e Introduce stricter emission standards.

e  Administer an incentive scheme to encourage adoption of highly efficient pollution control
equipment.

e Work with major emitters (e.g., power stations) to reduce SO2 emissions.

¢  Conduct real-time emissions monitoring of major emitters.

Vehicles:

e  Mandate the supply of near sulfur-free diesel and gasoline with a sulfur content of 10 ppm to
pave the way for Euro VI emission standards for diesel and gasoline vehicles and further reduce
SOz emissions from vehicular traffic.

e Tighten emission standards for new vehicles and motorcycles.

e  Enforce fuel quality regulations.

e  Encourage the turnover of old diesel commercial vehicles through the early turnover scheme.

e  Conduct enforcement on smoky and idling vehicles.

e  Encourage the purchase of new cleaner vehicles through the vehicle emission scheme.

3.4.6. Climate Change Mitigation Plans

The actions proposed to make Singapore a ‘carbon-efficient city” and meet the pledge of reducing
GHG emissions according to international commitments will also help to address local air pollution.
The latest climate action plan [132] proposed improving energy efficiency as key strategy for reducing
emissions across the industry, transport, buildings, households, waste, and water sectors. Among the
proposed actions that will simultaneously reduce the emission of air pollutants are the following:

e Industry will adopt cleaner fuels and will work to reduce the emission of non-CO2 GHG.

e More efficient power generation technologies, such as co- and tri-generation will be adopted.

e The share of non-fossil fuels to produce electricity is expected to increase, mainly through the
deployment of solar photovoltaic systems. By 2020, solar power should cover 5% of peak
electricity demand.

e Public transport will become the preferred mode of transportation, while active mobility, such
as walking and cycling, will be promoted for shorter commutes and complement public
transport.

e  Pilot programs to evaluate the introduction of electric vehicles under a sharing system will be
tested.
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e  The efficiency in domestic logistics will be improved by developing an integrated delivery
system that reduces the number of trucks on the roads by 25%.

e  Registration rebates and surcharges will be imposed to new cars according to their carbon
emission rate per kilometer.

e  The energy efficiency in buildings and households will be progressively raised with the aim of
reducing electricity consumption.

e  New technologies such as electrochemical desalting will be introduced for halving the energy
used in seawater desalination.

e  Programs to enhance recycling and reduce incineration will be implemented to reach an overall
recycling rate of 70%, from a current rate of 60% (22% domestic and 74% non-domestic).

e New waste-to-energy processes in incineration plants will be developed to optimize energy
recovery.

3.5. Scientific Research in Singapore

Scientific research of strategic relevance has been pointed out as necessary to strengthen air
quality management (see e.g., [167]). In the case of Singapore, Velasco and Roth [116] reviewed the
research and regulatory activities and found a limited interaction between them. They found that the
limited publicly accessible data and little scientific information prevented a comprehensive
assessment of the local air quality. The current scientific knowledge about Singapore’s air quality is
still likely to be insufficient to understand the sources, transformation, fate, and impact of the local
and regional air pollution and could hinder effective environmental policies. The strategies and
measures implemented to control air pollution may not be sufficient to attain clean air, as defined by
the latest Sustainable Singapore Blueprint through the air quality targets summarized in Table 1.
Strengthened regulations and new technologies do not always solve environmental problems unless
the processes occurring in the entire urban ecosystem are considered. For example, strategies for
controlling PM:s pollution, in addition to consider particles directly emitted by anthropogenic
sources, should also consider particles of secondary origin formed through chemical reactions in the
atmosphere, as well as the contribution of natural sources. Emissions from the tropical forest in the
region, urban vegetation and ocean may enhance the particle formation and contribute to the local
particle burden. Even though studies in cities of similar economic development have found that the
secondary component accounts for a large fraction (up to 60%) of PM2s (see e.g., [168]), no scientific
effort is apparently in place to understand the physical and chemical processes driving the particle
pollution in Singapore.

Velasco and Roth [116] pointed out the need for a scientific-based management system following
a multipollutant approach to improve local air quality. Its application would improve the
effectiveness of environmental programs by prioritizing actions that reduce health risks on the basis
of exposure to a mixture of pollutants rather than a single pollutant. Such an approach would need
to be supported by ambient monitoring, emissions characterization, air quality modeling, and a
comprehensive understanding of the chemical and physical processes driving local air pollution and
its impact on public health. To that end, they identified a list of scientific topics and research
opportunities for an improved local air quality management (Table 2 in [116]). The progress in those
scientific topics has been modest, except for the case of transboundary pollution as a consequence of
the impact of recent haze episodes triggered by wildfires in neighboring islands mentioned above.
Progress in other specific topics responds to individual efforts rather than institutional initiatives.

The scientific work on transboundary pollution has focused on determining the physical and
chemical characteristics of the peat-burning particles that reach Singapore during haze episodes [169—
173] and the personal exposure and potential health risk that they pose [174-176]. Similarly, a few
studies have applied modeling techniques to evaluate the impact of such fires over Singapore and
other locations within the region [177-180].

3.5.1. Impacts of Air Pollution on Public Health
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A number of studies have assessed the adverse effects of air pollution on public health in
Singapore. Correlations between air pollution and asthma exacerbation were established in the 1990s.
It was found that asthmatic children were especially susceptible to increases of SO2 and total
suspended particles [181]. Asthma is a high-prevalence health problem in Singapore, according to
the Ministry of Health, affecting 5% of adults and 20% of children [182]. The prevalence of asthma in
Singapore’s children aged 13-14 year is 27%, compared to 16% in Kuala Lumpur, Malaysia, 10% in
Hong Kong, 8% in Mexico City, Mexico, and 5% in Ho Chi Minh City, Vietnam [183]. In the same
context, even though the incidence rate of lung cancer has dropped by 47% (24%) in men (women) in
the last 35 years, it is still the first (second) cause of cancer death in Singapore, where cancer is
currently the leading cause of deaths, accounting for 30% in total [184]. Although air pollution may
not be the main cause, scientific research has found that air pollution is an important risk factor for
both diseases [185,186], and therefore should be considered for a holistic assessment.

Recent studies have also established strong correlations between air pollution and
cardiovascular ailments in Singapore. A group of local epidemiologists investigated the effect of
short-term exposure to air pollution on heart attack and cardiac arrest with important findings.
Comparing nationwide records of myocardial infarction and out-of-hospital cardiac arrest with PSI
data from 2010 to 2015, Ho et al. [187] found 8% and 9% excess risk of heart attack when PSI is in the
moderate (13-55 pg m=3, 24-h PM:25) and unhealthy (56-150 pg m=3, 24-h PM:25) range, respectively. In
the case of cardiac arrest, Ho et al. [188] found that each increment of 30 units in PSI (26 pg m=3, 24-h
PM:25) on the same day and previous 1-5 days was significantly associated with 8% and 6%-8% excess
mortality, respectively. For haze episodes, the risk increased by up to 30% when the PSI level entered
the unhealthy range of above 100 (>56 ug m=3, 24-h PMz2s); elderly people (>65 years) and patients
with cardiac history were found to be the most vulnerable.

Regarding health impacts produced by regional haze events, Emmanuel [189] reported that the
1997 haze episode produced 30% increase in hospital attendance in Singapore, and an increase in
PMuio levels from 50 to 150 pug m-? was associated with increases of 12% in upper respiratory tract
illnesses, 19% in asthma, and 26% in rhinitis cases. Quah and Boon [190] estimated an economic loss
of $3662 million, equivalent to 4.3% of Singapore’s GDP, due to the same pollution episode, based on
a damage—function/dose-response approach on morbidity and mortality effects. No estimations of
economic losses related to most recent episodes are publicly available. However, applying a novel
modeling scheme based on source-receptor relationships and health impact functions, Koplitz et al.
[191] estimated 2200 excess deaths in Singapore from a total of 100,300 deaths in the region during
the haze event of September—October 2015.

For 2009, a year that was not severely affected by haze episodes, Quah and Chia [192] estimated
an economic cost of health damage attributable to PMio of $3.75 billion, which was 2.04% of
Singapore’s GDP for that year. Premature mortality represented 60% of such cost, 35% illnesses such
as bronchitis, asthma attacks and respiratory symptoms 35%, and the remaining 5% visits to hospitals
and restricted activity day for adults. More recently, using data from the Global Burden of Disease
project, Apte et al. [193] estimated the global impact of PM25 on life expectancy, a decrement of nine
months for Singapore’s residents in 2016, which compares somewhat favorable to the global
population-weighted median decrement of 15 months.

4. Challenges and Lessons Learned

The experience of the Mexico City Metropolitan Area and Singapore demonstrates the
complexity of improving the quality of breathable air for the residents. Table 3 presents a comparison
of selected statistics, governance, and air quality management programs of the two cities. Although
the differences in the governance, economics, and culture of the two cities greatly influence the
decision-making process, both cities have made significant progress in improving the air quality by
employing similar air quality management tools and strategies, including technology-based
regulations and economic instruments.
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Table 3. Comparison of selected statistics and air quality management programs between the MCMA

and Singapore.

Category MCMA Singapore
A. General Information
Population 21.4 million in 2016 5.6 million in 2018
Total area (km?) 7585 742
Population density ) .
(inhabitants per km?) 14,000 (central area); 2100 (periphery) 7800
GDP per capita (2017) . .
in US dollars 8910 (Mexico City) 57,700
Topography ¢ Altitude: 2240 masl. . « Altitude: 15 masl.

¢ Surrounded by mountains and .
_ e Flat in general.
volcanoes on three sides.
Climate zone Sub-tropical highland climate Tropical climate
Annual energy
. 543 PJ (13.0 Mtoe) in 2014 770 PJ (18.4 Mtoe) in 2016

consumption
Gasoline consumption 30,600 m3 per day in 2016 3050 m? per day in 2016
Diesel consumption 6100 m? per day in 2016 5370 m3 per day in 2016
Regulated industries 5150 i 5016 8988 in 2016
Regulated commerce ] )
and services 3000 in 2016 194,043 in 2016
Vehicle fleet 5.7 million in 2016 961,000 in 2016
Air quality monitoring e 34 continuous monitoring and 10 ¢ 18 ambient stations and 4 at
network (2019) manual monitoring ambient roadside

stations

e 1-h concentrations of O3, PMzs,
PMio, PMio-25, SO2, CO, NO2

® 24-h averages of TSP, PMio, PM:s,
Pb in TSP and BC in PM25 every
sixth day

¢ Data posted in real time on the
web

e Historical records available on the
web

e 1-h concentrations of PM2s and
NO;, 8-hour moving average of
PMzs, PMu, and SOz; 24-hour
moving average of CO and Os

e Daily data available on the web

e No historical records available

Emissions inventory

o Includes criteria pollutants, GHG,
black carbon, and hazardous air
pollutants

¢ Updated biannually and publicly
available on the web

e Individual inventories for SOz
and GHG. Updated annually for
SOz and biannually for GHG and
publicly available on the NEA
Environmental Protection
Division annual report and
biennial update reports for the

IPCC, respectively
Air quality standards O3, PM2s, PMi1, SOz, CO, Pb, NO: Targets by 2020 for Os, PM2s, PMuo,
(reviewed and updated periodically) SOz, CO, NO2

Public alert
and indicators

systems

e Air Quality Index
o Risk Index for Susceptible Persons
e Air quality forecasting system

e Pollutant Standard Index
e 1-h PM>s as indicative of actual
air quality
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Peak Os concentration
(ppbV) in 2018

179 (1-h), 119 (8-h)

No records available

Peak PM:zs

concentration (ug m-)

in 2018

70 (24-h)

No records available

NOx emissions
(tonnes per year)

141,000 in 2016; 82% from transport

119,000 in 2012; 28% from transport
(from EDGAR database [135])

VOC emissions

(tonnes per year)

416,000 in 2016; 19% from transport

128,000 in 2012, 14%
transport. (from EDGAR database
[135])

from

B. Governance Structure

Legal framework for

air
management

pollution

e Federal Constitution on
Environmental Protection

¢ Mexico City Constitution on
Environmental Protection

¢ General Law of Ecological
Equilibrium and Environmental
Protection

o Official Mexican Air Quality
Standards

o Official Mexican Emission
Standards

¢ Environmental Protection and
Management Act (EPMA)

¢ Transboundary Haze Pollution
Bill

e ASEAN Agreement on
Transboundary Haze Pollution
to address regional pollution

Institutional structures

for  air
management

pollution

* Megalopolis Environmental
Commission (CAMe): Coordinates
regional environmental issues
between the Megalopolis
government entities. Each member
of the Megalopolis is responsible
for implementing local
environmental laws and programs
Secretariat of the Environment and
Natural Resources (SEMARNAT):
Responsible for the protection and
management of natural resources
and enforcement of environmental
laws and audits of Federal sources.
Secretariat of Health: Responsible
for enacting and review the
national health standards

National Institute of Ecology and
Climate Change (INECC):
Coordinates the air quality
monitoring activities and supports
the research activities on air
quality and health effects

State environmental secretariat
agencies for each member of the
Megalopolis

Local municipal environmental
agencies: Responsible of the
implementation of monitoring
programs and the actions for

¢ Ministry of the Environment and
Water Resources (MEWR)
formulates environmental
policies

¢ National Environment Agency
(NEA) is the operational
statutory board that implements
MEWR'’s policies. It develops
programs to monitor, reduce,
and prevent air pollution
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reducing and preventing air
pollution

C. Air Quality Management Programs

Air quality and
environmental

management programs

¢ Program to Improve the Air
Quality in the Valley of Mexico,
PROAIRE (updated/revised every
10 years)

® Mexico City’s Climate Action
Program

e Sustainable Singapore Blueprint
(updated/revised at least once
every 10 years)

e Singapore Climate Action Plan

Emission reduction
programs for vehicle
fleet*

¢ Mandatory vehicle inspection and
maintenance

e Vehicle emission standards

¢ Reduction of sulfur content in fuels

e Traffic management and
promotion of public transport

¢ Scrapping of old public buses,
taxis, and freight transport

¢ Roadside emissions monitoring

e Mandatory vehicle inspection
and maintenance

e Vehicle emission standards

¢ Reduction of sulfur content in
fuels

e Traffic management and
promotion of public transport

e Scrapping of old cars (>10 years
old)

¢ Roadside emissions monitoring

¢ No Driving Day Program

¢ Atmospheric environmental
contingency

o Diesel vehicle self-regulation

e Incentives for use of CNG and
LPG

e Incentives for low emitting
vehicles and motorcycles

¢ Road pricing-scheme (Electronic
Road Pricing)

e Legal right to own a car
(Certificate of Entitlement)

Emissions reduction
actions for industries*

¢ Relocation of major industries
outside of the MCMA

e Substitution of heavy fuel oil for
natural gas in power plants and
major industries

¢ Emission standards

e Relocation of major industries
outside of residential districts

e Substitution of fuel oil for natural
gas in power plants

¢ Emission standards regularly
reviewed

o Install emission controls in fuel
storage tanks and vapor recovery
systems in gasoline distribution
network

e Promote co- and tri-generation
for power generation

e Increase power generation by
solar PV systems

e Increasing efficiency of waste-to-
energy plants

e Improving energy and carbon
efficiency

e Use of improved sulfur recovery
systems in refineries

e Impose SOz caps on key
industrial emitters

e Real-time emissions monitoring
of major emitters
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Emissions  reduction £yt applicable. e Promote energy-efficient

actions for shipping Singapore-flagged ship designs,
install SOz scrubbers, and use of
LNG as fuel

e Reduction in port dues to ocean-
going vessels that burn clean
fuels or use approved abatement

technology
Emissions  reduction e Reduction of LPG emissions in e Promote environmental
actions for residential homes, businesses, and sustainability in residential states
and commercial sectors  distribution network; support e Minimum energy performance
programs for leak detection, standards for domestic
repair, and replacement of old appliances
stoves ¢ Enhancing efficiency in domestic
¢ Regulate VOC content in personal logistics
care products, paints, solvents, and e Encouraging collective control
coatings actions and capacity building
¢ Promote use of solar panels for and awareness
water heating ¢ Promote energy efficiency in
¢ Promote energy efficiency in public and private buildings

public and private buildings

*The emission reduction programs are divided into two sections: The top section presents the
programs that are similar for both cities, while the bottom section presents programs unique for each
city.

This section compares the challenges and the lessons learned from air quality managements for
the two cities. The objective is to illustrate that while each city has its own unique circumstances, the
experience of one city can suggest potential solutions for another. Furthermore, they can provide
examples for other urban centers facing similar challenges of addressing air pollution.

During the past three decades, Mexico City has made significant progress towards the solution
of air pollution problems through comprehensive air quality management programs based on
scientific, technical, social, and political considerations. The air quality standards and the
environmental contingency program have been strengthened, recognizing the scientific evidence on
health effects associated with exposure to ever lower concentrations of harmful pollutants.
Nevertheless, concentrations of PMio, PM:2s, and Os are still above the respective air quality standards,
and possibly have started to rise again. Substantial challenges remain to effectively reduce
concentrations of these pollutants.

As demonstrated in the recent air pollution episodes in the MCMA in March 2016 and April 2019
(caused in part by large number of vehicles circulating in the city and the stagnant meteorological
condition) and May 2019 (caused by the forest fires from surrounding areas), it is not sufficient to
implement contingency actions once pollution levels are increasing. Preventive actions need to be
formulated with the help of robust forecasting modeling systems. Furthermore, since population
growth, the expansion of urban sprawl, and the high motorization of the metropolitan area will
continue to generate polluting emissions, it is important to continue developing and implementing
additional policy measures to improve the air quality. To achieve this, it is necessary to improve
metropolitan and regional coordination and collaboration in the different tasks related to air quality
management, such as atmospheric monitoring, development of the emissions inventory, as well as
design, enforcement, and evaluation of control actions.

Currently, the Mexican authority is developing the new 10-year air quality management
program for 2021-2030. In September 2018, the Mexico City government sponsored an experts’
workshop to review the current air quality management program (PROAIRE 2011-2020); the
workshop report included a set of recommendations to improve the air quality [37]. In May 2019, the
Mexican environmental authorities presented a new plan for enhancing urban mobility and a series
of measures to further reduce Os and PMzs pollution in the MCMA [48]. The measures include
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reducing emissions from LPG distribution and VOCs from consumer and personal products,
strengthening inspection of gas stations, eradicating practices that cause fires, reducing emissions
from industries, public works, diesel vehicles (freight and passenger), and motorcycles, as well as
providing incentives for hybrid and electric private vehicles and improving infrastructure for public
transportation and non-motorized transport. Most of the measures announced were included in the
workshop report.

The Singapore way for achieving a dynamic economy and a high-quality living environment has
been generally successful. A long-term and integrated planning in combination with a pragmatic and
cost-effective vision, and a flexible approach to changes in technology and in the global environment
have allowed Singapore to become a relative clean and green city without threatening its economy
growth. This is particularly true for urban greenery and water management. Nevertheless, according
to the publicly available air quality data, Singapore falls short in meeting its targets for pollutants
such as PMio, PM25, and Oa. It is promising that authorities recognize the situation as expressed by
the MEWR on January 2017 [194], and take additional measures to control pollution, such as the latest
changes on vehicular emission standards and the introduction of electric and hybrid buses.

Singapore’s air quality management needs to implement some changes to further improve air
quality. Firstly, Singapore faces a problem of secondary pollutants on days not affected by
transboundary pollution. The control of such pollutants formed through chemical reactions from
precursor gases emitted by local and regional sources of natural and anthropogenic nature represents
a major technical challenge. A science-based multi-pollutant air quality management approach could
assist Singapore in improving its air quality and reinforce its position as a livable and sustainable
city. Secondly, as pointed out in previous publications [116,117,195], there is a need for transparency
in sharing and communicating environmental data with the public and research institutions.
Although some improvements in transparency have been made, the publicly accessible information
is still not enough for a comprehensive assessment of the local air quality.

The experiences and good practices that have allowed Singapore and the MCMA to improve
their air quality can be valuable for other urban centers confronting similar air pollution problems.
The following summarize main lessons learned by both cities and point out areas of opportunities
for improving current and future air quality management programs.

4.1. Air Quality Standards

Currently, many countries have established ambient air quality standards, which define the
pollutant levels that should not be exceeded if public health is to be protected and provide an
important management tool that can be used progressively to improve air quality. As in the case for
Mexico, the standards have been strengthened over time as more information becomes available
regarding the effects of public exposure to harmful pollutants. However, standards are effective only
when compliance is measured and enforced. Likewise, the concentrations defined as maximum
thresholds need to be updated timely according to the criteria specified by the local normativity on
public health based on the WHO guidelines. The current standards in Mexico City for Pb, CO, and
NO: are from 1993. The standard for SO was updated in 2010, while the standards for Os, PMio, and
PM2s in 2014.

In the case of Singapore, the use of targets instead of standards discourages the ruling of new
environmental policies and hinders the implementation of mitigation actions in case of
environmental emergencies, such as the haze episodes triggered by regional wildfires. In addition,
as discussed in Section 3.2.1, the current practice of merging good and moderate PSI values into the
normal 1-hour PM:zs band, as well as showing that Singapore accomplishes ‘clean air’ in over 99% of
the days by merging both categories in the Key Environmental Statistics published annually by
MEWR [196], do not help in developing further actions to get a better air quality.

4.2. Air Quality Monitoring

As presented in this article, one of the most effective ways of improving air quality is real-time
monitoring of criteria pollutants and other toxic species, as well as meteorological parameters. Robust
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air quality monitoring enables policy makers to make informed decisions and actions to protect the
public health. Furthermore, it is important to make the data readily accessible to the public to raise
awareness, promote environmentally friendly practices, and encourage public participation during
environmental emergencies. The hourly air pollution data and historical records for all the
monitoring stations in the MCMA are available through their website and also via mobile apps. The
Secretariat of Environment also releases comprehensive annual air quality reports [102].

Following the example of the MCMA, Singapore should release the 1-hour concentration for
each measured pollutant at each station together with the actual PSI and rolling concentration
averages. This action will help to improve the short-term health risk communication and public
participation.

Because of the high cost associated with the infrastructure for setting up an air quality
monitoring network, concentrations of many criteria pollutants are not routinely measured in some
cities. In fact, this is the case in the surrounding region of the MCMA. While the MCMA has an
extensive air quality monitoring network, the air quality monitors are sparse in the other five states
of the central megalopolis, making the air quality assessment at a regional scale difficult. This
highlights the importance of promoting regional air quality monitoring for neighboring urban centers
with a shared air basin. For the case of Singapore, coordinated efforts at the regional scale are needed
to develop a monitoring network that covers the neighboring cities of Johor Bahru, Malaysia and
Batam, Indonesia.

The increasing availability of satellite data and a new generation of satellite air quality
monitoring have provided scientists and policy makers with additional information about the levels
of criteria pollutants, which can be very valuable in countries and cities with limited local monitoring
(see e.g., [197]). However, it is still important to establish and continue air quality monitoring
routinely in such cities. Recent developments in sensor technology have improved the performance
of low-cost monitors and, if they are calibrated against agency monitors at regular intervals, could
expand the capability of current networks. The data obtained can potentially enhance the information
provided by traditional networks and help in detecting local hot spots, thus significantly improving
information for air quality management purposes [198]. Another innovative technique is the use of
Google Street View cars coupled with fast response gas and particle analyzers, which have been used
in mapping air pollution in California [199]. This approach is being scaled up to other cities around
the world.

4.3. Health-Based Indicators

In addition to the current AQI (Mexico City) or PSI (Singapore), a health-based indicator that
captures additive effects of multiple pollutants on public health risk could provide a quantitative
means to improve risk communication by delivering more accurate information on potential health
impacts. Indicators like this are currently in place in several cities. Mexico City has the risk index for
susceptible people. Other cities, such as Hong Kong, have also compiled air quality health index
(AQHI) [200]. This is similar to Canada’s AQHI, which is constructed as the sum of excess mortality
risk associated to individual pollutants observed in Canadian cities [201,202]. These indicators are
health-focused supplements to local air quality indexes similar to Singapore’s PSI and Mexico City’s
AQI used as mechanisms to trigger control actions based on regulatory concentrations.

4.4. Emissions Inventory

Emissions inventory is an essential air quality management tool to evaluate the progress of
emission-control strategies and to plan future actions. A robust emissions inventory for air quality
assessment should include a thorough quantification and characterization of anthropogenic and
natural emissions, considering their spatial and temporal variability on monthly, weekly, and diurnal
scales. Furthermore, as emission sources change due to changes in technology and regulations, it is
necessary to continue updating the inventory and reducing the uncertainty as improved
methodology becomes available. For example, McDonald et al. [203] showed that volatile chemical
products, including cleaning agents, pesticides, coatings, printing inks, and personal care products,
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are an emerging source of urban VOCs in industrialized cities, including precursors of secondary
organic compounds.

Mexico City updates the emission inventory every two years; the complete inventory is posted
on the environmental agency website, including descriptions of the inventory development process
and the methodology used [11].

The estimation, evaluation, and continuous updating of the emissions inventory are important
areas of opportunity for the management and improvement of air quality in Singapore. A
comprehensive inventory that covers all land-based major emission sources (e.g., power stations,
refineries, heavy and light industries, waste incinerators, shipyards, construction sites, and petrol
stations), emissions from on-road and non-road transport sectors, households, and commercial
premises, as well as emissions from vegetation, soil, and ocean (e.g., biogenic NMVOCs and sea
spray) will enable authorities to better manage air pollution and evaluate the effectiveness of current
and future emission regulations. In February 2015, NEA called for a tender to develop an emissions
inventory with such characteristics [204], however its outcome is still unknown.

4.5. Air Quality Modeling and Forecasting

Numerical models are increasingly used to help in designing air quality policies and in
evaluating control measures under present and future emission and climatic scenarios. Furthermore,
air quality models in concert with ambient monitoring and emission inventories can be used as air
pollution forecasting tools. Currently, Mexico City government has implemented an air quality
forecasting system to alert the public of high pollution event 24 h in advance, as well as in evaluating
emission reduction policies for air quality improvement and other co-benefits [50].

The development and success of such model depends on a reliable ambient monitoring, accurate
emission estimates, and a strong knowledge of the chemistry and physics of the local atmosphere. As
discussed in Section 3.2.3, Singapore relies on an operational model based on a plume-dispersion
open software to forecast transboundary haze from wildfires in the region. A few modeling initiatives
have examined Singapore’s air quality within a regional framework using emission estimates at
country scale from initiatives such as EDGAR and local records of surface visibility and PM1 data
from neighboring countries as a means to validate the model’s output [205,206]. However, the
usefulness of the results of such modeling approach are likely limited for environmental policy
recommendations.

4.6. Regional Coordination

Air pollution has no boundaries; air pollutants can be transported from city to city, state to state,
and across international borders. Established political and administrative institutions have become
ineffective in dealing with regional transport of pollutants, which could become an even greater
challenge, given the high population growth rates and rapid industrialization and motorization in
many cities and megacities, especially in Asia and Africa.

As demonstrated in the MCMA, although the Megalopolis Environmental Commission was
established to coordinate the regional air quality programs of Mexico City with the surrounding
municipalities of five states, the different jurisdictions and capacity were major barriers for policy
implementation.

In Singapore, significant progress has been achieved in recent years for understanding the
characteristics and dispersion of the particle pollution triggered by wildfires in the region that reaches
the city-island. However, efforts to understand the physical and chemical processes driving the air
pollution on regular days are scarce. The wildfire-haze events are sporadic; the latest episode of
severe consequences occurred in 2015. Indeed, they are environmental emergencies and deserve full
consideration, but attention should be paid also to understand the air pollution dynamics on regular
days. Because of Singapore’ geographical location and highly urbanized and industrialized neighbors
of Johor Bahru to the north in Malaysia and the Indonesia’s island of Batam to the south, efforts to
address Singapore’s air pollution should have a regional scope. Since air pollution is not stopped by
political boundaries, the three cities will have to coordinate efforts to develop together effective
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strategies to solve common air quality problems. This means establishing a regional air quality
monitoring network, building an emissions inventory including major and minor sources located
under their political jurisdictions, and developing modeling tools for evaluating environmental
policies side by side. For instance, to solve the frequent calls of ‘chemical-smell plumes’ by residents
living in the northeast side of the island (e.g., [207]), Singapore will have to work together with Johor
Bahru to address the air pollution related to the industrial complex of Pasir Gudang located just
crossing the Strait of Johor at a distance of 2-3 km from Punggol Town, a district that houses over
150,000 Singapore’s residents.

4.7. Air Pollution Research

International experience indicates that effective environmental actions usually result from
important investments in scientific research (see e.g., [14]). A comprehensive characterization of
emission sources, chemical processes, transport, and fate of pollutants, together with an improved
understanding of the interactions and health effects of the complex air pollutants mixture and urban
climatology are crucial for addressing the air pollution challenges experienced currently in
Singapore, Mexico City, and many other large cities.

The atmosphere over sub-tropical cities is not well researched and represents an opportunity for
Singapore and the MCMA to expand their agendas in environmental research and development. This
could include building a research institute for taking such task similar to the Centre for Urban
Greenery and Ecology (CUGE), which creates and promotes knowledge to enhance greenery
planning, design, and management for Singapore’s landscape and tropical cities in general [208], or
the Centre for Climate Research Singapore (CCRS), which investigates the tropical climate variability
and associated systems affecting Singapore and the wider Southeast Asia region [209].

In earth and environmental sciences, researchers from universities account for a lower
proportion of high-quality research relative to other fields, such as physics and chemistry, while the
research output of government institutions is higher [210]. For the particular case of Singapore’s
universities, current policies are more focused on achieving excellence through research of global
impact rather than performing research of relevance for solving local problems, thus reducing further
the role that academia could play for improving air quality.

One of the best practices in the MCMA air quality management is the partnership with national
and international scientific communities. As described in Section 2.7, information obtained from
scientific studies, including the field measurement campaigns, IMADA-AVER 1997, MCMA-2003,
and MILAGRO 2006, provided comprehensive information on the emissions and the transport and
transformation of pollutants. The information contributed significantly to the understanding of the
emissions and the atmospheric processes leading to the formation of Os, secondary aerosols, and
other pollutants in the MCMA, as well as providing insights for other cities and megacities. The
scientific findings and policy implications were incorporated in the air quality management
programs. This experience demonstrated that the collaboration between national and international
scientific communities is an effective way to promote the research needed to understand the physical
and chemical processes that drive air pollution at any given city.

As shown in Figures 3, 6 and 7, there was significant improvement in air quality from the 1990s
to approximately 2010, despite a significant increase in the vehicle fleet, fuel consumption, and the
expansion of the urban area of the MCMA during the same period. However, since 2010, the
reduction in Oz and fine PM concentrations have been much lower than in the previous decade, which
seems to suggest at least two types of conclusions: Firstly, there have been changes in emissions,
meteorology, and atmospheric chemistry in the MCMA. Secondly, the policies implemented in recent
years have prevented a rebound in pollution despite urban growth and an increasing motorization
trend but have not reduced pollution levels. In order to better understand the changes in the
atmospheric chemistry and the processes that currently control the formation of Os and particulate
matter in the MCMA, it will be essential to investigate, through continuous measurements, the
sensitivity of Oz to VOC and NOx and if it could have changed in recent years. In addition, a new
focused intensive field campaign would help to understand changes in the MCMA atmospheric
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chemistry, as well as to ensure that the current models provide reliable information on proposed
regulatory strategies. As part of the field campaign, it is important to include an in-depth analysis of
potential increases in atmospheric temperature on the air quality in the MCMA, as well as to assess
the impacts of the urban heat island effect and climate change on atmospheric chemistry and local
and regional meteorology [37]. It is worth noting that Los Angeles is facing a similar challenge: After
decades of improvement, there is an increase in smog over the last few years; there were 87
consecutive days of smog in 2018. The environmental agencies are planning to study whether climate
change is contributing to the smog problem, in addition to enforcing new emission control
regulations [32,38].

5. Conclusions

Rapid population growth and increasing energy use by motor vehicles and industrial activities
in urban areas generate high levels of pollutants emissions to the atmosphere. The concentrations of
people and their activities, coupled with inadequate basic urban services and infrastructure
development, have led to severe air pollution in many cities around the world. However, as centers
of economic growth, higher education, technological advancement, and innovation, these urban
settings also offer unique opportunities to capitalize on the co-benefits that can be achieved by
optimizing energy use, reducing air pollution, minimizing greenhouse gas emissions, and bringing
many social benefits. However, realizing the benefits will require strong and wide-ranging
institutional cooperation, public awareness, and multi-stakeholder participation.

Multiple tools that can be used to manage air quality in urban centers include robust air quality
monitoring networks, continuous emissions inventory development, air quality modeling and
forecasting, and comprehensive air quality management programs. This article presents some of the
effective emissions reduction policies developed and implemented by the Mexico City Metropolitan
Area and Singapore, such as advanced control technologies and environmental audit programs for
vehicles and industries, driving restriction strategies, environmental audit programs for vehicles and
industries, improvements in public transportation infrastructure and planning, land use restoration
and sustainable development, use of alternative and improved fuels, among many others. The
establishment and enforcement of progressive air quality and emission standards are also important
in pursuing air quality goals by encouraging the implementation of emissions reduction action plans.

As presented in this article, the success of any air quality management program relies on a
comprehensive understanding of the chemical and physical processes at local and regional scales that
control air pollution The available experience shows that fostering scientific collaboration between
national and international researchers catalyzes the needed research and increases the local human
capacities required for developing, implementing, and evaluating the air quality programs. Overall,
the successful implementation of an integrated air quality management program requires the
synergistic and trust-based collaboration between the academic community, the government, and the
general public.

With appropriate planning, dedicated scientific research, robust emissions control policies, and
access to advanced technology and financing schemes, cities confronting environmental problems
have the opportunity to learn from the experience and good practices of cities that have successfully
addressed similar problems and meet the challenges of economic development, protection of the
natural environment, and improvement of the quality of life for their residents.
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